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A comprehensive analysis on radiation shielding characteristics
of borogypsum (boron waste) by Phy-X/PSD code
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In the present study, radiation shielding characteristics of the borogypsum, which is a waste generated during the boric acid production
in Turkey, was analyzed. For this purpose, we used recently developed Phy-X/PSD software, which is provided to calculate shielding
parameters such as mass attenuation coefficient, linear attenuation coefficient, half-value layer, tenth-value layer, effective atomic number,
total atomic cross section, total electronic cross section, effective conductivity, effective electron number, buildup factors and fast neutron
removal cross section in a wide photon energy range. Additionally, mass attenuation coefficients of borogypsum were compared with those
of other radiation shielding materials (ordinary concrete, obsidian, pumice, clay) in order to give a significant evaluation about the radiation
shielding capability of borogypsum. Half value layer and fast neutron removal cross section values are also evaluated by other materials. It
is noticed that borogypsum has higher shielding potential than other reported shielding materials.
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1. Introduction

Development of modern technology increases the radiation
applications in our daily lives. This increase makes it neces-
sary the protection from the harms of radiation. Therefore, it
becomes significant to search alternative shielding materials.
The waste materials can be used as shielding materials in or-
der to reduce waste disposal costs and protect non-renewable
resources.

The recycling of the waste produced by the sectors as an
alternative raw material is successfully carried out in many
countries for a long time. The reasons that lead countries
to this can be listed as depletion of natural resources; con-
servation of non-renewable resources; improving population
health and safety; reduction in waste disposal costs. Natural
resources are important for the development of countries and
a strong relationship is existing between the use of natural
resources and economic development. One of the most im-
portant natural sources is boron which is commonly used in
different areas such as energy, medicine, and industry. Boron
reserves of Turkey correspond to≈72% of the World [1].
Colemanite, tincal and ulexite are the commercial boron ores
of Turkey. Reaction of colemanite with sulphuric acid pro-
duces boric acid, and borogypsum (BG) is the waste which is
formed by the production of boric acid [2].

There are many researches in the literature about the use
of BG as a cement additive [3–5], as a cement replacement in
mortar production [6,7]. The leaching kinetics [8–10] and the
strength properties [1] of BG were also reported before. Mass
attenuation coefficients measured at 59.54 and 80.99 keV of
concrete samples including BG and colemanite were studied
by Demir and Keleş [11]. Celenet al. [12] studied the lin-
ear attenuation coefficient of BG-barite composition at 662,

1173 and 1332 keV. The linear attenuation coefficients ob-
tained at the photon energies of 662, 1173 and 1332 keV of
panels containing BG produced with mineral additives were
determined by Celen and Evcin [13]. However, to the best of
our knowledge, there is not any detailed study about all the
photon attenuation parameters of BG in a wide energy range
in the literature. The performance of a radiation shielding
material can be identified by determining radiation-matter in-
teraction parameters comprehensively.

In this study, the photon attenuation parameters such
as atomic and electronic cross sections (ACS and ECS),
mass attenuation coefficients (MAC), linear attenuation co-
efficients (LAC), mean free paths (MFP), half-value layer
(HVL), tenth-value layer (TVL), effective atomic numbers
(Zeff), electron densities (Neff), effective conductivity (Ceff),
buildup factors (EBF and EABF) and fast neutron removal
cross section (FNRCS) of the boron waste, BG, were deter-
mined. For the purpose of having knowledge about the radi-
ation shielding capability of the sample, recently developed
code Phy-X/PSD [14] was applied. Phy-X/PSD software is
recently used to determine the radiation shielding parameters
of different materials. Calculation process is started by in-
serting the density and chemical composition of the material
which can be entered as mole fraction or weight fraction. The
parameters are determined in a wide energy range of 1 keV-
100 GeV by selecting the energy sources.

2. Material and calculation process

In the study, we used the density value (2.41 g/cm3) and the
chemical composition of the BG obtained from the literature
reported by Kuntet al. [2] to calculate the photon attenu-
ation parameters of the sample. The parameters obtained in
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calculation process by the codes are given with their formulas
below.

The MAC can be calculated by the Beer-Lambert formu-
lated as [14]:

I = I0e
−µt, (1)

µm =
µ

ρ
=

ln(I0/I)
ρt

=
ln(I0/I)

tm
, (2)

whereI0 andI are incident and attenuated photon intensities,
ρ (g/cm3) is the density of material,µm(cm2/g) andµ(cm−1)
are mass and linear attenuation coefficients,tm (g/cm2) andt
(cm) are sample mass thickness (the mass per unit area) and
the thickness, respectively.

If the sample has various elements, we can write the total
MAC for any compound as follows [14];

µ

ρ
=

∑

i

wi(µ/ρ)i, (3)

wherewi and (µ/ρ)i are the weight fraction and the mass
attenuation coefficient of theith constituent element, respec-
tively.

ACS (σa) for any sample can be obtained by using the
equation formulated as;

ACS = σa =
N

NA
(µ/ρ), (4)

whereNA andN respectively are the Avogadro’s number and
the atomic mass of materials.

