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Abstract

This paper addresses the industrial applications of electron accelerators for
modifying the physical, chemical or biological properties of materials and
commercial products by treatment with ionizing radiation. Many beneficial
effects can be obtained with these methods, which are known as radiation
processing. The earliest practical applications occurred during the 1950s, and
the business of radiation processing has been expanding since that time. The
most prevalent applications are the modification of many different plastic
and rubber products and the sterilization of single-use medical devices.
Emerging applications are the pasteurization and preservation of foods and
the treatment of toxic industrial wastes. Industrial accelerators can now
provide electron energies greater than 10 MeV and average beam powers as
high as 700 kW. The availability of high-energy, high-power electron beams
is stimulating interest in the use of X-rays (bremsstrahlung) as an alternative
to gamma rays from radioactive nuclides.

1 Introduction

Radiation processing can be defined as the treatment of materials and products with radiation or
ionizing energy to change their physical, chemical or biological characteristics, to increase their
usefulness and value, or to reduce their impact on the environment. Accelerated electrons, X-rays
(bremsstrahlung) emitted by energetic electrons, and gamma rays emitted by radioactive nuclides are
suitable energy sources. These are all capable of ejecting atomic electrons, which can then ionize other
atoms in a cascade of collisions. So they can produce similar molecular effects. The choice of energy
source is usually based on practical considerations, such as absorbed dose, dose uniformity (max/min)
ratio, material thickness, density and configuration, processing rate, capital and operating costs.

In the case of electron beam (EB) processing, the incident electron energy determines the
maximum material thickness, and the electron beam current and power determine the maximum
processing rate. In the case of X-ray processing, the emitted power increases with the electron energy
and beam power. For high throughput industrial processes, the capital costs and operating costs of an
irradiation facility are competitive with more conventional treatment methods.

Successful irradiation processes provide significant advantages in comparison to typical thermal
and chemical processes, such as higher throughput rates, reduced energy consumption, less
environmental pollution, more precise control over the process and the production of products with
superior qualities. In some applications, radiation processing can produce unique effects that cannot be
duplicated by other means.

Radiation processing was introduced more than fifty years ago, and many useful applications
have since been developed. The most important commercial applications involve modifying a variety
of plastic and rubber products, and sterilizing medical devices and consumer items. Emerging
applications are pasteurizing and preserving foods, and reducing environmental pollution.
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2 Basic concepts of radiation processing

2.1 Absorbed dose definition

The most important specification for any irradiation process is the absorbed dose. The quantitative
effects of the process are related to this factor. Absorbed dose is proportional to the ionizing energy
delivered per unit mass of material. The international unit of dose is the gray (Gy), which is defined as
the absorption of one joule per kilogram (J/kg) [1]. A more convenient unit for most radiation
processing applications is the kilogray (kJ/kg or J/g). An older unit is the rad, which is defined as the
absorption of 100 ergs per gram or 10~ joules per gram. So, 100 rads is equivalent to 107 joules per
gram or 1 joule per kilogram or 1 gray. The rad unit is now obsolete, but many commercial processes
are still specified in rads, kilorads or megarads.

Absorbed dose requirements for various industrial processes cover a wide range, from 0.1 kGy
to more than 1000 kGy, as indicated by the applications listed in Table 1. Most of these processes need
less than 100 kGy, some need less than 10 kGy and some need even less than 1 kGy.

Table 1: Absorbed dose requirements for various industrial processes

Sprout inhibiting 0.1-0.2 kGy Sterilization 10-30 kGy
Insect disinfesting 0.3-0.5 kGy Polymerization 20-50 kGy
Parasite control 0.3-0.5 kGy Grafting monomers 20-50 kGy
Delay of ripening 0.5-1.0 kGy Crosslinking polymers 50-150 kGy
Fungi control 1.5-3.0 kGy Degrading polymers 500-1500 kGy
Bacteria control 1.5-3.0 kGy Coloring gemstones >>> 1500 kGy

2.2 Temperaturerisevsabsorbed dose

If the energy transfers from chemical reactions are negligible, then the adiabatic temperature rise (AT)
from the absorption of thermal energy per unit mass (H) is given by the following equation:

AT =H/c (D

where AT is in °C, H is in J/g and c¢ is the thermal capacity in J/g °C. Similarly, the adiabatic
temperature rise from the absorption of ionizing energy is given by:

AT = D(ave)/c (2)

where D(ave) is the average dose in kGy (kJ/kg or J/g), and AT and c are the same as in Equation (1).

The thermal capacity of water is 4.19 J/g °C, so the adiabatic temperature rise would be 0.24 °C
with an average absorbed dose of 1.0 kGy. Most other materials have lower thermal capacities and
higher rises in temperature with the same dose. For example, the thermal capacity of polyethylene is
2.3, polytetrafluoroethylene is 1.05, aluminum is 0.90, copper is 0.38 and tantalum is 0.15 J/g °C.
Typical doses for pasteurizing fresh meat are in the range of 2 to 3 kGy. Since this material is about
80% water, the adiabatic temperature rise would be in the range of 0.5 to 0.7 °C. On the other hand,
when electrical wire receives a typical dose of 100 kGy to crosslink the insulation, the temperature rise
of the copper conductor could be as high as 260 °C. This excessive temperature rise can be reduced by
passing the wire many times back and forth through the electron beam to allow most of the heat to
dissipate in the air and in the underbeam wire handling fixture.
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2.3 Absorbed dose vs molecular weight and G value

The yields of radiation-induced chemical reactions are indicated by their G values. This is the number
of molecules or ions produced or destroyed per 100 eV of absorbed ionizing energy. Typical G values
are in the range of 1 to 10, i.e. the energy consumption is in the range of 100 eV to 10 eV per
molecule. Since the ionization potentials for the light elements (H, C, N, O) in most polymeric
materials are in the range of 10 eV to 15 eV, any energy in excess of the ionization potential must be
dissipated by atomic and molecular excitations and ultimately degraded to thermal energy.

The absorbed dose D is related to the G value and the relative molecular mass M, (which is
commonly called the molecular weight) as follows:

D = NA(100/G)e/M, 3)

where N, is the Avogadro constant (number of molecules per mole), 100/G is the number of electron
volts absorbed per reactive molecule, e is the electron charge in coulombs, which is also the
conversion factor from electron volts to joules, and M, represents the mass per mole in grams. This
equation gives the dose in J/g or kJ/kg, therefore in kGy. By substituting Ny = 6.022 x 10* and
e=1.602 x 10", Equation (3) can be written as follows [2—4]:

D =9.65 x 10%(M,G) 4)

Equation (4) indicates that polymeric materials with high relative molecular masses will be
attractive candidates for radiation processing because the dose will be acceptable. For example, if the
M; value is 100,000 and the G value is about 1, which would be typical for crosslinking common
plastics, then the dose required to convert all of the molecules in the irradiated material would be
about 100 kGy. Industrial irradiation processes for modifying plastics often use doses in the range of
50 kGy to 150 kGy. By the same consideration, inorganic compounds with much lower relative
molecular masses would not be suitable because the dose would be excessive.

By combining Equation (4) with Equation (12) from Section 4.2 below, the mass throughput
equation can be expressed as follows:

M/T = F,PM,G/(9.65 x 10°) (5)

where M/T is in kg/s, P is the emitted power in kW and F,, is the fraction of power absorbed by the
material. Equation (5) also indicates the advantage of applying radiation processing to materials with
high values of the relative molecular mass M, and high G values [5-7].

