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In this paper we report total cross sections (TCS), Qr, total elastic cross sections, Q,;, and total ionization
cross section, Q;,, for electron impact on water, formaldehyde, formic acid, and the formyl radical from circa
15 eV to 2 KeV. The results are compared where possible, with previous theoretical and experimental results
and, in general, are found to be in good agreement. The total and elastic cross sections for HCHO, HCOOH,

and CHO radical are reported.
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I. INTRODUCTION

It is well established that the most important damage in-
duced in DNA by ionizing radiation is that arising from
double strand breaks (DSB) and clustered lesions, since these
have the greatest potential for producing long lasting biologi-
cal effects. Clustered lesions and strand breaks occur most
readily where primary radiation tracks interact directly with
the DNA causing local base damage, a picture recently sup-
ported by both direct experimental evidence and modeling
studies [1]. The genotoxic effects of ionizing radiation in
living cells are not only produced by the direct impact of the
primary high energy projectiles but may also be induced by
the secondary species generated by primary ionizing radia-
tion as it passes through the cell. Indeed recent studies sug-
gest that DNA may be directly damaged by secondary elec-
trons [2]. This hypothesis, although still the subject of
considerable debate, has been supported by several recent
experiments showing how low energy electrons incident on
the molecular components of DNA may lead to efficient mo-
lecular dissociation [3]. However electron scattering experi-
ments with biomolecules (e.g., nucleotide bases, nucleosides,
amino acids, peptides) in the gas phase remain sparse since
there are many practical difficulties in preparing well-
characterized pure gas targets of these molecules and it is
difficult to determine target number densities. Hence there is
need for more comprehensive theoretical investigations of
electron scattering from such targets, with the models of ra-
diation damage requiring an evaluation/estimation of the
various cross sections for such biomolecules.

H,0 is perhaps the most important molecule in biological
systems. The water content of the human body is about 60%
by weight [4]. Any radiation that penetrates the human body
produces secondary electrons, with appreciable kinetic en-
ergy, that will subsequently interact with water to liberate
free radicals (e.g., OH) which lead to various biological ef-
fects in the human body. Electron interactions with water
have therefore been studied extensively [5-7] although there
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remain several questions as to the magnitude of many cross
sections. Hence in the present project we have started our
investigations by determining electron scattering cross sec-
tions in water viz. total (complete), elastic and ionization
from threshold to 2 KeV. Such data may be tested with pre-
vious evaluations and therefore act as something of a cali-
brant for the other molecules.

Formaldehyde has been proposed as a key molecule in
prebiotic evolution because of the ease with which it may be
formed under simulated prebiotic conditions and its ability to
condense with itself to form carbohydrates [8]. Its astrobio-
logical potential has recently been underlined in spectacular
fashion by discovery of formaldehyde in the interstellar
clouds in our galaxy [9,10]. To date electron impact studies
have been limited to ab initio elastic scattering calculations
using the R matrix at low energies by Savinder and Baluja
[11], while ionization cross sections have been reported by
Kim et al. [12]. However no experimental or theoretical data
for Q; and Q,; have been reported in the present energy
range.

Formic acid (HCOOH), the simplest organic acid, has
also been recently identified in the interstellar medium (ISM)
and in the coma of the Hale-Bopp comet [13,14]. It is there-
fore speculated that formic acid be a key compound in the
formation of biomolecules such as acetic acid (CH;COOH)
and glycine (NH,CH,COOH) in the ISM [15]. Moreover
formic acid and glycine are the simplest building blocks of
those biomolecules which serve as model systems for study-
ing the properties of larger and more complex amino acids
especially with respect to their behavior during exposure to
high energy radiation. Amino acids are the building blocks of
proteins and DNA, hence it is necessary to understand the
formation mechanisms of amino acids in space where more
complex, biologically important molecules might be located
and where the conditions for the development of life exists
[15]. Despite the importance of electron scattering from for-
mic acid, we are not aware of any theoretical calculations or
experimental data.

