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This  paper  reports  electron  impact  total  ionization  cross  sections  for molecules  H2S, PH3,  HCHO  and
HCOOH  at  energies  circa  threshold  to 2 keV.  Spherical  Complex  Optical  Potential  (SCOP)  is  the  key ingre-
dient in  the  Schrodinger  equation  to  generate  complex  phase  shifts  and  hence  the  total  inelastic  cross
sections.  Total  inelastic  cross  section  takes  care  of  total  loss  of  the  flux  into  two  dominant  channels  viz.
total  electronic  excitation  (discrete)  and  total  ionization  (continuum).  We  have  employed  Improved  Com-
plex  Scattering  Potential-ionization  contribution  (ICSP-ic)  a semi  empirical  method  to  filter  out  ionization
cross  sections  from  total  inelastic  cross  sections.  The  results  are  found  to  be  in  overall  good  agreement
with  most  of the  data  available  in  the  literature  for all the  presented  targets.

© 2011 Elsevier B.V. All rights reserved.
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. Introduction

Ionization is the most fundamental and useful channel of total
nelastic processes above the threshold of the target. Ionization
nd dissociation are the effective tools to probe into structure and
ynamics of the target as well as the dominant fragment species
roduced due to these processes. In fact, in the quantitative study
f energy loss of electrons in gases, the total ionization cross sec-
ions per unit energy range plays a pivotal role. Ionization cross
ections find key place in various applied fields such as upper atmo-
pheric physics, astrophysics, plasma physics, radiation sciences
nd dosimetry etc. Because of the utility of the total ionization
ross sections in various sectors of applied physics there is an ever
ncreasing demand of reliable cross section data.

We discuss briefly the importance of present targets and
elevance of the present study. The absolute cross section for
oth ionization and dissociation process of organic molecules

y solar wind are extremely relevant and essential as input for
hysico-chemical models [1,2]. Interaction of electrons in partic-
lar (<20 eV) with biological targets have gained prominence also

∗ 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.
oi:10.1016/j.ijms.2011.07.017
due to the established fact that secondary electrons produced by
highly energetic particles are responsible for single and double
strand breaks in DNA [3].  The two  present biological targets,
HCHO and HCOOH are also important owing to detection of their
presence in the dense interstellar clouds [4,5]. Formaldehyde is
the first organic molecule detected in space [4] and formic acid is
detected in several astronomical sources such as protostellar ices,
condritic meteorites, dark molecular clouds and comets [6].  Both
these also important targets playing a key role in the chemistry
of prebiotic molecules [7] like amino acids which are the primary
constituents responsible for origin of life. This shows the relevance
and importance of present study for these two  species.

Phosphine is dominantly used in the processing of materi-
als utilized for micro and optoelectronics. Phosphine not only
serves to be the suitable source of phosphorous dopant for the
atomic-scale devices for quantum computing [8] but also has
widespread applications in semiconductor industry. Apart from
its industrial applications, the study becomes still more impor-
tant due to its traces found in the lower and upper terrestrial
troposphere [9,10].  Finally H2S is classified as a toxic chemical

and is also present in the central star in the “Rotten Egg” nebula
and is found in the extragalactic sources. It is one of the species
found in Venus atmosphere [11] and has been also detected in
comets [12].

dx.doi.org/10.1016/j.ijms.2011.07.017
http://www.sciencedirect.com/science/journal/13873806
http://www.elsevier.com/locate/ijms
mailto:minaxivinod@yahoo.co.in
dx.doi.org/10.1016/j.ijms.2011.07.017
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Despite the importance of the molecular species studied here,
here is scarcity of theoretical as well as experimental data on elec-
ron impact total ionization cross sections. Experimental results
or formaldehyde are reported by only one group, Vacher et al.
11–85 eV) [13] and theoretical data are reported on NIST website
11–5000 eV) by using BEB formalism [14]. Similarly for formic acid
he lone measurements are reported by Pilling et al. (70–2000 eV)
15] and theoretical data are reported by Mozejko (11–4000 eV)
sing BEB formalism [16]. While no theoretical data for PH3 is
vailable, experimental data are reported by only Märk and Egger
10.3–183 eV) [17]. In contrast to all other targets studied here,
2S molecule is more attended experimentally. Theoretical data

or H2S are reported on NIST website calculated by BEB formalism
11–5000 eV) [14] and by Khare and Meath using semi empirical
ormula [18]. The experimental data are measured by Rao and Sri-
astava (0–1000 eV) [19], Lindsay et al. (16–1000 eV) [20] and Belic
nd Kurepa (13–100 eV) [21], while Otvos and Stevenson [22] have
eported measured total ionization cross sections at 75 eV.

