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Calculation for electron impact total ionization cross sections on halogen atoms (F, Cl, Br and I) and
their hydrides (HF, HCI, HBr and HI) are performed employing Spherical Complex Optical Potential and
Complex Optical Potential-ionization contribution formalisms. In this article we are presenting data for
energies ranging from above threshold to 2000 eV. Our results are compared with available experimental
and theoretical data wherever available. It is found that the present result gives a better account of the
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1. Introduction

Electron scattering by halogens are a major concern in low
temperature plasma, especially in technologies like fusion reac-
tors, gas discharges, semiconductor etching, mass spectrometry
and astrophysics [1]. Knowledge of reliable collision cross section is
imperative in modeling plasmas in these environments. The accu-
racy of such modeling depends largely on ionization cross section
data. Because of their importance to industrial plasma, many stud-
ies have been conducted on these atoms and molecules. However,
the experimental database for these targets seems to be fragmented
and incomplete may be due to their highly reactive nature. Hence, a
reliable calculation like Spherical Complex Optical Potential (SCOP)
method [2-4] could effectively fill the gap in the required database.
Besides, the availability of cross section data for the halogen atoms
offer a direct prospect of comparing data with the neighboring rare
gases and thus helping to refine our method to predict results for
more targets which have not been studied earlier.

There are handful experimental studies on halogen atoms and
none in case of total or partial ionization cross sections of halogen
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hydrides till date to the best of our knowledge. One of the ear-
liest ionization cross section measurements for halogen atoms is
reported by Hayes et al. [5]. However, they have presented the
result with accuracy less than 20%, which is quite low for using
it for further modeling. In 1990, Freund et al. [6] have reported
the ionization cross section measurements for many atomic tar-
gets using a crossed-electron-beam-fast-atom-beam method using
the same apparatus used by Hayes et al. [5]. The systematic uncer-
tainty for this arrangement is claimed to be 10%, which is quite
good. Ali and Kim [7] recently reported theoretical data for halo-
gen atoms Br and |, diatomic halogens Br, and I, as well as for their
hydrogen halides HCl, HBr and HI. A comprehensive calculation for
all atoms from hydrogen to uranium on the basis of semi-classical
approach (more popularly known as DM or Deutsch-Mark formal-
ism) is reported by Margreiter et al. [8]. Joshipura and Limbachiya
[9] have also reported theoretical data on total ionization cross
section data for atomic and molecular halogens. They have also
used SCOP method; however, present Complex Optical Potential-
ionization contribution (CSP-ic) method uses a dynamic energy
dependant ratio to extract Q;,, from Qj,e;, Which gives a better rep-
resentation of the target and thereby producing improved results.
Finally, Huo [10] reported total ionization cross sections for Cl, Br
and I using the effective core potential orbital from threshold to
1000eV.
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The case of halogen hydrides is worse in the sense that there
is no experimental data and there is paucity for theoretical data
too. There are no measurements available for these species may be
due to their high volatile nature and hence, difficult in performing
experiments. For HF, HCl and HBr we could find theoretical data
reported by Deutsch et al. [11] which is available for limited energy
range between 30 and 150 eV. They used modified additivity rule
for calculating total ionization cross sections. For HF, the sample
results were predicted by Fitch and Sauter [12] and Bobeldijk et al.
[13] using the additivity rule. More recent calculations on all above
listed halogen hydrides except HF were done by Ali and Kim [7]
and due to the paucity of both theoretical and experimental data
for these targets; they have compared their data using two different
methods viz. Binary Encounter Bethe (BEB) method and Effective
Core Potentials (ECP) method as suggested by Huo and Kim [14]. In
ECP method, the potentials are developed solely on the coordinates
of the valence electrons, thereby eliminating the need for the core
basis functions which usually require a large set of Gaussians to
describe them. Electron impact total ionization cross section for HI
is calculated only by Ali and Kim [7].

