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Abstract The intensity and number of transmitted multi-

ple scattered photons are calculated for 0.123, 0.320, 0.511,

0.662, and 1.115 MeV gamma photons normally incident

on slabs of carbon, aluminum, iron, copper, water, muscle,

bone, and concrete with thicknesses varying from 1 to 10

mean free paths. The dependence of the transmission

probability and energy distribution on the incident energy

and material are examined. In general, the obtained results

show good agreement with the other values calculated by

the Monte Carlo method.
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1 Introduction

Moment method, successive scatterings, and Monte

Carlo method are widely used in investigating the pene-

tration and diffusion of scattered gamma photons in

materials [1–8]. The Monte Carlo method is the most

effective one to follow the penetration of gamma photons

through material. Understanding the interactions of ioniz-

ing radiation with matter is important for several fields,

particularly those dealing with detection of gamma pho-

tons, radiation protection, and measurement. The main

processes of interaction of gamma rays with matter are the

photoeffect, both in its photoelectric and photonuclear

forms, Compton scattering, and electron positron pair

production. To a minor extent, photofission, Rayleigh

scattering, and Thomson scattering also occur. Each of

these processes emerges in different forms. Different types

of scattering can occur depending on the quantum–me-

chanical properties of the gamma photons. Electron posi-

tron pairs can be formed in the field of a nucleus and in that

of an electron [9]. The photoelectric can knock out atomic

electrons, whereas the photonuclear reaction would knock

out elementary particles from the nucleus [10].

In this work, simple algorithms for the simulation of the

passage of gamma photons in different mediums and

incident energies are proposed. The present calculations are

chosen arbitrarily at 0.123 (Eu154), 0.320 (Cr51), 0.511

(Cu64, Ga68, As74), 0.662 (Cs137/Ba137m), and 1.115 (Zn65,

Ni65) MeV incident photon energies to achieve a range

from low to medium energy range [11]. Since the upper

limit of incoming photon energy is 1.115 MeV, the main

physical processes associated with the transport of gamma

photons through matter are incoherent Compton scattering

(or inelastic scattering) and the photoelectric effect. In the

energy range of about 1 MeV, incoherent scattering of

photons with atom is the most dominant process in which

the energy of photons is transferred to the electron. At

smaller energies, the photons are also expected to interact

with atom through the photoelectric absorption process. In

both processes, the energy of photons is transferred to

electrons within a very short distance in comparison with

the mean free path of the gamma photons [12].

For the basic gamma photon scattering interactions,

more detailed and precise experimental information, in

particular the energy distribution of transmitted and

backscattered photons, is required to establish the validity

of existing theories. This work is aimed to obtain the
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energy distribution of transmitted events following the

interactions of photons with materials using Monte Carlo

simulation. In our previous work, only backscattering

probabilities for gamma photons entering normally into

materials and their backscattered energy distributions have

been considered. An analog Monte Carlo program has been

developed to simulate the backscattering of photons for

different mediums with infinite slab geometries. The

detailed description of the physical ingredients involved in

this code has been reported in a previous work [13]. The

code can be used in a wide range of energy for many

different materials. Now, it has been modified to calculate

the transmission probabilities and the energy distributions

with the same physical assumptions made in a previous

work. Therefore, the details of this calculation can be found

in a paper by Aydın [13].

2 Theoretical methods

In this work, the photoelectric absorption and Compton

scattering (incoherent) cross sections of gamma photons

were taken from XCOM database developed by Berger

et al. [14]. An algorithm for the transport of gamma pho-

tons in a medium for simple and relatively easy geometries,

like a layer with infinite parallel faces, can be developed

(i.e., photons are normally incident on a finitely thick slab

of infinite extent with plane parallel faces). For simplicity,

we assume that the medium consists of a single material.