Even so, the treatment of dilute solutions can present exceptions to this rule. Examples of such
applications are the extraction of sulfur and nitrogen oxides from combustion gases to reduce the
effects of acid rain, and the decomposition of toxic chemicals in industrial waste water. In these cases,
the relative molecular masses are low, but the concentrations of the polluting molecules are also very
low, and they represent only a small fraction of the total mass. Most of the radiation energy will be
absorbed by the solvent material, but only a small fraction of the solvent must be ionized to modify or
decompose the pollutants by secondary reactions.

3 Applications of radiation processing

3.1 Moadifying polymeric materials

Many papers on radiation effects in polymeric materials have been published in the thirteen
proceedings of the International Meetings on Radiation Processing [8], the five International
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Conferences on lonizing Radiation and Polymers [9] and the two Pacifichem Conference Sessions on
Polymer Radiation Chemistry [10]. In addition to References [2] and [4], other books have also been
published on radiation chemistry and the practical applications of radiation processing. Several of
these are listed in References [11-18]. The Radiation Laboratory of the University of Notre Dame in
South Bend, Indiana, maintains an on-line bibliography of papers on basic and applied radiation
chemistry [19]. A recent review of the commercial aspects of radiation processing as applied to
polymeric materials and products has been presented in Reference [20].

311 Polymerizing

Low-energy (75 keV to 300 keV) electron accelerators are used to cure (polymerize and crosslink)
coatings, adhesives and inks on paper, plastic and metal substrates. Such materials consist of
oligomers (polymers with low molecular weights) and monomers to provide fluidity before curing.
This technique avoids the use of volatile solvents, thereby helping to reduce air pollution. Acrylated
urethane polyesters, acrylated epoxies and polyethers are suitable oligomers, and trimethylolpropane
triacrylate (TMPTA) is a suitable monomer. Polymerizations are chain reactions which produce high
relative molecular masses with comparatively low doses of less than 50 kGy. Line speeds up to 1500
m/min can be achieved at 10 kGy [21, 22].

High-energy (up to 10 MeV) accelerators are used to cure fiber-reinforced composite materials.
In comparison to heat curing, the processing time and cost can be reduced with electron beam or X-ray
curing. Acrylated epoxies with carbon fibers are suitable materials. Higher doses (150 kGy to 250
kGy) are needed to obtain a combination of polymerization and crosslinking [23-25]. This is an
emerging application for electron beam and X-ray processing. Composite parts now being used in
automobiles and aircraft are mainly cured with heat, but radiation curing offers several advantages.

312 Grafting

Graft copolymerization of monomers with preformed polymers can be used to modify the properties of
their surfaces [4]. This can be done with common polymers such as polyethylene, polypropylene and
some fluoropolymers. Plastic films, membranes, fibers and textiles are suitable products. Styrene,
acrylic acid, 4-vinylpyridine and N-vinylpyrrolidone can be grafted onto polytetrafluoroethylene
(Teflon®™) [26]. Other combinations are styrene on cellulose, vinylpyridines on wool and p-nitrostyrene
on polyethylene, polyvinyl chloride and polypropylene [27]. Hydrophilic properties can be added to
hydrophobic polymers to make permselective membranes [28]. lon exchange membranes, fuel cell and
battery separator films, permeation separation membranes, promotion of surface adhesion, chelating
fibers for sea-water treatment and for recovering some precious metals from sea-water are other
possibilities [29]. Grafting can also improve the biocompatibility of polymers for medical applications
[30]. Dose requirements are similar to those for curing coatings.

313 Crosslinking

Radiation crosslinking began more than 50 years ago when it was discovered that polyethylene (PE)
could be crosslinked in this way [2]. This is still the most important irradiated material because it is
used in many products and it is relatively inexpensive. Crosslinking is the most widely used effect of
polymer irradiation because it can improve the mechanical, thermal and chemical qualities of
preformed products as well as bulk materials [13—18].

Both crosslinking and degradation by chain scissioning can occur during polymer irradiation,
but one or the other effect may be predominant. Typical G-values for crosslinking G(X) and for chain
scissioning G(S) are given in Table 2 for some pure polymeric materials [31]. Crosslinking is favored
for those materials with a G(S)/G(X) ratio below 1.0. For example, the G(S) values for both low-
density and high-density polyethylene are about half of their G(X) values. Natural rubber crosslinks
readily because its G(S) value is very low. Polypropylene and polymethylmethacrylate (PMMA) are
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not especially suitable for radiation crosslinking because their G(X) values are relatively low and their
G(S)/G(X) ratios are greater than 1.0. Polytetrafluoroethylene (PTFE) and butyl rubber are unsuitable
for radiation crosslinking because their G(S) values are too high. Typical polymers are classified in
Table 3 according to their tendencies for crosslinking or scissioning.

Crosslinking doses are usually in the range from 50 to 150 kGy. Multifunctional monomers can
be mixed with the polymer to increase the G(X) value and reduce the dose requirement. Antioxidants,
UV stabilizers and flame retardant compounds can be added to improve the performance of the
material for particular applications. Such additives may inhibit the crosslinking effect, so the
properties of commercial materials are usually different from the pure polymers.

Table 2: Typical G(X) and G(S) values for polymers at room temperature without oxygen

Polymer G(X) G(S) Polymer G(X) G(S)

Natural rubber 1.3-1.5 0.1-0.2 PTFE 0.1-0.3 3.0-5.0
Polyethylene 0.3-1.3 0.4-0.5 Butyl rubber <0.5 2.9-3.7
Polypropylene 0.3-1.1 0.3-1.8 PMMA <0.5 1.1-1.7

Table 3: Effects of ionizing radiation in typical polymers

Mainly crosslinking Mainly scissioning
Polyethylene Polyisobutylene
Polyacrylates Polymethacrylates
Polyvinyl chloride Polymethylstyrene
Polysiloxanes Polymethacrylamides
Polyamides Polyvinylidene chloride
Polystyrene Polytetrafluoroethylene
Polyacrylamides Polypropylene ether
Ethylene vinylacetate Cellulose

3.1.3.1 Insulated wire and cable

One of the first commercial applications of radiation crosslinking was the improvement of the
insulation on electrical wires and the jackets on multi-conductor cables. Products of this type were
introduced during the 1950s by the Raychem Corporation (since acquired by Tyco Electronics), and
many wire manufacturers are now using this method to produce high-performance wire for aircraft and
automobiles.

Polyethylene, polyvinylchloride, ethylene-propylene rubber, polyvinylidene fluoride and
ethylene tetrafluoroethylene copolymer are some of the materials used in this application. Increased
tolerance to overloaded conductors and high temperature environments, fire retardation, increased
abrasion resistance, increased tensile strength, reduction in cold flow and increased resistance to
solvents and corrosive chemicals are product improvements obtainable by this method [32—-34].

3.1.3.2 Heat-shrinkable plastic tubing and film

Radiation crosslinking stabilizes the initial dimensions of products and imparts the so-called
“memory” effect. Crosslinking occurs mainly in the amorphous zones of polyethylene, but the
crystalline zones determine the stiffness of the material. The crosslinked material becomes elastic
when heated above the melting temperature of the crystalline zones, which is approximately 100 °C.
The product can then be expanded or stretched to several times its original size. It maintains the larger
dimension when cooled, but it contracts to its original size when heated again. Examples of
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commercial products using this effect are encapsulations for electronic components, jackets for multi-
conductor cables, exterior telephone cable connectors and food packaging films [35, 36].