Formyl radical is formed during the oxidation of
hydrogen-containing organic compounds [16] and has been
detected in interstellar molecular clouds [17]. As with formic

©2006 The American Physical Society
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TABLE 1. Ionization potential (1) for targets studied.

Target I(eV)
H,0 12.62
HCHO 10.88
HCOOH 11.33
CHO 09.20

acid we are not aware of any experimental data for Q7 and
Q,, for this radical. However Kim and co-workers have re-
ported calculated ionization cross sections [12].

In this paper we report results on the total, total elastic,
and ionization cross sections for water, formaldehyde, formic
acid, and the formyl radical (CHO) from close to the ioniza-
tion threshold to 2 keV. The total cross sections provide a
useful sum-check of elastic and inelastic scattering cross sec-
tions. The ionization potentials of these targets are shown in
Table 1.

II. THEORETICAL METHODOLOGY

We will only briefly describe the theoretical formalism
employed to determine the Qr, Q,;, and Q,,, for the impact
of electrons on the molecules and radical studied, a more
detailed description can be found in our earlier papers
[18-23] and references therein. Our aim in this paper is to
calculate various TCSs and to investigate their contributions
relative to the total (complete) cross sections for the chosen
targets. We have employed the well-known spherical com-
plex optical potential formalism (SCOP). The complex po-
tential calculation for electron scattering can provide total
elastic cross sections Q,; and its inelastic counterpart, Q.
such that

OrE) =0 E) + Qinel(E). (1)

For a polar molecule such as H,O, we have also determined
the dipole rotational excitation cross section Qy(D,E;) [24].
We can then define the grand total cross section by

OrorE)) = OH(E;) + Qo (D.E;). (2)

The dipole rotational excitation Qy,(D,E;) is calculated us-
ing the first Born approximation for a molecular dipole of
strength D.

Our calculation for the TCSs [Eq. (1)] is based on a com-
plex scattering potential, generated from spherically aver-
aged charge densities of the target. We have used single cen-
ter approach for H,O molecule. The charge density of O and
H atoms are expanded at the center of mass of the molecule.
In contrast formaldehyde, HCHO, and formic acid
(HCOOH) are multicenter systems. We have used the multi-
center group additivity rule [18]. Here, the charge density of
lighter hydrogen atom is expanded at the center of heavier
atom (carbon or oxygen). The single-center molecular charge
density is then obtained by a linear combination of constitu-
ent atomic charge densities, renormalized to account for co-
valent molecular bonding. The justification for group addi-
tivity comes from relatively larger C-O bond length
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compared to C-H or O-H bond lengths in these molecules
[25]. The molecular charge density thus obtained is em-

ployed to construct a complex optical potential V,,,,,, given by

Vol Epr) = VR(E;,r) + iV(E,,r). (3)

The real part V, comprises of static potential (V,,), exchange
potential (V,,), and polarization potential (V,) terms, as fol-
lows:

VR(E;, 1) =V (r) + Vo (E;,r) + Vp(E,. 7). (4)

We have used the analytical form of the static potential de-
rived using the Hartree-Fock wave functions. For the ex-
change potential, we have used Hara’s “free electron gas
exchange model” [26]. For the polarization potential V,, we
have used parameter free model of correlation polarization
potential which contains some multipole nonadiabatic cor-
rections in the intermediate region and it smoothly ap-
proaches the correct asymptotic form for large r given by
Zhang et al. [27]. The imaginary part V;, also called the
absorption potential V,, accounts for the total loss of scat-
tered flux into all the allowed channels of electronic excita-
tion and ionization. For V,,, we have used the model poten-
tial given by Staszewska [28], which is a quasifree, Pauli
blocking, dynamic absorption potential. After generating the
full complex potential given in Eq. (3) for a given electron-
target system, we solve the Schrodinger equation to get com-
plex phase shifts which are used to find the cross sections
given in Eq. (1).

The total inelastic cross section, Q;,.; cannot be measured
directly. Q,,.; can therefore be partitioned into two main con-
tributions viz.