Presently we have made use of the well-established Complex
Optical Potential (SCOP) [15-17] formalism to obtain the total ion-
ization cross sections discussed here. The methodology employed
is discussed in the next section depicting the salient features of
the theory. A more detailed description can be found in our earlier
papers [18,19].

2. Theoretical methedology

Total ionization cross section (Q;,,,) upon electron impact for the
halogens and their hydrides are calculated using SCOP formalism
as mentioned in the previous section. The present theory is based
on a quantum mechanical calculation solved by the method of par-
tial waves, giving complex phase shifts as the output. The phase
shift thus obtained is the key ingredients and they carry the sig-
nature of the interaction of the incoming projectile and the target.
These phase shifts are further used to evaluate the total elastic cross
sections (Q,) and its inelastic counterpart (Qj,e) [20] such that

Qr(E;) = Qei(E;) + Qinei(E;) (1)

However, our objective in this study is restricted to the calcu-
lation of the Qj,, for halogens and their hydrides, since this cross
section is central to many applications related to plasma and other
technologies mentioned in the introduction. Ionization is the pre-
dominant scattering process in the inelastic channel for incident
electron energy ranging from ionization threshold to about 2 keV.
Hence, we have limited our calculation to this energy where chan-
nels that lead to discrete as well as continuum transitions in the
target are open.

We represent the electron-atom/molecule system by a complex
potential comprising of real and imaginary potentials as

V(r, E;) = Vr(r, E;) +iV(r, E;) (2)
such that
VR(r, Ej) = Vse(1) + Vex(1, Ei) + Vp(1, E;) (3)

where E; is the incident energy. The three terms on the RHS of the
Eq. (3) are various real potentials arising from the electron target
interaction namely, static, exchange and the polarization poten-
tials, respectively. The basic input for evaluating all these model
potentials is the electronic charge density of the target. For atoms
the charge density is derived from the parameterized Hartree-Fock
wave functions given by Bunge and Barrientos [21]. However, for
molecules the charge density is estimated by the following approx-
imation. In general let us consider a molecule (halogen hydride)

Table 1
Target properties [27,28].

Target IP (eV) Bond Length (A)
F 15.95 -

Cl 11.73 -

Br 11.81 -

1 10.45 -

HF 16.04 0.92

HCl 12.75 1.27

HBr 11.66 1.41

HI 10.39 1.61

AH. Here it is convenient and useful to write the target (AH) charge
density prin terms of atomic charge densities p4 and py as follows:

o1 =fapa + fupu (4)

where f; and fy are the modulating factors obtained from the
known values of the charge migrated to form the covalent bond-
ing between the atoms A and H. This takes care of the bonding
or overlap through partial charge transfer between the atoms in
a molecule. The bond charges transferred partially to form the
molecule AH, have been tabulated by Bader [22] in a number of
simple cases. We employ the factors f, and fy in Eq. (4) so that it
integrates to

N(T) = N(A) + N(H) (5)

where N(T) is the total number of electrons in AH,, while N(A)
and N(H) are the effective number of electrons for atoms A and
Hp, respectively after the charge transfer. Thus we obtain the total
renormalized charge density of the target AH.

The e-molecule system is more complex compared to e-atom
system. In case of halogen hydrides our attempt is to reduce the
system, to single centre by expanding the charge density of lighter
hydrogen atoms at the centre of heavier halogen atom by employ-
ing the Bessel function expansion as in Gradshteyn and Ryzhik
[23]. The molecular charge density p(r), so obtained is renormal-
ized to incorporate the covalent bonding. This has been employed
earlier for many targets and is found successful in better repre-
sentation of the target and hence predicting relevant cross sections
[24,25]. This is a good assumption since it was observed that hydro-
gen atom does not significantly act as scattering centre and those
cross sections were strongly affected by central atom size (see
Fig. 9). We have then employed parameter free Hara’s ‘free elec-
tron gas exchange model’ [26] for the exchange (Vex) potential. All
the target parameters, namely ionization potential, bond length
and dipole polarizability of the target used in the calculation are
the best available from the literature [27,28] and are given in
Table 1.

