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Abstract Backscattering of gamma photons from a mate-

rial is of fundamental importance in radiation shielding,

industrial and medical applications, radiation dosimetry,

and non-destructive testing. In Compton scattering, inci-

dent photons undergo multiple scatterings within the

material (target) before exiting. Gamma photons continue

to soften in energy as the number of scatterings increases in

a thick target; in other words, the energy of gamma photons

decreases as the scatterings increase in case of a thick

target and results in the generation of singly and multiply

scattered events. In this work, the energy distribution of

backscattered gamma photons with backscattering intensity

and energy probabilities were calculated by using the

Monte Carlo method for metallic, biological, and shielding

materials with various thicknesses of slab geometry. The

materials under study were targeted with gamma photons

of 0.279, 0.662, 1.250, and 2.100 MeV energies. In addi-

tion, the energy distributions of multiply scattered gamma

photons were studied for materials with infinite geometry.

The results are presented and discussed in detail by com-

paring with other Monte Carlo calculations.
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1 Introduction

Radiation–matter interaction studies have increased

rapidly in various fields such as nuclear and radiation

physics, industrial, medical, engineering, and environ-

mental applications. Theoretical and experimental studies

on the interaction of gamma radiation with matter are of

significant importance, especially to understand the

mechanism of the detection and slowing down of gamma

photons in applications of nuclear physics [1–9].

Backscattering of gamma rays is a problem of fundamental

importance in radiation shielding, dosimetry, and non-de-

structive testing of samples. Such studies have been con-

ducted by several authors [10, 11].

In Compton scattering experiments, the incident photon

undergoes a number of scatterings within a thick material

before it exits. These multiple scatterings of photons act as

a background in Compton scattering studies. The energy

distribution in a multiply scattered spectrum is much

broader than that of a singly scattered one. An analogue

Monte Carlo code was developed to simulate the

backscattering of photons in materials with various

incoming energies. In this work, systematical calculations

of energy distributions and backscattered probabilities for

different media with various thicknesses of materials and

energy ranges were performed using the Monte Carlo code.

The simulation technique is based mainly on Compton

scattering. This work aimed to obtain the energy distribu-

tion of multiply backscattered events followed by the

interactions of photons with thick targets, using the Monte

Carlo simulation. The distributions of backscattered pho-

tons after several scatterings in the materials are useful for

applications in radiation shielding.
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2 Theoretical methods

In this work, the photoelectric absorption and Compton

scattering (incoherent) cross sections of gamma photons

were acquired from XCOM database developed by Berger

et al. [12]. A continuous expression for the attenuation

coefficients (l = lpho ? lcom) was obtained in the range

10 keV–5 MeV and expressed as a simple power expan-

sion of the form

l ðcm�1Þ ¼ e

P5

i¼1

pi lnðTÞi�1

: ð1Þ

The fittings were carried out using the logarithm of T (energy),

and l points and pi are the parameters of photoelectric and

incoherent attenuation coefficients for each material. An

exampleof this fitting is shown inFig. 1 for bone as a biological

material. The photoelectric interaction attenuation coefficients

have two different values that correspond to K and L atomic

energy levels of the constituting atoms. These discontinuities in

the energy levels of atoms were taken into account for fitting.

We used Ozmutlu’s sampling algorithm [13] based on

the acceptance–rejection method with an envelope rejec-

tion function for sampling the angular distribution in

Compton scattering from Klein–Nishina differential scat-

tering cross section [14–17].

In this work, a Monte Carlo code was written to provide

insight into gamma ray backscattering, and simulation

results for the energy distributions and the backscattered

probabilities of gamma photons with various energies

multiply backscattered from various targets are presented.

As is usual for detailed Monte Carlo calculations, a gamma

photon is represented by its energy, position coordinate

h; ;ð Þ, and direction cosines relative to some frame of

reference. These quantities are chosen as randomly gen-

erated parameters with the selection of the processes (one

of photoelectric or Compton) when an interaction occurs.

