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A B S T R A C T   

In this theoretical work, electron induced inelastic molecular processes for deuterated molecules HD, D2, D2O, 
SiDx (x = 1–3), NDx (x = 1–3) and CDx (x = 2–4) are studied and quantified from ionisation threshold to 5 keV. 
The total inelastic cross section (Qinel) are computed using Spherical Complex Optical Potential (SCOP) and total 
ionisation cross sections (Qion) and total electronic excitation cross sections (

∑
Qexc) have been evaluated 

through the Complex Spherical Potential – ionisation contribution (CSP-ic) method. Electron driven inelastic 
effects for deuterated hydrogen (HD) are investigated for the first time in this study. This is the first report of total 
Qion for HD, SiDx (x = 1–3), NDx (x = 1,2), CDx (x = 2,3) molecules and maiden study of Qinel and 

∑
Qexc for all 

these molecules. Further, isotope effect is studied for these targets and using various correlation analyses, dipole 
polarizability for ND and SiDx (x = 1–3) molecules are predicted.   

1. Introduction 

A salient feature of deuterated compounds that without radioactivity 
they can be stable, allows them to play a prominent role and they 
become increasingly used in the fields of energy and military, mainly in 
nuclear weapons, DF-laser (deuterium-fluoride) weapons, nuclear en
ergy industries, nuclear fusion research, high-power lasers, microwaves, 
cryogenic superconductivity, intense electron beam technology etc. 
Also, they are widely utilized as special applicable elements in fields of 
biomedical, agriculture, pharmaceutical, new material development 
research, chemical research, semiconductor industries, earth science, 
etc. [1]. 

The electron impact collisions with deuterated molecules is studied 
through elastic and inelastic processes. These processes include excita
tion processes, with shape, core excited and Feshbach resonances and 
Ramsauer-Townsend minimum at very low energies. The ionisation 
process dominates beyond the ionisation threshold. Estimation of the 
total cross sections plays an important role in a variety of applications 
such as, astrophysics, plasma physics, planetary sciences, radiation sci
ences etc. [2–5]. Therefore, for the present study some deuterated 
molecules, HD, D2, D2O, NDx (x = 1–3), SiDx (x = 1–3) and CDx (x = 2–4) 
have been chosen because of their wide spread of applications in various 
fields as discussed below. 

In planetary atmospheres and star formation HD and D2, the singly 
and doubly deuterated hydrogen molecules, respectively are known to 

play a significant role. HD is the third most abounding molecule in the 
interstellar medium (ISM). Also, HD has been found to be present in the 
atmospheres of Jupiter, Saturn, Uranus, and Neptune [5]. HD and D2 
also are key materials in the tokamak edge plasmas [6–9]. So, the well- 
validated database of the cross-sections for electron interaction with HD 
and D2 molecules are required to distil the understanding of various 
processes that occur in edge plasma of tokamak. 

The “heavy water” molecule D2O is an interesting ‘sister’ of con
ventional H2O molecule [10]. Due to the broad technological applica
tion of D2O molecule as a coolant in nuclear power plants, also used in 
NMR spectroscopy and chemical studies using synchrotron radiation, 
where D atoms are used in place of H atoms in some compounds, etc., 
has made us to find it as the crucial and fascinating compound. D2O has 
been also detected in astronomical environment [11]. So, the study of 
electron collision with D2O is needed to understand the processes that 
take place in the terrestrial environment. Besides being a special func
tional material, the lack of cross-section data inspired us to perform 
these calculations. 

The effects linked with the de-passivation of the hot carrier effects (e. 
g., electrons) is the major weak point in silicon hydrogenated films. 
However, deuterium conditioning of semiconductor devices has been 
proven to be effective in decreasing those effects. Rather than hydrogen, 
when deuterium is used in passivation of the devices, drastic reduction 
in degradation of threshold voltage and transconductance are found, 
which in turn enhances the practical lifetime of the devices by factor of 
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10–50 and offers the possibility to operate the semiconductor devices at 
higher voltages [12–14]. Thus, a systematic study of small clusters of Si 
and D (e.g. SiDx (x = 1–3)) is required to attained detailed knowledge of 
deposition process of deuterated amorphous silicon films, which are 
generally produced by Chemical Vapour Deposition (CVD) processes. 

The use of amorphous carbon materials containing deuterium offers 
optical waveguide devices with low loss light transmission at charac
teristic wavelengths, which are considered to be accepted standard for 
optical telecommunication frequencies. Amorphous deuterated carbon 
material is deposited by Plasma Enhanced Chemical Vapour Deposition 
(PECVD) processes, which utilizes volatile deutero-carbon precursors, e. 
g., CD4 etc., [15]. Also, an extensive modelling of transport of hydro
carbon in divertor plasmas in tokamak needs a full database of cross- 
sections for all interaction processes influencing the fragmentation of 
hydrocarbons. Among all existing molecular ions, the family of deutero- 
methane CDx (x = 1–4) plays a crucial role [16,17]. 

Different isotopes of ammonia, including ND3 has been observed in 
dense cores of clouds (Barnad 1 [18] and NGC 1333 [19]) in interstellar 
medium (ISM). In ISM towards young solar mass protostar IRAS16293 
[20] and in prestellar core 16293E [21], ND has also been discovered 
[20]. Also, as the source of nitrogen atoms, ammonia is used for the 
fabrication of nitride films. But, due to advancement in semiconductor 
devices with deuterium, ND3 is also being used in place of NH3 [22]. 

Even though there is a stupendous interest in D-molecules within the 
science society, less work has been undertaken for electron interaction 
with these molecules, as can be seen from Table 1. This has triggered us 
to carry out this work throughout the broad energy spectrum. 

2. Theoretical methodology 

When the incoming electrons approach the target atom/molecule, 
loss or removal of the incident flux is occurred which encompasses into 
the inelastic processes in the presence of elastic ones. The probability of 
occurrence of these elastic and inelastic processes are calculated through 
the elastic cross-sections (Qel) and inelastic cross-sections (Qinel), 
respectively. To consider all the inelastic events taking place along with 
the elastic processes, complex potential termed as Spherical Complex 
Optical Potential (SCOP) [35,36] is formulated as, 

Vopt(r,Ei) = (Vstatic +Vexc +Vpol) + iVabs (1) 

The undistorted molecular charge cloud is measured by the static 
potential (Vstatic), which can be computed using the Hartree-Fock wave 
functions [42,43]. Also, the exchange effect, occurred between the 
incoming electrons and target electrons is considered by the exchange 
potential (Vexc). The target electron cloud is seen as the Fermi gas by 
Hara, where the complete wave function is anti-symmetrized and the 
exchange energy is calculated from all the momentum states up to the 
fermi level [44,45]. The polarisation potential (Vpol) accounts for the 
transitory deformation of the target charge cloud in the presence of the 
projectile electron, which is caused by induced multipole moments. Vabs 
is the absorption potential takes care of all the inelastic effects (mainly 
electronic excitations and ionizations) occurring during the collision 
event of projectile and target. The modified expression for Vabs used here 
is given by in a.u. as [39,46], 

Vabs(Ei, r) = −
1
2

ρ(r)vlocσee (2)  

where vloc is incident electron velocity and σee being the mean cross- 
section for the collision taking place between the projectile and molec
ular target. 

It is essential to represent the target charge density because all of 
these potentials are built using it. In order to construct the total ρ(r) of 
the molecule under study, which is then fed to construct the optical 
potential, we introduced parameterized charge densities of constituent 
atoms through Hartree Fock wave functions [42] and used single-centre 

Table 1 
Literature survey relevant to present work (IE - ionisation energy).  

Sr Target Quantity Energy 
(eV) 

Method of 
investigation 

Reference 

1 HD – – – – 
2 D2 Total Qion IE-1000 Experimental 

method 
Rapp et.al.  
[23] 

IE-500 Experimental 
method 

Cowling and 
Fletcher [24] 

600–20000 Experimental 
(Condenser 
technique) 

Schram et.al.  
[25] 

3 D2O Parent 
Qion 

IE-170 Experimental 
(crossed molecule- 
electron beam 
apparatus) 

Märk and 
Egger [26] 

IE-120 Experimental 
(quadrupole mass- 
spectrometric 
technique) 

Snegursky 
and 
Zavilopulo  
[10] 

Parent 
Qion, 
Partial 
Qion 

IE-200 Experimental (Fast- 
neutral-beam- 
technique) 

Tarnovsky et. 
al. [27] 

Partial 
and Total 
Qion 

IE-1000 Experimental 
method 

Straub et.al.  
[28a] 

Total Qion 15–150 Experimental 
method 

N. Lj. Djuric 
et al. [28b] 

4 ND3 Parent 
Qion 

IE-200 Experimental (Fast- 
neutral-beam- 
technique) 

Tarnovsky et. 
al. [29] 

Total Qion IE-1000 Theoretical (using 
DM formalism, BEB 
method and 
calculation of 
Saksena) 

Rejoub et.al. 
[30] 

Partial 
Qion 

Experimental 
method 

5 ND, 
ND2 

Partial 
Qion 

IE-200 Experimental (Fast- 
neutral-beam- 
technique) 

Tarnovsky et. 
al. [29] 

6 SiD, 
SiD2, 
SiD3 

Partial 
Qion 

IE-200 Experimental (Fast- 
neutral-beam- 
technique) 

Tarnovsky et. 
al. [31] 

7 CD4 Total Qion 600–20000 Experimental 
(Condenser 
technique) 

Schram et.al.  
[32] 

Partial 
Qion 

IE-200 Experimental (Fast- 
neutral-beam- 
technique) 

Tarnovsky et. 
al. [33] 

8 CD2, 
CD3 

Partial 
Qion 

IE-200 Experimental (Fast- 
neutral-beam- 
technique) 

Tarnovsky et. 
al. [33] 

Experimental 
(Crossed-beams 
apparatus) 

Baiocchi et. 
al. [34]  

Table 2 
Molecular properties of present targets.  

Target IE (eV) Bond length 
(A◦) 

Target IE (eV) Bond length 
(A◦) 

HD 15.44  
[48] 

0.7410 [48] SiD 07.89  
[31] 

– 

D2 15.47  
[48] 

0.7420 [48] SiD2 08.92  
[31] 

– 

D2O 12.64  
[48] 

0.9687 [49] SiD3 08.14  
[31] 

– 

ND 13.49  
[29] 

1.0367 [50] CD2 10.40  
[34] 

– 

ND2 11.45  
[48] 

1.0240 [48] CD3 09.85  
[33] 

– 

ND3 10.08  
[48] 

1.0026 [48] CD4 12.51  
[33] 

–  
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(SC) approximation for HD, D2, D2O, and NDx (x = 1–3) and modified 
additivity rule (MAR) for SiDx (x = 1–3) and CDx (x = 2–4). In the case of 
SC and MAR, the atomic charge densities are superimposed on the 
molecule’s centre of mass. In Table 2, necessary molecular inputs are 
listed. 

The SCOP formalism employs a partial wave method with a spherical 
approximation, leading to the complex phase shifts (δl) that contain the 
hallmark of the incident electron-molecule interaction. Now, to calcu
late the elastic and inelastic cross-sections, the complex scattering 
amplitude is employed from the scattering matrix Sl(k) [37,51], 

Sl(k) = ηl(k)exp(2iRe(δl) ) (3) 

Here, ηl(k) = exp( − 2Im(δl) ) is called the inelasticity or absorption 
factor responsible for all the possible inelastic effects leading to the in
elastic cross-section (Qinel). 

The quantity Qinel can be partitioned into its two major parts, viz. all 
the allowed electronic excitations and ionization processes, such as. 

Qinel(Ei) =
∑

Qexc(Ei)+Qion(Ei) (4)  

where, 
∑

Qexc represents the sum of all possible electronic excitations 
and Qion represents the total ionizations induced by the projectiles. 
Among all the terms of cross-sections, Qion is the most applied one in the 
market. Hence, to calculate the Qion, complex scattering potential- 
ionization contribution (CSP-iC), a semi-empirical approach is 
employed [39,40]. The basis of this method is based on the fact that at 
higher energies the quantity 

∑
Qexc, which arises mainly from low-lying 

dipole allowed transitions, decreases rapidly. For the projectile energy 
higher from the ionization energy (IE) of the target, 

Qinel ≥ Qion (5) 

Which implies to the energy dependent ratio, 

R(Ei) =
Qion

Qinel
= 1 − C1

[
C2

U + a
+

lnU
U

]

(6) 

With, U = Ei/IE. The dimensionless parameters C1, C2 and a are 
evaluated imposing the three conditions on the ratio,.R(Ei)

R(Ei) =

⎧
⎨

⎩

0, forEi ≤ IE
RP, forEi = EP

1, forEi≫IE
(7) 

At the target’s ionization threshold energy, the inelastic channel 
starts to take place, which includes the allowed total ionization and 
summed electronic excitations. At higher projectile energies, however, 
ionization takes over and excitation cross sections decrease dramati
cally, as indicated by the last condition in Eq. (7). The second condition 
indicates that when the incoming energy reaches the value, EP (energy 
value where the Qinel have its maxima), the ratio R(Ei) =RP will be in 
between 0.7 and 0.8 as found from both the theoretical and experi
mental [37,52–56] results of the stable target systems. This aspect in
troduces uncertainty of 10–15 % and gives the theory a semi-empirical 
character [37,38,41,56,57]. Computation of Eq. (7) allows to calculate 
the Qion and 

∑
Qexc [39,47]. 

3. Results and discussion 

Here, we report the probability of three main inelastic events during 
electron collisions with D-molecules through calculation of the cross- 
section data, i.e., Qinel (for total inelastic effects), Qion (for total ionisa
tion effects) and 

∑
Qexc (for total electronic excitation effects) for fam

ilies of deuterated compounds viz., HD, D2, D2O, NDx (x = 1–3), SiDx (x 
= 1–3) and CDx (x = 2–4) along with comparisons with other work 
wherever available in Section 3.1. We further report the isotope effect in 
Section 3.2 and correlation of Qion with dipole polarizability (α) in 
Section 3.3 leading to prediction of α for ND and SiDx (x = 1–3) which is 
not available in literature. 

3.1. Inelastic effects 

Figs. 1 and 2 show the plots of the cross-section data against incident 
electron energy (Ei) ranging from IE to 5000 eV for the molecules HD 
and D2, respectively. The upper most and the lower most curves in both 
the figures shows the Qinel and 

∑
Qexc for HD and D2 molecules, 

respectively. To the best of our knowledge, this is the maiden attempt to 
report cross-section data for HD molecule. In Fig. 1, present total Qion 
data for the electron collision with HD molecule is plotted. There is also 
a void for the theoretical cross-section data for the electron impact on D2 
molecule. Rapp and Englander-Golden [23], Cowling and Fletcher [24], 
Schram et.al. [25], reported the total ionisation cross-section data for D2 
molecule experimentally. At the peak region, our Qion data shows good 
agreement with the data of Rapp and Englander-Golden [23], and 
Cowling and Fletcher [24]. At higher energy regime, the present total 
Qion matches well with the experimental results of Schram et.al. [25]. 
Yoon et.al. [58] also has reviewed the cross-section data for HD and D2. 

Fig. 1. E--HD collision cross-section data. Dots: Present Qinel; Solid: Present 
total Qion; Dash: Present 

∑
Qexc. 

