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ABSTRACT ARTICLE HISTORY
The main objective of this work is to develop user-friendly software, Received 22 January 2019
called BXCOM, for computation of the exposure build-up factor (EBF) Accepted 23 March 2019
and the energy absorption build-up factor (EABF), using geometric KEYWORDS
progression (G-P) fitting method for element, compound or mixture Energy absorption build-up
in the energy region 0.015-15 MeV, and for penetration depths up factor; exposure build-up
to 40 mean free path (mfp). Furthermore, BXCOM can generate the factor; BXCOM; software
equivalent atomic number (Zeq) and five fitting parameters used in

the G-P method for mixtures and compounds over an interval of

photon energies extended from 0.015 to 15MeV. In addition, the

program is designed to calculate the effective atomic number (Zq¢r)

and effective electron number (Ng¢f) via the direct method. BXCOM

program has been verified by comparing its results with approved

data by American National Standards Institute. BXCOM runs under

MS Windows® operating system. It has an improved user interface

that provides examination of material’s radiation interaction param-

eters. Finally, BXCOM allows rapid and reliable calculation of many

y-ray interaction parameters such as (Zeq), (Zeff), (Neff), G-P fitting

parameters and build-up factors that are essential in a wide range

of applications such as radiation shielding, radiotherapy, technology

and so on.

1. Introduction

Build-up factor has a significant role in dispersion of photons (7). It determines the degree
of violation of the Lambert-Beer law with the uncollided flux and predicts the total flux. It is
a correction factor considers secondary particles and distribution of collided photons. Thus
the ratio of the total detector response to the uncollided photons can be determined (2).
The Build-up factor can be categorized into two fundamental groups: exposure build-up
factor (EBF) and energy absorption build-up factor (EABF). For EBF, it is assumed that the
detector response function is equivalent to the amount absorbed in the air measured by
the non-perturbation detector. EABF is the build-up factor in which the quantity of interest
is the deposited energy in the absorber material or medium (3). Information on EBF and
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EABF is important in radiation therapy and dosimetry to analyze the energy deposition in a
medium exposed to y or X-rays (4). Generally, the build-up factor is included as a correction
factor to take into account the y-ray attenuation problem.

Approved EBF-EABF values for water, air and concrete were represented by The Amer-
ican National Standards Institute (5). The ANSI/ANS-6.4.3 lists build-up factor values for 23
elements (Z = 4-92), water, air and concrete. In addition, Harima developed the geometric
progression (G-P) fitting formula as defined in Equations (10)-(12) (6). Fitting variablesin the
G-P process show suitable results with the ANSI/ANS. The G-P fitting method can accurately
reproduce the build-up factors over the full range of distance, energy and atomic number
with a few percent error (6, 7). Later, it was adopted by ANS-6.4.3-1991 as the best available
form for the fitting function. In fact, the standard was administratively withdrawn because
of the inconsistency. It is suggested that the use of the 1991 standard should be appropri-
ate for low-and medium-Z materials (8) and it should be updated for materials with a high
atomic number (9).

The subject of build-up factors has been studied extensively both experimentally and
theoretically by many authors over the last few decades. For example, Uei et al. studied
experimentally the build-up factor for a point isotropic source in stratified spherical shields
(10). Also, Aljundi and Gray proposed a new set build-up factors for the X-ray radiography
which approximate the effect of scattering in the white spectrum of incident radiation (77).
In addition, they measured experimentally these proposed factors and modulated a Monte
Carlo code to reproduce the experimentally measured values.

To calculate the value of build-up factor, there are a variety of computational methods
like G-P fitting method (72), the method of adjoint y-moments (73), iterative method (74)
and the direct integration of transport equation method (75), Monte Carlo method (76) and
artificial neural networks (77). In addition, Hirayama calculated the y-ray EBFs up to 40 mfp
using the Monte Carlo code EGS4 with a new algorithm which implements particle splitting
ataselected depthin order to obtain reasonable results with EGS4 at deep penetration (78).