The algorithm provides the energy distribution of

backscattered photons after several scatterings in the

materials. Materials such as lead, concrete, and water were

chosen as scatterers due to the increasing interest in radi-

ation dosimetry, radiation shielding, and detection, and

slowing down of gamma photons. The results were

obtained using two different geometries of the mate-

rial:infinite and slab geometries. The slab geometry used in

the simulations is as shown in Fig. 2.

They were tracked within the material until they

backscattered or slowed down below 10 keV. Typically,

tens of thousands of photon trajectories need to be tracked

to produce a statistically reasonable backscattering rate for

Fig. 1 Attenuation coefficients as a function of photon energies for

bone material

Fig. 2 Scheme of multiple scattering in a material for slab geometry

Fig. 3 Energy distributions of multiple Compton scattering in infinite

metallic materials
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a given incident energy. The time required to compute the

multiple trajectories heavily depends on the initial energy

of photons and targeted materials.

3 Results and discussion

Monte Carlo simulations of the energy distribution of

photons for elemental solids and biological and shielding

materials were reported for the incident mono-energetic

photon beams of 0.279, 0.662, 1.250, and 2.100 MeV. The

energy distributions of backscattered photons for various

thicknesses of aluminum, copper, zinc, silver, tin, gold,

lead, water, bone, and concrete materials were calculated.

For infinite material geometry, the multiple scattered

photons are calculated for the energy distributions, which

are found to be very similar to each other for different

energies and materials. For all materials, the energy dis-

tributions initially increase and reach a maximum value;

thereafter, they decrease rapidly with increasing photon

energy. Since the energy distributions occur in a small

energy region, a semi-logarithmic graph is drawn. Figure 3

shows the energy distributions of multiple scattered pho-

tons for elemental solids with infinite geometries at

0.662 MeV.

The backscattering energy distributions of gamma

photons were calculated for different materials and incident

photon energy with slab geometry. The mechanism of

Fig. 4 Energy distributions of backscattered photons in 20 cm

thickness for Zn, Ag, Sn, and Au at 1.25 and 2.1 MeV

Fig. 5 Energy distributions of backscattered photons in water, bone,

and concrete at 0.279 MeV energy

Fig. 6 Dependence of backscattered energy distribution on concrete

thicknesses at 0.662 MeV the photon energy

Fig. 7 Comparison of energy distributions of backscattered photons

for 0.279 and 0.662 MeV energies in concrete
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interaction depends on the type of particle, energy, and

density and, especially, the number of protons in the

medium. The results are shown in Fig. 4 for zinc, silver,

tin, and gold metallic materials with a constant thickness of

20 cm. The backscattering energy distributions show sim-

ilar course for zinc, silver, and tin. They have two clear

peaks at the same energy values of 0.05 and 0.25 MeV. It is

considerable that the energy distributions of photons scat-

tered backward from the various materials show peaks at

approximately 0.25 MeV in the working energy range. We

can call this a sudden jumping peak, and it is caused by

only one Compton scattering in the material. On the other

hand, the first peak is seen as a shoulder for gold. The

second maximum of the backscattering energy

distributions occurs at a different energy value compared to

the other materials, probably due to a larger number of

protons in gold. The inset of Fig. 4 shows the backscat-

tering energy distributions for the same materials at a

constant thickness for 2.1 MeV energy of incident gamma

photon. The backscattering energy distributions exhibit

nearly the same behavior for these incident energies. Over

0.5 MeV, they go to almost zero for all materials as shown

in the Fig. 4. These results indicated that the backscattering

energy distributions weaken as the medium atomic number

increases due to Compton interactions. In other words, at

the same energy value, as the atomic number of the med-

ium increases, the number of backscattered photons

Fig. 8 Energy distributions of backscattered photons in a lead, concrete, and water; and b water, muscle, and bone for 0.662 MeV (Akar et al.’s

work compared to work carried out in the present study)
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decreases due to an increase in the photoelectric interaction

cross sections.

