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Abstract In this study, the mass attenuation coefficient of

boron-containing ores in the Liaoning province of China

was calculated using WinXCOM software to investigate

the shielding effectiveness of these ores against gamma

rays. The mass attenuation coefficients were also calculated

using MCNP-4B code and compared with WinXCOM

results; consequently, a good consistency between the

results of WinXCOM and MCNP-4B was observed. Fur-

thermore, the G-P fitting method was used to evaluate the

values of exposure buildup factor (EBF) in the energy

range of 0.015–15 MeV up to 40 mean free paths. Among

the selected ores, boron-bearing iron concentrate ore (M3)

was determined to be the best gamma ray shielding ore

owing to its higher values of mass attenuation coefficient

and equivalent atomic number and lower value of EBF.

Moreover, American Evaluated Nuclear Data File (ENDF/

B-VII) was used to analyze the shielding effectiveness

against thermal neutrons. It was determined that Sza-

ibelyite (M2) is the best thermal neutron shielding material.

This study would be useful for demonstrating the potential

of boron-containing ores for applications in the field of

nuclear engineering and technology.

Keywords Exposure buildup factors � Gamma ray �
Neutron � Boron-containing ores � G-P fitting method

1 Introduction

China is rich in boron resources with its boron reserves

ranking fourth after Turkey, USA, and Russia. Ludwigite

and Szaibelyite are the main boron-containing ores in the

Liaoning province of China, especially Ludwigite, which is

abundant, geographically ubiquitous, and potentially cheap.

Moreover, the second or third boron-containing ores would

be produced in the process of utilization of Ludwigite, such

as boron-bearing iron concentrate ore, boron concentrate,

boron-rich slag, and boron mud. Boron-containing ores are

widely used in the industrial and agricultural sectors.

Approximately 50 boron-containing products can be manu-

factured. For example, these ores can be used as the raw

material to produce borax, boric acid, and mineral materials

[1–7]. Furthermore, boron exhibits good shielding perfor-

mance against neutrons, especially thermal neutrons [8].

Hence, Li et al. [5–7] verified that the composite material of

boron-containing ores has excellent shielding properties

against neutrons and gamma rays. Furthermore, the experi-

ment results demonstrated that boron-containing ores have

vast potential in the field of nuclear engineering and tech-

nology; for example, the composite materials of boron-

containing ores can be used as coating shielding materials or
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biological shields to repair the structure and cracks in the

process of preparation of concrete used in nuclear applica-

tions. Nevertheless, the shielding effectiveness of composite

materials of boron-containing ores against neutrons and

gamma rays has not been studied yet, and therefore, it is the

key focus of this paper. Singh andBadiger [9] and Singh et al.

[10] studied the shielding effectiveness of alloys, boron-

containing materials, and glasses against gamma rays using

the mass attenuation coefficient, exposure buildup factor

(EBF), and removal cross section for fast neutrons.

Kurudirek [11] studied the radiation shielding for different

types of shielding concretes, lead base and non-lead base

glass systems for some shielding concretes and glass systems

in the energy region of 10 keV–1 GeV. Sayyed [12] and

Sayyed et al. [13] calculated the values of mass attenuation

coefficient andEBF for polymers and glasses to analyze their

shielding properties.

It is well known that Beer–Lambert law (I = I0e
-ld) can

be used to calculate the shielding properties of narrow

gamma rays passing through a material; however, the for-

mula for wide beam gamma rays requires a correction factor,

EBF, which is expressed as I = BI0e
-ld [14, 15]. EBF is

employed in attenuation studies to have a deeper under-

standing of the gamma ray shielding effectiveness of a

shielding material [16]. The ANSI/ANS-6.4.3-1991 Stan-

dard, Gamma-Ray Attenuation Coefficients and Buildup

Factors for Engineering Materials, was reported to calculate

the EBF of shielding materials [17]. The standard covers the

values of EBFs for 23 elements in the energy range of

0.015–15 MeV from the penetration depths of 0.5–40 mfp.