Shimizu et al. reported a comparison among the build-up data which determined with
three common methods: Monte Carlo, invariant embedding and G-P fitting methods for
low-Z elements for different mean free paths (up to 100 mfp) (79). In addition, Fujisawa
examines the calculation accuracy of different codes, which based on various methods such
as QAD and MARMER (a point-kernel method), ANISN (a discrete ordinate method) and
MCNP method (20). The G-P fitting formula is admissible to be accurate within the estimated
error (< 5%) (7).

In spite of the rapid growth of the computational work of build-up factors, there is no
software available for calculating the EABF and EBF by G-P fitting formula. This prompted
us to carry out this study. The main aim of this study is to develop an effective and valid
tool to calculate the EABF and EBF factors using the G-P fitting method. This tool called
BXCOM program which calculates these parameters for any element, compound or mixture
under various conditions (incident photon energy; 0.015 < Ey < 15MeV and depths up
to 40 mfp). The interpolation method was utilized to estimate the EABF and EBF values.
This process can be used for the analysis of the interrelated data since it never affects the
elemental distribution.

It is reported that the parabolic interpolation method can be used to determine G-P
fitting parameters with (Ze) by Harima (72), however, using of (Zeq) is the most com-
mon method for materials. In addition, Harima noticed that the different energy ranges
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effect (Zeq) values for materials (above or below 1.5 MeV) (72). This has prompted some
researchers to determine fitting parameters using the interpolation of effective atomic
number (27) rather than the equivalent atomic number. So, our software lists both values
of (Zuff) and (Zeq) for preferred compound or mixture.

The BXCOM program has a dynamical graphical user interface (GUI) and runs under MS
Windows operating systems. With this GUI, the outputs can be tracked in real time as well
as it provides an examination of a material’s radiation interaction parameters as follows:

1. The mfp parameter is considered as dynamic variable; dynamic variables are useful for
viewing data under various experimental conditions.

2. (Zett), (Neff), (Zeq), EABF and EBF of the studied material are generated on the prede-
fined energy grid.

3. The output results can be generated in an MS Excel file and shown in a variety of
dynamic graphics formats such as JPG, PNG and so on.

4. The program output also presents the G-P fitting parameters as a text file.

2. Theoretical method
2.1. Effective atomic number (direct method)

An effective atomic number can be determined via two different methods: a direct method
(22) and an interpolation method (23). Manohara et al. reported a comparative study of
these numerical methods (24). They stated that the direct method has more accurate results
than the interpolation method. Stages of determination of (Zef) by the direct method are
based on the assumption that om (molecular cross-section) can be expressed depending
on oa (average atomic cross-section) and o e (an average electronic cross-section), like

Om = Noy = NZefOm. (1

The details of the calculations are given in other sections.

2.1.1. The total molecular cross-section
In order to determine total molecular cross sections (ot,m), mass attenuation coefficients
can be used as in Equation (2).

_ 1k A
Otm = N(p)mmp > (A, (2

i

Here, the total mass attenuation coefficient is represented with (%) . Besides, atomic
comp

weight, Avogadro’s number and a number of the atoms of the ith element in a molecule
are represented with A;, N and n;, respectively.

2.1.2. The total atomic cross-section
o4 (total atomic cross-section) can be defined as
1
Ota = Otm<—= _- 3)

y Zni

i
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2.1.3. The total electronic cross-section
ot (total electronic cross-section) for the certain element is expressed by Equation (4):

1 fiAi (1
=-> =(=). 4
Ote N Z <P>i (4)

i

Here Z; is the atomic number of the ith element in a molecule and (%) is the total mass

1
attenuation coefficient of the ith element in a molecule, also, f; is the number of atoms of
element ith relative to the total number of atoms of all elements in the mixture.

2.1.4. The effective atomic number
The definition of (Zgff) is given in Equation (1)

Zof = ——. (5)

2.1.5. Electron densities (electrons/g)
The definition of (Neff) is given in Equation (6)

Zeff
Netr = AL(N Ntop), (6)
top

where Ayop, is the total number of the atomic weight for material.