The backscattering energy distributions of the gamma

photons were calculated for biological and shielding

materials. The results are shown in Fig. 5 for bone, water,

and concrete, where bone and water are selected as bio-

logical materials and concrete as a shielding material. The

thicknesses of these materials are fixed at 35 cm and tar-

geted with incident gamma photons of 0.279 MeV.

The variation of multiply scattered events under

backscattered energy peak as a function of target thickness

of the concrete medium is shown in Fig. 6 for 0.662 MeV

energy. The energy distributions of backscattering gamma

rays vary depending on the decrease in their probability of

going forward as the thickness increases. As the thickness

of the concrete increases, the first peak increases more

rapidly compared to the second peak. In addition, the

energy position of the first peak shifts toward the low

energy value. On the other hand, the second peak position

remains unchanged.

The backscattered energy distribution of concrete med-

ium at a fixed thickness for two gamma photons with dif-

ferent energies is shown in Fig. 7. The peak positions of

the backscattered photons are shifted to higher energies as

the incident photon energy increases. Although the peak

intensity of the second peak remains nearly constant, the

intensity of the first peak increases for higher photon

energies.

There are only a few reports presented in literature on

the study of energy distributions of multiple backscattered

photons in materials with the same geometry, as investi-

gated in this work [18, 19]. Akar et al. work followed the

gamma photons with 0.662 MeV, the incident energy in

biological and shielding materials with the thickness of five

mean-free paths using the Monte Carlo method. The energy

distributions of the backscattered photons acquired from

Ref. [18] are shown in Fig. 8a, b with our results for

comparison for the same media, thicknesses, and energies.

The simulation results were found to be in good agreement.

The sudden jumping peaks appearing because of the single

Compton scattering are also noted in Fig. 8.

The experimental and theoretical studies in the literature

[20–24] concerning the energy distribution of photons that

reach the detector system after several successive Compton

scatterings in the target observed similar trends in the rel-

evant energy spectrums.

The backscattering intensity and energy probabilities are

calculated for the backscattered gamma photons from dif-

ferent materials with various thicknesses. Typically, results

are obtained for metallic, biological, and shielding mate-

rials. Figure 9 shows the calculated backscattering proba-

bilities for photons entering into aluminum and gold

materials as a function of thickness. The number of

backscattered photons decreases with increasing density of

the medium. In addition, the backscattering probabilities

and energy rates (the ratio of the backscattered energy to

the total incident photon energy as a percentage) remained

almost constant for each material with a certain value of

thickness. In other words, after a particular thickness,

called saturation thickness, multiple backscattered photons

are nearly constant in the target material.

4 Conclusion

In this research, we present a simple and considerably

successful model based on the Monte Carlo simulation for

the description of scattering events and penetration profile

of gamma photons in metallic, biological, and shielding

materials for energies ranging a few hundreds of keV. The

scattering processes include only Compton scattering. We

observed an increase in the multiple backscattered photons

with an increase in the target thickness. After a particular

thickness, called saturation thickness, the number of mul-

tiple backscattered photons becomes nearly constant in the

target material.

In all energy distributions, with the increase in the

material density, the number of backscattered photons with

low energies decreases. Therefore, the photoelectric effect

is the dominant photon interaction process in the lower

energy region. Additionally, this process depends heavily

on the physical properties of the interacting material.

The results were compared with other theoretical data

for different photon energies. It was realized that this

simple Monte Carlo approach can be applied to the theo-

retical backscattering description of gamma photons. It can

Fig. 9 Backscattering probability versus the thickness for aluminum

and gold materials
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also be used efficiently to simulate the experimental con-

ditions in nuclear applications. The energy distributions of

transmitted photons from metallic, biological, and shield-

ing materials with various thicknesses are under

investigation.
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