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Electron accelerators for environmental protection

The primary objective of this publication is to provide an information suitable for electron
accelerators implementation in facilities applying radiation technology for environmental
protection. It should be noticed that radiation processing has been successfully used in the
fields of crosslinking, polymer curing and medical products sterilization for more than 40 years.

Practical application of radiation technology today extends on SO2 and NOX removal from
the flue gas (one of the major power intensive radiation process), destruction and removal
organic chemicals from water, decreasing bacteria content in the irradiated sludge and
wastewater. On the other hand the increased awareness of the environmental pollution hazards
and more stringent waste regulations in many countries may open stronger support for
environmentally oriented technologies.

This publication provides an evaluation of electron accelerators capabilities in respect of
environmental applications where technical and economical criteria are now well defined. In
order to determine the potential of electron accelerators, the literature data were examined as
well visits and meetings with various accelerator manufacturers was performed by the author.
Experience of the author in accelerator facilities construction and exploitation including those
which were used for environmental protection are a significant part of this publication.

The principle of accelerator action was described as an introductory part of Chapter 1.
Early development, accelerator classification and fields of accelerators application were
included to this chapter as well.

Details of the accelerator construction was described in Chapter 2 to illustrate physical
capability of accelerators to perform the function of ionizing radiation source. Electron beam
extraction devices, under beam equipment, electron beam parameters and measuring methods
were characterized in this chapter as well.

Present status of accelerator technology was described in Chapter 3, where direct and
resonance accelerators were presented according to manufacturers specifications. Cost evaluation of
accelerator facility implementation was presented in Chapter 4. Facility throughput, accelerator
efficiency and cost of operation were specified. Chapter 5 was devoted to advanced accelerator
technology. The short-term progress in accelerator technology was evaluated including demands of
environmentally oriented applications.

Chapter 6 summarized previously described accelerator technology including present status,
main advantages, disadvantages and future progress. Accelerator facilities applied for environment
protection and treatment gas, liquid and solid phases have been described as well.

Akceleratory elektrondw dla potrzeb ochrony Srodowiska

Zasadniczym celem opracowania jest dostarczenie informacji dotyczejcych akcelerator6w
elektron6w, ktore moga. okazad si? przydatne przy zastosowaniu technologii radiacyjnych w
instalacjach pracuja^cych na rzecz ochrony s~rodowiska. Warto zaznaczyc\ ze technologie
radiacyjne sa. stosowane ponad 40 lat w zakresie sieciowania radiacyjnego polimerow, obrobki
powierzchniowej i sterylizacji radiacyjnej.

Zastosowania technologii radiacyjnych w ochronie srodowiska obejmuje usuwanie SO2 i
NOX z gaz6w odlotowych powstaja^cych w procesie spalania (jedno z zastosowan
wymagajqcych wykorzystania intensywnych zrodei promieniowania jonizuja.cego), degradacj?
i usuwanie chemicznych zanieczyszczen z wody, obnizenie skazenia bakteryjnego w Sciekach
osadach Sciekowych. Z drugiej strony rosnie swiadomoic zagrozen i szkodliwos"ci



wynikających z zanieczyszczenia środowiska naturalnego, co w konsekwencji prowadzi do
powstawania w wielu krajach coraz bardziej restrykcyjnych norm określających
zanieczyszczenie środowiska oraz do wprowadzaniach technologii przyjaznych środowisku
naturalnemu.

Opracowanie to zawiera ocenę możliwości technologii akceleratorowej w odniesieniu do
zastosowań zorientowanych na ochronę środowiska naturalnego, przy czym zarówno
zagadnienia techniczne, jak i kryteria ekonomiczne w tych zastosowaniach są obecnie dobrze
zdefiniowanie. Przy określaniu możliwości akceleratorów autor opracowania posługiwał się
danymi literaturowymi, jak również prowadził rozmowy i odwiedził wiele zakładów
produkujących akceleratory elektronów. W opracowaniu wykorzystane zostało osobiste
doświadczenie autora w zakresie budowy i eksploatacji instalacji akceleratorowych
obejmujących także instalacje pracujące na rzecz ochrony środowiska.

W rozdziale 1 opisano zasadę działania akceleratorów. Omówione zostały również ich
pierwsze konstrukcje oraz podano klasyfikację akceleratorów.

W rozdziale 2 omówiono podstawowe elementy składowe akceleratorów elektronów, a także
ich funkcje i możliwości techniczne. Omówiono ponadto urządzenia służące do
wyprowadzania wiązki elektronów na zewnątrz akceleratora, urządzenia służące do transportu
napromienianych obiektów oraz scharakteryzowano parametry wiązki elektronów i podano
metody pomiaru tych parametrów.

W rozdziale 3 omówiono obecny stan technologii akceleratorowej w odniesieniu do
akceleratorów o działaniu wprost oraz wykorzystujące zjawiska rezonansowe w oparciu o
dane producentów tych urządzeń. Rozdział 4 przedstawia ocenę zagadnień ekonomicznych
związanych z instalacją radiacyjną, przy czym omówiono takie zagadnienia jak: wydajność
instalacji, sprawność akceleratora, koszty eksploatacji. Rozdział 5 został poświęcony
zaawansowanej technologii akceleratorowej. Omówiono krótkookresowe tendencje
rozwojowe technologii radiacyjnej z uwzględnieniem wymagań stawianych przez zastosowania
zorientowane na ochronę środowiska.

Rozdział 6 podsumowuje wcześniej opisane zagadnienia dotyczące technologii radiacyjnej
z uwzględnieniem stanu obecnego, zasadniczych zalet i wad oraz tendencji rozwojowych. W
rozdziale tym opisano również instalacje akceleratorowe pracujące na rzecz ochrony
środowiska a przeznaczone do obróbki radiacyjnej w fazie gazowej, ciekłej i stałej.



CONTENTS

1. INTRODUCTION 7
1.1. ELECTRON ACCELERATORS AS A SOURCE OF IONIZING

RADIATION 7

1.1.1. Electron motion in electric and magnetic fields 7
1.1.2. Principle of accelerators action 10

1.2. EARLY DEVELOPMENTS 11

1.3. FIELD OF APPLICATION 13

2. PRINCIPLES OF ELECTRON ACCELERATOR CONSTRUCTIONS 15

2.1. MAIN ACCELERATOR COMPONENTS 15

2.1.1. Injection of electrons 15
2.1.2. Accelerating structures 16
2.1.3. Power supply 17
2.1.4. Vacuum system 17
2.1.5. Control system 17

2.2. ELECTRON BEAM EXTRACTION DEVICES 18

2.2.1. Types of construction 18
2.2.2. Output window materials and cooling systems 19
2.2.3. Window losses 21

2.3. ELECTRON BEAM PARAMETERS AND MEASURING METHODS 22

2.3.1. Beam current 22
2.3.2. Electron energy 23
2.3.3. Time characteristics 24
2.3.4. Dose distribution and monitoring 24

2.4. ACCELERATOR EFFICIENCY 25

3. ELECTRON ACCELERATORS FOR RADIATION PROCESSING 27
3.1. DIRECT ACCELERATORS 27

3.1.1. High voltage transformer accelerators 27
3.1.2. Isolated core transformers accelerators 28
3.1.3. Cockcroft-Walton and Dynamitron accelerators 29
3.1.4. Core less transformer accelerators 30
3.1.5. Other constructions 30