Fig. 2. E--D2 collision cross-section data. Dot: Present Qinel; Solid: Present total 
Qion; Stars: total Qion [23]; Open circles: total Qion [24]; Filled triangle: total 
Qion [25]; Dash: Present 

∑
Qexc. 
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In Fig. 3, the present cross-sections for D2O molecule are shown 
along with the available experimental data. No theoretical cross-section 
data are available for this molecule. An excellent agreement between the 
present total Qion and the experimental total Qion of Straub et.al. within 
the quoted uncertainty of 4.5 % can be seen in Fig. 3 [28a]. The 
experimental results for total Qion using parallel plate ionization 
chamber, measured by N. J. Djuric et.al. [28b] is observed to be of lower 
values compared to present one at the peak region. The good matching is 
found at the lower energy regime. The partial Qion (D2O++OD++O+/ 
D2O) was measured by Straub et.al. [28a] and Tarnovsky et.al. [27]. 
Present Qion compares well around the peak value with the partial Qion 
of Tarnovsky et.al. [27] measured within 15 % uncertainty, whereas 
partial Qion [28a] data underestimates the present Qion since the present 

total Qion includes all ionisation channels. Märk and Egger [26], Tar
novsky et.al. [27], Snegursky and Zavilopulo [10] measured the absolute 
parent ionisation cross-sections (D2O+/D2O). All these absolute parent 
Qion (D2O+/D2O) [10,26,27] are lower than present Qion, as expected. 
The total Qinel and 

∑
Qexc using present methodology is also plotted in 

Fig. 3 for which no comparison is available. 
Figs. 4, 5 and 6 display the present Qinel, total Qion and 

∑
Qexc data 

for the NDx (x = 1–3) molecules respectively along with the available 
comparisons. Here, also there is a scarcity of the theoretical and 
experimental cross-section data for ND and ND2 radicals. Only Tarnov
sky et.al. [29] measured the absolute parent (ND+/ND and ND2

+/ND2) 
and partial (ND++N+/ND and ND2

++ND+/ND2) ionisation cross- 
sections for ND and ND2 radicals shown in Figs. 4 and 5, respectively. 
The partial Qion shown in Figs. 4 and 5 are obtained by summing the 

Fig. 3. E--D2O collision cross-section data. Dots: Present Qinel; Solid: Present 
total Qion; Half-filled circles: Partial Qion (D2O+

+OD+
+O+/D2O) [27]; Filled 

stars: Total Qion [28]; Open circles: Partial Qion (D2O++OD++O+/D2O) [28a]; 
Plus: Parent Qion (D2O+/D2O) [27]; Open squares: Parent Qion (D2O+/D2O) 
[10]; Open triangle: Parent Qion (D2O+/D2O) [26]; Open square: Total Qion 
[28b]; Dash: Present 

∑
Qexc. 

Fig. 4. E--ND collision cross-section data. Dots: Present Qinel; Solid: Present 
total Qion; Plus: Parent Qion (ND+/ND) [29]; Half-filled circles: Partial Qion 
(ND+

+N+/ND) [29]; Dash: Present 
∑

Qexc. 

Fig. 5. E--ND2 collision cross-section data. Dots: Present Qinel; Solid: Present 
total Qion; Plus: Parent Qion (ND2

+/ND2) [29]; Half-filled circles: Partial Qion 
(ND2

+
+ND+/ND2) [29]; Dash: Present 

∑
Qexc. 

Fig. 6. E--ND3 collision cross-section data. Dots: Present Qinel; Solid: Present 
total Qion; Plus: Parent Qion (ND3

+/ND3) [29]; Half-filled circles: Partial Qion 
(ND3

++ND2
+/ND3) [29]; Short Dash line: Total Qion (Saksena et.al.) [30]; Dash- 

Dot-Dot line: Total Qion (DM formalism) [30]; Short Dot line: Total Qion (BEB 
method) [30]; Filled stars: Total Qion [30]; Dash: Present 

∑
Qexc. 
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absolute Qion data for ND+ and N+ fragment ions from ND radical and 
ND+

x (x = 1,2) fragment ions from ND2 radical [29]. All these partial Qion 
and parent Qion data show lower values than that of present total Qion 
data as expected. 

Fig. 6 reports the cross-sections data for ND3 molecule. Rejoub et.al. 
[30] measured the absolute partial and parent ionisation cross-section 
data for the formation of different fragment ions from ND3 parent 
molecule. They are not shown in Fig. 6 to maintain the brevity. Also, 
total Qion was measured and reported by them [30]. Theoretically Qion 
was reported using the calculations of Saksena et.al. [30], Deutsch-Märk 
formalism [30] and Binary-encounter-Bethe model by Rejoub et.al. [30]. 
Our Qion data shows excellent matching with the experimental and 
theoretical data of Rejoub et.al. [30] throughout the energy range of 
present study. The measured absolute parent (ND3

+/ND3) and partial 
Qion (ND3

++ND2
+/ND3) (which was obtained by summing the two ab

solute single Qion data for the formation of ND+
x (x = 2–3) fragment ions 

from ND3 parent molecule) data of Tarnovsky et.al. [29] underestimates 
the present total Qion data, as expected. 

In Figs. 7, 8 and 9, we report the present calculated Qinel, Qion and 
∑

Qexc cross-sections for SiDx (x = 1–3) molecules, respectively. This is 
the maiden attempt for reporting the cross-section data for SiDx (x =
1–3) molecules. The lone measurement of absolute parent (SiD+/SiD, 
SiD2

+/SiD2 and SiD3
+/SiD3) and partial Qion (SiD++Si+/SiD, SiD2

++SiD+/ 
SiD2 and SiD3

++SiD2
+/SiD3) for the formation of SiDx

+ (x = 1–3) and Si+

fragment ions from SiDx (x = 1,2,3) molecules reported by Tarnovsky et. 
al. [31]. The partial Qion data [31] for SiD (summation of absolute single 
Qion for the formation of SiD++Si+ fragments from SiD), SiD2 (summa
tion of absolute single Qion for the formation of SiD2

++SiD+ from SiD2) 
and SiD3 (summation of absolute single Qion for the formation of 

Fig. 7. e--SiD collision cross-section data. Dots: Present Qinel; Solid: Present 
total Qion; Plus: Parent Qion (SiD+/SiD) [31]; Half-filled circles: Partial Qion 
(SiD++Si+/SiD) [31]; Dash: Present 

∑
Qexc. 

Fig. 8. e--SiD2 collision cross-section data. Dots: Present Qinel; Solid: Present 
total Qion; Plus: Parent Qion (SiD2

+/SiD2) [31]; Half-filled circles: Partial Qion 
(SiD2

++SiD+/SiD2) [31]; Dash: Present 
∑

Qexc. 

Fig. 9. e--SiD3 collision cross-section data. Dots: Present Qinel; Solid: Present 
Qion; Plus: Parent Qion (SiD3

+/SiD3) [31]; Half-filled circles: Partial Qion 
(SiD3

+
+SiD2

+/SiD3) [31]; Dash: Present 
∑

Qexc. 

Fig. 10. e--CD2 collision cross-section data. Dots: Present Qinel; Solid: Present 
Qion; Open circle: Total single Qion [33]; Short Dash line: Total single Qion [33]; 
Half-filled circles: Partial Qion (CD2

++CD+/CD2) [33]; Filled triangles: Parent 
Qion (CD2

+/CD2) [34]; Plus: Parent Qion (CD2
+/CD2) [33]; Filled stars: Parent Qion 

(CD+/CD2) [34]; Dash: Present 
∑

Qexc. 
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SiD3
++SiD2

+) [31] is also compared with the present Qion data. The pre
sent Qion data, because of encompassing all possible ionisation pro
cesses, overestimate the partial Qion and absolute parent Qion of 
Tarnovsky et.al. [31] for SiDx (x = 1–3) molecules. 

Figs. 10, 11 and 12, show the plots of the cross-section data for the 
CDx (x = 2–4) molecules respectively for the energy ranging from IE to 
5000 eV. There is a void for the cross-section data for these molecules. 
There are no total Qion data reported for CD2 and CD3 radicals as per our 
literature survey (Table 1). The absolute partial Qion (CD2

++CD+/CD2 
and CD3

++CD2
+/CD3) for the formation of CDx

+ (x = 1–2) from CD2 
radical and CDx

+ (x = 2,3) from CD3 radical were reported by Tarnovsky 
et.al. [33] and Baiochhi et.al. [34] experimentally. In Figs. 10 and 11, 
presently calculated total Qion is shown along with the partial and parent 
Qion data of Tarnovsky et.al. [33] and Baiochhi et.al. [34] for CD2 and 

CD3 radicals, respectively. Tarnovsky et.al. [33] also reported the total 
single Qion (measured partial Qion were added by them) for CD2 and CD3 
radicals both theoretically and experimentally. We found these values of 
total single Qion close to present Qion. As noted by Tarnovsky et.al. [21] 
the cross section of formation of multiply charged parent or fragment 
ions are lower as compared with those of singly charged parent/frag
ment ions. 

Therefore, the sum of cross section of all singly charged ions which is 
total single Qion is comparable with present total Qion. Partial Qion data 
for CD2 (CD2

++CD+/CD2), CD3 (CD3
++CD2

+/CD3) are also compared with 
the present one. All the absolute parent Qion and partial Qion data are of 
lower values than that of present total Qion. 

Fig. 12 shows the plot of the cross-sections data for CD4 molecule. 
The only measurement for absolute total Qion of CD4 is done by Schram 
et.al. [32] experimentally for the energy range 600–20000 eV. Their 
data shows very good agreement with present Qion data. Tarnovsky et.al. 
[33] measured the absolute parent Qion for the formation of CDx

+ (x =
2,3,4) fragment ions from CD4 experimentally. We have plotted our 
results of total Qion against three varieties of parent Qion [33] in Fig. 12. 
As expected, all these parent Qion [33] are lower than our present total 
Qion. They also reported total single Qion experimentally as well as 
theoretically for CD4 [33] and both of which compare well with present 
total Qion as specially in the peak region, as predicted by Tarnovsky et.al. 
[21]. 

3.2. Isotope effect 

In this sub-section, we attempt to see the isotope effect for the 
electron driven ionisation process which is an applied quantity. In order 

Fig. 11. e--CD3 collision cross-section data. Dots: Present Qinel; Solid: Present 
total Qion; Open circle: Total single Qion [33]; Short Dash line: Total single Qion 
[33]; Half-filled circles: Partial Qion (CD3

+
+CD2

+/CD3) [33]; Filled triangles: 
Parent Qion (CD3

+/CD3) [34]; Plus: Parent Qion (CD3
+/CD3) [33]; Filled stars: 

Parent Qion (CD2
+/CD3) [34]; Dash: Present 

∑
Qexc. 

Fig. 12. e--CD4 collision cross-section data. Dots: Present Qinel; Solid: Present 
total Qion; Open circle: Total single Qion [33]; Short Dash line: Total single Qion 
[33]; Plus: Parent Qion (CD4

+/CD4) [33]; Filled triangles: Parent Qion (CD3
+/CD4) 

[34]; Half-filled triangle: Parent Qion (CD2
+/CD4) [33]; Filled stars: Total Qion 

[32]; Dash: Present 
∑

Qexc. 

Table 3 
Ratio of Qion for deuterated and corresponding protonated molecules.  

Ei (eV) D2/H2 D2O/H2O ND3/NH3 SiD3/SiH3 CD4/CH4 

9 – –  –  0.9231 – 
11 – –  1.0000  0.9932 – 
13 – 0/0  1.0000  0.9968 0/0 
16 0/0 1.0000  0.9943  0.9982 1.1194 
18 1.0000 0.9987  0.9951  0.9983 1.0697 
20 0.9394 1.0000  0.9945  0.9984 1.0537 
60 0.9917 1.0027  0.9952  0.9995 1.0143 
100 0.9942 1.0012  0.9967  0.9998 1.0104 
500 0.9966 0.9992  0.9981  0.9996 1.0089 
1000 0.9937 0.9986  0.9979  0.9993 1.0072 
5000 1.0000 1.0000  1.0000  1.0000 1.0055  

Fig. 13. Comparison of Qion between D2O and H2O.  
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to study this effect, we have computed Qion for H2, H2O, NH3, SiH3 and 
CH4 and compared with the Qion for their deuterated counterpart. We 
display in Table 3 the ratio of Qion for deuterated to protonated 
molecules. 

The Qion is sensitive to the size of the molecular charge cloud through 
number of electrons and the first ionisation energy. We observe that Qion 
does not depend on isotopes. This is expected since the computation 
involves the electronic charge density and the first ionisation energy. We 
note that the first ionisation energies for these deuterated molecules and 
their protonated counterparts are nearly the same. For the clear insight, 
the comparison of Qion values for D2O and H2O are shown in Fig. 13 and 
for ND3 and NH3 are shown in Fig. 14. 

3.3. Prediction of polarizability from Qion 

We have studied the correlation between the maximum Qion and the 
polarizability (α) for the present targets. In Fig. 15 the linear relationship 
between Qion (peak) and α can be seen as proposed by Harland and 
Vallance [59] with the following fitting equation, 

Qion(peak) = 1.5510α − 0.1178(R2 = 0.9968)
In Fig. 16, the maximum Qion is plotted against 

̅̅̅̅̅̅̅̅̅̅
α/IE

√
; the least 

squares fit shows a good degree of correlation with 
Qion(peak) = 11.4475

̅̅̅̅̅̅̅̅̅̅
α/IE

√
− 1.7195(R2 = 0.9813)

These correlations enabled us to predict the polarizability of ND, SiD, 
SiD2 and SiD3 molecules which is not available in literature to the best of 
our information (Table 4). 

4. Conclusion 

In this work of electron interactions with some deuterated molecules 
viz. HD, D2, D2O, NDx (x = 1–3), SiDx (x = 1–3) and CDx (x = 2–4) we 
focussed on inelastic processes owing to their wide spread of applica
tions in various fields of technology and applied sciences. We calculated 
various total cross sections, Qinel, Qion and 

∑
Qexc for a wide energy 

starting from ionisation energy (IE) to 5000 eV using SCOP and CSP-ic 
method. Looking into previous work, we observed that experimental 
results for parent and partial Qion are reported for most of these mole
cules up to only 200 eV. Total Qion is available for D2 and CD4 by Schram 
et.al. [25,32] only for energy 600–20000 eV and hence, they have 
missed the important peak of Qion. Also, for D2O experimental and for 
ND3 experimental and theoretical total Qion data is reported [28,30] up 
to 1000 eV. The present work attempts to fill the void in terms of total 
Qion for all these molecules and for a wide energy range. The total Qion 
encompasses all the parent, partial and total single Qion. The deuterated 
hydrogen (HD) molecule is investigated for the first time in this work. 
Moreover, this is the maiden study of total inelastic cross sections, Qinel 
and summed total excitation cross sections, 

∑
Qexc for all of these mol

ecules. For most of these molecules 
∑

Qexc peak is seen at around 30 eV. 
We have examined the isotope effect for deuterated molecules and their 
protonated counterparts and found that Qion do not show any 

Fig. 14. Comparison of Qion between ND3 and NH3.  

Fig. 15. Correlation between Qion (peak) and polarizability α.  

Fig. 16. Correlation between Qion (peak) and.
̅̅̅̅̅̅̅̅̅̅
α/IE

√

Table 4 
Dipole polarizability (α).  

Target Available α (Ao)3 Predicted α in this work (Ao)3 

HD 0.7910 [48]  – 
D2 0.7830 [48]  – 
D2O 1.4530 [48]  – 
ND –  1.3589 
ND2 1.8420 [48]  – 
ND3 2.1580 [48]  – 
SiD –  4.2157 
SiD2 –  4.1719 
SiD3 –  4.8701 
CD2 1.7750 [60]  – 
CD3 2.1700 [60]  – 
CD4 2.5230 [48]  –  
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Table 5 
Inelastic cross-sections for HD, D2 and D2O (Ao)2.  

