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Abstract

Differential and integral cross sections for elastic collisions between electrons and selected analogues of components
of the backbone of deoxyribonucleic acid (DNA) and ribonucleic acid (RNA) are calculated using the independent
atom method with a static-polarization model potential. They are presented for tetrahydrofuran, 3-hydroxytetrahy-
drofuran, a-tetrahydrofurfuryl alcohol, and phosphoric acid within 50-2000¢V electron energy range. Cross sections
for electron-impact ionization of these molecular targets are also derived using the binary-encounter-Bethe model in the
energy range from the ionization threshold to 4000eV. Single electron-impact ionization cross sections for the sugar-

phosphate unit are also approximately derived. The results are compared with available data.
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1. Introduction

Monte Carlo track structure codes, such as, e.g.,
CPA100, OREC, PARTRAC, NOREC, (Terrissol and
Beaudre, 1990; Ritchie et al., 1991; Friedland et al.,
1998, 1999; Semenenko et al., 2003), and many others
provide very useful tools to study damage to living cells
induced by ionizing radiation (i.e. fi-rays, X-rays, or y-
rays). In such simulations, the transport and energy
deposition of primary particles and secondary species,
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including electrons, through the cellular environment is
investigated. While DNA targets are represented by
models of different order of complexity (Nikjoo et al.,
1999; Bernhardt et al., 2003), it is often assumed that
cross section, per valence orbital, for electron interac-
tions with DNA differs only slightly from those for
liquid water (Friedland et al., 1998, 1999; Nikjoo et al.,
1999; Bernhardt and Paretzke, 2003; Moissenko et al.,
1998). Consequently, the input data sets include, mainly,
cross sections for interactions of primary particles and
secondary electrons with water in liquid and/or gaseous
phase (Uehara et al., 1999). However, it has been shown
that for collision energies below 250 ¢V, electron-impact
ionization cross section of liquid water per valence
electron is smaller than that of DNA (Bernhardt and
Paretzke, 2003). Moreover, recent studies on low- and
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intermediate-energy electron collisions with DNA and
its constituents have shown that such projectiles can
induce significant damage to DNA, including single- and
double-strand breaks (Folkard et al., 1993; Boudaiffa
2000a, b; Sanche, 2002; Huels et al., 2003). Such breaks
in DNA and its constituents can be induced via both
direct and resonance interactions (Huels et al., 2003;
Abdoul-Carime et al., 2001; Barrios et al., 2002; Pan et
al., 2003; Li et al., 2003; Abdoul-Carime et al., 2004; Feil
et al., 2004; Ptasinska et al., 2004). The former creates
ionization and dissociative states, which can break the
backbone. Resonances (i.e. transient anions) can decay
to dissociative neutral states, but transient anions can
also dissociate into neutral and anionic fragments(Huels
et al., 2003; Abdoul-Carime et al., 2001; Barrios et al.,
2002; Pan et al., 2003; Li et al., 2003; Abdoul-Carime et
al., 2004; Feil et al., 2004; Ptasinska et al., 2004). Thus, a
detailed description of the interaction of all primary and
the secondary species, including low- and intermediate-
energy electrons, with complex biomolecular systems are
necessary for a complete description and understanding
of ionizing radiation damage to DNA, RNA and living
cells. As a consequence, the complete set of cross
sections for electron collision with DNA and RNA and/
or its building blocks are needed as input data in Monte
Carlo analysis.

Up to now only few cross sections for electron
interaction with DNA and RNA bases can be found in
the literature. Electron impact ionization cross sections
for adenine, cytosine, guanine, thymine and the sugar-
phosphate backbone have been calculated using
Deutsch-Mark (DM) and the Binary-Encounter-Bethe
(BEB) formalisms for an energy range between the
ionization threshold and 1keV by Bernhardt and
Paretzke (Bernhardt and Paretzke, 2003). Recently, we
have presented differential and integral elastic cross
sections for electron scattering by the purine (adenine
and guanine) and pyrimidine (thymine, cytosine and
uracil) bases calculated with the independent atom
method (IAM) for collision energies ranging from 50
to 4000 eV (Mozejko and Sanche, 2003)!. For the same
targets, using the BEB formalism, we have calculated
electron impact ionization cross sections for energies
between the ionization threshold and 5keV (Mozejko
and Sanche, 2003). Very recently, absolute partial cross
sections for positive and negative ion formation by
electron impact on uracil have been measured and
reported (Feil et al., 2004). In the same work, normal-
ized total single ionization cross sections have been
presented for uracil. Inelastic electron interactions with