Furthermore, the G-P fitting method was developed to cal-

culate EBFs consistent with the standard, with uncertainty

\ 5% [18, 19]. Moreover, ENDF/B-VII contains a com-

prehensive neutron cross section of elements, and it is used

widely in analyzing neutron shielding properties [8, 20, 21].

Thus, mass attenuation coefficient, EBFs, and thermal

neutron removal cross section are employed to study the

shielding effectiveness of boron-containing ores in the

Liaoning province of China. The study will evaluate the

shielding effectiveness to reveal the potential of the boron-

containing ores in the Liaoning province of China for

applications in the field of nuclear engineering and tech-

nology. Moreover, this work will extend the utilization

method of boron-containing ores.

2 Materials and methods

2.1 Material

The raw materials used in this work were Ludwigite

(M1, 3.09 g/cm3), Szaibelyite (M2, 2.58 g/cm3), boron-

bearing iron concentrate ore (M3, 3.95 g/cm3), boron

concentrate (M4, 2.69 g/cm3), boron-rich slag (M5, 2.97 g/

cm3), and boron mud (M6, 2.51 g/cm3). Furthermore, these

boron-containing ores were purchased from Fengcheng

Iron and Steel Group Co. Ltd., China. Table 1 lists the

composition and densities of six boron-containing ores.

2.2 Methods

2.2.1 Exposure buildup factor (EBF) of boron-containing

ores

In order to calculate the EBF, the G-P fitting parameters

were obtained from the equivalent atomic number (Zeq)

using a logarithmic interpolation method. The calculations

are illustrated step by step as follows:

1. Calculation of equivalent atomic number (Zeq);

2. Calculation of parameters for the G-P fitting method;

3. Calculation of EBFs.

The atomic number of a single element is denoted by Z,

whereas ore samples have an equivalent atomic number

Table 1 Composition of boron-containing ores

Elements Ludwigite

(M1)

Szaibelyite

(M2)

Boron-bearing iron concentrate ore

(M3)

Boron concentrate

(M4)

Boron-rich slag

(M5)

Boron mud

(M6)

B 2.056 5.065 1.846 4.641 3.65 1.053

O 41.979 47.502 34.312 47.883 42.097 49.763

C – – 5.802 – 7.364 5.887

Na – – – 0.089 – 1.881

Mg 22.57 31.807 13.407 25.689 21.068 24.116

Al 0.658 0.455 – 0.693 3.727 0.747

Si 9.754 12.066 3.849 12.067 10.763 10.512

S 0.92 – 1.217 0.865 – –

Ca – 2.004 – 0.571 10.541 0.766

Fe 22.063 1.101 39.567 7.502 0.79 5.275
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(Zeq), because the gamma ray partial interaction processes

with the material depend on the energy. Thus, Zeq is an

energy-dependent parameter. Using the WinXCOM

[22, 23] program, the total mass attenuation coefficient of

the selected boron-containing ores in the Liaoning province

of China and Compton partial mass attenuation coefficient

for the elements from Z = 4 to Z = 50 were obtained in the

energy range of 0.015–15 MeV. The equivalent atomic

number is calculated by matching the ratio of Compton

partial mass attenuation coefficient to the total mass

attenuation coefficient of the selected ores with an identical

ratio for a single element at the same energy. The following

formula is used to interpolate Zeq [24, 25]:

Zeq ¼
Z1ðlogR2 � logRÞ þ Z2ðlogR� logR1Þ

ðlogR2 � logR1Þ
; ð1Þ

where Z1 and Z2 are the atomic numbers of elements cor-

responding to the ratios R1 and R2, respectively, and R is

the aforementioned ratio of the boron-containing ores at a

specific energy. For example, considering that the ratio

l=qð ÞCompton= l=qð Þtotal of boron-bearing iron concentrate

ore (M3) at the energy of 0.015 MeV is 0.0052, which lies

between R1 = l=qð ÞCompton= l=qð Þtotal = 0.0057 for Z1 = 18

and R2 = l=qð ÞCompton= l=qð Þtotal = 0.0048 for Z2 = 19,

using Eq. (1), Zeq = 18.53 is calculated. The G-P fitting

parameters are calculated similarly using a logarithmic

interpolation method for Zeq. The change in Zeq for the

selected boron-containing ores with the incident photon

energy is presented in Fig. 3.

