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Abstract The aim of this study was to determine the
attenuation of gamma and X-rays with different energies
caused by passage through different materials. To this end,
different materials with a range of atomic numbers were
chosen to measure gamma and X-ray attenuation coeffi-
cients and to explore the mechanisms of interaction of
gamma and X-rays with matter of various kinds. It is
shown that the attenuation coefficients first decrease and
then increase with increase in the radiation (photon)
energy. The attenuation of gamma and X-rays passing
through materials with high atomic number is greater than
that in materials with low atomic number. The attenuation
minimum is related to the atomic number of the irradiated
materials. The larger the atomic number is, the lower the
energy corresponding to attenuation minimum is. Photo-
electric and Compton effects are the main processes when
gamma rays pass through individual materials with high
and low atomic numbers, respectively. Therefore, for
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radiotherapy and radiation protection, different methods
should be considered and selected for the use of gamma
and X-rays of different energies for use in different
materials.
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1 Introduction

The measurement of gamma and X-ray attenuation
coefficients is very important in applied science. This
knowledge is invaluable in many fields, such as industry
and agriculture [1], and it is especially important in
radiotherapy [2-5] and for radiation protection [6—10]. For
radiotherapy, generally gamma rays and X-rays are used.
X-rays are produced using the bremsstrahlung method,
which involves electron beams hitting a target material
with high atomic number. Owing to their strong pass-
through characteristic, gamma and X-rays have been
developed for use in Gamma Khnife and X-ray radiation
machines for the treatment of tumor cells with non-inva-
sive therapy [11, 12]. However, during the therapy proce-
dure, when these rays pass through normal tissues, they
also kill normal cells in the irradiated region [13, 14].
Moreover, gamma and X-rays with different energies are
used for different tissues. It is very important to know how
to use these rays effectively and safely [15, 16].

When photons interact with the atoms in matter, the
major processes that occur are the photoelectric effect,
Compton effect, and pair production [17, 18]. The photons
that interact with the atoms in matter are absorbed or
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scattered and have their energies changed and trajectories
deflected from their original directions. Probabilities are
denoted by cross section to describe these three effects.
When gamma and X-rays pass through matter, their
intensity weakens, and this process is represented by [19]

I = Iye oM, (1)

Here, Iy and I are the intensity of gamma and X-rays before
and after passing through matter, respectively. N and x are
the atomic numbers per unit area and thickness of the
matter, respectively. o,N = p is the linear attenuation
coefficient. ¢, is the sum of the cross sections of the
photoelectric effect, Compton effect, and pair production.
Then, I = Ipe™*, where the unit of x is cm and the unit of u
(p/A)N A, p is related to the
matter density p. The term A is the atomic mass number of
a material and N is Avogadro’s number.

For u research, several studies were performed [20-22]
to investigate the correlation of y with beam width, matter
shape, etc. Some u were measured to study the properties
of new materials, such as the effect of antimony oxide [23],
the application of low- and high-energy photons [24], and
shielding against gamma and X-rays [25]. Similarly, it was
found that some new materials have the potential to reduce
gamma and X-rays better than lead does and could be used
as shielding materials. Transparent and non-toxic forms of
glass may replace the common radiation shielding concrete
and lead-based commercial glass used for gamma ray
shielding applications [26]. Some Al-based glassy alloys
were found to be good materials for shielding from gamma
radiation [27]. Some newly developed materials were
explored to verify their potential as gamma ray shielding
by calculating their radiation attenuation coeffi-
cients [28, 29]. The mass attenuation coefficients of soil
and sediment samples were measured in studies of soil
properties for agricultural uses of gamma rays with ener-
gies from 46.5 to 1332 keV [30, 31]. Moreover, some
fruits were studied under different storage times and
physiological conditions to explore the absorption of dif-
ferent food components [32]. The studies above were
mainly focused on investigation of the radiation properties
of new materials and their use for gamma ray shielding.
The application of u to medical physics still needs to be
explored. It is well known that the cross sections of the
photoelectric, Compton, and pairs effects change with the
gamma/X-ray energy and the atomic number of the matter;
hence, u also changes with them. However, how the change
occurs needs to be explored. In this paper, we introduce the
results of a study on the attenuation of gamma and X-rays
with different energies in different materials, especially
two kinds of materials particularly applicable for
radiotherapy.

