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When considering the space limit of high energy LINAC facility in a hospital, the design of shielding wall is 

strongly required to optimize the wall thickness. Shielding wall usually consists of concrete, and iron plate is 

sometimes added in concrete to decrease the wall thickness. We investigated the optimum design of the 

shielding wall in medical LINAC facility by simulation. The calculations were carried out by the 

three-dimensional Monte Carlo code, MCNP5. The electron energy used in this investigation is 28 MeV. In 

the calculations, the wall thickness was fixed to 100 cm from the viewpoint of durability and reliability and 

the cost to build the shielding wall. In the shielding wall consisting of iron and concrete, the suitable 

configuration was found to have 40-50 cm-thick iron at the front side. But it was insufficient to achieve the 

required attenuation rates of 2 x 10-6 and 5 x 10-8 for effective neutron and photon doses, respectively. We 

further searched the optimum combination of shielding materials to get the most efficient attenuation profile 

and finally obtained the optimum arrangement of 100 cm thick shielding wall having the multi-layered 

structure of iron 40 cm, polyethylene 10 cm, iron 20 cm, lead 10 cm, polyethylene 10 cm, and concrete 10 cm 

in this order. In order to investigate the shielding capability of this multi-layered shielding wall, the neutron 

and photon dose rates were measured using the 45 MeV electron linear accelerator of Hokkaido University to 

verify the MCNP5 calculated results. The MCNP5 calculation was found to give good accuracy within 30% 

for the multi-layered shielding structure. 
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1. Introduction
1

The mortality rate of cancer in Japan is about 30% in

2010 and has been increasing. At present, the ratio of 

radiation therapy for the cancer patients in Japan is 

about 25% [1,2]. Electron linear accelerators (LINAC) 

are widely used in radiation cancer therapy due to many 

clinical cases and cost benefit, and more than 900 

LINAC are being operated in Japan [3]. Recently, the 

electron energy of greater than 10 MeV is gradually 

increasing with the upgrade of irradiation method and 

the expansion of applicability. LINAC with high 

functionality has been developed to apply to IMRT 

(Intensity Modulated Radiation Therapy), IGRT (Image 

Guided Radiation Therapy), and CyberKnife. When the 

electron energy is greater than 10 MeV, neutrons are 

produced through photonuclear reactions by 

bremsstrahlung photons. The shielding calculation 

including photoneutron reactions is very important in the 

shielding design of electron LINAC facilities, especially 

for shielding wall, maze and door. 

The shielding design has not been investigated 

sufficiently for medical LINAC with the electron energy 
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of greater than 10 MeV. Therefore here in this study, we 

investigated the optimum structure of shielding wall of 

the LINAC facility using the 3-dimensional Monte Carlo 

transport code, MCNP5 [4] which has been widely used 

to the shielding calculation. We performed to find the 

optimum combination and configuration of shielding 

materials under the constraint condition of 100 cm thick 

shielding wall, considering the space limit in a hospital. 

In order to verify the calculated accuracy of MCNP5 

with cross section data, we executed the experiments of 

neutron and photon dose rates using the 45 MeV 

electron linear accelerator of Hokkaido University.  

2. Calculation of optimum shielding structure

2.1. Calculation condition 

In the simulation, we used the MCNP5 code, which 

has the function of electron, photon and neutron 

transport calculation, electron-photon cascade 

calculation, and photoneutron production calculation. 

The cross section data libraries used in MCNP5 

calculations are EL3 for electron-photon cascade 

reactions, MCPLIB04 for photon interaction, 
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FSXLIB-J33 for neutron reactions, and LA150U for 

photonuclear reactions [5,6]. 

In the MCNP5 calculation, an electron beam was 

injected normally to the copper target (2 cm thickness 

and 4 by 4 cm in area) fixed at 20 cm behind the beam 

extraction window (30 m thickness of titanium). The 

form of electron beam was approximated as a Gaussian 

spatial distribution of 1 cm radius as a standard 

deviation. The peak energy of electron beam was 28 

MeV and the full width at half maximum of the spectra 

was 4 MeV. The copper were selected as a target using 

widely in the medical LINAC. The calculation condition 

is the same as in the experiment at the 45 MeV electron 

linear accelerator of Hokkaido University as described 

later [7,8]. The tallies were the point detectors to 

estimate the photon and neutron fluxes. These were set 

on the front and rear surfaces and inside positions in the 

shielding wall. The flux-to-effective dose conversion 

factor was cited from the data given in ICRP-74 [9]. 

2.2. Condition of shielding wall 

In the conventional shielding design, the wall 

generally consists of concrete and iron, and the wall 

thickness is from 150 to 300 cm with or without iron 

plate (15- to 70-cm thicknesses) inserted into concrete 

[10]. From our practical design calculation, the 

attenuation rates for effective neutron and photon doses 

required to shielding wall of 18 MeV electron LINAC of 

21.6 A electron beam current and 150 hr operation 

during 3 months were 2 x 10-6 and 5 x 10-8, respectively, 

in order to satisfy the dose limit in Japan outside the 

shielding wall (8.6 [Sv h-1] = 1.3 [mSv 3-months-1]). 

In this study, the 100 cm thick shielding wall is the 

final goal as described before, and under this constraint 

condition, we investigated the optimum combination of 

shielding materials and configurations which has the 

same attenuation rates as above for higher electron 

energy of 28 MeV. The further requirement in the 

construction for the materials of shielding wall is cost, 

durability and reliability. 