The imaginary part in Vyp, also called the absorption poten-
tial Vs, accounts for the total loss of scattered flux into all the
allowed electronic channels of excitation and ionization. Here we
have neglected the non-spherical terms arising from the vibra-
tional and rotational excitation in the full expansion of the optical
potential. This is due to the fact that anisotropic contribution from
vibrational excitation will be significant at very low impact ener-
gies while it will be negligible at the energies of present interest.
Moreover there is no contribution from rotational excitation since
these hydrides do not possess permanent dipole moment.

Finally, for the absorption potential we have employed a well-
known quasi-free model form of Staszewska et al. [29] given by

T, 87
Vabs(r, E;) = —p(r)\/E~ (10,(35) O(p* —k} —24).
F*i

(A1 + Az +A3) (6)
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The local kinetic energy of the incident electron is
Tioc = Ej — (Vst + Vex) (7)
The parameters A;, A, and A3 are defined as
3 3(5p2 2
a5k _kf(5p —3kf).
1=35A" 2= (p? k2)2
p= =%

20(2K2 +24 — p2) - (2Kk2 + 24 - p?)?
Az = —3 (8)

The absorption potential is not sensitive to long range poten-
tials like V,,. Hence it is not included in the representation of
Tioc as shown in Eq. (7). In Eq. (6), p2 =2E;, krp=[372p(r)]/? is the
Fermi wave vector and A is an energy parameter. Further 6(x) is the
Heaviside unit step-function, such that 6(x)=1 for x > 0, and is zero
otherwise. The dynamic functions A, A and Az occurring in Eq. (6)
depend differently on p(r), I, A and E; as evident from Eq. (8). The
energy parameter A determines a threshold below which V=0,
and the ionization or excitation is prevented energetically. In fact
A is the governing factor which decides the values of total inelastic
cross section and that is one of the characteristics of Staszewska
model [29]. The original model of Staszewska et al. [29] has been
modified by us by considering A as a slowly varying function of E;
around I. Briefly, a preliminary calculation for Q;,, is done with a
fixed value A =1I. From this the value of incident energy at which
our Qyue reaches its peak, named as Ej is obtained. This is meaning-
ful since A fixed at I would not allow excitation at incident energies
E; <I. On the other hand, if the parameter A is much less than the
ionization threshold, then V,;,; becomes unexpectedly high near the
peak position. The modification introduced in our paper has been
to assign a reasonable minimum value 0.8] to A and express this
parameter as a function of E; around I as follows:

A(E;)=0.81+ B(E; 1) 9

Here the value of the parameter § is obtained by requiring that
A=I(eV)atE;=Ep, beyond which A is held constant equal to I. The
expression for A(E;)is meaningful since A fixed atI would not allow
excitation at incident energy E; <I. On the other hand, if parameter
A is much less than the ionization threshold, then V,,; becomes
substantially high near the peak position. After generating the full
complex potential given in Eq. (2) for a given electron-molecule
system, we solve the Schrédinger equation numerically using par-
tial wave analysis. At low energies only few partial waves are
significant, e.g., ationization threshold of the target around 5-6 par-
tial waves are sufficient but as the incident energy increases more
partial waves are needed. Using these partial waves the complex
phase shifts are obtained which are employed to find the relevant
cross sections vide Eq. (1) [20].