3.1.3.3 Automobiletires

Several components of an automobile tire, such as the innerliner, the chafer strip, the sidewall, the
body and tread plies, and the fabric or steel-reinforced belt, may be given a low dose of electron beam
radiation before the tire is assembled. This partial radiation crosslinking stabilizes their thicknesses
when the final chemical curing is done in a heated mold. Precuring also avoids migration of the steel
belt through its supporting material. This dimensional stabilization produces a higher quality tire with
more uniform thickness and better balance. Therefore, the tire can be made thinner to save material,
reduce cost and reduce frictional heating at high speed. Materials are usually isoprene and diene
elastomers with doses in the range of 30 to 50 kGy [13, 14, 37].

3.1.34 Plastic pipe

Concrete floors can be heated by circulating hot water through crosslinked polyethylene pipe
embedded in the concrete. Such plastic pipe also has other applications. A composite pipe is made
with a middle layer of thin aluminum, which withstands the water pressure, an inner plastic layer to
avoid contact with the aluminum layer, and an outer plastic layer for abrasion resistance. The inner
and outer layers are irradiated simultaneously with high-energy electrons.

3.1.3.5 Plastic foam

Plastic foam can be made by mixing a thermally unstable substance with a polymer and then heating
the mixture to melt the polymer and decompose the additive. The evolved gas forms bubbles in the
polymer. Azodicarbonamide can be used as the foaming additive. Polyethylene, ethylene vinylacetate
copolymer and polypropylene can be used as the polymeric material. The expansion process is more
easily controlled with crosslinked material. Foamed gaskets, coaxial cable insulation, coated tapes,
helmet liners, athletic safety pads, bra cups, floor backing and automobile seat padding are typical
applications [38, 39].

3.1.3.6 Hydrogels

Hydrogels will swell in water and hold more than 20% of water within their molecular structure, yet
they will not dissolve in water. These kinds of materials can be formed by radiation crosslinking.
Polyvinylalcohol, polyacrylamide, polyvinylpyrrolidone, polyethylene oxide and methyl cellulose can
form hydrogels. Such materials are biocompatible and have various medical applications [40].

314 Degrading

3.1.4.1 Polytetrafluoroethylene

Polytetrafluoroethylene degrades readily when irradiated because it has a high G-value for chain
scission and a low G-value for crosslinking. The irradiated material can be ground into fine particles or
powder, which is used as an additive to greases, engine oils, printing inks, coatings and thermoplastics.
The powder can also be blended with unirradiated material to improve its processing characteristics.
Relatively high doses in the range of 500 to 1000 kGy are needed for this application [41-44].

3.1.4.2 Cellulose

Cellulose fibers from wood pulp can be dissolved in carbon disulfide to make a thick liquid material
called viscose. Products such as rayon fabrics and cellophane films are made from this material. The
molecular weight of natural cellulose must be reduced to enhance the production of viscose. This is

388



INDUSTRIAL APPLICATIONS OF ELECTRON ACCELERATORS

usually done by treatment with sodium hydroxide and heat. However, degrading the cellulose by
irradiation speeds up the subsequent processes and reduces the amount of chemicals needed. These
improvements reduce the cost and the environmental pollution. A dose as low as 15 kGy is sufficient
for this application [45, 46].

3.1.4.3 Polypropylene

Polypropylene and several other polymers can be degraded by irradiation in air. This effect increases
the melt flow and decreases the melt viscosity, which improves extrusion processes. By blending
irradiated polymer with unirradiated material, the desirable mechanical properties can be obtained.
Relatively low doses in the range of 15 to 80 kGy are sufficient for this application [47—49].

3.2 Biological applications

321 Sterilizing medical products

The first industrial facility for sterilizing medical products with accelerated electrons was built by
Johnson & Johnson at their Ethicon factory in Somerville, New Jersey, USA in 1956. That facility was
equipped with a 2 MeV Van de Graaff accelerator and a 5 MeV, 5 kW microwave linear accelerator
(linac) made by the High Voltage Engineering Corporation in Cambridge, Massachusetts. The next
research accelerator facility to be used part time for sterilizing medical products was built at the
RISOE National Laboratory in Roskilde, Denmark in 1960. The first linac installed at that facility was
a 10 MeV, 5 kW machine made by Varian Associates in Palo Alto, California. The third industrial
accelerator facility for medical device sterilization was built by SRTI/CARIC in Corbeville, Orsay,
France in 1967. That facility was equipped with a 6 MeV, 7 kW linac made by CGR-MeV in
Corbeyville, Orsay, France. The first gamma-ray sterilization facilities with cobalt-60 sources were also
built in 1960 in the United Kingdom, France and Australia [50].

Since that time, many industrial facilities equipped with microwave linacs, direct current
electron accelerators, radio frequency accelerators, and also with large cobalt-60 sources, have been
built and are operating routinely for sterilizing large quantities of medical products [51-53]. X-ray
processing is also finding its place in this field [54, 55]. Dose requirements are in the range of 10 to 30
kGy, depending on the bioburden of the products. The International Organization for Standardization
(ISO) has published guidelines for the proper application of electron beam, X-ray and gamma-ray
sterilization processes [56].

322 Preserving foods

Several experiments on food irradiation were done during the first half of the 20th century, but serious
investigations of this treatment process were delayed until the late 1940s when more powerful
radiation sources became available. The U.S. Government began to support these activities in the early
1950s. Since then, many studies have been done all over the world and many papers and books have
been published on this topic. The technical aspects of food irradiation have been thoroughly presented
in References [57-59]. The recent status of the regulatory and commercial aspects have been reviewed
in Reference [60].

A variety of beneficial effects can be obtained by irradiating fresh foods. Low doses in the range
of 0.1 to 1.0 kGy can inhibit the sprouting of potatoes, onions, garlic, roots and nuts; insects can be
disinfested in cereals and legumes, fresh and dried fruits, dried fish and meat; parasites can be
disinfected in fresh pork, freshwater fish and fresh fruits; and the ripening of some fruits can be
delayed. Medium doses of 1 to 7 kGy can extend the shelf-life of raw fish and seafood as well as fruits
and vegetables; pathogenic and spoilage bacteria can be nearly eliminated from raw and frozen
seafood, meat and poultry, spices and dried vegetable seasonings; some foods will exhibit improved
technical properties, such as increased juice yield in grapes, and reduced cooking time in dehydrated
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vegetables. High doses of 30 to 50 kGy can sterilize meat, poultry, seafood, sausages, prepared meals,
hospital diets, etc.; certain food additives, such as spices, enzyme preparations, natural gums and gels,
can be decontaminated.

Since the mid 1980s, the U.S. Food and Drug Administration (FDA) and the U.S. Department of
Agriculture (USDA) have approved several petitions for food irradiation processes: controlling insects
and parasites, delaying the ripening of fresh fruits, pasteurizing poultry and fresh meat and sterilizing
spices and enzyme preparations. The commercial business of food irradiation has been growing, but
rather slowly. More than 50 countries have approved some applications of this process and
commercial trade is ongoing in about 30 countries. However, the European Union (EU) as a bloc has
been less supportive than the regulatory authorities in other countries, especially those in France,
Belgium, The Netherlands, South Africa and the USA. To date, the EU has approved only spices,
herbs and dried vegetable seasonings. EU countries that had issued additional approvals before 1999
can maintain such approvals until the EU completes its list of irradiated food products [60].

