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Gamma ray exposure buildup factor for some ceramics such as boron nitride (BN), magnesium diboride (MgB
2
), silicon carbide

(SiC), titanium carbide (TiC) and ferrite (Fe
3
O
4
) has been computed using five parametric geometric progression (G.P.) fitting

method in the energy range of 0.015 to 15.0MeV, up to the penetration of 40 mean free path (mfp). The variation of exposure
buildup factors for all the selected ceramics with incident photon energy, penetration depth, and chemical composition has been
studied.

1. Introduction

The recent nuclear reactor explosion in Japan emphasized
the dire need of systematic and precise studies of dosi-
metric parameters of different type of materials. In the
nuclear reactor, multienergetic photons were released, and
for protection from these highly penetrating radiations, thick
walls of concrete were built around the nuclear reactor.
However, in case of nuclear accident, these highly penetrating
radiations can travel longer distances and can cause harm
to living organisms. In such a situation, the extent to which
building materials can provide shielding from these harmful
radiations is of utmost concern. Keeping this in mind, an
attempt has beenmade to visualize the interaction of photons
with one of the building material, namely, ceramics.

Ceramics are the composite materials in which the
mechanical properties such as strength, modulus, toughness,
wear resistance, and hardness are of primary interest. Despite
possessing the strength and modulus values which are equal
to or better than metals, these materials have chemical
inertness and brittle fracture behavior. Considering such
properties, ceramics have been selected to visualize the

feasibility of using these materials as gamma ray shielding
material.

The intensity of a gamma rays beam follows Lambert-
Beer law (𝐼 = 𝐼

𝑜
𝑒
−𝜇𝑥) under three conditions which are (i)

monochromatic radioactive source, (ii) thin absorbing mate-
rial, and (iii) narrow beam geometry that should be used. In
case, any of the three conditions has been violated, this law no
longer holds. However, violation of the law can bemaintained
using the correction factor 𝐵, which is known as buildup
factor. Different researchers have conducted experimental
and theoretical studies in different type of materials. Several
methods (geometric progression (G.P.) fitting method [1–3]
and invariant embedding method [4]) have been used for
the computation of buildup factors for different materials in
different geometrical situations.

American Nuclear Society [2] provided a comprehensive
set of standard data for exposure buildup factor which
includes twenty three elements, two compounds, and one
mixture in the energy range of 0.015 to 15.0MeV and up to
the penetration depth of 40mfp.

In our previous works [5, 6], the various types of buildup
factors and different methods/codes available to compute
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the buildup factor have been already discussed. Recently,
different researchers had contributed in providing gamma
ray buildup factor data for different materials such as for
thermoluminescent dosimetricmaterials [7], flyash concretes
[8], human tissue [9], teeth [10, 11], some essential amino
acids, fatty acids, and carbohydrates [12], and samples from
the earth, moon, and mars [13].

In the present work, G.P. fittingmethod has been adopted
to compute exposure buildup factors at some incident photon
energies in the range of 0.015 to 15MeV with penetration
depth up to 40mfp for some ceramics.

2. Computational Work

The computational work of exposure buildup factor for the
selected ceramics has been divided into three parts. The
first part deals with the computation of equivalent atomic
number (𝑍eq) for the selected ceramics in the energy region
of 15.0 keV to 15.0MeV. The second part concerns with the
computation ofG.P. fitting parameters, and finally in the third
part, exposure buildup factor values have been computed in
the same energy region.

2.1. Computations of Equivalent Atomic Numbers (𝑍
𝑒𝑞
). For

the computation of𝑍eq, the values of Compton partial attenu-
ation coefficient (𝜇Comp) and the total attenuation coefficients
(𝜇total) were obtained in cm

2/g for the selected ceramics in the
energy range of 0.015 to 15.0MeV using WinXCom program
[14]. The values of 𝑍eq for the selected ceramics were com-
puted by matching the ratio 𝑅 (𝜇Comp/𝜇total) of a particular
ceramics at a selected energy with the corresponding ratio of
an element at the same energy. In case the value of ratio lies
between two ratios for known successive elements, the value
𝑍eq was then interpolated using the following logarithmic
interpolation formula [6]:

