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Abstract  The distribution characteristics of the neutron field in cement was simulated using the MCNP code to 

comply with the requirements of an online Prompt Gamma Neutron Activation Analysis system. Simulation results 

showed that the neutron relative flux proportion reduced with increasing cement thickness. When the cement thickness 

remains unchanged, the reduced proportion of thermal neutrons increases to a small extent, but the epithermal, 

intermediate, and fast neutrons will decrease according to the geometric progression. H element in the cement mainly 

affects the reduction of fast neutrons and other single-substance elements, e.g., O, Ca, 56Fe, Si, and Al. It also slows 

down the reduction of the fast neutrons via inelastic scattering. O contributes more than other elements in the 

reduction of fast neutrons. Changing the H content affects the thermal, epithermal, intermediate, and fast neutrons, 

while changing the Ca, Fe, and Si contents only influences the thermal, epithermal, and intermediate neutrons; hence, 

there is little effect on the reduction of fast neutrons. 
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1 Introduction 

A prompt gamma neutron activation analysis (PGNAA) 

system, which is a nondestructive, highly efficient, and 

multi-element nucleus analyzing technology, is widely 

used in resources such as cement, coal, and building 

materials, as well as chemical, mining, and metallurgy 

industry. Compared with the traditional chemical 

analysis and the sampling laboratory analysis, PGNAA 

is an important technology in modern industrial 

production[1–3]. In practice, the design of the PGNAA 

system must be optimized to maximize the yield of the 

prompt gamma rays. The neutrons and gamma rays 

arising from the neutron source are severely harmful to 

the human body. Processing and optimizing the 

various parameters of the PGNAA system setup under 

the irradiation of a neutron source is dangerous and 

time consuming. Thus, as an alternative, a numerical 

simulation technology was developed and 

computational methods gradually replaced some 

experiments. Several scholars have studied PGNAA 

along with the Monte Carlo Method. For example, 

Oliveira[4] optimally designed a PGNAA instrument 

for analyzing cement raw materials, Naqvi[5,6] studied 

the performances of a PGNAA system using different 

neutron sources, and Zhang[7], Yang[8,9] and other 

researchers[10–16]
  studied the application of the Monte 

Carlo Method in the design of an online neutron 

activation analysis system. However, these studies still 
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raise questions on what should be studied to improve 

the performance of PGNAA. For instance, the number 

and distribution characteristics of fast and thermal 

neutrons impose a direct influence on the yield of 

prompt γ where PGNAA is used to measure the 

cement element composition. Therefore, research 

needs to be conducted regarding the distribution 

characteristics of the neutron field in cement.  

In this paper, the Monte Carlo method (MCNP 

code) is used to conduct a simulation analysis in the 

cement neutron field. Several results were obtained, 

such as the relations between the relative flux of 

neutrons and the cement sample thickness, as well as 

the effects of H, O, Ca, 56Fe, Si, and Al on the 

reduction of neutrons and the influence of their 

contents on the neutron field. The study on the 

distribution characteristics of the neutron field can 

provide a reference for the design of a PGNAA 

system. 

2 Simulation Model 

The experiment used a 252Cf spontaneous fission 

neutron source, with an emissivity of 2.3×1012 s−1·g−1, 

a half-life of 2.64, and an average neutron energy of 

2.3 MeV. Yang method[17] was adopted to study the 

distribution characteristics of the coal neutron field. 

Fig.1 shows the cross section of the distribution model 

of the cement neutron field, with a cement sphere 

radius of 100 cm and a density of 2.25 g/cm3. The 

neutron source 252Cf is located at the center of the 

cement sphere, which is divided into 21 parts at a 

radius interval of 5 cm. The cement sample consisted 

of SiO2, Al2O3, Fe2O3, Fe3O4, CaO, CaCO3, MgO, SO3, 

K2O, Na2O, and H2O. Table 1 shows the mass 

percentages of all these elements. 