'Please note that due to some typographical errors, the elastic
cross sections given in the last row (Energy = 4000eV) in Table
4 in (Mozejko and Sanche, 2003) are incorrect. They should
read 2.943 for guanine, 2.712 for adenine, 2.481 for thymine,
2.207 for cytosine and 2.128 for uracil.
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Fig. 1. A short-chain segment of the single-stranded deoxyr-
ibose backbone of DNA and chemical structure of molecules
investigated.

2-deoxy-D ribose (deoxyribose) have been studied with a
monochromatic electron beam and a quadrupole mass
spectrometer by Ptasinska et al. (2004). While cross
sections for the formation of some negative ions via
dissociative electron attachment to deoxyribose have
been recorded on an absolute scale, the positive ion
yields have been presented only in the arbitrary units
(Ptasinska et al., 2004).

The objective of the present study is to provide
reliable elastic and ionization cross sections for electron
scattering from molecules, which due to their structure
and/or functional groups, are similar to those found in
the backbone of DNA and RNA (Fig. 1). As analogues
of the sugar in the sugar-phosphate backbone, we chose
tetrahydrofuran (C4HgO), 3-hydroxytetrahydrofuran
(C4Hg03) and a-tetrahydrofurfuryl alcohol (CsHjoO,).
As analogues of the phosphate group we have studied
phosphoric acid (H3POy4). The chemical structures of
these molecules are shown in Fig. 1 with an indication to
the corresponding segments of the backbone. For
comparison, elastic integral cross sections for electron
scattering from tetraphosphorus hexoxide (P4O¢) and
phosphorus (III) oxide (P,0O3) have also been calculated.

2. Computational procedures
The theoretical approach and computational proce-

dures applied in the present work are essentially the
same as those used in our previous calculations
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(Mozejko and Sanche, 2003; Mozejko et al., 2002).
Thus, only a short description of the methods and
procedures is given here.

Elastic cross sections between 50 and 2000eV have
been calculated with the IAM (Mott and Massey, 1965)
with a static + polarization model potential. In this
method, electron-molecule collisions are reduced to
electron interactions with individual atoms of the target
molecule. This reduction is based on the following
assumptions: (i) each atom of the molecule scatters
independently; (ii) redistribution of atomic electrons due
to molecular binding is unimportant; and (iii) multiple
scattering within the molecule is negligible (Mott and
Massey, 1965). It has been shown that IAM can provide
reasonable results only above about 50eV (e.g. see
(Mozejko et al., 2002; Joshipura and Vinodkumar, 1997;
Maji et al., 1998) and references therein).

In the TAM method, the differential cross section
(DCS) for elastic electron scattering on a molecule,
taking into account all possible orientations of the
intermolecular axis in the space, is given as

sin(sr)

2
N & ij

do N N
6= 2 S S.Rr0.0 0
i

where N is the number of atoms within a molecule, 0 is
the scattering angle and f (0, k) and f;(0, k) are complex
scattering amplitudes due to the ith and jth atom of the
molecule, respectively. s = 2ksin(0/2) is the magnitude
of the momentum transfer during the collision and k =
V2E is the wave number of the incident electron. The
distance between the ith and jth atom is denoted as r;;. In
all equations, regarding elastic scattering, we adopted
atomic units in which e=m =h=1, although all
presented and discussed results of our calculation are
given in the SI units. The distances r; between atoms of
the studied molecules were obtained using the optimiza-
tion procedure of the GAMESS code (Schmidt et al.,
1993).

