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Present  paper  reports  calculations  of  total  ionization  cross  sections  (Qion)  for  simple  but  important  alco-
hols  (CH3OH,  C2H5OH,  1-C3H7OH)  on  electron  impact  with  incident  energies  (Ei)  ranging  from  ionization
threshold  (I)  of  the  target  to  2  keV.  We  have  employed  well  established  Spherical  Complex  Optical
Potential  (SCOP)  formalism  to  evaluate  total  inelastic  cross  sections.  We  have  also  made  an  attempt
to  improve  original  Staszeweska  model  by  considering  �  energy  dependent  and  made  to  vary  within  the
range �I  ≤ �(Ei)  ≤  I. The  total  ionization  cross  sections  are  calculated  using  improved  complex  scattering
potential-ionization  contribution  (ICSP-ic)  method.  The  present  results  along  with  available  experimental
and  other  theoretical  data  are  presented  graphically.
eywords:
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. Introduction

Increased interest in electron-driven processes involving bio-
ogically important organic molecules has prompted several recent
tudies involving collisions of electrons with alcohols [1–4]. The
asic alcohols (CnH(2n+1)OH, n = 1, 2, 3) are important molecules of

nterstellar space [5].  These molecules are also important in phar-
aceutical industry and cosmetics. The quantitative calculations of

he various cross sections related to the electron–alcohol collision
rocesses are thus important in the estimation of various reaction
ates relevant to industry, atmospheric chemistry and to the esti-
ation of radiation damages due to secondary electron impacts
ithin organic tissues [6].

Though the experimental measurements of Qion on electron
mpact for methanol, ethanol and 1-propanol are available [5,7,8] in
iterature, the corresponding theoretical calculations are scarce and
eported only by [5,9]. The difficulty is due to the complex nature

f the targets as they contain more number of atoms (methanol
ontains six, ethanol contains nine and 1-propanol contains twelve
toms).

∗ Corresponding author. Fax: +91 2692 235207.
E-mail address: minaxivinod@yahoo.co.in (M.  Vinodkumar).

387-3806/$ – see front matter ©  2011 Elsevier B.V. All rights reserved.
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In this paper we  present theoretical calculations of the electron
impact total ionization cross sections (TICS) of the three alco-
hol molecules for electron energies (Ei) from ionization threshold
of the target to 2000 eV. The theoretical spherical complex opti-
cal potential (SCOP) [10–12] and improved complex scattering
potential-ionization contribution (ICSP-ic) [10] methods have been
successfully employed to study the cross sections of various atomic
and molecular targets. Here, we extend this scheme in the case of
simple alcohol targets. The theoretical method is briefly reviewed
in Section 2. Our results are presented and discussed in Section 3
and we  conclude the present study in Section 4 of this paper.

2. Theoretical methodology

Electron molecule collision processes are characterized by two
fundamental processes viz. elastic scattering and inelastic scatter-
ing. Quantitatively these processes are accounted in terms of total
elastic cross sections and total inelastic cross sections. Theoret-
ically, the inelastic processes are mainly accounted through the
absorption part of the scattering potential in the SCOP formalism.

In this formalism, the complex optical potential, Vopt, is given by
[10–12]

Vopt(Ei, r) = VR(Ei, r) + iVabs(Ei, r) (1)

dx.doi.org/10.1016/j.ijms.2011.04.005
http://www.sciencedirect.com/science/journal/13873806
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Table 1
Computed values of � for various targets.