3.2. RESONANCE ACCELERATORS 31

3.2.1. HF accelerators 31
3.2.2. UHF accelerators 32

4. ECONOMIC CONSIDERATIONS 33
4.1. ECONOMICAL ASPECTS OF RADIATION PROCESSING WITH ELECTRON

BEAM 33



4.2. ECONOMICS 34

4.3. GENERAL REMARKS 39

5. A D V A N C E D A C C E L E R A T O R TECHNOLOGY 40

5.1. PROGRESS IN AUXILIARY EQUIPMENT 40

5.2. ELECTRON BEAM TO X-RAY CONVERSION FOR APPLICATION
IN RADIATION PROCESSING 41

5.3. PROGRESS IN ACCELERATOR TECHNOLOGY 43

5.3.1. Direct accelerators 43
5.3.2. Resonance accelerators 44
5.3.3. Induction linac 45

6. SUMMARY 46
6.1. STATUS OF ELECTRON BEAM ACCELERATORS FOR RADIATION

PROCESSING 46

6.2. MAIN ADVANTAGES AND DISADVANTAGES OF ELECTRON
ACCELERATORS 47

6.3. ACCELERATORS APPLIED FOR ENVIRONMENT PROTECTION 47

6.3.1. Flue gas treatment process 48
6.3.2. Liquid and solid phase treatment processes 49

6.4. CONCLUSIONS 51

7. REFERENCES 52

8. FIGURES 57



1. INTRODUCTION

1.1. Electron accelerators as a source of ionizing radiation

1.1.1. Electron motion in electric and magnetic fields

Accelerators in general are electrical machines capable to accelerate charged particles of
the matter. Some knowledge of accelerator physics is essential to understand their capabilities
and limitations. If charged particle q is placed in electrical field with density E, it will be under
influence of electric force according to equation:

FE=qE (1)

The work will be performed when the charged particle q will be transfer on a distance d
under influence of electric force FE . It can be calculated from the formula:

W = Fd = q Ed = qU (2)

Due to product Ed means the voltage U, the relation qU explicitly describes the charged
particle energy increase in such conditions. If electron will pass the gap with the voltage 1 V its
energy rises at 1 eV level. This value is the practical unit applied in accelerated particles energy
measurements. Having in mind that electrons are elementary particles with a charge of q = e =
1.602 10'19 C this corresponds energy:

1 eV= 1,602-lO*1" J

consequently: 1 keV = 103 eV, 1 MeV = 106 eV, 1 GeV = 109 eV.

As it can be seen easily the particles with higher charge (ionized atoms) accelerated under
influence the same voltage will rise energy proportionally according to quotient q/e.

When charged particle q with initial velocity v is placed in magnetic field B, the magnetic
force FM can be calculated from the formula:

FM = q(vxB) (3)

The value of force FM is defined by product qvBsinQ, where Q is the angle between
velocity vector v and B magnetic field vector. The force FM is perpendicular to the surface
established by v and B vectors.

It can be noticed that magnetic field does not affect the charged particles which are not in
motion and those which are in motion along the magnetic field direction. Due to definition the
force FM is always perpendicular to velocity vector v, no work is performed under influence of
this force on charged particle. That means also that kinetic energy of particle does not change
in such conditions. The only effect is the bend trajectory of the charged particle.

If the charged particle q is in motion with velocity v in direction which is perpendicular to
magnetic field with induction B, the particle will be under influence of the force FM = q v B.
The same time the particle will be under influence the centrifugal force Fo = mv2/r which
acts in opposite directions. The stationary trajectory of such motion will be defined by forces
equality FM = Fo. The trajectory radius can be calculated from the formula r = mv /qB.



Fig. 1 shows particle trajectory in magnetic field which rotation depends on magnetic filed
direction and positive or negative charge of the particle.

The resultant electrodynamics force which acts on charged particle motion in electromagnetic
field is described by equation:

F = FE + FM = qE + q(v x B) (4)

The effect of acting the force F in time dt on particle with mass m according to dynamic rule is
described by formula:

Fdt = d(mv) (5)

It means that the charged particle motion in electromagnetic field follows the equation:

d(mv)/dt = qE + q(v x B) (6)

The another principal equation important in accelerating process is overall energy equation:

E C = E O + E k (7)

where: Eo - particle energy in state of rest, E* - particle kinetic energy.

The small rest mass of electrons results that the dynamics of this particle motion is
described by relativistic mechanics at the kinetic energy levels applied in accelerator
technology. The particle mass in such approach is defined as:

m- , "V - - ^ (8)

where: m0 - particle rest mass, v - particle velocity, c - speed of light, P - relative particle
velocity. Taking into account the equality mass and energy and particle kinetic energy
equation:

Ek = m0Jl2 = qU (9)

the overall energy equation is as follow:

me2 =moc2 +qU (10)

Using the relativistic expression for particle mass (8) we have equation:

mocVl-v Jc2 =moc2 + qU (11)

and

Ek = E 0 ( l / V l - v V c 2 - l ) (12)



Particle mass can be express as energy equivalent:

m = mo(l + Ek/E0) (13)

The energy of particle in motion depends on particle velocity and constant parameters
speed of light and rest mass. The particle velocity depending on its energy is described by
equation:

k ) 2 = C > /E k (E 0 +E k ) / (E k (14)

This formula can be rewritten depends on accelerating voltage:

(15)

Electron velocity is given by:

v = 3 • 108 [m/s] (16)

Proton velocity:

108 [m/s]

The universal constants are listed in Table 1 for electron and proton.

(17)

Table 1. Electron and proton universals parameters.

Type of particle

electron, e"

proton, p+

Rest energy
[MeV]

0.511

938

Rest mass
[kg]

9.109 10"31

1.672 10'27

Charge
[C]

-1.602 10'19

+1.602- 10'19

As it can be seen from Table 1 the mass relation between proton and electron is 1836, what has
direct influence on velocity of those particles accelerated in the same electric field. That is
illustrated on Fig. 2.

The electron trajectory depends on parameters of electric and magnetic fields as it can be
found from equation 4. Electric or magnetic field is used separately to form electron trajectory.
The magnetic field was found more effective due to required change can be achieved by using
simpler and less expensive technical solutions. Electric field is used when microsecond or
shorter time scale is necessary to form certain change in electron behave.

The deflection angle of electron trajectory under influence of two electrodes with certain
voltage level can be calculated from the formula:

tg a = eUl / 2Ed (18)

where: 1 - length of sweeping electrode [m], d - distance between electrodes [m], U - voltage
between electrodes [V], E - electron energy [eV].



The applied voltage is inversely proportional to the electron energy what makes this
method unusable for accelerator technology from practical point of view.

When electron with speed v enters the area with magnetic field B which is perpendicular
to electron trajectory (Fig.lb) electrodynamics force FM and opposite centrifugal force Fo will
appear. Having in mind the formula (3) and relation between centrifugal force and velocity of
the moving object the trajectory radius can be found for above described condition when

F M = e V B
Fo = mv^r
r = mv/eB (19)

The deflection angle of electron trajectory under influence of magnetic field which is
perpendicular to electron trajectory (Fig. 3b) can be calculated from the formula:

sin a = 1 / r = leB / mv (20)

where 1 describes the size of magnetic field pole according to Fig. 3b.

1.1.2. Principle of accelerators action

The basic principle of any accelerator is that the electric field acts on electrons as charged
particles and gives the energy equal to the voltage difference across the acceleration gap. The
electric field comes directly from high voltage electrodes or indirectly from the electromagnetic
field. The major difference between different accelerators applied in radiation processing is the
method by which electric field is generated. Due to energy range and beam power level the
most common constructions in industrial application are direct and resonant accelerators at
present. The continuous efforts are performed to apply in industry induction linac in which
accelerating voltage comes indirectly from a change of magnetic field. In such construction the
accelerated electron beam forms the secondary winding of power transformer used in this
concept. Fig. 4 illustrates different ideas electron acceleration process.

The direct accelerators (Fig. 4a) are different in primary terms in power supply
construction which are used to provide high voltage for electron acceleration. In relatively low
voltage level (up to 500 kV) the high voltage transformers with suitable rectifying circuits are
used. The high voltage (HV) transformers construction were modified to obtain higher voltage
level. The most common HV transformer constructions applied in modern industrial
accelerators are as follow: divided secondary winding, isolated core, and without iron core.
The highest voltage level up to 5 MV was achieved in cascade generators. The big dimensions
and high cost of such construction are not acceptable for electron acceleration in higher energy
range. Resonance high frequency (HF) and ultra high frequency (UHF) cavities were found as
a better solution for high power high energy accelerators (Fig. 4b). One or more resonance
cavities in series are used. Electric component of electromagnetic wave is apply to accelerate
electrons. Frequency within the range 100-250 MHz is usually apply in HF generators which
are used to provide energy for acceleration process. Microwaves in range 1.5-5 GHz are used
for UHF systems.

