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ACS:
4.80.Bm Elastic scattering of electrons by

a b s t r a c t

Differential cross sections (DCSs) for elastic scattering of electrons from alanine, have been measured
using a crossed beam system for incident energies between 20 and 80 eV and scattering angles from
10◦ to 150◦. The experimental data were placed upon an absolute scale by normalisation to calculated
absolute integral cross sections obtained using the corrected independent-atom method incorporating
an improved quasifree absorption model. The calculated data-set includes DCSs and integral elastic and
inelastic cross sections in the incident energy range between 1 and 10,000 eV. These theoretical results
are found to agree very well with the experimental data both in the shape and magnitude of DCSs except
toms and molecules
4.10.+x General theories and models of
tomic and molecular collisions and
nteractions

eywords:

at the smallest scattering angles.
© 2008 Elsevier B.V. All rights reserved.
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. Introduction

The investigation of electron interactions with molecules that
epresent the main constituents of proteins has been motivated
n recent years by a need to understand the processes that lead
o radiation damage of a living cell. It is believed that processes
riven by low-energy secondary electrons, which are produced in

arge quantities along the track of a primary high-energy particle,
re of particular importance in a direct DNA damage [1,2]. Recently,
large amount of experimental and theoretical work on electron

nteractions with DNA (or RNA) components, namely the bases
adenine, guanine, thymine, cytosine, uracil) and the backbone
ugar deoxyribose (or analogue molecules: tetrahydrofuran (THF),
etrahydrofurfuryl alcohol (THFA) and 3-hydroxytetrahydrofuran
3hTHF)), has been reported, a comprehensive review of which can

e found in the recent paper by Sanche [3]. We have recently pub-

ished elastic cross sections for THF [4] and THFA [5] and now wish
o extend these to alanine. Alanine belongs to the simplest �-amino
cids and is often considered as a model system for properties of

∗ Corresponding author. Tel.: +381 11 316 0882; fax: +381 11 316 2190.
E-mail address: bratislav.marinkovic@phy.bg.ac.yu (B.P. Marinković).
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ore complex systems. Its chemical formula is HO2CCH(NH2)CH3.
he �-carbon atom of alanine is bound with a methyl group (see
ig. 1). Dissociative electron attachment to gas phase alanine has
een studied by Alfatooni et al. [6], Ptasińska et al. [7] and Vasil’ev
t al. [8]. However, to our knowledge, no experimental results
oncerning electron scattering (neither elastic nor inelastic) with
aseous alanine molecules have been published other than our
esults [9,10].

In the present paper, we report both theoretical and experimen-
al elastic electron scattering cross sections for alanine. Absolute
ormalized DCSs are obtained over an incident energy range
etween 20 and 80 eV and over an angular range from 10◦ to
50◦. Calculated DCSs and integral elastic and inelastic cross sec-
ions are based on the independent-atom method (IAM) [11] using
n improved quasifree absorption model potential, which includes
elativistic and many-body effects, as well as non-ionizing inelas-
ic processes [12]. These theoretical results are found to agree very
ell with the experimental data.
. Experiment

A detailed description of the experimental apparatus and a dis-
ussion of the measurement procedure for obtaining DCSs as a

http://www.sciencedirect.com/science/journal/13873806
mailto:bratislav.marinkovic@phy.bg.ac.yu
dx.doi.org/10.1016/j.ijms.2008.07.016
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lation of si coefficients requires only data on the position and the
total cross section �i of each atom in the molecule. The explicit

Table 1
Experimentally obtained differential cross sections for elastic electron scattering
from alanine in units of a2

o as a function of scattering angle (�) and incident energy
(E0)

�(◦) E0 (eV)

20 40 60 80

10 – – – 97.55 (14.93)
20 – 22.17 (3.40) 20.99 (3.22) 25.14 (3.85)
30 15.80 (2.42) 10.37 (1.60) 8.86 (1.37) 7.95 (1.23)
40 13.74 (2.11) 6.14 (0.95) 4.11 (0.64) 4.03 (0.63)
50 10.60 (1.63) 3.61 (0.57) 2.38 (0.38) 2.04 (0.33)
60 7.62 (1.17) 2.32 (0.37) 1.29 (0.21) 1.10 (0.19)
70 5.91 (0.91) 1.99 (0.32) 1.02 (0.17) 0.89 (0.15)
80 4.23 (0.66) 1.28 (0.21) 0.81 (0.14) 0.67 (0.12)
90 3.38 (0.53) 1.25 (0.21) 0.74 (0.12) 0.55 (0.10)

