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a b s t r a c t

An extensive investigation of photon interaction properties has been made for ZnxTe100-x alloys (where
x ¼ 5, 20, 30, 40, 50) to explore its possible use in sensing and shielding gamma radiations. The results
show better and stable response of ZnTe alloys for various photon interaction properties over the wide
energy range, with an additional benefit of ease in fabrication due to lower melting points of Zn and Te.
Mass attenuation coefficient values show strong dependence on photon energy as well as composition.
Effective atomic number has maximum value for Zn5Te95 and lowest for Zn50Te50 in the entire energy
region. The alloy sample with maximum Zeff shows minimal value of Ne and vice versa. Mean free path
follows inverse trend as observed for mass attenuation coefficient. The exposure and energy absorption
buildup factors depend upon photon energy, penetration thickness and composition (effective atomic
number) of ZnxTe100-x alloys. It finds its application for sensing and shielding from highly energetic and
highly penetrating photons at sites where radioactive materials were used and visibility of material is not
a big constraint. Further, energy down conversion property of ZnTe alloys with subsequent emission in
green band suggests its potential use in sensing gamma photons.
© 2018 Korean Nuclear Society, Published by Elsevier Korea LLC. This is an open access article under the

CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).

1. Introduction

With increasing demand of energy and advancement in tech-
nology, the use of radiations is growing rapidly. Besides many big
advantages and benefits to mankind in form of nuclear reactors,
there are certain drawbacks associated with the radiations. These
highly penetrating ionizing radiations are harmful to human body,
sensitive laboratory equipment, animals and environment [1]. The
detrimental effects of gamma radiations are globally admitted in
today's world [2]. Thus, the study of gamma photons is significant
in applied radiation fields viz. medical physics involving radiation
for therapeutic and diagnostic use, radiation physics, reactors
shielding etc. The study of interactions of highly energetic and
highly penetrating gamma photons with different type of materials
is also of prime importance in basic physics.

Shielding from gamma photons is required at reactor sites to
minimize the dose level below permissible limits [3]. The type of
material and thickness of shielding required is chosen on the basis
of type of radiation, strength of the radio-isotope, exposure rate and

cost effectiveness. An effective shield not only results in a sub-
stantial energy loss in a small penetration distance but also elimi-
nates the probability of further emission of hazardous radiations.
Lead, mercury and concrete are traditional radiation shielding
materials. There are few disadvantages like toxicity, strength, etc.
associated with these materials. Therefore, the quest for better
shielding material was commenced. Hence, several researchers
explored some new materials viz. glasses, alloys, polymers as
shielding materials for gamma photons [4e9].

There are various significant photon interaction parameters viz.
mass attenuation coefficient (mm), effective atomic number (Zeff),
electron density (Ne), exposure buildup factor (EBF) and energy
absorption buildup factor (EABF) which help in determining the
radiation protection efficiency of the material [10,11].

Mass attenuation coefficient (mm) is a fundamental property of
the material which determines the probability of interaction of
gamma photons (may be scattering or absorption) with the mate-
rial [2]. Effective atomic number (Zeff) is property of compound or
mixture analogous to atomic number of elements. However, it is an
energy dependent property, helps in visualizing the efficacy of
shielding material and to interpret the attenuation of gamma
photons by a material [3]. Electron density (Ne) is another property* Corresponding author.
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of material, which provides the information about average number
of electrons available per unit mass of the material [3].

Buildup factor is the property of material, which helps in eval-
uating and describing the distribution of photon flux in medium.
Buildup factor has two forms: (i) exposure buildup factor (EBF),
which finds its application in shield designing, and (ii) energy ab-
sorption buildup factor (EABF), which is useful in dose computa-
tions. Different methods were employed to obtain the buildup
factors for different type of materials viz. G.P. fitting method [12],
iterative method [13], Monte Carlo simulation method [14] and
invariant embedding method [15,16]. Among these methods, Geo-
metric Progression (G.P.) fitting method has been found to be most
advantageous and appropriate [12,17,18].

In our previous studies, nanocrystalline ZnxTe100-x (x¼ 5, 20, 30,
40, 50) thin films were prepared and characterized in terms of
structural, optical and electrical properties [19,20]; which were
further investigated to explore the vacuum annealing effect on
these thin films [21]. The work has been extended to explore
photon interaction parameters of these alloys; which will help in
exploring its possible use in sensing and shielding applications for
gamma rays.

