
lable at ScienceDirect

Vacuum 143 (2017) 138e149
Contents lists avai
Vacuum

journal homepage: www.elsevier .com/locate/vacuum
Effective atomic number and buildup factor calculations for metal
nano particle doped polymer gel

P. Sathiyaraj a, *, E.J.J. Samuel a, C.C.S. Valeriano b, M. Kurudirek c

a Medical Gel Dosimeter Laboratory, Department of Physics, VIT-University, Vellore 632014, Tamil Nadu, India
b Institute of Pesquisas Energeticas e Nucleares, Cidade Universitaris, Av. Prof. Lineu prestes, 2242 Sao Paulo, Brazil
c Department of Physics, Faculty of Science, Ataturk University, 25240 Erzurum, Turkey
a r t i c l e i n f o

Article history:
Received 18 January 2017
Received in revised form
17 March 2017
Accepted 4 June 2017
Available online 6 June 2017

Keywords:
PAGAT
Effective atomic number
XCOM
Buildup factor
Mass attenuation coefficient
* Corresponding author.
E-mail address: sathiarajmedphy@gmail.com (P. S

http://dx.doi.org/10.1016/j.vacuum.2017.06.005
0042-207X/© 2017 Elsevier Ltd. All rights reserved.
a b s t r a c t

The present study aimed at verifying the water equivalency of the PAGAT gel and metal nano particle
(different concentration of gold and silver) PAGAT (MPAGAT) gel in terms of effective atomic number
(Zeff). In addition to Zeff, energy absorption buildup factor (EABF) and exposure buildup factor (EBF) have
been calculated for MPAGAT. Auto-Zeff computer program was used to calculate the effective atomic
number for MPAGAT in the energy region 10 keV to 1 GeV. EABF and EBF were calculated by using
geometric progression (GP) fitting formula in the energy region from 0.015 to 15 MeV up to penetration
depths of 40 mean free path. Mass attenuation coefficient of MPAGAT gel was obtained by the XCOM
program and the results were compared with Monte Carlo simulation. It has been found that Au and Ag
doped PAGAT gels show excellent water equivalency than undoped PAGAT gel at dopant concentrations
of 0.1, 0.5 and 1 mM. From the results, it was noted that the EABF and EBF were significantly varied with
respect to photon energy and chemical composition of given PAGAT gel with different concentration of
metal nano particle. Since mass attenuation coefficients were used to obtain Zeff and EABF, the reliability
of the mass attenuation coefficient data were cross checked with Monte Carlo simulation, and a good
agreement was obtained between XCOM and Monte Carlo simulation.

© 2017 Elsevier Ltd. All rights reserved.
1. Introduction

Verification of complex three dimensional radiation dose dis-
tributions is an important process in advanced radiotherapy mo-
dalities such as IMRT, IGRT and SRS/SRT [1]. Due to a lot of dose
gradients in dose distribution, it is necessary to use dosimeters
with high spatial resolution to estimate dose accurately. Polymer
gels are promising 3d dosimeters with high spatial resolution in
addition to its superior radiological and dosimetric properties such
as water and/or tissue equivalency, energy and dose rate inde-
pendency, angular independency [2]. They act as detector and
phantom, thus perturbation correction factors are not necessarily
needed. These advantages of polymer gels make a huge footprint in
the field of medical physics. Developments in this field are being
directed in different aspects of polymer gels production such as
increasing melting point [3], increasing sensitivity [4] and testing
dose enhancement effect (DEE) by metal nano particles (MNP)
athiyaraj).
[5,6]. In order to evaluate the DEE in gel, different MNPs were used
by many researchers and they successfully reported the DEE in
polymer gels [6]. Since water or tissue equivalency of the polymer
gel depends on the elemental composition, atomic numbers of el-
ements and incident photon energy it would be useful to check the
radiological properties of polymer gel in parallel of DEE research.

In the present study, an attempt has been made to check how
MNPs doped polymer gel differs in terms of its Zeff and EABF and
EBF. Literature is rich of studies related to the computing Zeff and
buildup factor [7e15]. Since, Zeff depends on the photon beam
energy; defining Zeff of a particular compound by a single value is
not the appropriate way [7]. Therefore, it would be useful to verify
the Zeff in a continuous range of energy. Zeff is very useful in
choosing a substitute composite material in place of an element for
a specific energy depending on the requirement. Once photon en-
ters into themedium it degrades its energy and dose buildup occurs
inside the medium. The dose deposition in themedium depends on
intensity of incident beam. The attenuation of intensity of the
incident beam obeys the well-known Lamberts Beer's law if the
beam is mono energetic, narrow and interacts with thin absorbing
medium. In case if any of the above conditions is not met, the
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Lamberts Beer's law can be applied by incorporating multiplicative
correction factor, called the “Buildup factor”. Then we have to use
the modified Lamberts Beer law (I¼ BI0e-mx) where B is the buildup
factor. Presence of inorganic materials i.e. dopants canmake the gel
greatly vary with respect to their Zeff and EABF. Many of the
radiological properties of the gel were reported in literature
[16e18]. However, the effect of metal doping in the gel has not been
investigated yet in terms of buildup factor and effective atomic
number. This motivated us to carry out this work.