We report here total ionization cross sections for the targets
isted above using Improved Complex Scattering Potential-
onization contribution (ICSP-ic) formalism [23]. The method has
een already employed and tested successfully [23]. In the next
ection we describe the theoretical methodology applied by us to
ompute total ionization cross sections.

. Theoretical methodology

The electron atom/molecule scattering phenomenon is charac-
erized quantitatively by two important cross sections viz. total
lastic and total inelastic cross sections and they combine to rep-
esent total cross sections. Accordingly we have,

T (Ei) = Qel(Ei) + Qinel(Ei) (1)

here the first term on the right hand side accounts for all elastic
rocesses while the second term takes care of loss of flux in the
utgoing channel resulting from electronic excitations and ioniza-
ion. We  are interested here in the total ionization cross sections
nd hence the second term of Eq. (1) is important. The inelastic
rocesses are taken into account through the complex part of the
ptical potential via absorption potential. The complete spherical
omplex optical potential (SCOP) [24] is represented by

opt(Ei, r) = VR(Ei, r) + iVI(Ei, r) (2)

here, the real part VR consists of static potential (Vst), exchange
otential (Vex), and polarization potential (Vp). Owing to the fixed
uclei approximation, the static potential (Vst) is calculated at the
artree-Fock level. The exchange potential (Vex) is responsible for
lectron exchange between the incoming projectile and the target-
lectrons. The polarization potential (Vp) combines the short range
orrelation and long range polarization effect that arises due to the
omentary redistribution of target charge cloud which gives rise to

ipole and quadrupole moments. The second term of Eq. (2) is the
maginary part of the potential which is taken care by absorption
otential. It is to be noted here that the spherical complex optical
otential (SCOP) as such does not require any fitting parameters.
ll the potentials described vide Eq. (2) are charge–density depen-
ent. Hence, representation of target charge density is very crucial.
e have employed atomic charge density derived from the Hartree

ock wave functions of Bunge and Barrientos [25]. In order to rep-
esent the target molecule we have adopted single centre approach
here the charge–density of all constituent atoms is expanded at
he centre of mass of the system. The molecular charge density, �(r),
o obtained is renormalized to incorporate the covalent bonding as
escribed in our earlier paper [26]. In the SCOP [26] formalism,
he spherical part of the complex optical potential is used to solve
f Mass Spectrometry 308 (2011) 35– 40

exactly the Schrödinger equation using partial wave analysis to
yield various cross sections [24]. Presently our absorption potential
is elastic to both vibrational and rotational excitations of the target.

As discussed earlier the absorption potential takes care of loss
of flux into all allowed inelastic channels. For this we have used
model potential of Staszewska et al. [27] which is non empirical,
quasifree, Pauli-blocking and dynamic in nature. The full form of
model potential is represented by

Vabs(r, Ei) = −�(r)

√
Tloc

2
×
(

8�

10k3
F Ei

)

× �(p2 − k2
F − 2�)(A1 + A2 + A3) (3)

The parameters A1, A2 and A3 are defined as,

A1 = 5
k3

f

2�
; A2 =

k3
f
(5p2 − 3k2

f
)

(p2 − k2
f
)
2

;

A3 =
2�(2k2

f
+ 2� − p2)(2k2

f
+ 2� − p2)

5/2

(p2 − k2
f
)
2

(4)

The local kinetic energy of the incident electron is given by

Tloc = Ei − (Vst + Vex) (5)