100 3.22 (0.50) 1.34 (0.22) 0.62 (0.11) 0.44 (0.08)
110 3.45 (0.54) 1.31 (0.22) 0.76 (0.13) 0.57 (0.10)
120 4.29 (0.66) 1.97 (0.32) 1.09 (0.18) 0.68 (0.12)
130 5.88 (0.91) 2.23 (0.36) 1.50 (0.24) 0.93 (0.16)
140 7.80 (1.20) 3.94 (0.62) 1.98 (0.31) 0.96 (0.16)
150 10.51 (1.61) 6.03 (0.93) 2.85 (0.44) 1.66 (0.27)
Fig. 1. Chemical structure of l-alanine.

unction of either scattering angle or incident electron energy has
een reported recently [13].

Briefly, the apparatus used in this experiment, ESMA, is an elec-
ron spectrometer using hemispherical energy selectors as both the

onochromator and analyzer. A molecular beam of alanine was
ormed by heating a powder sample (dl-alanine, Märk, 99% purity)
n an oven with the nozzle of aspect ratio � = 0.1 at a temperature
f 460 K. In order to avoid any decomposition of the sample, the
roduct effusive molecular beam was produced at the lowest pos-
ible temperature. No decomposition of the sample molecule was
bserved in the energy-loss spectra, this is in accord with recent
nvestigations on the relationship between chemical structure of
mino acids and their thermal decomposition [14]. The molecular
eam was crossed perpendicularly by the monoenergetic electron
eam. The electron energy scale was calibrated against the 3s3p
P1 excitation threshold of Mg at 4.346 eV using the same pro-
edure explained in [15]. To the best of our knowledge absolute
easurements of total, ionization, elastic integral or differential

ross sections of alanine have not been reported before. Therefore,
ur measured experimental data was normalized using the present
heoretical data. This theoretical method has been shown to give
eliable absolute integral cross sections (ICSs) and DCSs for elas-
ic scattering of electrons from different polyatomic molecules, at

edium incident electron energies and higher scattering angles
bove 20◦.

The experimental results were therefore placed on an absolute
cale using absolute theoretical ICS. Absolute experimental DCSs
ere then derived “backwards” after scaling the experimental ICS.

uch scaling is easy to accomplish, because the shape of relative ICS
s similar to the theoretically calculated ICS.

Errors in the relative DCSs measured as a function of scatter-
ng angle include statistical errors (0.1–3%) evaluated according to
oisson’s distribution and short-term stability errors (1–5%), aris-
ng from measured discrepancies in repeated measurements at the
ame incident energy and scattering angle. The errors due to uncer-
ainties in the incident electron energy (3%) and true zero position
unction (0.5%) must also be taken into account. The final error must
lso include the uncertainty of the theoretical ICS value used for
alibration to the absolute scale including errors arising from the
CS extrapolation towards forward and backward scattering angles

nd numerical integration, these are estimated at some (20%), the
argest error in the present experiment.

T
t
d
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. Theoretical method

The present calculations of the electron molecular cross sections
re based on a corrected form of the independent-atom method
IAM), known as the SCAR (Screen Corrected Additivity Rule) pro-
edure. All the details for this procedure have been extensively
escribed in previous works [12,16], where it has been applied to
any other molecular species, so only a brief summary will be given

ere.
In the standard IAM approximation, the electron–molecule col-

ision is reduced to the problem of collision with individual atoms
y assuming that each atom of the molecule scatters independently
nd that redistribution of atomic electrons due to the molecu-
ar binding is unimportant. At low energies, where atomic cross
ections are not small compared to the interatomic distances in
he molecule, the IAM approximation fails because the atoms can
o longer be considered as independent scatterers and multiple
cattering within the molecule is no longer negligible. These correc-
ions have been shown to be important in many molecular systems
12,16–19].