ECS (σe) is formulated by the following equation [15];

ECS = σe =
σa

Zeff
. (5)

By using the Eqs. (4) and (5)Zeff of the material can be
found as follows;

Zeff =
σa

σe
. (6)

We can calculateNeff, as follows [16],

Neff =
µm

σe
. (7)

HVL and TVL are the thickness related parameters used
in determining any radiation attenuation material by halving
and one tenth the photon intensity, respectively. MFP is the
average distance at which a photon travels through the ma-
terial between two interactions. Theµ is used to obtain the
parameters given by

HV L =
ln(2)

µ
, (8)

MFP =
1
µ

, (9)

TV L =
ln(10)

µ
, (10)

Ceff of materials can be given by the following equation [17]:

Ceff =
(

Neff ρe2τ

me

)
103, (11)

whereme (kg) ande(C) are mass and charge of electron,
respectively.

FNRCS (
∑

R) values of the materials can be obtained
with the following equation [18,19]:

∑
R =

∑

i

ρi

(∑
R

ρ

)

i

, (12)

where(
∑

R/ρ)i is the mass removal cross-section of theith

constituent element andρi is the partial density of the mate-
rial.

For determination of energy absorption buildup factors
(EABF) or exposure buildup factors (EBF), the formulas
given below are used. The ratioR of Compton partial
mass attenuation coefficient to total mass attenuation coef-
ficient must be defined for the material at certain energy.
The R value obtained for the material must be between the
(µm)Compton/(µm)Total values calculated for the two ad-
jacent elements. TheR1 and R2 values denote the (µm)
Compton/(µm) Total ratios of these two adjacent elements
which haveZ1 andZ2 atomic numbers.F is the geomet-
ric progression (G-P) fitting parameters (a, b, c, d, XK co-
efficients) of the studied material.F1 and F2 are the val-
ues of G-P fitting parameters corresponding to theZ1 and
Z2 atomic numbers at a certain energy, respectively.E and
X denote primary photon energy and penetration depth, re-
spectively. Combination ofK(E,X) with X, performs the
photon dose multiplication and determines the shape of the
spectrum [20–22].

Zeq =
Z1(log R2 − log R) + Z2(log R− log R1)

log R2 − log R1
, (13)

F=
F1(log Z2− log Zeq)+F2(log Zeq− log Z1)

log Z2− log Z1
, (14)

B(E,x) = 1 +
(b− 1)(Kx − 1)

(K − 1)
for K 6= 1, (15)

B(E,x) = 1 + (b− 1)x for K = 1, (16)

K(E,x) = cxa + d
tanh( x

xk
− 2)− tanh(−2)

1− tanh(−2)

for x ≤ 40 mfp (cm). (17)

3. Results and discussion

The chemical composition of BG, which is given by Kunt
et al. [2], is shown in Table I. Variation of the calculated
MAC values by Phy-X/PSD of BG versus photon energies
is given in Fig. 1. In order to verify the validity of the Phy-
X/PSD program, the MAC values of BG are also calculated
by XCom [23] and a good agreement is obtained by both of
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FIGURE 1. The dependence of MAC a) and LAC b) values on incident photon energies.

the codes. The XCom is a database for determining MAC val-
ues for multi-element materials. It uses interpolations of the
elemental MAC values or elemental cross-sections at certain
energies and applies the mixture rule based on the specified
compositions. Total MAC values are interpolated by XCom
using a log-log cubic spline fit [24]. XCom software is widely
used to calculate the MAC values of elements, compounds, or
mixtures in the energy range 1 keV-100 GeV. The other radi-
ation protection parameters (LAC, HVL, MFP etc.) cannot
be determined by the XCOM, while recently developed on-
line software, Phy-X/PSD, can be used for the calculation of
radiation-matter interaction parameters (LAC, MAC, HVL,
MFP, TVL, Zeff, Neff, EABF, EBF) in the energy region
of 1 keV-100 GeV. The Phy-X/PSD program, a WinXCom
based software, makes an evaluation by using XCOM-NIST
photoatomic library. It gives the output data in the form of an
excel data sheet [25]. At low energies (1-100 keV) where the
photoelectric process is predominant, MAC values decreased
sharply with increasing energy. At intermediate energies

TABLE I. Chemical composition of BG.

Compounds %wt

SO3 45.9

K2O 0.55

CaO 46

Sc2O3 0.64

Fe2O3 1.1

CuO 0.07

As2O3 0.22

SrO 5.48

ZrO2 0.01

PbO 0.03

FIGURE 2. MAC values of BG and other shielding materials.

(100 keV-5 MeV) where the Compton scattering is dominant,
MAC values slightly changed. Above 5 MeV, the Pair pro-
duction process starts and MAC values increased with in-
creasing energy [26]. Additionally, we compared the MAC
values of BG with those of other reported shielding materi-
als, ordinary concrete (OC), green clay (GC), red clay (RC),
pumice, Nemrut obsidian (NO), marble dust (MD) [27–30]
(Fig. 2). As a result of the comparison of obtained MAC val-
ues for BG with those for the other materials, it can be con-
cluded that the shielding potential of BG is higher than those.
LAC is a considerable parameter for defining the photon-
matter interaction. The value of LAC depends on both MAC
and density of sample. LAC values are greater than MAC
values due to the density effect (Fig. 1).