𝑍eq =
𝑍
1
(log𝑅

2
− log𝑅) + 𝑍

2
(log𝑅 − log𝑅

1
)

(log𝑅
2
− log𝑅

1
)

, (1)

where 𝑍
1
and 𝑍

2
are the atomic numbers of elements corre-

sponding to the (𝜇Comp/𝜇total) ratios, 𝑅1 and 𝑅2, respectively,
and 𝑅 (𝜇Comp/𝜇total) is the ratio for the selected ceramic at a
particular energy, which lies between ratios 𝑅

1
and 𝑅

2
.

2.2. Computations of G.P. Fitting Parameters. American
National Standards [2] provided the exposure G.P. fitting
parameters of 23 elements (

4
Be-
8
O,
11
Na-
16
S,
18
Ar-
20
Ca,
26
Fe,

29
Cu, Mo, Sn, La, Gd, W,

82
Pb, and

92
U), one compound

(water), and two mixtures (air and concrete) in the energy
range of 0.015 to 15.0MeV and up to a penetration depth of
40mfp.The computed values of𝑍eq for the selected ceramics
were used to interpolate G.P. fitting parameters (𝑏, 𝑐, 𝑎, 𝑋

𝑘
,

and 𝑑) for the exposure buildup factor using the following
logarithmic interpolation formula [6]:

𝑃 =

𝑃
1
(log𝑍

2
− log𝑍eq) + 𝑃2 (log𝑍eq − log𝑍1)

log𝑍
2
− log𝑍

1

, (2)

where 𝑍
1
and 𝑍

2
are the elemental atomic numbers between

which the equivalent atomic number 𝑍eq of the chosen
ceramic lies.𝑃

1
and𝑃
2
are the values of G.P. fitting parameters

corresponding to the atomic numbers 𝑍
1
and 𝑍

2
, respec-

tively, at a given energy. Using the interpolation formula,
G.P. fitting parameters for exposure buildup factors were
computed at the selected incident photon energies for the
chosen ceramics.

2.3. Computations of Buildup Factors. The computed G.P.
fitting parameters (𝑏, 𝑐, 𝑎, 𝑋

𝑘
, and 𝑑) were used to compute

the exposure buildup factors for the selected ceramics in
incident photon energy range of 0.015 to 15.0MeV and up
to the penetration depth of 40mfp using following equations
[2–4]:

𝐵 (𝐸, 𝑥) = 1 +
𝑏 − 1

𝐾 − 1
(𝐾
𝑥
− 1) , for 𝐾 ̸= 1,

𝐵 (𝐸, 𝑥) = 1 + (𝑏 − 1) 𝑥, for 𝐾 = 1,
(3)

where

𝐾 (𝐸, 𝑥) = 𝑐𝑥
𝑎
+ 𝑑

tanh (𝑥/𝑋
𝑘
− 2) − tanh (−2)

1 − tanh (−2)
,

for 𝑥 ⩽ 40mfp.
(4)

3. Results and Discussion

The variation of exposure buildup factor with the incident
photon energy in the range of 0.015 to 15.0MeV has been
shown in Figure 1 for BN at some of the penetration depths
(1, 5, 10, 20, 30, and 40mfp). For the fixed penetration depth
of 1mfp, at lower incident photon energy (0.015MeV), the
value of energy absorption buildup factor is small, and it
increases with the increase in incident photon energy, reaches
amaximumvalue in the intermediate energy region, and after
that starts decreasing with the further increase in the incident
photon energy.

In lower and higher energy regions photo-electric and
pair productions are most dominant processes (in which
complete absorption of photon takes place), which result in
minimum value of buildup factor. While in the interme-
diate energy region, Compton scattering is the dominant
photon interaction process, which results only in the energy
degradation of the photon and not the complete absorption.
Hence the photons will pile up and give rise to peak. Similar
trend has been observed at higher penetration depths of the
ceramic.