2. Method of computation

Firstly Zeff for the PAGAT was calculated using Mayneourd's
formula [19] for different concentration of Au and Ag in the gel as:

Zeff ¼
�
a1Z

2:94
1 þ a2Z

2:94
2 þ…aiZ

2:94
i

�1 =

2:94
(1)

where al, a2, a3,… ai, are the fractional contributions of each
element to the total number of electrons in the gel. Z is the atomic
number of each element present in the gel. Tables 1 and 2 shows
the fractional contribution of each element in the gel. Table 3 shows
the Zeff of Au and Ag doped PAGAT gel dosimeter.

2.1. Effective atomic number

Auto-Zeff program is a user-friendly software in visual basic
base for rapid computation of the effective atomic numbers and
spectral-weighted mean atomic numbers. In this method, effective
atomic number is determined via exploitation of the smooth
Table 1
Elemental composition of Au doped MPAGAT.

Elements Fraction of weight (Au doped PAGAT gel)

0.1 mM 1 mM 5 mM 10 mM 100 mM

H 0.107255 0.107236 0.107046 0.105185 0.106548
C 0.062173 0.062162 0.062052 0.060973 0.061763
N 0.019688 0.019684 0.019649 0.019308 0.019558
O 0.80215 0.802008 0.800589 0.786671 0.803474
P 0.004064 0.004063 0.004056 0.003985 0.004037
Cl 0.004651 0.00465 0.004642 0.004561 0.00462
Au 0.00002 0.000197 0.001966 0.019316 0.106548

Table 2
Elemental composition of Ag doped MPAGAT.

Elements Fraction of weight (Ag doped PAGAT gel)

0.1 mM 1 mM 5 mM 10 mM 100 mM

H 0.107256 0.107245 0.107199 0.107141 0.106112
C 0.062173 0.062167 0.06214 0.062107 0.06151
N 0.019688 0.019686 0.019677 0.019667 0.019478
O 0.802157 0.802079 0.801734 0.801302 0.793606
P 0.004064 0.004064 0.004062 0.00406 0.004021
Cl 0.004651 0.00465 0.004648 0.004646 0.004601
Ag 0.000011 0.000108 0.000539 0.001078 0.010672

Table 3
Effective atomic number of Au and Ag doped PAGAT gel.

Concentration (mM) Zeff for Au doped PAGAT Zeff for Ag doped PAGAT

0.1 7.798116 7.755646
1 8.201845 7.806176
5 9.650657 8.023406
10 11.01288 8.279979
100 21.01493 11.41948
correlation between atomic cross-section and atomic number. A
matrix of cross-sections was constructed spanning atomic number
for photon energies ranging between 10 keV and 1 GeV and the
cross-sections of poly-elemental media are calculated by linear
additivity rule. The cross-sectional values are constructed with the
cross-section matrix as a function of Z, and an effective atomic
number is obtained by the interpolation of Z values between
adjacent cross-section data [20].

2.2. Buildup factor

BF depends on the amount of scattering which in turn depends
on the photon energy and the nature of themedium. In addition the
build-up factor will depend on the distance of the dose point from
the source measured in mean free paths. The buildup factors can be
classified in to two types: 1. Energy absorption buildup factor
(EABF) that is the buildup factor in which the quantity of interest is
the absorbed energy of the photons in the medium and 2. Exposure
buildup factor (EBF) that is the buildup factor inwhich the quantity
of interest is the exposure in the air after penetrating through the
absorber [21].

American National Standards ANSI/ANS-6.4.3 published the BF
data for 23 elements (Z ¼ 4 to 92) and it covers the photon energy
from 0.015 to 15 MeV for 40 mean free path (mfp) and is obtained
by geometric fitting progression method (GP) [22]. The logarithmic
interpolation method was used to calculate the buildup factor co-
efficients using GP fitting parameters from respective equivalent
atomic numbers (Zeq) of the target materials. The following steps
were involved in computing BF: 1. Calculation of the Zeq, 2. Calcu-
lation of GP fitting parameters, and 3. Calculation of buildup factor.
Zeq is similar to atomic number of given compound and it is varying
with respect to different energy. Total interaction of photons with
materials is composed of different partial interactions such as
photoelectric absorption, Compton scattering and pair production.
In both photoelectric and pair production processes, photons are
completely absorbed but, in Compton process many scattered ra-
diation came out and it therefore contributes significantly in
buildup of photons.

