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Abstract Using photons in therapeutic and diagnostic

medicine requires accurate computation of their attenuation

coefficients in human tissues. The buildup factor, a multi-

plicative coefficient quantifying the ratio of scattered to

primary photons, measures the degree of violation of the

Beer–Lambert law. In this study, the gamma-ray isotropic

point source buildup factors, specifically, the energy

absorption buildup factor (EABF) and exposure buildup

factor, are estimated. The computational methods used

include the geometric progression fitting method and sim-

ulation using the Geant4 (version 10.4) Monte Carlo sim-

ulation toolkit. The buildup factors of 30 human tissues

were evaluated in an energy range of 0.015–15 MeV for

penetration depths up to 100 mean free paths (mfp). At all

penetration depths, it was observed that the EABF seems to

be independent of the mfp at a photon energy of 1.5 MeV

and also independent of the equivalent atomic number (Zeq)

in the photon energy range of 1.5–15 MeV. However, the

buildup factors were inversely proportional to Zeq for

energies below 1.5 MeV. Moreover, the Geant4 simula-

tions of the EABF of water were in agreement with the

available standard data. (The deviations were less than

5%.) The buildup factors evaluated in the present study

could be useful for controlling human exposure to

radiation.
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1 Introduction

Gamma rays are used in medicine for therapy and

diagnosis worldwide [1]. However, carelessness and poor

knowledge of radiation safeguards can lead to death. Thus,

an accurate investigation of the interaction of ionizing

radiation with human tissues and organs is necessary to

avoid this outcome. Ionizing radiation can biologically

affect human tissues and organs depending on the absorbed

energy, type of radiation (alpha, beta, gamma, etc.),

energy, and target. Consequently, photons entering any

shielding will be attenuated by scattering within that

material. In realistic cases, we quantify the attenuation of a

photon beam (I0) transmitted through any material having a

thickness x and a linear attenuation coefficient l using the

modified Beer–Lambert law [2, 3]:

I ¼ BI0e
�lx: ð1Þ

The correction parameter B (called the buildup factor)

was introduced because of violations of the Beer–Lambert

law, which assumes monochromatic rays, thin shielding,

and a narrow beam geometry. There are mainly two types:
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the exposure and energy absorption buildup factors (EBF

and EABF), which refer to the energy deposited in air and

in the attenuating material, respectively. The precise

gamma-ray EABF and EBF are generally not easy to

measure experimentally. Therefore, studies of gamma-ray

buildup factors were carried out using Monte Carlo simu-

lation [4], invariant embedding [5], geometric progression

(GP) fitting [6–8], and other methods. However, on the

basis of our knowledge and the available literature, there is

no more precise dataset of buildup factors than those tab-

ulated by ANSI/ANS-6.4.3-1991 [9]. This dataset provides

five GP fitting parameters for 23 elements and three com-

pounds in an energy range of 0.015–15 MeV at penetration

depths up to 40 mean free paths (mfp) for both buildup

factors. Many buildup factors for different types of mate-

rials have been successfully calculated using various

computation methods. However, a unified dataset for all

human body tissues and for deep penetration (up to 100

mfp) can be considered valuable to the scientific research

community, as it could be straightforwardly included in

point kernel-based programs. Moreover, the GEometry

ANd Tracking version 4 (Geant4) Monte Carlo toolkit

[10, 11] has not been used to fully simulate buildup factors,

except for recently published work in which the mass

energy attenuation coefficients were simulated and used

with the GP parameters [2].

In order to address the questions outlined above, we

propose a framework for computing the EABF and EBF

values of point isotropic sources for deep penetration of

selected materials. GP fitting and Monte Carlo simulation

methods are used to compute the buildup factors for 30

human body tissues representing the full material needs for

point kernel calculation applied to the High-Definition

Reference Korean-Man (HDRK-Man) [12–14]. Our goal

can be summarized as follows: (i) verification of the cal-

culation method against standards, (ii) study of the buildup

factor-dependent parameters, and (iii) investigation of

some tissue substitute materials. Thus, after calculating the

GP fitting parameters using the XCOM data for all ele-

ments (Z ¼ 4�92) for 25 standard photon energies (0.015–

15 MeV) [15], we first carried out a rapid checkout of the

EABF and EBF of water for selected penetration depths (1,

20, 40, 80, and 100 mfp) and compared them to ANSI/

ANS-6.4.3-1991 data. Then, we examined the effects of the

energy, equivalent atomic number (Zeq), and penetration

depth on both buildup factors and compared them to each

other. In addition, we investigated the applicability of the

method to materials commonly used to replace human

tissues by comparing Zeq as a function of energy for three

types of tissues (adipose tissue, lung, and skeletal muscle)

against three materials (AP6, LN1, and M3, respectively)

