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INTRODUCTION 

High energy X-rays from accelerators are used to irradiate food ingredients to prevent growth and 

development of unwanted biological organisms in food, in order to extend the shelf life of products. High 

energy photons can cause food activation due to (γ,n) reactions. Until 2004, to eliminate the possibility of 

food activation, the electron energy was limited to 5 MeV X-rays for food irradiation. In 2004, the FDA 

approved the usage of up to 7.5 MeV, but only with tantalum and gold targets 
(1)

. Higher X-ray energy 

results an increased flux of X-rays in the forward direction, increased penetration, and higher photon dose 

rate due to better electron-to-photon conversion. These improvements could decrease the irradiation time 

and allow irradiation of larger packages, thereby providing higher production rates with lower treatment 

cost. 

Medical accelerators usually work with 6-18 MV electron energy with tungsten target to convert the 

electron beam to X-rays. In order to protect the patients, the accelerator head is protected with a heavy lead 

shielding; therefore, the bremsstrahlung is emitted only in the forward direction. There are many 

publications and standards that guide how to design optimal shielding for medical accelerator rooms 
(2,3,4)

. 

The shielding data for medical accelerators is not applicable for industrial accelerators, since the data is for 

different conversion targets, different X-Ray energies, and only for the forward direction. 

Collimators are not always in use in industrial accelerators, and therefore bremsstrahlung photons can be 

emitted in all directions. The bremsstrahlung spectrum and dose rate change as a function of the emission 

angle. The dose rate decreases from maximum in the forward direction (0°) to minimum at 180° by 1-2 

orders of magnitude. In order to design and calculate optimal shielding for food accelerator rooms, there is a 

need to have the bremsstrahlung spectrum data, dose rates and concrete attenuation data in all emission 

directions, which are different for each conversion target and energy (5 MeV or 7.5 MeV). There are 

publications and standards available such as: NCRP 144 
(5)

, IAEA Report 188 
(6)

, ANSI N43.3 
(7)

, to guide 

how to design shielding for industrial accelerator rooms. The shielding data in these guides is suitable for 

most industrial accelerators that have collimators, but does not contain angular dependence shielding data 

for 5 MeV and 7.5 MeV X-rays, such as used in food irradiation facilities. 

 

OBJECTIVE 

In this study we calculated essential data needed for a typical straightforward concrete shielding designs 

food accelerator rooms. These are the MCNP Monte Carlo code system evaluations made for this study: (1) 

Photon dose rate angular dependence (0-180°) of 5 MeV and 7.5 MeV electron beams, on iron, aluminum, 

gold, tantalum, and tungsten targets. (2) Bremsstrahlung angular dependence energy distribution (0-180°) 

simulations using 5 MeV and 7.5 MeV electron beams on gold, tantalum, and tungsten. (3) Photon 

attenuation calculations in concrete for several photon emission angles of 5 MeV and 7.5 MeV electron 

beams on a tantalum target. Based on the simulation, we calculated the expected increase in dose rate for 

facilities intending to increase the energy from 5 MeV to 7.5 MeV, and the concrete width needed to be 

added in order to keep the existing dose rate unchanged. 

The data given in this paper is partial; the complete explanations and the full results can be found in the 

thesis submitted for M.sc degree by Eyal Peri and supervised by Itzhak Orion 
(Error! Reference source not found.)

. 

 

 



MATERIAL AND METHODS 

The simulations were carried out using the MCNP version 4C2 code package. The simulations were done by 

irradiating gold, tantalum, and tungsten targets with a narrow 5/7.5 MeV electron beam. The targets depth 

and radial dimensions were chosen to be slightly more than the electron maximum range. Target thickness 

of Ta, W and Au were 1.5, 1.3 and 1.3 mm for 5 MeV electrons, and target thickness of Ta and Au were 2.3 

and 2.0 mm for 7.5 MeV electrons. 

The material compositions and densities were defined by the compendium of material composition data for 

radiation transport modeling 
(8)

, the shielding material was defined as an ordinary concrete. 

The tally F6 in a cell volume was used for absorbed dose calculations. Tally F4 of photon fluence was used 

for the photon spectra graphs. 

In order to validate the results, prior to the calculations, simulations were done with targets or energies 

which is available in the literature, all the results showed a good agreement. Usually 10
6
-10

8
 histories were 

used to obtain relative error less than 5%. 