3. Build-up factor origin

The Lambert-Beer Law (I = lpe=**) can only be applied if three conditions are met: (i) the
radiation source must be monoenergetic, (ii) for a single interaction between photon and
material, the target (iii) irradiation beam must be narrow. If one of these conditions is not
met, the Lambert-Beer Law must be modified. The modified Lambert-Beer Law is

| = Blge . (7)

The build-up factor is represented by B. The transmitted (/measureq) and incident (lp)
intensities of photons for various elements, compounds and mixtures were recorded. The
calculations of the transmitted intensity (/caculated) for incident intensity (lo) were per-
formed with the Lambert-Beer Law. It was noticed that the value of /easured is always
greater than /.;iculateq and the build-up factor (3).

3.1. Exposure and energy absorption build-up factors

Using of a (Zeq) is the common adopted method of the G-P fitting factor coefficients (or
fitting parameters) in Z for materials. (Zeq) is a parameter that varies depending on the
incident energy. It was employed to describe the properties of materials in terms of equiva-
lent elements. Harima reported a calculation method for estimating (Zeq) for mixtures and
compounds.

Compton cross-section to the total cross-section ratio (usc/utot) provides to determine
(Zeq) values of the materials for a certain energy (6). First, determination of the usc/putot
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ratios was performed for 23 different elements (atomic numbers are 4-92) and for the differ-
ent energy values from 0.015 to 15 MeV. These calculations were carried out via WinXCom
software (25). Parabolic interpolation can be performed for determination of the (Z¢q) val-
ues by using Equation (8). After, interpolation can be performed for the determination of
G-P fitting parameters, and the final stage of the calculations is the determination of the
build-up factors. All the calculations were summarized as below:

i. Determination of Zq (equivalent atomic number)
ii. Determination of G-P fitting parameters (geometric progression) and
iii. Determination of EBF (exposure build-up factors) and EABF (energy absorption build-
up factors).

A calculation method for equivalent atomic number Z¢q has been described elsewhere
(26-28). In general, the following equation can be used to interpolate

Zi1(logRy — logR) 4+ Z>(log R — log Ry)

Zoqg =
e logR; — log R,

(8)

Here, Z; and Z; are the atomic numbers of the elements used for interpolation, Ry and R;
are the values of the s/ utor ratios for the same elements and R is the corresponding ratio
for the studied material.

This calculation method can be confirmed with an example: the R (corresponding
ratio) for H,O that interacts with photons with 0.015MeV energy can be determined
as R=0.1104 (usc/mtor for Hy0), which should be compared with Ry = 0.1329 and
Ry = 0.0862 for the elements Z; = 7 and Z; = 8. It follows from Equation (8) that
Zeq = 7.43.

After, in order to determine the G-P fitting parameters, similar interpolation process can
be performed by using the equivalent atomic number. ANSI/ANS-6.4.3 standard reference
database represents the G-P fitting parameters for elements from Be to Fe (0.015-15 MeV
energy range and up to 40 mfp). Thus Equation (9) can be performed for the interpolation
of the G-P fitting parameters

_ G(logZ; —log Zeq) + Co(log Zeq — log Z7)

C
logZ; — log Z;

9)

Here, C; and C; correspond to the coefficients related to Z; and Z; to the atomic numbers
of respectively. In addition to Zeq is the equivalent atomic number of the material stud-
ied. At the final step, these parameters can be used to calculate the exposure and energy
absorption build-up factors from the G-P fitting formula:

b—1
B(E,X)zm(KX—nforK;H, (10)
B(E,X) =1+ (b—T)xforK = 1. (1)

Here, x represents the penetration depth in the medium in unit of mfp. (b) represents the
value of the build-up factor at 1 mfp (5). Photon dose multiplication is represented by K.
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This parameter can be defined as a function of E and x as follows:
[tanh((x/Xk) - tanh(—2)]

K(E x) =cx?+d [1 — tanh(—Z)]

(12)

Here incident photon energy is represented by E. Fitting parameters are given by g, b, ¢, d
and Xj.

3.2. Mean free path

A mean free path is a unit of the penetration depth of radiation interacting material. The mfp
represents the mean distance between two interactions of photons. This distance causes
a decrease in the intensity of the incident photon beam by the factor of 1/ (u : linear
attenuation coefficient). Energy of the incident photon affects the mean free path and the
linear attenuation coefficient.