2. Computational work

The mm values obtained (in cm2/g) for 52Te, 30Zn and selected
alloy samples using WinXCom [22] were used to compute molec-
ular cross-section sm, atomic cross-section sa ; electronic cross-
section se, Zeff and Ne using following relations [23]:

Molecular Cross� section; sm ¼ ðmmÞalloy
P

i niAi

N
(1)

Atomic Cross� section; sa ¼ smP
ini

(2)

Electronic Cross� section; se ¼ 1
N

X fiAi

ZiðmmÞi
(3)

Effective atomic number Zeff ¼
sa
se

(4)

Electron Density; Ne ¼ mm
se

(5)

Using the GP fitting parameters (b, c, a, Xk, d) for some elements
as provided by ANS 6.4.3 [18], the exposure and energy absorption
GP fitting parameters for the selected ZnTe alloys were computed
with the help of following interpolation formula [23]:

where, P1 and P2 are the values of GP fitting parameters corre-
sponding to Z1 and Z2 respectively at a fixed energy such that
Z1 < Zeff < Z2.

The computed G.P. fitting parameters were further applied to
obtain EBF and EABF for ZnxTe100-x alloy samples in the photon
energy regime of 15.0 keV to 15.0 MeV and up to penetration depth
of 40 mfp using the following expressions [12]:

BðE; xÞ ¼ 1þ ðb� 1ÞðKx � 1Þ
K � 1

for Ks1 (7)

BðE; xÞ ¼ 1þ ðb� 1Þ for K ¼ 1 (8)

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

1� tanhð � 2Þ for x

� 40 mfp

(9)

where b, c, a, Xk and d are the GP fitting parameters and K(E, x) is
known as photon dose multiplication.

3. Results and discussion

The variation of mm for ZnTe alloys with photon energy has been
shown in Fig. 1. The mm values were large at lower photon energy;
which decreases sharplywith increase in photon energy for all ZnTe
alloys. The discontinuities in mm values were observed in low en-
ergy region due toM-, L- and K-absorption edges of Zn and Te in the
selected alloys.

The variation of effective atomic number with incident photon
energy for all ZnxTe100-x (x ¼ 5, 20, 30, 40, 50) alloys has been
shown in Fig. 2. A substantial variation in Zeff of ZnTe alloys at en-

ergy region less than 100 keV can be explained on the basis of
absorption edges of Zn (K-edge at 9.659 keV; L-edges at 1.020 and
1.194 keV) and Te (K-edge: 31.81 keV; L-edges at 4.341 and
4.939 keV; M-edges near 1.006 keV). In the limited energy region of
100 keVe1.0 MeV, Zeff for all ZnTe alloys decreases rapidly with the
increase in photon energy. Moreover, the rate of decrease in Zeff
varies inversely with the composition of Te in the alloys. During

Fig. 1. Variation of mass attenuation coefficient with photon energy for selected alloys.

G:P: fitting parameters; P ¼
P1

�
log Z2 � log Zeff

�
þ P2

�
log Zeff � log Z1

�
log Z2 � log Z1

(6)
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1.0e50.0 MeV, the Zeff increases with the further increasing photon
energy. Above 50 MeV, almost constant values for Zeff were
observed for all ZnTe alloys. Zeff of a material (compound/mixture)
must lie between lowest atomic number (in the present case,
Z1 ¼ 30) and highest atomic numbers (in the present case, Z2 ¼ 52)
of constituent elements [24]. Among the selected alloys, maximum
values for Zeff were observed for Zn5Te95 alloy in the entire energy
region (having maximum contribution of 52Te); whereas minimum
values for Zeff were observed for Zn50Te50 (having maximum
contribution of 30Zn) (see Table 1).

The maximum variation in Zeff values with photon energy has
been shownwith the help of parameter DZeff in Table 2. DZeff values
show less variation for Zn5Te95 (1.3415 for compound withmajority
of one element); which increases with increase in composition of
Zn/decrease in composition of Te. The lower variation in DZeff for
selected alloys (1.3415e9.8100) shows greater stability of ZnxTe100-
x alloy samples which makes it suitable for sensing/shielding ap-
plications inwide energy photon spectrum. Moreover, the presence
of constituent elements with low melting points (419.5 �C and
449.5 �C for Zn and Te, respectively) makes it convenient to fabri-
cate in any desired shape.

Fig. 3 shows the variation of Newith photon energy for ZnxTe100-
x (x¼ 5, 20, 30, 40, 50) alloys. It has been observed that the trend for

electron densities corresponding to different energies is almost
similar to the trend of Zeff for the selected ZnTe alloys. However,
there is a reversal swing in the trend i.e. Zn50Te50 alloy shows
maximumvalues of Ne but it has minimumvalues for Zeff. Similarly,
Zn5Te50 alloy has minimum values of Ne but shows maximum
values for Zeff. The maximum value of Ne for Zn50Te50 alloy can be
attributed to zinc telluride's alloying effect. The vacant sites in
crystal structure of Te are filled by Zn atoms which results in
increased electron density of selected alloy sample. Table 2 repre-
sents the variation of DN (difference between maximum and
minimum electron density) with maximum and minimum Ne for
selected ZnTe alloys. DN.

