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a b s t r a c t

The aim of this work was to develop a method to correct the absorbed radiation (the mass attenuation
coefficient curve) in low energy (E < 30 keV) applied to a biological matrix based on the Rayleigh to
Compton scattering ratio and the effective atomic number. For calibration, scattering measurements
were performed on standard samples of radiation produced by a gamma-ray source of 241Am
(59.54 keV) also applied to certified biological samples of milk powder, hay powder and bovine liver
(NIST 1557B). In addition, six methods of effective atomic number determination were used as described
in literature to determinate the Rayleigh to Compton scattering ratio (R/C), in order to calculate the mass
attenuation coefficient. The results obtained by the proposed method were compared with those
obtained using the transmission method. The experimental results were in good agreement with trans-
mission values suggesting that the method to correct radiation absorption presented in this paper is ade-
quate for biological samples.

� 2012 Elsevier B.V. All rights reserved.

1. Introduction

The mass attenuation coefficient (l/q) is an important parame-
ter that describes the interaction of high-energy electromagnetic
radiation with matter through photoelectric absorption, Compton
scattering, Rayleigh scattering and pair production. For photon
energies below 1 MeV the major interaction processes considered
are incoherent (Compton) scattering, coherent (Rayleigh) scatter-
ing and photoelectric absorption.

The knowledge of mass attenuation coefficients of X-ray and
gamma photons in biological material is of significant interest for
industrial, biological, agriculture and medical applications such
as dosimetry, radiography and computerized tomography [1,2].

The mass attenuation coefficient provides a wide variety of
information about fundamental properties of matter in the atomic
and molecular level. It measures the interaction probability of inci-
dent photons in matter per mass and area unit [2]. Several studies
in literature seek accurate measurements of the mass attenuation
coefficient of building materials [3,4], metal alloys, mineral sam-
ples [5,6], and biological samples such as bone, muscle and fat [7].

Experimental techniques to obtain the mass attenuation
coefficient basically use the measure of the attenuation of the

transmitted beam and the density of the sample. This method is
called transmission method in this paper and is the direct applica-
tion of the Beer–Lambert equation. However, biological samples
with small thickness attenuate the transmitted beam very little
and the application of transmission techniques is not possible. An
alternative for this experimental limitation could be the study of
the radiation scattered by the sample to characterize the mass
attenuation coefficient.

The measurement of the Rayleigh to Compton scattering ratio
(R/C) between peaks produced by the sample is an alternative to
the transmission method. Some works in literature use this tech-
nique for scattering tomography [8,9] and the determination of
effective atomic number [10–12].

The parameter ‘‘effective atomic number’’ helps visualizing
many physical characteristics of a material with a single number.
The effective atomic number is a useful mean for the interpretation
of the attenuation of X-ray or gamma radiation by a complex med-
ium such as a biological tissue. Studies on the interaction of low
energy photons with biological samples are especially important
for X-ray fluorescence and X-ray diffraction.

The method presented in this paper is based on the assumption
that the radiation absorption by the sample can be represented by
a power function of the energy E of the incident radiation on a
biological matrix (6 6 Z 6 15 and E < 30 keV). This study proposes
the development of a method for the determination of mass atten-
uation coefficients in samples with low atomic number based on
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Rayleigh to Compton scattering ratio and the effective atomic
number.

2. Theorical considerations

In the interaction of low-energy photons with firmly bound
electrons, it may occur that the atom absorbs all the backtracking
and the photon practically loses no energy, simply changing its
direction. This kind of interaction is called coherent, elastic or Ray-
leigh scattering. The direction of the scattered photons after Ray-
leigh interaction process is predominantly with low scattering
angles [13]. The scattering of electrons bound to the atom is done
correcting the Thomson cross section for the free electron, consid-
ering the interference possibility of scattered radiation. This cor-
rection appears as a Fourier transform of the charge density,
known as form factor [14]:

dr
dX

� �
R
¼ dr

dX

� �
Th
� ½Fðx; ZÞ�2 ð1Þ

where Z is the atomic number and x is the momentum transfer.
Unlike Rayleigh scattering, the Compton scattering, or incoher-

ent, occurs from the interaction between a photon and a free elec-
tron. In this process the photon is completely absorbed. The result
of this interaction is the emergence of another photon scattered in
a different direction from the original photon. The photon transfers
energy and momentum to the electron [15]. The Compton cross
section is given by:

dr
dX

� �
C

¼ dr
dX

� �
KN
� ½Sðx; ZÞ� ð2Þ

where KN refers to Klein–Nishina cross section for a free electron at
rest, while the incoherent scattering function S(x,Z) corrects the fact
that the electron is actually bound to an atom in movement.