2.2.1. Computation of Zeq and G.P fitting parameter for EABF and
EBF calculation

Zeq was computed for plain PAGAT (P.PAGAT) and metal doped
PAGAT (MPAGAT) for different concentration of Au and Ag. Ratio of
total interaction to Compton scattering was considered for calcu-
lating Zeq since BF mainly arises from Compton scattering.

To calculate Zeq, first Compton mass attenuation coefficient ((m/
r)Comp) and total mass attenuation co-efficient ((m/r)total) were
obtained for the pure elements, P.PAGAT and MPAGAT using XCOM
[23] data base.

The equivalent atomic number, Zeq, for P.PAGAT and MPGAT was
then calculated bymatching the (m/r)Comp/(m/r)total, of the given gel
dosimeter at a given energy with the corresponding ratio of a pure
element at the same energy. If this ratio lies between the two ratios
for known elements, then the value of Zeq is interpolated using the
following logarithmic interpolation formula [24]:

Zeq ¼ Z1ðlogR2 � logRÞ þ Z2ðlogR � logR1Þ
ðlogR2 � logR1Þ

(2)

where Z1 and Z2 are the atomic numbers of two adjacent elements,
R1 and R2 are the ratios (m/r)Comp/(m/r)total for these elements,
and R is the corresponding ratio for P.PAGAT andMPAGAT at a given
energy, which lies between R1 and R2 (adjacent to R). Tables 1 and 2
shows the Zeq of Au and Ag doped MPAGAT and P.PAGAT gel.

In order to calculate the G.P fitting parameter the same above



Fig. 1. Monte Carlo simulation geometry for irradiation of PAGAT with ion chamber.
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mentioned interpolation method was followed. The GP fitting pa-
rameters for elements were taken from the ANSI/ANS-6.4.3 stan-
dard reference database which provides the GP fitting parameters
for twenty three elements (Be, B, C, N, O, Na, Mg, Al, Si, P, S, Ar, K, Ca,
Fe, Cu, Mo, Sn, La, Gd, W, Pb and U) in the energy region
0.015e15 MeV up to 40 mfp. The GP fitting buildup factor co-
efficients of the gel can be calculated by the following equation

C ¼
C1

�
logZ2 � logZeq

�
þ C2

�
logZeq � logZ1

�
ðlogZ2 � logZ1Þ

(3)

where C1 and C2 are the values of the coefficients (GP fitting pa-
rameters) corresponding to the atomic numbers of Z1 and Z2,
respectively, and Zeq is the equivalent atomic number of the given
material.

Final step is calculation of buildup factor using the GP fitting
parameters.

BðE;XÞ ¼ 1þ b� 1
ðK� 1Þ ðKx � 1Þ for Ks1

BðE;XÞ ¼ 1þ ðb� 1Þx for K ¼ 1

KðE;XÞ ¼ cxa þ d
tanh

�
x=Xk

� 2
�
� tanhð � 2Þ

ðtanh� 2Þ for x � 40mfp

where x is the penetration depth in mfp (the average distance
traveled by a photon between successive interactions), and b, the
value of the energy absorption buildup factor at 1 mfp, K (E, x), K is
the photon dose multiplication factor and change in the shape of
spectrumwith increasing penetration depth, x. K is represented by
tangent hyperbolic function of penetration depth inmfp. And b, c, a,
XK and d are computed G-P fitting parameters which depends on
the attenuating medium and source energy.
2.3. Monte Carlo calculation of mass attenuation coefficients

The MCNP5-1.60 was used to simulate the PAGAT's irradiation.
In a random way three concentrations were chosen for the simu-
lation of the PAGAT: the first one was the PLAIN PAGAT (without
nanoparticle); the gel with 1 mM of Au nanoparticle; and the gel
with 1 mM of Ag. Similarly, three photon energies were chosen for
each concentration. For each scenario, a conical shaped radioactive
sourcewith a radii of 36mmwas used. A system of three cylindrical
collimators of lead was used; each one consists of 10 mm thickness.
Once the concentration of nanoparticle and the energy were fixed,
the plates were positioned in order to represent the gel. These
plates have 100 mm of width and length. A lot of archives were
created, each with a different length, in order to analyze the dif-
ference of attenuation for different thicknesses. First, a scenario
without a gel plate was simulated, representing the intensity
without attenuation (I0). Thereafter, the simulation was made for a
variety of thickness of the plates in order to represent the intensity
variation (I). For simulation of the response of the detector i.e. an
ionization chamber, PTW 23344) it was used the tally of energy
deposition, tally F6 in MeV/g [25], at the sensible volume of the
ionization chamber. For all scenarios, 9E08 histories were used.
Fig. 1 shows the simulation geometry.
Fig. 2. Effective atomic number of Au doped MPAGAT for different concentration.
3. Results and discussion