The induction linac (Fig. 4c) is one of alternative method both to direct and resonance
accelerators. The electron beam is used as secondary winding of transformer which primary
winding can be divided on separate unit distributed along electron beam path. Electron energy
can be increased not only by higher voltage application but also by number of secondary
winding sections. This type of induction voltage isolation is also characteristic for HF and UHF
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resonance accelerators. The practical limit for electron energy and beam power of such
accelerators depends on acceptable size and cost of the accelerator construction.

1.2. Early developments

The first charged particles accelerators have been developed at the beginning of thirties,
when cascade generator, electrostatic accelerator, linear accelerator and cyclotron were
constructed in a short period of time. As it was mentioned before, the principal rule of any
accelerator is electric field influence on charged particles. The electric field can be obtained
directly when two electrode with different potential are applied or indirectly when the change
of magnetic field induces the electric field. The basic difference between accelerators are based
on differences in electric field generation, related to this accelerating section construction and
the accelerated particles trajectory shape.

The fast grow of accelerator developments were connected with rapid grow of nuclear
experimental studies. The another important facts are related to achievements of electrical
industry at that time. The cascade generator concept was developed in 1919-1921 (Schenkel,
Greinacher) and 750 kV generator was build by Sorensen for testing electrical equipment in
1925. The high voltage generator based on Tesla generator concept was build to generate the
voltage in the range 1-2 MV in 1930. Van de Graaff build 1.5 MV electrostatic generator
which was based on the concept of voltage generation by mechanical transfer of electrical
charge. The principal idea of electrostatic accelerator is presented on Fig. 5.

The discovery of artificially induced radioactivity made by Rutherfort in 1919 had
stimulated efforts towards developments of electrical apparatus suitable for particle acceleration
[1], The breakthrow happened in 1932 when accelerated protons were used to break lithium
atoms. Cockroft-Walton cascade generator and 700 keV protons were applied in this particular
experiment. The accelerating voltage was generated in electrical circuit where banks of
capacitors were charged in parallel and discharged in series. The voltage multiplication factor
depends on numbers of stages in such generator construction.

The concept of linear high frequency accelerator was developed by Ising in 1924. The first
accelerator based on such idea was build in 1928. In this solution the length of shielding
electrodes and frequency of electromagnetic field were chosen to obtain the ions acceleration
in gaps between electrodes. The constructed model consisted of three shielding electrodes and
two accelerating gaps with ability to accelerate charged particles up to energy 50 kV. The idea
of such construction is shown in Fig. 6. The charged particles were shielded inside electrodes
when polarity of electric field was not suitable for acceleration in desired directions. The
electrode length L was related to speed of particles v and frequency f of the generator
according to formula L = v/2f. When particle speed is close to the speed of light the cavity
length can be calculated from the formula L = c/2f = V2 where X is the length of
electromagnetic wave which is used for the accelerating process.

The better version of liner high frequency accelerator was developed by Sloan and
Lawrence in 1932. Mercury ions with energy 1.26 MeV were obtain in accelerator where 30
electrodes accelerating section were used (Fig. 7). The generator with frequency 7 MHz and
voltage 42 kV was applied. The electrons and protons acceleration in such construction were
not possible due to lack of generators with much higher frequencies at that time. The suitable
electromagnetic energy sources - klystrons were developed in 1939 by Varian brothers. The
biggest liner high frequency electron accelerator was constructed in Stanford in 1967 where
energy 20 GeV was obtained. The length of this accelerator is 3200 m. The power supply
system consists of 245 klystrons [2].
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The idea discovered by Wideroe inspired Lawrence to develop cyclotron concept of the
acceleration process. The magnet was applied to bend trajectory of charged particles. That
made accelerator more compact and allowed to accelerate the lighter particles. Cyclotron was
constructed by Lawrence and Livingston in 1932 (Fig. 8). The deuterium ions were accelerated
to energy 5 MeV. This solutions made possible to accelerate charged particles to energy 20-40
MeV using generator with relatively low power and frequency. The electromagnetic energy is
provided to daunts - high frequency electrodes placed in vacuum chamber. The every pass
through the gaps between electrodes increases the energy and particle speed. The trajectory
radius can be calculated from the formula (9). One foil turn means two passes trough
accelerating gap. The time of one turn is described by equation:

T = 27rr/v=27tm/qB (21)

The generator frequency is independent in respect to trajectory radius and can be calculated
from the formula:

f = qB/2;im (22)

As it can be easily notice the frequency depends on particle mass which is growing during
accelerating process. That is the reason why classical cyclotron can accelerate in practice the
protons to energy range up 10 MeV, deuterium up to 20 MeV and a particles up to 40 MeV.

The synchrocyclotron idea was developed to overcome above limits by Weksler and
McMillen in 1945. The adjustable frequency is apply according to formula:

f = qc2B/27t Ec (23)

where Ec is particle energy. The induction B has the constant level. Proton energy up to 1 GeV
was obtain using such acceleration process.

The principle of phase-stable synchronous acceleration was applied in accelerator
construction to achieve the highest energy range applied in nuclear physics. There is no
theoretical limit on the energy of such acceleration method except practical limit from the point
of view of economics.

Betatron accelerator principle was formulated at the beginning of thirties but practical
construction was build by Kerst in 1940 That is example of induction accelerator where
changeable magnetic flux induces electric force which accelerates electrons. Relatively high
electron energy can be obtained in such accelerators. The beam power is not to high because
of difficulties in proper focusing of electron beam. This type of accelerators are sometime use
in activation analysis and defectoscopy.

Interesting modification of cyclotron concept named as microtron was developed by
Weksler in 1944. Constant magnetic field and one common accelerating gap was applied (Fig.
9). The conditions of stable trajectory and proper accelerating process are as follow:

mv2 = evB
T = 27im/eB = (n + 1) /f (24)

where: x - time needed to complete one turn, n - number of trajectory, f - frequency of
electromagnetic field in accelerating gap.
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Microtrons are being build only for electrons acceleration. The frequency in microwave
range is use in practical construction where electrons with energy 50 MeV were achieved. The
important modification was incorporated in modern microtrons. Two 180° magnetic mirrors
instead of one magnet allow to apply more sophisticated accelerating systems. The examples of
such microtrons are displayed in Fig. 10. UHF linear electron accelerators can be applied and
several hundred of MeV electron energy can be obtained in such unit. It allows to build specific
construction for medical application as well where low power and relatively high electron
energy is required (Fig. 10c).

1.3. Field of application

The primary accelerator application was strictly related to the field of nuclear physics. The
fast development of accelerator technology made in thirties and forties created the opportunity
to increase the field of application towards chemistry, medicine and industry. New ideas for
accelerator construction and progress in technical development of electrical components, HF
and UHF technology were the most importance factors in perfection process of accelerator
technology. Now more then 10000 accelerator are installed in different branches of scientific,
medical and industrial activity. The Table 2 illustrate the present status of accelerator
implementation in different fields of application.

Characteristic steps can be recognized in past of accelerators development:
- adaptation of the accelerators primary build for scientific experiments;
- electron energy and beam power upgrading of certain accelerator construction for R&D,

pilot plants and industrial facilities;
- introduction of computer control system for accelerator start up, full operation and

technological process management;
- reliability improvement according to industrial standards;
- accelerator technology perfection (electrical efficiency, cost);
- accelerators for MW power beam level;
- more compact and more efficient accelerator construction.

Table 2. Particle accelerators family worldwide [3]

Category of accelerators

High energy accelerators

Biomedical accelerators

- radiotherapy accelerators

- research ace. including for biomedical research

- medical radioisotope production

Accelerator for radiation industrial and research processing
including non destructive inspection

Ion implanters

Surface modification centers and research

Synchrotron radiation sources

Total estimated for 1996

Number in use

112

>4000

800

200

1500

>2000

1000

50

10000
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The progress in accelerator technology means not only the growing number of unit but
also lower cost, higher dose rate, more compact size suitable to the production line, beam
shaped equally to the process, reliability and other parameters which are important in radiation
processing application. The computers for automatic control and electronic parts like power
switches, thyristors, thyratrons, new generation of microwave sources are the best examples
of the power determine components application in advanced accelerator technology.