Rayleigh and Compton scatterings are functions of the parame-
ters form factor F(x,Z) and the scattering function S(x,Z), which de-
pend on the momentum transfer x and on the atomic number.
Thus, for a given momentum transfer, functions S and F depend
only on the atomic number.

For mixtures, the cross section ratio depends only on the effec-
tive atomic number Zeff, which is a complicated function of the
atomic number of each component present in the sample [18].
Therefore, knowing the Rayleigh to Compton scattering ratio, it is
possible to obtain the radiation absorption curve for a specific type
of sample.

2.1. Attenuation coefficient

When a beam of gamma radiation is focused on a material of
thickness D, a fraction of the beam is absorbed by the material.
The intensity of the beam that emerges is a function of the inten-
sity I0 of the incident beam, the Beer–Lambert law, which is valid
for a monoenergetic radiation beam [15]:

I ¼ I0 � e�lm �q�D ð3Þ

where lm is called the mass attenuation coefficient and q repre-
sents the density of the medium.

For biological matrixes or low atomic number materials
(6 6 Z 6 15) and low energies (E < 30 keV) the mass attenuation
coefficient lm can be represented by a power function of energy
E of the incident radiation through the expression:

lm ¼ AEB ð4Þ

where A and B are constants.
Applying natural logarithm on both sides of Eq. (4):

lnðlmÞ ¼ lnðAÞ þ B lnðEÞ ð5Þ

Eq. (5) is a linear function between ln (l) and ln (E). So, con-
stants A and B can be obtained by a simple linear regression
analysis.

The XCOM database was used to obtain the mass absorption
coefficients of the samples. XCOM is a widely used program that
calculates photon cross sections for scattering, photoelectric
absorption and pair production, as well as total attenuation coeffi-
cients, in any element, compound or mixture, in an energy range
from 1 keV to 100 GeV [16].

The transmission method used in this study consists in experi-
mentally determining the mass attenuation coefficient through the
Beer–Lambert law. This method was applied for the energies 13.95,
17.74, 22.12 and 26.36 keV.

2.2. Determination of effective atomic number

It is possible to use reference samples with well defined compo-
sition to obtain the curve that expresses the relation between R/C
and Zeff of reference samples, which is then used to determine Zeff

of an unknown sample. Recent studies show that there is not a well
defined relation to calculate the effective atomic number Zeff of a
composite material. Therefore, there are different approaches to
calculate the effective atomic number of a sample composed of
several elements.

Six methods for determining the effective atomic number were
found in literature and are described below:

2.2.1. Method I
In the first method, Harding et al. [17] assumes that the Ray-

leigh to Compton scattering ratio is a power function of the effec-
tive atomic number:

R ¼ K � ðZeff ÞA ð6Þ

where K represents the ratio between Thomson and Klein–Nishina
cross sections and A is a power of Zeff. We can assume that the Ray-
leigh and Compton scatterings are proportional to Z3 and Z, respec-
tively [18]. Thus, the equation of the effective atomic number can be
written as:

Zeff ¼
P

wi=Aið Þ � Z3
i

wi=Aið Þ � Zi

" #1=2

ð7Þ

2.2.2. Method II
The method proposed by Duvauchelle et al. [19] uses the atomic

form factor F(x,Z) and the incoherent scattering function S(x,Z),
that depend on the atomic number and on the momentum transfer
x. For each value of momentum transfer there is a discrete function
fx that provides the value of Z as a function of F2/S.

Z ¼ f D
x F2=S
� �

ð8Þ

For a sample composed of various elements, it is possible as-
sume that the fx functions are continuous so that the Zeff value
can be calculated through the following equation:

Zeff ¼ fx

P
aat

i � ½Fðx; ZiÞ�2P
aat

i � Sðx; ZiÞ

" #
ð9Þ

Zeff ¼ fx F2=S
� �

eff

h i
ð10Þ

Equation fx can be obtained through an appropriate curve. In
this way the value of Zeff can be determined from the value of
(F2/S)eff of the sample in consideration.
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