The simultaneous variation of exposure buildup factor (EBF)
with incident photon energy (15 keV‒15.0 MeV) as well as
composition dependence for all ZnTe alloys, zinc and tellurium at
fixed penetration depths of 1, 5, 10, 20, 30 and 40 mfp has been
shown in Fig. 4. For ZnTe alloy samples, two dominant peaks are
observed at 30 keV and 800 keV respectively. The first maximum
EBF value for all ZnTe alloys as well as tellurium observed at 30 keV
can be explained on the basis of K-absorption edge of Te (the energy
corresponding to which the probability of photon interaction via
photoelectric effect decreases drastically).

Fig. 4 (a) shows almost unity EBF values for all the selected al-
loys, zinc and tellurium up to 20 keV (dominant energy region for

Fig. 2. Variation of effective atomic number with incident photon energy for selected
alloys.

Table 1
Maximum, minimum and difference in Zeff values for selected alloys.

S. No. Alloy Composition Maximum Zeff (Z1) Minimum Zeff (Z2) DZeff ¼ Z1-Z2

1 Zn5Te95 51.8120 50.4705 1.3415
2 Zn20Te80 51.1348 46.2373 4.8975
3 Zn30Te70 50.5574 43.6781 6.8793
4 Zn40Te60 49.8349 41.3029 8.5320
5 Zn50Te50 48.9000 39.0900 9.8100

Table 2
Maximum, minimum and different in electron density for selected alloys.

S. No. Alloy Composition Maximum Electron Density N1 (e/g) Minimum Electron Density N2 (e/g) DN ¼ N1-N2

1 Zn5Te95 2.5063 � 1023 2.4414 � 1023 0.0649 � 1023

2 Zn20Te80 2.6741 � 1023 2.4179 � 1023 0.2562 � 1023

3 Zn30Te70 2.7949 � 1023 2.4146 � 1023 0.3803 � 1023

4 Zn40Te60 2.9218 � 1023 2.4216 � 1023 0.5002 � 1023

5 Zn50Te50 3.0522 � 1023 2.4398 � 1023 0.6124 � 1023

Fig. 3. Variation of electron density with incident photon energy for selected alloys.
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photoelectric absorption). In the limited energy region
(20e30 keV), EBF values grow with the rise in photon energy for all
samples, except zinc. With further increase in photon energy
(above 30 keV), EBF value starts decreasing for all the selected
samples up to 100 keV, excluding zinc. It can be explained on the
basis of K-absorption edge for Te, which appeared at 31.81 keV and
Te is the major constituent element in all selected alloy
compositions.

With the dominance of Compton scattering in intermediate

energy region, the values of EBF increase. In the limited energy
region (100e800 keV), EBF values again increase with the rise in
photon energy for all samples. Beyond 800 keV, EBF values decrease
with the rise in photon energy for all samples up to 4 MeV and
thereafter saturate. In higher energy region (above 4 MeV), the
pair-production process dominates and results in photon absorp-
tion. The trend observed for zinc may be due to the presence of its
absorption edges at comparatively lower energies and its lower
atomic number as compared to other samples.

Fig. 4. Variation of EBF with photon energy for selected alloys, Zn and Te at (a) 1 mfp, (b) 5 mfp, (c) 10 mfp, (d) 20 mfp, (e) 30 mfp and (f) 40 mfp.
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Similar variation in EBF with photon energy has been recorded
for ZnTe alloys and Te at high penetration depth of 5, 10, 20, 30 and
40 mfp as shown in Fig. 4(bef) with few exceptions:

a. The strong composition dependence can be visualized in all the
ZnTe alloy samples and tellurium at 30 keV for all penetration
depths except 1 mfp. Whereas Zn (atomic number ¼ 30) shows
different behavior for EBF in all the plots as compared to other
samples (39 < Zeff < 52).

b. Further, at higher penetration depth (above 5mfp) and at higher
energies (above 4 MeV), there is again an increase in EBF values
for all ZnTe alloys as well as tellurium. It can be explained on the
basis of range of electron - positron emitted during pair pro-
duction process. At lower penetration thickness (below 5 mfp),
the electron - positron pair may get sufficient kinetic energy to
escape from the thickness of interacting material. Whereas, at
higher penetration thickness (above 5 mfp) the electron -
positron pair may lose its kinetic energy in the sufficiently thick