The accelerators are the principal equipment which defines basic technical and economical
parameters of any radiation facility. Over thousand accelerators have been used for radiation
chemistry, R&D and radiation processing as the result of continuous progress in accelerators
construction and radiation technology development. Beside of radiation sterilization and
modification of polymers which were introduced as an industrial process in mid 50's the wide
range of radiation processing technologies have been developed and applied since than. The
most common are surface curing, semiconductor modification, flue gas treatment, teflon
degradation, deinfestation food processing and others.

Creation of close circuit processes is one of the significant features of modern
technologies where industrial wastes are utilized at the same production cycle. EB process may
effectively support such solutions. The advantage of radiation process in destruction and
removal of chemical and biological waste is connected to its high efficiency and possibility to
transfer high amount of energy directly into the object under radiation treatment. Disadvantage
which is mostly related to high investment cost of the accelerator may be effectively overcome
in future as the result of use high power accelerators and accelerator technology development.

One of the major power intensive radiation process which was successfully demonstrated
is the reduction of pollutants in flue gases from combustion used in electrical power and heat
production. The process requirements for full implementation of electron beam processing on
the 500 MW power plant would require 8-10 MW of electron beam power deposited in flue
gas [4,5].

Generally radiation processes are being applied to produce: new or improved product not
possible to do conventionally, or more expensive to do by traditional technique, to conserve
energy, reduce pollution, to provide better products (quality, durability, performances), to use
less raw material. Radiation facility is characterized by compactness, high productivity where
precise and repeatable technology is used. The typical requirements regarding electron energy
and average beam power suitable for different EB processes are presented in Table 3.

Although present level of accelerators development can satisfy most of commercial
requirements, this field continues to expand and stimulates radiation processing activity On the
other hand the specific demands from growing field of industrial radiation processing
technology can have strong impact on R&D in accelerator development to reduce the cost and
increase the energy efficiency, what is especially important in environmental application where
payoff from radiation technology has usually no economic background. As can be seen from
Table 3 different radiation technology suitable for environment protection require wide range
of electron energy and high beam power level.

The new accelerators ideas and construction are being developed continuously to achieve
efficient, unexpensieve, reliable, high average beam power commercial units. Advances in
high power switches technology, core amorphous ferromagnetic materials, modulator
macropulses technology, recirculation accelerators, CW operation of microwave generators,
microwave generators based on direct switching of high power electron beams are being
transfer continuously to industrial accelerator developments.
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Table 3. Radiation processing technologies applied in industry.

Type of
activity

I

R&D

I

I

I

R&D

R&D

I

Radiation process

Surface curing*

- paints / covers /printing

- magnetic tapes and discs

- grafting

Flue gas treatment**

Polymer modification

- heat shrinkable tapes and tubes

- cables ad wires

- foams/material modification

- hydrogels

Teflon degradation

Semiconductor modification

Drinking/waste water processing**

Food preservation

Sterilization of medical devices*

EB requirements
energy/beam power

0.3-0.5 MeV; 10-100 kW

0.8-1.0 MeV, 50-500 kW

2-5 MeV; 20-200 kW

5 MeV, 10-20 kW

5-10 MeV; 5-10 kW

5-10 MeV; 20-30 kW

5-10 MeV; 10-20 kW

10 MeV; 10-50 kW

I - industrial application.
R&D - research and development status of the process.
* - EB environment friendly process.

- EB process for environment protection.**

2. PRINCIPLES OF ELECTRON ACCELERATOR CONSTRUCTIONS

2.1. Main accelerator components

2.1.1. Injection of electrons

Accelerators for radiation processing can be divided into two groups depends on cathode
construction: point source and linear source instruments (Fig. 11). A linear cathodes eliminates
the need for scanning and offers more uniform dose distribution [6]. However, this
configuration is suitable for direct accelerators transformer type operated with relatively low
voltage (300 kV) what leads to high window losses. Up to 30-50% of total beam power is
dissipated by cooling system of such instruments. The linear cathode arrangements can be
easily applied in high voltage (high energy) induction accelerators because of the specific
features of magnetic isolation and construction characteristics for accelerator this type.

Accelerators with point source of electrons are designed for higher energy levels. The
significant advantages of point source accelerator are high flexibility in beam spot formation
and beam transport. The scanning magnets are used to form required beam dimension on the
output of the accelerator. However, scanned point source accelerators cannot be operated with
the current much greater than 1.5 mA/cm because of limited window thermal load [7].
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Relatively low window energy losses (below 10%) are characteristic for high electron energy
level but for powerful accelerators energy deposited in widow material is big enough to
increase temperature above permissible level.

The diode electron gun is used as injector of electrons in most of accelerator constructions
to provide electron beam with suitable current and desired spatial characteristics. It consists of
cathode and anode electrodes. The cathode diameter (usually in the range 6-30 mm) depends
on applied material and required pulse or average beam current level. The power level less than
100 W is usually required for cathode heating. The density of emitted electron stream is
defined by the certain cathode temperature and cathode material properties. The electrons
emission may be easily controlled by adjustment of cathode temperature i.e. when the gun is
operated in the regime of the full emission current take-off. The beam current stabilizing
system should be installed to prevent undesirable current change during accelerator operation.
The electron beam spatial distribution is carefully designed and control by focusing system. The
shape of the gun electrodes designed to obtain high beam current intensity above 200 A is
shown in Fig. 12. The computer code was use to optimize gun construction for certain electron
beam parameters [8]. The third electrode (triode gun structure) is often used to control the
pulse characteristics and beam current level.

The cathode is the most critical part of any electron gun. The emission abilities and life
time depends on the quality of that component. The tungsten wire directly heated is frequently
used in accelerators with continuous mode of operation. TheNiBa cathode material (indirectly
heated) can offer higher beam current intensity and is more suitable for pulse operation mode
LaB6 ceramic type material used for indirectly heated cathode require higher temperature of
operation but is much more resistant and stable in the exploitation period. Ion plasma or cold
emission cathodes may be also applied in certain accelerator structure. Fig. 13 shows
crosssections of the low energy, linear source accelerators with different type of cathode
arrangement: indirectly heated, ion plasma emitter and cathode with edges for field emission.

2.1.2. Accelerating structures

The construction of the accelerator structure depends on principle of accelerator operation
what is related to the specific way of electric field formation. The electron gun is installed at
one side of accelerating structure. The other side is connected to the beam extraction device.
Accelerating structures for direct, HF and UHF resonance accelerators are different because of
different principles of electrical isolation applied in those systems. High vacuum must be obtain
inside of accelerating structures to provide suitable conditions for accelerating process,

The stack of layers of alternating metal electrodes and ceramic or glass insulators is used
in most of direct accelerators. The electrodes are connected to column resistors to provide
proper distribution of the high voltage along acceleration section. The operation gradient of the
voltage along the tube should not be higher than 10 kV/cm to avoid vacuum breakdown in
accelerating tube. Fig. 14 shows the structure of accelerating tube usually applied in direct
accelerator ELV type [9].

The single coaxial resonator is applied in most of HF resonant accelerators. The schematic
diagram of single coaxial resonator used in Rhodotron is shown in Fig. 15 [10]. The number of
cavities are used in UHF liner electron accelerators to obtain suitable electron energy level. The
sequence of coaxial resonators with side coupling for microwave range made for UHF linear
accelerator with standing wave is displayed in Fig. 16 [11]. In both cases the resonators are
fully made of copper due to magnetic isolation which exists along the accelerating structure
and electromagnetic wave application.
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2.1.3. Power supply
The power supply systems are used to provide energy for accelerating process. The most

important parameters are related to voltage, loading current, time characteristics, size, weight
and stability of electrical parameters. The high voltage DC power supplies with different
principle of operation and construction were specially developed for direct accelerators where
voltages from 0.3 to 5 MV are being used. Parallel inductance or capacitance coupling systems
are frequently used with suitable rectifying sections to increase the voltage level on the output
of power supply (Fig. 17). The most common constructions are shown in Fig. 18. The specific
construction is usually made according to technology developed by certain accelerator
producer.