[16]. Finally, a Geant4 Monte Carlo simulation of the full

setup was carried out to compute the EABF of water for a

photon energy of 0.1 MeV and penetration depths up to 10

mfp, and the results were compared to data extracted from

the literature. Consequently, this paper may be of great

interest to radiation physics researchers and can be con-

sidered as a continuation of therapeutic and diagnostic

research, other than shielding purposes.

2 Materials and methods

In the following subsections, we describe in detail the

procedures used for the GP fitting and Monte Carlo sim-

ulation techniques.

2.1 GP fitting method

To calculate the buildup factors, the GP fitting param-

eters were obtained by interpolation from the equivalent

atomic number (Zeq). The computational work was carried

out as follows:

– Calculation of the equivalent atomic number, Zeq
– Calculation of GP fitting parameters

– Calculation of energy absorption and exposure buildup

factors

2.1.1 Calculation of the equivalent atomic number (Zeq)

The equivalent atomic number, Zeq, is an energy-de-

pendent parameter describing the properties of a composite

material in terms of equivalent elements. We started by

extracting the Compton partial mass attenuation coefficient

ðl=qÞCompton and total mass attenuation coefficient

ðl=qÞTotal for all elements with Z = 4–92 and for the chosen

dosimetric materials in an energy range of 0.015–15 MeV

using the WinXCom computer program [17] (initially

developed as XCOM). Then, to interpolate Zeq when the

ratio ðl=qÞCompton/ðl=qÞTotal for a given human organ or

tissue lies between two successive ratios of elements, the

following formula was employed [18]:

Zeq ¼
Z1ðlogR2 � logRÞ þ Z2ðlogR� logR1Þ

logR2 � logR1

; ð2Þ

where Z1 and Z2 are the atomic numbers of the two ele-

ments, R1 and R2 are the ratios ðl=qÞCompton/ðl=qÞTotal for
these elements, and R is the corresponding ratio for a given

human organ or tissue at a given energy that lies between

R1 and R2 (the nearest neighbors of R).
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2.1.2 Calculation of the GP fitting parameters

Taking the GP fitting parameters for pure elements from

the standard reference, ANSI/ANS-6.4.3-1991, and using

the previously calculated Zeq, we interpolated the corre-

sponding GP fitting parameters (a, b, c, d, and Xk) for the

buildup factors using the following formula [19–21]:

P ¼ P1ðlog Z2 � logZeqÞ þ P2ðlog Zeq � log Z1Þ
log Z2 � log Z1

; ð3Þ

where P, P1, and P2 refer to the same GP parameters for

the selected organ or tissue and both neighbors (which

correspond to Z1 and Z2).

2.1.3 Calculation of the buildup factors

For a given photon energy and shielding material, we

used two different sets of GP parameters to calculate the

EABF and EBF. Thus, we first tabulated all the parameters

from ANS-6.4.3-1991 and proceeded to calculate the

buildup factors for a given incident photon energy E and

penetration depth (source–detector distance) x, in mfp, as

follows [2, 6, 22–24]:

BðE; xÞ ¼ 1þ ðb� 1Þ �
x if K ¼ 1

Kx � 1

K � 1
if K 6¼ 1

(
ð4Þ

where for x � 40 mfp:

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

1� tanhð�2Þ ð5Þ

and for x � 40 mfp:

KðE; xÞ ¼
1þ ðK35 � 1ÞUnðxÞ if 0�U� 1

K35

K40

K35

� �0:8nðxÞ
otherwise

8><
>: ð6Þ

where U ¼ K40�1
K35�1

, nðxÞ ¼ ðx=35Þ0:1�1

ð40=35Þ0:1�1
, K35 ¼ KðE; 35Þ, and

K40 ¼ KðE; 40Þ. For deep penetration (greater than 40

mfp), an extrapolation of the dose multiplication factor

K(E, x) was proposed by Harima et al. [23] and supported

by Sakamoto and Trubey [25].