Target E1 (eV) [16–24] I (eV) [19] �

He 19.82 24.59 0.81
Ne 16.20 21.57 0.80
Ar  11.55 15.76 0.79
C  7.53 11.26 0.77
N  10.99 14.53 0.80
O  10.48 13.62 0.80
F 14.21 17.42 0.81
O2 8.40 12.07 0.78
NO 6.50 9.60 0.78
H2O 9.34 12.61 0.79
NH3 7.78 10.88 0.79
BCl3 9.17 11.73 0.81
CH4 9.00 12.51 0.79
SiH4 8.70 11.65 0.80
GeH4 8.40 11.33 0.79
CF4  12.50 16.19 0.80
CH3OH 8.53a 10.96 0.80
C2H5OH 8.68a 10.64 0.81

a
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ere the real part (VR) comprises of the static potential (Vst),
xchange potential (Vex), and polarization potential (Vp). The sec-
nd term containing Vabs accounts for the loss of flux in the inelastic
hannel. The basic input for evaluation of all these potentials is
he charge density of the target. We  have computed target charge
ensity using the Roothaan–Hartree–Fock wave functions of Bunge
t al. [13]. The complex structure of the molecular targets is sim-
lified by considering a single centre approach [12]. We  identify
ingle potential scattering centre by expanding the charge densities
f all the constituent atoms at the centre of mass of the target. The
pherically averaged molecular charge density �(r) is renormalized
o yield the total number of electrons of the target molecule.

For the computation of total inelastic cross section, the rele-
ant part of the Complex Optical Potential is Vabs. We  employ here
he non-empirical, quasifree, Pauli-blocking, dynamic absorption
otential of Staszewska et al. [14] which is expressed as

abs(r, Ei)= − �(r)

√
Tloc

2

(
8�

10k3
F Ei

)
�(p2 − k2

F − 2�)(A1 + A2+A3)

(2)

ll the parameters and the terms A1, A2 and A3 of Eq. (2) are
xplained and defined in earlier works [10–12,14].  Apart from the
arget charge density, �(r) other important target property which
s associated with the absorption potential is the parameter �

hich determines a threshold below which Vabs = 0. In the origi-
al Staszewska model [14] � is considered as ionization threshold
f the target for all the incident energies. It corresponds to ignor-
ng the contributions coming from the discrete excitations at lower
ncident energies. This was realized earlier by Blanco and Garcia
15] and they have elaborately discussed the need for modifica-
ion of � value. Following which attempts have been made to treat

 an energy dependent parameter by assigning a minimum value
or it that slowly reaches to its maximum value equal to I [10–12].
ccordingly, we express � as

(Ei) = �I + ˇ (Ei − I) (3)

here the first term corresponds to the minimum value of � at
i = I that accounts the contribution to � coming from the dis-
rete excitations below the ionization threshold. The second term
orresponds to energy dependence on � before it reaches to its
aximum value, I. Here we consider the energy at which � reaches

ts maximum value of I is the energy (EP) at which is the peak of
nelastic cross section occurs. The parameter  ̌ is then determined
y imposing the condition � = I at Ei ≥ Ep.

To account for the fraction � at Ei = I, we express the total elec-
ronic excitations starting from the first excitation to its continuum
s sum of all discrete energy states below I plus the continuum I.
ccordingly, the ratio of the sum of all discrete excitation channels

o sum of all channels including continuum can be written as

 =

n∞−1∑
n=1

En

n∞∑
n=1

En

= 1 −

⎛
⎜⎜⎜⎜⎝

I
n∞∑
n=1

En

⎞
⎟⎟⎟⎟⎠ (4)

here En represents the nth electronic energy state and n∞ corre-
ponds to the continuum.

Assuming that the electronic excitation states follow, En ∝ 1/n2,
s they are governed largely by the coulomb like interaction poten-
ial of the bound target electrons, Eq. (4) becomes
 = 1 − I

Ry�(2)
(5)

here Ry is the proportionality constant of the energy expression
or En, ‘n’ being the principal quantum number, it can be related
1-C3H7OH 7.99 10.51 0.80

aCalculated using Quantemol-N [25] software.

to its first electronic excitation energy (E1) as Ry = 4E1, and �(2) is
the Riemann Zeta function obtained from the sum over n of 1/n2.
The computed values of � for different targets including the present
targets as well as few other atomic and molecular targets studied
earlier are listed in Table 1. It is quite interesting to observe that the
computed values of � lie remarkably very close to the value (0.8)
as considered in the earlier studies [10–12].