Ei (eV) HD D2 D2O 

Qinel Qion 
∑

Qexc Qinel Qion 
∑

Qexc Qinel Qion 
∑

Qexc 

13  –  –  –  –  –  –  0.002  0.000  0.002 
16  0.002  0.000  0.002  0.002  0.000  0.002  0.186  0.039  0.147 
20  0.127  0.032  0.095  0.126  0.031  0.095  0.682  0.238  0.444 
40  0.982  0.578  0.404  0.979  0.573  0.406  2.704  1.602  1.102 
60  1.220  0.838  0.382  1.218  0.833  0.385  3.242  2.202  1.040 
80  1.197  0.887  0.310  1.195  0.882  0.313  3.238  2.370  0.868 
100  1.101  0.857  0.244  1.099  0.852  0.247  3.106  2.391  0.715 
500  0.310  0.295  0.015  0.309  0.294  0.015  1.285  1.219  0.066 
1000  0.161  0.158  0.003  0.160  0.157  0.003  0.753  0.737  0.016 
2000  0.077  0.077  0.000  0.077  0.077  0.000  0.420  0.417  0.003 
3000  0.049  0.049  0.000  0.049  0.049  0.000  0.292  0.291  0.001 
4000  0.036  0.036  0.000  0.036  0.036  0.000  0.222  0.221  0.001 
5000  0.025  0.025  0.000  0.025  0.025  0.000  0.176  0.176  0.000  

Table 6 
Inelastic cross-sections for NDx (x = 1–3) (Ao)2.  

Ei (eV) ND ND2 ND3 

Qinel Qion ΣQexc Qinel Qion ΣQexc Qinel Qion ΣQexc 

11  –  –  –  –  –  –  0.031  0.003  0.028 
12  –  –  –  0.006  0.000  0.006  0.138  0.022  0.116 
14  0.003  0.000  0.003  0.156  0.029  0.127  0.511  0.139  0.373 
20  0.445  0.138  0.307  1.145  0.461  0.684  2.001  0.900  1.105 
60  2.659  1.761  0.898  3.960  2.784  1.176  5.154  3.707  1.454 
100  2.634  1.990  0.644  3.597  2.842  0.755  4.490  3.608  0.885 
500  0.999  0.942  0.057  1.327  1.268  0.059  1.666  1.599  0.067 
1000  0.576  0.562  0.014  0.766  0.752  0.014  0.964  0.948  0.016 
3000  0.219  0.218  0.001  0.290  0.289  0.001  0.366  0.365  0.001 
4000  0.165  0.165  0.000  0.219  0.219  0.000  0.275  0.275  0.000 
5000  0.133  0.133  0.000  0.177  0.177  0.000  0.219  0.219  0.000  

Table 7 
Inelastic cross-sections for SiDx (x = 1–3) (Ao)2.  

Ei (eV) SiD SiD2 SiD3 

Qinel Qion ΣQexc Qinel Qion ΣQexc Qinel Qion ΣQexc 

8  0.000  0.000  0.000  –  –  –  –  –  – 
9  0.116  0.013  0.103  0.000  0.000  0.000  0.119  0.013  0.106 
10  0.492  0.101  0.391  0.136  0.017  0.119  0.520  0.104  0.416 
20  6.153  3.456  2.697  5.219  2.786  2.451  6.877  3.776  3.101 
40  8.879  6.401  2.478  8.810  6.195  2.615  10.311  7.309  3.002 
60  7.766  6.125  1.641  8.014  6.199  1.815  9.302  7.235  2.067 
80  6.731  5.592  1.139  7.047  5.759  1.288  8.206  6.737  1.469 
100  5.941  5.109  0.832  6.258  5.304  0.954  7.318  6.229  1.089 
500  2.058  2.013  0.045  2.163  2.109  0.054  2.567  2.504  0.063 
1000  1.238  1.229  0.009  1.288  1.277  0.011  1.522  1.509  0.013 
3000  0.516  0.516  0.000  0.527  0.527  0.000  0.618  0.618  0.000 
5000  0.325  0.325  0.000  0.330  0.330  0.000  0.390  0.390  0.000  

Table 8 
Inelastic cross-sections for CDx (x = 2–4) (Ao)2.  

Ei (eV) CD2 CD3 CD4 

Qinel Qion ΣQexc Qinel Qion ΣQexc Qinel Qion ΣQexc 

10  –  –  –  0.000  0.000  0.000  –  –  – 
11  0.017  0.000  0.017  0.077  0.008  0.069  –  –  – 
12  0.122  0.017  0.105  0.259  0.046  0.213  –  –  – 
13  0.303  0.061  0.242  0.515  0.122  0.393  0.006  0.000  0.006 
20  2.161  0.952  1.209  2.748  1.245  1.503  1.157  0.412  0.745 
60  5.295  3.777  1.518  6.139  4.396  1.743  5.079  3.463  1.616 
80  4.938  3.767  1.171  5.718  4.377  1.341  5.025  3.690  1.335 
100  4.448  3.550  0.898  5.173  4.143  1.030  4.663  3.600  1.063 
500  1.426  1.366  0.060  1.704  1.633  0.071  1.558  1.479  0.079 
1000  0.796  0.782  0.014  0.951  0.935  0.016  0.861  0.842  0.019 
3000  0.289  0.288  0.001  0.344  0.343  0.001  0.309  0.308  0.001 
5000  0.173  0.173  0.000  0.206  0.206  0.000  0.182  0.182  0.000  
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dependence on isotopes owing to nearly same IEs for them. Further, the 
correlation of the Qion (peak) with dipole polarizability (α) and 

̅̅̅̅̅̅̅̅̅̅
α/IE

√
as 

studied by Harland and Vallance [59] was verified and using that we 
predicted the α for ND and SiDx (x = 1–3) family that can be confirmed 
by scientific groups. 
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Appendix A. Numeric data for electron interactions with the 
deuterated molecules 

See Table 5, Table 6, Table 7, Table 8. 
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A B S T R A C T   

The aqueous phase of DNA, which is more realistic phase due to the presence of H-bonds is studied in this work 
for various molecular processes upon electron impact. We report computed probabilities of various interaction 
processes taking place during the collision of electrons with DNA molecules, viz., Adenine, Guanine, Cytosine, 
Thymine and Uracil in their aqueous phase. Modified spherical complex potential approach has been employed 
for the quantification of various (N+1) elastic and inelastic including ionisation interactions through the cross- 
sections. Since no study for electron scattering with aqueous DNA is available, we compared our results with 
condensed phase and also a new approach for estimating the elastic and total cross-sections has been proposed in 
the present work for larger and complex molecules (55 < Z < 95) like the DNA compounds and encouraging 
results are observed. Correlations of molecular ionisation with dielectric constant and polarisability of the 
compounds have also been investigated.   

1. Introduction 

The application of ionising radiation in the field of medicine is 
extremely common. It is frequently utilised in the medical field as a 
therapeutic agent and in the field of radio diagnostics as a probe. Bal
listic impact was traditionally thought to be the mechanism that was 
responsible for the majority of the damage that high-energy incident 
radiation caused to living tissue. However, secondary species that result 
from primary ionisation are responsible for a significant radiation 
damage (Boudaïffa et al., 2002). The majority of the energy is deposited 
by the primary ionising particles once they enter the biological medium 
through several collision processes, including excitations and ionisa
tions. Large amounts of secondary electrons are released as a result of 
this significant energy transfer, and these electrons can interact with a 
variety of biological substances causing the radiation damage. Among 
all the living tissues, DNA molecules are thought to be most sensitive to 
radiations. Exposure of DNA species to radiations result in multiple 
types of DNA damage (Nikjoo et al., 2016) through secondary species 
including electrons. 

As primary as well as secondary species induces the radiation dam
age, it is essential to model their tracks through a biological medium. 
This makes it possible to anticipate and comprehend the type, location, 
and severity of cell damage. The route taken by the primary and sec
ondary particles as they move through the medium is depicted by the 

charged-particle track structures (Goodhead, 1994). The entire range of 
interaction between the primary and secondary species at the level of 
each atom or molecule, is modelled in these aleatory (stochastic) sim
ulations using the cross-section values. Hence, accurate cross-sections 
are crucial to the validity of these types of simulations. 

Till now a lot of cross-sectional data has been reported for the DNA 
constituents upon electron impact in their gaseous phase (Mozejko and 
Sanche, 2005; Mokrani et al., 2020; Vinodkumar and Limbachiya, 2013; 
Rahman and Krishnakumar, 2016; Shafranyosh et al., 2015; Champion, 
2013; Bull et al., 2014; Aouina and Chaoui, 2018; van der Burgt et al., 
2014; Minaev et al., 2014; Zein et al., 2021). Such cross-sections (CSs) 
are also available for the condensed phase interaction processes but only 
for the low energy below 20 eV (Toburen, 1998; Bass and Sanche, 1998). 
But aqueous phase of the DNA rather than gaseous or condensed phase, 
presents more realistic picture, as they are always found covered with 
the water molecules through hydrogen bonding (Khesbak et al., 2011; 
Helmholtz Association of German Research Centres). This has motivated 
us to take up the work on electron interactions with aqueous DNA 
constituents. We have computed the ionisation CSs (Qion), inelastic CSs 
(Qinel), elastic CSs (Qel), and total CSs (QT) for all the five DNA constit
uents, viz. Adenine, Guanine, Thymine, Cytosine and Uracil upon elec
tron collisions by considering their aqueous phase. This is the maiden 
attempt to investigate the electron induced processes for the aqueous 
DNA constituents for the energies from ionisation threshold of the 
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molecules to 5000 eV. 
Tan et al. (Tan et al., 2004) have reported the Qinel data for the case of 

DNA in water using dielectric response theory and Penn’s approxima
tion for energy range from 20 to 10,000 eV. Recently, Vera et al. (De 
Vera et al., 2021) and Tan et al. (Tan et al., 2018) have reported the 
ionisation CSs data for DNA compounds by considering their condensed 
phase for impact energies from 1 to 10,000 eV and 10–500 eV, respec
tively. All of these groups (Tan et al., 2004, 2018; De Vera et al., 2021) 
have used a method that underlines the concept of dielectric response 
theory. 

Since, to the best of our knowledge no work is available for the 
aqueous phase of DNA molecules; we have developed a new 2-parameter 
Semi-empirical method (2p-SEM) for computing the QT and Qel for these 
applied biomaterials. 

2. Theoretical methodology 

The methodologies involved in the present study for the computa
tions of inelastic and elastic interaction events as a result of electron 
interactions with the aqueous DNA constituents, have been described in 
this section. 

2.1. Spherical complex optical potential approach (SCOP) 

The energy-dependent modified complex potential is precisely 
treated in partial wave decomposition method (Vinodkumar et al., 
2013a, 2013b, 2014a; Limbachiya et al., 2011, 2015) with respect to the 
DNA constituents in their aqueous phase in order to determine the CSs. 
In essence, a local version of the absorption potential (Vab) (Staszewska 
et al., 1984) have been modified by keeping Δ = IE+ Egap, due to the 
fact that when dealing with the aqueous or condensed phase, ionisation 
only occur when the projectile energy exceeds the ionisation energy, IE 
by an amount equal to the energy-band gap, Egap (Pandya et al., 2012; 
Joshipura et al., 2007). Table 2 shows the target properties used for the 
present calculations. 

This modified potential is given by, 

Vabs(r,Ei)= − ρ(r)
̅̅̅̅̅̅̅
Tloc

2

√ (
8π

10kF
3Ei

)

Θ
(
p2 − kF

2 − 2Δ
)
× (A1 +A2 +A3)

(1)  

where, kF is the appropriate fermi vector, and p is the incident mo
mentum. The A1, A2 and A3 are dynamic parameters, details of which 
already have been mentioned in our previous articles (Limbachiya et al., 
2014, 2015; Vinodkumar et al., 2006, 2011; Joshipura et al., 2006). The 
local kinetic energy of the incident electron is, Tloc = Ei − (Vs + Ve +

Vp). Here, Vs is calculated using the Hartree-Fock wave functions (Cox 
and Bonham, 1967), is used to measure the undeformed molecule charge 
cloud. The exchange effect that took place between the target electrons 
and the incoming electrons, is taken into account through Ve (Hara, 
1967). The charge cloud of the target system temporarily deforms in the 

response of the incoming electron. This polarisation effect has been 
considered through Vp (Zhang et al., 1992). 

Since all of these potentials are constructed using the charge density 
of the molecule under study, it is crucial to represent it. The parame
terized charge densities of constituent atomic systems to generate the 
total ρ(r) of the target molecules have been introduced, which is input to 
the complex potential (Parikh et al., 2023; Parikh and Limbachiya, 
2023). 

The inelastic and elastic CSs, are computed by determining the 
scattering complex phase shifts (δl) (Parikh and Limbachiya, 2023). This 
Qinel totals all the possible ionisations and electronic excitations: 

Qinel =Qion + ΣQexc (2)  

where, Qion stands for the total ionisation CSs for all permittable ion
isations of the molecule and 

∑
Qexc represents all permitted electronic 

transitions that are influenced by low-lying states, which is less impor
tant than Qion for the incident energy higher than IE, hence, 

Qinel ≥ Qion (3)  

2.2. Complex scattering potential-ionisation contribution (CSP-ic) method 

Above inequality (equation (3)) is the cornerstone of this CSP-ic 
approach (Limbachiya et al., 2015; Vinodkumar et al., 2006; Thakkar 
et al., 2021) and implies to the ratio, 

R(Ei

)

=
Qion

Qinel
(4) 

The boundary conditions of which are as follows, 

R(Ei)=

⎧
⎨

⎩

0, for Ei ≤ Δ
RP, for Ei = EP
⁓1, for Ei≫Δ

(5) 

The ionisation events which are dominant part in the inelastic 
channel, begins to occur at the target’s ionisation threshold, which is 
equal to Δ in this aqueous case. The inelastic CSs attains its peak at 
energy EP. However, at high incident energy, ionisation dominates, and 
excitation CSs drastically drop, as seen by the final condition in equation 
(5). According to both experimental and theoretical results (Parikh 
et al., 2023; Swadia et al., 2017; Turner et al., 1982) of the stable targets, 
the value RP will be within 0.7–0.8 when the impinging energy reaches 
EP. This feature lends uncertainty of 10–15%. 

2.3. 2-Parameter semi-empirical method (2p-SEM) 

The impact energy dependence of the QT for the intermediate energy 
(Nishimura and Tawara, 1991a; Zecca et al., 1992) and high energy 
(Joshipura and Vinodkumar, 1996; García and Manero, 1997) have been 
previously studied and the proposed formula was as follows, 

QT =
A
EB (6)  

where, parameter A is governed by the molecular characteristics such as 
molecular size and its polarisability. The value of B for the high energies, 
above 500 eV will be ⁓ 0.7, as proposed by Joshipura and Vinodkumar 
(1996) and García and Manero (1997) only for smaller molecules i.e., for 
ten electrons (Z = 10) and up to Z = 22 electrons systems respectively. 
However, Nishimura and Tawara (1991b) proposed the value of B ⁓ 0.5 
for the intermediate energy range, 50–500 eV. In this work we have 
derived a single expression from our previous work (Vinodkumar et al., 
2014b) and our current results for C4F7N, for the wide energy range, 50 
≤ Ei ≤ 5000 eV and which is applicable for the complex and larger 
molecules with 55 < Z < 95. 

In Table 3, both the parameters A and B have been tabulated for the 
larger molecules whose Z ranges from 56 to 94, and it is seen that the 

Table 2 
Molecular characteristics.  

DNA 
constituents 

Aqueous phase IE (eV) ( 
Crespo-Hernández et al., 2004; Fernando 
et al., 1998) 

Egap (eV) 

Adenine 5.00 5.25 (Gop et al., 
2019) 

Cytosine 5.50 5.35 (Baei et al., 
2014) 

Guanine 4.80 4.80 (Di Felice et al., 
2002) 

Thymine 5.40 5.20 (MacNaughton 
et al., 2005) 

Uracil 5.55 5.70 (Baei et al., 
2014)  
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value of B (⁓0.6) is nearly same for all the molecules. However, the 
value of A is different for each molecule, suggesting its dependency on 
the number of target electrons (Z) and polarisability (α). 