The dominant range of Compton scattering process can
be expressed in the range of 𝐸photo-Comp and 𝐸Comp-pair prod
where 𝐸photo-Comp represents the energy for which both
photoelectric absorption and Compton scattering show
almost equal value for mass attenuation coefficient. Whereas
𝐸Comp-pair prod represents the energy for which both Comp-
ton scattering and pair production processes show equal
dominance. For boron nitride (least𝑍eq ceramic), the value of
𝐸photo-Comp is about 23 keV (the corresponding value of mass
attenuation coefficient (𝜇

𝑚
) at which energy is 0.160 cm2/g)
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Figure 1: Variation of exposure buildup factor with incident photon
energy for BN.

and the value of 𝐸Comp-pair prod is 28MeV (the corresponding
value of mass attenuation coefficient (𝜇

𝑚
) at which energy is

0.68×10
−2 cm2/g). Whereas for ferrite (highest𝑍eq ceramic),

the value of 𝐸photo-Comp is about 100 keV (the corresponding
value of mass attenuation coefficient (𝜇

𝑚
) at which energy

is 0.14 cm2/g), and the value of 𝐸Comp-pair prod is 12MeV
(the corresponding value of mass attenuation coefficient
(𝜇
𝑚
) at which energy is 0.13 × 10−1 cm2/g). Since, the

exposure buildup factor is the result of multiple Compton
scattering processes, hence the study of buildup factor is of
utmost importance between the values of 𝐸photo-Comp and
𝐸Comp-pair prod. Similarly, for other ceramics like magnesium
diboride, silicon carbide, titanium carbide, and ferrite, the
dominant range for Compton scattering process lies in
between 15.0 keV and 15.0MeV.

Further, it has been also observed that the ceramics with
low 𝑍eq show large Compton scattering dominant range (as
in case of BN), whereas for ceramics with comparatively high
𝑍eq, Compton scattering dominance region is less (as in cases
of ferrite and titanium carbide). Exposure buildup factor as a
function of penetration depth up to 40 mean free path for
the selected ceramics has been shown in Figure 2 for BN at
some of the selected incident photon energies (0.015, 0.10,
0.50, 5.00, and 15.0MeV). It has been observed that at all the
selected energies, exposure buildup factor increases with the
increase in penetration depth of BN. It may be due to the
reason that as thickness of ceramic increases, the probability
of multiple Compton scatterings also increases, and hence

the exposure buildup factor increases. Similar trend has been
observed for other ceramics.

However, the increasing rate was found to be slow for
lower andhigher incident photon energies, and rapid increase
was observed in case of intermediate energy region. The
slower increasing rate in the lower and higher energy regions
was due to the dominance of different photon absorption
processes in these energy regions (photoelectric effect in
the lower energy region and pair production in the higher
energy region) which results in the complete absorption
of gamma photons in the interacting medium, whereas in
the intermediate energy region the dominant process is
the Compton scattering, which results only in the energy
degradation of photons. Hence, there is a finite possibility of
the photon to reach the detector even for the large penetration
depths of the ceramics, and hence maximum violation of
Lambert-Beer equation has been observed.

Further, the increasing rate of exposure buildup factor
with the penetration depth is more rapid up to the certain
incident photon energy (0.1MeV), where the Compton scat-
tering process is most dominant process, and after this the
increasing rate of exposure buildup factor becomes slower for
higher energies.

All the selected ceramics have different chemical compo-
sition and hence different equivalent atomic number (𝑍eq).
So, to study the chemical composition dependence of differ-
ent ceramics on exposure buildup factor, exposure buildup
factor for all the selected ceramics has been plotted against the
incident photon energy at fixed penetration depths of 1, 5, 10,
and 40mfp and has been shown in Figures 3, 4, 5, and 6. From
these figures, it has been observed that for all the selected
ceramics, exposure buildup factor values are small at lower
incident photon energies as well as higher incident photon
energies and show maximum values in the intermediate
energy region. Itmay be due to the same reason of dominance
of different partial photon interaction processes in different
energy regions. Among the selected ceramics, ferrite (highest
𝑍eq) shows the minimum value for the exposure buildup
factor, whereas maximum values are observed for boron
nitride (lowest 𝑍eq). It may be due to the reason that ferrite,
which is a ceramic of oxygen (𝑍 = 8, weight fraction = 0.30)
and iron (𝑍 = 26, weight fraction = 0.70), has the maximum
equivalent atomic number due to the major contribution of
iron. Whereas boron nitride consists of boron (𝑍 = 5, weight
fraction = 0.44) and nitrogen (𝑍 = 7, weight fraction = 0.56)
and has the minimum equivalent atomic number. From this
observation, it can be concluded that exposure buildup factor
is inversely proportional to the equivalent atomic number of
the ceramics at lower penetration depths (below 10mfp).