The simulation of the random processes is carried out by a

Monte Carlo method. The quantities of q (random number)

and the position coordinate (h, Ø) are chosen as randomly

generated parameters with the selection of the processes

(photoelectric or Compton) when an interaction occurs. A

gamma photon propagates inside the medium until either it

is absorbed by the photoelectric effect or leaves the med-

ium, that is, until the position of the next randomly gen-

erated interaction occurs outside the medium. We used the

acceptance–rejection method for sampling the angular

distribution in Compton scattering from the Klein–Nishina

differential scattering cross section [15, 16].

Monte Carlo simulation is used to determine photon

transmission probabilities and their energy distributions

and examine their dependence on material thickness. In the

Monte Carlo simulation, the trajectory of each photon is

followed until (1) it comes back and emerges from the

surface (counted as backscattered), or (2) it is transmitted

and emerges from the other side of the solid target (counted

as transmitted). The computer program is written to cal-

culate the intensity and number of multiple scattered

photons. The photons in the infinite slab mediums are

followed until their transmission or energies are below

10 keV. The photon simulation is continued until a maxi-

mum number of one million histories have taken place. The

Fig. 1 The energy distributions

of transmitted photons in

4 9 mfp and 5 9 mfp

thicknesses C, Al, Fe, and Cu at

0.511 and 0.662 MeV energies,

respectively
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program can be used for the phenomenology of the inter-

action of gamma rays in matter. Namely, the dependence

on the material properties and energy can be easily tested.

All the calculations have been performed by a Turbo Basic

compiler. The computing time for a typical run is a few s,

or min, to follow one million histories on an Intel Core i5-

based (2.4 GHz) PC.

3 Results and discussion

Monte Carlo simulations of energy distribution of pho-

tons for elemental solids and biological and shielding

materials are reported for the incident mono-energetic

photon beams of 0.123, 0.320, 0.511, 0.662, and

1.115 MeV. Thicknesses varying from 1 to 10 mean free

paths have been studied to examine the behavior of photons

in different thickness materials. The energy distributions of

transmitted photons with slab geometry for various thick-

nesses of carbon, aluminum, iron, copper, gold, water,

bone, and concrete materials were calculated. The mech-

anism of interaction depends on type of particle, energy,

density, and especially atomic number of the medium or, in

case of compounds like concrete [17], bone [17], and

muscle [17], the average atomic number.

The thicknesses of carbon, aluminum, iron, and copper

slabs are chosen at about five mean free paths (5 9 mfp)

for 0.662 MeV energy, and the results are shown in Fig. 1.

The inset of Fig. 1 shows the transmission energy distri-

butions for the same materials with different thicknesses

and incident energies. As shown in Fig. 1, the energy

distributions of photons are similar.

The energy distributions of the transmitted gamma

photons for various thicknesses of biological and shielding

materials were calculated. The results are shown in Fig. 2

for water and concrete which are selected as biological and

shielding materials, respectively. The thicknesses of these

materials fixed at eight mean free paths (8 9 mfp) are

targeted with the incident photon energy of 0.320 MeV.

The energy distribution of gamma photons was compared

for water and concrete materials at the same thickness and

energy value. As shown in Fig. 2, the energy distribution of

the transmitted photons in the water material is weaker than

that of concrete.

Fig. 2 The energy distributions of transmitted photons in 8 9 mfp

thickness water and concrete at 0.320 MeV energy

Fig. 3 The energy distributions of transmitted gamma photons for

aluminum of various thicknesses at 0.123 MeV energy

Fig. 4 Comparisons of the energy distribution of transmitted photons

in muscle for 0.511 and 1.115 MeV energies at 45 cm thickness
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The variation of multiple scattered events under trans-

mitted energy peak as a function of target thickness of the

aluminum medium is shown in Fig. 3 for 0.123 MeV

energy. The first distribution increases more rapidly com-

pared to the second and third ones. In other words, as the

thickness of aluminum increases, the number of transmitted

photons decreases and the position of peak is shifting

toward the left.

