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Abstract

Whole-atom Compton scattering cross-sections are evaluated for selected biological elements in the energy region from 1 to 4 keV and
from 5 keV to 10 MeV, for the other elements. These cross-sections were calculated within the non-relativistic impulse approximation.
The Compton profiles utilized here were taken from the tables of Biggs et al. Total cross-section for fixed incident photon energy were
obtained by summing the sub-shell contributions.
� 2007 Elsevier B.V. All rights reserved.
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1. Introduction

Of all the possible types of keV photons with matter,
photoelectric effect, Rayleigh and Compton scattering are
important in the X-ray region for medical and biological
applications. In all these cases, the photons interacting with
the sample and reaching the detector contribute to back-
ground. Among these interactions the Compton scattering
is usually the most significant one.

Compton scattering is produced by the interaction of a
photon with a electron usually assumed to be initially at
rest and free. The probability of a Compton interaction is
described by the Klein–Nishina formula [1]. The Compton
0168-583X/$ - see front matter � 2007 Elsevier B.V. All rights reserved.
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scattered photon energy is Doppler broadened by the pre-
collision motion of the bound electron. It is necessary to
take this binding effect into account when carrying out a
precise simulation of low energy transport. Due to the elec-
tron binding effect, a part of the broadened spectrum is
suppressed and results in a reduction in the total Compton
scattering cross-section. A modification of the angular dis-
tribution is obtained by integrating the broadened spec-
trum of the scattered photon energy; the reduced total
Compton scattering cross-section is obtained by integrat-
ing the modified angular distribution of the Compton scat-
tered photon. Compton scattering of X-ray photons is a
potential tool for the determination of bone mineral con-
tent or tissue density for dose planning purposes and
requires knowledge of the energy distribution of the X-rays
scattered through various biological materials of medical
interest in the X-ray region. Compton scattering causes
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inner shell ionization similar to photoelectric absorption.
This type of scattering cross-section will also be used in
other branches of physics, in which the momentum distri-
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Fig. 1. (a)–(i). Variation of the whole-atom Compton scattering cross-section w
and from 5 keV to 10 MeV for the other elements up to U.
bution of electrons in atoms, molecules and condensed
matter are studied. For example, close to excitation thresh-
olds and in situations of small scattering angles one should
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ith energy, for few biological elements in the energy region from 1 to 4 keV
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expect deviations from simple impulse approximation in
the form of many-body effects and final state effects such
as in extended X-ray absorption fine structure.

In view of above, we evaluated the whole-atom Comp-
ton scattering cross-sections for selected biological ele-
ments in the energy region from 1 keV to 4 keV and from
5 keV to 10 MeV, up to U. These cross-sections are calcu-
lated within the non-relativistic impulse approximation,
utilizing the tabulated values of the Compton profile [2].
The shape of the profile is sensitive to the valencies of the
electrons in the atoms and can also give some information
about molecular structure. Although it is used to determine
the electron momentum distributions in condensed matter
physics, little attention is focused for its use in medical
applications. For example, most biological and phantom
materials of medical interest contain varying proportions
of the biological elements. It is an attempt to know the
effect of Doppler broadening for single atoms, many of
which constitute the biological materials. One particular
area of interest for these values is in Monte Carlo simula-
tion of photon transport in applications of medical physics.
Further, to generate the tables of whole-atom Compton
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Fig. 1 (con
scattering cross-sections and cross-sections for the individ-
ual shells for the elements covering a wide range of ener-
gies. X-ray absorption coefficients of light elements (H,
C, N and O and many of these constitute the soft-tissue)
are extremely small. This type of new table is not available
in the literature and will be useful for comparison, compi-
lation and simulation purposes for medical and biological
applications [3,4].

2. Theoretical methods

The Compton equation assumes that the collision elec-
tron is initially unbound and at rest. However, in a real
material, the momenta of the bound electrons give rise to
a range of possible

d2r=dX0 dx2 ¼ ðr2
0=2Þmðx2=x1Þððx2

1 þ x2
2 � 2x1x2

� cosðhÞÞ0:5Þ�1X ðx1=x2 þ x2=x1

� sin2ðhÞÞJ iðpzÞ ð1Þ

energies x2 for fixed x1 and angle h, which is refered to as
Doppler broadening. The impulse approximation gives
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double differential scattering cross-section for scattering at
an angle h per solid angle dX 0 and dx2. In this equation, r0

is the classical electron radius, x1 and x2 are incident and
the scattered photon energies for an electron at rest in keV,
h is the scattering angle, Ji (pz) is the Compton profile of an
electron in the ith shell and pz is the projection of the recoil
electron momentum on the scattering vector, which bisects
the incident and scattered photon vectors. The value of pz

and x2 are evaluated using the following expressions.

P z ¼ x1x2ð1� cosðhÞÞ � mðx1 � x2Þ
½ðx2

1 þ x2
2 � 2x1x2 cosðhÞÞ0:5��1 ð2Þ

xc
2 ¼ x1½1þ ðx1=m0c2Þð1� cosðhÞÞ��1 ð3Þ

The whole-atom differential scattering cross-sections
including the number of electrons in the individual shells
is evaluated using the following relation

d2r=dX0 dx0 ¼
X

Niðd2r=dX0 dx0Þi ð4Þ

where Ni is the number of electrons in the isth shell.

3. Results

Theoretical scattering cross-sections estimated with the
use of Eqs. (1)–(4) are displayed in Fig. 1. Whole-atom
Compton scattering cross-sections for selected biological
elements in the energy region from 1 to 4 keV are presented
in Fig. 1(a) and for the other elements, up to U, in the
energy region 5–10 MeV are presented in Figs. 1(b)–(i).
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