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Abstract

Total ionization cross-sections (TICS) for the impact of intermediate and high energy electrons on the halogen atoms F, (
Brand | as well as the molecules,[El,, Br, and b 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
halogen atoms agree well with the previously calculated and measured values. The present respitsolecGles also agree
well with the recommended data, but those ferBr, and b 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 Publishec
Elsevier Science B.V.

PACS 34.8-i
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1. Introduction approach called Deutsch—-Maerk or DM formalism.
Among the halogen molecules the e—tal ion-
The halogen atoms F, Cl, Br and | together with ization cross-sections were measured by Rao and
their diatomic molecules#; Cly, Br, and b play im- Srivastava [5], Stevie and Vasile [6] and Center and
portant roles in a variety of physical and chemical pro- Mandel [7]. Christophorou and Olthoff [8] have re-
cesses, owing to their reactive nature. There are sev-cently given recommended data for all the important
eral investigations on electron-induced ionization of total cross-sections including ionization for electron
halogens and their compounds like perfluorocarbons, collisions with molecular chlorine. The DM formu-
etc. [1,2]. Total ionization cross-sections (TICS) for lation has also been applied to ionization of &nd
electron collisions on F, Cl, Br and | were measured Cl, as well as Bg and b [9]. A simpler approach
from threshold to about 200 eV by Hayes et al. [3]. called the ‘Defect Concept’ (DC) method has also
Margreiter et al. [4] made useful and comprehensive been applied to halogen molecules [10].
calculations on these cross-sections for all atoms from  The electron—halogen cross-sections are required
hydrogen to uranium on the basis of a semiclassical in understanding the electron interactions of plasma
processing gases like GFCHF;, CoFg, CsFg, etc.
* Corresponding author. E-mail: knjoshipur@yahoo.com [8]. Although the halogens have a strong affinity for
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Table 1 2. Theoretical

Properties of halogen atoms and molecules

Target lonization Atomic average radii [14], The complex scattering (optical) potentig}ps =
energy [23] in eV and molecular bond

Vr + V| adopted presently to describe the electron—

lengths [23] inag ..
atom/molecule collisions has a real pdg expressed

IEZ g% ;'23 as the sum of static, exchange and polarization
cl 12.97 184 terms. These terms are generated here in the form of
Clp 11.48 3.76 model potentials [11-13] by starting with an accurate
g: igg; i;i charge density of the target atoms [14]. For the di-
| 2 1045 250 atomic molecules of our present interest, we build up
I2 9.40 5.04 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
electron attachment, it is of interest to also determine target ionization potential [15]. This charge density is
their electron impact ionization characteristics. Table 1 used to derive the various parts \&pt. In particular
given here highlights the important atomic—molecular the imaginary part of th¥opt is obtained by employ-
properties of the halogens, and serves as a basic inputng a well known model for the absorption potential,
to the present calculations. developed some years ago [16]. It represents in a
Several approximate theories, as highlighted in a quasi-free Pauli-blocking manner the inelastic scat-
recent review by Deutsch et al. [1] are in vogue today tering of the incident electron in target electron cloud,
for calculating the TICS of electrons colliding with  and has a typical form
different atomic and molecular targets. We [11-13] Tioc \ /2 8
have developed an approach based on complex scat-Vabs(r, Ei) = —p(r) ( ) <1Ok3E->
tering potential that provides a viable option at in- F
termediate and high incident energies. The total or X 0(p® — kE — 2A)(A1+ Az + Ag)
the optical potential for the electron—atom/molecule (1)
system describes the simultaneous elastic and inelas-where the local kinetic energy %o = Ei — Vr. Also
tic electron scattering, such that the imaginary part p? = 2E; in a.u., kg is the Fermi wave vector and
or the absorption potentidV/zps accounts cumula-  is an energy parameter. Further, in Eq. @(x) is the
tively for all allowedelectronic excitations to discrete  Heaviside function, such tha{x) = 1, forx > 0 and
states and the continuum. We have further explored is zero otherwiseA;, A> and Ag are different func-
this basic formalism to deduce the TIGZo, by tions of p(r), I, A andE; (see [16]). The energy pa-
calculating thesummed-total inelastic cross-sections  rameterA determines a threshold below whidhps
Qinel- This approach, to be called complex scattering is zero and the ionization or excitation is prevented
potential-ionization contribution (CSP-ic) method, energetically. Now, we choose [12,13] the valuefof
has already been employed by us [11-13] success-by the following consideration. At energy of impact
fully on a number of atomic—molecular targets so far. close to (vertical) ionization threshold the excita-
The ionization calculations in the present paper are tions to the discrete states also take place, bugjas
based on the CSP-ic method. increases, the valence ionization becomes dominant,
In Section 2, we highlight the present theoretical together with the possibility of ionization of the inner
approach. Comparisons of the present results with ex- electronic shells. The inner shells are of course harder
perimental, theoretical and/or recommended data areto be excited or ionized. To account for the same we
made in Section 3 for all the targets investigated. have selectedd ~ I for low E; and A > [ at E;
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above the position of the peak Q. This is effec- The electron impact transitions to continuum gen-
tively done by expressing as a slowly varying func-  erally dominate over those to discrete states, as the
tion of E; aroundl. Thus, with a reasonable choice of E; increases above Therefore, we find [11-13] in a
A for a given target we construdtps Which through number of atomic and molecular targets that, the ra-
the Schrddinger equation, yields the imaginary phase tio R is generally less than (but close to) 1, at impact
shifts Iméy(k) for various partial waves. We omit energies well above the ionization threshold. For sta-
here the standard formulae [17] used to genefaig ble molecular targets like £ H2O, CHy, CF4, etc.
as well as the totadlastic cross-sectior)e by em- for which experimentalion are known accurately, we
ploying the real and the imaginary parts&k). The observe that
numerical procedures and the theoretical formalism
involved here are quite well known [11-13].