Table 3 shows the Zeff of MPAGAT using Mayneourd's formula
[19]. The values of Zeff increased as the concentration of heavy el-
ements increase in the gel dosimeter. In this calculation method,
Zeff is given as a function of elemental composition of the gel only
and only a single value can be obtained for the given material
irregardless of changing photon energy. Since, the Au has higher
atomic number than Ag, its respective Zeff is higher than Ag.
However, it should be noted that partial photon interaction pro-
cesses, thus mass attenuation coefficients have photon energy
dependence in a continuous energy region. Therefore, a method in
which energy dependence is taken into account would be more
convenient to calculate Zeff. The energy dependent Zeff will be
discussed in detail in the following sections.
3.1. Effective atomic number of Au doped MPAGAT

Variations in Zeff of PAGAT (without Au), MPAGAT (with different
concentration of Au) with respect to energy are shown in Fig. 2. All
Zeffs initially increase with energy from 0.01 MeV to 0.02 MeV due
to dominant process of photoelectric absorption but, higher values
of Zeff were obtained at 50 and 100 mM concentration due to more
abundance of Au than other concentration and, therefore this might
increase the interaction cross section for photoelectric absorption
process. Beyond 0.02 MeV the rapid fall occurs up to 0.1 MeV in the



Fig. 4. Effective atomic number of Ag doped MPAGAT for different concentration.
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concentration range of 0.01 mMe10 mM. In higher concentration
(50 and 100 Mm) the rapid fall extends up to 0.3 MeV. Since
Compton cross section is proportional to Z, the variation of Zeff was
constant from 0.4 to 2 MeV. Beyond 2 MeV, pair production takes
over the Compton scattering and Zeff gradually increases up to
200 MeV. It should be noted that at around 100 keV which is very
close to the K-absorption edge of Au i.e. 81 keV there appears to be a
sudden increase in values of Zeff (Fig. 2). This is due to the fact that
two possible mass attenuation coefficients, thus Zeffs can be ob-
tained one corresponding to the lower side and the other to the
upper side of the same energy, which leads a non-uniformvariation
of Zeff at around absorption edges.

The relative deviation (%RD) of Au doped M.PAGAT from water
was calculated and shown in Fig. 3. From 0.01 to 0.2 MeV %RD was
greater than 6% in 10 mM doped MPAGAT and maximum %RD was
10% at this energy region. Above 0.2 MeV the % RD was less than
1.6%.

For 5 mM doped MPAGAT the % RD is greater than 4% from 0.01
to 0.15 MeV and maximum deviation was 6.14%. Above 0.15 MeV it
was less than 1.4%. From 0.01 mM to 10 mM all Au doped MPAGATs
differ from water with a relative difference of 2.7% for the energy
range of 10 keV to 1 GeV. Reduction in the %RD for higher energy
might be due to the lower photoelectric interaction cross section in
these energies.

In higher concentration (50 and 100 mM) the average % RD thru
the entire energy region were 6% and 12% for 50 and 100 mM,
respectively. In higher concentration of Au, photoelectric cross
section is higher than that of lower concentration due to produc-
tion of more secondary radiation and they might have enough
energy to knock out the K or L shell electron of Au. From 0.01mM to
1 mM concentration, doped MPAGAT seems to be better water
equivalent than P.PAGAT (Relative differences are 1.51%, 1.32%, 1.3%,
1.21%, 1.20% and 1.22% for P.PAGAT, 1 mM, 0.5 mM, 0.1 mM,
0.05 mM, 0.01 mM doped MPAGAT respectively). Except for 50 and
100 mM, gels with all other concentrations did not show much
discrepancy in terms of water equivalent property.

3.2. Effective atomic number of Ag doped MPAGAT

Ag doped M.PAGAT holds the same argument of Au doped
M.PAGAT. Variations in Zeff of PAGAT (without Ag), MPAGAT (with
different concentration of Au) and water with respect to energy are
shown in Fig. 4. Zeff of gels doped from 0.01 to 10 Mmwas higher at
Fig. 3. Relative deviation in Zeff of Au doped MPAGAT with respect to water.

Fig. 5. Relative deviation in Zeff of Ag doped MPAGAT with respect to water.

