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Background: Heat energy produced in nuclear reactors and nuclear fuel cycle facilities interac-
tions modifies the physical properties of the shielding materials containing water content. 
Therefore, in the present paper, effect of the heat on shielding effectiveness of the concretes is 
investigated for gamma and neutron. The mass attenuation coefficients, effective atomic num-
bers, fast neutron removal cross-section and exposure buildup factors. 

Materials and Methods: The mass attenuation coefficients, effective atomic numbers, fast 
neutron removal cross-section and exposure buildup factors of ordinary and heavy concretes 
were investigated using NIST data of XCOM program and Geometric Progression method.

Results and Discussion: The improvement in shielding effectiveness for photon and reduction 
in fast neutron for ordinary concrete was observed. The change in the neutron shielding effec-
tiveness was insignificant. 

Conclusion: The present investigation on interaction of gamma and neutron radiation would 
be very useful for assessment of shielding efficiency of the concrete used in high temperature ap-
plications such as reactors.
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Introduction

Wide varieties of radiation shielding materials are being used in nuclear technology 

for exposure control of occupational radiation workers. The shielding materials are be-

ing chosen based on the requirements, application, feasibility, type of radiation, cost, 

availability, etc. Concrete is one of the most suitable shielding materials in view of cost 

effective, easily available, easy fabrication of different densities for stopping both the 

gamma and neutron. The concrete has combination of low- as well as high atomic 

number elements (H, C, O, S, Ca, Fe) to reduce gamma as well as neutron radiations, 

which is the most necessary for a nuclear facility. The aggregates increase the density 

of concrete which results in improvement of shielding efficiency [1-3]. The density is 

mass of constituent elements per unit volume i. e. increase in density signifies large 

number of target atom for interaction with incoming radiation. 

The concrete is being used for biological shielding of the reactor core and other ap-

plications for exposure control. Thermal energy is transferred to the concrete from di-

rectly from reactor core as well as radiation interacting with it. Exposure of the concrete 
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with thermal energy modifies physical properties as a result 

of which elemental composition of the concrete vary. Due 

envisagement of thermal energy transfers to the biological 

shielding, the concrete is being cooled by flowing water in 

contact with it to reduce the temperature. However, the heat 

transferred to the concrete induces thermal expansion, de-

fects in addition to dehydration of concretes. These effects of 

heat transferred into the concrete alter chemical composi-

tions of the concrete [4]. Modification in chemical composi-

tion due to dehydration of the concrete changes the shield-

ing effectiveness of the concrete used in the nuclear facility. 

Therefore, it is very essential to have knowledge of effect of 

heat on shielding properties for the concretes. Few studies 

are available for investigation of some parameters of con-

cretes under different heat treatment conditions [4]. Howev-

er, comprehensive investigation on shielding properties of 

the concretes for heat treatment is not available in literature. 

This has encouraged our group for investigation of shielding 

properties of the concretes. This is first attempt to investigate 

the gamma and neutron shielding parameters of a material 

under the heat treatment as an external influencing agent for 

shielding efficiency.

The aim of present study is to investigate shielding effec-

tiveness of heat treated ordinary and high density concretes 

for gamma and neutron radiations. In present study, shield-

ing parameters viz. mass attenuation coefficients, effective 

atomic numbers, fast neutron removal cross-section and ex-

posure buildup factors were computed [3, 5-7]. The mass at-

tenuation coefficients using XCOM program were also com-

pared with MCNPX simulation results. The results of the 

present investigation would be very useful for proper deci-

sion of the concrete shielding for use in high temperature 

applications.  

 

Materials and Methods

The concrete samples for the present investigation are or-

dinary concrete (density: 2.3 g/cm3) and high density con-

crete (density: 3.6 g/cm3). These samples were heated up to 

120°C to investigate the effect of heat on shielding properties. 

Elemental compositions of the concretes before and after the 

heat treatment are given in Table 1 [4]. It is to be noted that 

the chemical compositions of the concrete before and after 

heat treatment change at large extend. These variations in 

chemical composition lead to alteration of shielding proper-

ties.