Now, for a given target the totalcdmplete) R(E) =1, forE > Ep (6b)
cross-sectioy is defined to be

R(Ej) = 0.8, uptoEj = Ep (6a)

whereE, stands for the incident energy at which the
Ot(Ei) = Qel(Ei) + Qinel(Ei) (2) (theoretical)Qine attains its maximum. The rati®
where on the RHS the two terms denote the total elas- may be expressed as a smooth functiorEpés fol-
tic and the summed-total inelastic cross-section, re- lows:
spectively. The second term of Eq. (2) further breaks R(E) = 1— Cr(I/Ep)(In Ei/E}) @)
up as follows:

Thus, it approaches 1 at high energies when the dipole
Qinel(Ei) = Z Qexe(Ei) + Qion(Ei) ® allowed eIIDSCtronic excitati(?ns fall gff as H/E;. The P
Here, the first term is the sum over to(citation constaniCr occurring in Eq. (7) can be fixed up for a
cross-sections for all allowed electronic channels, target by the condition tha(E;) becomes zero at the
from the initial state to the discrete states above. The jonization threshold.
second term indicates the TICS of the target by the The present theoretical approach may be compared
incident electrons. The first term arises mainly from to the DM formulation, which consists of a semiclassi-
the low-lying dipole allowed transitions for which  cal formula applied successfully to various atoms and
the excitation cross-sections become small gradually molecules for calculating th®on [1,4,9]. In essence,
above the ionization threshold. Hence at such ener- the formula involves the use of the static target proper-
gies, the second term in Eq. (3) dominates over the ties (e.g., electronic shell radii) and a dynamic function
first, so that the calculate@inel(Ei) can be employed  depending on the enerdy. The electron-molecule

to derive the TICSQjon. ionization cross-sections can also be derived in a sim-
Now, since the total inelastic cross-sectQpel it- pler DC approach [10,18]. Since a diatomic molecule

self is partitioned according to the Eq. (3), it follows A, is different from a simple combination of two atoms

that A, the DC formula for the electron impact ionization

Qinel(ED) = Qion(E) (4)  Of Az states that

The quantityQinel is Not accessible directly in exper- Qion(A2) = 2 Qion(A) 8

iments. Hence to determin@,n from the calculated

Qinel, we define the following ratio for a given target cross-section and the exponeat is such that 0<
atom or molecule.

a < 1 as given in [10].
R(E) = Qion(Ei) (5) The advantage of the present method is that the
Qinel(Ei) Qion are derived fronQiner, Which are calculated in a
with0< R < 1. numerically exact partial wave quantum mechanical