Fig. 6. Relative deviation % in effective atomic number relative to water as function of
Au and Ag concentration.
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initial energy i.e. 0.01 MeV due to photoelectric absorption, after
that the rapid fall was noticed up to 0.15 MeV. For 50 and 100 mM
doped gel dosimeters, the maximum Zeff was found at K-edge of Ag
and start decreasing beyond the K-edge up to 0.15 MeV. K-edge
influencewas significant at higher concentrations (50 and 100Mm)
and it is not much affected for the rest of the concentrations. From
0.3 to 2 MeV Zeff for all concentrations were constant. Beyond
2 MeV, it started gradually increasing up to 150 MeV due to pair-
production. After 150 MeV the constant pattern was observed for
Zeff for all the concentrations.

The RD% in Zeff of Au doped M.PAGAT with respect to water was
calculated and is shown in Fig. 5. For 100 mM concentration, over
Table 4
Equivalent atomic number of P.PAGAT and Au doped MPAGAT.

Energy (MeV) P.PAGAT 0.1 mM 0.5 mM 1

0.015 7.36 7.36 7.38 7
0.02 7.38 7.39 7.41 7
0.03 7.4 7.41 7.44 7
0.04 7.41 7.42 7.45 7
0.05 7.42 7.42 7.46 7
0.06 7.42 7.43 7.47 7
0.08 7.42 7.44 7.49 7
0.1 7.43 7.5 7.77 8
0.15 7.44 7.53 7.88 8
0.2 7.44 7.54 7.96 8
0.3 7.44 7.57 8.05 8
0.4 7.45 7.59 8.1 8
0.5 7.45 7.6 8.14 8
0.6 7.45 7.61 8.17 8
0.8 7.45 7.62 8.2 8
1 7.45 7.62 8.2 8
1.5 6.59 6.6 6.64 6
2 6.54 6.55 6.56 6
3 6.53 6.54 6.54 6
4 6.53 6.53 6.53 6
5 6.53 6.53 6.53 6
6 6.52 6.53 6.53 6
8 6.52 6.52 6.52 6
10 6.52 6.52 6.52 6
15 6.51 6.52 6.52 6

Table 5
Equivalent atomic number of P.PAGAT and Ag doped MPAGAT.

Energy (MeV) P.PAGAT 0.1 mM 0.5 mM 1

0.015 7.36 7.36 7.36 7
0.02 7.38 7.39 7.39 7
0.03 7.4 7.41 7.43 7
0.04 7.41 7.42 7.44 7
0.05 7.42 7.42 7.45 7
0.06 7.42 7.43 7.46 7
0.08 7.42 7.43 7.47 7
0.1 7.43 7.44 7.48 7
0.15 7.44 7.45 7.49 7
0.2 7.44 7.45 7.5 7
0.3 7.44 7.46 7.51 7
0.4 7.45 7.46 7.52 7
0.5 7.45 7.46 7.52 7
0.6 7.45 7.46 7.53 7
0.8 7.45 7.46 7.53 7
1 7.45 7.46 7.53 7
1.5 6.59 6.59 6.59 6
2 6.54 6.54 6.55 6
3 6.53 6.53 6.54 6
4 6.53 6.53 6.53 6
5 6.53 6.53 6.53 6
6 6.52 6.53 6.53 6
8 6.52 6.52 6.52 6
10 6.52 6.52 6.52 6
15 6.51 6.51 6.52 6
all RD% was 6.3% and maximum value was 49.6%. For 50 Mm con-
centration over all RD% was above 4%. From 0.01 to 0.3 MeV it was
greater than 11%, beyond 0.3 MeV it was less than 2.1%. For 10 mM
concentration, the RD% was greater than 4.2% from 0.01 to
0.15 MeV, beyond 0.15 MeV it was less than 1.4%. For 5 mM, the
maximumRD%was 3.2% from 0.01 to 0.08MeV. Beyond 0.08MeV it
was less than 1.3%. For the concentration range of 0.01mMe10mM,
the RD% was less than 1.8% in the energy range from 10 keV to
1 GeV. From 0.01 mM to 1 mM, doped MPAGAT has shown less
difference when compared to water than P.PAGAT (1.51%, 1.29%,
1.26%, 1.24%, 1.23% and 1.23% for P.PAGAT, 1 mM, 0.5 mM, 0.1 mM,
0.05 mM, 0.01 mM doped MPAGAT, respectively).
mM 5 mM 10 mM 50 mM 100 mM