The two fundamental ingredients of the total cross sections as
discussed earlier are the total elastic and total inelastic cross sec-
tions, which takes care of all the processes that result from the
interaction of the incoming projectile with the target. Out of these
two, the total inelastic cross section is solely responsible for the
loss of incident flux in the out going channel. The loss can further
be accounted mainly by two very important processes which are
termed as ionization and sum of all electronic excitations. These
processes are individually measurable and are reported in the liter-
ature as total ionization cross sections and partial or total excitation
cross sections. But the sum of these two cross sections, i.e., the total
inelastic cross section, Q;,e, cannot be measured directly in exper-
iments, but can be estimated by subtracting total integral elastic
cross section from the measured grand total cross sections. The
measurable quantity of applied interest is the total ionization cross
section, Qjon, Which is contained in the Q;,; which is rotationally

and vibrationally elastic. The Q;,e; can be partitioned into discrete
and continuum contributions, viz.,

Qinel(Ei) = Y _ Qexc(Ei) + QionEy) (10)

where the first term is the sum over total excitation cross sec-
tions for all accessible electronic transitions. The second term is
the total cross section of all allowed ionization processes result-
ing in excitation to the continuum state induced by the incident
electrons. The first term arises mainly from the low-lying dipole
allowed transitions for which the cross section decreases rapidly
at higher energies. The first term in Eq. (10), therefore becomes
progressively smaller than the second at energies well above the
ionization threshold. By definition,

Qinel(Ei) = Qion(E;) (11)

In the present method Q;,, cannot be rigorously derived from
Qjner but may be estimated by defining the energy dependent ratio
of cross sections,

Qion(Ei)
R(E;) = 12 (12)
' Qinel(Ei)
such that, 0<R<1
We are required to impose three conditions on this dynamic
ratio which has well justified physical footings. The conditions are
summarized in the mathematical form through Eq. (13).

R(E;) =0 forEi<lI
=Rp at E,‘ =Ep (13)
=1 forE;>»Ep

where ‘E,’ stands for the incident energy at which the calculated
Qiner attains its maximum value. Ry, is the value of R at E; =Ej,.

According to the first condition we require R=0 when E; <I. This
is an exact condition as there is no ionization process possible if the
incident energy is less than or equal to ionization threshold of the
target. On the other hand the third condition is also physically jus-
tified that at very high incident energy, the only dominant inelastic
channel is the ionization as the electronic excitation channels are
almost over. So the ratio turns out to be nearly approaching one.
Now the second condition is empirical in the sense that for a num-
ber of stable atoms and molecules like Ne, O,, H,0, CHy, SiHy4, etc.,
for which the experimental cross sections Q;,, [30-32] are known
accurately, the contribution of Q. is found to be about 70-80% of
the total inelastic cross sections Q;,,;. Here the upper bound is found
only in rare case like that of Ne atom having an ionization potential
of 21.56 eV. This behavior is attributed to the faster fall of the con-
tribution of the first term " Qexc in Eq. (10) to the total inelastic
cross sections, hence we choose R, =0.7. The lowest percentage is
chosen here since the ionization potential of all the species studied
here are in the range 10-16eV as can be seen from Table 1. Also,
choosing a single value will make our method consistent, predic-
tive and reproducible. For calculating the Q;,,, from Q;;,,; we need
R as a continuous function of energy for E; >I; hence we represent
the ratio R in the following manner

R(E}) =1 -f(U) (14)

Presently the above ratio has been determined using the follow-
ing analytical form

G, ln(U))
U+a U

where U is the dimensionless variable defined by, U= E;/I.

We have adopted this particular functional form for f{U) in Eq.
(15) due to its behavior with respect to the incident energy. As
E; increases above I, the ratio R increases and approaches unity,
since the ionization contribution rises and the discrete excitation