whereQion(A) is the electron impact atomic ionization



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

calculation. Hence, it is not required to propose any lation to experimental as well as theoretical data
parametric energy dependence@jfe|, which in the on atomic—molecular halogen targets, as given in
high energy limit go over t&;on. Similarly it is also Figs. 1-8. Consider Fig. 1, where our present calcu-
not required here to propose a formula for the depen- lations onQjo, of F-atoms are found to compare fa-
dence of the cross-sections on the target propertiesvorably with the available measurements [3] and with
(Table 1), since these are in-built within the absorp- the theoretical data of [4], at energies from threshold
tion potential itself. The third advantage of using the to the peak position at about 150eV. The measured
present approach is that tii@,n as well as the total  data of Hayes et al. [3] involve about 20% error. The
(complete) cross-sectior@r can be calculated from  peak in our calculated cross-sections occurs between
the same general quantum mechanical formalism, so100 and 200 eV, where there are no data points in [3]
that the contribution of ionization relative to elas- that can locate the maximum accurately. The peak
tic and other inelastic processes can be examined.position and magnitude of th®on are in accordance
However, there is no rigorous way of calculating the with the properties of the target given in Table 1.
ratio R defined in Eqg. (5). The TICS calculated in Thus, the peak positions for F and frgets, which
CSP-ic method are generally on the higher side of have relatively higher ionization thresholds above
the experimental and theoretical results, often within 15 eV, occur at higher energies around 100 eV. On the
experimental errors. other hand, for highly ionizable targets likecBand b
(which have their ionization threshold around 10eV)
the peak occurs below 100 eV and the corresponding
3. Results, discussions and conclusions magnitudes are much higher.
Next as shown in Fig. 2, our present theory is in
Our results corresponding t&; from threshold good agreement with experimental [3] and theoretical
to almost 2000eV, obtained in the present CSP-ic [4] results in the case of atomic chlorine. The TICS
approach, i.e., Egs. (1)—(7), can be examined in re- of Br atom calculated presently and shown in Fig. 3,
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Fig. 1. Total ionization cross-sections for e—F scattering. Present (—); Hayes et ak);3Margreiter et al. [4] (---).
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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 thea good agreement with the experimental results [3].
available theory [4], but they lie within the experimen- The values given by Margreiter et al. [4] differ some-
tal uncertainties of 14%, as quoted by the authors [3]. what in this regard, at low to intermediate energies. At
Fig. 4 shows ouRjo, for atomic iodine, which are in  other energies the agreement seems to be good. Let us
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Fig. 3. Same as in Fig. 1 but for e-Br scattering.
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Fig. 4. Same as in Fig. 1 but for e—l| scattering.
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Fig. 5. Total ionization cross-sections for e-$cattering. Present (—); Rao and Srivastava [);(DC [10] (---); DM [9] (——— ); Center
and Mandel [7] @); Stevie and Vasile [6]%).
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Fig. 6. Total ionization cross-sections for exGkattering. Present (—); recommended data Y8];(DC [10] (---); DM [9] (——— ); Stevie
and Vasile [6] ).
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Fig. 7. Total ionization cross-sections for e-Bicattering. Present (—); DC [10] (---); DM [9] ).
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note that the BEB calculations of Kim et al. [19], Olthoff [8], and also with the DC and DM formalism,
carried out for various other targets are not available especially up to the peak value. Although the recom-
on the ionization of atomic and molecular halogens. mended data are up to 100 eV only, the high energy
Our calculations in the CSP-ic approach are ex- trend of the TICS can be inferred from the present
tended to the electron impact ionization of molecu- curve in Fig. 6.
lar halogens, and a comparative study can be made Now, in the case of the two heavier molecules
from the Figs. 5-8. The continuous curve in Fig. 5 Bry and b the calculations based on the DM [9] and
compares the present theory with the measurementsDC [10] formalisms are the only available data for
of Rao and Srivastava [5], Stevie and Vasile [6] and comparison. As can be seen from Figs. 7 and 8, the
Center and Mandel [7] on esHonization. All these present theory and the DM formalism tend to agree
measured data are quite lower than the present valuesonly at lower energies up to the peak value<Qg,.
especially in the peak region around 100 eV, but there For energies above 100 eV or so, the results of [9,10]
is an agreement in the shape or the energy dependencedecrease faster than the present values for both these
The data given by [5] seem to be too low, since they molecules. In the paper of Probst et al. [9a], the
are comparable to the F-atom cross-sections (Fig. 1). DM calculation is compared with their own results
The other theoretical results [9,10] included in Fig. 5 obtained from the use of the “DC” up to 200eV
are also on the higher side of the measured data [5]. energy. Both these results tend to merge at energies
The results of DC approach [10] and the DM formal- roughly above 100eV. The DC approach considers
ism [9] are close to each other and are also within the the ‘atom-in-the-molecule’ aspect in a simple way.
error limits of [7]. In the high energy (say above 1000 eV) short wave-
In the case of the GImolecule (Fig. 6) the present length limit, the projectile electron ‘sees’ the atoms
values on TICSQjon are in a very good accord with  in a molecule as nearly free scattering centers, so
the recommended data given by Christophorou and that the molecular cross-section is close to the sum
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Fig. 8. Same as in Fig. 7 but for e-$cattering.
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of the free atom cross-sections [20,21]. However, Science Academy, New Delhi, India, for the bilateral
at intermediate energies around 100eV or so, the Exchange Program of Scientists, under which a part
simple rule of ‘additivity’ is found to overestimate the of this work was carried out. We are highly thankful to
TICS and the total (complete) cross-sections as well Prof. T.D. Maerk, Institut fur lonenphysik, Universi-
[22]. We believe therefore that, the DC calculation can tat Innsbruck, Innsbruck, Austria, for discussions and
give better (i.e.Jower) results compared to a simple suggestions.

“additivity rule” for ionization at low to intermediate

energies, but at high energies the DC calculations
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