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ABSTRACT

For food processing gamma rays, electron beam and X-rays are used for disinfection of microorganisms and for
extension of the shelf-life of the food. Electron beam irradiation process and its facilities are discussed widely for
animal food products, nowadays. Although there are many advantages of this technique, high doses may be
needed to achieve desired purposes. The irradiation conditions such as irradiation energy, dose and speed,
penetration depth, processing speed should be optimized for such an irradiation apparatus design. The type and
the size of the food; if it is fresh, frozen or in packets; transition process to atmospheric medium and irradiation
parameters are the issues that need to be adjusted carefully according to aims. In this work, design parameters of
an electron beam irradiation system are described and simulation of a low energy electron curtain accelerator is
introduced. This study was carried out as the first step with the construction idea of a system that is planned to be
made most appropriately in the current laboratory conditions. Also is to demonstrate the operability of such a
system at low energies for sterilization on the surface of the target material.
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products.
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Elektron Demeti ile Isinlama Tekniginin Hayvansal Uriinletin Raf Omriiniin Uzatilmasinda Kullanimi1

(074

Gida 1sinlama strecinde mikroorganizmalarin dezenfeksiyonu ve gidanin raf émriiniin uzatilmasi icin gama
wsinlari, elektron 1s1n1 ve X 1sinlart kullanilir. Glintimiizde, hayvansal gida triinleri icin elektron demeti ile 1s1nlama
islemi ve tesisleri yaygin olarak tartistimaktadir. Bu teknigin bircok avantaji olmasina ragmen, hedefe ulasmak icin
yitksek dozlara ihtiya¢ duyulabilmektedir. Isinlama enerjisi, dozu ve hizi, penetrasyon derinligi, islem hiz1 gibi
1sinlama kosullant, bu tip bir 1stnlama sistemi tasarimi icin optimize edilmelidir. Gidalarin taze, dondurulmus veya
paketler halinde olmast, tipi ve buyukligl, atmosfer ortamina gecis siireci ve 1sinlama parametreleri hedefe gore
dikkatlice ayarlanmast gereken parametrelerdir. Bu calismada, elektron demeti ile 1stnlama sisteminin tasarim
parametreleri agtklanmis ve disiik enerjili bir elektron hizlandiricisinin simiillasyonu tanitilmistir. Bu calisma,
mevcut laboratuvar kosullarinda yapilmast planlanan bir sistemin tasarimi fikrinin ilk adimi olarak
gerceklestirilmistir. Ayrica béyle bir sistemin hedef malzemenin ylizeyi tzerine uygulanmast ile sterilizasyon gibi
uygulamalar icin distk enetjilerde ¢alisabilecegi gosterilmistir.

Anahtar Kelimeler: Elektron demeti, elektron hizlandiricist, gidalarin elektron demeti ile isinlamasi, gida
1sinlamasi, hayvansal drin.
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INTRODUCTION

Food irradiation is one of the foreseen methods that
can control the growth of microorganisms, parasites,
insects and some losses that may occur during
slaughtering, processing and transporting. By food
irradiation, prevention of foodborne illness, and food
hygiene security are aimed. Irradiation applications
are also used to extend the shelf life of food products.
Irradiation has about 100 years of history and is
specified for safe food processes (Molins et al. 2001,
Farkas and Farkas2011). It is confirmed by
organizations of the World Health Organization
(WHO), the Food and Agriculture Organization
(FAO), and the International Atomic Energy Agency
(IAEA) as being effective in achieving the
aforementioned purpose and a safe, nutritional
suitable method since 1980s.

Irradiation does not cause radioactivity in foods,
actually it is an energy input on them. The amount of
this energy is irradiation absorption defined as dose in
the unit of gray (Gy), (Ferreira et al. 2017). The
superiority of the strong ability of irradiation to
penetrate in materials breaks both structural,
metabolic functions and lead to fragmentation of
DNA. Hence, results as the eventual death of
microbial cells. Intensive and much-localized energy,
namely uniform energy is imparted to the material
and in this way; a sufficient level of sterilization
impact can be obtained with a little increase in the
whole temperature of that material. Herewith, the
irradiation process is very convenient for fresh fruits
and vegetables, meat, and other animal products, and
frozen foods.

Irradiation  process  helps to  reduce  the
microorganism  activities, to prevent parasite
contamination sources and prevent diseases, to
remove pests and sterile products, to eliminate some
of the chemicals used for foods, and also to reduce
fungicide residue problem with food (Lagunas-Solar
1995, Olson 1998, Korel and Orman 2005,
Goresline2018). The US Department of Agriculture’s
(USDA’s) Food Safety and Inspection Service
announced a voluntarily recall of approximately
46000 lbs of ground beef for possible Escherichia coli
O157:H7 contamination. The detection of such
pathogenic bacteria in ground beef caused a reduction
in beef consumption and huge economic losses.