RE)=1-C ( (15)
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Table 2
Various total ionization cross sections for halogens in A2,
E; (eV) F cl Br I
15 - 0.23 0.41 1.84
20 0.02 1.09 1.62 4.08
25 0.11 1.91 2.76 5.37
30 0.23 2.53 3.62 5.86
40 0.46 3.27 4.56 6.16
50 0.63 3.61 4.92 6.23
60 0.76 3.75 4.97 6.10
70 0.85 3.83 4.90 5.91
80 091 3.87 4.87 5.72
90 0.96 3.88 4.76 5.52
100 0.99 3.87 4.62 5.35
150 1.03 3.60 4.00 4.64
200 1.01 3.26 3.56 4.14
300 0.91 2.71 3.03 3.47
400 0.80 231 2.66 3.03
500 0.70 2.02 2.39 2.70
600 0.63 1.79 2.17 2.50
700 0.58 1.61 1.99 2.31
800 0.53 1.46 1.84 2.14
900 0.49 1.34 1.71 1.99
1000 0.45 1.23 1.61 1.87
2000 0.26 0.69 0.99 1.46

term in Eq. (10) decreases. The discrete excitation cross sections,
dominated by dipole transitions, fall off as In(U)/U at high ener-
gies. Accordingly the decrease of the function f{U) must also be
proportional to In(U)/U in the high range of energy. However, the
two-term representation of f{U) given in Eq. (15) is more appro-
priate since the first term in the brackets ensures a better energy
dependence at low and intermediate E;. The dimensionless param-
eters Cq, Cy, and q, involved in Eq. (15) reflect the properties of the
target under investigation. The three conditions stated in Eq. (13)
are used to determine these three parameters and hence the ratioR.
This is called the CSP-ic method. Having obtained Q;,,, through CSP-
icmethod [2-4,18,19,24,25], the summed excitations cross sections
Z Qexc can be easily calculated vide Eq. (10).

3. Results and discussion

The theoretical approach of SCOP along with our CSP-ic method
discussed above offers the determination of the total ionization
cross sections, Q;o, along with a useful estimate on electronic exci-
tations in terms of the summed cross section Z Qexc. Present data
of total ionization sections results for the halogens and their halides
are tabulated in Tables 2 and 3, respectively. Further, present results
are also plotted and compared with available theoretical as well as
experimental results through Figs. 1-8.

3.1. Halogen atoms (F, Cl, Brand I)

In Table 2 we have tabulated our results for the halogen atoms.
The data given in the table as bold are the peak of Qj,, for each
atom. It is well evident that the peak of the ionization cross section
moves towards the low energy regime as the ionization potential
decreases and the peak value of the cross section increases as the
size of the target increases. This feature is a regular observation in
most of the targets and thus gives a counter check to our theory.

A better understanding of the result may be obtained from the
plots given below. In Fig. 1 we have depicted electron impact total
ionization cross section for fluorine atom and compared with the
existing data. The lone measurement of Q;,, for F atom is due to
Hayes et al. [5] performed in the late eighties. They have quoted an
uncertainty of about 20%, which is quite high to be considered as the
recommended values. There are two previous theoretical results
by Margreiter et al. [8] and Joshipura and Limbachiya [9]. Present
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Fig. 1. Total ionization cross sections for e-F scattering in A2. Solid line, Present Qjo,;
dash, Margreiter et al. [8]; dash-dot, Joshipura and Limbachiya [9]; stars, Hayes et
al. [2].
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Fig.2. Totalionization cross sections for e-Cl scattering in A2. Solid line, Present Qo ;
dash, Margreiter et al. [8]; dash-dot, Joshipura and Limbachiya [9]; dash-dot-dot,
Huo [10]; stars, Hayes et al. [5].
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Fig. 3. Total ionization cross sections for e-Br scattering in A2. Solid line, Present
Qion; dash, Margreiter et al. [8]; dash-dot, Joshipura and Limbachiya [9]; dash-dot-
dot, Huo [10]; dot, Ali and Kim [7]; stars, Hayes et al. [5].
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Fig.4. Total ionization cross sections for e-I scattering in A2. Solid line, Present Qion;
dash-dot, Joshipura and Limbachiya [9]; dash-dot-dot, Huo [10]; dot, Ali and Kim
[7]; stars, Hayes et al. [5].
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Fig. 5. Total ionization cross sections for e-HF scattering in A2. Solid line, Present
Qion; dash, Deutsch et al. [11]; circle, Bobeldijk et al. [13]; square, Fitch and Sauter
[12]; star, Deutsch and Schmidt [11].
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Fig. 6. Total ionization cross sections for e-HCl scattering in A2. Solid line, Present
Qion; dash, Deutsch et al. [11]; dash-dot, Ali and Kim [7]; dash-dot-dot, ECP Sing. [7];
circle, Bobeldijk et al. [13]; star, Deutsch and Schmidt [11].

