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Background: Salmonella enteritidis (SE) was the main cause of the pandemic of foodborne sal-
monellosis. The surface of eggs’ shells can be contaminated with this bacterium; however, 
washing them with sodium hypochlorite solution not only reduces their flavor but also heavily 
impacts the environment. An alternative to this is surface sterilization using low-energy electron 
beam. It is known that irradiation with 1 kGy resulted in a significant 3.9 log reduction (reduc-
tion factor of 10,000) in detectable SE on the shell. FAO/IAEA/WHO indicates irradiation of 
any food commodity up to an overall average dose of 10 kGy presents no toxicological hazard. 
On the other hand, the Food and Drug Administration has deemed a dose of up to 3 kGy is al-
lowable for eggs. However, the maximum dose permitted to be absorbed by an edible part (i.e. , 
internal dose) is 0.1 Gy in Japan and 0.5 Gy in European Union. 

Materials and Methods: The electron beam (EB) depth dose distribution in the eggshell was 
calculated by the Monte Carlo method. The internal dose was also estimated by Monte Carlo 
simulation and experimentation.

Results and Discussion: The EB depth dose distribution for the eggshells indicated that accel-
eration voltages between 80 and 200 kV were optimal for eggshell sterilization. It was also found 
that acceleration voltages between 80 and 150 kV were suitable for reducing the internal dose to 
≤ 0.10 Gy.

Conclusion: The optimum irradiative conditions for sterilizing only eggshells with an EB were 
between 80 and 150 kV.

Keywords: Food Irradiation, Low-Energy Electron Beam, Sterilization, Internal Dose, Monte 
Carlo Simulation
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Introduction

Foodborne illness occurs around the world. For example, a Salmonella enteritidis 

(SE) outbreak caused by infected eggs sickened 38 people in seven states in the United 

States [1]. Japanese people have traditionally enjoyed raw eggs, resulting in salmonel-

losis becoming prevalent in the 1960s [2]. In 2007, it was reported that SE was detected 

in the shells of 5 out of 2,030 (0.25%) packs of eggs in Japan despite shells had been 

washed before packing [3]. Therefore, the Japanese government mandated the follow-

ing management and operation standards for washing the eggshells [4].

(1)  The washing water should consist of a sodium hypochlorite solution (≥ 150 ppm), 

or the fungicide should possess the same sterilization ability against Salmonella 

(1/1,000).
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(2)  The water for washing eggs should be 30°C and must 

be 5°C warmer than the eggs.

(3)  Brushes used for washing eggs should be clean and 

hygienic.

Washing eggs with sodium hypochlorite solution reduces 

their flavor and heavily impacts the environment. Therefore, 

this study explored the use of low-energy electron beam 

(LEEB) as an alternative method for sterilizing the eggs’ sur-

faces. LEEB is generally defined the energy of electron is up 

to 300 kV. With the relatively recent development of reliable, 

compact, cost-effective, LEEBs, a new class of in-line appli-

cations is now possible. The benefits of high-speed, high effi-

cacy treatments, with no chemicals and at room temperature, 

are now realized across a variety of packaging applications. 

The penetration depth of an electron beam (EB) can be 

controlled by adjusting its energy. The penetration depth of 

electrons from 50 kV to 10 MV is 0.025–50 mm in water [5, 6]. 

Considering that the shells of the egg are typically 0.26–0.50 

mm thickness, LEEB (≤ 300 kV) is therefore useful for steril-

izing surface contamination only [7]. The D10 value (radiation 

dose needed to reduce 90% of the Salmonella population) is 

0.30 kGy, and the value required for a 4-log reduction of Sal-

monella is 1 kGy [8, 9]. Furthermore, SE can no longer be de-

tected at 2–3 kGy [8]. On the other hand, the Food and Drug 

Administration indicated that the irradiation of eggs is not to 

exceed 3.0 kGy. In addition, irradiation of eggshells up to 2.5 

kGy had little negative impact on the physiochemical and 

functional properties of liquid egg while [10]. The use of food 

irradiation is prohibited in Japan except for the inhibition of 

potato sprouts. However, irradiation of up to 0.10 Gy is per-

mitted in food, as X-rays are used for foreign matter inspec-

tion in Japan [11]. In this case, 0.10 Gy is defined at the sur-

face of the edible part. Therefore, if the absorbed dose of the 

egg’s edible tissue dose not exceeds 0.10 Gy, they can be irra-

diated with EB without the permission from the government. 