In some studies, it has been seen that irradiation
significantly reduces foodborne pathogen
concentrations (Kwon et al. 2008, Arthur 2005). In
recent years, irradiation has been approved for the
processing of chilled or frozen uncooked meat and
meat by-products (U.S. Department of Agriculture,
Food Safety and Inspection Service. 1999). To
process these products, high penetration, and high

energy radiation might be needed to provide the
entire meat product and both exposed surface and
internal regions are irradiated. The increasing number
of foodborne bactetria as FEscherichia coli O157:H7,
Psendomonas spp., Listeria monocytogenes, Staphylococens
anrens, and Bacillus cerens (Taha 1999, Woodburn and
Raob 1997, Park et al. 2010) particulatly Salnonella has
increased interest in food irradiation as an effective
technique for the disposal (Min et al. 2005). For
eliminating pathogens in heat-sensitive products like
eggs, the irradiation process can be more attractive
(Radomyski et al. 1994, Arvanitoyannis 2010).
However, the effects of irradiation on the
physicochemical and functional properties of shell
eggs and liquid egg yolk and white are still
argumentative.

Gamma, X-rays, and accelerated electron beams are
used mostly in the industry for various applications as
well as food irradiation (Ozer 2017). Gamma rays
from Co-60 or Cs-137 (below 5 MeV energy level) are
commonly used since they have high penetrating
power, low dose rate, and foods can be irradiated
with their thick coverage packages. On the other
hand, electron beams are generated (below 10 MeV
energy level) with low penetrating power, and higher
dose rate. Electron beams can be easily started and
stopped by turning on and off the power supply thus
represents a safer irradiation process. Besides, low
penetrating power can be used as selective irradiation
of surfaces. X-rays provide high penetrating power as
the Gamma rays and it can be also stopped as
electron beams (Sommers and Fan 2008). However,
their energy conversion efficiency is low and the cost
is much for nowadays technological conditions.

The electron beam irradiation (EBI) of foods has
been shown an alternative and convenient method to
reduce microorganism load without affecting the
flavor of the foods. It is a fast and effective method
for sterilization, of a variety of many foods. This
method seems more reliable and safe to the
consumers, because no radioactive source is needed
and also it is more preferable for temperature-
sensitive products (Silindir and Ozer 2009). Some of
the scientific committees have done some studies
about EBI and have concluded that no problems in
the irradiated foods with 10 MeV electron beam (high
energy level) at 30 kGy in terms of nutritional
changes, mutagenicity, microbiological safety and
radioactivity (Kobayashi 2018).

Some studies have presented the efficacy of EBI for
reducing pathogenic microorganisms in animal
products. Wong and Kitts 2003; Kim et al. 2010
stated in their recent studies that EBI proved to be an
effective method for controlling microbial growth in
shell-eggs without adversely affecting
physicochemical and functional properties and also
for ground beef of low-fat content. In the studies,
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3 kGy absorbed dose for irradiation of the fresh-
shell-eggs resulted in minor changes of proteins,
lipids, or carbohydrates.

Although there is wide use of pathogen interventions
as antimicrobial solutions for beef meat, outbreaks
establish a connection with them exposed to such
pathogen interventions continue. EBI is proposed to
be the method of resolving these restrictions.
Especially, EBI is proven by many studies as reducing
the pathogens in meat and poultry products without
damaging their quality. (Lewis 2002, Arthur et al.
2005, Duong et al. 2008, Kundu and Holley 2013,
Maxim et al. 2014).

MATERIALS and METHODS

For industrial and medical applications electron beam
accelerators process 0.15 to 10 MeV electron beam
energies. Energy and current are the important
primary characteristics for these type of electron
accelerators.

Electron beam applications of the food irradiation
process can be classified as low energy surface
applications and high energy irradiation. For surface
treatment up to 400 keV energetic electron beam
energies are known to be sufficient (Blackburn 2017,
Miller 2017). By application of low energetic electron
beam to the surface of the food material, biological
contaminants are removed efficiently with a little
penetration depending on the electron beam energy.
Approximately 15 mm penetration on the surface of
the carcass sides is obtained including considerable
radiation dose with this process. The pathogen
contamination of carcass is a surface phenomenon.
Thus, lower pathogen load without adverse affection
of product organoleptic quality is expected by this
application technique (Arthur et al. 2005).