Qinel(Ei) = E Qexc(Ei) + Qion(Ei)7 (5)

where the first term is the sum over total excitation cross
sections for all accessible electronic transitions. The second
term is the total cross section of all allowed ionization pro-
cesses induced by the incident electrons. The first term arises
mainly from the low-lying dipole allowed transitions for
which the cross section decreases rapidly at higher energies.
The first term in Eq. (5) therefore becomes progressively
smaller than the second at energies well above the ionization
threshold. By definition

Qinel(Ei) = Qion(Ei)- (6)

Q;,n cannot be directly derived from Q;,,, but may be esti-
mated by the cross-section energy dependent ratio

Qion(Ei)
R(E)=—>""—" (7)
Qinel(Ei)
such that
O<R=1.

We require that R=0 when E;<<I. For a number of stable
molecules such as O,, H,O, CH,, SiHy, etc., for which the
experimental cross sections Q,,, are known accurately
[29,30], the ratio R rises steadily as the energy increases
above the threshold, and approaches unity at high energies.
Thus,
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FIG. 1. (Color online) TCSs for e—H,O scattering. Solid line,
present Qrop, Star, Zecca Qy [4], Filled circle, Garcia expt. Qr [32],
Up triangle, Sueoka Q [6], Square, Szmytkowski Q7 [31], Dotted
line, Garcia theo. Q [32]. Dashed line, present Q;,,, Dashdot line,
Kim Q,,, [12], Diamond, Straub Q,,, [33].

R(E)=0 for E;<1I
=RP at Ei=EP
=1 for E;> Ep, (8)

where E, stands for the incident energy at which the calcu-
lated Q,,,; attains its maximum. R, is the value of R at E;
=E,, and we choose Rp=0.7 to 0.8. This choice follows from
the general observation that at energies close to peak of ion-
ization, the contribution of the molecular Q;,, is about 70—
80 % in the total inelastic cross sections Q;,.;. This behavior
is attributed to the faster fall of the first term 2Q,,. in Eq.
(5). For calculating the Q,,, from Q,,,; we need R as a con-
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FIG. 2. (Color online) TCSs for e—HCHO scattering. Solid line,
present Q. Dashed line, present Q;,,, Dashdot line, Kim Q;,, [12].
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FIG. 3. (Color online) TCSs for e—HCOOH scattering. Solid
line, present Q7. Dashed line, present Q;,,,.

tinuous function of energy for E;>I; hence we represent the
ratio R in the following manner:
R(E)=1-f(U). )

Presently the above ratio has been determined using the fol-
lowing analytical form [18,19]:

C, ln(U)>
R(E)=1-C +—, 10
(E) 1( T2 U (10)
where U is the dimensionless variable defined by
E.
U=—. 11
7 (11)

The reason for adopting a particular functional form of f(U)
in Eq. (11) is the following. As E; increases above I, the ratio
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FIG. 4. (Color online) TCSs for e—CHO scattering. Solid line,
present Q. Dashed line, present Q;,,, Dashdot line, Kim Q,,, [12].
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TABLE II. Total elastic, ionization and grand total cross sec-
tions (107'° cm?) for e-H,0.

PHYSICAL REVIEW A 74, 022721 (2006)

TABLE III. Total elastic, ionization and complete cross sections
(10716 ¢cm?) for e-HCHO.