The integral cross section for elastic scattering is given
by

N

dn N
o(E) =Y Imfi(0=0,k) =) oi(E), @
i=1

1

where o;(F) is the integral elastic cross section of the ith
atom of the target molecule and E is the energy of the
incident electron.

We obtained the elastic electron—atom cross sections
and atomic scattering amplitudes by partial wave
analysis and solved numerically the radial Schrédinger
equation

(d2 I(+1)

2070 4 Vo) + ) = 0

©)

under the boundary conditions
w(0) =0, u(r) == Ayjy(kr) = Biiu(kr), “@

where j,(kr) and 7;(kr) are the spherical Bessel-Riccati
and Neumann—Riccati functions, respectively. V(r) is
the static potential expressed in the form proposed by
Salvat et al. (1987). The polarization potential ¥ polar(r)
was expressed in the form proposed by Padial and
Norcross (1984)

v(r), r<re
—a/2r%, r>r

Vpolar(r) = { (5)

where v(r) is the free-electron-gas correlation energy
(Pedrew and Zunger, 1981) and « is the static electric
dipole polarizability of atom. r. is the first crossing point
of the v(r) and —a/2r* curves (Zhang et al., 1992). The
phase shifts J; are connected to the asymptotic form of
the wave function, u;(r), by

B,
tand; = A_l; (6)

Electron-impact ionization cross sections have been
obtained within the binary-encounter-Bethe (BEB)
formalism (Hwang et al., 1996). Within this formalism
the electron-impact ionization cross section per mole-
cular orbital is given by

S In ¢ 1 1 Int
BEB=7 (1= )
’ t+u+1{2 ( z2>+ el

where u=U/B, t=T/B, S=4na}NR*/B’, ay=
0.5292 A, R = 13.61¢eV, and T is the energy of impinging
electrons. Finally, the total cross section for electron-
impact ionization, oo, was obtained as the sum of ¢BFB
for all molecular orbitals (MO)

nvo

i BEB
o — Z (g ®)
i=1

The electron binding energy B, kinetic energy of the
orbital, U, and orbital occupation number, N, were
obtained for the ground states of the molecules
with the Hartree-Fock method using the GAMESS
code (Schmidt et al.,, 1993), and Gaussian 6-311G
basis set. Because the valence orbital energies
obtained in this way usually differ slightly from
experimental ones, we performed also outer valence
Green function calculations of correlated electron
affinities and ionization potentials (Zakrzewski and
von Niessen, 1994) with the GAUSSIAN code (Gaus-
sian 98, 2001).
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3. Results
3.1. Elastic scattering

Results of differential elastic cross section calculations
for electron collisions with H3;PO4, C4HgO, C4HgO, and
CsH o0, at energies of 50, 100, 200 and 500eV are
presented in Figs. 2(a—d), respectively. To our knowl-
edge, there is no other experimental or theoretical data
available for comparison. Generally, like for purine and
pyramidine bases (Mozejko and Sanche, 2003), the cross
sections decrease with increasing electron energy. Only
for small scattering angles, i.e. for forward and near-to-
forward scattering, does elastic DCS increase with
collision energy. The angular dependence of elastic cross
sections for C4HgO, C4HgO, and CsH;(O; is similar,
which is related to similarities in the geometry of the
targets.

Integral elastic cross sections for phosphoric acid,
tetrahydrofuran, 3-hydroxytetrahydrofuran and o-tetra-
hydrofurfuryl alcohol, computed according to Eq. (2),
are listed, in numerical form, at selected electron
energies in Table 1. Their energy dependence between
50 and 2000eV is shown in Figs. 3(a) and (b),
respectively. It is important to note that according to
the main assumption of the IAM, the magnitude of the
cross section for low collision energies will be over-
estimated, mainly due to the neglect of bond distortion
and multiple scattering within the molecule. On the
other hand, for some small and intermediate size
molecules like silane and germane, even for energies as
low as 20eV, the IAM method predicts reasonable
elastic cross sections (Mozejko et al., 2002). On the