1. MCNPX code
Nowadays, it is becoming very popular to investigate the 

shielding properties of a material by using the Monte Carlo 

method. Gamma ray transmission method based on calcu-

lating the photon attenuation for a material is applied for 

evaluation of shielding. Thus, we have applied Monte Carlo 

N-Particle Transport Code System-extended (MCNPX) ver-

sion 2.4.0 of Los Alamos national lab (Los Alamos, NM) for 

investigation of mass attenuation coefficients of investigated 

concrete samples. MCNPX is a Monte Carlo code for simula-

tion of radiation interactions at wide energy range. MCNPX 

is fully three-dimensional and it operates extended nuclear 

cross section libraries and uses certain physics models for 

different particle types. MCNPX is a major and powerful 

code for photon attenuation and energy deposition studies. 

The mass attenuation coefficients for the concrete samples 

have been calculated for both conditions before and after 

heating. Similar to the present study, various simulation 

studies using MCNPX for different radiation applications are 

found in the literature [8-12]. Simulation parameters such as 

cell specifications, surface specifications, material specifica-

tions and position determinations of each simulation tools 

have been defined in input file according to the experimental 

set-up as shown in Figure 1.

In this study, material features have been employed twice. 

In the first case, elemental mass fractions and density was 

taken into consideration for the situation before the heating. 

Secondly, the same calculation has been done for the situa-

tion after the heating. In this study, gamma ray sources with 

various energies were considered as a point isotropic source. 

The source has been defined in the mode card of MCNPX 

Table 1. Elemental Composition of Ordinary and High Density Con-
cretes before and after Heat Treatment

Elements

Ordinary concrete 
(2,300 kg/m3)

High density concrete 
(3,600 kg/m3)

Before HT After HT Before HT After HT

Si 15.95 19.46 2.57 2.3
Ca 19.28 22.25 8.63 8.84
Al 1.853 1.99 0.714 0.572
Fe 3.81 4.35 52.16 53.42
Mg 1.7 2.26 1.33 1.42
S 0.46 0.46 0.23 0.24
Na 0.89 1.54 0.21 0.15
K 0.79 0.8 0.094 0.084
P 0.03 0.06 0.0021 0.002
H 4.55 2.51 3.74 2
O 50.6 44.35 31 31
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(4)

Where, Ai is the atomic weight of the sample, ni is a num-

ber of formula units. The mass attenuation coefficient of ele-

ments is taken from National Institute of Standards and 

Technology (NIST) using XCOM program.1) The XCOM pro-

gram provides mass attenuation coefficient of elements for 

gamma energy 1 keV to 100 GeV and using these data the 

mass attenuation coefficients of compounds or composites 

have been computed. 

2) Effective atomic numbers

Effective atomic cross section, σa, were calculated using 

the following equation [13]:

(5)

Total electronic cross section, σe, has been calculated by:

(6)

where fi indicates to the fractional abundance of the ele-

ment i and Zi the atomic number of the constituent element. 

The effective atomic numbers (Zeff) is related to σa and σe 

through the following equation:

 (7)

3) Exposure buildup factors

Exposure buildup factor (EBF) values and the Geometric 

Progression (GP) fitting parameters of the concrete samples 

were computed by method of logarithmic interpolation us-

ing the equivalent atomic number (Zeq). The computational 

work of these parameters is divided in three steps as;

1. Calculation of equivalent atomic number

2. Calculation of GP fitting parameters

3. Calculation of buildup factors

Zeq, is a parameter which describes the concretes proper-

ties in terms of equivalent elements similar to atomic num-

ber for a single element. Since interaction processes (photo-

electric effect, Compton scattering and pair production) of 

gamma ray with matter are energy dependent, therefore Zeq 

for the concretes varies according with energy and types of 

input file as a point isotropic source at photon energies of 1, 

2, 3, 4, 5, 6, 7, and 8 MeV. The absorbed dose amount in the 

detection field have been obtained by using the average flux 

tally F4 has been employed. This type of tally in MCNPX 

scores average flux in a point or cell. In addition, 108 particles 

have been tracked as the number of particle (NPS variable). 

MCNPX calculations were done by using Intel® CoreTM i7 

CPU 2.80 GHz computer hardware.  During the simulation 

study, the relative error rate has been observed less than 1% 

of the output file.

2. Theoretical estimation
1) Mass attenuation coefficients

When a beam of monochromatic gamma ray is attenuated 

on matter according to Lambert-Beer law:

(1)

Where, I0 and I are the incident and transmitted photon 

intensities, respectively, μ (cm-1) represents linear attenua-

tion coefficient of the material and t (cm) is the thickness of 

the target material. Rearrangement of Equation 1 yields the 

following equation for the linear attenuation coefficient: 

(2)

Considering density for gamma interaction, the mass at-

tenuation coefficient is defined and is calculated using the 

following equation.