Fig. 5. Variation of EABF with photon energy for selected alloys, Zn and Te at (a) 1 mfp, (b) 5 mfp, (c) 10 mfp, (d) 20 mfp, (e) 30.
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interacting material and at rest may result in annihilation pro-
cess. This annihilation process further creates two gamma
photons (511 keV) in opposite directions. Hence, pair production
which initially undergoes photon absorption at lower penetra-
tion depths can result in the creation of lower energy photons
too. So, instead of decrease in EBF values, there is an increase in
EBF at higher penetration thickness.

c. It has been observed that the order of EBF values keeps on rising
with the penetration depth. The range observed for EBF values
at 1, 5, 10, 20, 30 and 40 mfp lies in between 1 and 3,1-10,1 -103,
1-106, 1-109 and 1-1012 respectively.

Fig. 5 (a) represents the simultaneous variation of energy ab-
sorption buildup factor (EABF) with photon energy (15 keV‒
15.0 MeV) as well as composition dependence for the selected
samples at fixed penetration depth of 1 mfp. It is observed that up
to 20 keV, EABF is almost unity for all the selected samples.

In low energy region, the EABF values upsurge with the increase
in photon energy for all samples, except zinc. EABF attains
maximum value twice; in photon energy region between 30 and
40 keV as well as at photon energy of 600 keV for all samples,
except zinc (which showsmaximumvalue in EABF only once and at
400 keV). Moreover, the first peak (maximum EABF corresponding
to 30e40 keV) is less dominant as compared to second peak
(maximum EABF observed at 600 keV) for all the samples except
Zn.

Further, no significant effect of composition can be observed in
EABF for different samples in entire energy region at 1 mfp. The
EABF for different samples has small values in low energy region

due to dominance of photoelectric effect. In intermediate energy
region, the values of EABF increase due to dominance of Compton
scattering. In high-energy region, the pair-production process be-
comes dominant.

At higher penetration depth of 5, 10, 20, 30 and 40 mfp as rep-
resented in Fig. 5(bef), almost similar variation has been observed
in EABF values for all the samples with following exceptions:

a. The dominance of first peak (maximum EABF corresponding to
30e40 keV) as compared to second peak (maximum EABF
observed at 600 keV) for all the samples increases with the in-
crease in penetration thickness. At large penetration thickness
of 20 mfp and above, the first peak dominates more than the
second one by the factor of 10 times or more.

b. The significant variation in EABF value due to composition
dependence can only be observed in first peak (maximum EABF
corresponding to 30e40 keV) at penetration thickness of 5 mfp
and above for all the samples. Among selected samples,
maximum value in EABF (corresponding to 30e40 keV) has
been observed for Zn5Te95 (maximum Zeff) at higher penetration
depths. Hence, EABF varies directly with the effective atomic
numbers of the samples.

Similar to EBF results, the order of EABF values keeps on
upsurging with the penetration depth for all the ZnTe alloy, Zn and
Te samples. The range of EABF values for all the selected samples at
fixed penetration thickness of 1, 5, 10, 20, 30 and 40 mfp lies in
between 1 and 3, 1-10, 1 -103, 1-106, 1-109 and 1-1012 respectively.

The simultaneous variation of EBF with penetration depth as

Fig. 6. Variation of EBF with penetration depth for selected alloys at (a) 15 keV, (b) 150 keV, (c) 1.5 MeV and (d) 15 MeV.
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well as composition dependence for selected samples at different
energies is shown in Fig. 6. It can be observed that EBF values in-
crease with the increase in penetration thickness of samples.
However, the rate of increase in EBF values for all samples varies at
different energy. These observations are made at 15 keV, 150 keV,
1.5 MeV and 15 MeV photon energies. At 15 keV, all the selected
samples (ZnTe alloys, Zn and Te) show no significant variation and
offer EBF value around unity except Zn50Te50 as shown in Fig. 6 (a).
Zn50Te50 alloy (having minimum effective atomic number) shows
significant increase in EBF value with increasing penetration
thickness at 15 keV (maximum contribution of Zn in this sample
shows significant contribution of absorption edge of Zn, which
appears at 9.65 keV).

At 150 keV, Zn (with least atomic number, Z ¼ 30 among the
selected samples) shows exceptional behavior in EBF value with
penetration thickness whereas other samples follow the similar
behavior. Except for Zn, the rate of increase in EBF values with
penetration thickness decreases with the atomic fraction of Te (or
with the effective atomic number of samples) as shown in Fig. 6 (b).
At intermediate energy of 1.5 MeV, similar variation in EBF value
with penetration thickness is observed for all the samples as shown
in Fig. 6 (c). The samples with higher Z or Zeff have lower values for
EBF i.e. an inverse relation between EBF and Zeff for the selected
samples has been established at these energies (150 keV as well as
1.5 MeV).