With the complex optical potential generated for a given system,
we solve the Schrödinger Equation numerically using the Numerov
method. The scattering phase shifts are then obtained employing
the partial wave analysis [10–12].  Solution of the radial part of the
Schrödinger Equation yields us complex phase shifts. This shift in
the angle or the phase is the reflection of the interaction of the
potential on the incoming wave and they are the important inputs
for computation of the total inelastic cross sections.

The total inelastic cross section (Qinel) contains the total ioniza-
tion (Qion) and the sum total of excitation cross section (�Qexc) and
is written as

Qinel (Ei) =
∑

Qexc (Ei) + Qion (Ei) (6)

where �Qexc is arising from all dipole allowed electronic transi-
tions and Qion is sum total of all continuum transition leading to
ionization. The ionization contribution is extracted from the total
inelastic cross section using CSP-ic formalism [10–12].  In this for-
malism, we  impose three general physical conditions on the ratio of
total ionization cross section to total inelastic cross section (R(Ei))
as

R(Ei)

{= 0 for Ei ≤ I
= RP at Ei = EP
∼= 1 for Ei >> EP

(7)

This procedure has been found quite successful in the case of many
molecular targets [11,12]. Recently, the method has been improved
(ICSP-ic) by providing a theoretical estimation of the ratio at the
peak of inelastic cross section, RP [10]. In the present study we
follow the same procedure to compute RP in terms of the first elec-
tronic excitation energy (E1), the ionization threshold (I) and energy
at the peak of inelastic cross section (Ep) of the target. The computed
RP values for the present targets are listed in Table 2. The ionization

thresholds of these molecules are available from [19] and the first
electronic excitation energies (E1) of these molecules are calculated
using the Quantemol-N software [25].



28 M. Vinodkumar et al. / International Journal of Mass Spectrometry 305 (2011) 26– 29

Table 2
The relevant parameters of the target and the computed values of RP .

Target aE1 (eV) I (eV) [19] EP (eV) RP

CH3OH 8.53 10.96 55 0.74
C2H5OH 8.68 10.64 60 0.79
1-C3H7OH 7.99 10.51 50 0.71

a
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Fig. 2. Total ionization cross sections, Qion, for e–C2H5OH scattering in Å2.
Solid  line → present results with ICSP-ic method; Triangles → experimental results
of  Rejoub et al. [7]; Circles → experimental results of Hudson et al. [5];
Squares → experimental data of Djuric et al. [8].  Dashed line → theoretical results
Calculated using Quantemol-N [25] software.

. Results and discussion

The theoretical methods (SCOP and ICSP-ic) described in the
revious section are employed to compute the total inelastic cross
ection Qinel, the total ionization cross section Qion as well as the
otal excitation cross section �Qexc of simple alcohols (CH3OH,
2H5OH and 1-C3H7OH) on electron impact at energies starting
rom their ionization threshold to 2 keV.

The computed total ionization cross sections for CH3OH,
2H5OH, 1-C3H7OH molecules are plotted in Figs. 1–3 respectively
long with other experimental and theoretical results available in
he literature as a function of incident energy.