2.2 Geant4 simulation method

Geant4 is a Monte Carlo simulation toolkit developed

and managed mainly by the European Center for Nuclear

Research for modeling and simulation of fermion, boson,

hadron, ion, and hypothetical and short-lived particle

transport. It was used to indirectly benchmark ANSI data

by computing mass attenuation coefficients and using GP

fitting parameters [2]. By contrast, this is the first attempt to

use Geant4 to directly compute the buildup factors. Here,

we studied only water as a material to avoid simulation

run-time penalties and because of its overall similarity, in

terms of chemical composition, to human organ materials.

Further, a successful benchmark will allow us to extend the

simulation to all human organs and tissues when the nec-

essary hardware is available. This topic will be investigated

in our next work. In this study, Geant4 version 10.4 was

used to simulate the transport of gamma rays emitted from

a point source through water. The geometry of the problem

consists of a monoenergetic point source located at the

center of concentric spheres. We simulated the transport of

photons with an energy of 0.1 MeV isotropically generated

from the center of an infinite sphere with an outer radius of

105.45 cm (which is equivalent to 18 mfp). Using the

energy flux to exposure conversion factors provided in the

literature [26], we converted the simulated exit flux (for

each step of 1 mfp) to the EBF using the mass energy

absorption coefficient of air obtained from the NIST Web

site [27]. We calculated the EBF of water for a photon

energy of 0.1 MeV and penetration depths up to 10 mfp. In

this study, the buildup factor was computed for 108 gamma

rays. We deactivated the bremsstrahlung and activated all

the other processes for electrons and photons. We used the

G4EmStandardPhysics_option3 built-in physics library and

used a 1 keV cutoff for electrons and photons. The overall

statistical uncertainty did not exceed 1% in any simulation.

3 Results and discussion

We calculated Zeq, the GP fitting parameters, the EABF,

and the EBF for 30 types of tissue (see Table 1 for the

elemental compositions) of the HDRK-Man human phan-

tom and for five mixtures: water, air, AP6, LN1, and M3.

All the results are tabulated in Annex (Supplementary

data).

3.1 Standardization of the calculation method

Figure 1 shows the computed values of the EABF and

EBF for water for penetration depths of 1, 20, 40, 80, and

100 mfp and photon energies in a range of 0.015–15 MeV.

For comparison, the results are plotted together with

standard values (up to 40 mfp) provided by ANSI/ANS

6.4.3-1991. The EBF values were also compared, when

available, to the data of Harima et al. [28] for a penetration

depth of 100 mfp. Further, we compared the EABFs cal-

culated in this work for blood and adipose tissue as a

function of photon energy at a penetration depth of 40 mfp

to those of Manohara et al. [21] and Olarinoye [24].

Table 2 shows that our results deviate by 3:75� 2:07 and
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4:57� 3:00 for blood and by 2:74� 2:45 and 3:89� 2:62

for adipose tissue from those reported by Manohara et al.

and Olarinoye, respectively. The good agreement seen in

the plots and tabulated data enable us to safely proceed

with the present method of calculating the buildup factors

for other media such as human body tissues and organs.

3.2 Energy absorption and exposure buildup factors

The GP fitting parameters for the 30 human organs and

tissues computed using the procedure described above were

used to generate the EABFs and EBFs. The computed Zeq,

GP fitting parameters, EABFs, and EBFs are tabulated in

Table 1 Elemental composition (%) of studied HDRK-Man organs/tissues and phantom materials

Material H C N O Na P S Cl K Other

Water 11.11 88.89

Air 0.01 75.53 23.78 Ar (1.28)

AP6 8.36 69.14 2.36 16.94 0.14 F (3.07)

LN1 6.00 51.44 4.29 30.72 Al (7.55)

M3 11.43 65.58 9.22 Mg (13.48), Ca (0.29)

RBM 10.50 41.40 3.40 43.90 0.10 0.20 0.20 0.20 Fe (0.10)

Colon 10.60 11.50 2.20 75.10 0.10 0.10 0.10 0.20 0.10

Lung 10.13 10.24 2.87 75.75 0.18 0.08 0.22 0.27 0.19 Ca (0.01), Fe (0.04)

Zn (\0:01), Rb (\0:01)