The dynamic absorption potential is density functional wherein it
depends on charge density (�(r)) of the target, incident energy (Ei)
and the parameter � of the target. It is sensitive to short range
potential like static and exchange through term Tloc and insensi-
tive to long range potentials like polarization. In Eq. (3),  p2 = 2Ei,
represents the momentum transfer of incident electron in Hartree,
and kF = [3�2�(r)]1/3 is the Fermi wave vector. Also, �(x) is the Heav-
iside unit step-function which depends on p, kF and �, such that
�(x) = 1 for x ≥ 0, and is zero otherwise. In other words �(x) defines
the boundary below which the absorption potential is zero and
above which it has finite value. The dynamic parameters A1, A2
and A3 of Eq. (3) are the functions of �(r), I, � and Ei. The param-
eter � is very important since it determines a threshold below
which Vabs = 0, implying that the ionization or excitation channels
are prevented energetically. This further infers that the � param-
eter represents the threshold energy for continuum states, which
means only ionization process is taken into account, excitation to
discrete levels being ignored by the original model [28]. So in order
to include the excitations due to discrete levels at lower energy, we
have considered � as the energy dependent parameter. A variable
� accounts for more penetration of the absorption potential in the
target charge-cloud region [29–32].  Following the earlier works in
this regard [29–32],  we  express � as a function of Ei around I as

�(Ei) = 0.8I + ˇ(Ei − I) (6)

Here,  ̌ is obtained by requiring that � = I at Ei = Ep, where Ep is the
value of Ei at which Qinel attains maximum value. For Ei > Ep, � is
held constant equal to ionization energy of the target as suggested
in the original model of Staszeweska et al. [27].

After generating the full complex optical potential given in Eq.
(2) for a given electron molecule system, we solve the Schrödinger
equation numerically with Numerov method using partial wave
analysis. At low incident electron energies with short range poten-
tials, only few partial waves are significant for convergence, e.g.,
at ionization threshold of the target around 5–6 partial waves are
sufficient but as the incident energy increases large number of par-

tial waves are needed for convergence. Using these partial waves
the complex phase shifts are obtained which are key ingredients
to find the relevant cross sections. The phase shifts contains all the
information regarding the scattering event.
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Table 1
Properties of target along with values of RP in the ICSP-ic method.

Target E1 (eV) [39,40] I (eV) [41] EP (eV) RP

H2S 6.26 10.45 44 0.53
M. Vinodkumar et al. / International Jou

Total inelastic cross section determined vide Eq. (1) is not a
irectly measurable quantity and hence also not directly compa-
able quantity. However, experimentally the total inelastic cross
ections can be obtained as the difference between experimental
alues of grand total cross sections (beam attenuation experiments)
nd purely elastic cross sections (obtained by integrating differen-
ial elastic cross sections). In practice few experimental groups are
oing both the measurements simultaneously, and different groups
ork in different energy regimes and their experimental uncertain-

ies are also different and hence there is difficulty in obtaining total
nelastic cross sections from the experiment. But, it is one of the

ost important quantities as it contains the ionization and elec-
ronic excitations which are directly measurable quantities. Thus,
e partition the total inelastic cross sections into its two vital com-
onents one due to the discrete electronic excitations and other due
o the continuum ionization contribution, as,

inel(Ei) =
∑

Qexc(Ei) + Qion(Ei) (7)

ere, first term represents the sum over total excitation cross sec-
ions for all accessible electronic discrete transitions, while the
econd term is the total cross section due to all allowed electronic
ransitions to continuum, i.e., ionization. In the present range of
nergies it is the single ionization that dominates in Eq. (7).  The
iscrete transitions arise mainly from the low-lying dipole allowed
ransitions for which the cross section decreases beyond Ep. By
efinition,

inel(Ei) ≥ Qion(Ei) (8)

This is an important inequality and it forms the basis for ICSP-
c method. ICSP-ic [23] is the improved version of CSP-ic [29,30]

hich is well established and has been successfully employed for
arge varieties of targets [29–32].  The detailed discussion for CSP-ic
ould be found in earlier publications [33,34] and here only impor-
ant details required for the present study is discussed.