Energy (eV) Qe Qion Oror Energy (eV) oy Qion Or
15 5.64 0.02 17.25 15 11.9 0.16 12.9
20 5.04 0.25 14.46 20 12.8 0.83 14.5
25 4.67 0.63 12.96 25 12.9 1.60 15.7
30 4.39 0.99 11.99 30 12.8 2.28 16.6
35 4.16 1.30 11.28 35 12.4 2.82 16.9
40 3.95 1.55 10.72 40 11.8 3.24 16.8
45 3.76 1.74 10.24 45 11.0 3.55 16.4
50 3.59 1.88 9.82 50 10.4 3.78 16.0
55 3.43 1.99 9.45 60 9.15 4.01 15.0
60 3.30 2.08 9.11 70 8.23 4.07 14.1
70 3.07 2.18 8.52 80 7.54 4.12 13.2
80 2.87 2.24 8.02 90 6.96 4.14 12.5
90 2.69 2.26 7.57 100 6.29 4.13 11.7
100 2.53 2.21 7.17 125 4.77 4.03 10.2
125 2.20 2.11 6.35 150 4.13 3.85 9.12
150 1.95 2.01 5.70 175 3.76 3.69 8.43
175 1.77 1.90 5.18 200 3.52 3.48 7.81
200 1.64 1.70 4.77 250 3.14 3.21 6.97
250 1.45 1.55 4.14 300 2.85 2.97 6.31
300 1.31 1.31 3.68 400 2.40 2.59 5.32
400 1.11 1.14 3.03 500 2.07 2.30 4.60
500 0.96 1.01 2.59 600 1.82 2.06 4.05
600 0.85 091 2.26 700 1.62 1.86 3.61
700 0.76 0.83 2.01 800 1.46 1.70 3.26
800 0.68 0.76 1.81 900 1.32 1.57 2.97
900 0.61 0.71 1.65 1000 1.21 1.45 2.73

1000 0.57 0.51 1.52 2000 0.66 0.83 1.50
2000 0.35 0.40 0.74

R increases and approaches 1, since the ionization contribu-
tion rises and the discrete excitation term in Eq. (5) de-
creases. The discrete excitation cross sections, dominated by
dipole transitions, fall off as In(U)/U at high energies. Ac-
cordingly the decrease of the function f(U) must also be
proportional to In(U)/U in the high range of energy. How-
ever, the two term representation of f(U) given in Eq. (10) is
more appropriate since the first term in the square brackets
ensures a better energy dependence at low and intermediate
E;. Eq. (10) involves dimensionless parameters C;, C,, and
a, that reflect the target properties. The three conditions
stated in Eq. (8) are used to determine these three param-
eters. To implement the third condition, we first assume a
=0 and consider a two-parameter expression in Eq. (10). We
therefore employ the first two conditions of Eq. (8) to evalu-
ate the C parameters. The two parameter expression is then
used to obtain the value of R at a high energy E;=10E,, and
are employed in the third condition of Eq. (8).

This method discussed through Egs. (6)—(10) is called our
complex scattering potential—ionization contribution,
CSP—ic.

III. RESULTS AND DISCUSSIONS

The presently calculated Qo7 and Q,,, for H,O and QO
and Q,,, for HCHO, HCOOH, and the CHO radical are
shown in Figs. 1-4, where comparisons are made with ear-
lier data where available. Numerical values of Q,;, Q,,,, and
QOror for H,O are presented in Table II and Q,;, O;,,. and Or
for the rest of the targets in Tables III-V. However, we have
not plotted the total elastic cross sections for any of the tar-
gets investigated here, since no theoretical or experimental
data is available for comparison. We will now discuss each
data set in turn.

Figure 1 compares our calculated values of Q74 and Q;,,
for electron scattering from water with available data. Our
QOror values agree very well with the experimental results of
Zecca, Szmytkowski, and Garcia [5,31,32], while the experi-
mental values of Sueoka [6] and the theoretical values of
Garcia [32] are lower compared to other data. Our Q,,, val-
ues are in excellent agreement with theoretical values of Kim
[12] and the experimental results of Straub er al. [33]. Apart
from the results shown here, there are vast amount of cross
section data that exists in literature for this molecule
[34-39], which are not included in this figure to maintain the
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TABLE IV. Total elastic, ionization, and complete cross sections

(1071% cm?) for e-HCOOH.
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(1071 ¢cm?) for e-CHO radical.