Stomach 10.60 11.50 2.20 75.10 0.10 0.10 0.10 0.20 0.10

Breast 11.40 59.80 0.70 27.80 0.10 0.10 0.10

Gonads (testis) 10.60 9.90 2.00 76.60 0.20 0.10 0.20 0.20 0.20

Bladder 10.50 9.60 2.60 76.10 0.20 0.20 0.20 0.30 0.30

Esophagus 10.50 25.60 2.70 60.20 0.10 0.20 0.30 0.20 0.20

Liver 10.20 13.90 3.00 71.60 0.20 0.30 0.30 0.20 0.30

Thyroid 10.40 11.90 2.40 74.50 0.20 0.10 0.10 0.20 0.10 I (0.10)

Bone 7.34 25.47 3.06 47.89 0.33 5.09 0.17 0.14 0.15 F (0.02), Mg (0.11)

Si (0.02), Ca (10.19)

Fe (0.01), Zn (\0:01)

Rb (\0:01), Sr (\0:01)

Pb (\0:01)

Brain 10.70 14.50 2.20 71.20 0.20 0.40 0.20 0.30 0.30

Salivary glands 10.50 25.60 2.70 60.20 0.10 0.20 0.30 0.20

Skin 10.00 20.40 4.20 64.50 0.20 0.10 0.20 0.30

Adrenal 10.50 25.60 2.70 60.20 0.10 0.20 0.30 0.20 0.20

ET 10.50 25.60 2.70 60.20 0.10 0.20 0.30 0.20 0.20

Gall bladder 10.50 25.60 2.70 60.20 0.10 0.20 0.30 0.20 0.20

Heart 10.40 13.90 2.90 71.80 0.10 0.20 0.20 0.20 0.30

Kidneys 10.30 13.20 3.00 72.40 0.20 0.20 0.20 0.20 0.20 Ca (0.10)

Blood 10.20 11.00 3.30 74.50 0.10 0.10 0.20 0.30 0.20 Fe (0.10)

Muscle 10.20 14.30 3.40 71.00 0.10 0.20 0.30 0.10 0.40

Oral mucosa 8.43 57.40 1.61 24.55 0.13 Mg (7.88)

Pancreas 10.60 16.90 2.20 69.40 0.20 0.20 0.10 0.20 0.20

Prostate 10.50 25.60 2.70 60.20 0.10 0.20 0.30 0.20 0.20

Intestine 10.60 11.50 2.20 75.10 0.10 0.10 0.10 0.20 0.10

Spleen 10.30 11.30 3.20 74.10 0.10 0.30 0.20 0.20 0.30

Thymus 10.50 25.60 2.70 60.20 0.10 0.20 0.30 0.20 0.20

Eyes 9.60 19.50 5.70 64.60 0.10 0.10 0.30 0.10

Lens 9.60 19.50 5.70 64.60 0.10 0.10 0.30 0.10

Adipose tissue 11.40 59.80 0.70 27.80 0.10 0.10 0.10
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Annex (Supplementary data) for all the studied materials at

25 standard photon energies (0.015–15 MeV) and 17

standard penetration depths (1–100 mfp). In the following

subsections, we evaluate the buildup factors’ dependence

on the incident photon energy, chemical composition, and

penetration depth.

3.2.1 Incident photon energy dependence

Figure 1 shows the energy dependence of the buildup

factors at selected penetration depths from 1 to 100 mfp for

water. All the human tissues and organs behaved similar to

water [as shown in Table 2 and Annex (Supplementary

data)] owing to their similarity in terms of chemical

composition (the major elements are H, C, N, O, Na, P, S,

Cl, and K, as shown in Table 1). For all the plots, the

buildup factor curves increased to a maximum value and

then decreased more slowly. This fact confirms the pre-

dictions from theory and the literature, as the dominance of

the photoelectric effect increased from a low energy up to a

specific energy at which it equals the Compton effect,

namely Epe. Moreover, if Epp is the energy at which the

Compton and pair production cross sections are equal, the

buildup factors reach their maximum at an energy

Fig. 1 Calculated energy absorption and EBFs of water as a function

of photon energy compared to ANSI/ANS-6.4.3 and data of Harima

et al. [28] for penetration depths up to 100 mfp

Table 2 Calculated EABF values for blood and adipose tissue as a function of energy for a penetration depth of 40 mfp