The SureBeam Corporation stimulated the market by building several linac facilities to irradiate
ground beef. They succeeded in getting their products on the shelves of several thousand grocery
stores, but they were forced to declare bankruptcy recently because they could not generate enough
revenue to cover their operating expenses and their heavy debt load. Smaller quantities of irradiated
foods are still being provided in the USA by Texas A & M University (TAMU) in College Station,
Texas using a 10 MeV linac, and by Food Technology Service, Inc. in Mulberry, Florida using a
cobalt-60 irradiator. Dairy Queen, a company that franchises many fast-food restaurants, has been
offering irradiated hamburgers in Minnesota. The improved safety of irradiated hamburgers is being
promoted by the Minnesota Beef Council through their newsletter, Food Irradiation Updates [61].

3.3 Pollution control

331 Reducing acid rain

Coal-fired and oil-fired electric power plants produce acid rain by emitting sulfur and nitrogen oxides.
These gases are converted to sulfuric and nitric acids in the atmosphere by reactions with water vapor,
activated by ultraviolet (UV) radiation from the sun. The amounts of such emissions can be
substantially reduced by irradiating the combustion gases with energetic electrons. This process causes
the formation of acid vapors under controlled conditions within the power plant. Then these acidic
gases can be neutralized by injecting ammonia vapor to produce fine particles of ammonium sulfate
and ammonium nitrate, which can be removed from the combustion gas stream by electrostatic
precipitators or bag filters.

This process was originally investigated by the Japanese Atomic Energy Research Institute
(JAERI) in Takasaki, Japan in cooperation with the Ebara Corporation during the early 1970s. Initial
reports of this work were published in the proceedings of the first international symposium on the
treatment of wastes with ionizing radiation [62]. Since that time, several small facilities for irradiating
combustion gases were built in Japan, the USA, Germany and Poland to determine the optimum
operating conditions for the most effective results.

In the early 2000s, a full-scale EB irradiation facility was built at a large electric power
generating station in Pomorzany, Poland. The maximum capacity of the electric power plant is 160
MW. It is equipped with four electron accelerators, each operating at 700 keV electron energy and 260
kW of electron beam power, for a total beam power of about 1 MW. More than 90% of the sulfur
dioxide and about 70% of the nitrogen oxides are removed with an absorbed dose of about 10 kGy in
the combustion gas. The EB accelerators, made by Nissin High Voltage in Japan, were financed by a
grant from the International Atomic Energy Agency (IAEA). The results of this major project have
been reported in References [63—65]. Since that time, two more full-scale EB irradiation facilities for
combustion gas treatment have been built in Japan and China.
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3.3.2 Treating municipal and industrial wastes

The ionizing radiation effects on municipal and industrial wastes have been extensively investigated.
The objectives include the disinfection of municipal wastewater and sewage sludge and the
decomposition of toxic substances in industrial wastewater and contaminated soil. A variety of early
studies were reported in Reference [62]. A major research and development program was conducted
by the Massachusetts Institute of Technology (MIT) in cooperation with the High Voltage Engineering
Corporation. These studies were supported by the U.S. National Science Foundation (NSF). HVEC
installed a 1.5 MeV electron accelerator at the Deer Island waste water treatment plant in Boston and
demonstrated that liquid sewage sludge could be disinfected in a continuous, high-throughput
irradiation process [66, 67].

The Deer Island EB facility was duplicated at the Miami Dade wastewater treatment plant in
Miami, Florida. The research at that facility was supervised by the University of Miami, and the focus
was shifted from the disinfection of sewage sludge to the decomposition of contaminants in water,
such as volatile organic compounds (VOCs) like trichloroethylene, a common industrial solvent.
Exposure of chlorinated organic compounds to ionizing radiation causes the chlorine to be extracted
and replaced by the hydrogen and OH radicals formed during the decomposition of water. Removal of
chlorine reduces the toxicity of organic contaminants.

Much information about environmental applications has been presented in References [17] and
[68]. The design of a full-scale demonstration plant for treating the wastewater from a textile mill in
South Korea has been reported in References [69] and [70]. The capacity will be 10,000 cubic meters
per day. Experiments have shown that more than 90% of the reactive blue dye RBR BB in aqueous
solution can be decomposed with a dose of about 10 kGy.

4 Physical aspects of radiation processing

4.1 Material penetration vsincident electron energy

The penetration of high-energy (relativistic) electron beams in irradiated materials increases linearly
with the incident energy. The electron range also depends on the atomic composition of the irradiated
material. The energy deposition is caused mainly by collisions of the incident electrons with atomic
electrons. Therefore, materials with higher electron contents (electrons per unit mass) will have higher
absorbed doses near the entrance surface, but lower electron ranges. Hydrogen has twice as many
atomic electrons per unit mass as has any other element, because of its lack of neutrons. This means
that materials with higher hydrogen contents, such as polyethylene (H4C2)n, polypropylene (H6C3)n
and water (H20), will have higher surface doses and shorter electron ranges than other materials, such
as polystyrene (H8C8)n, polycarbonate (H14C1603)n and polytetrafluoroethylene (C2F4)n [71, 72].

Comparisons of 5 MeV electron depth-dose distributions in polyethylene (PE), polystyrene
(PS), polytetrafluoroethylene (PTFE) and polyvinylchloride (PVC) are shown in Fig. 1. These curves
have been calculated by Monte Carlo simulations using the ITS code [73—75]. The depth coordinate is
given in units of area density, g/cm’, which is the thickness in cm multiplied by the volume density in
g/cm’. The energy deposition coordinate is the energy deposited per electron per unit area density.
This is proportional to the absorbed dose, as described in Section 4.3. The maximum dose of the PVC
curve occurs at a shorter depth than the others. This effect is caused by more nuclear scattering from
the heavier chlorine atoms.
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Fig. 1: Electron energy deposition vs thickness x density in common plastics at 5 MeVincident
electron energy: polyethylene (PE), polystyrene (PS), polyvinylchloride (PVC) and
polytetrafluoroethylene (PTFE). From References [74, 75].

Depth-dose distributions in polyethylene ranging from 0.4 to 10 MeV are shown in Figs. 2 and 3
and 4. The shapes of these depth-dose curves can be defined by several useful range parameters.
R(opt) is the optimum thickness where the exit dose is equal to the entrance dose. R(50) is the
thickness where the exit dose is half of the maximum dose. R(50e) is the thickness where the exit dose
is half of the entrance dose. R(p) is the practical range where the tangent line at the steepest point on
the decreasing portion of the curve extends down to the X-ray background. At these energies in low-Z
materials, the X-ray background is negligible and R(p) is essentially the same as R(ex), which is the
extension of the tangent line to the depth axis. Values of these parameters have been obtained from
Figs. 2, 3 and 4 and are given in Table 4 [74, 75].
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Fig. 2: Electron energy deposition vs thickness x density in polyethylene at 0.4, 0.6 and 0.8 MeV
incident electron energy. The beam window thickness is 40 um of titanium. The air thickness
between the window and the treated material is 15 cm at 0.0012 g/cu cm. The first point on the left
hand side is the deposition in the window. The second point is the deposition in the air space. The
third point is the deposition at the surface of the polyethylene. From Refs. [74, 75].
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MeV incident electron energy. The beam window thickness is 40 um of titanium. The air thickness
between the window and the treated material is 15 cm at 0.0012 g/cu cm. From Refs. [74, 75].