(3)

Where, wi is the weight fraction, (µ/ρ) is the mass attenua-

tion coefficient of the material, µm is mass attenuation coeffi-

cient of element. The wi can be defined as follows: 

1)  Berger MJ, Hubbell JH, Seltzer SM, Chang J, Coursey JS, Sukumar R, Zucker DS, Olsen K. XCOM: photon cross sections database, NIST standard reference da-
tabase (XGAM); 2010. Available at http://www.nist.gov/pml/data/xcom/index.cfm.

Fig. 1. Experimental set-up for simulation of mass attenuation coef-
ficients of concretes.
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concrete. The photoelectric absorption and pair production 

are complete removal and removal and regeneration pro-

cesses, therefore the buildup of photons in the concrete 

samples is mainly due to multiple scattering events by 

Compton scattering, so that Zeq is derived from the Compton 

scattering interaction process to understand buildup phe-

nomenon.

The Zeq, for each concrete sample is estimated by the ratio 

of (µ/ρ) Compton / (µ/ρ) Total, at a specific energy. Thus first the 

Compton partial mass attenuation coefficient, (µ/ρ) Compton 

and the total mass attenuation coefficients, (µ/ρ) Total are for 

the concrete samples in the energy region 0.015 to 15 MeV 

using XCOM [13]. The logarithmic interpolation of Zeq is em-

ployed by formula [14]

 
(8)

where Z1 and Z2 are the atomic numbers corresponding to 

the ratios R1 and R2 respectively.2) R is the ratio, (µ/ρ) Compton / 

(µ/ρ) Total at specific energy and the ratio (µ/ρ) Compton / (µ/ρ) Total 

for Zeq lies between two successive ratios. 

The GP fitting parameters are calculated in the similar 

fashion of logarithmic interpolation procedure for Zeq. The 

GP fitting parameters for the elements were taken from the 

ANS, 1991 standard reference database.3)

Third and final step is buildup factors estimation by GP fit-

ting parameters (b, c, a, Xk, and d) in the photon energy range 

of 0.015 to 15 MeV up to a 40 mfp by equations [15, 16] as 

(9)

 
(10)

(11)

for penetration depth (x) ≤  40 mfp

where X is the source-detector distance in terms of mfp 

and b is the value of the EBF at 1 mfp, K (E, x) is the dose mul-

tiplicative factor, and b, c, a, XK, and d are computed GP fitting 

parameters which depends on the attenuating medium and 

source energy. The Zeq of the concretes is given in Table 3.

4) Macroscopic effective neutron removal cross-section

The effective removal cross-section for fast neutron (2-12 

MeV) for compounds and homogenous mixtures may be 

calculated by mixture rule.4) The effective linear removal 

cross-section ΣR ( = ∑iρi × (ΣR/ρ)i) in unit of cm-1 where ρi is 

partial density of the element of the concrete sample. The 

values obtained for ΣR/ρ by above equation are accurate 

within 10% of the experimental values investigated for alu-

minum, beryllium, graphite, hydrogen, iron, lead, oxygen, 

boron carbide etc.5) The ΣR/ρ values of elements have been 

taken from Kaplan and Chilton.6,7) 

2) Maron MJ. Numerical analysis: a Practical approach. 2nd Ed. New York, NY. Macmillan Publishing Co., Inc., 1987.
3)  Trubey DK, Eisenhauer CM, Foderaro A, Gopinath DV, Harima Y, Hubbell JH, Shure K, Su S. Gamma Ray Attenuation Coefficient and Buildup Factors for Engineer-

ing Materials. American Nuclear Society. ANSI/ANS-6.4.3, 1991.
4) Wood J. Computational methods in reactor shielding. New York, NY. Pergamon Press Ltd., 1982.
5) Samuel G, Alexander S.Nuclear reactor engineering, 4 (Vol.I). [Edition No.].Delhi, India. CBC Publishers & Distributors, 2004.
6) Kaplan MF. Concrete radiation shielding. New York, NY. Longman Scientific & Technical, 1989.
7) Chilton AB, Shultis JK, Richards EF. Principle of radiation shielding. Englewood Cliffs, NJ. Prentice-Hall, 1984.