The electrons accelerated in the EB generator pass through a 

window made of titanium or aluminum foil which maintains 

the internal vacuum and applies a high voltage to accelerate 

the electrons. X-rays are emitted when EB interact with tita-

nium foil. X-rays are similarly emitted upon the interaction 

of eggshells and EB, and the X-rays’ energy and dosage in-

crease with the EB energy and dosage [12]. X-rays have much 

higher penetrative power than electrons, travel several tens 

to hundreds of centimeters in water (depending on their en-

ergy), and gradually lose their energy as they collide with at-

oms in water. Because X-rays also irradiate an egg’s edible 

tissues during EB exposure, it is necessary to ensure that the 

egg’s absorbed dose does not exceed 0.10 Gy. Therefore, the 

following two conditions are necessary: (1) the irradiating 

EB’s depth dose distribution in the given eggshell and (2) ab-

sorbed dose of the edible tissue does not exceed 0.10 Gy.

These requirements have led to a new approach to food ir-

radiation using LEEB, which utilizes relatively small devices 

that generate ionizing radiation with energies of hundreds of 

kilovolts. In this study, the eggshells were irradiated with 

LEEB, and the irradiation conditions were examined via ex-

perimentation and Monte Carlo simulation. The purpose of 

this study is to measure the internal dose distribution regard-

less of the 0.10 Gy limit.

Materials and Methods

1. Simulation Methods
1)  Depth dose distribution with EB by Monte Carlo  

simulation

The depth dose distribution in the eggshells was calculated 

using Monte Carlo simulation (Particle and Heavy Ion Trans-

port code System [PHITS] ver. 3.02) to irradiate only the shell 

[13]. Fig. 1 illustrates irradiation model. Eggshell must be thick 

to estimate the depth dose distribution because the com-

mercial eggs have different shell thicknesses depending on 

egg size. The thickness of the eggshell was 0.60 mm, and the 

eggshell’s absorbed dose was calculated at every 0.02 mm. 

Fig. 1. Depth dose distribution model with electron beam. There 
was a titanium foil (10 μm thickness) under the source. The thick-
ness of the eggshell is 0.60 mm, where the absorbed dose in the 
eggshell was calculated at every 0.02 mm thickness.
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Eggshells are generally composed of 96% calcium carbonate 

(CaCO3) and 4% organic substances. The density of the egg-

shell is lower than that of pure CaCO3 (2.7 g/cm3) because of 

its high porosity. Therefore, the eggshell used for the simula-

tion was set to 100% CaCO3 with a density of 2.0 g/cm3 [14]. 

The EB were emitted from a plane source (6 cm× 6 cm), and 

the distance from the source to the egg was 2.5 cm. Titanium 

foil (thickness= 10 μm) was placed under the source. The EB 

energies were 80, 100, 150, 200, and 250 keV, and the number 

of emitted electrons was 6.25× 1012. The energy spectrum of 

the electrons irradiated at 80 kV was calculated.