Total ionization cross section may  be estimated from total
nelastic cross section by defining an energy dependent ratio R(Ei)
iven by

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

(9)

uch that, 0 < R � 1.
As total ionization cross section is a continuous function of

nergy, we can express this ratio also as a continuous function of
nergy for Ei > I, used in earlier studies as [29–32]

(Ei) = 1 − f (U) = 1 − C1

(
C2

U + a
+ ln(U)

U

)
(10)

here U is the dimensionless variable defined by, U = Ei/I.
The reason for adopting such explicit form of f(U) could be visu-

lized as follows. At high energies the total inelastic cross section
ollows the Born Bethe term according to which the cross sections
alls of as ln(U)/U, but at low and intermediate energies they obey
/E  form [35]. Accordingly the first term will take care of the cross
ection behavior at low and intermediate energies while the second
erm will take care at high energy. The dimentionless parameters
1, C2 and ‘a’ involved in the above equation are deduced by impos-

ng the three conditions on the ratio as discussed below.

(Ei)

⎧⎪⎨
⎪⎩

= 0 for Ei ≤ I

= Rp for Ei = Ep

∼= 1 for Ei >> Ep

(11)
The first condition is an exact condition wherein it states that
o ionization process is possible below the ionization threshold of
he target implying that the value of the ratio must be zero. Com-
ng to the last condition, which physically states that ionization
PH3 6.42 9.86 48 0.60
HCHO 5.62 10.88 65 0.48
HCOOH 6.25 11.33 65 0.50

contribution is almost equal to inelastic contribution at very high
(∼10 Ep) energies, this is attributed to the fact that at such high
energies there are innumerable channels open for the ionization as
against very few finite channels for excitation. At such high ener-
gies the contribution of excitation is almost negligible. Thus the
ratio approaches unity.

The second condition is very crucial and was empirical in nature
in CSP-ic method. RP is the value of R at Ei = EP, and it was observed
that at the peak of inelastic cross section the contribution for ion-
ization is about 70–80%. And this argument was supported by many
targets studied through CSP-ic. In order to avoid the empirical
nature of the CSP-ic formalism and to compute the value of Rp

using target properties such as first electronic excitation energy and
ionization threshold of the target ICSP-ic method was developed.

We provide here a theoretical computation of RP [23] using the
target properties. For this purpose, we express RP using Eqs. (7) and
(9) as,

RP =
(

1 −
∑

Qexc

Qinel

)
Ei=EP

(12)

It is very clear from the above equation that in order to evaluate Rp

we need to compute the values of total excitation and total inelastic
cross sections at Ei = EP. Further to compute (˙Qexc)Ei=EP

we need to
sum up all the electronic excitation channels from (first excitation)
E1 to the continuum (I) and similarly to compute (Qinel)Ei=EP

we
need to sum up all inelastic channels from E1 to Ep. As the cross
sections are continuous function of energy, we can express the ratio
RP as

RP = 1 −
( ∫ I

E1

(
dQexc/dE

)
dE∫ EP

E1

(
dQinel/dE

)
dE

)
(13)

In terms of the dimensionless parameters U1 = E1/I and UP = EP/I, RP

can be also expressed as 1 − f(U1, UP).
Thus by knowing the energy dependence of the cross sections

for the inelastic channel, the integrations of Eq. (13) can easily be
done. In general one expects the energy dependence of the cross
section as E−r[36–38].  Accordingly,

f (U1, UP) = 1 − Ur
1

1 − (U1/UP)r (14)

However, it can be noted that as per Born-Bethe (BB) theory [35],
the dominant part of total cross sections show the Ei

−1 dependence
at low and intermediate energy range. Moreover, at the inelastic
peak, the inelastic contribution equals the elastic contribution [29]
and so it supports Ei

−1 dependence at Ei ≈ EP. It is also seen that
this relation with the exponent r = 1 holds true for many targets
studied earlier [29–32].  Such generalized energy dependence on
the cross sections enables us to compute the ratio RP for any chosen
target using Eqs. (13) and (14). The computed values of RP using Eq.
(13) for present targets are listed in Table 1 along with their target
properties. The first electronic excitation energies for the present
targets are computed using Quantemol-N software which utilizes

UK molecular R matrix code [39].

