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Abstract: Half-value layer (HVL) is energy dependent on the photon, much as the attenuation 

coefficient. Increasing the penetrating energy of a photon stream causes an increase in a 

substance's HVL. Before calculating the HVL value, the linear attenuation coefficient (μ) 

must be established. A review of the literature indicated that there is presently no Monte 

Carlo-based sufficient tool for direct calculation of the HVL value and direct computation 

suitable for material design and all changes based on sophisticated simulation methods. This 

study aims to calculate HVL data with GAMOS simulation in the 0.1-20 MeV energy range 

for some anatomical structures defined in ICRU-44 (bone cortical, brain, gray/white matter, 

breast tissue, eye lens, and testis). The HVL values of the anatomical structures used in the 

GAMOS code were compared with the results in the literature. As a result, HVL values 

obtained from GAMOS simulation for different materials and biological structures were 

compatible with the literature. 
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1. Introduction 

X and gamma photons, commonly utilized for medical diagnosis and therapy, belong to 

the class of ionizing radiation. When photons transfer some of their energy to electrons 

in the medium, ionization and excitation occur, increasing the risk of future stochastic 

and deterministic effects in biological systems [1]. Deterministic or stochastic effects of 

radiation in biological environments are tried to be understood by using linear (μ) or 

mass (μ/ρ) energy absorption coefficients. Both quantities show how likely it is that one 

photon per unit mass of the absorbing medium will scatter or be absorbed or how likely 

it is that energy will be taken in [2]. Absorption coefficient calculations can be made 

with software such as FLUKA, GEANT, and MCNP based on the Monte Carlo 

technique [3-5]. Estimating the absorption coefficient can be approximated using weight 

ratios for biological tissues and chemical mixtures [6]. GAMOS is based on GEANT4 

and is widely used for simulation studies in medical physics [7, 8]. It has not yet been 

possible to derive the radiation absorption parameters of materials (Half-value layer 

(HVL), tenth-value layer (TVL), mean free path (MFP), etc.) from a generic formula. 

HVL is one of the key characteristics associated with ionizing radiation [9, 10]. HVL 

refers to the material thickness necessary to reduce the air kerma intensity of the photon 

to half of its starting value. It is related to the material's linear attenuation coefficient 
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and photon energy. As opposed to linear and mass attenuation coefficients, which 

measure single energy rays, this coefficient is used to quantify polyenergetic rays [11]. 

The thickness of any substance in which fifty percent of incoming energy is absorbed is 

known as the HVL. Despite being a metric unit, HVL depends on energy and μ values. 

Increasing the penetrating energy of a photon beam causes the HVL of a substance to 

increase. The μ must be established before calculating the HVL value. HVL can be 

determined using μ, but there should be alternative, realistic ways independent of 

calculating the value of μ at any given energy level [12-14]. 

Bircan et al., in their article titled "A New Equation for Calculation of Gamma and X-

ray Radiation Half Value Thickness", proposed an equation in which the half-value 

layer thickness can be directly calculated in the energy range of 0.001–20 MeV (Eq. 1) 

[15, 16].  

𝐻𝑎𝑙𝑓 𝑉𝑎𝑙𝑢𝑒 𝐿𝑎𝑦𝑒𝑟 (𝐻𝑉𝐿) =
(𝑎 + 𝑏𝐸 + 𝑐𝐸2 + 𝑑𝐸3 + 𝑒𝐸4 + 𝑓𝐸5)

(1 + 𝑔𝐸 + ℎ𝐸2 + 𝑖𝐸3 + 𝑗𝐸4 + 𝑘𝐸5)
 

(1) 

 

They reported that the constants of the equation are specific for the radiation-absorbing 

substance, and the variation of half-value thickness values with energy can be shown 

[15]. 

This study aims to calculate HVL data with GAMOS simulation in the 0.1-20 MeV 

energy range for some anatomical structures defined in ICRU-44 (bone cortical, brain, 

gray/white matter, breast tissue, eye lens, and testis). The HVL values from the 

GAMOS simulation were compared with those from Equation 1 [15] and the NIST 

database [17]. 

2. Materials and Methods 

GAMOS v.6.2.0 software was used for the simulations in this study. The geometry of 

the simulation includes a point source, six different 10x10x1 cm3 absorbing targets 

(anatomical structures) that are 50 cm away, and a 20x20x20 cm3 detector that is 100 

cm from the radiation source.  To prevent photon interactions with materials outside the 

sample, all components of the to-be-collected geometry were enclosed in a vacuum 

cube (300x300x300 cm3) (Figure 1).  