DC or pulse power supplies with amplitude 40-250 kV are used to energized vacuum tube
oscillators in frequency region 100-500 MHz and microwave devices (klystrons, magnetrons)
in frequency range 1-5 GHz. Generators this type are applied in HF and UHF resonant
accelerators.

Pulse modulators are applied in induction linac. MW power level can be easily achieved in
power supply apparatus where magnetic compression is applied to form suitable pulse
amplitude and loading current.

2.1.4. Vacuum system

The appropriate vacuum level should be kept during accelerator operation. Metal gaskets
are preferable to avoid organic substances which can be introduced and contaminate the
vacuum and pumping devices. Vacuum range 10'4 to 10"5 can be accepted. That requires
continuous long-term pumping. Ionic titanium pumps are commonly used in accelerator
technology. That system requests preliminary vacuum pumping devices. The sublimation
pumps or oil mechanical pumps can be applied during start up or conditioning procedure when
low vacuum is present. The turbomolecular pumps are the modern solution for vacuum system
which is capable to start pumping process from the atmospheric pressure.

2.1.5. Control system

Analogue control systems were commonly used in early accelerator constructions.
Interlock system must fulfill safety requirements in addition to control and operation functions.
Protection of the accelerator is provided against mechanical and electrical failure by electrical
interlock in every accelerator component and installation. The feedback between the beam
current level and the speed of conveyor is usually kept to provide constant dose to irradiated
object. The simplified circuit this type of low energy direct accelerators is shown in Fig. 19.

The computer or microprocessor driven control systems are only preferable solutions for
modern accelerators now [12,13]. The most favorable features of such system are related to:
- initial data are automatically checked to avoid incorrect data entry and eliminate operator

errors,
- automatic start up and shut down procedures,
- automatic monitoring and control functions of every critical parameter,
- simpler and better process control,
- automatic conditioning,
- data logging and graphic display,
- higher reliability and simpler service procedures,
- automatic control allow to reduce the skill level required of machine operators.

The digital systems can be easily adopted for different accelerator construction and
parameters. The system not only controls the current electron beam parameters but also
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provides necessary interlock safety system control and usually can be applied to control the
technological equipment during irradiation process.

2.2. Electron beam extraction devices

2.2.1. Types of construction
One of the most significant features of the electron accelerators is the possibility to form

spatial characteristics of electron beam. Magnetic field was found as the most effective way of
modification high energy electron trajectory. Typical configuration bending or sweeping
magnets is shown in Fig. 20a. The deflection angle a (Fig. 20b) can be found from the
formula:

l t g a / 2 . , ,„, .
sin a = —s = i/ r (25)

r tga /2
Taking into account the equation (14) regarding electron velocity and equation (19) which
describes the trajectory radius we can obtain with some simplification the following formula:

sina « -=2^ BlVEk(Ek +2EO) (26)
moc

When current I is be used to form magnetic field between magnet poles the induction B
can be calculated according to formula:

B » nlUo/d (27)

where: I - current in magnet winding, n - number of turns, \x0 - permeability, d - distance
between magnet poles.

The electron beam is sweeped along the distance x (Fig. 20b) according to change current
in magnet winding. If some distortions of magnetic field on pole edges will be omit the
distance x can be calculated according to following equation:

tg<x = x/(L + l) (28)

and for low deflection angles:

X «

moc

The sophisticated magnetic systems can be build on the base of above principle. Electron
beam direction may be easily changed and suitable beam spot distribution at the output of
electron beam device can be formed. Fig. 21 shows the most common arrangements of the
output devices construction. The electron beam in point source accelerators can be easily
scanned up to 2-3 m. Two dimensional scanning systems are used to improve efficiency of the
window cooling. However, the scanned point source accelerators cannot be operated at the
current much greater than 200 mA per one output window because of limited window thermal
load due to the foil mechanical strength decay at the higher temperature. To overcome this
with the reasonable length of output foil two or even three parallel beam paths (windows) can
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be applied in one output device. More sophisticated electron beam pattern on the window
surface may significantly improve thermal load homogeneity (Fig. 22).

The reliability of the accelerator significantly depends on the window foil behavior during
intense exploitation with high beam current level. The window foil lifetime is related to its
temperature and thermally induced stresses. 2000 h should be the typical window lifetime value
for full power continuous operation. The recent progress in developing new composites for
window foils may significantly increase the permissible beam current density level.

The output windowless system was designed and build for use with industrial accelerators
[14]. The concentrated electron beam, which is extracted into the open air (Fig. 23), can offer
extremely high power density and efficiency better than 90%. Non-homogeneous irradiation
may causes difficulties in applying this window construction in specific radiation process. The
necessity of use a strong mechanical vacuum pump system increase the cost and makes
exploitation more difficult. To stabilize size of beam spot and life time of the output collimator
a magnetic compression of electron beam diameter is recommended by use continuous
focusing system along accelerating structure. 500 kW beam power level were successfully
transported through such window structure (Fig. 24).

Comparison of the foil window and windowless constructions of the output device shows
that both systems have different technical and economical properties depending on the
electron energy and beam power level. In conclusion windowless output system can offer
better performances in efficiency, compactness and cost when the beam power level is above
500 kW [15]. This can be changed significantly when better foil materials wil be accessible in
near future.

Handling technique and the construction of the product transport system has a great
influence on total facility efficiency and should be well matched to output window structure.
Careful engineering of product handling assembles is equally important to successful industrial
EB technology implementation as the reliability and design features of the accelerators
themselves. This so call under beam equipment has to be designed specifically to the certain
radiation process to minimize electron energy losses and increase process efficiency. The
accurate control of product speed and positioning including the event of process interruption
assure the proper quality of the EB process.

2.2.2. Output window materials and cooling systems

Electron beam extraction into the open air is usually performed through the thin metal foil
to minimize the beam power losses. Fig. 25 illustrate energy losses in different materials with
different stopping power. The low Z number materials are used like titanium, aluminum or
their alloys and composites to reduce the energy loss. The energy deposited in window material
increases window temperature what may require additional cooling system to avoid window
breakdown. Table 4 shows the permissible current density and temperature of operation for
certain foil materials. Higher current density was obtained due to higher permissible
temperature of modified materials.

It was found that better mechanical strength of the window can be obtained by decreasing
the tension forces in window foil caused by the pressure difference between vacuum and open
air. The additional mechanical effects are related to the thermal energy deposited by electron
beam and non homogenous cooling of the window. The best result was obtained for windows
shaped as a part of the cylinder surface. Fig. 26 shows the tension forces vs the radius of
bended titanium foil for different foil thickness. Similar relations are characteristic for different
window materials.
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Table 4. Properties of various window materials [15].

Material

Al-alloy

Ti

Be
Ti-alloy

Ti-Al

Beam current density

[mA/cm2]

0.10

0.15

0.20

0.55

0.70

Max. temperature

PC]
200

250-300

400

400-500

900-1000

Thickness

[Hm]

40-60

50

100

20-30

20-40

The different window cooling systems are used to keep the window working temperature
at permissible level. The mechanical strength of the window material goes down when the
temperature is higher. The thermal conductivity is better for higher foil thickness by the same
time the energy deposition performed by electron beam is proportionally higher. Air cooling
system is used when electron beam energy is high and loss level is relatively low. Fig. 27 shows
crossection of the output device with the cooling air nozzle. The permissible beam current
density for such system can be calculated according to the following formula:

j = am(tf-to)/AEd (30)

where: local heat transfer coefficient a™ = 18.8s0'4 w0'8 y"0>6 [W m'2 "C"1], tf - foil temperature
[°C], to - surrounding temperature [°C], AE - energy deposited in the foil per unit of window
material [W/mm], d - foil thickness [mm], s - nozzle width [m], w - speed of air stream at
nozzle output [m/s], y - distance to the nozzle.