It is found that the computed RP values in most of the cases
studied here lie around 0.5. We employ this new theoretically esti-
mated value of RP and compute the ionization cross sections for
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Table 2
Total ionization cross sections, Qion (Å2) for H2CO, HCOOH, PH3 and H2S. Maximum
values of the cross section are shown in the bold print.

Ei (eV) H2CO HCOOH PH3 H2S

12 0.06 0.02 0.09 0.08
14 0.26 0.16 0.34 0.31
16  0.55 0.39 0.68 0.61
18 0.88 0.67 1.07 0.94
20  1.24 0.97 1.47 1.28
25  2.08 1.69 2.40 2.05
30  2.74 2.32 3.20 2.66
40 3.54 3.31 4.07 3.38
50  3.92 3.95 4.36 3.70
60 4.07 4.52 4.45 3.87
70  4.27 4.83 4.44 3.92
80  4.35 4.99 4.37 3.91
90  4.40 5.14 4.30 3.85

100 4.42  5.21 4.20 3.78
150 4.17 5.13 3.69 3.38
200  3.86 4.87 3.27 3.02
300 3.25 4.30 2.67 2.49
400  2.80 3.79 2.26 2.13
500 2.45 3.37 1.97 1.86
600  2.18 3.03 1.75 1.66
700  1.96 2.74 1.58 1.50
800  1.78 2.50 1.44 1.38
900  1.63 2.30 1.33 1.27

1000 1.50 2.13 1.23 1.18
1500 1.08 1.54 0.91 0.88
2000 0.84 1.19 0.72 0.70
3000 0.63 0.84 0.50 0.50
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olecular targets listed in Table 2. The results are plotted graph-
cally and compared with the experimental as well as with other

odel calculations wherever available.

. Results and discussion

The theoretical approach of SCOP along with the present ICSP-
c method outlined above is employed to determine total inelastic
ross sections, Qinel and total ionization cross sections, Qion along
ith a useful byproduct of electronic excitations in terms of the

ummed cross section
∑

Qexc. In the present paper, we have inves-
igated hydro compounds of varied interest and computed the total
onization cross sections using the newly computed value of RP vide
q. (13).

The ionization cross sections are plotted as function of projec-
ile energy for HCHO, HCOOH, PH3 and H2S from threshold of the
arget to 5 keV vide Figs. 1–4,  respectively. The numerical values of
he total ionization cross section are tabulated in Table 2 for ready
eference.

In Fig. 1, we show the comparison of present total ionization
ross sections for e–H2CO scattering with available data. For H2CO
here is scarcity of theoretical and experimental data. There is only
ne measurement reported by Vacher et al. [13] with experimental
ncertainty of 10% above 20 eV and 20% below 20 eV. It can be seen
hat there is shift in the data of Vacher et al. [13] below 40 eV above
hich the present data is well within the experimental uncertainty.

heoretical data using BEB method [14] are in good agreement with
resent results throughout the range except at the peak where the
ifference is ∼6.49%. The present data is lower compared to our
arlier work [42] due to difference in Rp value.

In Fig. 2, we present the comparison of present total ionization
ross section for e–HCOOH scattering with available data. As men-

ioned earlier, for this target also there is void for both theoretical
nd experimental data. The lone measurements are reported by
illing et al. [15] and theoretical data is reported by Mozejko [16]
sing BEB method. We  have calculated total ionization cross sec-
Fig. 1. Total ionization cross sections for e–H2CO scattering in Å . Solid
line  → present Qion, dash dot line → Vinodkumar et al. [42], dot line → BEB [14], filled
circle → Vacher et al. [13].

tions using ICSP-ic method as well as using BEB method employing
Quantemol software [39]. There is slight variation (<10%) of present
data with the experimental data of Pilling et al. [15] and theoretical
data of Mozejko [16]. The difference in the two data calculated by
Mozejko [16] and by us using BEB formalism may  be due to slight
difference in input parameters. Present data finds better compar-
ison with available data compared to our earlier work [42]. The
reason for difference is twofold, one due to difference in RP value
and other is due to single centre approach employed in present
work against the group additivity employed earlier [42].