other hand, since in the present approach exchange and
absorption effects are neglected, one can expect that
resulting differential and integral cross sections can be
overestimated for energies lower than 300eV (Khare
et al., 1994). For all studied molecules, the magnitude of
integral elastic cross section decreases with increasing
collision energy. o-tetrahydrofurfuryl alcohol has the
highest elastic cross section. It is about 19% and 17%
higher at low- and intermediate-energies, respectively,
than those for 3-hydroxytetrahydrofuran. The integral
elastic cross section for tetrahydrofuran is smaller than
the cross section for 3-hydroxytetrahydrofuran by more
than 13%. For H3POy, the integral elastic cross section
is smaller than those for the sugar analogues for
collision energies below 250 eV. For higher energies that
cross section decreases more slowly with energy than
those for C4HgO, C4HgO,, and CsHO,. Consequently,
for collision energies higher than 1.1keV the cross
section for H3PO4 molecules exceeds those for C4HgO
and C4HgO,. This energy dependence of the integral
cross sections is typical of some molecules. In our case, it
builds up from phosphorous and oxygen. This can be
shown by examining integral elastic cross sections for
larger molecules containing these atoms, such as those
for P,O3; and P4Og¢ presented in Fig. 3(a). The integral
elastic cross sections for H3;PO4, P,O;, and P4Oq
depends strongly on the molecular size. On the other
hand, their shape at higher collision energies, especially
for H;PO4 and P,0j5 is very similar. In Fig. 4, integral
elastic cross section computed for the studied targets are
compared with those calculated for DNA and RNA
bases (Mozejko and Sanche, 2003). In the investigated
energy range, the integral cross sections for phosphoric
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Fig. 2. Differential cross section for elastic electron collisions with studied targets at: (—) 50eV, (— — —) 100eV, (---) 200eV and

(—-—) 500eV.
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Table 1

Integral elastic cross section for electron scattering from
phosphoric acid (H3;POy), tetrahydrofuran (C4HsO), 3-hydro-
xytetrahydrofuran (C4HgO;) and o-tetrahydrofurfuryl alcohol
CsH o0, at selected energies in units of 10720 m?

Energy (eV) H;PO, C4HgO C4H30O, CsHo0,
50 27.6 31.6 35.7 42.5
60 24.0 27.4 30.9 36.9
70 21.5 24 .4 27.5 329
80 19.6 22.1 25.0 29.8
90 18.1 20.3 23.0 27.4
100 16.9 18.9 21.3 254
110 16.0 17.6 19.9 23.8
120 15.1 16.6 18.8 224
140 13.8 14.9 16.9 20.1
160 12.7 13.6 15.4 18.3
180 11.8 12.5 14.2 16.9
200 11.1 11.6 13.2 15.7
220 10.5 10.8 12.3 14.7
250 9.71 9.86 11.3 13.4
300 8.68 8.63 9.88 11.7
350 7.88 7.67 8.83 10.5
400 7.23 6.96 8.00 9.48
450 6.70 6.36 7.32 8.67
500 6.25 5.85 6.75 7.99
600 5.52 5.06 5.86 6.93
700 4.96 447 5.18 6.12
800 4.52 4.00 4.65 5.49
900 4.15 3.63 4.23 4.98
1000 3.84 3.32 3.87 4.57
1100 3.58 3.07 3.58 4.22
1200 3.36 2.85 3.33 393
1400 3.00 2.51 2.93 3.46
1600 2.72 2.25 2.64 3.10
1800 2.50 2.06 2.40 2.83
2000 2.32 1.90 2.23 2.62
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Fig. 3. Integral elastic cross section for electron collisions with
studied molecules: (a) P4Og4, P,O3 and H3PO4 molecules; (b)
C4Hgo, C4H302 and C5H1002 molecules.
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acid, tetrahydrofuran and 3-hydroxytetrahydrofuran are
always smaller than those of the integral cross sections
for uracil, cytosine, thymine, adenine and guanine. o-
tetrahydrofurfuryl alcohol, uracil and cytosine have
comparable integral elastic cross section.