In Figure 5, for the fixed penetration depth of 10mfp
of all the selected ceramics and for incident photon energy
above 3MeV, different ceramics show almost same values
for exposure buildup factor. It signifies that, above certain
incident photon energy (about 3MeV), exposure buildup
factor becomes almost independent of the chemical com-
position of the interacting material. Further, the selected
ceramics mostly follow different crystal structures such as
BN, SiC, and MgB

2
follow hexagonal, TiC follows cubic,

and Fe
2
O
3
follows rhombohedral structure. Since different
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Figure 2: Variation of exposure buildup factor with penetration
depth of BN.
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Figure 3: Variation of exposure buildup factor with incident photon
energy for all ceramics at 1mfp.
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Figure 4: Variation of exposure buildup factor with incident photon
energy for all ceramics at 5mfp.
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Figure 5: Variation of exposure buildup factor with incident photon
energy for all ceramics at 10mfp.
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Figure 6: Variation of exposure buildup factor with incident photon
energy for all ceramics at 40mfp.

ceramics follow different crystal structure, the same values
for exposure buildup factor above 3MeV photon energy and
at the penetration depth of 10mfp suggest that exposure
buildup factor becomes independent of crystal structure.

However, in Figure 6, which shows the variation of expo-
sure buildup factor for all the selected ceramics at the fixed
penetration depths of 40mfp, reversal in the trend of expo-
sure buildup factor values has been observed above 3MeV.
That is above the incident photon energy of 3MeV, exposure
buildup factor shows maximum values for ferrite (highest
𝑍eq ceramic) and minimum values for boron nitride (lowest
𝑍eq ceramic); that is, the exposure buildup factor becomes
directly proportional to the equivalent atomic number of the
ceramic. It may be due to the reason that pair production
initiates from 1.022MeV, and its dominance increases with
the increase in photon energy, and it results in the formation
of an electron and a positron. For smaller penetration depths
(below 10 mean free path) of the ceramics, these particles
escape either from the material or after multiple collision
within the ceramic comes to rest and further annihilates, that
is, creates two secondary gamma rays of 0.511MeV, which
escapes from the ceramic material. With the increase in pen-
etration depth (above 10mfp), these secondary gamma rays
(due to annihilation) contribute in increasing the intensity of
primary gamma rays and try to compensate for the decrease
in primary gamma rays due to pair production. With the
further increase in the penetration depth, that is, for larger
penetration depths, the probability of creation of secondary
gamma rays increases, and hence the contribution of these

secondary gamma rays towards exposure buildup factor also
increases.

4. Conclusions

From the present studies, the following conclusions can be
drawn.

(i) Exposure buildup factor increases with the increase in
penetration depth (40mfp).

(ii) Exposure buildup factor shows the following different
trends with incident photon energy.

(a) For the entire energy region (0.015–15.0MeV),
in case of small penetration depths (below
10mfp), exposure buildup factor is inversely
proportional to the 𝑍eq.

(b) In the higher energy region (above 3MeV for
the selected ceramics), there exists a penetration
depth (about 10mfp in the present case), for
which exposure buildup factor becomes almost
independent of the 𝑍eq or the chemical compo-
sition of the ceramics.

(c) In the higher energy region (above 3MeV),
for large penetration depths (above 15mfp),
exposure buildup factor becomes directly pro-
portional to 𝑍eq.

Among the selected ceramics, ferrite (Fe
3
O
4
) offers better

gamma ray shielding.
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