As the second step, to evaluate the G-P fitting parame-

ters (a, b, c, Xk, and d), a similar interpolation procedure

was adopted as in the case of Zeq. The G-P fitting param-

eters for the elements were obtained from the standard

reference database released by the American National

Standards ANSI/ANS-6.4.3 [17]. American Nuclear Soci-

ety (ANSI/ANS-6.4.3, 1991) used the G-P fitting method

and provided EBF data for 23 elements, one compound,

and two mixtures, e.g., water, air, and concrete at 25

standard energies in the energy range of 0.015–15.0 MeV

with a suitable interval up to the penetration depth of

40 mfp.

The G-P fitting parameters of the selected boron-con-

taining ores were interpolated according to the following

equation [24, 25]:

P ¼ P1ðlog Z2 � log ZeqÞ þ P2ðlog Zeq � log Z1Þ
ðlog Z2 � log Z1Þ

; ð2Þ

where P1 and P2 are the values of the G-P fitting param-

eters at a particular energy, corresponding to the atomic

numbers Z1 and Z2, respectively.

Finally, the calculated G-P fitting parameters were used

to calculate the EBF of the selected boron-containing ores

as follows [24, 25]:

BðE; xÞ ¼ 1þ b� 1

K � 1
ðKx � 1Þ; forK 6¼ 1

BðE; xÞ ¼ 1þ ðb� 1Þx; forK ¼ 1

ð3Þ

KðE; xÞ ¼ cxa þ d
tanhðx=Xk � 2Þ � tanhð�2Þ

1� tanhð�2Þ ;

for x� 40 mfp

ð4Þ

where E is the incident photon energy, a, b, c, Xk, and d are

the G-P fitting parameters, x is the penetration depth in the

mean free path, and K is the photon dose multiplication.

The mean free path (mfp) is the average distance between

two successive interactions of photons wherein the inten-

sity of the incident photon beam is reduced by a factor

of 1/e.

2.2.2 Macro-cross section of boron-containing ores

for thermal neutrons

ENDF/B-VII (American Evaluated Nuclear Data File)

[20] provided the micro-cross section of all the elements

for neutrons at different energies and up to the neutron

energy of 20 MeV. Moreover, boron is well known for its

excellent shielding property against thermal neutrons [8].

Hence, the macro-cross section of boron-containing ores

for shielding against thermal neutrons was calculated using

Eq. (5) as follows [7]:
X

E ¼ NAq
X

i

xi

Mi

X
E

� �

i
; ð5Þ

where
P

E (cm-1) is the macro-cross section, NA is the

Avogadro constant, q is the density of the boron-containing
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Fig. 1 (Color online) Total mass attenuation coefficient of boron-

containing ores in the energy range of 0.015–15 MeV
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ore, and xi, Mi, and (
P

E)i are the mass fraction, molar

mass, and macro-cross section of ith element, respectively.

3 Results and discussion

3.1 Shielding effectiveness of boron-containing ores

against gamma rays

In this work, we evaluated the radiation attenuation

properties of boron-containing ores by using MCNP-4B

Monte Carlo code to calculate the mass attenuation coef-

ficient for M1–M6 samples. The validation of MCNP-4B

code was performed by comparing the results with standard

WinXCOM data.

The mass attenuation coefficients (l/q) of the boron-

containing ores calculated using WinXCOM in the photon

energy range of 0.015–15 MeV are shown in Fig. 1. Fur-

thermore, the calculated values of l/q are shown in Fig. 2

together with MCNP-4B results. The variation of Zeq of

boron-containing ores for the photon energy range of

0.015–15 MeV is shown in Fig. 3. Furthermore, the vari-

ation in the EBFs of boron-containing ores is shown in

Fig. 4 (M1–M6) at constant penetration depth (0.5, 5, 10,

20, and 40 mfp). Furthermore, Fig. 5 shows the EBFs as a

function of penetration depth at constant photon energy

(0.015, 0.15, 1.5, and 15 MeV).