It has been shown [12] that the energy range for which devia-
ions from the IAM approximation are relevant depends on the size
f the molecule: 10% or larger screening corrections take place for
2 and CO up to 200 eV, for CO2 up to 300 eV, and for benzene up

o 600 eV.
While the detailed considerations leading to the SCAR expres-

ions are somewhat involved, the final results are relatively simple.
n the first place, for integrated (elastic or inelastic) cross sections,
he usual additivity rule (AR) expressions are replaced by modified
nes:

elast =
∑

i

si�
elast
i and �inelast =

∑
i

si�
inelast
i . (1)

Here, we introduced screening coefficients (0 ≤ si ≤ 1) reduce
he contribution from each atom to the total cross section. Calcu-
he absolute errors (statistical, short-term stability, uncertainty of � and E0, uncer-
ainty of incident electron beam and transmission function) in the last significant
igits are given in parentheses.
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ig. 2. Angular dependence of absolute DCSs for elastic electron scattering from a
heory.

xpressions for si are [12,16]:

ε(1)
i

= 1,

ε(k)
i

= N − k + 1
N − 1

∑
j( /= i)

�jε
(k−1)
j

˛ij
(k = 2, . . . , N),

(2)
i = 1 − ε(2)
i

2!
+ ε(3)

i

3!
− ε(4)

i

4!
+ · · · ± ε(N)

i

N!
. (3)

here N stands for the number of atoms in the molecule, the j
ndex in sums

∑
j( /= i) runs over all the N atoms except the i one,
at different incident energies: (•) experiment; (– –) extrapolated experiment; (–)

ij = max(4�r2
ij

, �i, �j), and rij is the distance between centers of

toms i and j. The successive auxiliary ε(k)
i

contributions arise from

verlapping k-atoms and so only ε(2)
i

exists for diatomics.
Secondly, for the elastic differential cross section, instead of the

tandard form
d�elast

d˝
=

∑
i,j

fi(�)f ∗
j (�)

sin qrij

qrij
, (4)
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where, as usual, q = 2K sin �/2 is the momentum transfer and fi(�)
s the scattering amplitude for ith atom) now we have [16]

d�elast

d˝
∼= (1 − XS)

�elast − �D

4�
+

[
1 + XS

(
�elast

�D
− 1

)]
d�D

d˝
, (5)

here �D, d�D/d˝ and XS are defined by:

�D =
∑

i

s2
i �elast

i ,

d�D

d˝
=

∑
ij

sisjfi(�)f ∗
i (�)

sin qrij

qrij
,

(6)

S ≈
∫ 45◦

0
(d�D/d˝) sin � d�∫ 180◦

0
(d�D/d˝) sin � d�

. (7)

Expressions (5)–(7) result in [16] after an analysis of the angular
istribution including redispersion processes inside the molecule,
nd after some estimation on the relevance of these contributions.

It must be noted that only atomic spatial coordinates are nec-
ssary for the calculation, with no consideration of the molecular
ymmetry or bond type, so the procedure can be easily applied
o arbitrary species. Once the atomic cross sections and scatter-
ng amplitudes are known, the corrected molecular quantities are
irectly derived from Eqs. (1)–(3) and (5)–(7). Screening corrections
ecome significant only at low energies, resulting in a reduction of
otal values and a smoothing of maxima and minima in differential
ross sections.

The procedure used for calculation of the corresponding atomic
ross sections has been extensively described elsewhere [20–22],
o only a brief comment will be given here. For our purposes, the

lectron–atom interaction is represented by the approximate ab
nitio optical potential Vopt(r) = Vs(r) + Ve(r) + Vp(r) + iVa(r). Here,
s(r) is the static potential calculated by using the charge density
educed from Hartree–Fock atomic wave functions including rel-
tivistic corrections, Ve(r) the exchange potential for which the

able 2
alculated integral elastic and inelastic and total cross sections for electron scatter-

ng from alanine in units of a2
o as a function of incident energy (E0)

0 (eV) Elastic Absorption Total

1 281 0 281
1.5 265 0 265
2 251 0 251
3 219 0 219
4 199 0 199
5 188 0 188
7 174 0 174

10 160 0.205 161
15 141 09.49 150
20 120 26 146
30 90.2 49.7 140
40 75.8 57.3 133
50 66.8 59.1 126
60 60.4 59.1 119
70 55.6 58 114
80 51.8 56.5 108

100 45.9 53.6 99.6
150 36.9 46.7 83.6
200 31.4 41.4 72.8
300 24.8 33.8 58.7
400 20.8 28.7 49.5
500 18 25.1 43.1
700 14.3 20.1 34.4

1000 11.1 15.6 26.7
2000 6.41 9.07 15.5
3000 4.57 6.46 11
5000 2.94 4.16 7.09

10,000 1.59 2.24 3.83
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emi-classical energy-dependent formula derived by Riley and
ruhlar [23] is used, Vp(r) represents the target polarization poten-
ial in the form given by Zhang et al. [24], and finally the absorption
otential Va(r) accounting for inelastic processes is based on the
evised quasifree model [25].