3 Results and Discussion 

In the MCNP simulation, the neutron source is the 

isotropic point source. A Maxwell fission spectrum 

model[18] is used with the following expression. 
f(E)=Ce(0.5–E/a) 

where, E is the neutron energy, a (1.42 MeV) 

corresponds to a nuclear temperature at the neutron 

emission, and C is a coefficient. 

The ENDF/B-VI Rel.1 cross-section database 

is applied. An Intel (R) Core (TM) 2CPU T7200 @ 

2.00 GHz computer is used to perform the 

computation. The simulation particle number is 2×107. 

The F2 tally is chosen to record separately the relative 

counting rates (one neutron count per unit area) for the 

thermal (E<0.4 eV), epithermal (0.4 to 100 eV), 

intermediate (100 to 200 keV), and fast neutrons 

(E>200 keV). The computation time requires 

approximately 2 h for each data point, with an error of 

less than 1%. 

 

Fig.1  Sketch map of the simulation model section.

Table 1 Simulation of the elemental composition of the cement sample. 

Element Mass / % 

H 8.476 
O 60.409 
Na 0.947 
Mg 0.300 
Al 2.483 
Si 24.186 
K 0.686 
Ca 2.048 
54Fe 0.027 
56Fe 0.426 
57Fe 0.010 
57Fe 0.001 
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3.1 Simulation of Distribution of Cement Neutron 

Field 

The relative counts of the thermal, epithermal, 

intermediate, and fast neutrons were recorded. These 

values were used to identify the relations between the 

relative fluxes of neutrons and the cement thickness 

(Fig.2).

               

                     

Fig.2  Relations between relative flux of neutrons and the cement thickness. 

Figure 2a shows that the relative flux of 

thermal neutrons gradually decreases with the increase 

in cement thickness. The relative flux of thermal 

neutrons is centered in the area of cement with a 

thickness of less than 30 cm, and it is nearly zero in 

the area of cement with a thickness of more than 

50 cm. The energy range of thermal neutrons mainly 

falls in the area below 1.5×10−7 MeV. 

In Fig.2b, the relative flux of epithermal 

neutrons gradually decreases with the increase in 

cement thickness. The relative flux of epithermal 

neutrons reduces to a small proportion in the area of 

cement with a thickness of less than 40 cm. However, 

if the thickness was more than 40 cm, a big reduced 

proportion in the area of the cement could be found. 

The energy range of epithermal neutrons was mainly 

focused within the area below 2×10−5 MeV. 

The relation between relative flux of 

intermediate neutrons and cement thickness is shown 

in Fig.2c. This figure is similar to Fig.2b, but the 

energy range of intermediate neutrons is mainly 

focused within the area below 4×10−2 MeV. 

Figure 2d shows that cement thickness 

increases gradually with decreasing the relative flux of 

fast neutrons. The relative flux of fast neutrons is 

subjected to a small reduced proportion in the area of 

the cement with a thickness of less than 30 cm. In 

contrast, it is subjected to a big reduced proportion in 

the area of the cement with a thickness of more than 

30 cm. When the cement thickness is small, every 

energy range of fast neutrons has a high relative flux. 

The reduced proportions of relative flux of the 

thermal, epithermal, intermediate, and fast neutrons 

gradually rise with the increasing in cement thickness. 

The relative fluxes of fast and intermediate neutrons 

are subjected to the highest reduced proportion in the 

area of cement with a thickness of more than 30 cm 

according to the geometric progression. When the 
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cement thickness remains unchanged, the reduced 

proportions of epithermal, intermediate, and fast 

neutrons also decrease. The reduced proportion of 

epithermal neutrons is minimal while that of fast 

neutrons is maximal. The reduced proportion of 

thermal neutrons remains stable with the increase in 

cement thickness (Fig.3). 

 

3.2 Simulation of Distribution of Neutron Field of 

All Single-substance Elements 

To understand better the contributions made by all the 

elements of the cement in the neutron field, the cement 

elements in the sphere were replaced with 

single-substance elements, namely, H, O, Ca, 56Fe, Si, 

Al, Na, K, etc. The assumption is that their density is 

the cement density and the product of percentage 

content individually, that is, each single-substance 

element is generally equal to its equivalent in the 

cement. A simulation computation is made to ascertain 

the alteration of thermal, epithermal, and fast neutrons 

with the thickness of all single-substance elements, as 

shown in Fig.4.