3.2. Electron impact ionization

The calculated total cross sections for single ioniza-
tion by electron impact of phosphoric acid, tetra-
hydrofuran, 3-hydroxytetrahydrofuran and a-tetrahy-
drofurfuryl alcohol are listed at selected energies in
Table 2. The energy dependence of these cross sections is
presented in Fig. 5. In the BEB calculation we have used
the following energies of the first ionization potential,
calculated with the GAUSSIAN code (Gaussian 98,
2001): 11.72 eV for H3POy, 9.26¢V for C4HgO, 9.51 for
C4H302, and 9.47¢eV for C5H1002.

40 R\ \
\

N\ Uracil

---—--a-tetrahydrofurfuryl alcohol

77777 3-hydroxytetrahydrofuran
---- Tetrahydrofuran

30 -\ N \\.\\

—— Phosphoric acid

20

Integral elastic cross section [10‘2°m2]
e

Electron energy [eV]

Fig. 4. Comparison of the integral elastic cross section for
electron scattering from guanine, adenine, thymine, cytosine,
uracil (Mozejko and Sanche, 2003), a-tetrahyrofurfuryl alco-
hol, 3-hydroxytetrahydorfuran, tetrahydrofuran and phospho-
ric acid molecules.

Tonization processes induced by electrons are most
efficient for a-tetrahydrofurfuryl alcohol. For C4HsO,
the cross section maximum of 12.69 x 1072m? is
located at 75eV. For C4HgO, and CsH;(O, ionization
cross section maxima of 14.16 x 1072 and 17.11 x
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Table 2

Total cross section for electron impact ionization of phosphoric
acid (H3POy,), tetrahydrofuran (C4HgO), 3-hydroxytetrahydro-
furan (C4HgO;) and o-tetrahydrofurfuryl alcohol CsH;yO; at

selected energies in units of 1072 m?

Energy (eV) H;PO, C4HgO C4H30O, CsHo0,
12.0 0.0313 0.370 0.432 0.500
13.0 0.155 0.740 0.771 1.006
14.0 0.377 1.161 1.230 1.575
15.0 0.676 1.627 1.746 2.219
16.0 1.025 2.167 2.303 2.922
17.0 1.397 2.721 2.890 3.636
18.0 1.770 3.300 3.485 4.385
19.0 2.131 3.852 4.082 5.114
20.0 2.476 4.375 4.651 5.806
22.5 3.281 5.557 5.944 7.388
25.0 4.040 6.634 7.121 8.802
27.5 4.727 7.554 8.136 10.04
30 5.329 8.366 9.034 11.12
35 6.311 9.670 10.49 12.86
40 7.077 10.63 11.57 14.16
45 7.701 11.32 12.39 15.12
50 8.188 11.82 12.99 15.81
55 8.564 12.18 13.42 16.31
60 8.852 12.41 13.72 16.66
65 9.071 12.57 13.93 16.89
70 9.234 12.65 14.06 17.03
75 9.351 12.69 14.14 17.10
80 9.433 12.69 14.16 17.11
85 9.484 12.65 14.15 17.09
90 9.511 12.60 14.11 17.02
95 9.519 12.52 14.05 16.94
100 9.510 12.43 13.97 16.83
110 9.454 12.21 13.76 16.56
120 9.362 11.97 13.52 16.26
140 9.113 11.46 13.00 15.60
160 8.822 10.94 12.45 14.92
180 8.520 10.45 11.92 14.26
200 8.220 9.980 11.41 13.64
225 7.858 9.442 10.82 12.93
250 7.517 8.954 10.28 12.27
275 7.200 8.511 9.789 11.68
300 6.903 8.109 9.339 11.13
350 6.376 7.411 8.555 10.19
400 5.922 6.827 7.894 9.394
450 5.529 6.331 7.331 8.718
500 5.186 5.906 6.846 8.138
600 4.619 5.214 6.055 7.191
700 4.168 4.675 5.436 6.453
800 3.802 4.242 4.938 5.859
900 3.499 3.888 4.528 5.371
1000 3.243 3.591 4.186 4.963
1500 2.393 2.621 3.061 3.626
2000 1.911 2.080 2.432 2.880
2500 1.598 1.733 2.027 2.399
3000 1.377 1.489 1.743 2.063
3500 1.213 1.309 1.533 1.814
4000 1.085 1.170 1.370 1.621

1072 m?, respectively, are peaked at 80eV. Among all
studied targets phosphoric acid has the lowest ionization
cross section, with a maximum of 9.52 x 1072 m? at
95eV.