3.0 ‘
——5.0MeV ||

2.5

—— 7.5 MeV
2.0 \\ \ —— 10 MeV ||
1.5
1.0 \ \ \

NN

0.0

Electron Energy Depositior
(MeVsqgem/g)

0.0 1.0 2.0 3.0 4.0 5.0 6.0
Thickness x Density (sqcm/ g)

Fig. 4: Electron energy deposition vs thickness x density in polyethylene at 5.0, 7.5 and 10 MeV
incident electron energy. The beam window thickness is 40 um of titanium. The air thickness

between the window and the treated material is 15 cm at 0.0012 g/cu cm. From Refs. [74, 75].

The range parameters can be correlated with the incident electron energy E with sufficient

accuracy for industrial applications by using the following linear equations:
R(opt) =0.404 E - 0.161
R(50)=0.435E -0.152
R(50e) =0.458 E - 0.152
R(p) =0.510 E—0.145

where the electron range values are in g/cm” and the electron energy values are in MeV.
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Table4: Electron range values derived from the polyethylene depth-dose curves in Figs. 2—4

Energy  R(opt) R(50) R(S0e)  R(p)

MeV g/em? g/em? g/cm? g/cm?
0.4 0.000 0.054 0.054 0.083
0.6 0.075 0.126 0.129 0.169
0.8 0.161 0.202 0.214 0.262
1.0 0.243 0.282 0.302 0.358
1.5 0.449 0.486 0.529 0.610
2.0 0.652 0.699 0.754 0.861
3.0 1.054 1.128 1.209 1.373
5.0 1.859 2.000 2.131 2.405
7.5 2.854 3.134 3.284 3.682
10.0 3.884 4.204 4.429 4.955

4.2 Absorbed dose vs electron beam power and massthroughput rate

The following equations for average dose vs radiation power and mass throughput rate are consistent
with the definitions of absorbed dose given in Section 2.1 above:

D(ave) = F(p)PT/M (10)
D(ave) = F(p)P/(M/T) (11)

where D(ave) is the average absorbed dose in kGy, P is the emitted radiation power in kW, T is the
treatment time in s and M is the mass of irradiated material in kg. The factor F(p) is the fraction of
emitted power absorbed by the material, which depends on the size, shape, thickness and density of the
object and the penetrating quality of the radiation. This quantity is difficult to measure, but it can be
calculated by Monte Carlo simulation. It can range from 0.25 to 0.75, depending on the particular
application. Equation (11) is often rearranged to give the mass throughput rate as follows:

M/T = F(p)P/D(ave) (12)

The factor F(p) is the product of two factors, F(e) and F(i). The first factor F(e) is the fraction of
incident electron energy absorbed by the material and the second factor F(i) is the fraction of emitted
electron beam current intercepted by the material. The value of F(i) can usually be estimated with
sufficient accuracy from the ratio of the object’s area to the total area irradiated by the electron beam.
As mentioned above, the value of F(e) can be calculated by Monte Carlos simulation. For flat sheets of
homogeneous material, its value is the area under a depth-dose distribution curve corresponding to the
thickness of the material, divided by the total area under the curve. Another convenient factor f(e) is a
reduced value of the electron energy absorption factor. This can be calculated by assuming that all
internal values of the absorbed dose are the same as the surface dose, which is usually the minimum
dose. Calculated values of f(e) and F(e) for a wide range of electron energies from 0.4 to 10 MeV in
flat sheets of polyethylene are shown in Table 5. It can be seen that these quantities increase slightly
for electron energies greater than 1.5 MeV. However, they decrease substantially at lower energies
because of energy losses in the beam window (40 microns of titanium) and the intervening air space
(15 cm) as well as the increased scattering and reduced penetration of the electron beam [72, 74-76].
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Equation (12) is easy to remember because the mass throughput rate would be 1 kg/s if the
absorbed power were 1 kW and the average absorbed dose were 1 kGy. This is sometimes called a
unity rule. A more practical example would be an emitted power of 100 kW, an electron energy of 1.0
MeV, a beam current of 100 mA, a beam fraction of 0.80 and an average dose of 100 kGy. At this
energy, the reduced energy absorption fraction f(e) for flat sheets would be 0.619, so the reduced
power absorption factor f(p) would be 0.619 x 0.80 = 0.495, assuming the optimum thickness of
material for equal entrance and exit doses. Then the mass throughput rate would be 0.495 kg/s, or 29.7
kg/min, or 1782 kg/h.

4.3 Absorbed dose vs electron beam current and area throughput rate

The relationship between absorbed dose, electron beam current and area throughput rate is not as
obvious as the equations given above, but it is often more convenient to use. This relationship is also
based on the definition of absorbed dose. The derivation of Eq. (13) is given in Appendix 1.

D(z) = D(e, 2)F()IT/(10A) (13)

D(z) is the dose in kGy at the depth z in the irradiated material, D(e, z) is the energy deposition
per electron per unit area density in MeV/(g/cm?) or MeV cm?*/g at the depth z, I is the emitted electron
beam current in mA, T is the treatment time in s and A is the area of the irradiated material in m” at the
depth z. Values of D(e, z) can be calculated by Monte Carlo simulation. The factor F(i) is the fraction
of emitted beam current intercepted by the material, which depends on the size and shape of the object,
but not its thickness and density. It can usually be estimated with sufficient accuracy from the ratio of
the object’s area to the total area irradiated by the electron beam. Equation (13) is often rearranged to
give the area throughput rate as follows [72, 74—76]:

A/T = D(e, 2)F()I/(10D(2)) (14)

The quantity D(e, z)/10 is usually replace by K(z), which is often called the area processing
coefficient. With the other units as defined above, the units of K(z) are kGy m*/mA s. Then Equation
(14) becomes:

A/T =K(2)F()I/D(2) (15)

Calculated values of D(e, 0) and K(o0) for a wide range of electron energies from 0.4 to 10 MeV
at the entrance surface of flat polyethylene sheets are shown in Table 5. It can be seen that these
quantities decrease slightly from 1.5 to 10 MeV, but they increase substantially at lower energies. The
increased values at the lower energies are the result of greater electron backscattering and increases in
the intrinsic electron stopping power of the material [72, 74—76]. When the treatment time is given in
minutes instead of seconds, then Egs. (14) and (15) are multiplied by 60 as follows:

A/T = 6D(e, Z)F()l/D(2) (16)
A/T = K(2)F()I/D(2) (17)

where the quantity 6D(e, z) is replaced by K(z) in units of kGy m2/mA min.
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Table5: Surface values of the electron energy deposition D(0) and area processing coefficient K(0), including
the electron energy absorption fractions f(e) and F(e), all obtained from Figs. 2—4

Energy D(e, 0) K(0) F(e) F(e)
MeV 6D(e, 0)

0.4 4.963 29.778 0.000 0.000
0.6 3.795 22.770 0.474 0.496
0.8 2.982 17.894 0.599 0.695
1.0 2.550 15.301 0.619 0.777
1.5 2.118 12.710 0.634 0.850
2.0 1.966 11.795 0.641 0.862
3.0 1.887 11.324 0.663 0.867
5.0 1.860 11.159 0.692 0.875
7.5 1.860 11.159 0.708 0.873
10.0 1.878 11.270 0.730 0.867

When irradiating a variety of products passing through the electron beam on a conveyor, these
area throughput equations are applied to the conveyor. The surface dose is then applicable to the
product side facing the electron beam. Internal doses will be higher if the product thickness is less than
the optimum thickness R(opt) for the incident electron energy. Methods for adapting these equations to
multiple-pass processes for electrical wire, plastic tubing and film are given in Reference [72].