2)  Internal dose from EB-associated X-rays calculated by 

Monte Carlo simulation

Fig. 2 shows the simulation diagram; the length of the egg’s 

major axis was 60 mm, and its minor axis was 40 mm. The 

eggshell’s thickness was 0.40 mm. The edible area was set to 

100% H2O with a density of 1.0 g/cm3, and the shell was set to 

100% CaCO3 with a density of 2.0 g/cm3 [14]. The EB were 

emitted from a plane source (10 cm× 10 cm), and the dis-

tance from the source to the egg was 1.0 cm. Titanium foil 

(thickness = 6 μm) was placed at a distance of 20 μm from 

the source. The internal dose was calculated at the center of 

the egg, with a size of 1 cm cubic meter. The eggshell’s ab-

sorbed dose was calculated simultaneously. Therefore, the 

internal dose was estimated while the eggshell was irradiated 

at 3 kGy. The energies of the EB were 80, 100, 150, 200, and 

250 keV.

2. Experiment Methods
1) Egg sample and dosimetry

The dosimeter which is measured in egg should be small 

to measure the dose distribution in egg. It was necessary to 

detect at 0.10 Gy and to be low fading effect. TLD-100 (Thermo 

Fisher Scientific, Waltham, MA, USA; chip 3.2 mm× 3.2 mm×  

0.9 mm) satisfied the above requirement and was very useful 

in this work. The contents of the raw eggs were first removed 

and dried. TLD-100 was wrapped with polyethylene film to 

keep it dry. This TLD-100 was then placed as shown in Fig. 3 

and solidified with ager. The internal doses of the egg were 
Fig. 2. The simulation diagram to estimate dose of the edible part in 
eggs. The flux is electron and photon.
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Fig. 3. TLD-100 dosimeters were inserted to eggs and located to measure the internal dose of eggs.
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measured with TLD-100. The amount of light emitted from 

the TLD-100 was measured with a TLD reader (Harshaw 

3500; Thermo Fisher Scientific). 

2) EB irradiation

EB irradiation was carried out at 80 kV with an Eye Com-

pact (EC90/10/50L; Iwasaki Co. Ltd., Tokyo, Japan). A titani-

um window (thickness= 6 µm) was under the source. On a 

conveyor, the egg sample was passed through the scan area 

at a constant speed. The current value and the conveyor 

speed were 0.1 mA and 5.0 m/min, respectively. The dis-

tance from the source to the egg was 1.0 cm. At that time, the 

absorbed dose at the shell’s upper side (Location #3 in Fig. 3) 

was 2.76 kGy. In this experiment, the egg sample was irradi-

ated with EB from one direction. Afterwards, the egg sample 

was turned in the opposite direction and irradiated with EB 

again.

Results and Discussion

1. Depth Dose Distribution of Eggshell with EB by PHITS
The eggshells (0.60 mm) were irradiated with EB (80, 100, 

150, 200, and 250 keV); according to Monte Carlo simulation, 

the number of emitted electrons was 6.25× 1012. Fig. 4 shows 

the results of the eggshell’s depth dose distribution obtained 

PHITS code. When the eggshell was irradiated at 200 kV, the 

EB penetrated up to 0.2 mm. After 0.2 mm, bremsstrahlung 

was contributed to the eggshell because the dose remained 

constant after 0.2 mm. Therefore, the EB penetrated the egg-

shell to a depth of 0.02, 0.04, 0.12, 0.20, and 0.30 mm for en-

ergy levels 80, 100, 150, 200, and 250 keV, respectively. This 

means that, if LEEB irradiated an eggshell at 250 kV, they 

would reach the egg’s edible tissue because the minimum 

thickness of an eggshell is 0.26 mm. When this edible tissue 

was irradiated at EB, the permitted dose of 0.10 Gy was ex-

ceeded. Thus, the energy of the EB was high enough to pass 

through the eggshell, reach the edible tissue, and exceed the 

dosage limit (≤ 0.10 Gy). However, such high energy is need-

ed to sterilize the Salmonella that can subsist in eggshells’ 
pores. The optimal energies were between 80 and 200 kV. 

Fig. 5 shows the energy spectrum of the electrons that irradi-

ated the eggshell at 80 kV. Their maximum energy was 73 keV 

because the electrons were scattered by the titanium foil and 

air on the way to the eggshell. 