Table 2. Mass Attenuation Coefficients of Ordinary and High Density Concretes before and after Heat Treatment Using MCNP Simulation and 
XCOM

Energy 
  (MeV)

Ordinary concrete High density concrete 

Before HT After HT Before HT After HT

MCNPX XCOM MCNPX XCOM MCNPX XCOM MCNPX XCOM

1 0.06535 0.06635 0.06413 0.06502 0.06347 0.06407 0.06144 0.06294
2 0.04552 0.04659 0.04452 0.04571 0.04442 0.04523 0.04217 0.04446
3 0.03696 0.03797 0.03630 0.03737 0.03628 0.03751 0.03508 0.03694
4 0.03187 0.03314 0.03143 0.03273 0.03286 0.03340 0.03131 0.03298
5 0.02857 0.03007 0.02874 0.02981 0.02922 0.03094 0.02922 0.03061
6 0.02665 0.02799 0.02648 0.02786 0.02806 0.02937 0.02794 0.02912
7 0.02535 0.02652 0.02522 0.02648 0.02767 0.02833 0.02728 0.02815
8 0.02413 0.02542 0.02430 0.02547 0.02628 0.02763 0.02653 0.02750



24 www.jrpr.org

Singh VP, et al.

https://doi.org/10.14407/jrpr.2018.43.1.20

JRPR

Results and Discussion
The mass attenuation coefficients, effective atomic num-

bers, neutron removal cross-sections and exposure buildup 

factors for ordinary and high density concrete samples are 

shown in Figures 2-5. The mass attenuation coefficients for 

the ordinary and high density concrete samples simulated 

using MCNPX are given in Table 2. 

1. Mass attenuation coefficients
In Figure 2, mass attenuation coefficient (µ/ρ) values of the 

concrete samples are shown for photon energy rage 1 keV to 

100 GeV. The large variation of µ/ρ values of the concrete 

samples is to be observed and it is divided in three parts as 

low (E< 100 keV), medium (100 keV< E< 3 MeV) and high-

energy (E > 3 MeV) regions. The ordinary concrete sample 

are showing lesser µ/ρ values than high density concrete 

sample because ordinary concrete contains lesser composi-

tion of high atomic number elements. The variation in low 

energy region is very sharp increase and decrease of the co-

efficients with increase in energy. The variation in explained 

by photo electric effect where interaction cross-section is de-

pendent upon photon energy and atomic number as Z4-5/

E7/2. The variation in medium energy region is explained by 

Compton scattering where interaction cross-section is ap-

proximately independent upon photon energy and depend 

Table 3. Equivalent Atomic Numbers of Ordinary and High Density 
Concretes before and after Heat Treatment

Energy 
  (MeV)

Ordinary concrete High density concrete

Before HT After HT Before HT After HT

0.015 13.83 14.53 20.28 20.70
0.02 14.05 14.77 20.56 20.94
0.03 14.28 14.97 20.86 21.21
0.04 14.43 15.10 21.03 21.37
0.05 14.53 15.19 21.15 21.48
0.06 14.60 15.27 21.25 21.57
0.08 14.70 15.36 21.38 21.69
0.1 14.77 15.42 21.46 21.76
0.15 14.88 15.51 21.58 21.88
0.2 14.95 15.57 21.64 21.94
0.3 15.02 15.63 21.72 22.02
0.4 15.06 15.67 21.76 22.05
0.5 15.09 15.69 21.79 22.07
0.6 15.09 15.70 21.80 22.09
0.8 15.09 15.71 21.82 22.10
1 15.09 15.71 21.82 22.10
1.5 12.49 13.50 19.85 20.51
2 11.74 12.77 18.28 18.93
3 11.54 12.57 17.73 18.42
4 11.47 12.51 17.57 18.27
5 11.45 12.49 17.50 18.18
6 11.44 12.47 17.46 18.13
8 11.42 12.46 17.41 18.09
10 11.41 12.45 17.38 18.06
15 11.39 12.43 17.35 18.02

µ/
ρ  

(c
m

2 /g
)

104

109

102

101

100

10-1

10-2

Photon Energy (MeV)

 10-3 10-2 10-1 100 101 102 103 104 105

Ord. Cont. (Before HT)

Ord. Cont. (After HT)

High Dent. Cont. (Before HT)

High Dent. Cont. (After HT)

Fig. 2. Mass attenuation coefficients of ordinary and high density concretes before and after heat treatment.
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upon atomic number only. In high energy range, the varia-

tion of µ/ρ values is due to dependency of interaction cross-

section as Z2. The µ/ρ values for few selected energies were 

computed using MCNPX, compared with XCOM and given 

in Table 2. It can be noted that the µ/ρ values using MCNPX 

are comparable with NIST using XCOM program. Here it is 

concluded that the MCNPX is capable of simulation for radi-

ation interaction in presence of external interfering agent.