The technical criteria for food irradiation are the
irradiation dose and speed, penetration depth,
processing speed. The average dose is the amount of
energy absorbed by the material is divided by its
mass, in the units of Gy as previously stated. High
energy electrons immediately interact with the
irradiated matter. Therefore, the absorbed dose is
highest on the surface of the material and falls
vertically towards the material depth. The input dose
in the irradiated material is directly proportional to
the electron beam current. Dose speed starts 103
Gy/s for electrostatic accelerators where it is 10 Gy/s
for radioisotope gamma sources. This is one of the
advantages of electron accelerators in applications.

The penetration depth of the electrons in the material
is directly proportional to the electron energy and
inversely proportional to the density of the material
to be irradiated. The penetration depth for given
electron energy is given in terms of the weight of the

material to be irradiated per unit area (gr/cm?). The
biggest disadvantage of electron accelerators
compared to gamma sources is that the material
thickness to be irradiated is limited. Electron
accelerators are more suitable for irradiation of grain,
spices, small-sized fruits and vegetables, meat, and
seafood packaged for daily consumption (Salimov et
al. 2000). On the other hand, the material can be
irradiated by scanning in two dimensions (with the
inclusion of magnetic field) with accelerated electron
beams. It causes the efficiency of the accelerators is
to be larger compared to gamma sources. For
example, by 50 kW electron beam, irradiation
efficiency is 0,35 and irradiation dose is 2 kGy;
around 30 tons of fresh white-poultry meat and red
meat can be irradiated per hour for disinfection
(Turhan et al.2020).

Nowadays, low dose, low penetration EBI technology
has evolved to the point where large nonuniform
surface areas can be effectively treated and an entire
carcass side. A study indicated that low dose electron
beam irradiation (lower than 2kGy) could reduce
some pathogens especially E.coli and S.typhimurinm on
inoculated shell eggs (Kim et al. 2010, 2016).

Irradiation of fish and meat need medium doses up to
10 kGy to control pathogenic microorganisms in
fresh or frozen meat. As referenced in Ferraira et al.
2018 for fish lower doses than 7kGy and lower than 3
kGy for eggs are needed. However, the permitted
levels of irradiation are not sufficient to control the
pathogenic viruses. Studies on EBI of beef surfaces
presented that by this technique carcasses can be only
irradiated on the surface and for lower depths (Arthur
et al. 2005). By electron beams, surface structures
such as fat and other external tissues are removed.
For deep penetration, higher energetic electron beams
are needed. To determine this, one may need to look
at the curves for the distribution of absorbed dose
along the beam direction (Ferraira et al. 2018).

For EBI process, as a source of radiation electron
beams are needed to be generated by an electron
beam linear accelerator or a Van de Graff generator.
The electrons are accelerated and can reach to
energies up to 10 MeV. The choice of a type of
accelerator for a particular application is usually based
on the application considerations (Cleland and Parks
2003, Cleland et al. 2003). There is a big interest in
computer modeling for designing the irradiation
apparatus and its operating environment. By
modeling, the performance of an irradiator can be
predicted and the optimization of the process can be
done.

A schematic view of an accelerator-based system
consists of an electron accelerator, a scanning system
and a material handling system that the beam can
move through the material. The electron accelerator
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is usually located inside the high voltage vacuum. In
the accelerator tube generated electrons are
accelerated and gain energy. Then these accelerated
electrons escape through a thin window, usually
titanium is preferred, and move through the target
material.

To model an electron beam irradiation apparatus,
important variables are electron beam energy, beam
current and geometry, speed of the process, exit
window foil thickness, the distance between exit
window and the target material.

RESULTS and DISCUSSION

In this study, design and simulation of a low-energy
electron-curtain-accelerator is  presented. Design
facilities are discussed in details, in conjunction with
SIMION 3D electron trajectory simulation software.
By SIMION 3D, calculation of charged particle
trajectories in electric fields with a given configuration
of electrodes, particle initial conditions, including
optional magnetic field can be done (Scientific
Instrument Services Inc.).

The majority of industrial installations in the low
energy range base on the linear cathode concept. In
this way, electrons distribute over a wide web of

High-voltage
feedthrough

by

High-voltage "
terminal

material that moves through the beam. A free
electron is emitted by thermionic emissions by
heating tungsten filament on the negative cathode
side. The free electron is accelerated in the electric
field and gain energy in electron volt (eV). The
production and acceleration of electrons are done
inside a long evacuated vacuum tube (Ozer et al.
2017). The electrons emitted from the thermionic
cathode are accelerated over a single stage to pass
through the anode (a thin metallic window)
producing a continuous stream of electrons to
irradiate materials or products in atmospheric
conditions (Auditore et al. 2013).