From Fig. 1, it can be observed that the mass attenuation

coefficients of the selected boron-containing ores decrease

rapidly in the energy range of 0.015–0.1 MeV, slowly

decrease in the energy range of 0.1–10 MeV, and again

increase in the energy range of 10–15 MeV. The variation

in the values of mass attenuation coefficients with energy

can be explained by partial photon interaction processes

(photoelectric absorption, Compton scattering, and pair

production) as the interaction cross section depends on

photon energy and atomic number. The interaction cross

section is directly proportional to the atomic number (Z4)
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Fig. 2 (Color online) Comparison between the calculated values of mass attenuation coefficients of MCNP-4B and WinXCOM versus photon

energy for the boron-containing ores
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Fig. 3 (Color online) Variation of Zeq of boron-containing ores in the

energy range of 0.015–15 MeV
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for photoelectric absorption in the energy region of

0.015–0.1 MeV; therefore, the values of l/q for the boron-

containing ores decrease rapidly. In the Compton scattering

region (0.1–10 MeV), the interaction cross section is

dependent on Z, whereas the cross section is directly pro-

portional to Z2 for pair production (10–15 MeV) [26].

According to Fig. 1, it can be observed that the value of l/
q of boron-bearing iron concentrate ore (M3) is the highest

among the selected ores. It can be concluded that M3 is the

best boron-containing ore for gamma ray shielding in the

energy region of 0.015–0.1 MeV. From Fig. 2, it can be

observed that the values of l/q simulated using MCNP-4B
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Fig. 4 (Color online) Variation of EBFs of boron-containing ores (M1–M6)
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for all the samples (M1–M6) are consistent with the the-

oretical estimation using WinXCOM.

From Fig. 3, it can be observed that the values of Zeq of

the boron-containing ores increase slightly and subse-

quently decrease with further increase in the incident

photon energy up to 4 MeV. However, the values of Zeq of

all the boron-containing ores are approximately the same in

the energy range of 4–15 MeV.

The variation of EBF of the boron-containing ores with

the photon energy (0.015–15 MeV) is shown in Fig. 4.

From Fig. 4, it can be observed that the EBF increases up

to a maximum value (at 0.2 MeV) and decreases thereafter.

The variation of EBF with the photon energy can be

explained by the photon interaction process (similar to the

mass attenuation coefficient). The EBF values of the boron-

containing ores are minimal at low energy owing to the

dominance of photoelectric effect. With the increase in the

incident photon energy, EBF increases owing to multiple

scattering as Compton scattering dominates. In the high-

energy region, pair production takes over the Compton

scattering process, resulting in the reduction of EBF to a

minimum value. Notably, the boron-containing ore with

the highest Zeq (i.e., M3) achieves the minimum values of

EBF. From Table 1, the content of Fe in M3 is 39.567%.

This high content of Fe leads to the highest equivalent

atomic number (Zeq) of M3 as shown in Fig. 3, such that

M3 has the lowest EBFs. Hence, it is the best boron-con-

taining ore for gamma ray shielding.

The variation of EBFs of the boron-containing ores with

the penetration depth is shown in Fig. 5. It can be observed

that the EBF values of boron-containing ores increase with

the increase in the penetration depth and they are the

lowest for the penetration depth of 1 mfp and highest for
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the penetration depth of 40 mfp owing to multiple scat-

tering events for large penetration depths. It can be

observed that, at 0.015 MeV, the values of EBF of all the

boron-containing ores are in the range of 1–1.2. Further-

more, at the photon energy of 1.5 MeV, the EBFs of all the

ores are approximately the same. At the photon energy of

15 MeV, M3 shows the maximum value of EBF above the

penetration depth of 10 mfp owing to pair production in the

ores, which generates electron pairs. This trend reversal

can be explained on the basis that, at this incident photon

energy (i.e., 15 MeV), pair production is the dominant

photon interaction process [27].