To observe this relation, we plotted the graph of A vs Z as shown in 
Fig. 1. The linear relationship observed in Fig. 1 is represented through 
the following equation, 

A(Z)= 0.6413Z − 4.8016 (Correlation r= 95%) (7) 

However, for a given Z, the precision can be enhanced by inclusion of 
polarisability by considering the difference between the actual values of 
’A’ (from Table 3) and those derived from equation (7) for each mole
cule. We have observed the dependency of this deviation (A - A(Z)) on 
the molecular size through the polarisability (α). The linear relationship 
thus obtained from Fig. 2 is, 

A − A(Z) = 0.1431α − 10.5712 (Correlation r= 76%) (8) 

Hence, from the equations (6)–(8), a two-parameter expression for 
QT can be formulated for the wider energy range from 50 to 5000 eV for 
large molecules. 

QT(Ei,Z,α)=
0.6413Z + 0.1431α − 15.3728

Ei
0.60 (9) 

We note the impact energy dependency as, Ei
0.60. Equation (9) pro

vides the two-parameter expression for QT, which is applicable for the 
larger molecules with 55 < Z < 95 and for the wider impact energy 50 
eV ≤ Ei ≤ 5000 eV. This 2p-SEM method provides total cross sections as 
well as total elastic cross sections for larger and complex molecules and 
could be very useful where experimental results are difficult to obtain as 
evident in the present case of aqueous DNA molecules. 

3. Results and discussion 

In this section, we present the results on Qinel, Qion, Qel and QT for the 
aqueous DNA compounds, by employing SCOP, CSP-ic and 2p-SEM. 
Numeric data for the CSs are provided in Appendix vide Tables 6–8 
We also report various correlations (section 3.3) of peak ionisation 
leading to prediction of dipole polarisability (α) and dielectric constant 

(ε) for all the present aqueous molecules. 

3.1. Inelastic contributions 

Through Figs. 3–7, Qinel and Qion are displayed for the investigated 
aqua-DNA constituents as a function of the electron energy along with 
the available results for condensed phase molecules (Tan et al., 2004, 
2018; De Vera et al., 2021). 

Top curves show total inelastic cross sections, Qinel. Tan et al. (Tan 
et al., 2004) have reported the Qinel data for the case of DNA in water 
using dielectric response theory and Penn’s approximation. They took 

Table 3 
Parameters vide equation (6).  

Parameter Adenine (C5H5N5) (I) Perfluoroisobutyronitrile (C4F7N) (II) Thymine (C5H6N2O2) (III) Cytosine (C4H5N3O) (IV) Uracil (C4H4N2O2) (V) 

A 43.47 53.64 40.75 31.70 28.33 
B 0.61 0.60 0.60 0.59 0.60  

Fig. 1. Parameter A vs Z.  

Fig. 2. A - A(Z) vs α  

Fig. 3. Inelastic interaction CSs for Adenine 
Blue solid: Present Qinel; dot: Tan et al. Qinel (Tan et al., 2004); red solid: Present 
Qion; olive green dash dot: Vera et al. Qion (De Vera et al., 2021); short dash: Tan 
et al. Qion (Tan et al., 2018). 

S. Parikh et al.                                                                                                                                                                                                                                  



Radiation Physics and Chemistry 214 (2024) 111248

4

an equivalent unit of DNA molecule in water environment with 50% 
Guanine-Cytosine and 50% Adenine-Thymine and then separated into 5 
constituents of DNA. However, their Qinel underestimate present Qinel 
and have lower values than even all the reported Qion. 

Tan et al. (Tan et al., 2018) and Vera et al. (De Vera et al., 2021) have 
reported the Qion data for condensed DNA bases using the methodologies 
which underlines the dielectric response theory. The present results of 
Qion are observed to be in good accord with those of Vera et al. (De Vera 
et al., 2021) except in the case of Uracil. The minute deviation at the 
peak value of Qion may be because of the consideration of the different 
phases for the molecules. 

As can be seen, the data of Tan et al. (Tan et al., 2018) overestimates 
both, present data and those of Vera et al. (De Vera et al., 2021) except 
for Thymine, in which case they show matching. 

It is important to compare Qion for aqua and gas phase (Vinodkumar 
et al., 2003). Hence, apart from condensed phase results, the present 

aqueous phase Qion results are also compared with those of recent gas 
phase data (Rahman and Krishnakumar, 2015, 2016; Shafranyosh et al., 
2015; Champion, 2013; Bull et al., 2014; van der Burgt et al., 2014; 
Minaev et al., 2014; van der Burgt, 2014, 2015) as shown in Figs. 8–12. 
As can be observed from the Figs. 8–12, gas phase results overestimate 
the present aqua phase data. This difference is because of the different 
threshold values for condensed and gas phase DNA compounds. 

3.2. Elastic contributions 

We have computed the elastic CSs (Qel) and the total CSs (QT) for the 
electron energies from molecular IE to 5000 eV using the SCOP and 2p- 
SEM approach. 

Figs. 13–17 show the Qel and QT plots against the incident electron 
energies for aqueous Adenine, Cytosine, Guanine, Thymine and Uracil, 
respectively. We also show recent data of Qel and QT in the gas phase. 

Fig. 4. Inelastic interaction CSs for Guanine 
Blue solid: Present Qinel; dot: Tan et al. Qinel (Tan et al., 2004); red solid: Present 
Qion; olive green dash dot: Vera et al. Qion (De Vera et al., 2021); short dash: Tan 
et al. Qion (Tan et al., 2018). 

Fig. 5. Inelastic interaction CSs for Cytosine 
Blue solid: Present Qinel; dot: Tan et al. Qinel (Tan et al., 2004); red solid: Present 
Qion; olive green dash dot: Vera et al. Qion (De Vera et al., 2021); short dash: Tan 
et al. Qion (Tan et al., 2018). 

Fig. 6. Inelastic interaction CSs for Thymine 
Blue solid: Present Qinel; dot: Tan et al. Qinel (Tan et al., 2004); red solid: Present 
Qion; olive green dash dot: Vera et al. Qion (De Vera et al., 2021); short dash: Tan 
et al. Qion (Tan et al., 2018). 

Fig. 7. Inelastic interaction CSs for Uracil Blue solid: Present Qinel; dot: Tan 
et al. Qinel (Tan et al., 2004); red solid: Present Qion; dash: Vera et al. Qion (De 
Vera et al., 2021); dash dot: Tan et al. Qion (Tan et al., 2018). 
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The results obtained from 2p-SEM and those from SCOP formalism 
are seen in good agreement with each other confirming the recently 
developed 2p-SEM method for larger and complex molecules. 

The Qel results from both the methodologies (2p-SEM and SCOP) are 
observed to be in excellent accord with each other for all the present 
studied molecules, which validate the newly proposed 2p-SEM 
formalism even for the aqueous phase molecules. 

The gas phase results of Aouina (Aouina and Chaoui, 2018), 
Vinodkumar et al. (Vinodkumar et al., 2014b), Mokrani et al. (Mokrani 

et al., 2020) and Gurung (Devi Gurung and Ariyasinghe, 2017) are seen 
to be deviated at low energy side, which is due to the fact that at lower 
energies these Qel and QT are highly sensitive to threshold values as well 
as polarisabilities. We observe that Qel data of Zein et al. (Zein et al., 
2021) shows significant deviation from the other existing Qel data, 
mainly at the lower to intermediate energies. This deviation then re
duces as we move towards high energy regime. 

Fig. 8. Qion for Adenine in aqua and gas phase 
Solid: Present Qion (aqua phase); pink dash dot: Zein et al. (Zein et al., 2021); 
asterisk: Rahman et al. (Rahman and Krishnakumar, 2016); inverted half-filled 
triangles: Shafranyosh et al. (Shafranyosh et al., 2015); half-filled diamonds: 
Burgt et al. (van der Burgt, 2015); open circles: Minaev et al. (Minaev et al., 
2014); filled stars: Bull et al. (Bull et al., 2014); short dash dot: Vinodkumar 
et al. (Vinodkumar and Limbachiya, 2013); short dot: Champion (Cham
pion, 2013). 

Fig. 9. Qion for Guanine in aqua and gas phase 
Solid: Present aqua phase result; pink dash dot: Zein et al. (Zein et al., 2021); 
asterisk: Rahman et al. (Rahman and Krishnakumar, 2016); inverted half-filled 
triangles: Shafranyosh et al. (Shafranyosh et al., 2015); open circles: Minaev 
et al. (Minaev et al., 2014); filled stars: Bull et al. (Bull et al., 2014); short dash 
dot: Vinodkumar et al. (Vinodkumar and Limbachiya, 2013); short dot: 
Champion (Champion, 2013). 

Fig. 10. Qion for Cytosine in aqua and gas phase 
Solid: Present aqua phase result; Solid: Present aqua phase result; pink dash dot: 
Zein et al. (Zein et al., 2021); asterisk: Rahman et al. (Rahman and Krishna
kumar, 2016); open circles: Minaev et al. (Minaev et al., 2014); half-filled di
amonds: Burgt (van der Burgt, 2014); filled stars: Bull et al. (Bull et al., 2014); 
short dash dot: Vinodkumar et al. (Vinodkumar and Limbachiya, 2013); short 
dot: Champion (Champion, 2013). 

Fig. 11. Qion for Thymine in aqua and gas phase 
Solid: Present aqua phase result; Solid: Present aqua phase result; pink dash dot: 
Zein et al. (Zein et al., 2021); asterisk: Rahman et al. (Rahman and Krishna
kumar, 2016); half-filled diamonds: Burgt et al. (van der Burgt et al., 2014); 
filled stars: Bull et al. (Bull et al., 2014); short dash dot: Vinodkumar et al. 
(Vinodkumar and Limbachiya, 2013); short dot: Champion (Champion, 2013). 
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3.3. Various correlations: prediction of polarisability (α) and dielectric 
constant (ε) 

We have used the calculated total ionisation cross sections to 
compute useful parameters, polarisability (α) and dielectric constant (ε) 
for aqua-DNA molecules which are not found in literature. 

3.3.1. Polarisability (α) 
According to Harland’s proposed qualitative dependency nature of 

the maximum ionisation CSs, (Qion(m)) with its polarisability (α) 

(Harland and Vallance, 1997), 

Qion(m) =
e

4εo

̅̅̅̅
α
Δ

√

(10) 

Harland proposed the Δ will be equal to IE in case of gas phase of the 

Fig. 12. Qion for Uracil in aqua and gas phase 
Solid: Present aqua phase result; asterisks: Rahman (Rahman and Krishnaku
mar, 2015); short dash dot: Vinodkumar et al. (Vinodkumar and Limba
chiya, 2013). 

Fig. 13. Elastic and total interaction CSs for Adenine 
Aqua phase results 
Green solid: Present SCOP QT; red dash: Present 2p-SEM QT; Present SCOP Qel; 
blue dash: Present 2p-SEM Qel 
Gas phase results 
Short dash dot: Gurung QT (Devi Gurung and Ariyasinghe, 2017); olive green 
dot: Vinodkumar et al. QT (Vinodkumar et al., 2014b); pink dash dot: Zein et al. 
Qel (Zein et al., 2021); short dot: Mokrani et al. Qel (Mokrani et al., 2020); 
half-filled stars: Aouina Qel (Aouina and Chaoui, 2018); dash dot: Vinodkumar 
et al. (Vinodkumar et al., 2014b). 

Fig. 14. Elastic and total interaction CSs for Guanine 
Aqua phase results 
Green solid: Present SCOP QT; red dash: Present 2p-SEM QT; Present SCOP Qel; 
blue dash: Present 2p-SEM Qel 
Gas phase results 
Short dash dot: Gurung QT (Devi Gurung and Ariyasinghe, 2017); olive green 
dot: Vinodkumar et al. QT (Vinodkumar et al., 2014b); Pink dash dot: Zein et al. 
Qel (Zein et al., 2021); short dot: Mokrani et al. Qel (Mokrani et al., 2020); 
half-filled stars: Aouina Qel (Aouina and Chaoui, 2018); dash dot: Vinodkumar 
et al. (Vinodkumar et al., 2014b). 

Fig. 15. Elastic and total interaction CSs for Cytosine 
Aqua phase results 
Green solid: Present SCOP QT; red dash: Present 2p-SEM QT; orange solid: 
Present SCOP Qel; blue dash: Present 2p-SEM Qel 
Gas phase results 
Short dash dot: Gurung QT (Devi Gurung and Ariyasinghe, 2017); olive green 
dot: Vinodkumar et al. QT [53]; pink dash dot: Zein et al. Qel (Zein et al., 2021); 
short dot: Mokrani et al. Qel (Mokrani et al., 2020); half-filled stars: Aouina Qel 
(Aouina and Chaoui, 2018); dash dot: Vinodkumar et al. (Vinodkumar 
et al., 2014b). 
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target system. While, in the present case of aqueous phase species, the Δ 
= IE+ Egap, and the ionisation of the system actually occurs when the 
incoming energy is greater than the threshold value, Δ = IE + Egap. 

Using this equation (10), we have predicted the α values for the 
present studied targets as given in the Table 4. 

From the table it can be observed that the present predicted α for the 
aqueous molecules find good agreement with those of Nakagawa 

(2007), who calculated the α for condensed molecules. 

3.3.2. Dielectric constant (ε) 
The two expressions for dielectric constant (ε) have been derived in 

the present work using the dependency of the Qion(m) on α and ε. The first 
proposed expression of dielectric constant as a function of Qion(m), 
derived using the dependency of Qion(m) with α (equation (10)) and the 
Clausius-Mosotti (CM) equation, 

ε − 1
ε + 2

=C⋅
(
Qion(m)

)2NΔ (11)  

where, C is the constant = 64π
3
( εo

e
)2 and N is the number density of the 

molecule. 
Secondly, the Onsager dielectric equation (Onsager, 1936; Valiskó 

and Boda, 2005), which works well for the case of liquids is given by, 

ε − 1
ε + 2

=
4π
3

αN +
(ε − ε∞)(2ε + ε∞)

ε(ε∞ + 2)2 (12) 

This equation is thought to be more applicable in the present aqueous 
phase study, and again the equation of dielectric constant as a function 
of Qion(m) is proposed as, 

ε − 1
ε + 2

=C ⋅
(
Qion(m)

)2NΔ +
(ε − ε∞)(2ε + ε∞)

ε(ε∞ + 2)2 (13)  

where, ε∞ is the high frequency dielectric constant, which can be ob
tained from the CM equation. The computed ε values are listed in 
Table 5. 

Form the Table 5 and it can be observed as expected that the ε values 
computed through equation (13), are in good agreement with those of 
Szarek (2017). 

Conclusion 

The aqueous phase of DNA is explored here for several molecular 
processes upon electron impact, as it is a more realistic phase of DNA 
due to the presence of H-bonds. Radiation induced damage assessment 
of DNA due to the single and double strand breaks requires electron 
interacting with aqueous DNA inelastically. Present study quantifies 
various interaction processes in response to the impact of electrons on 
aqueous DNA constituents, viz., Adenine, Guanine, Thymine, Cytosine 
and Uracil through cross-sections. In order to provide Qel and QT results 
for these biomaterials we have proposed a method 2p-SEM and 

Fig. 16. Elastic and total interaction CSs for Thymine 
Aqua phase results 
Green solid: Present SCOP QT; red dash: Present 2p-SEM QT; orange solid: 
Present SCOP Qel; blue dash: Present 2p-SEM Qel 
Gas phase results 
Short dash dot: Gurung QT (Devi Gurung and Ariyasinghe, 2017); olive green 
dot: Vinodkumar et al. QT (Vinodkumar et al., 2014b); pink dash dot: Zein et al. 
Qel (Zein et al., 2021); short dot: Mokrani et al. Qel (Mokrani et al., 2020); 
half-filled stars: Aouina Qel (Aouina and Chaoui, 2018); dash dot: Vinodkumar 
et al. (Vinodkumar et al., 2014b). 