3. Simulation of optimum shielding wall

3.1. Location and thickness of iron plate 

We first examined the most suitable location and 

thickness of iron plate fixed in the concrete wall as the 

conventional shield structure. The location of iron plate 

of 20 cm thickness was changed from the front surface 

into the concrete wall and calculated the effective 

neutron and photon dose rate as a function of wall depth. 

It was clarified that the photon attenuation behind 100 

cm thick wall (20 cm thick iron and 80 cm thick 

concrete) is almost independent to the location of iron 

plate, while on the other hand, the neutron attenuation is 

most efficient when iron plate is placed in the front side 

to the target. This might be that photoneutron production 

can be effectively suppressed by iron. 

(a) Total effective dose rates 

(b) Neutron effective dose rates 

(c) Photon effective dose rates 

Figure 1.  Effective dose rates of total, neutrons and photons 

by the survey calculations to get the optimum iron thickness, in 

the case of 28 MeV electrons. 
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We then surveyed the total effective dose of neutrons 

and photons to get the optimum iron thickness, as shown 

in Figure 1. As shown in Figures 1(b) and 1(c), as for 

the thickness of iron plate at the front surface from 0 to 

50 cm, neutrons are most effectively shielded for 30 to 

40 cm thickness under the condition of 100 cm thick 

iron and concrete shield, and for photons the thicker the 

iron shield, the lower the photon dose. Considering the 

total effective dose of neutrons and photons, iron 

thickness of 50 cm placed on the front surface of 

concrete shield gives the smallest value as shown in 

Figure 1(a). Nevertheless, the attenuation rates of doses 

still do not satisfy the condition of 2 x 10-6 and 5 x 10-8 

for neutrons and photons, respectively, as shown in 

Figure 1(b) and 1(c). The total effective dose rate curve 

of 50 cm thick iron shows the different behavior from 

others, because the contribution of the neutron dose 

becomes dominant. 

3.2. Optimum configuration of shielding structure 

We therefore performed further survey calculations to 

find the optimum combination of shielding materials 

with 100 cm thickness in total and finally clarified the 

optimum structure of 40 cm thick iron. 10 cm thick 

polyethylene, 20 cm thick iron, 10cm thick lead, 10 cm 

thick polyethylene, and 10cm thick concrete in this order. 

The simulated results are shown in Figure 2 as a 

function of shield depth. The results could achieve the 

effective dose attenuation rates of 1.0 x 10-7 for neutrons 

and 1.0 x 10-8 for photons, which are lower than 2 x 10-6 

and 5 x 10-8 shown with the dashed lines in Figure 2, 

respectively.  

Figure 2. Calculated neutron and photon dose rate distributions 

in optimum combination of shielding materials with 100 cm 

thickness irradiated by 28 MeV electrons. (The dashed line 

means the effective dose attenuation rates, 2 x 10-6 for neutrons 

and 5 x 10-8 for photons.) 

4. Experimental results

4.1. Experimental procedure 

In order to verify the calculated accuracy of MCNP5 

with cross section data, we executed the experiments of 

neutron and photon dose measurements using the 45 

MeV electron linear accelerator of Hokkaido University. 

The experimental condition of the target is the same as 

the calculation described in 2.1.  

Figure 3 gives the experimental geometry. The 

shielding material has a plate of 40 x 40 cm2 and the 

total thickness of the shield assembly is 94 cm, not 100 

cm. The thicknesses of materials are 36 cm iron, 10 cm 

polyethylene, 18 cm iron, 10 cm lead, 10 cm 

polyethylene, and 10 cm concrete. The shielding 

structure is the same as given in 3.2. The distance from 

the target to the shield is 100 cm and the dosimeters 

used in this experiment are OSL (Optically Stimulated 

Luminescence, Al2O3) by Nagase-Landauer Co. [11] and 

Glass Dosimeter by Chiyoda Technol. Co. [12] for 

photons and SSTD (Solid State Track Detector) [13] by 

both companies for neutrons. The electron beam current 

was 4.2 A and the irradiation times were 100 and 1000 

seconds in two times of experiments. 

Figure 3.  Experimental arrangement of the copper target and 

the multi-layer shielding assembly. 

Figure 4.  Neutron and photon dose rate distributions of 

calculated and measured results in the experimental multi-layer 

shielding assembly irradiated by 28 MeV electrons. 
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4.2. Comparison with calculated results 

The comparison between calculated and measured 

results using the optimum configuration of shielding 

materials is shown in Figure 4. The agreement between 

calculation and experiment is very good within 30% 

even after about 10-5 order of magnitude decrease, 

although beyond 60 cm depth, the dose rates slightly 

increase due to the effect of room scattering under the 

experimental condition. In the front surface region, the 

calculated results overestimate the experimental values. 

The difference of neutron dose rates is because LA150U 

gives overestimation of the photoneutron production 

with iron. The difference of photon dose rates is because 

the dosimeters have low sensitivity to high energy 

photons generated at the target. From this comparison, it 

was confirmed that the MCNP5 calculation gives 

enough accurate results. We could finally realize the 

optimum multi-layer shielding wall of 100 cm thickness 

for use in limited space in a hospital. 

5. Conclusion

In the conventional shielding wall consisting of 

concrete and iron, the optimum shielding structure for 

high energy LINAC is that the 40 to 50 cm thickness 

iron plate is arranged to front side. 

We found the optimum multi-layer shielding wall of 

100 cm thickness for use at a limited space in a hospital, 

by using the MCNP5 calculation. It was confirmed by 

the comparison with the experimental result. The 

calculated accuracy of MCNP5 is within 30% for the 

shielding design of high energy LINAC facility. 
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