3.2 Macro-cross section for thermal neutrons

Figure 6 shows the data for the neutron micro-cross

section of elements contained in the six boron-containing

ores at the energy up to 20 MeV. The energy of thermal

neutrons is chosen as 0.0253 eV [28–30] in this study as

shown in Fig. 6. Moreover, the contents of B-10 isotope

and B-11 isotope are calculated according to the natural

boron content [8]. Table 2 presents the specific data for

thermal neutrons of the elements contained in six boron-

containing ores. From Fig. 6 and Table 2, the micro-cross

section of B-10 is approximately 3847.52b and signifi-

cantly more than that of the other elements; the micro-cross

section of Fe is significantly less than that of B-10, but

slightly more than that of the other elements. Moreover, the

micro-cross sections for thermal neutrons of the other

elements are approximately the same.

Figure 7 shows the macro-cross section of all the boron-

containing ores for thermal neutrons. M2 is observed to

have the highest macro-cross section, and the lowest is

observed for M6. Compared with the B element content of

ores, it can be concluded that the more the B element

content of ores, the better the shielding properties of boron-

containing ores. However, M1 and M3 are the opposite,

because the B content of these two ores is approximately

the same, but the Fe content of these two ores is quite

different, i.e., approximately 22% in M1 and 40% in M3.

However, the micro-cross section of the Fe element is

slightly higher than that of the other elements and it leads

to the difference between removal cross sections of the two

ores. Nevertheless, M2 is the best ore for thermal neutron

shielding.

4 Conclusion

In this study, we first studied the shielding effectiveness

of boron-containing ores in the Liaoning province of China

against gamma rays and thermal neutrons, which has

potential applications in the field of nuclear engineering

and technology. Furthermore, we calculated the mass

attenuation coefficient and EBF. The EBF values of boron-

containing ores were calculated using the G-P fitting for-

mula in the energy range of 0.015–15 MeV from 0.5 to

40 mfp. ENDF/B-VII provided the micro-cross section of

each element contained in boron-containing ores to analyze

the shielding effectiveness against thermal neutrons.

Among the studied ores, boron-bearing iron concentrate

ore (M3) and Szaibelyite (M2) showed superior shielding

properties against gamma rays and thermal neutrons,

respectively. This study would be useful for demonstrating

the potential of boron-containing ores for applications in

the field of nuclear engineering and technology.

References

1. J. An, X.X. Xue, Life cycle environmental impact assessment of

borax and boric acid production in China. J. Clean. Prod. 66,
121–127 (2014). https://doi.org/10.1016/j.jclepro.2013.10.020

2. G. Wang, Q.G. Xue, J.S. Wang, Effect of Na2CO3 on reduction

and melting separation of Ludwigite/coal composite pellet and

property of boron-rich slag. Trans. Nonferrous Met. Soc. 26,

Table 2 Micro-cross section of elements contained in boron-containing ores for thermal neutrons

Element B-10 B-11 O C Na Mg Al Si S Ca Fe

Micro-cross section (b) 3847.52 5.07 3.98 4.94 3.92 3.87 1.69 2.16 1.51 3.47 14.75

M1 M2 M3 M4 M5 M6
0

1

2

3

4

5

6

1.54

5.33

6.03

3.93

6.31

noitcesssorc
orca

M
(c

m
-1
)

3.31

Fig. 7 Macro-cross section of boron-containing ores for thermal

neutrons

Shielding effectiveness of boron-containing ores in Liaoning province of China against gamma… Page 7 of 8 58

123

https://doi.org/10.1016/j.jclepro.2013.10.020


282–293 (2016). https://doi.org/10.1016/S1003-6326(16)64116-

X

3. G. Wang, Y.G. Ding, J.S. Wang et al., Effect of carbon species on

the reduction and melting behavior of boron-bearing iron con-

centrate/carbon composite pellets. Int. J. Min. Met. Mater. 20,
522–528 (2013). https://doi.org/10.1007/s12613-013-0760-1

4. X. Ma, H. Ma, X. Jiang et al., Preparation of magnesium

hydroxide nanoflowers from boron mud via anti-drop precipita-

tion method. Mater. Res. Bull. 56, 113–118 (2014). https://doi.

org/10.1016/j.materresbull.2014.04.021

5. Z.F. Li, X.X. Xue, T. Jiang et al., Study on the properties of boron

containing ores/epoxy composites for slow neutron shielding.