4. The BXCOM software

The BXCOM program determines (Zeft), (Zeq), EABF, EBF and G-P fitting parameters for
any element, compound or mixture, at incident photon energies from 15 keV to 15 MeV.
The BXCOM runs under MS Windows-based operating systems. Object-Oriented Program-
ming (OOP) language called Visual C# has been used for codding. BXCOM includes 10
classes: photon, elements, compound, mixture, periodic table, formula, formula compo-
nents, mathematics, form and main classes. The object model and class organization of the
program is given in Figure 1 as an UML diagram.

The photon class is to control the incident photon energy (in MeV) and depth (in mfp).
The most important class structure of the program is element class. All required elemental
data such as atomic number, atomic mass and interaction coefficients are stored in ele-
ment class. Also, the element class computes various elemental parameters such as(Zesf),
(Zeq), G-P fitting parameters, EABF and EBF factors. The compound and mixture classes are
estimated from element class by the aid of formula objects, which is generated by formula
and formula component classes. All necessary mathematical equations are stored in the
mathematic class where the interpolation process is done.

The GUI is created by Form class and is shown in Figures 2-4. All calculations are made
for the studied samples in the energy range 0.015-15 MeV and up to 40 mfp. A preferred
element in the periodic table can be selected easily by clicking on the element tab that
located in the left side of the GUI (Figure 2). Similarly, any compound (Figure 3) or mixture
(Figure 4) can be easily defined through writing the chemical formula of the compound.

The main outputs of the BXCOM program are (Zeff), (Zeq), EABF, EBF and G-P fitting
parameters which vary according to incident photon energy and penetration depth. (Zef),
(Zeq), EABF and EBF are listed with a ‘datagridview’ object that located right side of the GUI
as seen in Figures 2-4. The table of the data that listed in the ‘datagridview’ object can be
exported to the MS Excel template. The G-P fitting parameters can be stored in a text file via
the Open File Dialog method. In addition, the graphs of the obtained data are dynamically
graphed, during the ongoing run, onto the top side of the GUI. The graphs can be saved in
one of the many image formats such as JPEG, PNG, TIFF and so on.
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BXCOM 5.0 Form
Photon ;S;:P|Ijeo;,|ll;1lte +Energy:Double
+Energy:Double +Ze?f:DoubIe +Formula: String
: : +Select: Int
MBI Rouble +Neff:Double 1>
*photon() +EBF:Double { i)
+calcLambda():Double +EABF-Double +input()
+calcMPT():Double ] +dravGr§ph()
+calcPM():Double Bl menteale) :elxportFlle()
+CompundCalc() LY
+MixCalc()
; | A
Mathematics Element S e

Energy, Zeff,Zeq,EBF,EABF

+AtomicNumber:Int
+calcK():Double F——— +Symbol:String

+BSPOL:Double +Name:String
+SCOF():Double +AtomicWeigth:Double |
+Zeq:Double
Formula +Zeff:Double |
+formula:String +Neff:Double '
+components:FormulaComponents —\—A +EBF:Double
+FormulaComponent() :gﬁ?g.Dgluble G-P parameters
+parsing() Double
I +element()
3 ac n +calcZeff:Double |
oiiRaieoRtpongh +calcNeff():Double l
+element:Element +calcZeq():Double
+quantity:Int +calcEBF():Double |
+FormulaComponent() +calcEABF():Double
Mu, Cross
Compound Mixture
\_| +Formula:String +compFormula:String
+compound() +compConc:Double
+mixture()

Figure 1. Unified modeling language (UML) class diagram of BXCOM.

MS Windows operating system (32-bit or 64-bit) 232 is a suitable platform for the
BXCOM program. BXCOM Install file provides the installation of the program as seen
in Figure 5. Interested readers can easily and freely download the setup file from
http://photon.yildiz.edu.tr/BXCOM.php.

In summary, (Zefr) and (Zeq) of the selected materials are determined by the direct
method as defined by Manohara (22) and by the interpolation method as described by
Harima (6), respectively.