is cm~!. This is because N =
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This paper is organized as follows. Section 2 describes
the experimental procedure. The data analysis and discus-
sions are presented in Sect. 3. The summary is given in
Sect. 4

2 Experiment

A schematic diagram of the experimental setup is shown
in Fig. 1. It was composed of radioactive sources, Nal (T1)
scintillation detector, high-voltage power module, spec-
troscopy amplifier, multi-channel analyzer (MCA), and
computer and absorption equipment. The radioactive
sources included 37Cs, ©°Co, %2Na, 3*Ba, and '>2Eu,
which produce gamma rays in the energy range
54-1408 keV. The absorption pieces included Pb, Cu, Fe,
Al, RW3 solid water (PTW, Germany), and poly-methyl
methacrylate (PMMA) materials. The last two materials are
equivalents of human tissue and are used to simulate
human tissues in radiotherapy. The detector, sources, and
materials were placed in a lead box to decrease the back-
ground. A collimator and a slit, respectively, were placed
in front of the radioactive sources so that the detector can
obtain a parallel beam and decrease the scattering counts.
The gamma rays produced by radioactive sources passed
through these pieces and interacted with matter. When high
voltage power provides high voltage to a Nal(Tl) detector,
the detector outputs the signals. The energies of the gamma
rays passing through matter were converted into photons in
the crystal and then converted to electrical signals in a
photomultiplier tube in the detector. Then, the signals were
amplified by a spectroscopy amplifier, imported into the
MCA module, and transformed by A/D conversion. This
module was connected to a computer; hence, the final
results are indicated on a computer interface, e.g., energy
spectra are obtained.

High-energy X-rays were produced by Varian Clincal
I1X5230 and Elekta Synergy linear accelerator of People’s
Liberation Army (PLA) General Hospital in Beijing. In the
medical electron linear accelerator, electrons were pro-
duced by an electron gun and then accelerated by allowing
them to interact with microwaves in a microwave-
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Fig. 1 Schematic of the experimental setup
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accelerated waveguide tube. Then, in a deflection magnetic
field, these electrons were aligned to form an electron beam
and emitted from an electron window to hit a tungsten
metal target. This produced a large number of high-energy
X-rays. In this experiment, electron beams with 6 MeV,
10 MeV, 15 MeV, and 18 MeV were selected.

The high-energy X-rays passed though the absorption
pieces and interacted with matter. The X-rays passing
though the pieces irradiated EBT3, which is a special film
that responds based on the radiation cross-linking effect.
This causes discoloration (clouding) of the plastics and
reflects the dose received. When different doses of X-rays
irradiated the EBT3, the film darkness was different: The
larger the X-ray dose, the darker the film was. After X-ray
irradiation, the film was scanned using a commercial flat-
bed scanner. This caused the degree of irradiation recorded
in the film to be transformed into a grayscale image.
Therefore, the larger the dose of X-ray irradiation of the
film was, and the larger the grayscale of the scanned image
was. The dose-grayscale calibration curve of the film was
obtained by measuring the grayscale of the film corre-
sponding to the known dose of X-rays and making a
polynomial fit, as shown in Fig. 2. Thus, it was possible to
determine the dose of the X-rays that passed though the
matter using the grayscale image from the film. Moreover,
when the X-rays passed through the matter, the X-ray dose
was weakened, which is represented by