Fig.3  Relations between the reduction proportions of neutrons 
and the type of neutron. 

                      

        

Fig.4  Relations between the relative flux of neutrons and the thickness of cement and all single-substance elements. 

Figures 4(a) and 4(b) show that the relative 

fluxes of thermal and epithermal neutrons gradually 

decrease with the increase in cement and the thickness 

of its elements. Consequently, given its strong 

moderation to fast neutrons, the relative flux of 

thermal and epithermal neutrons produced by H is 

higher than the ones generated by other single 

-substance elements and the cement. Meanwhile, H is 

more capable of absorbing thermal neutrons than other 

single-substance elements and the cement. If the 
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thickness is less than 15 cm, its reduced proportion is 

greater than other single-substance elements and 

cement. If the thickness is more than 15 cm, its 

relative fluxes of thermal and epithermal neutrons are 

several times less than other single-substance elements 

and the cement. All single-substance elements, except 

H and O, contribute little to the relative fluxes of the 

thermal and epithermal neutrons. 

Figures.4c and 4d show that the relative fluxes 

of intermediate and fast neutrons gradually decrease 

with the increase in cement and the thickness of its 

elements. O can reduce intermediate and fast neutrons 

to some degree by a proportion bigger than the ones of 

other single-substance elements. If the thickness is less 

than 15 cm, its reduced proportion of intermediate and 

fast neutrons is very big. However, if the thickness is 

more than 15 cm, its reduced proportion of 

intermediate and fast neutrons gradually decreases. 

The analysis shows that, the H plays a critical 

role in the formation of a cement neutron field at only 

8.476% cement. With a nuclear mass of 1, H makes 

fast neutrons lose their half energy when they collide, 

causing thermal and epithermal neutrons to have a 

higher relative flux compared to other single-substance 

elements. Although possessing such capability, other 

single-substance elements slow down the reduction of 

the fast neutrons mainly through inelastic scattering. 

When the neutron energy is less than a particular 

inelastic scattering value, reduction only happens 

through elastic scattering, which plays a secondary 

role[17]. All single-substance elements can also slow 

down the reduction of intermediate and fast neutrons 

to some degree. The highest content of O in the 

cement probably makes O account for the biggest 

reduced proportion of intermediate and fast neutrons. 

3.3 Influences of Content Change of H, Ca, Fe, 

and Si on the Distribution of Cement Neutron 

Field 

The question is whether the content change of H, Ca, 

Fe, and Si would influence the distribution of the 

cement neutron field if the main compositions of the 

cement sample consist of CaCO3, CaO, Fe2O3, Fe3O4, 

SiO2, and H2O. Despite taking up most in the cement, 

changing the O content has little influence on thermal 

neutrons because of its small absorbing cross section. 

When added with 2% H, 4% Ca, 6% 56Fe, and 8% Si, 

O will impose no influence if it is used for 

corresponding adjustments (making the general mass 

100%). Table 2 shows the content of analog cement 

samples after H, Ca, 56Fe, and Si are adjusted. We 

observe the influence of content change of H, Ca, Fe, 

and Si on the distribution of cement neutron field.

Table 2  Mass percentage content of cement sample after adjusting of H, Ca, 56Fe, and Si. 

Added Elements 2% 4% 6% 8% 

H 10.476 12.476 14.476 16.476 
Ca 4.048 6.048 8.048 10.048 
56Fe 2.426 4.426 6.426 8.426 
Si 26.186 28.186 30.186 32.186 
O 58.409 56.409 54.409 52.409 

After 2%, 4%, 6%, and 8% of H, Ca, 56Fe, and 

Si, are added (O will decline by 2%, 4%, 6%, and 8%), 

a simulation method is used to work out the relations 

between the relative fluxes of neutrons with different 

H and Ca contents and cement thickness, as shown in 

Figs.(5) and (6). 