The HVL and TVL parameters give the information about
the penetration ability of the radiations in materials. MFP is
the average distance taken by photon in the material between
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FIGURE 3. The dependence of HVL a) TVL b) MFP c) values on incident photon energies.

FIGURE 4. HVL values of BG and other shielding materials.

two collisions. The change of HVL, TVL and MFP values
versus photon energies is given in Fig. 3. Compton scattering
region (at mid-energies), most photons are more likely to be
scattered. Therefore, they have lower absorption probabili-
ties, and hence thicker materials and longer MFP values are
required. Furthermore, HVL values of BG are compared with
other materials in order to see the thickness advantage of the
boron waste for shielding ability (Fig. 4). BG has lower HVL
values than the others in a wide energy range as a shielding
material.

The interaction possibility of per atom and per electron
in a unit volume of any material is given by ACS and ECS,
respectively. ACS and ECS values change with incident pho-
ton energies as given in Fig. 5. The ACS and ECS values of
BG decrease proportionally with increasing photon energy

FIGURE 5. The dependence of ACS a) and ECS b) values on incident photon energies.

Rev. Mex. Fis.69040401



A COMPREHENSIVE ANALYSIS ON RADIATION SHIELDING CHARACTERISTICS OF BOROGYPSUM (BORON WASTE). . . 5

FIGURE 6. The dependence ofZeff a)Neff b) Ceff c) values on incident photon energies.

FIGURE 7. The dependence of EBF a) and EABF b) values on incident photon energies.

due to the decrease in the probability of photon-atom interac-
tion.

The energy dependence ofZeff, Ceff and Neff values is
given in Fig. 6. In photoelectric effect region (at low ener-
gies), maximumZeff values were obtained varied withZ4−5.
By increasing energy, these values decreased sharply with
E−3.5. Then the values gradually increased and stayed con-
stant at high energies by pair production varied withZ2. Zeff

values of the samples generally depend on the atomic num-
bers of the elements in the compositions. It is obvious that the
increase of theZeff value is due to the presence of Pb content
in the sample.Neff is the parameter that represents the effec-
tive conductivity of the compound [31]. As shown in Fig. 6,

the variation of theNeff values on the incident photon ener-
gies is similar with the variation ofZeff values. The larger
effective atomic number causes the interaction between the
photons and more free electrons [32]. Interactions (photo-
electric effect, Compton scattering, and pair production) be-
tween photons and material changes the number of free elec-
trons in the material. This causes changes ofCeff values and
dependence ofCeff on photon energies is seen in Fig. 6.

The change of EBF and EABF versus incident photon en-
ergies is shown in Fig. 7. Buildup factor values are small at
low energies as a result of the photoelectric effect. EBF and
EABF reach the maximum values at mid-energies due to the
large number of scattered photons in consequence of Comp-
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FIGURE 8. The dependence ofZeq on incident photon energies.

FIGURE 9. FNRCS values of BG and other shielding materials.

ton effect. At high energies, pair production is the effec-
tive process, therefore photon absorption is observed strongly
and a decrease in buildup factors is observed in this region
[29,30]. It can be said that the buildup effect is predominant
in the mid-energy region. The probability of photon scatter-

ing increases with increasing penetration depth, and so EBF
and EABF values achieve high values at higher MFP values.

Equivalent atomic number (Zeq) is the parameter on de-
termination of energy absorption calculation and absorbed
dose. Zeq is affected only by Compton scattering [29, 30].
The change of calculatedZeq of BG is given in Fig. 8.Zeq

values with energy-dependent fluctuations are observed for
materials which are composed of many elements with large
differences in atomic numbers as seen forZeff, Neff andCeff

parameters.
Fast neutron attenuation abilities of the sample are also

determined by Phy-X/PSD. Fast neutron removal cross sec-
tion (FNRCS) value of BG is 0.076. The comparison for
FNRCS values of BG and different samples reported previ-
ously [27, 28, 30, 33] are given in Fig. 9. It is obtained that
BG has higher neutron attenuation after OC among the given
shielding materials.

4. Conclusions

In the paper, we investigated the radiation shielding poten-
tial of BG by determination of photon attenuation parameters
in the energy range of 1keV-100GeV. For this purpose, Phy-
X/PSD software was used. Depending on comparison of ob-
tained MAC values of BG with those of other shielding ma-
terials (OC, GC, RC, pumice, MD, NO), it can be stated that
the shielding potential of BG is higher than those. It is ob-
vious thatZeff value is mainly depend on the composition of
the sample. Having elements with high atomic numbers such
as Pb, Sr, Zr make the parameter higher.Zeq values have
energy-dependent fluctuations due to the presence of many
elements with large differences in atomic numbers as seen for
Zeff, Neff andCeff parameters. Additionally, FNRCS value of
BG enables to evaluate the sample as an appropriate neutron
shielded.
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