The total mass attenuation coefficients (1/p) used for the calculation of (Zeq) in the
energy range 0.015-15 MeV are obtained by using the WinXCom computer program (25).
Then, the interpolation procedure, as described in Equation (9), was adopted to calculate
the G-P fitting parameter, corresponding to the computed (Zeq). Finally, the exposure and
energy absorption build-up factors are calculated using Equations (10)—(12).
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Figure 3. A view of BXCOM GUI while it computes compounds.

5. Program verification

In order to verify the reliability of the software, i.e. that software is capable of performing a
failure-free operation, we have compared the obtained results for EABF values for water
with those calculated via the G-P method, which can be found elsewhere (29). Figure 6
shows the compared values of EABF for certain energies and different penetration depth.
It can be seen from Figure 6 that the EABF values generated by the software are in good
agreement with the G-P results. This gives confidence in the generated results.

On the other hand, in order to standardize the G-P fitting formula, which employed
in the BXCOM program, we have computed energy absorption build-up factors of water
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Figure 4. A view of BXCOM GUI while it computes mixture.
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Folder:
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| | DiskCost.. ||

Install BX_Com_Installer-V.5.0 for yourself, or for anyone who uses this computer:

Cancsl | [ <Back | [ Ne<> |

L —

———— = A

Figure 5. Install setup wizard of the BXCOM program.

by the program for the certain energies (0.015-15 MeV) and different penetration depth.
Thus comparison of determined values was performed with ANSI/ANS-6.4.3 data and values
were updated for low-Z and compound materials which reported by Durani (30).
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Figure 6. Energy absorption build-up factors of water computed by BXCOM (circles) compared with
those calculated by the G-P fitting method (solid line) taken from Manohara et al. (29).
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Figure 7. Energy absorption build-up factors of water calculated by BXCOM (circles) compared with
those of the ANSI standard and its update (solid line) at certain penetration depths (in mfp); updated
ANSI values were taken from Durani (30).

Figure 7 shows the photon energy dependence of the EABF values determined by the
program for water. It also shows the EABF values approved by American National Stan-
dards Institute and its update values (30) for different penetration depths (up to 40 mfp). Itis
observed that the results determined by BXCOM program are compatible with the standard
data and its updated values.

Table 1 lists the BXCOM results of EABF for water with those of ANSI standard and the
results of applying of G-P method at photon energies 0.5-15 MeV. The percentage devia-
tion is less than 3%. This means that the EABF generated by BXCOM, which based on G-P
fitting formula, are in good agreement with those given by ANSI standard.

Figure 8 shows the photon penetration depth dependence of the EABF for water, as com-
puted by the BXCOM and the values approved by American National Standards Institute at
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Table 1. Energy absorption build-up factors of the water obtained by the BXCOM compared with those
of the ANSI/ANS-6.4.3 standard and G-P fitting formula.

% deviation % deviation
x (mfp) ANSI G-P2 BXCOM ANSI G-P ANSI G-P2 BXCOM ANSI G-P
Energy = 0.5 MeV Energy = 1MeV
1 245 247 247 —095 —0.13 2.08 2.11 210 —-1.18 0.26
2 4.87 4.84 4.84 0.71 0.09 3.62 3.59 3.59 0.84 0.01
3 8.29 8.12 8.11 2.18 0.13 5.5 5.41 5.40 1.78 0.14
4 12.7 12.4 12.37 257 0.21 7.66 7.54 7.53 1.75 0.19
5 18.1 17.76 17.71 217 0.30 10.1 9.97 9.95 151 0.22
10 61.8 62.57 6221 —0.66 0.58 26 26.16 26.06 —0.21 0.40
20 247 24431 24233 1.89 0.81 735 72.87 72.46 1.42 0.57
30 582 579.99 57438 1.31 0.97 138 136.84 136.13 135 0.52
40 1080 1067.38 1057.31 2.10 0.94 214 213.56 21113 1.34 1.14
Energy = 5MeV Energy = 15MeV