Table 3
Various total ionization cross sections for halogen hydrides in A2,

Ei (eV) HF HCl HBr HI
12 - - 0.23 0.43
14 - 0.17 0.71 1.34
16 - 0.54 1.25 2.36
18 0.04 0.96 1.79 3.32
20 0.10 1.37 229 4.15
25 0.35 2.27 3.27 5.30
30 0.60 2.88 3.89 6.00
40 0.99 3.51 4.49 6.47
50 1.19 3.72 4.65 6.44
60 1.28 3.76 4.65 6.33
70 1.32 3.75 4.62 6.12
80 1.32 3.69 4.49 5.92
90 1.33 3.62 4.38 5.72

100 1.32 3.51 4.26 5.53
150 1.25 3.04 3.73 4.78
200 1.18 2.64 3.30 4.26
300 1.02 2.11 2.71 3.56
400 0.89 1.77 2.33 3.10
500 0.79 1.54 2.06 2.76
600 0.71 1.36 1.86 2.49
700 0.64 1.23 1.70 2.27
800 0.59 1.12 1.57 2.09
900 0.55 1.03 1.46 1.94
1000 0.51 0.96 1.37 1.82
2000 0.30 0.57 0.99 1.12

results are in excellent accord with the experiment [5] throughout
the energy range and compares well with the theory of Joshipura
and Limbachiya [9] except at the peak where they tend to be higher
than all reported values. However, the values of Margreiter et al. [8]
seem to fail beyond 80 eV.

Fig. 2 shows the comparison of present Q;,, for chlorine atom
with the only measurement of Hayes et al. [5] and the theories of
Margreiter et al. [8], Joshipura and Limbachiya [9] and Huo [10].
Present results finds very good comparison with measurement of
Hayes et al. [5] and the theoretical results of Joshipura and Lim-
bachiya [9]. The theoretical data of Huo [10] matches well with
present data till 40 eV beyond which they are higher compared to
all reported data, while the theories of Margreiter et al. [8] shows
similar nature to all curves but are on the lower path. It is inter-
esting to note that peak of ionization cross sections falls at same
incident energy for all the data reported here.

We report our Qj,, for bromine atom along with the mea-
surement of Hayes et al. [5] and theories of Margreiter et al. [8],
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Fig. 7. Total ionization cross sections for e-HBr scattering in A2. Solid line, Present
Qion; dash, Deutsch et al. [11]; dash-dot, Ali and Kim [7]; dash-dot-dot, ECP Sing. [7];
circle, Bobeldijk et al. [13].
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Fig. 8. Total ionization cross sections for e-HI scattering in A2. Solid line, Present
Qion; dash-dot, Ali and Kim [7]; dash-dot-dot, ECP Sing. [7].

Joshipura and Limbachiya [9], Huo [10] and Ali and Kim [7] in Fig. 3.
Our results find very good comparison with the measurements of
Hayes et al. [5] over the entire range reported by them. Theoreti-
cal predictions of Ali and Kim [7] find very good agreement with
present results till 200 eV beyond which they tend to diverge and
are lower compared to our values. While the calculated data of
Joshipura and Limbachiya [9] are in better agreement with present
results till 30 eV beyond which they tend to be lower. Finally the
theoretical data of Huo [10] show good accord with present results
till 80 eV beyond which they are slightly higher than the present
data.