 
Figure 1. Simulation geometry. 
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The physics, generator, and dose collection parameters were defined in the input file. In 

the simulation, the electromagnetic physics package was utilized. The simulations were 

carried out at 9 different photon energies in the range of 0.1-20 MeV. The amount of 

dose that reached the detector via "dose deposit" was tallied for scoring criteria. 

Although all physics processes were included in the scoring, variance reduction 

techniques were not implemented. The I and I0 values were acquired by repeatedly 

simulating the anatomical structures with and without shielding material. A history of 

107 photons was utilized, yielding sufficient results to improve the precision of the 

Monte Carlo simulations and reduce statistical error.  

𝐼 = 𝐼0. 𝑒(−𝜇.𝑥)      (2) 

μ values at different energies were calculated for anatomical structures using Beer 

Lambert's law (Eq. 2). As shown in Equation 2, 𝜇/𝜌 is derived by dividing 𝜇 by the 

density (𝜌) of the material (Eq. 3). 

𝑀𝑎𝑠𝑠 𝐴𝑡𝑡𝑒𝑛𝑢𝑎𝑡𝑖𝑜𝑛 𝐶𝑜𝑒𝑓𝑓𝑖𝑐𝑖𝑒𝑛𝑡 = 𝜇/𝜌  (3) 

HVL is the shield material thickness corresponding to the half-values of the intensity of 

the incoming radiation, and they are given in Equation 4. 

𝐻𝑎𝑙𝑓 𝑉𝑎𝑙𝑢𝑒 𝐿𝑎𝑦𝑒𝑟 (𝐻𝑉𝐿) =
𝑙𝑛2

𝜇
 (4) 

HVL values of anatomical structures obtained from GAMOS simulation and Equation 1 

were compared. The difference between the simulation and Equation 1 values of HVL 

was calculated using Equation 5. 

𝐷𝑖𝑓𝑓𝑒𝑟𝑒𝑛𝑐𝑒 (%) = |
∗ 𝐻𝑉𝐿 − 𝐻𝑉𝐿

𝐻𝑉𝐿
| 𝑋 100% (5) 

In Equation 5, *HVL values were obtained by Equation 1, and HVL values were 

obtained by GAMOS simulation. 

3. Results and Discussion 

In this study, the amount of X-ray absorption of different anatomical structures was 

investigated by GAMOS simulation. The μ and HVL parameters of some anatomical 

structures in the ICRU-44 were obtained from GAMOS simulation for 9 different 

photon energies ranging from 0.1-20 MeV. These parameters were compared with the 

HVL data from Equation 1 [15]. 

Figure 2 presents the energy-dependent graph of μ values obtained by the GAMOS 

simulation. It is seen that the value of μ decreases as the photon energy increases in all 

anatomical structures. The μ/energy curves for the brain, breast tissue, eye lens, and 

testis, which have similar densities, gave close results as expected. Bone with a density 

of 1.92 g/cm3 had a decreasing curve as energy increased, but μ values were higher than 

those of other anatomical structures (Figure 2).  
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Figure 2. μ values of anatomical structures at different energies 

The HVL values obtained with the GAMOS code of the anatomical structures and 

calculated with Equation 1 are shown in Table 1. HVL values obtained by both methods 

were compatible with each other. It has been verified by GAMOS simulation that 

Equation 1 can be used to quickly and reliably calculate the HVL value of a material. 

Table 1. HVL values calculated using GAMOS, the NIST database and Equation 1. 

Energy 

(MeV) 

HVLBONE 

(cm) 

HVLBRAIN 

(cm) 

HVLBREAST 

(cm) 

**NIST 
*Ref. 

Study 

This 

Study 
**NIST 

*Ref. 

Study 

This 

Study 
**NIST 

*Ref. 

Study 

This 

Study 

0.1 1.946 1.944 1.940 3.918 3.923 3.923 3.923 4.029 4.025 

0.3 3.244 3.243 3.250 5.643 5.648 5.648 5.648 5.756 5.763 

1.0 5.498 5.501 5.488 9.471 9.478 9.478 9.478 9.667 9.663 

2.0 7.836 7.846 7.835 13.555 13.563 13.563 13.563 13.846 13.837 

3.0 9.640 9.653 9.635 16.886 16.894 16.894 16.894 17.282 17.257 

4.0 11.084 11.087 11.082 19.701 19.707 19.707 19.707 20.199 20.167 

5.0 12.254 12.244 12.252 22.128 22.128 22.128 22.128 22.709 22.685 

10.0 15.601 15.609 15.598 30.309 30.267 30.267 30.267 31.223 31.324 

20.0 17.457 17.44 17.449 37.234 37.110 37.110 37.110 38.411 38.912 

* Calculated with Equation 1 [15] **Calculated with NIST data [17]. 
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Table 1. HVL values calculated using GAMOS, NIST database and Equation 1. (continued) 