Fig. 17. Elastic and total interaction CSs for Uracil 
Aqua phase results 
Green solid: Present SCOP QT; red dash: Present 2p-SEM QT; orange solid: 
Present SCOP Qel; blue dash: Present 2p-SEM Qel 
Gas phase results 
Short dash dot: Gurung QT (Devi Gurung and Ariyasinghe, 2017); olive green 
dot: Vinodkumar et al. QT (Vinodkumar et al., 2014b); dash dot: Vinodkumar 
et al. (Vinodkumar et al., 2014b). 

Table 4 
Predicted polarisability α (Å3).  

Target Δ 
(eV) 

Qion(m) 

(Å2) 
Predicted α 
(Å3) 

Reference value of α for 
condensed phase (Å3) ( 
Nakagawa, 2007) 

Adenine 10.25 12.65 11.54 14.33 
Guanine 9.60 15.47 16.17 15.26 
Thymine 10.60 14.17 14.99 13.35 
Cytosine 10.85 12.99 12.88 11.47 
Uracil 11.25 11.32 10.15 10.41  

Table 5 
Computed dielectric constants (ε).  

Target Qion(m) 

(Å2) 
Dielectric 
constant (ε) 
(vide equation  
(11)) 

Dielectric 
constant (ε) 
(vide equation  
(13)) 

Reference value of ε 
for condensed 
phase (Szarek, 
2017) 

Adenine 12.65 2.22 1.00 1.59 
Guanine 15.47 3.23 0.85 1.77 
Thymine 14.17 3.39 0.99 1.59 
Cytosine 12.99 2.84 1.03 1.71 
Uracil 11.32 2.29 0.98 –  
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encouraging results are observed (Figs. 13–17). The proposed expression 
for QT (equation (9)) is applicable for the larger molecular systems (55 
< Z < 95) and wider energy range. Numeric data for the CSs are pro
vided in Appendix vide Tables 6–8 Further, from the correlation study of 
molecular ionisation, we have computed molecular polarisability and 
dielectric constant. The dielectric constant is obtained from the Qion 
using the Clausius-Mosotti (CM) and Onsager approaches (vide equa
tions (11) and (13) respectively). The computed results are compared 
with previous data. In absence of previous study involving aqueous DNA 
constituents, this estimation of various cross-sections, computation of 
polarisability and dielectric constant may prove to be very useful. 
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APPENDIX  

Table 6 
Numeric data for cross-sections of Aqueous Adenine and Guanine (in Å2)  

Ei (eV) Adenine Guanine 

Qion Modified SCOP 2p-SEM Qion Modified SCOP 2p-SEM 

Qel QT Qel QT Qel QT Qel QT 

10 – – – – – 0.00 192.94 192.95 – – 
11 0.004 96.82 96.88 – – 0.021 188.95 189.16 – – 
20 2.35 72.02 77.85 – – 3.27 128.23 136.08 – – 
40 8.76 48.42 63.27 – – 11.04 70.00 88.51 – – 
60 11.46 34.79 51.86 44.49 61.56 14.17 50.40 71.35 55.34 76.29 
70 12.08 31.17 48.43 38.87 56.13 14.87 44.76 65.84 48.47 69.55 
80 12.43 28.59 45.76 34.64 51.80 15.25 40.28 61.20 43.28 64.20 
100 12.65 24.60 41.18 28.73 45.31 15.47 34.26 54.41 36.00 56.15 
400 8.25 11.04 19.91 10.86 19.72 10.04 14.30 25.07 13.67 24.44 
800 5.54 6.74 12.47 7.29 13.01 6.71 8.56 15.48 9.20 16.13 
1000 4.79 5.81 10.72 6.47 11.38 5.78 7.34 13.27 8.18 14.10 
3000 2.07 2.69 4.78 3.80 5.89 2.48 3.17 5.66 4.80 7.30 
5000 1.33 3.07 4.40 3.00 4.33 1.53 2.00 3.54 3.84 5.37   

Table 7 
Numeric data for cross-sections of Aqueous Cytosine and Thymine (in Å2)  

Ei (eV) Cytosine Thymine 

Qion Modified SCOP 2p-SEM Qion Modified SCOP 2p-SEM 

Qel QT Qel QT Qel QT Qel QT 

10 0.01 114.81 114.92 – – – – – – – 
11 0.08 109.80 110.29 – – 0.001 142.10 142.12 – – 
20 3.42 82.11 89.88 – – 2.55 106.87 113.23 – – 
40 9.94 50.70 66.94 – – 10.01 70.34 87.17 – – 
60 12.26 36.26 54.00 34.14 51.88 13.13 50.41 69.81 45.06 64.46 
70 12.71 31.81 49.49 29.62 47.29 13.79 43.97 63.52 39.21 58.76 
80 12.93 28.52 45.93 26.25 43.65 14.09 39.72 59.05 34.91 54.24 
100 12.95 24.15 40.75 21.58 38.18 14.12 34.05 52.44 29.05 47.44 
400 8.13 10.45 19.12 7.95 16.62 8.58 13.73 22.93 11.45 20.65 
800 5.40 7.23 12.78 5.41 10.97 5.60 8.88 14.67 7.84 13.62 
1000 4.64 6.46 11.21 4.84 9.59 4.81 7.74 12.66 6.99 11.92 
3000 1.98 3.35 5.34 2.97 4.96 2.03 3.78 5.82 4.12 6.16 
5000 1.37 1.23 2.60 2.27 3.65 1.29 2.69 3.98 3.24 4.54   
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Table 8 
Numeric data for cross-sections of Aqueous Uracil (in Å2)  

Ei (eV) Uracil 

Qion Modified SCOP 2p-SEM 

Qel QT Qel QT 

11 0.007 100.96 100.99 – – 
20 2.24 89.44 94.39 – – 
40 7.69 50.97 64.10 – – 
60 10.14 34.53 49.79 32.63 47.88 
70 10.73 30.30 45.75 28.20 43.65 
80 11.08 27.23 42.62 24.90 40.29 
100 11.32 22.71 37.62 20.34 35.24 
400 7.33 9.78 17.69 7.43 15.34 
800 4.83 6.90 11.91 5.11 10.12 
1000 4.15 6.14 10.42 4.58 8.85 
3000 1.76 3.20 4.98 2.80 4.58 
5000 1.12 2.31 3.43 2.25 3.37  
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Electron interaction with DNA constituents in aqueous
phase
Smruti Parikh[a] and Chetan Limbachiya*[a]

Electron driven chemistry of biomolecules in aqueous phase
presents the realistic picture to study molecular processes. In
this study we have investigated the interactions of electrons
with the DNA constituents in their aqueous phase in order to
obtain the quantities useful for DNA damage assessment. We
have computed the inelastic mean free path (IMFP), mass
stopping power (MSP) and absorbed dose (D) for the DNA
constituents (Adenine, Cytosine, Guanine, Thymine and Uracil)
in the aqueous medium from ionisation threshold to 5000 eV.

We have modified complex optical potential formalism to
include band gap of the systems to calculate inelastic cross
sections which are used to estimate these entities. This is the
maiden attempt to report these important quantities for the
aqueous DNA constituents. We have compared our results with
available data in gas and other phase and have observed
explicable accord for IMFP and MSP. Since these are the first
results of absorbed dose (D) for these compounds, we have
explored present results vis-a-vis dose absorption in water.

1. Introduction

More than a century of effort has been put into finding a cure
for cancer. As a better alternative to conventional photon
therapy (radiotherapy), ion beams are becoming widely
employed tools for cancer therapy.[1,2] In fact, the phrase “magic
bullet” was created to depict Auger electrons’ capabilities as a
potential solution to the problem of cancer therapy after their
discovery in 1925.[3] Electron beams are suitable for intra-
operative electron radiation therapy (IOERT), which treats a
residual tumour or tumour bed with electron beams in cancer
surgery[4] since the dose drops off quickly after the target region
depending on the electron energy, sparing healthy tissue.[5]

It is now very well known that ion beams and energetic
radiation penetrating a material undergo elastic and inelastic
interactions, resulting in a ’shower’ of secondary particles,
inflicting radiation damage to organisms and cells directly or
indirectly.[6] Inside the cells, deoxyribonucleic acid (DNA) is the
most sensitive target to the radiations. Radiation exposure
causes a range of DNA damage in the nucleus of mammalian
cells.[3]

Radiation dosimetry focuses heavily on the knowledge of
the energy deposited by electrons in DNA and the damage
they produce.[7] The average energy deposited in the inelastic
events as a result of ionised particles, can be calculated using
two characteristic parameters, Inelastic Mean Free Path (IMFP)
and Stopping Power (SP).[8]

Stopping Power (SP), the average energy dissipated by the
charged particle,[9] is a critical metric for assessing radiation
impact in medical and environmental applications.[10] In addi-
tion to being utilised frequently in the simulations of Monte
Carlo method for electron transport in biomaterials,[8,11] SP can
also be used to estimate dosage or other relevant quantities

without relying on complete calculations for electron
transport.[12]

The average distance a charged particle travels within a
medium between two consecutive inelastic collisions, known as
inelastic mean free path, is the fundamental input for track-
structure computations in radiation biology.[13–16] In radiation
dosimetry and scanning electron spectroscopies, a precise
understanding of the inelastic mean free path for electrons
having energy below 1000 eV is crucial.[17] Also, it is essential in
modelling electron transport through solids and liquids using
the Monte Carlo method.[18,19] Fundamental studies in radiation
biology as well as biomedical applications, both rely heavily on
IMFP and SP.[8]

DNA, a double-stranded helical macromolecule, is respon-
sible for creating the genetic code in all living things. For the
cell to remain healthy and to replicate properly, this sequence‘s
integrity must be maintained, and any damage or errors could
cause carcinogenesis and cell death.[20] The double helix of DNA
never exists alone in the body; rather, water molecules always
cover the entire surface of the double helix. The amount of
water molecules surrounding the DNA determines its exact
structure.[21,22] On the other hand, the accurate damage assess-
ment of the DNA molecules is crucial because they are thought
to be the most radiation-sensitive target within cells. And
hence, considering aqueous phase, rather than gaseous phase
or condensed phase of the DNA elements leads us to the more
realistic way. Thus, in the present work we have reported three
quantities, IMFP, mass SP and absorbed dose for the electron
inelastic interactions with the DNA components in their
aqueous phase.

The term “absorbed dose (D)” refers to a measurement that
expresses how much energy is absorbed by a substance per
unit mass. It is a general term, defined for any kind of radiation
or substance, used in radiobiology because it is a great way to
predict the harm a particular kind of radiation will do to an
organ.[23] In the present study absorbed dose is also reported
for all the five components of DNA. This is the maiden attempt
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to report the absorbed dose data for the present investigated
molecules.

The calculation of IMFP and SP done by Tan et. al.,[8,24,25]

Tanuma et. al.,[26] Akkerman and Akkerman,[27] and Jablonski
et. al.[28] based on the dielectric response theory, followed by
the evaluation of optical energy loss function (OELF) through
different methods. Theoretical methods like generalized oscil-
lator strength (GOS) model by Akar and Gümüş,[29–31] Quantita-
tive structure–property relationship (QSPR) scheme by Cump-
son et. al.,[32] SP calculation from Modified Rohrlich and Carlson
formula by Gümüş and Bentabet,[33] Rudd model calculation by
Francis et. al.,[34] Predictive S-lamda expression by Jablonski
et. al.,[28] the expressions of Joy and Luo[35] and that of of
Fernandez-Varea et. al.[36] are employed for such study. Most of
these theoretical and semi-empirical approaches are not
suitable for low energy calculations, but they are good at higher
energy regime.[8,24–29,31,32] The present theory employs partial
wave calculations which provide reliable results even at low
energy side.

The present research work focuses on the inelastic collisions
of electrons with the DNA constituents (Adenine, Cytosine,
Guanine, Thymine and Uracil) in aqueous phase and quantify
them through IMFP, MSP and absorbed dose for the incident
energy range from ionization threshold to 5000 eV. This is the
first report to quantify these three inelastic metrics for all of the
five DNA components in their very realistic form by considering
them in aqueous phase. We briefly outline the method to
compute the Inelastic Mean Free Path, Mass stopping power
and absorbed dose for the electron interactions with DNA
constituents in their aqueous phase. We display target proper-
ties in table 1.

2. Theoretical Methodology

The inelastic mean free path, linel is given in terms of the
inelastic scattering cross-sections, Qinelð Þ as,[37,38]

linel ¼
1

NQinel
(1)

where, N ¼ Na1

M , represents the number density of the target
molecule. Na is the Avogadro’s number (=6.023×10

23), 1 is the
molecular density and M is the molar mass of the molecule.

We define an energy dependent complex optical potential
of the following form that describes the electron-molecule
interaction in order to achieve Qinel using the spherical complex
optical potential (SCOP) approach,[39–42]

Vopt r; Eið Þ ¼ VR þ iVI (2)

The real terms, VR covers the elastic events. It involves the
static, exchange, and polarisation effects through various model
potentials. It involves static potential, Vst ,

[43] exchange potential,
Vexc

[44] and polarization potential, Vp,
[45] respectively. The imagi-

nary term, VI in equation (2) is the absorption potential
[46] to

take into consideration all the allowed inelastic channels.

VI r; Eið Þ ¼ � 1 rð Þ

ffiffiffiffiffiffiffi
Tloc

2

r
8p

10k3FEi

� �

V p2 � k2F � 2D
� �

A1 þ A2 þ A3ð Þ

(3)

Here, V xð Þ is the Heaviside unit step-function, Tloc is the
local kinetic energy of impacted electrons and kF is the Fermi
wavevector. The dynamic functions A1, A2, and A3 are influenced
by the energy parameter D, which sets a threshold below which
inelastic processes are forbidden. In the free phase of the
molecule a valance electron is ejected when the incident
electron energy is equal to the molecule‘s first ionisation energy
(I). However, the issue is challenging in an aqueous or
condensed medium. Only when the impact energy, Ei of the
projectile exceeds the ionisation energy, I by an amount equal
to the energy-band gap, Egap does the ionisation actually
occur.[37,38] In other words,

D ¼ Iþ Egap (4)

By computing the complex scattering phase shifts, the
inelastic cross section (Qinel) are calculated.

[47] In our earlier
articles, we have covered the details of the present scattering
model.[38,47–49] This Qinel sums up all the permitted ionisations
and electronic excitations,

Qinel ¼ Qion þ SQexc (5)

where the SQexc includes collectively all allowed electronic
transitions that are influenced by low-lying states, and the Qion

symbolizes the total ionisation cross sections for all possible
ionizations of the target by electron collisions.

The electron stopping power or energy loss per unit path

length of electron in the target medium dE
dx

� �
is given in terms

of mass stopping power 1
1

dE
dx

� �
, which takes into account the

density of the medium from the following equation,[50]

�
1
1

dE
dx

� �

¼
Na

M
�EQinel (6)

Table 1. Target properties.

Target Aqueous
phase IE
(eV)

Band
gap
Egap

(eV)

Target
density,
1 (gm/
cm3)

Molar
mass, M
(gm/
mol)

Mean ex-
citation
energy, �E
(eV)

Adenine 5.00[53,54] 5.25[55] 1.35[25] 135.14[25] 69.06[56]

Cytosine 5.50[53,54] 5.35[57] 1.30[25] 111.11[25] 69.60[56]

Guanine 4.80[53,54] 4.80[58] 1.58[25] 151.14[25] 71.58[56]

Thymine 5.40[53,54] 5.20[59] 1.48[25] 126.12[25] 70.00[56]

Uracil 5.55[53] 5.70[57] 1.32[25] 112.09[25] 73.13[56]
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where, �E is the average excitation energy of the target
molecule.

When the particle penetrates the distance r that the particle
travelled in the medium, the absorbed dose, D is obtained from
the following equation at the distance,[51,52]

D ¼
�

dE
dx

� �

4p1r2
(7)

For the present target molecules all the required parameters
are listed in Table 2.