.4 7.59 7.8 9.23 10.37

.44 7.66 7.91 9.51 10.77

.48 7.75 8.06 9.91 11.32

.49 7.82 8.17 10.21 11.72

.51 7.88 8.26 10.44 12.03

.52 7.94 8.33 10.63 12.29

.55 8.02 8.46 10.97 12.69

.09 9.78 11.16 16.4 20.7

.23 10.22 11.75 17.39 20.9

.34 10.5 12.14 18.03 21.64

.5 10.92 12.64 18.82 22.57

.6 11.15 12.98 19.3 23.15

.68 11.3 13.17 19.62 23.52

.73 11.41 13.3 19.84 23.77

.78 11.52 13.43 20.06 24.03

.8 11.55 13.47 20.13 24.11

.7 7.15 7.71 11.86 15.94

.57 6.7 6.85 8.13 9.63

.55 6.61 6.69 7.34 8.08

.54 6.59 6.65 7.19 7.78

.54 6.58 6.64 7.12 7.66

.53 6.58 6.63 7.09 7.59

.53 6.57 6.62 7.05 7.52

.53 6.56 6.61 7.03 7.49

.52 6.56 6.60 7.00 7.45

Mm 5 mM 10 mM 50 mM 100 mM

.36 7.39 7.39 7.78 8.03

.39 7.42 7.42 7.85 8.13

.46 7.67 7.67 9.47 10.69

.47 7.72 7.72 9.74 11.07

.49 7.77 7.77 9.95 11.37

.5 7.81 7.81 10.1 11.54

.51 7.87 7.87 10.32 11.86

.53 7.92 7.92 10.49 12.09

.55 8 8 10.79 12.44

.56 8.04 8.04 10.99 12.68

.58 8.1 8.1 11.19 12.99

.59 8.13 8.13 11.31 13.14

.6 8.15 8.15 11.39 13.23

.61 8.16 8.16 11.44 13.29

.61 8.18 8.18 11.49 13.35

.61 8.18 8.18 11.5 13.36

.6 6.65 6.65 7.32 7.98

.55 6.57 6.57 6.88 7.15

.54 6.55 6.55 6.79 6.99

.53 6.55 6.55 6.76 6.94

.53 6.54 6.54 6.75 6.93

.53 6.54 6.54 6.75 6.91

.52 6.54 6.54 6.74 6.9

.52 6.53 6.53 6.73 6.89

.52 6.53 6.53 6.73 6.88
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When the concentration of MNP increased beyond 1 mM the
discrepancies in Zeff of MPAGAT increased with the increase in
dopant concentration (Fig. 6).

3.3. Build up factor

The energy absorption buildup factor (EABF) was calculated for
all the concentration of gel from 0.5 to 40mfp. Tables 4 and 5 shows
the calculated Zeq of Au and Ag doped MPAGAT and P.PAGAT gel.

3.4. Variation of energy absorption buildup factor with energy for
Au and Ag doped MPGAT

Figs. 7 and 8 show graphical representation of EABF for P.PAGAT
and M.PAGAT (Au and Ag doped) 0.1 mM, 1 mM, 10 mM and
100mM. Upon the continuous photon energy range, the absorption
processes, namely photoelectric absorption and pair production
Fig. 7. Variation of the energy absorption buildup factor with photon energy for selected pe
1 mM, d)10 mM, e)100 mM.
lead to complete removal of photons, so the lifetime of photons in
the material is small. Hence, they do not exist for a longer period of
time, resulting in less buildup factor at lower and higher energy
regions. In the case of the scattering processes i.e. Compton scat-
tering, the photons are not completely removed but their energies
are only degraded, resulting in the accumulation of photons. They
exist for a long time in the material, thus this process results with
more multiple scattered photons increasing buildup factor in the
medium. A sharp peak in EABF values was observed at 80 keV
energy as shown in Fig. 6 (d and e) which may be due to K-ab-
sorption edge of Au at around 80 keV.

Around the K-edge of high Z elements, mass attenuation co-
efficients jumps into a huge value in the upper side of the K-edge
and the element has two mass attenuation coefficients corre-
sponding to the lower and upper side of the edge.

This abrupt change in mass attenuation coefficient could lead a
sharp peak in buildup factor. Then the EABF values increase with
netration depths up to 40 mfp for the Au doped gels: a) P.PAGAT (0 Mm), b)0.1 mM, c)



Fig. 8. Variation of the energy absorption buildup factor with photon energy for selected penetration depths up to 40 mfp for the Ag doped gels: a) 0.1 mM, b) 1 mM, c)10 mM, d)
100 mM.

Fig. 9. (aed). EABF vs penetration depth of different concentration of Au doped MPAGAT for selected Energy (0.015, 0.15, 1.5 and 15 MeV).