Fig. 4 represents the comparison of the present total ionization
cross sections for e — I scattering with other available data. As seen
for earlier targets, in this case also there is an excellent agreement
of present data with the measurement of Hayes et al. [5] and the-
oretical values of Huo [10] throughout the energy range reported
by them. The theoretical predictions of Ali and Kim [7] goes very
well with present results till 70eV, above which they fall faster
compared to all reported values. On the other hand the theoretical
datareported by Margreiter et al. [8] are the lowest compared to all
the data reported till 50 eV beyond which they merge with present
results. Theoretical predictions of Joshipura and Limbachiya [9]
show good accord with present data as well.

It is to be noted that present results goes in good accord with
the measurements of Hayes et al. [5] for the entire range of inci-
dent energy reported by them, which is very encouraging since this
feature is common in all the atomic species we have investigated
here. This shows the consistency in our theory and gives us much
confidence in calculating cross sections for other targets.

3.2. Halogen hydrides (HF, HCI, HBr and HI)

Table 3 gives present theoretical values of Q;,, calculated for
the halogen hydrides from above ionization threshold to 2000 eV.
The data given in the table as bold are the peak of Q;,, for each
halogen hydride. A similar observation as that of halogen atoms
vide Table 2 can be established here too. The peak of the ionization
cross section seems to shift towards the lower energy side as the
ionization potential of these targets decreases. Also, the value of its
cross section at peak increases with the molecular size. Hence, the
statement made for the atoms hold true for its hydrides as well.

Present Q;,, for HF is plotted and compared with available data
in Fig. 5. In the absence of any measurement it becomes crucial
to provide robust theoretical data to fill the gap in the database.

However, previous theoretical data is very limited and perhaps for
the first time the data is provided for such a wide range of energy.
Deutsch et al. [11] have given their calculations using modified
additivity rule in DM formalism for the incident energy 30-200eV.
There are some sample results (data points for few energies) pro-
vided using additivity rule by Fitch and Sauter [12] and Bobeldijk
et al. [13]. The present results agree very well with theoretical data
of Deustch et al. [11] and as expected the sample data of [12,13]
are higher as they used additivity rule which generally overesti-
mates at lower energy. Surprisingly there is no other comparison
available from literature for this target. This may be due to its high
volatile nature and hence very difficult to handle in the laborato-
ries.

In our next figure (Fig. 6), we have plotted the Q;,, for HCI
molecule and compared them with theoretical data of Deutsch et
al. [11] and single ionization cross sections [7], and total ioniza-
tion cross sections of Ali and Kim [7]. For this hydride also Fitch
and Sauter [12] and Bobeldijk et al. [13] have provided their results
for some of the sample energies. Present theory compares very well
with the theoretical results of Deutsch et al. [11]. The sample results
of Fitch and Sauter [12] and Bobeldijk et al. [13] calculated using
AR are higher at low energies as expected and merges at energies
above 100 eV showing the validity of additivity rule in this region.
The single ionization cross sections represented as ECP method [7]
are slightly lower compared to present data confirming the fact that
single ionization is the most prominent process for this hydride. The
total ionization cross sections given by Ali and Kim [7] are also in
good accord with present data except at and near the peak, where
they are slightly higher.

We have plotted in Fig. 7 the total ionization cross section
for HBr molecule with the theoretical results of Deustch et al.
[11], single and total ionization cross sections of Ali and Kim
[7] and sample results of Bobeldijk et al. [13]. There is again no
experimental data found in the literature for this hydride. All the
theoretical data matches with present data till 25 eV, above which
the data of Deutsch et al. [11] are slightly lower while that of
Ali and Kim [7] are higher particularly near the peak region. The
single ionization cross sections represented as ECP method are
lower compared to present data as expected. The sample results
of Bobeldijik et al. [13] are slightly higher since they have used
additivity rule.