In Fig. 1 we compare the total ionization cross sections for
–CH3OH scattering with previous experimental [5,7,8] and the-
retical [5,9] data. Rejoub et al. [7] have reported ionization
easurements for e–CH3OH scattering using time-of-flight mass

pectrometer. Our results (solid line) here are in good agreement
ith the experimental data of Rejoub et al. [7] throughout the

nergy range studied by them. The other experimental measure-
ents of Hudson et al. [5] and Djuric et al. [8] are lower than present

s well as other reported data. Theoretical data of Deutsch et al. [9]
re in very good agreement with present data up to 30 eV only and
eyond which they do not agree with present and other reported
ata. The BEB results of Hudson et al. [5] are in excellent agree-
ent with the present data throughout the energy specified by

hem. However, the DM results of Hudson et al. [5] show a good

greement up to ∼30 eV beyond which they overestimate all the
eported data.
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ig. 1. Total ionization cross sections, Qion, for e–CH3OH scattering in Å2.
olid line → present results with ICSP-ic method; Triangles → experimental
ata of Rejoub et al. [7]; Circles → experimental data of Hudson et al. [5];
quares → experimental data of Djuric et al. [8]; Short dashed line → theoretical
esults of Deutsch et al. [9]; Dashed dot dot line → theoretical results of Hudson
t  al. [5] using DM formalism; Dashed line → theoretical results of Hudson et al. [5]
sing BEB formalism.
of  Hudson et al. [5] using DM formalism; Dashed dot dot line → theoretical results
of  Hudson et al. [5] using BEB formalism.

Fig. 2 shows the comparison of our total ionization cross section
of C2H5OH alcohol on electron impact at the stated energy range
with available experimental [5,7,8] and theoretical [5] data. The
measured data of Rejoub et al. [7] are in excellent agreement with
the present data throughout the energy range. The experimental
measurements of Hudson et al. [5] are lower by ∼7% than our cal-
culated results below 100 eV and tend to coincide with present data
at higher energies. The experimental results of Djuric et al. [8] are
much lower compared to all the reported data. At the peak the the-
oretical data of Hudson et al. [5] using BEB formalism are lower by

∼12% and the data using DM formalism are higher by ∼20% than
the present calculations.
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Fig. 3. Total ionization cross sections, Qion, for e–1-C3H7OH scattering in Å2.  Solid
line → present results with ICSP-ic method; Triangles → Rejoub et al. [7]; Cir-
cles  → Hudson et al. [5]; Squares → Djuric et al. [8]; Dashed line → theoretical results
of  Hudson et al. [5] using DM formalism; Dashed dot dot line → theoretical results
of  Hudson et al. [5] using BEB formalism.
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Finally in Fig. 3 we have compared our total ionization cross sec-
ions for e–1-C3H7OH scattering with the available experimental
5,7,8] and theoretical [5] data. The present data are consistently
n good agreement with the measured data of Rejoub et al. [7]
hroughout the energy range. The other experimental measure-

ents of Hudson et al. [5] are in good agreement up to 30 eV.
eyond 30 eV their results are lower than the present calculated
esults by ∼15%. The experimental results of Djuric et al. [8] are
5–35% lower in the entire energy regime with all other investiga-
ions. At the peak, the theoretical data of Hudson et al. [5] using BEB
ormalism are lower by ∼20% and the data using DM formalism are
igher by ∼20% than the present calculations.

. Conclusion

The theoretical formalism of SCOP and the ICSP-ic method
mproved by providing sufficient reasoning to relate the impor-
ant parameters (�,  RP) of the model with the basic properties of
he target is found to be quite successful in predicting the ion-
zation cross sections of relatively complex CnH(2n+1)OH alcohol
pon electron collision with wide energy range starting from the

onization threshold. The results obtained in the present study
or the molecules with n = 1, 2, 3 are in very good agreement
ith the corresponding experimental data reported by Rejoub

t al. [7].  However, our results around the peak of the Qion in
ll the three cases lie between the two theoretical estimations
ased on DM and BEB formalisms [5].  Looking into the disparities
bserved among the existing experimental as well as theoreti-
al results on the ionization cross sections of these molecules
tudied here warrant further theoretical and experimental
nvestigations.

The relatively fast computations of relevant electron impact

ross sections increases the applicability of the theoretical formal-
sm employed in the present study. We  look forward to apply the
CSP-ic method to more complex and biologically important molec-
lar targets.
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