Fig. 6 shows comparison between total cross sections
for electron-impact ionization of DNA and RNA bases
(i.e. guanine, adenine, thymine, cytosine and uracil)
(Mozejko and Sanche, 2003) and those for ionization of
C4HgO, C4HgO,, CsH;0O, and PO4H; for electron
energies from the ionization threshold to 120eV. With
exception of some specific variation of the cross sections
near the ionization threshold, generally, in the whole
energy range investigated, the magnitude of the ioniza-
tion cross section obeys the following trend:

OPO4H; < OCy4HgO < O0C4Hg0, < Ouracil < Ocytosine
<O0C;5H,y0, < Othymine < Oadenine < Oguanine- (9)

It has been shown that, in some cases and within some
approximation the electron-impact ionization cross
section for polyatomic molecules can be calculated
taking into account only basic atomic properties
(Margreiter et al., 1990). From this assumption, we
approximate ionization cross sections for the sugar-
phosphate backbone of DNA adding ionization cross
sections for H3PO4 and CsH¢O;. In Fig. 7 the resulting
values are compared with recent calculations by
Bernhardt and Paretzke (Bernhardt and Paretzke,
2003) of ionization cross sections for the sugar-
phosphate unit of DNA. At low (i.e. near to the
ionization threshold) energies, the magnitude of the
summed cross sections is distinctively overestimated for
sugar-phosphate unit (at 20eV it is higher of more than
27%), but at higher energies discrepancies between both
cross sections are reasonably smaller. While summed
ionization cross section is always higher than those
calculated for the sugar-phosphate unit, discrepancies
do not exceed 10% at 30eV and become smaller with
increasing electron energies. At 1 keV both cross section
differ by less than 7%.

18F T T 3
-- - Tetrahydrofuran (C;HgO)
16k - - - - 8-hydroxytetrahydrofuran (C4HgO,) _|
a-tetrahydrofurfuryl alcohol (CgH,0)
14 —=— Phosphoric acid (H3PO,)
12 ]
10+ i ) B
8 4

Total ionization cross section [10‘20 mz]

10 100 1000

Electron energy [eV]

Fig. 5. Electron-impact ionization cross section for H3;POy,
C4Hgo, C4H302 and C5H1002 molecules.
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Fig. 6. Comparison of the electron-impact ionization cross
section for guanine, adenine, thymine, cytosine, uracil (Mozej-
ko and Sanche, 2003), a-tetrahyrofurfuryl alcohol, 3-hydro-
xytetrahydorfuran, tetrahydrofuran and phosphoric acid
molecules.
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Fig. 7. Comparison between cross section for electron impact
ionization of the sugar-phosphate backbone unit with the sum
of electron-impact ionization cross sections of phosphoric acid
and a-tetrahyrofurfuryl alcohol.

4. Summary

Using relatively simple but reliable approaches, i.e.
the independent atom method and binary-encounter-
Bethe formalism, cross sections for elastic electron
collisions and electron-impact ionization from C4HgO,
C4H50,, CsH O, and H3PO4 have been computed for
wide range of the collision energies. The cross section for
electron-impact ionization of the sugar phosphate unit
of DNA has been approximated as the sum of the
ionization cross section of the H3;PO4 and CsH;(O»
molecules. We found reasonable agreement with results
of more sophisticated calculations for energies higher
than 30eV. The present results can be useful in a
detailed analysis of ionizing radiation damage to

complex biolomolecules such as DNA and RNA, via
Monte Carlo simulations.
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