Equations (16) and (17) are also easy to remember. When irradiating flat sheets of plastic
materials such as polyethylene with electron energies of a few MeV, the surface value of D(e, o) is
about 2.0 MeV/(g/cm?) and the value of F(i) might be about 0.8, because of overscanning the product.
Therefore, the value of K(o) would be about 12 and the product of K(0) and F(i) would be about 10, so
the area throughput rate would be about 10 m*/min, if the emitted beam current is 1 mA and the
surface dose is 1 kGy. If the surface dose were 10 kGy (1 Mrad), then the area throughput rate would
be about 1 m*/min. This was sometimes called a unity rule when the Mrad unit was prevalent.

A more practical example would be a beam current of 100 mA, an electron energy of 1.0 MeV,
a surface dose of 100 kGy and a current interception fraction of 0.8. Then the value of D(e, o) would
be 2.55 MeV/(g/cm?), K(0) would be 6 x 2.55 = 15.3 kGy m*’mA min and the area throughput rate
would be 15.3 x 0.80 = 12.2 m*/min, or 734 m*/h. This result is consistent with the example of the
mass throughput rate calculation given above in the previous section. If this area throughput rate were
multiplied by the optimum area density for a 1.0 MeV electron beam (2.43 kg/m?), then the equivalent
mass throughput rate would be 734 x 2.43 = 1784 kg/h.

44 X-ray processing

X-ray (bremsstrahlung) photons are emitted when energetic electrons are intercepted by any material.
The X-ray emission increases with the electron energy and with the atomic number of the target
material. The optimum target thickness for maximum X-ray emission is about 40% of the maximum
electron range in that material. With a greater target thickness, the increased internal absorption
reduces the forward emission. The efficiency for converting incident electron beam power to X-ray
power emitted in the forward direction, using an optimum tantalum target backed by a thin stainless
steel plate with water flowing between these plates, is about 8% at 5 MeV, 13% at 7.5 MeV and 16%
at 10 MeV. The depth-dose distributions for large area X-ray beams are nearly exponential from the
surface of the irradiated material [77-80]. Such distributions for water with maximum energies of 5,
7.5 and 10 MeV are shown in Fig. 5. These were calculated with the ITS Monte Carlo code [73].
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To obtain maximum X-ray power utilization when materials with low atomic numbers are
treated from opposite sides, the optimum thickness should be about 34 g/cm” at 5 MeV, 38 g/cm’ at
7.5 MeV and 43 g/cm® at 10 MeV. The practical value of X-ray power utilization efficiency is defined
by the minimum dose in the middle of the material multiplied by the total mass throughput rate and
divided by the emitted X-ray power. Increasing the thickness beyond the optimum value reduces the
minimum dose more than the mass throughput rate increases, thereby decreasing the practical power
utilization efficiency [78-80]. Curves presenting the X-ray utilization efficiency and the dose
uniformity ratio (DUR) vs material thickness for treatment from opposite sides with 5, 7.5 and

10 MeV are shown in Fig. 6.
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With X-ray energies above 1 MeV, the maximum intensity is in the same direction as the
electron beam, and the angular distribution becomes narrower as the electron energy increases. These
properties enhance the power utilization in comparison to gamma rays from radioactive nuclides,
which are emitted isotropically. With X-ray energies above 5 MeV, the penetration is greater and the
DUR is lower than with gamma rays from cobalt-60 [78].

A novel concept for irradiating large pallets of dense materials, such as fresh fruits and meats, is
called the Palletron™. This system uses a turntable in front of a vertically elongated X-ray target to
irradiate a rotating pallet from all horizontal directions. For average densities greater than 0.4 g/cm’,
the DUR can be reduced by using thick steel collimators on each side of the X-ray beam. These
attenuate the divergent photons and reduce the dose near the outside of the pallet while not affecting
the minimum dose in the middle of the pallet. A diagram of this treatment concept is shown in Fig. 7
[81]. Another diagram of an irradiation facility equipped with a Palletron™ system is shown in Fig. 8.

The Palletron: Main Elements

Accelerator X-ray Target  Collimator  Pallet Turntable

Control System

Fig. 7: The Palletron™ system. A rotating pallet load with adjustable collimators to reduce the
dose uniformity ratio with high-density products. From Refs. [80-83].
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Fig. 8: Plan view of an irradiation facility equipped with the Palletron™ system. From Ref. [80].
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The performance of the Palletron™ system is indicated by the data in Figs. 9 and 10. The pallet
dimensions are 100 X 120 cm horizontally and 180 cm vertically. The curves in Fig. 9 show that the
DUR can be kept below 1.5 for all densities up to 0.8 g/cm’. The aperture between the collimators
must be reduced as the density increases to compensate for the greater attenuation of X-rays in the
middle of the pallet. The curves in Fig. 10 show that the treatment time decreases substantially when
the maximum X-ray energy (incident electron energy) increases from 5 MeV to 7.5 MeV [82, 83].
This effect is the result of increased emission and greater penetration at the higher energy. The U.S.
Food and Drug Administration recently approved a petition by IBA to increase the maximum X-ray
energy from 5 MeV to 7.5 MeV for food irradiation [84].
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Fig. 9: Palletron performance data showing the dose uniformity ratios vs product density for
electron energies of 5.0 MeV and 7.5 MeV. From Ref. [80].
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Fig. 10: Palletron performance data showing the treatment time per pallet vs product density for
incident electron energies of 5.0 MeV and 7.5 MeV. From Ref. [80].
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5 Industrial electron accelerators

Detailed information about the design concepts and operational characteristics of various particle
accelerators can be found in books and conference proceedings [85-93]. More than 1000 electron
accelerators are now being used for industrial radiation processing. Several basic types, such as high
voltage direct current, microwave and radio frequency systems are employed in this field. The most
appropriate type for a particular industrial application depends on the electron energy and beam power
requirements of the process [90].

51 High voltage DC accelerators

511 Electron acceleration tubes

Single-gap acceleration tubes are used in the low voltage range from 75 kV to 300 kV. The cathode, a
directly heated filament, is connected to the negative terminal of a high voltage generator. The anode,
a thin metallic foil at ground potential, permits the electrons to emerge from the evacuated region to
irradiate products in air. The cathode extends in a direction parallel to an elongated anode or beam
window to produce a wide electron beam without scanning. Single cathodes with lengths ranging from
25 cm to more than 100 cm are commonly used [94, 95]. A diagram of this type of acceleration tube is
shown in Fig 11. Accelerators of this type have been supplied by Energy Sciences Inc. and by
Advanced Electron Beams in the United States. ESI is now a subsidiary of Iwasaki Electric Company
in Japan. Multiple cathodes with lengths of about 15 to 20 cm are used in a parallel array to produce an
electron beam extended in two dimensions [96]. A diagram of this type of acceleration tube is shown
is Fig. 12. Accelerators of this type were developed and supplied by RPC Industries and are now
offered by PCT Engineered Systems in the United States.

Fig. 11: Diagram of a single-gap electron acceleration Fig.12: Diagram of a single-gap electron acceleration
tube with one elongated filament. From Ref. [94]. tube with multiple parallel filaments. From Ref. [96].