TABLE V. Total elastic, ionization, and complete cross sections

Energy (eV) Q. Qion Or Energy (eV) Qel Qion Or
15 30.3 0.40 30.77 20 13.5 0.83 14.8
20 28.6 1.33 30.39 25 13.0 1.93 15.0
25 26.3 2.36 29.85 30 12.8 2.46 15.4
30 242 3.40 29.27 35 12.4 2.85 15.6
35 21.7 4.49 28.26 40 11.8 3.14 15.5
40 18.6 5.41 27.03 45 11.0 3.50 15.2
45 16.3 6.36 26.06 50 10.4 3.67 14.8
50 14.7 6.86 25.11 60 9.15 3.93 13.9
60 11.8 7.48 22.88 70 8.23 3.97 13.0
70 9.34 7.63 21.02 80 7.54 4.05 12.3
80 8.85 7.58 19.69 90 6.96 4.09 11.6
90 8.12 7.45 18.62 100 6.29 4.05 10.9
100 7.54 7.29 17.68 125 4.77 3.92 9.35
125 6.41 6.91 15.73 150 4.13 3.77 8.47
150 5.58 6.55 14.19 175 3.76 3.61 7.83
175 4.98 6.22 12.97 200 3.52 3.45 7.34
200 4.50 5.92 11.96 250 3.14 3.18 6.57
250 3.79 5.39 10.36 300 2.85 2.95 5.96
300 3.26 4.95 9.14 400 2.40 2.58 5.05
400 2.56 4.23 7.40 500 2.02 2.30 4.39
500 2.10 3.69 6.22 600 1.80 2.01 3.88
600 1.77 3.26 5.36 700 1.55 1.88 3.47
700 1.53 2.93 4.71 800 1.30 1.72 3.14
800 1.35 2.65 4.21 900 1.22 1.58 2.87
900 1.21 242 3.79 1000 1.99 1.47 2.46
1000 1.09 2.23 3.46 2000 0.53 0.84 1.47
2000 0.56 1.21 1.80
clarity. The present results for H,O provide validation of the
theoretical techniques adopted in this paper and provide us 30
with some confidence in the validity of the cross sections Comparison Present Q. for HCOOH
derived for the other biomolecules for which we have no s PSRl @, fut HEHO
data with which to compare. aa o T Present @, for HCO
. - Present Q_ for H,O
In Figures 2—4 we have plotted Q7 and Q,,, for HCHO,
HCOOH, and CHO radical, respectively. There are no ex- 20
perimental or theoretical comparisons for formic acid. In N
case of HCHO our Q,,, values are in excellent agreement 5 15 .
with the values of Kim while in the case of CHO radical our @ N=15
values are slightly higher than the values of Kim [12] = o
throughout the range. 04 N=
In Fig. 5 we compare the TCSs for all the targets investi-
gated in the present study. The present study involves, as 5.
basic inputs, the molecular charge density and geometry of
the target. The size of the molecule is determined by the total P
number of electrons and their arrangement. Figure 5 shows 0 T — ] "
that O increases with the increase in geometrical size of the 190 E(eV) 1000

molecule. However at very high energies the Q for all the
targets tend to merge irrespective to the geometric size of the
molecule. This is because at high energies, the interaction
time of projectile with the target is significantly reduced,
lowering the corresponding cross sections.

FIG. 5. (Color online) Comparison of the TCSs for different
targets (N, number of target electrons). Solid line, present Qy for
HCOOH. Dashed line, present Q7 for HCHO. Dashdot line, present
Q7 for HCO. Dotted line, present Q7 for H,O.
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IV. CONCLUSION

Low and intermediate energy behavior of cross sections is
of much scientific interest because various elastic and inelas-
tic phenomena occur in this range. The present SCOP theory,
together with our CSP—ic method extends the scope of the
traditional complex potential calculations and provides an
estimate of important TCSs. This theory has been success-
fully employed to varieties of atomic and molecular targets
[18-24]. The derived theoretical cross section Q;,,; serve as
the upper limit of the total ionization cross section.

In the present paper our emphasis has been to study elec-
tron scattering from the simplest molecules of biological in-
terest, e.g., H,O, HCHO, HCOOH, and the CHO radical.
These molecules form the basis for other larger biomolecules

PHYSICAL REVIEW A 74, 022721 (2006)

which serve as model systems for studying the properties of
amino acids, peptides, etc. Such studies play a vital role in
understanding effects of radiation on complex biological sys-
tems.

The method adopted presently will now be employed to
other larger biomolecules such as nucleotide bases and
amino acids for which experiments are unlikely to be pos-
sible for some years.
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