1 1.57 1.57 1.56 0.40 0.40 1.29 1.28 1.27 1.38 0.61
2 2.10 2.10 2.10 0.10 0.10 1.51 1.52 1.51 0.1 0.76
3 2.62 2.62 2.62 0.14 0.14 1.72 1.74 173 =037 0.79
4 3.12 3.13 312 —-0.15 0.17 1.93 1.94 193 —-0.13 0.39
5 3.63 3.64 3.63 0.09 0.36 2.14 2.14 213 0.43 0.43
10 6.14 6.10 6.10 0.58  —0.07 3.1 3.08 3.07 1.28 0.31
20 11.10 11.06 11.14 —-039 —-0.76 493 494 495 —-044 —-0.24
30 15.90 15.91 16.04 —089 —0.83 6.64 6.66 6.69 —0.81 —0.51
40 20.70 20.73 21.02  —-156 —141 8.09 8.11 819 —-126 —1.01

3The values were taken from by Manohara et al. (29).
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Figure 8. Energy absorption build-up factors of water computed by BXCOM (circles) compared with
ANSI standard data (solid line), at some selected energies in MeV.

different certain photon energies. From Figures 7 and 8, it is obvious that the EABF values
determined with software are compatible with the literature with respect to the photon
energy and the photon penetration depth. This means that the BXCOM program results
can be trusted in calculations for different materials.
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6. Conclusion

The authors designed and verified a computer program, called BXCOM, which utilizes
the well-known G-P fitting formula to obtain (Zef) and (Zeq), EABF, EBF and G-P fitting
parameters. It also calculates the effective atomic number of any compound or substance
in the energy region extended from 0.015 to 15 MeV. When the user enters the material of
interest, and the desired penetration depth, the software will generate tables and graphs
for EABF and EBF; arranged in ascending order based on the photon energy and provides
the G-P fitting parameters as a text file. BXCOM facilitates computation of the EABF, and the
EBF as a function of photon energy, as well as a function of photon penetration depth. The
using of the BXCOM program prevents the user from making time-consuming and error-
free calculations and provides to store, manage and analyze the determined data through
an Excel template file. This software is both flexible and rapid, requiring approximately less
than 7 s of computing time. The program is expected to be helpful to develop new shielding
materials, radiation dosimetry, diagnostics and radiotherapy.

Disclosure statement

No potential conflict of interest was reported by the authors.

Funding

This work was supported by Tiirkiye Bilimsel ve Teknolojik Arastirma Kurumu [Grant Number 2015-
115F311].

References

(1) Chilton, A; Shultis, K,; Faw, R.E. Principles of Radiation Shielding; Prentice- Hall Inc.: Englewood
Cliffs, NJ, 1984.

(2) Jaeger, R.G. Engineering Compendium on Radiation Shielding; Springer Science & Business Media,
1968.

(3) Singh, S.P.; Singh, T.; Kaur, P. Ann. Nucl. Energy 2008, 35, 1093-1097.

(4) Sidhu, G.S,; Singh, P.S.; Mudahar, G.S. J. Radiol. Prot 2000, 20, 53-68.

(5) American National Standard (ANS) Gamma-ray Attenuation Coefficients and Build-up Factor for

Engineering Materials ANSI/ANS6.4.3; ANS: La Grange Park, IL, 1991.

) Harima, Y. Nucl. Sci. Eng 1983, 83 (2), 299-3009.

7) Harima, Y. Radiat. Phys. Chem. 1993, 41 (4), 631-672.

) Ryman, J.C; Alpan, F.A.; Durani, L.A,; Eckerman, K.F.; Faw, R.E; Ruggieri, L.; Sanders, C.E.; Xu, X.G.

Trans Am Nucl Soc 2008, 99, 613-614.
(9) Ruggieri, L.P.; Sanders, C.E. Trans. Am. Nucl. Soc. 2008, 99, 618-620.

(10) Lin, U.-T.; Tseng, C.-C,; Jiang, S.-H. Nuci. Sci. Eng. 1996, 122 (1), 121-130.

(11) Aljundi, T.L.; Gray, J. N. In Review of Progress in Quantitative Nondestructive Evaluation: Thompson,
D.O., Chimenti, D.E., Eds.; Plenum Press, New York, 1995.