P. Sathiyaraj et al. / Vacuum 143 (2017) 138e149144
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the increase in photon energy and show maximum at 0.1 MeV due
to predominance of Compton scattering in the intermediate-
energies. In Compton scattering photons are not completely
removed but just degraded in energy. Finally, BF values start
decreasing with the further increase in photon energy due to pair
production. We found that EABF values were increasing for all gel
dosimeters with increasing penetration depths whichmight be due
to the increase in multiple scattering as the penetration depth
increases.
3.5. Variation of energy absorption buildup factor with penetration
depth and chemical composition for Au and Ag doped MPGAT

From Figs. 9 and 10, it is clearly seen that, for energy 0.015 and
0.15 MeV the EABFs were increased when penetration depth
increased, but for energy 1.5 and 15MeV the increasing patternwas
still remaining at the same time but BF does not change much with
chemical composition of the gel materials. EABFs for 0.015 and
0.15 MeV increased with decrease in concentration of Au. In these
energies the variation in EABFs between PAGAT and 0.1 mM doped
MPAGAT were negligible. The maximum EABF was found as
20557.4 at 0.15Mev for PAGAT while for 0.1 mM of Au doped
MPAGAT it was 19659.4 at 0.15 MeV. Minimum EABF was found as
1.044 at 0.015 MeV for 100 mM doped MPAGAT. The discrepancy in
EABF for PAGAT and Au doped MPAGAT (for 0.1, 1, 5, 10, 50 and
100 Mm concentration) is very less and constant. At the energy
0.015 and 0.15 MeV maximum number of photon absorbed by
photo electric absorption process for Au doped M.PAGAT, this ab-
sorptionwas higher in higher concentration. So, multiple scattering
was less in Au doped M.PAGAT and it was very less for higher
concentration, this could lead to reduction in the EABF for Au doped
Fig. 10. (aed). EABF vs penetration depth of different concentration of A
MPGAT gel. The same argument holds for Ag doped MPGAT. The
maximum EABF for Ag doped MPAGAT was 20441.18 at 0.15 MeV
for 0.1 mM concentration. It was higher than Au doped MPGAT for
the same energy and same concentration. Since, Ag has less atomic
number than Au the photoelectric absorption cross sectionwas less
in Ag doped M.PAGAT and the complete absorption of photons is
less, thus it leads a relative increase in the Compton interaction
when compared to Au doped one. This increases the EABF more in
Ag doped M.PGAT than Au doped M.PGAT. Since P.PAGAT was
slightly modified by adding Au and Ag, the chemical composition of
theM.PAGAT does notmake any impact on EABF. At energy 1.5 MeV
(Figs. 8 (c) & 9 (c)), where only Compton scattering is the dominant
interaction process it leads an increase in EABF and it seems to be
independent of chemical composition. The same explanation can
be true at energy 15 MeV(Figs. 8 (d) & 9 (d)), where only pair
production is the dominant interaction process and the multiple
scattering was less, this leads to reduction in the EABF and seems to
be independent of chemical composition as well.
3.6. Variation of exposure buildup factor with energy and
penetration depth for MPGAT

Figs. 11 and 13 show the variation of the EBF (for Au and Ag
doped PAGAT gel) as a function of energy. Variation in EBF seems to
be similar to the variation in EABF. Since the EBF is based on the
energy absorption response of air while EABF refers to that absor-
bed or deposited energy in the attenuating material, there are
significant differences between EABF and EBFin the continuous
energy region [12]. A sharp peak in EBF values was observed at
80 keV as shown in Fig. 11(c) which may be due to K-absorption
edge of Au at around 80 keV. Figs. 12 and 14 show the variation of
g doped MPAGAT for selected Energy (0.015, 0.15, 1.5 and 15 MeV).



Fig. 11. Variation of the energy absorption buildup factor with photon energy for
selected penetration depths up to 40 mfp for the Au doped gels: a) P.PAGAT, b)0.1 mM
and c)100 mM.

Fig. 12. (a, b and c). EBF vs penetration depth of different concentration of Au doped
MPAGAT for selected Energy (0.015, 0.15, and 15 MeV).
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Fig. 13. Variation of the energy absorption buildup factor with photon energy for
selected penetration depths up to 40 mfp for the Ag doped gels: a) 0.1 mM and b)
100 mM.
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EBF as a function of penetration depth for Au and Ag doped MPA-
GAT. In intermediate energy region (0.15 MeV) for mfp � 20, it was
observed that the EABF values are higher than EBF because photons
build-up more. Although the EABF and EBF show similar variations
as a function of the photon energy, penetration depth and chemical
composition, significant differences have been noticed between the
EABF and EBF at some photon energies for different concentration
of Au and Ag in MPAGAT. The maximum difference between EABF
and EBF was noticed at intermediate energy (0.15 MeV) for 100 mM
Au doped PAGATgel. This differencewas less at lower concentration
of Au in PAGAT gel.
Fig. 14. (a, b and c). EBF vs penetration depth of different concentration of Ag doped
MPAGAT for selected Energy (0.015, 0.15, and 15 MeV).
3.7. Verification of mass attenuation coefficient by Monte Carlo
simulation

Fig. 15 shows the photon histories from source to detector. Mass
attenuation coefficients obtained by XCOM [23] database was
compared with the Monte Carlo simulation method. Fig. 16 shows
the plot between thickness of the gel and log (I/I0) which was ob-
tained by Monte Carlo results and the slop gives the linear
 attenuation coefficients, this linear attenuation coefficients were



Fig. 15. Histories of photons from source to detector simulated by Monte Carlo
simulation.