Double window system can be applied to increase the cooling efficiency. It also improves
the homogeneity of the cooling process. Such solution can be applied both with air or water
cooling agent. The example of such construction with cooling air more suitable for medium
electron energy is presented in Fig. 28. Titanium foils with thickness 50 um and cooling water
were applied for higher energy level (Fig. 29a). The equivalent thickness of the window totals
0.15 g/cm2. The foils were performed into hemispheres and welded to flanges to withstand
water pressure ranging from 0 to 4 atm with no change in the gap size, which warrants stability
of the parameters of the emerging beam [16]. Interesting concept was applied by Raychem in
liquid process window presented in Fig. 29b. Electron energy 0.5 MeV and widow thickness
38 um were used to irradiate water film which was simultaneously applied for window cooling.
High irradiation efficiency with lower cost and high liquid throughput were obtained [17].

Thin window foil should be applied to reduce energy loss. The copper supporting grid
cooled by water is the common solution in such accelerator construction. The example of such
structure is displayed in Fig. 30. The thermal properties of such window can be calculated on
the base dimensions of the grid structure. The construction of window system with water
cooled grid support can be modified to improve electron transparency and reduced beam
power loses due to more efficient electron optic parameters of the system. Table 5 shows
experimental data for electron energy 750 keV obtained in NIIEFA, Russia.
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Table 5. The efficiency of different output systems, electron energy 750 keV.

Parameter

Optical transparency

Electron transparency

Electron losses

50 urn Al foil with
grid support

83.3%

91.3%

8.5+0.7%

50 urn Ti foil
only

100%

93.9%

6.1%±0.3%

2.2.3. Window losses
The dose rate delivered to the irradiated object is one of the major parameter of the

irradiation process. The economy of the process strongly depends upon the effectiveness of the
beam power transmission. The significant part of the electron beam power losses is due to
stopping power of the window foil material. The detailed description of stopping power of
different materials for certain electron energy levels is given in literature [18].

The beam power loss determined on the base of stopping power coefficient is only the
part of total energy loss related to beam transport. The new calculations based on multi-layer
absorber and beam scattering and reflection effects were performed to establish total losses.
The results which are presented in Table 6 illustrate the beam power losses in double window
system and process vessel applied in pilot plant facility for flue gas treatment [19]. The beam
power losses should be increased by factor of 5% due to scanned beam geometry. The other
parts of the beam power losses are related to definite size of process vessel and penetration
range of electrons with certain energy level. The results given in Table 6 were confirmed by
temperature measurements of the flue gas before and after irradiation. The similar results have
been reported by Cleland [20].

Table 6. Energy and beam power losses in double foil window construction (two 50 jim
thick titanium foils and 70 mm air gap between them) for 50 kW average beam power

and initial energy 0.5, 0.6, 0.7 MeV.

Electron energy

windows (Ti, 2 x 50 um)

- backscatering

- absorption

air (70 mm)
- absorption

process vessel ((}> 1600 mm)

- side wall losses

- bottom losses

Total losses

500 keV

24.9%

13.5%

2.5%

7.0%

47.9%

600 keV

17.8%

11.9%

2.0%

30.8%

700 keV

12.2%

9.3%

1.7%

12.5%
35.7%
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2.3. Electron beam parameters and measuring methods

Beam of accelerated electrons applied in radiation facility can be characterized by several
parameters which are usually controlled to keep stable conditions for irradiation process. The
control system allows to correct (manually or automatically) accelerator and technological
equipment settings to provide certain dose to irradiated objects. Different type of accelerators
can offer different possibilities in determination of cathode current and power supply
parameters. More unified measurements can be perform when the beam is extracted into the
air. The most common measurements are related to beam current and electron energy
determination. Spatial and time characteristics can be also important in some cases. The basic
methods and measured parameters are shown in Table 7. The location of certain measuring
points are displayed in Fig. 31. The electrical sensor installed in linear electron accelerator with
two independent beam output systems: straight beam for pulse radiolysis experiments, bending
and scanning output for radiation processing are shown in Fig. 32.

Table 7. Basic parameters of electron beam.

Type of measurements

Beam current

Electron energy

Spatial distribution

Time characteristics

Beam parameters

- beam current
- charge
- beam power
- energy
- energy spread
- shape of the beam

- time structure of the beam
- shape of the pulse

Remarks

pulse amplitude, average

cross section, location

pulse structure, repetition rate,
jitters, rise and fall time

2.3.1. Beam current

Intensity of accelerated electrons is beside of electron energy the most important
accelerator parameter. The value of it is defined by number of electrons accelerated in time unit
and corresponds to the beam current ICb according to the formula:

Ieb = eN /1 (31)

where: e - electron charge, N - number of electron accelerated in time t.

Pulse beam current can be calculated from the formula given below:

I, = eNT / x (32)

where: x - pulse duration, NT - number of electrons accelerated during the pulse.
Having in mind that total work which is delivered during accelerating process corresponds to
total kinetic energy of electron beam we can consider that:

Ws (33)
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where Peb = U Ieb is the electron beam power. This parameter describes the total effect of the
electron beam utilization in technological application. It is directly related to the productivity of
the radiation process. Physical and chemical changes of the matter depend on amount of
absorbed energy or in another words on absorbed dose.

Many different methods of measurements are use to determine the beam current level.
Faraday cup is commonly use due to its simplicity. It is usually installed just after of the output
system. The principle of operation is based on full absorption of the electron in material
isolated from the ground. This method can be applied for beam current level in range 10'13 to
105 A. The accuracy can be as high as 0.1%. Back scattering effect (TI), ion current (Ij; a),
isolation effect (d), secondary electrons (5) should be taken into account when high accuracy is
needed [21]. Ion current influence can be minimized by grids system to reject positive ions and
stop secondary electrons (Fig. 33). Low Z material like graphite is often apply to reduce back
scattering effect.

No special cooling system is required when the beam power density is below 0.25 W/cm2.
The beam power density 0.25-10 W/cmz requires air cooling system. Faraday cup with water
cooling should be used for 10-50 W/cm2 beam power density level.

Faraday cup measurements cannot be perform during irradiation process what is the most
significant disadvantage of this method. Thin metal foil can be applied as beam current
indicator for continuous measurements of the beam current level. Emission of secondary
electrons from the foil is caused by primary electron beam. When thickness of the foil is small
and energy of primary beam is high enough the losses are not to high. Total accuracy of that
method can be 1% for certain energy range. Thin aluminum or titanium foil are usually
applied. The sensitivity of such sensor is rather low due to low value of secondary emission
coefficient. The efficiency 3-4% for pure metal can be achieved. The quality of the monitor
surface is important for fine measurements. The current characteristic of the secondary monitor
is shown in Fig. 34 where signal electrode was installed in vacuum and polarized electrodes
were applied. The distance between electrodes are in range 2-3 mm. The signal proportional to
beam current is saturated at the voltage level 30-40 V.

2.3.2. Electron energy

The energy of accelerated electrons can be found by determination electron penetration
range in irradiated material. The idea of such measurements is shown in Fig. 35a. Few percent
of accuracy can be achieved. Back scattering effect and ion current should be taken into
consideration to reduce measurements error. More convenient experimental solution are
presented in Fig. 35b,c,d. The configurations presented in Fig. 35b and c require calibration
procedures. The last method (Fig. 35d) is based on compensation Ii and h currents coming
from electrodes under influence of electron beam. The second electrode should stop all
electrons. The thickness of the first electrode determines the energy level for which
compensation of the both signals can be obtained.

The electromagnetic energy analyzers are the most common instruments used for electron
energy determination. Two basic configuration of such instruments can be applied. The first
one has magnetic field defined by certain current level in magnet coil, fixed position of the slit
and Faraday cup at the end as a beam current monitor. The second construction has constant
magnetic field and is equipped with several electrodes to determine electron energy spread.