At higher energy of 15 MeV, an exponential increase in EBF
values with increase in penetration thickness of the selected sam-
ples has been observed as shown in Fig. 6 (d). As compared to lower
energies of 150 keV (Fig. 6 (b)) and 1.5 MeV (Fig. 6 (c)); where
maximum EBF values are observed for lower effective atomic

number samples, at higher energy of 15 MeV (Fig. 6 (d)) maximum
values in EBF have been observed for higher effective atomic
number samples.

Hence, reversal in trend has been observed. It can be explained
on the basis of dominance of pair production, which initiates from
1.022 MeV and become dominant process above 5 MeV. The cross-
section for this process depends strongly on atomic number
(effective atomic number for compounds/mixtures) and also in-
creases exponentially with photon energy above 5 MeV. As a result
of pair production, the electron - positron pair so obtained further
undergo annihilation process in the sufficiently thick interacting
material and results in again generation of two photons of energy
511 keV in opposite directions. These photons (which were gener-
ated as a result of annihilation) undergo multiple Compton scat-
tering before getting absorbed via photoelectric effect. Hence, the
pile up of these photons within interacting material will result in
increase in EBF values at higher energy as well as higher penetra-
tion thickness.

Fig. 7(aed) represents the simultaneous variation of EABF with
penetration depth as well as composition dependence for selected
samples at fixed photon energies of 15 keV, 150 keV, 1.5 MeV and
15 MeV. The simultaneous variation in EABF values with photon
energy as well as penetration thickness for the entire samples show
similar trend as observed in case of simultaneous variation in EBF
values with photon energy as well as penetration thickness for all
the samples. Hence, it can be explained on the similar basis.

At 15 keV, all the selected samples have around unity EABF value
except Zn50Te50; having maximum EABF value at highest mean free
path value equals to 14.19. Similarly, at 150 keV, Zn (with low
atomic number, Z ¼ 30) has maximum EABF value equals to 4.89 at

Fig. 7. Variation of EBF with penetration depth for selected alloys at (a) 15 keV, (b) 150 keV, (c) 1.5 MeV and (d) 15 MeV.
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14 mfp and other selected alloys have similar trends. For interme-
diate energy, 1.5 MeV, it is observed the EABF value increases for all
the samples proportional to mean free path. The samples with high
Zeff have low EABF at maximum mfp values. Selected samples with
low Zeff show reverse trend.

Further, as discussed in our previous work [19], the energy band
gap of ZnxTe100-x (where x ¼ 5, 20, 30, 40 and 50) alloys lies in
between 0.62 and 2.06 eV respectively; it creates favourable
chances for emission in visible region. The PL studies reported
emission for Zn50Te50 in green light (548e566 nm) and absorption
below 500 nm [25,26] suggests its energy down conversion
mechanism. EABF results from present studies show maximum
buildup of photons at energy of 30e40 keV; which is more pro-
nounced at higher penetration depths. Hence, these samples can be
used for sensing highly energetic gamma radiations.

4. Conclusions

In the present work, photon interaction properties viz. mm, Zeff,
Ne, EBF and EABF for ZnxTe100-x (x ¼ 5, 20, 30, 40, 50) alloys were
analyzed. It has been observed that mm values have strong depen-
dence on photon energy as well as composition in the lower as well
as higher energy regions; whereas it is independent of these pa-
rameters in intermediate photon energy for the selected alloys. Zeff
has maximum value for Zn5Te95 and lowest for Zn50Te50, which
shows that Zeff increases with increase in composition of high-Z
element. Zn5Te95; an alloy sample with maximum Zeff, has mini-
mal value of electron density. It has been observed that EBF and
EABF values are unity for all the selected alloys, zinc and tellurium
up to 20 keV due to dominance of photoelectric absorption. EABF
attains maximumvalue twice; in photon energy region between 30
and 40 keV as well as at photon energy of 600 keV for all samples,
except zinc. With the dominance of Compton scattering and pair-
production process in intermediate and higher energy region
respectively, the values of EBF and EABF increase. It has been
observed that EBF and EABF values depend upon photon energy,
thickness and Zeff of the material. Both EBF and EABF values for
selected ZnTe alloys increase with increase in thickness (in terms of
mfp). The energy down conversion property of these alloysmakes it
suitable for sensing and shielding gamma photons.
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