In Fig. 1 the Computer-Aided Design (CAD) model
of the system (Dassault Systems Corp.). The designed
electron accelerator consists of a 0.25 mm diameter
W wire wrapped to provide a spring-shaped filament
150 mm long with a 1 mm diameter, emitting
electrons by the thermionic effect. To convey the
electrons emitted from the filament as a focal
(parallel) beam on the anode a focusing electrode is
used. The shape of this electrode is optimized for the
desired beam shape. Also, a cylindrical high-voltage
terminal that assists in focusing and reducing the
potential gradient concerning the grounded shell is
used.

Vacuum system
and piping

Figure 1. CAD model of the designed accelerator system.

For high voltage isolation, an electrically grounded
cylindrical concentric shell to vacuum enclosure and
minimizing voltage gradient is employed. To extract
the accelerated electrons to the air a thin anode that
forms a window as 150mm x 10mm is created. A

titanium foil with 20pmthicknesses is preferred. The
system is expected to work in pulse mode so a pulsed
power supply system is expected to be used during
the real construction. The electron beam is supposed
to be uniformly distributed on the target material.

Figure 2. View of generated electron beam in SIMION and beam profile through the system.
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The focusing electrode and high voltage terminal
design, and corresponding electron beam profile, as
simulated with SIMION software, are shown in Fig. 2
and Fig. 3. About 90% of accelerated electrons from
filament housing could successfully penetrate the
titanium foil when the filament structure is -200 kV
(or may arrange up to -500 kV) relative to earth. Then
the maximum electric field in vacuum is about 6.5
MV/m near the round corner of high-voltage
terminal, which is less than the critical electrical field
(20 MV/m) in a high vacuum.

Dose distribution is one of the most important
parameters of the irradiation process as mentioned
previously, hence for reproducible process and heat
diffusion on the exit window. In Fig. 3, beam
distribution has shown at the exit foil of the window
(red dots). Designed low energy electron accelerator
has a compact design and expected as reliable in
terms of beam uniformity, robustness, and high
voltage safety.

i Beam width
T 15mm

Beam window length = 150 mm

Figure 3. Beam distribution has shown at the exit foil of the window (red dots).

The exit window includes an exit window foil and a
support grid contacting and supporting the exit
window foil. The support grid has first and second
grids, each having respective first and second grid
portions that are positioned in an alignment and
thermally isolated from each other. The first and
second grid portions each have a series of apertures
that are aligned for allowing the passage of a beam
therethrough to reach and pass through the exit
window foil. The second grid portion contacts the
exit window foil. The first grid portion can mask the

second grid portion and the exit window foil from
heat caused by the beam striking the first grid
portion. To prevent undue energy loss, the foil is
preferably made as thin as possible while at the same
time providing sufficient mechanical strength to
withstand the pressure differential between the
vacuum enclosure and irradiation atmosphere. As
illustrated in the Fig.4, the heat problem can be
solved by utilizing a titanium foil that has a thickness
of 17 micrometers or less.

Energy absorbed, dE (keV)

104

50

]

m—-

204 \ 7 um
\

12 pm
8 um

T T
100 150

T T
250 300

Incident electron energy (keV)
Figure 4. Exit window assembly.

In accordance with the principles of this study, the
particle beam generating device can be made smaller
in size and operate at a higher efficiency level when
the thin foil of the exit window assembly is made of
titanium or alloys thereof and having a thickness of
17 pm or less, preferably in a range of 3-10
micrometers. Alternatively, the foil may also be
constructed of aluminum or alloys thereof having a
thickness of 25 pm or less.

Here, the design of a low electrostatic accelerator
modeled in SIMION 3D program is described and
some efforts to modulate exit window assembly have
been done to optimize the heat dissipation on the exit
foil. Electrons from a modified electron gun are
injected into the tube and accelerated through the
tube. Targets can be irradiated using an electron beam
which energy can range below 500 keV safely. Future
studies are needed to be done for describing the
dependence different beam current, dose and the
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adaption of exit window is In this process, thermal
analysis of heat dissipation on foil and therewith
active/passive cooling system for foil window is an
important issue to be considered.

This study was carried out as the first step with the
construction idea of a system that is planned to be
made most appropriately, in the current laboratory
conditions not thinking of commercial sterilization.
The primary purpose of this study is to demonstrate
the operability of such a system at low energies for
applications such as sterilization on the surface of the
target material. EBI facilities that serve in sector for
commercial use are available in different purposes
depending on the needs in the world.

This study is expected to be assisting further work for
planned further work for the irradiation process of
sterilization on the surface. It is possible to specify
design of electron beam systems that have higher
energies and serves medium doses in this field of the
food industry for animal products. In this scale, for
example, they may be used for surface sterilization of
marketable eggs (only the shell and the outer thin
white). This can be done with a proper selection of
the energy and dose of electrons obviating
considerable irradiation of the main egg contents.
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