Fig. 3 shows the comparison of present total ionization cross
section of e–PH3 scattering with the available theoretical and
experimental comparisons. There is paucity of both theoretical
and experimental data for this molecule also. There is only one
measurement data presented by Märk and Egger [17] with experi-
i

Fig. 2. Total ionization cross sections for e–HCOOH scattering in Å2. Solid
line → present Qion, dash line → Vinodkumar et al. [42], dash dot line → present
result using BEB, dotted line → Mozejko [16], filled square → Pilling et al. [15].
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ig. 3. Total ionization cross sections for e–PH3 scattering in Å2. Solid line → present
ion, dashed line → present result using BEB, filled stars → Märk and Egger [17].

o the best of our knowledge, there is no theoretical data in liter-
ture and hence we have calculated total ionization cross sections
sing ICSP-ic method and BEB formalism. Both theoretical data also
how good agreement throughout the energy range except near the
eak where they vary by ∼8%.

Finally Fig. 4 shows the comparison of present total ionization
ross sections for e–H2S scattering. The study becomes important as
his molecule is investigated by many experimentalist [19–22] and

 large variation of about more than 50% is found in the data among
ifferent measurements against few theoretical data presented by
im et al. [14] using BEB formalism and using semi empirical for-
ula by Khare and Meath [18]. Theoretical data of Khare and Meath

18] are not shown in the graph but they are very low and around
2 Å2 at the peak. There is an excellent agreement of present data
ith theoretical data of Kim et al. [14] throughout the reported
nergy range except at the peak where there is slight variation. The
easured value presented by Otvos and Stevenson [22] is 4.0 Å2

gainst present calculated value of 3.9 Å2 near peak energy 75 eV.

ig. 4. Total cross sections for e–H2S scattering in Å2. Solid line → present Qion,
ash line → present Qinel, dot line → BEB [14], filled square → Rao and Srivastva [19],
lled stars → Lindsay et al. [20], open circle → Belic and Kurepa [21], open trian-
le  → Otvos and Stevenson [22].

[
[
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Measurements of Rao and Srivastava [19] with experimental uncer-
tainty of 13% find very good agreement with present data up to
300 eV. Above 300 eV the data of Rao and Srivastava [19] seems to
diverge at high energies compared to all presented results which
is regular feature found in their data. The measurements of Lind-
say et al. [20] and Belic and Kurepa [21] are exceedingly high at the
peak compared to all the theories as well as experiments. The over-
estimation could be well understood as their data 5.52 Å2 [20] and
6.13 Å2 [21] are comparable with present total inelastic cross sec-
tion (6.35 Å2) as well as total inelastic cross sections of Jain (6.24 Å2)
[24] at the peak energy of 60 eV. Total ionization cross sections
calculated using independent atom model, which generally over-
estimates at low and intermediate energy turns out to be 5.75 Å2

which is close to the results of Belic and Kurepa [21] at peak. Thus
this also reflects the fact that results of Belic and Kurepa are overes-
timating. However the peak energy of ionization and shape of the
cross section curve is nearly same for all the presented theoretical
as well as experimental work.

4. Conclusion

The well established SCOP formalism along with the improved
complex scattering potential-ionization contribution (ICSP-ic) for-
malism is used to derive the total ionization cross section for the
present targets HCHO, HCOOH, PH3 and H2S. The dynamic ratio,
RP is evaluated using the basic properties of the target such as
first electronic excitation energy (E1) and ionization threshold (I).
It is clearly evident from Figs. 1–4 that the present data for the
ionization cross sections are in good agreement with available
experimental and theoretical data for all the targets studied here.
This shows the consistency of the present ICSP-ic formalism and
we are now confident to use this method for complex targets as
well as targets which are difficult to study experimentally for e.g.,
exotic targets or radicals. Further, the present method employed
here provides an estimate of electronic excitations in relation to
ionization cross sections in a particular target. It is to be noted that
the present method needs the first electronic excitation energy (E1)
and the ionization threshold (I) as inputs for the calculation of Rp.
The present study is significant as the data will be useful to fill the
void in the data base and may  also inspire the experimentalists for
some measurements as these are very important targets.
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