Blood Adipose tissue

E (MeV) This work Manohara Olarinoye D1 D2 This work Manohara Olarinoye D1 D2

1.5E-2 1.97E?0 1.83E?0 1.94E?0 7.59E?0 1.35E?0 3.14E?0 3.03E?0 3.15E?0 3.72E?0 2.73E-3

2.0E-2 4.32E?0 4.36E?0 3.97E?0 8.82E-1 8.67E?0 1.18E?1 1.15E?1 1.23E?1 3.24E?0 3.74E?0

3.0E-2 3.87E?1 3.77E?1 3.76E?1 2.77E?0 2.87E?0 1.96E?2 1.97E?2 1.84E?2 5.02E-1 6.23E?0

4.0E-2 2.57E?2 2.66E?2 2.53E?2 3.57E?0 1.68E?0 2.42E?3 2.45E?3 2.34E?3 9.52E-1 3.62E?0

5.0E-2 1.33E?3 1.42E?3 1.32E?3 6.24E?0 5.60E-1 1.10E?4 1.09E?4 1.09E?4 1.02E?0 1.21E?0

6.0E-2 4.06E?3 4.05E?3 4.03E?3 2.80E-1 9.20E-1 2.54E?4 2.59E?4 2.58E?4 1.94E?0 1.53E?0

8.0E-2 1.17E?4 1.20E?4 1.08E?4 2.86E?0 8.19E?0 4.72E?4 4.94E?4 4.50E?4 4.39E?0 4.89E?0

1.0E-1 1.76E?4 1.73E?4 1.68E?4 1.68E?0 4.47E?0 5.74E?4 5.69E?4 5.78E?4 8.80E-1 7.17E-1

1.5E-1 1.72E?4 1.63E?4 1.68E?4 5.29E?0 2.26E?0 3.48E?4 3.50E?4 3.29E?4 6.54E-1 5.70E?0

2.0E-1 1.05E?4 1.07E?4 9.94E?3 1.68E?0 5.48E?0 1.78E?4 1.73E?4 1.78E?4 2.89E?0 1.96E-1

3.0E-1 3.96E?3 4.05E?3 3.87E?3 2.39E?0 2.34E?0 5.19E?3 5.16E?3 4.90E?3 4.57E-1 5.83E?0

4.0E-1 1.85E?3 1.85E?3 1.75E?3 4.68E-1 6.26E?0 2.26E?3 2.17E?3 2.11E?3 4.00E?0 6.70E?0

5.0E-1 1.04E?3 1.09E?3 9.85E?2 4.58E?0 5.86E?0 1.23E?3 1.21E?3 1.24E?3 1.86E?0 8.12E-1

6.0E-1 6.63E?2 7.01E?2 6.14E?2 5.44E?0 7.95E?0 7.28E?2 6.87E?2 7.09E?2 5.90E?0 2.69E?0

8.0E-1 3.43E?2 3.33E?2 3.14E?2 3.07E?0 9.19E?0 3.49E?2 3.33E?2 3.23E?2 5.07E?0 8.06E?0

1.0E?0 2.11E?2 2.01E?2 2.01E?2 5.16E?0 5.33E?0 2.19E?2 2.01E?2 2.01E?2 9.09E?0 9.17E?0

1.5E?0 1.00E?2 9.72E?1 9.74E?1 2.91E?0 2.69E?0 1.00E?2 9.34E?1 9.68E?1 7.36E?0 3.57E?0

2.0E?0 6.34E?1 5.99E?1 5.92E?1 5.80E?0 7.08E?0 6.36E?1 5.99E?1 6.35E?1 6.10E?0 1.11E-1

3.0E?0 3.65E?1 3.41E?1 3.34E?1 6.99E?0 9.27E?0 3.59E?1 3.48E?1 3.33E?1 3.35E?0 7.93E?0

4.0E?0 2.59E?1 2.52E?1 2.41E?1 2.71E?0 7.26E?0 2.54E?1 2.57E?1 2.51E?1 1.08E?0 1.17E?0

5.0E?0 2.07E?1 1.94E?1 1.92E?1 6.89E?0 7.58E?0 2.02E?1 1.98E?1 1.95E?1 2.05E?0 3.44E?0

6.0E?0 1.74E?1 1.68E?1 1.78E?1 3.15E?0 2.74E?0 1.72E?1 1.72E?1 1.65E?1 4.76E-1 4.74E?0

8.0E?0 1.39E?1 1.32E?1 1.39E?1 5.23E?0 7.0E-2 1.38E?1 1.38E?1 1.31E?1 8.29E-2 4.73E?0

1.0E?1 1.13E?1 1.10E?1 1.17E?1 2.62E?0 2.96E?0 1.10E?1 1.10E?1 1.08E?1 4.19E-1 1.68E?0

1.5E?1 8.10E?0 7.82E?0 8.20E?0 3.58E?0 1.28E?0 7.90E?0 7.98E?0 7.69E?0 9.60E-1 2.74E?0

Comparisons with other works (Manohara et al. [21] and Olarinoye [24]) are provided, with the corresponding deviations (in %) (D1 and D2 for

[21] and [24], respectively)
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Epe �E�Epp, because Compton scattering results in more

multiply scattered photons.