For each atom, the corresponding radial scattering equation was
umerically integrated, and the resulting complex partial wave
hase shifts ıl were used to obtain the atomic scattering amplitudes
nd total cross sections [20–22]. In particular, the data used here
or C, H, O and N atoms are exactly the same as those used in refer-
nces [12,25]. For each atom, the total cross section resulting from
he optical theorem includes inelastic contributions arising from
he iVa(r) imaginary potential, while total elastic cross section is
btained by integrating the differential elastic values. Total inelas-
ic cross sections are the difference between total and integrated
lastic values.

While it is difficult to estimate the accuracy of the calculated dif-
erential cross sections, errors are not expected to be larger than 25%
n the 50–500 eV energy range for 30–120◦angles. This is supported
y the observed agreement of this kind of calculation with experi-
ental results for molecules of similar size to alanine (CF4 and C3F8

n [16], or benzene, C6F6and C4H8O tetrahydrofuran in [26]).

. Results and discussion

Absolute experimental DCSs as a function of the scattering angle
ave been obtained in 10◦ steps up to 150◦ and from 30◦ for 20 eV,
0◦ for 40 and 60 eV and 10◦ for 80 eV incident electron ener-
ies. At low energies, DCSs cross section could not be measured at
mall scattering angles due to the influence of the primary elec-
ron beam. These relative angular dependences were converted
o relative DCSs by introducing effective path-length correction
actors. These correction factors account for the effective volume
hanges and were determined using the paper by Brinkmann and
rajmar [27] for effusive molecular beams using large total scatter-
ng cross sections, the present aspect ratio of the nozzle and with
one-defining apertures that ensured that no vignetting occurred.
xtrapolation of experimental points toward zero scattering angle
as made using the calculated angular dependences, but with grad-
ally diminishing calculated DCS values according to the observed
eviation from angles smaller than 40◦.

Our results are presented in Table 1 and DCSs presented at
elected incident energies in Fig. 2. In general, our theoretical
esults agree very well with the experiment in the shape of the DCS
or all the measured energies. However, some deviations between
alculated DCSs and experiment occur for scattering angles smaller
han 40◦ although these become less pronounced as impact energy
ncreases.

In Table 2 and Fig. 3, the present calculated integral elastic,
nelastic and total cross sections for electron scattering from alanine
re shown. It is interesting to compare the absolute elastic cross sec-
ions of alanine with those of other smaller organic systems such as
etrahydrofuran and tetrahydrofurfuryl alcohol. Recent measure-

ents of elastic differential cross sections for THFA [5] molecule
how that the cross sections are similar both in shape and absolute
alue. The same holds for the comparison between cross sec-
ions for alanine and THF molecule. The absolute values at 20 eV
mpact energy are almost identical in the range of scattering angles
etween 40◦ and 90◦, while for smaller and larger angles the DCSs

or THF are larger than those for alanine for a factor of 2. At higher
mpact energies, the DCSs for alanine are smaller than those for
HF by a factor of 1.4–1.3 (at 50◦), while at the highest investi-
ated energy of 80 eV and scattering angles from 100◦ to 140◦ the
resent cross sections are smaller by a factor of 1.65. This behaviour
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The strongly forward peaked calculated DCSs for alanine lead to
n overestimation of the integral cross sections if they are derived
rom integration formula:

elast = 2�

∫ �

0

d�

d˝
sin � d�. (8)

Therefore, the angular dependence at small scattering angles
hould be closely looked at in the future.

. Conclusion

Elastic scattering of electrons from alanine has been investi-
ated both experimentally and theoretically. The measurements
ere performed using a cross-beam experiment for incident

lectron energies between 20 and 80 eV and scattering angles from
0◦ to 150◦. Absolute cross sections were derived by normalising
o theoretical results. These calculations were based on a corrected
orm of the independent-atom method, known as the Screen Cor-
ected Additivity Rule procedure, using an approximate ab initio
odel potential known as the quasifree absorption model, which

s improved to correct for many-body effects and nonionization
rocesses.
The shape of the present experimental DCSs for elastic scattering
rom alanine, is very well reproduced by the present calculations.
herefore, at least over the angular range from about 40◦ to 150◦,
he latter can be used for reasonable and fast estimation of the DCSs
or elastic scattering of electrons by alanine.
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Lett. 403 (2005) 107.
[8] Y.V. Vasil’ev, B.J. Figard, V.G. Voinov, D.F. Barofsky, J. Am. Chem. Soc. 128 (2006)

5506.
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