The electrostatic energy analyzers can be constructed as well but technical difficulties
make them impractical when energy level is higher than 2 MeV. The activation method is used
sometime for selected metals (beryllium, copper) to calibrate energy measuring system.
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2.3.3. Time characteristics
Pulse parameters measurements are important when accelerators work in pulse mode.

Many types of electrical sensors were developed to fulfill technical requirements for this type of
measurements. Induction and capacitance monitors are frequently used as a non interrupting
methods. The basic configuiation of measuring circuit is shown in Fig. 36. The coaxial cable
with proper termination between Faraday cup and oscilloscope allows to avoid pulse
distortions. That is extremely important for nanosecond time scale where suitable Faraday cup
construction is also necessary.

2.3.4. Dose distribution and monitoring

The accelerated electrons transfer their kinetics energy to the absorber mainly in ionization
process in results of which secondary electrons are emitted in materials with low Z number.
With higher Z the gamma quanta emission can be observed with higher efficiency. Finally the
energy of ionizing radiation is transferred to the heat.

The dose of ionizing radiation is the fundamental parameter of any radiation process. It
describes the influence of radiation on the irradiated object according to formula:

D = dW/m (34)

where: dW - the energy transferred to the irradiated object, m - mass of the object.

The unit of the dose in SI system is 1 Gy what corresponds to absorbed energy of 1 J in
object with mass 1 kg. Table 8 shows the basic parameters in relation to electron energy, beam
power and dose. As it can be noticed from Table 8 the absorbed dose of 1 kGy increases the
temperature of the irradiated water on 0.24°C. Due to the relatively low jump of temperature
after irradiation this process may be recognized as a cold what is very important for many
radiation processing technologies.

Table 8. The principal units applied to electron energy, beam power and dose.

Electron energy

Beam power

Dose

1 J
leV
1W
lkW
lGy

lkGy

1 kg m2/s2 = 1 Ws
1.602 10"I9J
1 kg m2/s3 = 1 J/s = 1 kg Gy/s
3600 kg kGy/h
1 J/kg=lWs/kg=100rad
6.241 • 1015 eV/g
lkWs/kg = 0.1Mrad
0.239 cal/g

The dose rate is another widely used parameters in radiation processing. It can be defined

as:

P = dD/dt Gy/s (35)

and depends on intensity (power) of radiation source. The units Gy/min is used often for low
intensity sources.

The average dose collected by object with low Z number can be calculated from the
formula:
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= E k j t 106/R Gy (36)

where: Ek - electron energy [MeV], j - beam current density [mA/cm2], R - penetration range
[g/cm2], t - time [s].

The electron penetration range depends on kinetic energy and can be evaluated for the
material with low Z number using empirical formula:

= 0.412 Ek
n (37)

where: n = 1.265 - 0.09541n Ek when 0.01<Ek<2.5 MeV or n = 0.53 Ek - 0.106 when
2.5<Ek<20MeV.

Fig. 37 illustrates penetration range changes versus electron energy. When the electron
energy is constant the dose is defined by beam current and time of irradiation. The difference in
delivered dose in practical cases can be caused by electron energy spread or spatial distribution
of electrons. The dose may be also affected by certain conditions of irradiation like non
homogeneous material density, shape or tape of irradiated object. When the irradiation
conditions are constant the dose depends only on electron energy and beam current.

When low surface density objects is irradiated and only small part of energy is deposited in
it, the dose can be calculated from the following formula:

D = ^ Sm 109 Gy (38)

where: I - beam current [A], t - time [s], s - irradiated surface [cm2], Sm - stopping power
[MeV cm2/g].

The stopping power depends on type of accelerated particle, its energy and the properties
of irradiated object. Table 9 shows the selected values of Sm coefficient for chosen materials
and energy 1 MeV.

Table 9. Stopping power coefficient for different irradiated materials.

Material

Sm[MeVcm2/g]

H2O

1.87

(C8Hg)n

1.81

C

1.63

Al

1.49

Cu

1.33

Pb

1.17

Fig. 38 illustrates the stopping power changes versus electron energy for water, coal and
aluminum.

2.4. Accelerator efficiency

The electrical efficiency of the accelerator depends mainly on principle of its operation.
The electrical efficiency of UHF linac accelerators is usually in the range of 10%. The
resonance HF accelerators may obtain 30-40% of electrical efficiency. The low energy
transformer accelerators may afford 50-80% level. The efficiency of AC conversion on electric
field which is used for electron acceleration is the main parameter which may increase an
electrical energy consumption and decrease accelerator efficiency. Electrical energy
consumption is the significant part of exploitation cost especially for high power electron
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accelerator. The total efficiency of high power electron accelerator depends on electrical
efficiencies of certain accelerator units:
- AC frequency converter/AC power regulator (0.7-0.95),
- DC power supply (0.5-0.95),
- control and accelerating units (0.85-0.95),
- air cooling system (0.9-0.95),
- window losses (0.6-0.95).

Except size and cost the type of electrical circuit in applied equipment is important from
point of view electrical efficiency. The electrical efficiency of selected low energy high power
accelerators is given in Table 10.

Table 10. Low energy high power accelerators electrical efficiency.

Accelerator

PZ-4 Electrocurtain

300 keV, 220 kW

Broadbeam 300 keV, 500 kW

RDI 600/200/1830

600 keV, 120 kW

90NHV-1229

800 keV, 200 kW

NHV 800 keV, 300 kW

ELV3A 700 keV, 50 kW

HV generator
efficiency [%]

90

64

91

70

Overall
efficiency [%]

63

56

70

51

80

55

Power plug efficiency over 80% may be obtained in high power electron accelerators with
low frequency power line (50/60 Hz). It ensures high efficiency of AC to DC conversion (over
90%). Fig. 39 shows the relation between beam power and AC power consumption and total
electrical efficiency for transformer accelerator ELV3A with core less transformer which
requires 400 Hz AC power line. Frequency converter losses are bigger when beam power is
relatively low whereas eddy current losses are more significant for higher beam power.

Any practical accelerator construction must make compromise with size, efficiency and
cost. The electrical energy consumption of the high voltage power supply depends on its
construction and required beam power level. The other accelerators parts like control unit are
practically the same for any accelerator size.

Handling technique and the construction of the product transport system has a
great influence on total facility efficiency. Careful engineering of product handling assembles is
equally important to successful industrial EB technology implementation as the reliability and
design features of the accelerators themselves. This so call under beam equipment has to be
designed specifically to the certain radiation process to minimize electron energy losses and
increase process efficiency. The accurate control of product speed and positioning including
the event of process interruption assure the proper quality of the EB process. Automated
dosimetry system together with back-up data is necessary to fulfill GIP requirements.
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3. ELECTRON ACCELERATORS FOR RADIATION PROCESSING

3.1. Direct accelerators

DC voltage is used to accelerate electrons in direct acceleration method. The necessary
DC voltage power supplies are usually based on use high power, oil or gas filled HV
transformers with suitable rectifier circuit. They are simple and the most reliable accelerator
component. HV cable is usually used to connect HV power supply and accelerating head for
voltage level usually not higher than 0.8 MV. The MV voltage level in conventional
transformer is impractical because of technical problem with insulation and dimensions of such
device. Different type of inductance or capacitance coupling makes possible to increase
relatively low primary voltage up to 5 MV by multistage cascade systems.

3.1.1. High voltage transformer accelerators

Low energy transformer accelerators are based on use high power transformers as high
voltage generators and covers electron energy range 0.15-0.8 MeV. Both point source and
linear source cathode arrangement are applied in diode or triode configuration of electron gun
Accelerators this type are usually selfshielded and placed directly into the production line.
They relatively small in volume and required surface of installation. They are superior
alternative to thermal ovens, IR heaters and UV lamps in many industrial processes. The beam
power several hundred kW was obtained with high efficiency of electrical energy to electron
beam conversion. The significant advantage of these accelerators is their capability to provid a
high dose at high throughput rate.