2. Internal Dose by PHITS
EB at each energy level were directed to the eggs as shown 

in Fig. 2, and the edible tissues’ absorbed doses were calcu-

lated by Monte Carlo simulation. Fig. 6 shows the absorbed 

doses of the edible tissues irradiated with EB at each energy. 

The radiation that reached the edible tissues was brems-

strahlung rather than electron. The vertical axis in Fig. 6 rep-

resents the edible tissue’s absorbed dose when the eggshell 

was irradiated at 3 kGy. The edible tissue’s absorbed doses 
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increased along with the energy, exceeding 0.10 Gy at 250 kV. 

In this simulation, EB irradiation was emitted in one direc-

tion only. However, it is necessary to irradiate the entire egg-

shell. In such a case, irradiation at energies between 200 and 

250 kV could exceed 0.10 Gy. Therefore, the optimal energies 

were between 80 and 150 kV.

3. Internal Dose by Experimentation
The egg sample was irradiated with an EB at 80 kV from 

one direction. After the egg sample was turned in the oppo-

site direction, it was irradiated again. Each thermolumines-

cent dosimeter (TLD) in the egg was taken out, and the inter-

nal dose was estimated. Table 1 presents the internal doses 

at each location. The internal doses were estimated when 

the eggshell was irradiated at 3 kGy; they were much lower 

than 0.10 Gy in all locations. From the unidirectional irradia-

tion, it was found that the internal dose increased at Location 

#3. Therefore, the internal dose was higher on the side facing 

the source. Following bilateral irradiation, the internal dose 

at Location #3 was close to that of Location #5. These results 

demonstrate that the internal dose can be made uniform by 

irradiating the entire egg. 

4. Comparison between Experiment and Simulation
In a previous study, the comparison of the internal dose of 

egg between the experimental and the simulated values was 

a very good relationship [14]. In this study, the experimental 

and simulated values when irradiated at 80 kV were 3.18 mGy 

(Location #3) and 4.80 mGy, respectively. The reason for the 

difference is that the eggs were irradiated with being conveyed 

Table 1. Internal Dose of Each TLD Location at Unilateral Irradiation 
and Bilateral Irradiation

Location 
no.

Internal dose (mGy)

One side 
irradiation

Both side 
irradiation

1 1.76±0.35 2.46±0.32
2 1.44±0.29 2.64±0.34

3 3.18±0.32 4.27±0.50

4 1.45±0.29 2.18±0.28

5 1.12±0.22 4.06±0.46

Values are presented as mean±standard deviation. These average doses 
in three times were estimated when the eggshell was irradiated at 3 kGy.
TLD, thermoluminescent dosimeter.

Fig. 6. Absorbed doses of edible part in eggs irradiated with elec-
tron beam at each energy were calculated with the Particle and 
Heavy Ion Transport code System (PHITS) code.
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in the experiment. In the simulation, the internal dose of egg 

was evaluated without moving it. In the future, we plan to 

conduct experiments and simulations to evaluate the dose 

when the eggs are rotated and conveyed.

Conclusion

Food irradiation is prohibited in Japan except in potato 

sprout inhibition and where the dosage does not exceed 0.10 

Gy. We examined the absorbed dose of the edible tissues in 

eggs when sterilizing their shells with LEEB. The irradiation 

conditions with these EB were evaluated by experimentation 

and Monte Carlo simulation. The resulting eggshell depth 

dose distributions indicate that the acceleration voltages be-

tween 80 and 200 kV were optimal for eggshell sterilization. 

It was also found that the acceleration voltages between 80 

and 150 kV were suitable for the reduction of dosage to the 

egg’s edible tissues (≤ 0.10 Gy). Furthermore, the contribu-

tion of bremsstrahlung to the edible tissues decreased as the 

energy of the EB was lowered.
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