Energy 

(MeV) 

HVLEYE LENS 

(cm) 

HVLTESTIS 

(cm) 

**NIST *Ref. Study This Study **NIST *Ref. Study This Study 

0.1 3.858 3.855 3.857 3.923 3.884 3.885 

0.3 5.541 5.54 5.540 5.648 5.59 5.593 

1.0 9.295 9.3 9.293 9.478 9.396 9.386 

2.0 13.305 13.299 13.302 13.563 13.431 13.431 

3.0 16.576 16.576 16.573 16.894 16.732 16.730 

4.0 19.343 19.351 19.339 19.707 19.523 19.515 

5.0 21.731 21.734 21.726 22.128 21.916 21.912 

10.0 29.798 29.796 29.791 30.267 29.983 29.973 

20.0 36.661 36.658 36.653 37.110 36.749 36.748 

* Calculated with Equation 1 [15] **Calculated with NIST data [17]. 

The HVL values calculated by both methods increased as the photon energy increased 

for all anatomical structures. The HVL value for bone tissue of an x-ray photon with an 

energy of 0.1 MeV has been reported to be 1.94 cm [18]. Jarrah et al., in the study in 

which they compared the results obtained with the Monte Carlo simulation and the 

Geometric Progression fitting method, the HVL value for the breast tissue is 

approximately 30 cm [19]. Breast tissue was the anatomical structure with the highest 

HVL value in all photon energies. It was observed that the large photon attenuation 

effect of bone tissue made the HVL value lower than all other tissues examined. 

The difference between the HVL values obtained by the two methods was below 2% for 

all anatomical structures (Table 2). For the breast, the difference between GAMOS at 20 

MeV energy and the HVL value calculated with the formula suggested in the reference 

article is 1.3055% (Figure 3). 
 

Table 2. Difference between HVL values obtained from GAMOS and reference article for each 

anatomical structure. 

Energy (MeV) Bone Brain Breast Eye Lens Testis 

0.1 0.1900 0.1631 0.1005 0.0632 0.0164 

0.3 0.2303 0.0493 0.1148 0.0058 0.0576 

1.0 0.2298 0.0720 0.0405 0.0700 0.1100 

2.0 0.1460 0.0213 0.0628 0.0209 0.0001 

3.0 0.1847 0.0216 0.1441 0.0195 0.0117 

4.0 0.0460 0.0665 0.1605 0.0619 0.0406 

5.0 0.0636 0.0405 0.1063 0.0350 0.0167 

10.0 0.0705 0.0124 0.3226 0.0157 0.0342 

20.0 0.0520 0.0026 1.3055 0.0129 0.0018 
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Figure 3. Difference between HVL values for each anatomical structure. 

 

HVL is energy dependent on the photon, much as the attenuation coefficient. Increasing 

the penetrating energy of a photon stream causes an increase in a substance's HVL. The 

linear attenuation coefficient (μ) must be known before calculating the HVL value. 

While HVL can be computed using μ, alternative and practical techniques independent 

of the calculation of μ, the value at any energy level should be available [12-14]. The 

linear attenuation coefficient should be mainly obtained by experimental or theoretical 

approaches to compute the HVL. Since the linear attenuation coefficient is calculated 

for each energy value, the estimated HVL value will also include the half-value 

thickness at the relevant energy [20]. 

When reviewing the literature, it is discovered that innovative methodologies for 

computing HVL values are presented, which may give answers for medical and 

industrial radiation applications [9, 10, 18, 19]. A review of the literature indicated that 

there is presently no Monte Carlo-based sufficient tool for direct calculation of the HVL 

value and direct computation suitable for material design and all changes based on 

sophisticated simulation methods [9, 20]. The GAMOS code for all anatomical 

structures and the HVL data obtained with the formula suggested in the reference article 

were compatible. 

4. Conclusion 

In conclusion, the formula (Eq. 1) presented in the article "A New Equation for 

Calculation of Gamma and X-ray Radiation Half Value Thickness" agreed with the data 

from the GAMOS simulation. It was observed that the data obtained from the GAMOS 

simulation agreed with the findings obtained from both equation 1 presented in the 

reference article and the NIST database. Different radiation parameters can be 

formulated and brought to a level where they can be used, especially in medical physics. 
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