With voltages higher than 300 kV, multiple-gap acceleration tubes must be used to prevent
internal electrical discharges. Such tubes consist of a series of metallic discs (sometimes called
diaphragms or dynodes) with central apertures for the electron beam. These discs are bonded to glass
or ceramic rings to make a vacuum tight assembly. The discs are connected to a string of resistors
which provide intermediate voltages between the cathode and the grounded anode. This produces a
uniform axial electric field inside the tube for accelerating the electrons [97-100]. Relatively low field
gradients of 12 to 15 kV/cm are typical in industrial accelerators. For accelerating beam currents of
more than a few milliamperes, the discs have cupped internal sections or overlapping convolutions to
prevent scattered high energy particles from striking the insulating rings [101, 102]. Such effects could
degrade the insulators and generate non-uniform radial electric fields, which would make the beam
unstable. Fig. 13 shows a diagram of a multiple-gap tube with cupped discs.
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Fig. 13: Diagram of a multiple-gap acceleration tube with cupped discs to protect the glass rings
from scattered electrons. From Ref. [101].

512 High voltage generators

The resonant transformer system, developed by the General Electric Company during the late 1930s
and early 1940s was the first industrial electron accelerator used for radiation processing of polymeric
materials [103—105]. It consists of a cylindrical, multi-layer, iron-free coil with many turns of fine
wire that resonates with the capacitance between the high-voltage terminal and the grounded enclosure
at a frequency of 180 Hz. Single-phase ac power at this frequency is obtained from a 60 Hz three-
phase power source by using three transformers in a frequency-tripling circuit. Two models, which are
rated for I MV and 2 MV peak ac voltage, can provide 5 kW and 10 kW average electron beam
power, respectively. The ac voltage is not rectified, so the beam is accelerated in pulses during the
negative half cycle. Many accelerators of this type have been used for industrial radiography, cancer
therapy and radiation processing, but such equipment is no longer made by General Electric. Similar
resonant transformer accelerators have been made in Russia by the D.V. Efremov Scientific Research
Institute of Electrophysical Apparatus [106].

Direct current industrial accelerators (also called direct action or potential drop systems) use
high voltage dc generators, which may be rated as low as 75 kV and as high as 5 MV. Conventional
low-frequency, iron-core transformers and rectifiers are used for voltages up to 750 kV. Multi-stage,
cascaded rectifier circuits are needed for higher voltages. The distinguishing feature of cascaded
rectifier circuits is the method of coupling ac power to all of the rectifier stages. These methods may
be classified as inductive or capacitive with series or parallel coupling [89]. With series-coupled
systems, the rectifier stages nearer to the input ac power supply must transmit ac power to the farther
stages. This increases the internal impedance of the system and the voltage droop under load. With
parallel-coupled systems, all of the rectifier stages receive the same input ac power, which reduces the
internal impedance and reduces the voltage droop under load.

5.1.21 Inductive coupling

The Insulating Core Transformer (ICT), developed by High Voltage Engineering Corp. in the USA,
uses series magnetic coupling between disc-shaped transformer cores to transmit low frequency ac
power from the primary windings at ground potential to all of the secondary windings at successively
higher dc voltages. Thin sheets of insulating material are inserted between these cores. Rectifiers and
capacitors produce dc voltages at each stage and all of these stages are connected in series between
ground and the high voltage terminal. The transformer and the particle acceleration tube are both
placed in a pressure vessel and insulated with sulfur hexafluoride (SF6) gas at high pressure [107,
108]. A variety of ICTs with voltage ratings from 300 kV to 3 MV and with output power ratings up to
100 kW have been supplied by High Voltage Engineering Corp. and Wasik Associates in the United
States and by Vivirad in France. A diagram of a three-phase ICT system is shown in Fig. 14 and a
photograph of'a 1.5 MeV, 75 kW ICT system is shown in Fig. 15.
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Fig. 14: Drawing of an Insulating Core Transformer (ICT) high voltage generator with three-phase
ac input; 13 — pressure vessel; 14 — support legs; 15 — cooling coils; 16 — annular magnetic yoke;
17 — insulating sheets; 18 — primary coils; 19 — secondary coils; 20 — coil core segments; 21 —
insulating gas ducts; 22 — annular magnetic yoke; 23 — gas circulating fan; 24 — high voltage
terminal; 25 — high voltage conductor; 27 — insulating gas apertures; 29 — voltage gradient hoops.
From Ref. [108].

Fig. 15: Photograph of a 1.5 MeV ICT generator with a horizontal electron acceleration tube,
installed at the Electron Beam Research Facility at the Miami-Dade Central District Wastewater
Treatment Plant in Miami, Florida. Picture taken by the author.
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The ELV multi-stage, transformer-rectifier system developed by the Budker Institute of Nuclear
Physics in Russia uses parallel magnetic coupling to transmit single-phase, low-frequency ac power
from a conical primary winding to many circular high-voltage secondary windings. The primary
winding extends to the full length of the high-voltage assembly, as shown in Fig. 16. Rectifiers and
filter capacitors are connected to each secondary winding. A variety of gas-insulated ELV’s have been
made with voltage ratings as low as 400 kV and as high as 2.5 MV with output power ratings up to
400 kW at 1 MV and 90 kW at 2.5 MV [109].
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Fig. 16: Diagram of an ELV accelerator; 1 — primary winding; 2 — secondary winding; 3 —
magnetic circuit; 7 — voltage doubler circuit; 8 — high voltage electrode; 9 — accelerating tube; 10 —
pressure vessel. From Ref. [89].

5.1.2.2 Capacitive coupling

Cockcroft-Walton accelerators transmit ac power to multiple rectifier stages through two columns of
high-voltage capacitors, which are connected in series. Multi-stage, series-coupled cascade circuits
were first proposed by H. Greinacher [110]. Many large, air-insulated, high voltage generators and
particle accelerators of this type with voltages up to at least 1.5 MV were made during the 1930s and
1940s by N.V. Philips Gloeilampenfabricken in The Netherlands [111]. During the 1950s, Emil
Haefely & Co. Ltd. in Switzerland developed symmetrical, series cascade generators with three
columns of capacitors. Their circuit diagram is shown in Fig. 17. The balanced ac input voltage and
the central column of capacitors significantly reduce the ac ripple voltage at the high-voltage terminal.
They have made ion accelerators with voltage ratings up to 4 MV with compressed gas insulation
[112-115].

Nissin High Voltage Co. Ltd. in Japan also makes balanced, series cascade systems, which are
similar to the Haefely symmetrical cascades but without the central capacitors. Low ac ripple voltage
is not a requirement for industrial applications, so these large, expensive components are not needed.
The NHV systems are energized with medium-frequency ac power at about 3 kHz to allow a reduction
in the total capacitance of the system. Electron accelerators of this type have been produced with
voltages as high as 5 MV and electron beam powers up to 150 kW using compressed gas insulation
[116, 117].
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Fig. 17: Circuit diagram of a symmetrical, series-coupled, capacitive cascade generator. From
Ref. [115].

Multi-stage, parallel-coupled cascade rectifier circuits were first proposed by Schenkel [118]
and later by Schade [119]. However, the requirement for coupling capacitors to withstand successively
higher voltages was perceived to be a disadvantage in comparison to the series-coupled Greinacher
cascade circuit. The lower impedance of the Schenkel circuit was not important for low-current
applications. The challenge of making a compact, high-current, parallel-coupled system was met by
Radiation Dynamics, Inc., which developed the Dynamitron accelerator during the 1950s and 1960s.