Table 6
XCOM and Monte Carlo comparison of mass attenuation coefficient.

Gel XCOM Monte Carlo

0.01 MeV 0.1 MeV 1 MeV 0.01 MeV 0.1 MeV 1 MeV

P.PAGAT 5.141 0.165 0.0704 5.211 0.149 0.0666
Au.PAGAT 5.300 0.166 0.07041 5.252 0.150 0.0669
Ag.PAGAT 5.153 0.165 0.0704 5.228 0.149 0.0667
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divided by the density of the gel to obtain mass attenuation
coefficient.

The results of XCOM [23] were compared with that of Monte
Carlo simulations and a good agreement has been obtained
(Table 6).
4. Uncertainties

Hubbell [26] reported that the envelope of the uncertainty of
mass attenuation coefficient is in the order of 1e2% in the energy
range from 5 keV to a few MeV. In case of the energies of 1e4 keV,
the discrepancies are known to reach to a value of 25e50%.

Chantler [27] has successfully addressed the huge discrepancies
in mass attenuation coefficient below 4 keV and derived new
theoretical results of substantially higher accuracy in near-edge soft
X-ray regions in detail. The most interested energies widely used in
biological, medical and shielding applications cover the energies
larger than 5 keV; hence the results for the selected gel dosimeters
should have an uncertainty of a few percentages. Mass attenuation
coefficients of any compound materials like polymer gel is derived
by mixture rule. This mixture rule is not valid for the K-absorption
edge of the compoundmaterial and the atomic wave function of the
material altered by the molecular, chemical and crystalline envi-
ronment. This environment factors are not accounted by mixture
Fig. 16. Intensity of the photon beam passed through
rule [28e30]. But it causes the errors very few percent in the energy
range above 10 keV. Since both Zeff and EABF are evaluated above
10 keV in the present study, the expected error is within the limit.
On the other hand, it was reported by Taylor et al. (2012) that un-
certainties in Zeff estimated by Auto-Zeff program is within 1e2%
[19].

The five parameter geometric progression fitting (GP) method
was used to evaluate EABF. The absolute value of the maximum
deviation of exposure buildup factors for water in the GP fitting is
within 0.5e3% [31], in the three-exponential approach is within
0.4e9.3%, in the Berger approach is within 0.9e42.7% and in the
Taylor approximation is within 0.4e53.2% [32]. GP fitting method
showed less discrepancy than other methods and therefore it was
adopted for calculation of EABF in the present study.
5. Conclusion

While any high Z material added in the well-known concen-
tration of polymer gel like PAGAT may provide advantage of dose
enhancement, the doped gel must be as much water equivalent as
at the same time. In the present study, the water equivalency of
metal doped PAGAT was analyzed successfully for different con-
centration of Au and Ag in terms of Zeff. Due to higher mole fraction
of Au and Ag in the MPAGAT gel, Zeff calculated by the Mayneourd's
formula is not in agreement with that calculated by interpolation
method. In the interpolation method, both materials, when added
with metals obviously affected the water equivalency of the PAGAT.
Surprisingly, M.PAGAT doped with less concentration of Au and Ag
showed better water equivalency than P.PAGAT gel. It was obtained
that PAGAT doped in higher concentration of Au and Ag (50 and
100 mM) cannot be considered as water equivalent gel. Below
0.2 MeV, MPAGAT doped in 5 and 10 mM concentrations can be
accepted as water equivalent gel. From 0.01 to 1 mM, MPAGAT can
be accepted as water equivalent gel from 10 keV to 1 GeV. Although
the lower concentration showed less discrepancy in Zeff relative to
PAGAT gel simulated by Monte Carlo simulation.



P. Sathiyaraj et al. / Vacuum 143 (2017) 138e149 149
water, special care must be taken for K-edges of the material due to
drastic changes in Zeff. In addition to Zeff, another important
parameter EABF was also investigated for P.PAGAT and M.PAGAT
from 0.015 to 15MeV up to 40mfp. Significant variation in EABF has
been noticed for P.PAGAT and M.PAGAT in the intermediate energy
region where Compton scattering is the dominant interaction
process. At 1.5 and 15 MeV, the variation of EABF with different
penetration depth appears to be almost independent of the
chemical composition of the gel. XCOM results of mass attenuation
coefficient were successfully comparedwithMonte Carlo simulated
results and their reliability was excellent. Since the high Zmaterials
were added in the gel, more research is substantially required to
support this preliminary investigation.
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