3.2.2 Equivalent atomic number dependence

Figure 2 shows the buildup factor values as a function of

Zeq for some tissues and organs at photon energies of 0.015,

0.15, 1.5, and 15 MeV and penetration depths of 5, 40, and

100 mfp. This figure demonstrates that the buildup factors

were inversely proportional to Zeq at photon energies of

0.015 and 0.15 MeV and independent of Zeq at 1.5 and 15

MeV for all penetration depths. Thus, for low-energy

photons, the buildup factor decreased with increasing Zeq
(chemical compounds), whereas for high-energy photons, it

remained insensitive to the chemical composition of the

medium. Here, we confirmed the conclusions reported

elsewhere [2, 18, 21, 24, 29].

In addition, we calculated and plotted Zeq as a function

of photon energy for the standard grid for some tissue

substitutes commonly used in experimental radiation phy-

sics [16]. Figure 3 shows that the chemical compositions of

the three tissues (adipose, lung, and muscle tissue) are

equivalent to those of their substitute materials (AP6, LN1,

and M3, respectively), especially at lower energies (up to 1

MeV). However, we see that M3 cannot be used as a

muscle substitute, and AP6 can replace adipose tissue

moderately well, at higher energies (above 1 MeV). This

can be explained by the fact that the pair production effect

is proportional to the square of the atomic number. In

Table 1, the difference in elemental composition between

M3 and muscle tissue is clear, and that between AP6 and

adipose tissue is moderately clear.

3.2.3 Penetration depth dependence

From the plots of EABF as a function of penetration

depth for selected tissues in Fig. 4, it can be seen that at a

lower energy of 0.015 MeV, bone and breast have the

lowest and highest buildup factors, respectively, for pene-

tration depths up to 100 mfp. This effect can be explained

by the differences in chemical composition of different

tissues, as adipose tissue and bone have Zeq values of 6.389

and 10.59, respectively. Further, at a photon energy of 0.15

MeV, the buildup values become more similar until they

coincide to form a single dataset at a photon energy of 1.5

MeV for all penetration depths. Table 3 illustrates the good

agreement between our results and those of Olarinoye for

Fig. 2 Calculated EABF of Zeq for photon energies of 0.015, 0.15,

1.5, and 15 MeV and penetration depths of 5, 40, and 100 mfp for

studied tissues

Fig. 3 Zeq values of some tissues (adipose tissue, lung, muscle) and

their substitutes (AP6, LN1, M3, respectively) as a function of photon

energy
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two human tissues for deep penetration (up to 100 mfp).

Moreover, at a photon energy of 15 MeV, all the tissues

have equal buildup values up to 20 mfp, where the data for

bone tissue alone started to increase up to 100 mfp, and all

the other tissues continued to exhibit similar behavior. In

addition, the higher magnitude of the buildup factors at a

photon energy of 0.15 MeV compared to the other cases

can be explained by the important increase in multiply

scattered photons, remembering that the buildup factor was

defined as the ratio of scattered to primary photons.

3.2.4 Comparison of EABF and EBF

Figure 5 shows a comparison of the buildup factors for

breast (adipose) and bone tissues at photon energies of

0.015–15 MeV and selected penetration depths of 1, 20, 40,

and 80 mfp. The plotted ratios of the EABF and EBF

indicate that they are equivalent for both materials at low

energies (� 40 keV) and high energies (� 3MeV). How-

ever, at an intermediate energy, we can see that the EABF

was lower than the EBF for breast tissue and higher than

the EBF for bone tissue at all penetration depths. This

Fig. 4 Variation in the EABF of the penetration depth for selected human tissues at various photon energies