After the H content in the sample cement 

increased, Figs.5(a), (b), and (c) show that the relative 

flux of thermal neutrons increased slightly when the 

thickness was less than 30 cm. The relative fluxes of 

epithermal and intermediate neutrons increased 

slightly, while the relative flux stayed the same as the 

original value when the thickness was within 20– 

30 cm. This finding indicates that the thermal neutrons, 

which was moderated by the added H, was absolutely 

absorbed when the thickness was bigger than 30 cm. 

From Fig.5d, the relative flux of fast neutrons reduced 

slightly with the increase in thickness. This result 

indicates that fast neutrons were moderated into ones 

with lower energy, and little influence was produced 

on the fast neutrons. 

 

http://dict.bing.com.cn/?q=%e9%a1%b7%e5%88%bb%e9%97%b4&FORM=BDFD#thermal
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Fig.5  Relations between the relative fluxes of neutrons with different H contents and the cement thickness. 

           

             

Fig.6  Relations between the relative fluxes of neutrons with different Ca contents and the cement thickness. 

Figures 6(a) and 6(b) show that Ca has a big 

thermal neutron absorption cross section and strong 

absorption capacity for thermal and epithermal 

neutrons. The thermal and epithermal neutron fields in 

the cement are influenced when their contents change. 

With the increase of Ca content, the relative fluxes of 

thermal and epithermal neutrons are reduced gradually. 

When the thickness is under 30 cm, the relative fluxes 

of thermal and epithermal neutrons are smaller than 

the original values. When the thickness is more than 

30 cm, their relative fluxes are slightly bigger than the 

original values. When the thickness is less than 30 cm, 

the reduced proportions of relative fluxes of thermal 

and epithermal neutrons are bigger than when the 

thickness is more than 30 cm. All the thermal and 

epithermal neutrons will be absorbed gradually with a 

continuous increase in thickness. 

In Figs.6 (c) and (d), the Ca influences the 

intermediate neutrons, but has poor damping capacity 

on fast neutrons. The results are the same with the 
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original values, and no change was made. Ca, Fe, and 

Si have large thermal neutron absorption across 

sections, and the distribution of neutron fields in the 

cement are the same as the ones of Ca. Therefore, 

analyses regarding these elements were omitted. 

The changes in H content influence the thermal, 

epithermal, intermediate, and fast neutrons. However, 

the changes in the contents of Ca, Fe, and Si only 

influences the thermal, epithermal, and intermediate 

neutrons, and the attenuation to fast neutrons is not 

obvious. 

4 Conclusions 

In the neutron field of cement, the attenuation 

proportions of relative fluxes of thermal, epithermal, 

intermediate, and fast neutrons intensify with the 

increase in cement thickness. When the thickness is 

more than 30 cm, the fast and intermediate neutrons 

are attenuated in a geometric series. Under the same 

cement thickness, the proportions of relative fluxes of 

epithermal, intermediate, and fast neutrons are 

attenuated in a geometric series. The attenuation 

proportion of thermal neutrons rises with the increase 

of cement thickness, but the increased proportion is 

small and no obvious change is seen. 

When the H in the cement collides with the fast 

neutrons, the energy of the fast neutrons will be 

averagely reduced to half; hence, the relative fluxes of 

the thermal and epithermal neutrons are higher than 

the ones of other elements. H plays a major role in the 

attenuation of fast neutrons while other elements 

attenuate the fast neutrons mainly through inelastic 

scattering. When the neutron energy is less than a 

certain value of inelastic scattering, the fast neutrons 

are attenuated through elastic scattering. Other 

elements play a secondary role in the attenuation of 

fast neutrons. The largest content of O in the cement 

accounts for its bigger attenuation proportion to the 

intermediate and fast neutrons than other elements. 

The change of H content influences the thermal, 

epithermal, intermediate, and fast neutrons, but the 

changes of Ca, Fe, and Si contents hardly influence 

these, and the attenuation to the fast neutrons is not 

noticeable. 
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