It is to be noted that the µ/ρ values for the ordinary and 

high density concretes are lesser before heat treatment and 

increases after the heat treatment. It can be concluded that 

the heat treatment marginally increases shielding effective-

ness.

2. Effective atomic numbers
In Figure 3, the effective atomic number (Zeff) of the con-

crete samples is shown for photon energy rage 1 keV to 100 

GeV. The variation of Zeff with photon energy is similar to the 

µ/ρ values, therefore it can be explained by photoelectric ef-

fect, Compton scattering and pair production interaction 

processes.

It is to be noted that the Zeff for the ordinary and high den-

sity concretes are lesser before heat treatment and increases 

after the heat treatment. Therefore, it concluded that the 

heat treatment marginally increases shielding effectiveness 

for the concrete samples.

3.  Macroscopic effective neutron removal  
cross-section

Figure 4, neutron removal cross-section for the ordinary 

and high density concretes are shown before and after heat 

treatment. It is to be noted that fast neutron removal cross-

section for the ordinary concrete reduces significantly after 

heat treatment, whereas insignificant change for the high 

density concrete. 

The low atomic number elements are dominant conscien-

tious for shielding of fast neutrons (2-12 MeV). Therefore, 
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Fig. 3. Effective atomic numbers of ordinary and high density concretes before and after heat treatment.

Fig. 4. Fast neutron removal cross-section of ordinary and high 
density concretes before and after heat treatment.
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significant reduction of chemical composition of low atomic 

number elements (H and O) after heat treatment (see Table 

1) is major reason for large variation of ΣR value for ordinary 

concrete sample. At same time the variation in chemical 

compositions of heavy concrete samples are insignificant, 

which results in unnoticed change of ΣR value.

4. Exposure buildup factors
The variation of exposure buildup factor (EBF) of the con-

crete samples with photon energy at different mean free 

paths before and after heat treatment is shown in Figure 5. It 

is observed that the EBF for the concrete samples are small 

in low- and high-energy regions and highest in intermediate 

medium energy region for both the conditions of before and 

after heat treatment. 

The reasons for such variation of EBF can be explained by 

basic interaction processes i.e. photoelectric effect, Compton 

scattering and pair production [3, 6, 17]. The EBF values in 

photoelectric absorption regions are found to be lowest be-

cause the after interaction of photon with material, photon 

completely removes whereas in case of high energy region 

the high energy photon ( > 1.022 MeV) removes completely 

from interaction process and convert into positron and elec-

tron. The positron annihilates with electron at rest to gener-

ate two photons of lower energy (0.511 MeV). These lower 

energy photons follow multiple scattering processes for in-

teraction and increase the EBF value in high energy region. 

In intermediate energy region, photon follows multiple in-

teractions to increase buildup of photon in this region. The 

explanation for variation of exposure buildup factors with 

photon energy, chemical composition and thickness can be 

found elsewhere in various literatures.

The change in EBF due to heat treatment is shown in Fig-

ure 6 by ratio of EBF before to after treatment. It is observed 

that the EBF decrease in low-energy and increases in high-

energy region, whereas roughly constant in medium-energy 

Fig. 5. Exposure buildup factors of ordinary and high density concretes before and after heat treatment (A) 5 mfp (B) 10 mfp (C) 20 mfp (D) 
40 mfp.
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Fig. 6. Ratio of exposure buildup factors for before to after heat treatment for (A) ordinary concrete (B) high density concrete.
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region (Compton scattering). Also, it is to be noted that de-

crease in EBF in low energy region for ordinary concrete is 

larger than high density concrete. 

 

Conclusions 

In the present investigation on gamma and neutron shield-

ing effectiveness for the ordinary and high density concretes 

before and after heat treatment, mass attenuation coefficients, 

effective atomic numbers, and exposure buildup factors are 

found to be dependent heat treatment. The mass attenuation 

coefficients for the ordinary and high density concretes are 

lesser before heat treatment and increases after the heat treat-

ment. The heat treatment of the concrete marginally increas-

es gamma shielding effectiveness. The neutron removal cross- 

section of the ordinary concrete reduces after heat treatment 

whereas it is independent for the high density concrete. Also, 

the MCNPX is capable of simulation mass attenuation coef-

ficients for radiation interaction in presence of heat treatment.

The experimental investigation on shielding effectiveness 

of the ordinary and high density concretes in under process.
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