Adv. Mater. Res. 201–203, 2767–2771 (2011). https://doi.org/10.

4028/www.scientific.net/AMR.201-203.2767

6. Z.F. Li, X.X. Xue, P.N. Duan et al., Preparation and thermal/fast

neutron shielding properties of novel boron containing ore

composites. Mater. Sci. Forum 743–744, 613–622 (2013). https://

doi.org/10.4028/www.scientific.net/MSF.743-744.613

7. Z.F. Li, X.X. Xue, S.L. Liu et al., Effects of boron number per

unit volume on the shielding properties of composites made with

boron ores from China. Nucl. Sci. Tech. 23, 344–348 (2012).

https://doi.org/10.13538/j.1001-8042/nst.23.344-348

8. J.C. Khong, D. Daisenberger, G. Burca et al., Design and char-

acterisation of metallic glassy alloys of high neutron shielding

capability. Sci. Rep. 6, 36998 (2016). https://doi.org/10.1038/

srep36998

9. V.P. Singh, N.M. Badiger, c-ray interaction characteristics for

some boron containing materials. Vacuum 113, 24–27 (2015).

https://doi.org/10.1016/j.vacuum.2014.11.011

10. V.P. Singh, N.M. Badiger, N. Chanthima et al., Evaluation of

gamma-ray exposure buildup factors and neutron shielding for

bismuth borosilicate glasses. Radiat. Phys. Chem. 98, 14–21

(2014). https://doi.org/10.1016/j.radphyschem.2013.12.029

11. M. Kurudirek, Radiation shielding and effective atomic number

studies in different types of shielding concretes, lead base and

non-lead base glass systems for total electron interaction: a

comparative study. Nucl. Eng. Des. 280, 440–448 (2014). https://

doi.org/10.1016/j.nucengdes.2014.09.020

12. M.I. Sayyed, Bismuth modified shielding properties of zinc boro-

tellurite glasses. J. Alloys Compd. 688, 111–117 (2016). https://

doi.org/10.1016/j.jallcom.2016.07.153

13. M.I. Sayyed, S.I. Quashu, Z.Y. Khattari, Radiation shielding

competence of newly developed TeO2-WO3 glasses. J. Alloys

Compd. (2016). https://doi.org/10.1016/j.jallcom.2016.11.160

14. M.I. Sayyed, Half value layer, mean free path and exposure

buildup factor for tellurite glasses with different oxide compo-

sitions. J. Alloys Compd. 695, 3191–3197 (2017). https://doi.org/

10.1016/j.jallcom.2016.11.318

15. M. Kurudirek, D. Sardari, N. Khaledi et al., Investigation of X-

and gamma ray photons buildup in some neutron shielding

materials using GP fitting approximation. Ann. Nucl. Energy 53,
485–491 (2013). https://doi.org/10.1016/j.anucene.2012.08.002

16. U. Fano, Gamma-ray attenuation. Part II—analysis of penetra-

tion. Minerva Med. 11, 55–61 (1953)

17. ANSI/ANS-6.4.3, Gamma ray attenuation coefficient and buildup

factors for engineering materials (1991)

18. Y. Harima, Y. Sakamoto, S. Tanka et al., Validity of geometric

progression formula in approximating gamma ray buildup factor.

Nucl. Sci. Eng. 94, 24–25 (1986)

19. Y. Harima, An historical review and current status of buildup

factor calculations and application. Radiat. Phys. Chem. 41,
631–672 (1993). https://doi.org/10.1016/0969-806X(93)90317-N

20. M.B. Chadwick, M. Herman, P. Obložinský et al., ENDF/B-VII.1
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