D= Doef*”‘. (2)
Here, Dy and D are the doses of X-rays before and after

they passed through the matter, respectively. The term x is
the thickness of the absorption pieces.
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Fig. 2 Experimental data and curve of the grayscale with absorption
dose. The grayscale has no unit
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3 Results and discussion

The energy spectra of gamma rays from a %Co
radioactive source on Pb and RW3 solid water pieces are
shown in Fig. 3. Excluding a wide peak for background at
lower energies, it is observed from Fig. 3a that the peaks
can be clearly observed at higher energies. However, in
Fig. 3b, the counts have a smoothly continuous distribu-
tion; thus, no peaks were observed at higher energies.
Gamma rays passing through materials with high atomic
number readily cause the photoelectric effect and for
materials with low atomic number, gamma rays readily
cause the Compton effect [33]. The lead and RW3 solid
water pieces are materials with high and low atomic
numbers, respectively. Therefore, for the lead piece, pho-
toelectric peaks can be observed, and for RW3 solid water
piece, the Compton effect produced scattered gamma rays
with continuous energies. Finally, when gamma rays
interact with different materials, the three kinds of effects
make different contributions.

Under the same experimental conditions, the gamma ray
intensity is proportional to the gamma ray count N, hence
N = Noe ™, thus

InN =1nNy — px. (3)

The absolute value of the slope of this line is u. For
experimental data, we only plot the function In N with the
variable x, then fit it to a linear function to obtain u. A
sample of this process is shown in Fig. 4 for the Pb and Al
pieces. Here, the statistical error is considered, which was
about 0.6-1.5%. Using the same method for high-energy
X-rays by measuring the absorption dose after entering
different materials with different thickness, the p values
were obtained.

According to the above method, we obtained the u
values of six types of materials with different gamma ray
energies, which are shown in Fig. 5. As seen from Fig. 5,
the attenuation coefficients decreased with increase in the
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Fig. 3 Energy spectra of gamma rays from “’Co radioactive sources
that passed through a Pb and b RW3 solid water pieces
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Fig. 4 Plots of the attenuation curves of the Pb and Al pieces. The
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Fig. 5 u values of different materials in relation to gamma ray energy

gamma ray energy from 100 keV to several MeV. How-
ever, when the gamma ray energy was less than 100 keV,
the u of the Pb material significantly decreased at 80 keV
owing to the resonance absorption of gamma rays. The u of
Cu, Fe, and Al materials also showed significant decrease
at 50 keV. Moreover, the u of Pb, Cu, Fe, Al, RW3 solid
water, and PMMA materials decreased sequentially with
decrease in the atomic number of those materials. It is
shown that the p value depends on the gamma ray energy.
In the present range of the gamma energy, the p value
decreases with increase in the gamma ray energy. More-
over, u is related to the density and atomic number of
matter. The attenuation of gamma rays in materials with
high atomic number is greater than that in materials with
low atomic number.

The p values of six types of materials with high-energy
X-rays are indicated in Fig. 6a, together with the data from
Fig. 5. We can see that in connection with the trend of u
values of different materials for gamma rays, the different
trends of six types of materials are observed for high-en-
ergy X-rays. On the whole, with increase in the photon
energy, the u values show a decreasing trend. Thus, the
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Fig. 6 p values of different materials with gamma ray and high-
energy X-ray energy. a Experimental data and b simulation results