In our Fig. 8 we have plotted Qj,, for the HI molecule
and compared it with the only theoretical data of single
and total ionization cross sections of Ali and Kim [7]. The
present data shows good accord with total ionization cross
sections of Ali and Kim [7] calculated using BEB theory upto
30eV above which they are slightly higher near the peak and
then drops. The single ionization cross sections are lower as
expected.

Aninteresting feature is observed in our last figure (Fig. 9) where
we have plotted the Qjo, for both atoms and their hydrides. The
cross section for each atom-atomic hydride pair seems to follow
almost the same path. This aspect is very prominent in Br—-HBr and
[-HI pairs. One of the reasons may be due to the fact that their
ionization potentials are comparable to each other. From Table 1
we find that the ionization potentials for Br—-HBr pair (11.81 and
11.66 eV, respectively) and I-HI pair (10.45 and 10.39 eV, respec-
tively) are close to each other and so are their cross sections.
While for CI-HCl pair the ionization potentials (11.73 and 12.75 eV,
respectively) are 1 eV apart and hence the difference in cross sec-
tions. However, in case of H-HF pair, even though their ionization
potentials (15.75 and 16.04 eV, respectively) are close enough, we
find that their cross sections vary. This shows that not only ioniza-
tion potential, but also their size matters. In the previous cases, the
size of hydrogen atom was negligible to that of the halogen atom,
and so hydrogen atom does not add much to the total cross sec-
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Fig.9. Total ionization cross sections for all the targets in A2. Line with stars, F; dash,
HF; line with inverted triangle, Cl; dot HCl, line with square, Br; dash-dot, HBr; line
with circle, I; dash-dot-dot, HI.

tion. However, for the fluorine atom with atomic no. 9, the size of
the hydrogen is comparable and hence the difference in the cross
section.

4. Conclusion

A series of calculations to obtain total ionization cross sections
for halogen atoms (F, Cl, Brand I) and halogen hydrides (HF, HCI, HBr
and HI) were carried out. We have employed the well known SCOP
and CSP-ic formalisms to perform these calculations. The results
obtained are presented in the article and are compared with other
available measurements and theories. Unavailability of required
data set, especially reliable measurements make this study very
imperative, since most of the previous studies are fragmented.

The results obtained for the halogen atoms are in good agree-
ment with the available data. From Table 2 and Figs. 1-4, we can find
that the result are very consistent in strength and shape and hence
prove that present method can produce reliable cross sections even
for the open shell systems.

In case of halogen hydrides, the observation is not that different
(see Table 3 and Figs. 5-8). Overall, very good agreement between
the various results can be seen from the graphs. A significant result
for the molecules is that even after the bond formation with the
hydrogen atom, the molecules gives quite similar cross section as
that of the halogen atoms except in the case of HF. This may be
attributed to the close proximity of ionization potential for atom-
atomic hydride pair. Even though the ionization potential is similar
in case of F and HF the cross sections are different since hydro-
gen atom also contributes comparable cross section as that of the
F atom.

The values presented here can be considered reliable since
the method employed here has been successfully tested for vari-
ety of targets from atoms to radicals and to heavier molecules
[2-4,18,19,24,25]. In view of the fact that, present targets are halo-

gen atoms and hydrides of these halogens, we are quite sure that
the data presented here are consistent and can be further utilized
to perform modeling in technological systems.

It is quite evident from the plots (Figs. 1-9) given in the previ-
ous section that present theory accounts for the ionization channel
very well. The overall shape and strength of ionization cross sec-
tion is nicely matched with measurements of Hayes et al. [5] for
all the atoms studied here. This has given us the confidence in our
calculation and hence we are convinced that present method can
reproduce reliable cross section data for many more targets with
adequate accuracy and speed. It is thus believed that such efforts
will be more appreciated by the technology where cross section
data is a necessary for further modeling of their systems. Also, we
hope that our effort will encourage experimentalists to perform
more measurements of these important targets.
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