(12) Harima, Y.; Sakamoto, Y.; Tanaka, S.; Kawai, M.; Kawai, M. Nucl. Sci. Eng 1986, 94, 24-35.

(13) Eisenhauer, C.M.; Simmons, G.L,; Spencer, LV. A Gamma Ray Moments §57°3 Computer Code,
GAMMOM:-I; Center for Radiation Physics Institute for Basic Standards National Bureau of Stan-
dards: Washington, DC, 1973.

(14) Suteau, C.; Chiron, M. Radiat. Prot. Dosimetry 2005, 116/1-4 (Pt 2), 489-492.

(15) Takeuchi, K,; Tanaka, S. PALLAS-1D (VIl), a Code for Direct Integration of Transport Quation in
one-Dimensional Plane and Spherical Geometries. JAERI-M 84, 214, 1984.

(16) Sardari, D.; Abbaspour, A.; Baradaran, S.; Babapour, F.; Baradaran, S.; Babapour, F. Appl. Radiat.
Isot 2009, 67, 1438.

CISIC)



518 (&) O.EVECIOGLU ETAL.

(17) Kuglk, N.; Manohara, S.R,; Hanagodimath, S.M.; Gerward, L. Radiat. Phys. Chem. 2013, 86, 10-22.

(18) Hirayama, H. Nucl. Sci. Eng 1995, 32 (12), 1201-1207.

(19) Shimizu, A.; Onda, T.; Sakamoto, Y. J. Nucl. Sci. Technol 2004, 41, 413-424.

(20) Fujisawa, K. Int. J. Radioact. Mater. Trans. 1994, 5 (2-4), 215-220.

(21) Manjunatha, H.C.; Rudraswamy, B. Radiat. Meas 2012, 47, 364-370.

(22) Manohara, S.R,; Hanagodimath, S.M.; Thind, K.S.; Gerward, L. Nucl. Instrum. Methods Phys. Res. B
2008, 266, 3906-3912.

(23) Ali, A.M.; El-Khayatt, A.M.; Akkurt, |. Radiat. Eff. Def. Solids 2016, 169 (12), 1038-1044.

(24) Manohara, S.R.; Hanagodimath, S.M.; Thind, K.S.; Gerward, L. Med. Phys 2009, 36 (1), 137-141.

(25) Gerward, L.; Guilbert, N.; Jensen, K.B.; Levring, H. Radiat. Phys. Chem 2004, 71, 653-654.

(26) Eyecioglu, O; Karabul, Y.; El-Khayatt, A.M.; icelli, O. Radiat. Eff. Def. Solids 2016, 171, 11-12.

965-977.

(27) Eyecioglu, O; El-Khayatt, A.M.; Karabul, Y.; icelli, O. Nucl. Sci. Tech 2017, 28, 63-70.

(28) Yalcin, Z,; icelli, O.; Okutan, M.; Boncukcuoglu, R.; Artun, O.; Orak, S. Nucl. Instrum. Methods Phys.
Res. Sect. A Accel. Spectrom. Detect. Assoc. Equip. 2012, 686, 43-47.

(29) Manohara, S.R.; Hanagodimath, S.M,; Thind, K.S.; Gerward, L. J. Appl. Clin. Med. Phys. 2011, 12 (4),
296-312.

(30) Durani, L. Update to ANSI/ANS-6.4.3-1991 for low-Z and compound materials and review
of particle transport theory. UNLV Theses, Dissertations, Professional Papers, and Capstones,
43,20009.



	1. Introduction
	2. Theoretical method
	2.1. Effective atomic number (direct method)
	2.1.1. The total molecular cross-section
	2.1.2. The total atomic cross-section
	2.1.3. The total electronic cross-section
	2.1.4. The effective atomic number
	2.1.5. Electron densities (electrons/g)


	3. Build-up factor origin
	3.1. Exposure and energy absorption build-up factors
	3.2. Mean free path

	4. The BXCOM software
	5. Program verification
	6. Conclusion
	Disclosure statement
	Funding
	References