 

RESULTS 

Figure 10 presents the angular dependence (0-180°) of photon dose rate (Gy h-1) at 1 m from gold, tantalum, 

and tungsten targets as a function of beam current (mA) for 5 MeV and 7.5 MeV electron beams. Due to the 

larger atomic number of gold its dose rate is slightly higher, but only for the backward angles (>90°). This is 

one of the reasons why a gold target is not cost effective. The 7.5 MeV dose rates are almost parallel to 

those of 5 MeV and higher by a factor of 1.5 to 2.6. 

 

 
Figure 10: Angular dependence of photon dose rate (Gy h

-1
) at one meter from Au, Ta, W targets as a function of 

beam current (mA) for 5/7.5MeV electron beam. 
 

Figures 2 presents the energy distribution of bremsstrahlung emission for tantalum target by 5 MeV and 7.5 

MeV electron beams. The spectrum of the forward direction photons is higher and "harder" than the 

spectrum in the backward emission. In the lower energy bins, the fluence in the forward directions is higher 

by an order of magnitude than the backward emission. As the energy bins increased, the gap increases up to 

three orders of magnitudes in the higher energy bins, from that we can understand why the dose rate is 

decreasing as the photon emission angle increases. The fact the spectrum of the backward direction is soften 

explains why the concrete shielding is more effective to attenuate backward photon emission. 

 



 
Figure 11: Energy distribution of 7.5 MeV bremsstrahlung in Ta Target. 

Figure 12 presents the photon attenuation ratio in concrete (0-180 cm) of a tantalum target in selected photon 

emission angles (0°, 90°, 135°, 180°) for 5 MeV and 7.5 MeV electron beams. The attenuation ratio was 

obtained as the ratio between the dose without shielding, to the dose behind the concrete shielding. The 

photon attenuation in concrete for 5 MeV is higher than for 7.5 MeV by up to an order of magnitude. The 

attenuation is larger for the backward emitted photons compared to the forward ones by up to an order of 

magnitude.   

 

 
Figure 12: Dose attenuation in concrete of the bremsstrahlung emission from Ta target for electron beam energy of 5 

MeV (left) and 7.5 MeV (right). 
 

By using Table 0, facilities that plan upgrading their accelerator to 7.5 MeV can easily estimate the expected 

increase in dose rate around the shielded facility. It can also easily evaluate the quantity of concrete to be 

added in order to keep the existing dose rate around the facility, and by that to maintain the same safety 

status. The data are presented for three emission angles (0°, 90°, 180°) as a function of the existing concrete 

thickness in the facility. 

 
Table 0: Dose rate ratios of bremsstrahlung  emission between 5 MeV and 7.5 MeV beams Ta target as a function of 

existing concrete for a given angle (left), and the quantity of required concrete to be added for 7.5 MeV facility in 

order to keep the 5 MeV dose rate (right). 

 

 

 

 

 
 



Existed 

Concrete (cm) 

5 MeV and 7.5 MeV Dose Rate 

Ratio 
Required Concrete addition (cm)  

  0° 90° 180° 0° 90° 180° 

0 2.6 1.7 1.5 8 5 0.5 

20 3.3 2.0 1.7 12 7 2 

60 4.8 3.3 2.2 18 14 5 

100 7.6 4.9 2.9 25 20 9 

120 9.0 6.0 3.8 28 22 13 

140 11.1 6.9 4.4 31 24 15 

160 13.7 8.6 5.2 35 28 17 

180 16.5 10.5 6.1 38 31 19 

 

CONCLUSION 

Angular dependence MCNP simulations of dose rate, bremsstrahlung, and concrete attenuation ratio were 

carried out for 5 MeV and 7.5 MeV accelerators for gold, tantalum, and tungsten targets. Since the targets’ 

atomic numbers are similar, there was only a slight difference in dose rates and bremsstrahlung spectra of 

the targets. The dose rate of 7.5 MeV accelerators is higher than the 5 MeV dose rate by factor of about 2.6 

in the forward direction, and a factor of 1.5 in the backward direction. The difference in dose rates from the 

forward to backward directions is almost two orders of magnitude. Photon attenuation ratios in concrete of 

7.5 MeV beam is lower than that of 5 MeV beam by almost an order of magnitude for thick shielding for all 

emission angles. There is a significant difference in the bremsstrahlung spectrum between the forward 

emission angles to the backward angles. Since the bremsstrahlung spectrum of the backward angles is softer 

than in the forward direction, the concrete shielding is more effective in attenuating the backward direction. 

This difference is small for thin shielding, but for thick shielding of more than 150 cm, the attenuation of the 

backward emissions is larger than for forward direction by an order of magnitude, for the same concrete 

thickness.   
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