3. Results and Discussions

In the present section we report the IMFP, mass SP and
absorbed dose (D) values for the DNA constituent molecules,
viz., Adenine, Cytosine, Guanine, Thymine and Uracil in their
aqueous phase in figures 1–17 along with comparisons wher-
ever available from literature.

3.1. Inelastic mean free path (IMFP)

We have displayed IMFP for Adenine and Cytosine in figure 1
and 2, respectively. The nature of the IMFP curve is explained
through inelastic cross-sections. At the ionisation threshold, the
mean distance travelled by the electron between the consec-
utive collisions within the medium is maximum. As the energy
increases, collisions increase and IMFP decreases. Further at the
energy 80–90 eV, the peak of the Qinel is reached, which
indicates the minima of the mean distance travelled in this
energy region. With energies beyond 100 eV, the electrons have
less time to collide with the molecules, resulting in the
reduction in the Qinel , which further implies increasing in the
IMFP values from its valley region.

Figure 1. IMFP for aqueous Adenine. Line: Present; Filled triangles: Tanuma
et. al.[26]; half-filled circles: Tan et. al. without exchange;[25] filled stars: Tan
et. al. with Born-Ochkur;[25] filled squares: Akar et. al.;[31] dash line: Cumpson
et. al.;[32] short dot line: Zein et. al.[20]

Figure 2. IMFP for aqueous Cytosine. Line: Present; filled squares: Akar
et. al.;[31] short dot line: Zein et. al.[20]

Figure 3. IMFP for aqueous Guanine. Line: Present; filled triangles: Tanuma
et. al.;[26] asterisk: Tanuma et. al. without exchange;[26] half-filled triangles:
Akkerman and Akkerman with Ashley exchange;[27] solid circles: Akkerman
and Akkerman without exchange;[27] half-filled circles: Tan et. al. without
exchange;[25] filled stars: Tan et. al. with Born-Ochkur exchange;[25] short blue
dot: Tan et. al. with Ashley exchange;[24] filled squares: Akar et. al.;[31] dark
yellow dash line: Cumpson et. al.;[32] short red dot: Zein et. al.[20]

Figure 4. IMFP for aqueous Thymine. Line: Present; half-filled circles: Tan
et. al. without exchange;[25] filled stars: Tan et. al. with Born-Ochkur
exchange;[25] filled squares: Akar et. al.;[31] short red dot: Zein et. al.[20]
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The present results as shown in figure 1 are in good
agreement with the results obtained using optical energy loss
function (OELF) followed by Penn’s algorithm by Tanuma

Figure 5. IMFP for aqueous Uracil. Line: Present; half-filled circles: Tan et. al.
without exchange;[25] filled stars: Tan et. al. with Born-Ochkur exchange.[25]

Figure 6. IMFP for DNA constituents.

Figure 7. MSP for aqueous Adenine. Line: Present; short red dot: Zein
et. al.[20]; pink dash line: Zein et. al.;[20] green dash line: Francis et. al.;[34] gray
dash dot: Gümüş and Bentabet;[33] half-filled circles: Tan et. al. without
exchange;[25] filled stars: Tan et. al. with Born-Ochkur exchange;[25] asterisk:
Akar and Gümüş.[29]

Figure 8. MSP for aqueous Cytosine. Line: Present; dash line: Francis
et. al.;[34] short dot line: Zein et. al.;[20] pink dash: PENELOPE code;[20] half-filled
circles+ line: Tan et. al. without exchange;[25] filled stars+ line: Tan et. al. with
Born-Ochkur;[25] asterisk: Akar and Gümüş.[29]

Figure 9. MSP for aqueous Guanine. Line: Present; short dot line: Zein
et. al.;[20] pink dash: PENELOPE code;[20] dash line: Francis et. al.;[34] grey dash
dot: Gümüş and Bentabet;[33] open hexagons: Jablonski et. al. using optical
data;[28] diamonds: measured by Luo taken from Joy’s database;[28] inverted
triangles: S-lamda approach;[28] open circles: Fernández-Varea formula;[28]

half-filled squares: Joy and Luo formula;[28] blue dot line: Tan et. al. with
Ashley exchange;[24] half-filled circles: Tan et. al. without exchange;[25] filled
stars: Tan et. al. with Born-Ochkur exchange;[25] half-filled triangles: Akkerman
and Akkerman with Ashley exchange;[27] solid circles: Akkerman and Akker-
man without exchange;[27] asterisk: Akar and Gümüş.[29]

Figure 10. MSP for aqueous Thymine. Line: Present; green dash: Francis
et. al.;[34] red dot line: Zein et. al.;[20] pink dash line: PENELOPE code;[20]

asterisk: Akar and Gümüş;[29] half-filled circles: Tan et. al. without exchange;[25]

filled stars: Tan et. al. with Born-Ochkur exchange.[25]
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et. al.[26] and Tan et. al.,[25] with those data of Cumpson et. al.[32]

through Quantitative Structure-Property relationships (QSPR)
and results of Akar et. al.[31] using Generalized Oscillator strength
(GOS) model for the electron energy above 70 eV. As energy
increases the present curve starts merging with all the existing

data. For the energy below 50 eV, the deviation between the
present values and the results of Tanuma et. al.[26] and Tan
et. al.[25] is observed, as they have used Penn’s statistical
approximation in their calculations, which is more appropriate
for the energy higher than 50 eV.[60] Moreover, IMFP values
obtained using optical data are less reliable for energy below
200 eV.[26,32] Tan et. al.[25] used Linhard dielectric function in OELF
calculation and also involved the exchange correction of Born-
Ochkur in their methodology, which deals with the approxima-
tion of free electron gas assuming that the energy-momentum
relation for a non-relativistic electron in solid is similar to that of
a free electron in vacuum. The present data obtained consider-
ing the molecules in their aqueous phase are thus more
realistic. Akar et. al.[31] results calculated from the GOS model
calculation involve the first-Born approximation, which is more
accurate at higher energies. Hence, at lower energy region their
data is also believed to be less reliable than the present ones.
Cumpson et. al.[32] reported the IMFP values using QSPR
relationships and the data of Tanuma et. al.[26] were used for
fitting the IMFP equation reliable for the energy 200–2000 eV.
The present data overestimates the results of Cumpson et. al.[32]

for energy below 300 eV and for higher energies, it starts
merging. The results of the simulations of Geant4-DNA code by
Zein et. al.[20] are of the higher values at the valley region but
shows the similar trend as the present one.

In figure 2, we have plotted the IMFP results of Cytosine
molecule. Only Akar et. al.[31] and Zein et. al.[20] reported the
IMFP data for this target. The deviation of the data of Akar
et. al.[31] from the present values is observed here again for
energy E<50 eV due to the mentioned reasons in the case of
Adenine, while for the rest of the energy range (E>50 eV) the
present data overlaps with that of Akar et. al.[31] Present values
show good agreement with the data of Zein et. al.[20] obtained
by Geant4-DNA code except at the valley region, where they
underestimate.

Figure 3 shows the IMFP plot for the most studied target,
Guanine molecule. Similar behaviour of the present IMFP curve
with respect to that of Tanuma et. al.,[26] Tan et. al.,[25] Akar

Figure 11. MSP for aqueous Uracil. Line: Present; half-filled circles: Tan et. al.
without exchange;[25] filled stars: Tan et. al. with Born-Ochkur exchange;[25]

asterisk: Akar and Gümüş.[29]

Figure 12. MSP for DNA constituents.

Figure 13. 3D plot of absorbed dose for Thymine. X-axis: log10 Eið Þ; Y-axis: Distance (Å); Z-axis: Absorbed Dose (×10
7 Gy).
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Figure 14. 3D plot of absorbed dose for Uracil. X-axis: log10 Eið Þ; Y-axis: Distance (Å); Z-axis: Absorbed Dose (×10
7 Gy).

Figure 15. 3D plot of absorbed dose for Cytosine. X-axis: log10 Eið Þ; Y-axis: Distance (Å); Z-axis: Absorbed Dose (×10
7 Gy).

Figure 16. 3D plot of absorbed dose for Adenine. X-axis: log10 Eið Þ; Y-axis: Distance (Å); Z-axis: Absorbed Dose (×10
7 Gy).

Wiley VCH Dienstag, 13.02.2024

2499 / 339049 [S. 6/11] 1

ChemPhysChem 2024, e202300916 (6 of 10) © 2024 Wiley-VCH GmbH

ChemPhysChem
Research Article
doi.org/10.1002/cphc.202300916



et. al.,[31] Cumpson et. al.[32] and Zein et. al.[20] is observed
because of the reasons discussed earlier. For energy E>70 eV, a
good matching of the present data with the data of Tan et. al.
without exchange correction[25] and those of Tanuma et. al.[26]

and Akar et. al.[31] is observed. The results of Akkerman and
Akkerman[27] without including exchange correction is seen in
good accord with the present data beyond 70 eV. They have
fitted the experimental energy loss function (ELF) by a sum of
Drude-type function to calculate the IMFP and SP values for the
Guanine molecule. At energy below 50 eV, the discrepancy of
their[27] data with respect to the present one is seen. The reason
behind this mentioned by them is that the accuracy of their
data is lower as the approximated treatment of exchange effect
might increase the possible errors in the calculations of IMFP
and SP up to 100%.[27] Here also, the present curve under-
estimates the Zein et. al.[20] data specifically in the valley region
and then starts merging at the higher energy region.

The electron IMFP for Thymine, is shown in figure 4. A good
agreement between the present values of IMFP and the results
of Tan et. al.[25] is observed. They start overlapping at energy
above 150 eV. The data of Akar et. al.[31] is observed to be lower
than the present ones at the valley region and at higher energy
they match well. Similar trend of Zein et. al.[20] as seen in earlier
cases is observed here too.

Figure 5 depicts the case of Uracil molecule. Only Tan
et. al.[25] reported the IMFP values for this target without
exchange correction and with Born-Ochkur exchange correc-
tion. The present results show good agreement with their
data.[25]

Figure 6 displays the present IMFP results for the five DNA
base species. The IMFP values depend on the size of the target
species (through number of target electrons) and the threshold
value of the opening of inelastic channels, since the ionizing
probability of the target species is directly proportional to the
number of electrons contained by that target.[61]

3.2. Mass stopping power (MSP)

In this subsection, we display vide., figures 7–11, our results on
MSP for the DNA constituents in aqueous medium along with
available comparisons. Stopping power is the energy loss per
unit length due to the successive inelastic collisions between
electron and molecules. However, we have reported the MSP
through equation 6 for the present studied molecules, as it is
more important quantity because it involves the density of the
medium through which the electron energy loss takes place.
For the low energy, due to less probabilities of the inelastic
collisions, the energy loss is low. At the peak value of inelastic
cross-sections (Qinel), the energy loss is highest, resulting into
maximum value of MSP. With increasing energies of the
incident particle, the interaction time decreases causing reduc-
tion in energy loss leading to receding MSP.

Figure 7 depicts the present MSP data for aqueous Adenine
with the available comparison. As the figure depicts, in the
lower energy regime, discrepancies are seen among all existing
data. The present values can be seen in excellent matching with
the Tan et. al. data without exchange,[25] results of Akar and
Gümüş[29] and those of PENELOPE code simulation[20] for energy
beyond 50 eV. Tan et. al.[25] have reported data with Born-
Ochkur exchange correction as well. Tan et. al.[25] and Francis
et. al.[34] has reported the SP values (in eV/A°), which then
converted into MSP (MeV·cm2/gm) by author using the present
reported density values for the particular target. The Born-
Ochkur formalism-based DCSs produce collision stopping
powers of somewhat lower values, about a few hundred eV,
resulting in the dispersion of electron tracks in all directions.[62]

Therefore, Tan et. al.[25] data with Born-Ochkur correction under-
estimates the present results. Francis et. al.[34] used the Rudd
model for the calculation of differential cross-section, which
gives the values within �10–20% uncertainty and then those
DCS fed into the Geant4-DNA class to calculate the SP. Their
results underestimate all the available data including present
ones for the energy above 70 eV. Gümüş and Bentabet[33]

reported the MSP values for the energy 10–107 eV by extending

Figure 17. 3D plot of absorbed dose for Guanine. X-axis: log10 Eið Þ; Y-axis: Distance (Å); Z-axis: Absorbed Dose (×10
7 Gy).
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the semi-empirical model[63,64] to give MSP data for gaseous
bioorganic compounds, whereas the present data deals with
the aqueous phase of the target molecule. Thus, the deviation
of their data with the present values can be understood. The
present curve overestimates the data of Zein et. al.[20]

The case for electron MSP of aqueous Cytosine is shown in
figure 8. We observe discrepancies among all the results below
600 eV.[20,25,29,34] The present results tend to overestimate the
available data.[20,25,29,34] As discussed earlier, the Tan et. al.[25] data
carried through Born-Ochkur exchange effect yield lower SP
values and the data of Francis et. al. are uncertained by �10–
20%.[34] As electron energy increases, the deviation of the
present values of the MSP with the others goes on reducing.
However, the present curve shows the similar trend as the
others.

The plot of MSP vs incident electron energy for aqueous
Guanine is shown in figure 9. Akkerman and Akkerman,[27]

Jablonski et. al.,[28] Tan et. al.[25] reported the SP values, which
are converted to MSP by us using the density mentioned in
Table 2. Jablonski et. al.[28] reported the SP values using the
three different expressions for energy E >200 eV, viz. S-lamda
approach,[28] Joy and Luo formula[35] and Fernández-Varea
formula.[36] They also reported the measured SP values by Luo
taken from Joy’s database[65] and calculated SP using the optical
data of Tanuma et. al. in dielectric response theory-based
calculation. All of these SP values were roughly calculated by
weighted sum of the SP of the solid‘s atomic constituents with
weights determined by mass fractions. It is mentioned that the
calculated SP between 10–100 eV energy range is being less
accurate than those for higher energies.[28] Thus, the deviation
of their data at lower energy regime from the present data
expected. The results of the PENELOPE code simulation[20] and
Jablonski et. al.[28] data obtained using optical data of Tanuma
et. al. are seen as less deviated from the present curve. Though
the discrepancy has been observed among the reported data
and the present data, same trend is observed.

In figure 10, the plot of MSP data for aqueous Thymine
molecule is shown with the available comparisons.[20,25,29,34] As
discussed earlier, the results of Tan et. al.[25] with Born-Ochkur
correction show lower values of MSP. While the behaviour of
present curve with the reported data of Akar and Gümüş,[29]

Zein et. al.,[20] and Francis et. al.[34] shows similar trend. The
mutual deviation is seen as specially at lower energy range.

In figure 11, the present data of MSP for aqueous Uracil
molecule is shown. Tan et. al.[25] have reported the data with
Born-Ochkur exchange and without exchange effect. Akar and
Gümüş 29] have reported the SP data using generalized oscillator
strength (GOS) model.

Figure 12 displays the MSP results for present DNA target
molecules. As in the case of IMFP, MSP values also influenced
by the threshold value, number of target electrons[61] and
density of the material.

The collisional SP data of Akar and Gümüş[29] for all reported
DNA constituent molecules, were converted into MSP through
consideration of density of the medium (Table 2) as discussed
earlier. Here, we note that the total SP consists of collisional SP
and bremsstrahlung SP.[30] However, bremsstrahlung SP is

relevant only beyond the 300 keV. Therefore, for the present
study, that range is threshold energy to 5000 eV, collisional SP
data have been used for comparison for all studied molecules.

3.3. Absorbed dose (D)

Along with IMFP and MSP, we have also computed absorbed
dose (D) viz., equation 7 for all the molecules under study.
Three dimensional plots of the absorbed dose (D) against
incident energy (Ei) and distance (r) are shown in figures 13–17
for these molecules. The energy values shown are in log scale.
(e.g., for energy=100 eV, the value on the scale will be
log10 100ð Þ ¼ 2).

Figures 13–15 display the absorbed dose computation
results for pyrimidine bases viz., Thymine, Uracil and Cytosine.