Dynamitrons transmit high-frequency (about 100 kHz) ac power to all of the rectifier stages in
parallel by means of semi-cylindrical electrodes which surround the high voltage column. These
electrodes are connected to a center-grounded, iron-free, high-Q transformer. This combination forms
a balanced resonant circuit, which is energized with a triode oscillator circuit. The semi-cylindrical
electrodes induce ac voltages between pairs of semi-circular corona rings, which are connected to the
rectifier junctions. All of the rectifier stages are connected in series between ground and the high
voltage terminal. Electron accelerators of this type have been produced with voltage ratings as low as
0.4 MV and as high as 5 MV with electron beam powers up to 250 kW using compressed SF6 gas
insulation [102, 120-122]. Diagrams of the Dynamitron system are shown in Figs. 18 and 19 and a
photograph of a 5 MV unit is shown in Fig. 20.
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Fig. 18: Diagram of a Dynamitron parallel-coupled Fig. 19: Diagram of a Dynamitron parallel-coupled
cascade rectifier system, side view. From Radiation cascade rectifier system, end view. From Radiation
Dynamics, Inc. Dynamics, Inc.

Fig. 20: Photograph of a 5 MV Dynamitron accelerator. From Radiation Dynamics, Inc.

5.2 Microwavelinear accelerators

Industrial microwave linear accelerators (linacs) consist of many small resonant cavities, which are all
energized by a single klystron amplifier. The electrons gain energy from the high-frequency, axial
electric fields in the grounded copper cavities [86, 91]. Accelerating structures are designed to operate
in either the traveling-wave or standing-wave mode. In traveling-wave systems, the microwave power
is injected at the low-energy end and propagates through a series of circular apertures to the high-
energy end, where unused power is dissipated in a resistive load. The size and spacing of the apertures
ensures that the phase velocity of the microwaves corresponds to that of the electrons.

In standing-wave systems, the microwave fields in adjacent accelerating cavities are coupled to
maintain stable 180 degree phase shifts. Both side-coupled and on-axis coupled systems are used. A
cutaway drawing of an L-band linac with narrow, on-axis coupling cavities is shown in Fig. 21. The
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cavity spacing is determined by the resonant frequency and the electron transit times. These high-Q
cavities must have accurate dimensions so that they all resonate at the same frequency, and must have
stable temperatures to keep this frequency matched to that of the klystron. In order to obtain typical
energy gains of several MeV per meter, the peak microwave power must be several megawatts. So
linacs must be pulsed with a low duty factor to reduce the average power loss to an acceptable level.

gale valve input

waveguide
gun z )
vac-ion pump

collector |

Fig. 21: Three-dimensional cutaway view of an L-band linac with on-axis coupling cavities. From
Ref. [129].

Linacs for radiation processing may be designed to resonate at the S-band frequency (near 3,000
MHz) or the L-band frequency (near 1,300 MHz). S-band systems, which are more often applied in
this field, provide electron energies up to 10 MeV and average beam powers up to 25 kW [123-125].
Such systems have been supplied by Linac Technologies in France, Mevex Corporation in Canada,
Titan PSD in the United States and Mitsubishi Heavy Industries in Japan. Larger L-band systems
provide similar energies and higher average beam powers [126-129]. A 10 MeV, 60 kW system,
which was developed by Atomic Energy of Canada, is now offered by lotron Industries in Canada and
a5 MeV, 100 kW system has been developed by Titan PSD in the United States.

5.3 Radiofrequency accelerators

Electron energies from 0.4 MeV to 5 MeV with average beam powers up to 50 kW can be produced
with radio frequency accelerators using a single, large resonant cavity. The energy is gained in one
pass along the axis of the toroidal cavity. ILU accelerators of this type have been produced by the
Budker Institute of Nuclear Physics in Russia. The resonant frequencies are in the range of 110 to 176
MHz and the rf power is supplied with triode tubes. The rf system is self-tuning, so accurate cavity
dimensions and temperature controls to stabilize the resonant frequency are not needed [130-132].
A diagram of an ILU-6 accelerator is shown in Fig. 22.

Higher electron energies can be obtained with a single, large resonant cavity by accelerating the
electrons repeatedly with the same cavity. This type of system, called a Rhodotron, was invented at the
Commissariat a I’Energy Atomique laboratory in France and developed for industrial applications by
Ion Beam Applications in Belgium [133—137]. It employs a coaxial cavity in contrast to the toroidal
cavity used in the ILU system. After each pass, the beam is deflected by an external magnet and
returns to the cavity. A diagram of the beam trajectories is shown in Fig. 23. A photograph of an IBA
Rhodotron being assembled is shown in Fig. 24. The large cavity is about 2 meters in diameter and
resonates at 107.5 MHz. It is energized with a tetrode tube in a self-tuning rf system, so accurate
cavity dimensions and temperature controls to stabilize the resonant frequency are not needed.
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Fig. 22: A diagram of the ILU single-cavity radio- Fig. 23: Diagram of the electron beam trajectories in
frequency accelerator. From Ref. [132]. the Rhodotron concept. From Ref. [134].

Fig. 24: A photograph of an IBA Rhodotron being assembled in Belgium. From Ion Beam
Applications.
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Model TT200 uses 10 passes and is rated for 10 MeV and 80 kW of average beam power.
Model TT300 also uses 10 passes and is rated for 10 MeV and 200 kW. Model TT1000 uses 6 passes
and is rated for 7 MeV and 700 kW. This very high beam power will be useful for X-ray applications.
The smaller Model TT100 resonates at 215 MHz. It uses 12 passes and is rated for 10 MeV and
35 kW. By turning off one of the beam bending magnets, the beam can be extracted after fewer passes
to obtain a lower energy.

Because of the low energy gain per pass, the large dimensions and the low resonant frequency
in comparison to a microwave linac, the rf power loss in a Rhodotron cavity is less than 100 kW. This
allows operation in the continuous-wave (cw) mode. In contrast to pulsed beams, a cw electron beam
can be scanned at any rate that might be required by the product handling system.

6 Conclusion

Ionizing radiations in the form of energetic electrons and X-rays (bremsstrahlung) are being used for
many practical applications. High-energy, high-power beams can modify the physical, chemical and
biological properties of materials and commercial products on an industrial scale. The engineering
aspects of these processes are well understood, so the objectives can be achieved reliably. Many
electron accelerators with a variety of specifications have been built and installed for these purposes.
These technologies have been evolving for more than fifty years, and this field is still expanding.
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Appendix A: Absorbed dose vs electron beam current and area throughput rate
Dose D (kGy) = Absorbed Energy (kJ)/Mass (kg)
Substitute:
Absorbed Energy (kJ) = Beam Power P (kW) * Treatment Time T (s)
Beam Power P (kW) = Electron Energy E (MeV) * Beam Current [ (mA)
Electron Energy E (MeV) = D(e) (MeV cm?/g) * Z (g/cm?)
D(e) = Energy Deposition per Unit Area Density per Incident Electron
Z = Thickness (cm) * Volume Density (g/cm’)
Z =Mass M (g) / Area A (cm®) or Area Density (g/cm?)

Mass M (g) = Z (g/cm’) * Area A (cm?)

Then:
D (kGy) =P (kW) * T (s) / M (kg)
D (kGy) = E (MeV) * I (mA) * T (s) / M (kg)
D (kGy) = D(e) (MeV cm’/g) * Z (g/em”) * I (mA) * T (s) / M (kg)
D (kGy)=D(e) *Z*1* T/ (Z * A (cm®) * 107)
D (kGy)=D(e) * 1 * T/ (A (m®) * 10)
Substitute:

D(z) = Dose at Depth z in the Irradiated Material
D(e, z) = Electron Energy Deposition at Depth z in the Material

F(i) = Fraction of Emitted Beam Current Intercepted by the Material
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Then:

D(z) = D(e, 2) * FG) * 1 * T/ (10 * A)

D(z) =D(e, ) * FG) * 1/ (10 * A/ T)
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