The energy distributions of the transmitted gamma

photons in muscle medium at fixed thickness for two dif-

ferent energies are shown in Fig. 4. The peak positions of

the transmitted number of photons are slightly shifted to

higher energies, and the intensity of the peak increases as

the incident photons energy increases.

Although there are many experimental studies on energy

and intensity distributions of multiple scattering photons in

the literature [18–23], there is only one work [19] reported

with the same geometry as investigated in this work.

Gamma photons with 0.662 MeV incident energy were

followed in shielding materials and biological samples with

the thickness of 5 9 mfp by the Monte Carlo method [19].

The energy distributions of the transmitted photons were

calculated for the same mediums, thickness, and energy.

The obtained results are shown in Fig. 5a–c. The com-

parison of Akar et al.’s work [19] results was made to avoid

confusion for separate muscle, concrete, and bone medi-

ums. As shown in Fig. 5, the obtained energy distributions

show small difference with Akar et al.

The transmission probability (transmitted total photon

number/total photon number) is calculated for the trans-

mitted gamma photons from different materials with vari-

ous energies and thicknesses. Figure 6 and the inset of

Fig. 6 show the transmission probabilities for the incident

photon energy of 0.511 MeV for various mediums as a

function of thicknesses.

In addition, the energy transferred to electrons in various

mediums with infinite slab geometry is also calculated. The

energy is deposited in the medium at a certain distance

from the point where the photon interacts. The quantity of

absorbed energy is of interest in radiotherapy and radio-

biology. Our simulation program, unlike Akar et al.’s work,

determines the energy transferred to electrons (deposited

energy) at the target thickness. Akar et al.’s simulation

work [19] determines the energy that is deposited at any

interaction depth of the target media. Figure 7 shows the

ratios of the deposited energy to the total incident photon

energy (as percentage) as a function of thickness. In our

work, the deposited energy of 0.662 MeV impinging on

various targets was found to be different from Akar et al.’s

work. As shown in Fig. 7, the percentage of deposited

energy by the photons decreases with increasing the

mediums thickness.

Fig. 5 The distributions of the number of transmitted photons versus

energy in a water, muscle, and bone (muscle Akar et al.’s work),

b lead, concrete, and water (concrete Akar et al.’s work), c muscle,

bone, and concrete (bone Akar et al.’s work [19])
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Furthermore, the ratios of the transmitted total energy to

the incident photon energy (E/Eo) are calculated for the

materials with different thicknesses and shown in Fig. 8a.

Figure 8b shows the dependence of transmitted energy

ratios on atomic numbers for 0.320 and 1.115 MeV photon

energies. The changes in transmitted energy rates are seen

to depend on the incident photon energies and materials.

The transmitted energy ratios decrease due to the Compton

scattering cross sections decreasing with increasing atom

number of the medium.

4 Conclusion

In summary, a Monte Carlo simulation based on

Compton scattering is used for gamma photons impinging

on elemental, shielding, and biological targets in order to

investigate the photon transmission probability and energy

distribution. A comparatively simple model for the

description of scattering events of gamma photons in var-

ious materials for about 1 MeV energy region is presented.

The photon trajectories are modeled as random walks

keeping the ingredients simple for the calculation of the

energy distributions and probabilities in infinite slab

materials. The calculation provides the energy distributions

of transmitted photons before they hit the detectors. The

results are compared with other theoretical data for the

Fig. 6 Transmission

probabilities versus the

thicknesses for various

materials at 0.511 MeV photon

energy

Fig. 7 Distribution of the deposited energy percentage versus the

thickness for concrete, water, muscle, and bone
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different photon energies and demonstrated that this simple

Monte Carlo code can easily be applied to the theoretical

description of transmitted gamma photons. The energy

distributions indicate almost the same behavior for working

incident energies and elements. These results concerning

the theoretical energy distributions of transmitted gamma

photons for materials of various thicknesses are useful for

radiation protection and measurement radiation studies. In

the future, studies can be performed with different ener-

gies, elements, and compounds of some biomedically

important elements and geometries.
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