The peak values of the dose for these bases, (T, U and C)
occurs at around 80–90 eV incident energy. This is because as
the incident energy of the incoming electrons surpasses the D

value (equation 4), the absorption of the energy in the target
medium begins and attains its maximum value shown by peak
of Qinel at about 80–90 eV. At this energy, maximum energy
transfers and hence peak of dose absorption occurs.

In figures 16 and 17, the D values against the distance and
incident energy have been plotted for purine bases, viz.,
Adenine and Guanine, respectively.

The dose values are found to be continuously decreasing
with the distance increasing for both the pyrimidine and purine
bases. This decreasing nature of the absorbed dose with the
distance is understood from its inverse dependence to with it.

In figure 18, the dose vs energy curve is plotted for the
present DNA molecules for the particular distance, r=100 A°.
Since, we have investigated these DNA constituents in aqueous
phase, we have computed the absorbed dose of water for
comparison to get better insight. In figure 16, the absorbed
dose for these molecules is shown along with that for water for
a particular distance, r=100 A°.

From the figure, it can be seen that the liquid water shows
the maximum dose value, which means the maximum amount

Figure 18. Dose vs Energy plot for DNA molecules and water at distance
r=100 A°.
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of the energy is absorbed by the liquid water in comparison to
the DNA constituents. Elahe Alizadeh and Leon Sanche[66] also
bring up the fact that the water molecules absorb about ~66%
of the radiation energy. Present calculation for the dose values
of the liquid water is carried out using the IMFP values of Nidhi
Sinha and Bobby Antony.[67]

Conclusions

Present study deals with the realistic picture for the electron
induced DNA damage assessment by considering the DNA
compounds in their aqueous phase, since the DNA is always
covered with the water molecules through hydrogen
bonding[21,22] in human body. We have reported our results on
the major tools for the modelling of DNA damage assessment,
the inelastic mean free path (IMFP), MSP (mass stopping power)
and absorbed dose (D), for aqueous DNA bases, viz. Adenine,
Guanine, Cytosine, Thymine and Uracil from ionisation energy
to 5000 eV. The route adopted in the present work to calculate
these applied quantities is the maiden attempt. This study is
the first report on IMFP, MSP and absorbed dose (D) calculation
for aqueous DNA compounds. Since these are the first results of
absorbed dose (D) for these compounds, we have explored
present results vis-a-vis dose absorption in water.
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Chapter 49
Calculations of Total Ionization
Cross-Sections for Electron Impact
on H2SO4

Smruti Parikh, Chetan Limbachiya, and K. N. Joshipura

Abstract The present study investigates the total ionization cross-section, Qion for
the electron collisions with Sulfuric acid (H2SO4), which has been identified as key
component in aerosol formation over energy range from ionization potential (IP) to
5000 eV. For the calculation of total inelastic cross-section, Qinel Spherical Complex
Optical Potential (SCOP) method is used. The Qion, is then calculated using a semi-
empirical approach, called the Complex Spherical Potential-ionization contribution
(CSP-ic). We have studied Qion using various models employed for molecular charge
density.

49.1 Introduction

The main human-caused sulfur-containing compound, sulfur dioxide (SO2) is
directly emitted into the Earth’s atmosphere and by the atmospheric oxidation of
SO2, sulfuric acid (H2SO4) is produced [1]. Isotopic and geological evidence indi-
cates that the water in liquid form was earlier present on all the planets of our solar
system. Moreover, the clouds made up of H2SO4 and H2O solution are present in
the atmosphere of Venus [2]. Furthermore, geological study suggests that Mercury,
Venus, Earth and Mars were volcanically active in their earlier time period. The
typical component of volcanic degassing is sulfur dioxide, which is soluble in water
and by oxidizing it can form sulfuric acid (H2SO4) [2]. In the atmospheric nucle-
ation, this H2SO4 has been identified as the key component [3, 4]. The major source
of atmospheric aerosol particles are atmospheric nucleation and successive growth
of newly formed particles. These aerosol particles are part of the climate of our
Earth [5]. The aerosol particles scatter the sunlight and lowers the temperature. Also,
aerosols present in the troposphere can alter the dimensions of the cloud particles, and
hence modify the characteristics of clouds of absorbing and reflecting the sunlight,
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Table 49.1 Ionization potentials [8]

Target IP (eV) Target IP (eV) Target IP (eV)

H 13.60 S 10.36 O 13.62

P 10.48 H2SO4 12.40 H3PO4 11.72

which in turn affects the Earth’s energy budget. The most remarkable impact of these
aerosols is damaging of stratospheric ozone layer [6].

The molecules present in the atmosphere are impacted by the secondary electrons
generated by the cosmic ray particles and radiations from the sun. Hence, electron-
interactions with atmospheric molecules is the dominant natural phenomenon in the
atmosphere. Ionization is the most basic channel in all the inelastic processes which
opens for the energy above the ionization potential of the molecules and ionization
cross-sections of electron collisions with atmospheric compounds are very important
in many applied fields of sciences, like plasma sciences, astrophysics, biomedical
researchs, radio sciences, industrial fields, etc. [7].

For the present study, the target we choose here is H2SO4, because of its impor-
tance in atmosphere of Earth as well as other planets. Lack of theoretical and exper-
imental investigations for this molecule encouraged us to carry out this study. In this
present work, the data of the ionization cross-section, Qion for electron collision with
H2SO4 has been reported for the energy from themolecular IP to 5 keV. For this calcu-
lation, we have used CSP-ic (Complex Scattering Potential-ionization contribution)
method. Since this is the first attempt to study the electron interactions with H2SO4,
we have computed the Qion using various models. These models include Independent
AtomModel (IAM) using atomic as well as molecular properties.Moreover, we have
carried a study to understand the dependence of Qion on the molecular IP and the
molecular size through number of target electrons (N) by evaluating Qion for H3PO4

which is having same number of electrons (N = 50) as H2SO4 and comparing with
cross sections of H2SO4. In Table 49.1 we show ionization potential of the target
atom/molecules [8].

49.2 Theoretical Methodology

Total ionization cross-section, Qion, for the electron interactionwith H2SO4 molecule
is calculated using SCOP method as mentioned in our earlier publications [9, 10].
The e-molecule scattering potential is defined as,

V (r, Ei ) = VR(r,Ei) + VI(r,Ei) (49.1)

Here the real term VR consists of potentials to describe static, electron exchange
and polarization effects caused by electron impact on the molecule. The imaginary
term VI corresponds to absorption potential which takes care of the lost flux of
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electrons leading to inelastic effects. Various model potentials have been used to
represent these effects and to construct the complex potential which is then used as
input for solving the Schrödinger equation and the total inelastic cross-sections are
then computed using the partial wave analysis [9, 10] such that,

Qinel(Ei ) = Qion(Ei ) +
∑

Qexc(Ei ) (49.2)

Here, �Qexc represent all allowed electronic excitation cross-sections, which
gradually reduce at higher energies above the IP [11, 12]. Thus, we can have

Qinel ≥ Qion (49.3)

TheComplex Scattering Potential-ionization contribution (CSP-ic)method [13] is
developed on the basis of (3) and is applied to derive the total ionization cross-section
from Qinel by defining a ratio R(Ei) which depends on energy,

R(Ei ) = Qion(Ei )

Qinel(Ei )
(49.4)

such that,

R(Ei ) =
⎧
⎨

⎩

0, Ei < I
RP , Ei = EP

1, Ei � I
(49.5)

where, EP is the energy at which calculated Qinel gains its maximum value. The
particular form of the ratio as a continuous function of energy is developed by us,

R(Ei ) = 1 − C1

[
C2

U + a
+ lnU

U

]
(49.6)

where, C1, C2 and a are target specific parameters. The detailed CSP-ic method can
be found in our earlier publications [13–15].

49.3 Results and Discussion

In the present section, the results of total ionization cross-sections (Qion) for the
gaseous H2SO4 molecule on collision with electrons for energy ranging from circa
ionization threshold to 5000 eV have been reported along with Qinel and

∑
Qexc.

There are no previous results available for this molecule for comparison. Hence, we
have adopted various models to study the e−- H2SO4 scattering and the results are
shown in Fig. 49.1. The Qion of H2SO4 are evaluated using different approximate
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Fig. 49.1 Present Qion for
e−- H2SO4 collision. Red
line: IAM with atomic IP,
Green line: IAM with
molecular IP

models, viz, Independent Atom model (IAM) with atomic ionization potential (IP)
and molecular IP for constituent atoms are shown.

An interesting feature observed in Fig. 49.1 is that the cross-sections for IAM
with atomic IP’s and with molecular IP’s are close to each other. One of the reasons
may be due to the fact that IP’s of the constituent atoms i.e. H (IP = 13.60 eV), S (IP
= 10.36 eV), O (IP = 13.62 eV) and H2SO4 molecule (IP = 12.40 eV) do not differ
much except for S. Particularly the IP of Oxygen and Hydrogen have values close
to IP of H2SO4. IP of S is lower to IP of H2SO4. When we add the cross-section
of constituent atoms, the contribution of O is significantly more than that of S. For
ready perusal we provide cross section data for e-H2SO4 collision using the IAM
using the molecular properties in Table 49.2.

In Fig. 49.2 we show our result of e-H2SO4 for Qinel, Qion and
∑

Qexc. We have
compared our target molecule with other molecule, H3PO4 whose number of elec-
trons is same as that of H2SO4 (N = 50). We have plotted the Qion for H2SO4 and
H3PO4 molecules as shown in Fig. 49.2. The Qion are very sensitive to ionization
potential of the target molecule. It can be seen that our calculated data and the data
of Mozejko et al. [16] for H3PO4 show good matching with each other. The cross-
sections for both the molecules seem to follow the same path. One of the reasons
is their IP’s are comparable to each other (11.72 eV for H3PO4 and 12.40 eV for
H2SO4) and the number of electrons are also same.

Hence, it can be now noted that our Qion depends not only on ionization potential
of the target molecule, but also the size of the target molecule that is number of
electrons since the molecular charge cloud serves as the scatterer.
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Table 49.2 Qinel, Qion and
�Qexc in (Ao)2 for e−-
H2SO4 collision

Energy (eV) Qinel Qion � Qexc

12.4 (IP) 0 0 0

20 3.07 1.07 2.00

40 11.26 6.48 4.78

60 13.88 9.12 4.76

80 14.12 10.00 4.11

100 13.61 10.14 3.46

150 11.92 9.63 2.28

200 10.30 8.73 1.57

500 5.70 5.34 0.36

1000 3.41 3.31 0.10

2000 1.94 1.91 0.02

3000 1.36 1.35 0.01

4000 1.04 1.03 0.00

5000 0.85 0.84 0.00

Fig. 49.2 Total
cross-sections of H2SO4 and
H3PO4. Solid line: present
Qion of H2SO4; dash line:
Mozejko et al. Qion for
H3PO4; dot line: present
Qion of H3PO4; short dash
dot line: present Qinel of
H2SO4 and dash dot dot line:
present �Qexc of H2SO4

49.4 Conclusion

In this work results on computation of ionization probability through Qion is reported
for electron interactions with H2SO4, which is a key element in atmospheric nucle-
ation. We used the quantum mechanical approach, SCOP to compute Qinel and
obtained Qion using the (CSP-ic) formalism. We have studied the Qion using various
models employed formolecular charge density viz., IndependentAtomModel (IAM)
with atomic andmolecular IP’s.Wehave shownQion forH2SO4 andH3PO4 molecules
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and it can be seen that our calculated data for H3PO4 is in good matching with avail-
able data of Mozejko et al. [16]. The Qion are very sensitive to ionization potential
of target molecule and its size in terms of number of electrons (N = 50). As the IP
of the target molecule increases, the peak value of Qion shifts towards high energy
regime. Also, as the size of target decreases, the peak value of Qion also decreases.
This observation can be seen in most of the targets.
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Abstract 
 
In the present study we report, the total cross section (QT) for electron interaction with aqua 
adenine. To compute QT, we have used two different theoretical formalism: (1) Spherical 
Complex Optical potential (SCOP) at energy range threshold to 5 keV and (2) Two parameter 
semi empirical formalism (2p-SEM) at energy range 50 to 10 keV. The semi-empirical formula 
for electron scattering total cross-sections (QT) by analyzing its dependence on the impact 
energy and the target parameters, viz., number of molecular electrons (ne) and the polarizability 
(α) of the molecule. This study is the first attempt to deduce the formula of QT for the large 
molecules (55<ne<95) and for wide energy range from 50 eV to 10 keV. To validate the 
proposed formalism, the QT for aqua adenine molecule, who has 70 molecular electrons (i.e., 
ne=70) has been computed and reliable data are obtained. This is the maiden attempt to compute 
QT for aqua Adenine. 
 
Keywords: Total cross-sections, molecular polarizability, SCOP, DNA base 
 
1. Introduction 
 
The study of electron interaction with bio molecules and its constituents is strongly related to 
the importance of secondary electrons in the ionizing radiation damage to the living 
tissues(Bouchiha et al., 2006; Boudaiffa et al., 2000). The interaction of high energy ionizing 
radiation (i.e. β-rays, ϒ-rays, X-rays and others) with living tissue can produces different type 
of damages in DNA such as SSB (single strands breaks), DSB (double strand breaks), 
mutagenesis, lethality(Blanco et al., 2013; Sanche, 2003). Furthermore, it has capacity to 
induced cell death and produced carcinogenic effect. The low-energy electrons interact with 
biological media by inelastic effect such as ionization, vibrational, electronic excitation, 
rotational etc. To study and complete understanding of biological effect, Monte Carlo 
simulation(Rogers, 2006) is widely used. In MC simulation various parameters are needed 
include cross sections i.e. total cross section, ionization cross section, excitation cross section, 
elastic and inelastic cross section, etc.  
 
In this paper, we report total cross section of electron collision with adenine (C5H5N5) in aqua 
phase. To compute total cross section (QT), we have used two different formalisms: (1) SCOP 
formalism(Joshipura et al., 2004; Vinodkumar et al., 2011), energy range from threshold-5000 
eV (2) 2p-SEM formalism, energy range from 50 eV to 10000 eV. The targets properties are 
shown in Table 1. 
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Table 1 Target Properties 
 

Target Aqueous phase 𝑰𝑰𝑰𝑰 
(eV) 

Energy band gap 
(𝑬𝑬𝒈𝒈𝒈𝒈𝒈𝒈) in eV 

Polarizability 
α (Ao)3 

Adenine 

5.00 (Crespo-

Hernández et al., 

2004; Fernando et 

al., 1998) 

5.25 (Gop et al., 2019) 11.54 

 
 
2. Theoretical Methodology 
 
2.1 SCOP formalism 
 
To calculate Qinel and Qel, we have employed spherical complex optical potential formalism 

with group additivity rule(Vinodkumar et al., 2011, 2013) since present molecules have larger 

physical size. This approach has been thoroughly discussed in our previous articles (Joshipura 

et al., 2004; Vinodkumar et al., 2013). The complex potential is given as, 

𝑉𝑉𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜 = 𝑉𝑉𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟 + 𝑖𝑖𝑉𝑉𝐼𝐼𝐼𝐼𝐼𝐼                                                                                                          (1) 

The effect of static potential (Vs), exchange potential (Vex), and polarization potential (Vpol) are 

included through the real part of the complex potential (𝑉𝑉𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟) and inelastic effects are 

incorporated through imaginary potential (VIma). To construct these potentials the primary input 

is charge density of the target(H.L.Cox ; R.A.Bonham, 1967). For exchange effects,(S. Hara, 

1967) proposed model has been employed and for polarization, Zhang et.al. model potential is 

used. 