Table 3 Calculated EABF

values for blood and adipose

tissues as a function of

penetration depth for photon

energy of 0.015 MeV

Blood Adipose tissue

MFP This work Olarinoye D1 This work Olarinoye D1

1 1.19E?0 1.19E?0 1.36E-1 1.33E?0 1.33E?0 3.60E-1

1.5 1.44E?0 1.47E?0 2.52E?0 1.85E?0 1.84E?0 2.33E-1

10 1.58E?0 1.60E?0 1.01E?0 2.17E?0 2.17E?0 4.30E-2

15 1.69E?0 1.70E?0 4.44E-1 2.42E?0 2.43E?0 4.06E-1

20 1.77E?0 1.78E?0 1.91E-1 2.63E?0 2.64E?0 1.99E-1

30 1.88E?0 1.88E?0 1.49E-1 2.92E?0 2.92E?0 3.70E-2

40 1.97E?0 1.94E?0 1.35E?0 3.14E?0 3.15E?0 2.73E-1

50 2.06E?0 2.06E?0 5.60E-2 3.36E?0 3.38E?0 5.36E-1

60 2.15E?0 2.14E?0 1.64E-1 3.56E?0 3.59E?0 8.57E-1

80 2.30E?0 2.30E?0 4.30E-2 3.92E?0 3.95E?0 8.70E-1

100 2.43E?0 2.43E?0 2.53E-1 4.23E?0 4.25E?0 3.83E-1

Comparison to other work (Olarinoye [24]) is shown with the corresponding deviation (D1, in %)
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behavior confirms the theory of gamma-ray exposure in air

and media. It can be explained by comparing their Zeq
values to that of air, as the equivalent number for air was

greater than Zeq for breast tissue and lower than Zeq for

bone tissue in the entire studied energy range.

3.2.5 Geant4 benchmark

We compared our results to those published in the lit-

erature [30] for the EBF of water for a point isotropic

source of photons with an energy of 0.1 MeV and pene-

tration depths up to 10 mfp. Figure 6 shows that the current

computations are in good agreement with the literature.

During our simulations, we followed the energy discrimi-

nation method with an energy window (�) of 10%, as

described elsewhere [29]. This method assumed that a

gamma ray having an energy between E0 and E0 � � can be

considered to be uncollided; otherwise, it will be counted

as collided. However, the small discrepancies observed,

especially for deeper penetration, can be corrected either

by using a supercomputer (not laptops, as in our study) or

by using particle splitting as a variance reduction technique

[30, 31]. These phenomena can be explained by the

decrease in photon detection probability at large distances

from the source.

4 Conclusion

Recent estimations of the transport and degradation of

gamma rays in human tissues have provided a dataset of

the EBFs and EABFs. The current findings represent a

valuable extension of the buildup factor calculation and

simulation for 30 tissues/organs (describing all materials

used in the HDRK-Man phantom) and five compounds, for

a point isotropic source of photons with energies of 0.015–

15 MeV and for deep penetration (up to 100 mfp). The

results of a Geant4 simulation suggested that the use of a

variance reduction technique (i.e., particle splitting) will

yield better accuracy for deep penetration. Moreover, the

results of the GP fitting method demonstrated that the

buildup factors reached their maxima for photon energies

of Epe �E�Epp and that they were inversely proportional

to Zeq for E� 0:15MeV and independent of Zeq for

E� 1:5MeV for all penetration depths. A comparison of

the EABFs to the EBFs allowed us to conclude that at low

energies (� 40 keV) and high energies (� 3MeV), they

behave similarly. (Their ratio was close to one.) Never-

theless, at intermediate energies, any material having a Zeq
value lower than that of air has EABF � EBF for all

penetration depths. Additionally, materials with a Zeq
exceeding that of air are characterized by EABF � EBF

for all penetration depths and for intermediate photon

energies. In addition, we confirmed previously reported

results on the effect of penetration depth on the buildup

factors and extended them to penetration depths of more

than 40 mfp (up to 100 mfp), demonstrating that at a

photon energy of 1.5 MeV, the factors were independent of

the chemical composition of the medium. Further similar

work can be performed using the GP fitting and Geant4

simulation methods for multilayer shielding, plane parallel

sources, and neutron particles. The present work can be

considered as extending knowledge regarding radiation

protection guidelines.

Fig. 5 Comparison of EABF and EBF for breast and bone tissues as a

function of photon energy for selected penetration depths

Fig. 6 Geant4-simulated EBF of water (for 0.1 MeV photons) as a

function of penetration depth compared to data extracted from the

work of Hirayama [30]
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