attenuation coefficient depends on the photon energy.
When the energy is more than 15 MeV, all the u values
increase; moreover, those of Pb and Cu increase more
quickly. When the energies are less than 15 MeV and more
than 2 MeV for Pb, the u values first decrease, then
increase and decrease again. For Cu, Fe, and Al, the u
values first increase and then decrease. However, the val-
ues of Cu increase and decrease most quickly. The ones for
Al increase and decrease most slowly. The u values of Fe
lie between those of Cu and Al. For RW3 solid water and
PMMA, the p values do not change much and remain
nearly constant. According to the comparison, the u values
first decrease with increase in photon energies and tend to
one minimum, then increase with increase in the photon
energy. The p values of Pb decrease most quickly and those
of RW3 solid water and PMMA decrease most slowly. For
Pb, the y minimum tends toward lower energy; however,
for Al, RW3 solid water, and PMMA, the y minimum tends
to higher energy. Thus, at g, the minimum corresponding
photon energy is related to the atomic number of the
material. The corresponding photon energy tends to be
lower with increase in the atomic number of the material.
Owing to the existence of the 4 minimum, there are gamma
and X-ray components that are not easily attenuated; these
are called the hard components of gamma and X-rays.
These parts appear near the p minimum. In regards to
shielding and protection, these hard components are not
beneficial.

To further verify the above conclusion, a Monte Carlo
simulation (GEANT4 toolkit [34] with version 10.5) was
performed to calculate the attenuation coefficient of the six
types of materials discussed previously. To obtain the
attenuation coefficients, we simulated the process in which
gamma rays and high-energy X-rays with different energies
passed through the six types of material. The absorption
pieces were cuboids of fixed length and width, but with
different thickness (similar to the absorption pieces used in
the experiment). The point radioactive source and a fixed
number of photons were used in the simulation. In a three-
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dimensional coordinate space, the radioactive source was
set as the center of mass of the absorption pieces. The
thickness, length, and width of the absorption piece were
along the X, Y, and Z directions, respectively. The
radioactive source was located at a point on the X-axis. The
position of the point was fixed and sufficiently far from the
radioactive source. Therefore, the radioactive source was
always outside the absorption pieces when the thickness of
the absorption pieces increased. Then, we input one type of
material and the photon energy that we had measured, and
then, we changed the thickness of the absorption pieces.
The number of photons passing through the absorption
pieces was counted. After we determined the number of
photons, we calculated the attenuation coefficient using the
method shown in Fig. 4.

The calculation results are shown in Fig. 6b. We can see
that the trends of the calculations are consistent with those
of the experimental data for the p values of gamma rays
and high-energy X-rays on different materials. First, the u
values of different materials decrease with increase in the
energy. After the p values tend to a minimum, they then
begin to increase with increase in energy until they reach
20 MeV. The larger the atomic number is, the lower the
energy corresponding to attenuation coefficient minimum
is. When the photon energy is more than 20 MeV, the u
values of Pb, Cu, Fe, Al, RW3 solid water, and PMMA
materials decrease sequentially with decrease in atomic
number. However, the p value did not change significantly
for every material. It is shown that the attenuation coeffi-
cients depend on the energy of rays and atomic number of
materials, which is consistent with the experimental con-
clusions. Thus, the simulation results supported the
experimental conclusions.

4 Summary

On the basis of the above results, it was shown that the
attenuation coefficients of gamma rays and high-energy
X-rays for different materials depend on the photon energy
and atomic numbers of the materials. The larger the atomic
number of a material, the more quickly the attenuation of
gamma and X-ray intensity decreased. The attenuation of
gamma and X-rays in materials with high atomic number
was greater than that in materials with low atomic number.
When the photon energy was more than 2 MeV and less
than 15 MeV, the attenuation first increased and then
decreased with increase in the photon energy. Thus, an
attenuation minimum exists. The corresponding photon
energy was related to the atomic number of the material.
The larger the atomic number was, the lower the energy
corresponding to attenuation minimum was. For protection
from gamma and X-rays, materials including nuclear

elements with high atomic number should generally be
selected. The hard components in the gamma and X-rays
should be diminished. For gamma rays in the energy ranges
of several hundred keV to 1 MeV, the photoelectric and
Compton effects are the main processes of gamma rays in
individual materials with high and low atomic numbers.
The gamma and X-ray energy produced different effects. In
the fields of gamma and X-ray therapy and protection,
different methods should be considered and selected for
gamma and X-rays with different energies in different
materials.
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