𝑉𝑉𝑜𝑜𝑜𝑜𝑜𝑜(𝐸𝐸𝑖𝑖, 𝑟𝑟) = 𝑉𝑉𝑠𝑠𝑠𝑠(𝑟𝑟) + 𝑉𝑉𝑒𝑒𝑒𝑒(𝐸𝐸𝑖𝑖, 𝑟𝑟) + 𝑉𝑉𝑝𝑝𝑝𝑝𝑝𝑝(𝐸𝐸𝑖𝑖, 𝑟𝑟) + 𝑖𝑖𝑖𝑖𝑎𝑎𝑎𝑎𝑎𝑎(𝐸𝐸𝑖𝑖, 𝑟𝑟)     (2) 

 

To account inelastic effect the quasi-free modified model potential(Staszewska et al., 1983) is 

used. The final 𝑉𝑉𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜 is then fed into the Schrodinger equation, which is then solved 

numerically employing the partial wave approximation to compute the Qinel, Qel, and finally 

QT.  

𝑄𝑄𝑇𝑇(𝐸𝐸𝑖𝑖) = 𝑄𝑄𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖(𝐸𝐸𝑖𝑖) + 𝑄𝑄𝑒𝑒𝑒𝑒(𝐸𝐸𝑖𝑖)                                                                                            (3) 

The total cross section (QT) is the summed of all the inelastic and elastic processes(Chauhan & 
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Limbachiya, 2023; Limbachiya et al., 2014; Vinodkumar et al., 2003, 2005, 2011). 

2.2 Two-parameter semi-empirical method (2p-SEM) 
 
The impact energy dependence of the QT for the intermediate energy (Nishimura and Tawara, 
1991; Zecca et.al., 1991) and high energy (Joshipura and Vinodkumar, 1996; García and 
Manero, 1997) have been previously studied and the proposed formula was as follows, 
 
𝑄𝑄𝑇𝑇 = 𝐴𝐴

𝐸𝐸𝐵𝐵
                                                                                                                                       (1)                                                                                                                           

 
where, parameter A is governed by the molecular characteristics such as size of the molecule 
and its polarizability. The value of B for the high energies, above 500 eV will be ⁓ 0.7, which 
is proposed by (Joshipura and Vinodkumar, 1996; García and Manero, 1997) for smaller 
molecules i.e. for ten electrons (ne=10) and up to ne=22 electrons systems respectively. In the 
present work this formula has been derived for large molecules with 55 < ne < 95. Also, the 
dependence of QT on Ei is different for diverse energy regimes. In this work we have derived 
two different expressions for the intermediate (50 < Ei < 500 eV) and high energy regions (Ei> 
500 eV) for the complex and larger molecular systems with 55 < ne < 95.    
 
Table 2 Parameter for 50 - 500 eV 
 

Target Adenine Guanine Thymine Cytosine Uracil 
A 46.53 54.79 43.66 34.68 34.56 
B 0.58 0.56 0.57 0.56 0.53 

 

In table I, both the parameters A and B have been tabulated for the DNA bases and it is seen 
that the value of B is nearly same for all the molecules and is ⁓ 0.5. Our calculations reveal 
that the QT depends on energy (Vinodkumar et.al., 2014) and the dependence on incident 
energy is similar as that of (Nishimura and Tawara, 1991) for 50-500 eV as, 
 
𝑄𝑄𝑇𝑇 = 𝐴𝐴

√𝐸𝐸
                                                                                             (2)                                                                                                                         

 
However, the value of A is different for each molecule, suggesting its dependency on the 
number of target electrons (ne). 
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Figure 1 Parameter A vs. ne (50<Ei<500) Figure 2 Parameter A vs. ne ( Ei > 500 eV) 

 
To observe this relation, we plotted the graph of A vs ne as shown in figure 1 and 2 for 
50<Ei<500 eV and Ei > 500 eV respectively. The linear relationship observed in figure 1 is 
represented through the following equation, 
 
𝐴𝐴(𝑛𝑛𝑒𝑒) = 𝑛𝑛𝑒𝑒 − 23.54                                                                                                                (3) 
 
However, for a given ne, the precision of this approximation can be enhanced by considering 
the difference between the actual values of 'A' (from table I) and those derived from equation 
(9) for each molecule. We have observed the dependency of this deviation (A - A(ne)) on the 
molecular size through the polarizability (α). The linear relationship between them is, 
 
𝐴𝐴 − 𝐴𝐴(𝑛𝑛𝑒𝑒) = −0.003𝛼𝛼 + 0.63                                                                                (4)                                                                                        
  
Hence, from the equations (2), (3) and (4), a two-parameter expression for QT can be formulated 
for the energy range from 50-500 eV,                                     
 
𝑄𝑄𝑇𝑇(𝑛𝑛𝑒𝑒 ,𝛼𝛼) = 𝑛𝑛𝑒𝑒−0.003𝛼𝛼−22.91

𝐸𝐸0.56                                                                                              (5)                                                                                           
 
Similar method has been followed to derive the two-parameter expression of QT as a function 
of α and ne for the energies above 500 eV.  
 
𝑄𝑄𝑇𝑇(𝑛𝑛𝑒𝑒 ,𝛼𝛼) = 0.016𝛼𝛼+0.776𝑛𝑛𝑒𝑒−17.88

𝐸𝐸0.77                                                                                                (6)                                                                                   
 
We note the power of energy E is 𝐸𝐸0.56 for lower side and 𝐸𝐸0.77 for higher side of the incident 
energy.  
 
The two equations (5) and (6) provide the two parameter expressions for QT for impact energy 
50 eV < Ei < 500 eV and Ei >500 eV respectively allowing the estimation of QT for the entire 
energy range of current study. 
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3. Results and Discussions 
 
Total cross section (QT) is the sum of inelastic cross section (Qinel) and inelastic cross section 
(Qel). Figure 3, illustrate total cross-section for electron interaction with adenine in aqua phase 
using SCOP and 2p-SEM formalism for impact energy range from 11 to 10 keV.  
 

 

10 100 1000 10000
0

20

40

60

80

100

QT

 Present (SCOP)
 Present (2p-SEM)
 M.Vinodkumar et al (gas phase)

 

 

 

Energy (eV)

To
ta

l C
ro

ss
 s

ec
tio

n 
(Å

2 )

e-Adenine (aqua phase)

 
         Figure 3 Total cross-sections for e--Adenine. 

 
In figure 3, Dash line denotes present SCOP result and Solid line denotes present 2p-SEM 
results. The total cross section (QT) data, of  present SCOP result is excellent matching with 
present 2p-SEM result. There is no other comparison is available for aqua Adenine. So we 
compare our present QT (aqua phase) data with available total cross section of adenine in gas 
phase(Vinodkumar et al., 2014).  Total cross section of gaseous phase is comparatively higher 
than the aqueous phase. 

 
4. Conclusions 
 
In the present work we have used SCOP method and 2p-SEM method to compute total cross 
section (QT) for the electron scattering with aqua Adenine. Also, we have proposed the two-
parameter semi-empirical formula for the electron scattering total cross-sections (QT). This is 
the maiden attempt to derive the semi-empirical formula for QT for such molecules who has 
large number of electrons (55<ne<95) and for the energy range from 50-10 keV. The proposed 
formula of QT shows the dependency of it on the two main target characteristics, i.e., number 
of electrons (ne) and electric dipole polarizability (α). We computed the QT for aqua Adenine, 
who has 70 molecular electrons (i.e., ne=70) by employing the proposed formulas and reliable 
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results were obtained.  
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Abstract 
 
Present study aims to derive the semi-empirical formula for electron scattering total cross-
sections (QT) by analysing its dependence on the impact energy and the target parameters, viz., 
number of molecular electrons (ne) and the polarisabilty (α) of the molecule. This study is the 
first attempt to deduce the formula of QT for the large molecules (55<ne<95) and for wide 
energy range from 50 eV to 10 keV. To validate the proposed formalism, the QT for α-
tetrahydrofurfuryl alcohol (THFA) molecule, who has 56 molecular electrons (i.e., ne=56) has 
been computed and reliable data are obtained. 
 
Keywords: Total cross-sections, molecular polarizability, number of molecular electrons 
 
1. Introduction 
 
The total cross-sections (QT) for electron interactions with atom and molecules were first 
measured in the early 20th century (Lennard, 1903; Ramsauer, 1921; Brüche, 1927). Many 
scientific and technological applications, such as astrophysics, atmospheric physics, nuclear 
fusion, etc., require the total cross section values for electron-molecule interactions. As a result, 
there has been an upsurge in the number of relevant works (Joshipura et.al., 1997; 2004; 
Itikawa, 2009; Limbachiya et.al., 2014; 2015; Swadia et.al., 2017) done since more than 100 
years. 
 
Ever since the first rigorous measurements of electron interaction cross sections, efforts to 
study the relationships between these cross sections and the physico-chemical characteristics 
of the target systems have been made. When such correlations discovered, they may reveal the 
role of specific microscopic target features in the scattering process, while the semiempirical 
equations defining these correlations should aid in estimating QT of molecules for which 
experimental data or computations are not available.  
 
In order to determine how the cross sections differ amongst target families, QT at intermediate 
energies have been studied since the early of 20th century (Brüche, 1927). For a series of simple 
hydrocarbons, (Floeder et.al., 1985) measured QT for positron and electron collisions and 
discovered that, for the intermediate energies 100-400 eV, the QT for these species is linearly 
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correlated with the number of constituent electrons (ne). (Nishimura and Tawara, 1991) also 
found the relationship between the geometrical size of the compounds and the QT in the 
intermediate energy range. (Szmytkowski, 1989) found that the total cross section is strongly 
correlated with the dipole polarizability (α) of the molecule for a group of different atoms and 
molecules, for the energy range from 50 to 400 eV. The association between the QT and ne has 
been also validated by (Jain and Baluja, 1992), but failed to support the molecular polarizability 
correlation with QT. The energy dependence of the QT has been studied by (Joshipura and 
Vinodkumar, 1996) and (García and Manero, 1997) for the high energies (beyond 500 eV) for 
the small molecules (ne=10 to 22). 
 
The aim of the reported work is to come up with a 2-parameters semi-empirical formula of QT, 
which includes the dependency of the target parameters (ne and α) for the energies from 50 eV-
10 keV for larger molecules, whose number of electrons (ne) ranges between 55-95.  
 
2. Theoretical Methodology 
 
2.1 Two-parameter semi-empirical method (2p-SEM) 
 
The impact energy dependence of the QT for the intermediate energy (Nishimura and Tawara, 
1991; Zecca et.al., 1991) and high energy (Joshipura and Vinodkumar, 1996; García and 
Manero, 1997) have been previously studied and the proposed formula was as follows, 
 

𝑄𝑄𝑇𝑇 =
𝐴𝐴
𝐸𝐸𝐵𝐵

                                                                                                                                       (1)                                                                                                                           
 
where, parameter A is governed by the molecular characteristics such as size of the molecule 
and its polarizability. The value of B for the high energies, above 500 eV will be ⁓ 0.7, which 
is proposed by (Joshipura and Vinodkumar, 1996; García and Manero, 1997) for smaller 
molecules i.e., for ten electrons (ne=10) and up to ne=22 electrons systems respectively. In the 
present work this formula has been derived for large molecules with 55 < ne < 95. Also, the 
dependence of QT on Ei is different for diverse energy regimes. In this work we have derived 
two different expressions for the intermediate (50 < Ei < 500 eV) and high energy regions (Ei> 
500 eV) for the complex and larger molecular systems with 55 < ne < 95.    
 
Table 1 Parameter for 50 - 500 eV 

Target Adenine Guanine Thymine Cytosine Uracil 

A 46.53 54.79 43.66 34.68 34.56 

B 0.58 0.56 0.57 0.56 0.53 

 

In table I, both the parameters A and B have been tabulated for the DNA bases and it is seen 
that the value of B is nearly same for all the molecules and is ⁓ 0.5. Our calculations reveal 
that the QT depends on energy (Vinodkumar et.al., 2014) and the dependence on incident 
energy is similar as that of (Nishimura and Tawara, 1991) for 50-500 eV as, 
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𝑄𝑄𝑇𝑇 =
𝐴𝐴
√𝐸𝐸

                                                                                                                                (2)                                                                         

 
However, the value of A is different for each molecule, suggesting its dependency on the 
number of target electrons (ne). 

  

Figure 1 Parameter A vs. ne (50<Ei<500) Figure 2 Parameter A vs. ne (Ei > 500 eV) 

 
To observe this relation, we plotted the graph of A vs ne as shown in figure 1 and 2 for 
50<Ei<500 eV and Ei > 500 eV respectively. The linear relationship observed in figure 1 is 
represented through the following equation, 
 
𝐴𝐴(𝑛𝑛𝑒𝑒) = 𝑛𝑛𝑒𝑒 − 23.54                                                                                                                (3) 
 
However, for a given ne, the precision of this approximation can be enhanced by considering 
the difference between the actual values of 'A' (from table I) and those derived from equation 
(9) for each molecule. We have observed the dependency of this deviation (A - A(ne)) on the 
molecular size through the polarizability (α). The linear relationship between them is, 
 
𝐴𝐴 − 𝐴𝐴(𝑛𝑛𝑒𝑒) = −0.003𝛼𝛼 + 0.63                                                                                (4)                                                                                        
  
Hence, from the equations (2), (3) and (4), a two-parameter expression for QT can be formulated 
for the energy range from 50-500 eV,                                     
 

𝑄𝑄𝑇𝑇(𝑛𝑛𝑒𝑒 ,𝛼𝛼) =
𝑛𝑛𝑒𝑒−0.003𝛼𝛼−22.91

𝐸𝐸𝑖𝑖0.56
                                                                                             (5)                                                                                           

 
Similar method has been followed to derive the two-parameter expression of QT as a function 
of α and ne for the energies above 500 eV.  
 

𝑄𝑄𝑇𝑇(𝑛𝑛𝑒𝑒 ,𝛼𝛼) =
0.016𝛼𝛼+0.776𝑛𝑛𝑒𝑒−17.88

𝐸𝐸𝑖𝑖0.77
                                                                                               (6)                                                                                   

 
We note the power of energy Ei is 𝐸𝐸𝑖𝑖0.56 for lower side and 𝐸𝐸𝑖𝑖0.77 for higher side of the incident 
energy.  
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The two equations (5) and (6) provide the two parameter expressions for QT for impact energy 
50 eV < Ei < 500 eV and Ei >500 eV respectively allowing the estimation of QT for the entire 
energy range of current study. 
 
 
3. Results and Discussions 
 
To validate our 2p-SEM formalism, we choose the case of α-tetrahydrofurfuryl alcohol 
(THFA), who has a total of 56 molecular electrons (i.e., ne=56) and its polarisability (α) is 10.4 
Å3. The computed QT of THFA molecule has been displayed in figure 3 for impact energies 
from 50-10000 eV. 
 

 

         Figure 3 Total cross-sections for e--THFA. 

 
The connection between the present QT data for energies 50-500 eV and that of for 500-10000 
eV can be observed from figure 3, which validates our proposed 2p-SEM formalism. We have 
compared the present QT results with the existing theoretical and experimental data. From the 
figure it can be seen that the present data can be seen in good agreement with the results of 
(Milosavljevic et.al., 2006). However, the present curve shows minute deviation at low energy 
side from the existing results of (Zecca et.al., 2011; Duque et.al., 2014; Chauhan and 
Limbachiya, 2023). The QT data of (Mozejko et.al., 2005;2006; Stokes et.al., 2021) shows the 
higher values than the existing ones. However, at the energies above 300 eV, all the existing 
results tend to merge with each other.  

 
4. Conclusions 
 
In the present work we have proposed the two-parameter semi-empirical formula for the 
electron scattering total cross-sections (QT). This is the maiden attempt to derive the semi-
empirical formula for QT for such molecules who has large number of electrons (55<ne<95) 
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and for the energy range from 50-10 keV. The proposed formula of QT shows the dependency 
of it on the two main target characteristics, i.e., number of electrons (ne) and electric dipole 
polarizability (α). We computed the QT for α-tetrahydrofurfuryl alcohol (THFA) molecule, 
who has 56 molecular electrons (i.e., ne=56) by employing the proposed formulas and reliable 
results were obtained.  
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