High voltage iron core transformers and semiconductors rectifiers circuit are commonly
used to obtain desired DC and electron beam parameters. Oil or SF6 gas insulating system may
be adopted. Low frequency power line (50/60 Hz) is suitable when high efficiency of AC to
DC conversion (over 90%) is needed. Described above technology of power supply
construction were successfully applied by different accelerators manufacturers. The MW beam
power level may be obtained on the base of exiting technology. The disadvantage of low
energy accelerators is related to low penetration rate of low energy electrons. The surface
curing is the most frequent application of such machines. Thin streams of liquids and gas phase
processing may be chosen for future radiation processing applications low energy accelerators.

Many different construction have been build by major accelerator producers like Energy
Science Inc. (USA), Nissin High-Voltage Co. Ltd. (Japan), Polymer Physics (Germany),
Institute of Nuclear Physics (Russia), NIIEFA (Russia), Radiation Polymer Corp. (USA) and
others.

- ESI ENERGY SCIENCE INC., USA
Electrocurtain System which cover 165-300 keV electron energy level was successfully

introduced to industrial application. ESI accelerators have been in operation since 1972. They
based on linear cathode construction and selshielded body. This type of selfshielded electron
processors can offer high degree of safety, good control of the accelerator and process
parameters and inert process zone to eliminate ozone contamination. New 150 keV
Electrocure System was introduced to obtain more reliable, energy efficient operation. It is
optimized to cure coatings inks and adhesives up to 100 u.m thickness. 2000 hours is typical
window foil lifetime. Waste power dissipation and temperature control became important
because of the small process zone and beam power densities which can reached very high level
MW/m2 at the window. Fig. 40A shows schematic geometry of accelerator EPZ-4 type suitable
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for high power radiation processing. The underbeam equipment with suitable cooling system
can be applied to reduce the thermal effect which is connected with irradiation process
(Fig. 40B) [22].

- RPC INDUSTRIES, USA
Processors with electron energy 200-300 keV are build with maximum output current

1.200 raA for unit having width 2.134 mm. 1.700 m.A can be obtained with 3.220 mm length
of the output system what is the most recent achievement with productivity 12 Mgym/min [23],
The modular array of tungsten filaments and planar screen grids are applied to obtain high dose
uniformity. The electrons pass through the holes in the water cooled window support plate and
than trough the thin metal foil into reaction chamber. BroadBeam accelerators which were
delivered for industrial application are capable to work 3 shifts per day.

- POLYMER PHYSICS, GERMANY
The company was established in 1972. Low energy transformer accelerators with voltage

range 150-280 kV, max. electron current 220 raA and max. electron path length 2.500 mm are
being manufactured [24]. The point source concept was used in this type of accelerator
construction Accelerators this are were applied in radiation processing application when low
energy electron beam with medium power is needed.

- NISSIN HIGH VOLTAGE CO. LTD., JAPAN
Low energy transformer accelerators are produced in NHV with voltage range 150-800

kV and electron beam current 20-600 mA. The most of them were applied for R&D and pilot
installations. Over 80 low energy accelerators have been constructed up to now. 300-500 kW
per accelerating head and 600-1000 kW DC power supply were afforded in respect flue gas
treatment application [25,26].

- NIIEFA, RUSSIA
NIIEFA is engaged in low energy selfshielded accelerator development and manufacturing

in addition to microwave linac technology. Electron energy 0.2-0.75 MeV and beam power up
to 100 kW are obtained in AURORA type of accelerators where industrial three-phase net is
apply in power supply system. HV cable is used to connect power supply and accelerating
heads. The ELECTRON accelerators are equipped with the integrated high voltage generator
and accelerating system. HV generator is single-phase inductively coupled cascade having the
opened magnetic core. Static frequency converter powered by industrial three phase net is
used. Those accelerators are designed to be operated at the energies 0.5-2.5 MeV and beam
power up to 100 kW [27]. The accelerator efficiency is approximately 80%. New output
system with extended bending magnet was build to decrease vertical size of accelerator. Fig. 41
shows selfshielded horizontal structure of the electron accelerator equipped with 90c bending
and scanning system.

3.1.2. Isolated core transformers accelerators

Isolated core transformer accelerators have been made since 60's when this construction
were developed by HVEC. The iron core is divided on isolated segments, each one with
separate rectifier circuit with voltage double. The DC voltage from each segment is connected
in series to produce high voltage for electron acceleration. The isolated core transformer is
characterized by high efficiency coefficient (over 90%). Depending on the operating voltage
and current up to 75% of the AC power can be converted into a electron beam energy.
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Accelerators this type can be produced in configuration where power supply is separate or
mounted together with accelerating head.

- VIVIRAD HIGH VOLTAGE CORPORATION (VHV), FRANCE
The company was established in 1989. ICT accelerators with energy range 0.5-3 MeV

and beam power up to 100 kW are offered by VHV on the base of technology which was
acquired from HVEC where more than 250 industrial accelerators have been build [28]. Total
electrical efficiency of VHV accelerators is usually better than 70%. Cable connection (up to
800 kV) or transmission line are used in certain accelerator construction to connect power
supply and accelerating head. Development are in progress to increase maximum beam power
range. Reconditioned equipment is also offered by VHV.

3.1.3. Cockcroft-Walton and Dynamitron accelerators
The Cockroft-Walton and Dynamitron accelerators are based on the capacitance coupling

to multipicate the input voltage to desired level. The same power and energy level can be
obtained in both accelerator configuration. The principal difference is related to capacitance
coupling of Cockroft-Walton circuit (Fig. 42A) and parallel capacitance loading in Dynamitron
case (Fig. 42B).

- NISSIN HIGH VOLTAGE CO. LTD., JAPAN
Medium energy accelerators based on Cockroft Walton HV generator are produced by

NHV. Multistage rectifier circuit and 3 kHz AC voltage are applied. Electrical efficiency 75%
has been achieved. Accelerators this type cover electron energy range 1-5 MeV and beam
power up to 150 kW. The most advanced achievement in medium energy accelerators is
completion 5 MeV, 150 kW unit for radiation sterilization application. The Table 11 illustrates
the scale of production NHV accelerators and fields of their application.

Table 11. Supply record of NHV electron processing systems (July 1997).

Field of application

Research and development

Wire and cable

Polyethylene foam

Heat shrinkable sheet and tube

Curing and converting

Automobile tire

Sterilization

Flue gas treatment

Others

Total

200-300
keV

50

2

-

3

14

10

-

-

5

84

0.35-1.2
eV

7

51

18

3

2

27

2

7

10

127

1.5-5.0
MeV

5

5

1

4

-

-

1

-

4

20

Total

62

58

19

10

16

37

3

7

19

231

- RADIATION DYNAMICS INC, USA
Multistage rectifier circuit with parallel coupling capacitance is applied in Dynamitron

where 100 kHz AC voltage is applied. This parallel coupling into each rectifier eliminates
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technical problem posed by series coupling system provides more efficient way for power
transfer. The voltage multiplication can cover electron energy range 0.3-5 MeV with average
beam power up to 200 kW [29]. The total electrical efficiency is about 60-70%. Power
conversion efficiency is usually not affected when the beam power level is above 20% of
nominal beam power of the accelerator [30]. Nearly 200 accelerators this type were made.
RDIs most recent achievement is the 5 MeV 200 kW Dynamitron.

3.1.4. Core less transformer accelerators

High voltage coreless transformer are applied with SF6 insulating system. The
integrated HV generator and accelerating system are used. Accelerators this type are usually
operated at AC voltage with frequency 0.4-1 kHz to reduce the accelerator dimensions.
Electrical efficiency AC to DC conversion over 80% can be obtained.

- INSTITUTE OF NUCLEAR PHYSICS, RUSSIA
Electron energy range 0.2-2.5 MeV and beam power up to 160 kW was obtained in

accelerators based on coreless HV transformer operated at 400 Hz AC voltage [31]. Over 60
accelerators this type have been successfully applied in industry for different branch of
radiation processing. The general view of ELV accelerator is shown in Fig. 43. The maximum
voltage induced on the single coil of secondary winding is 20 kV. This voltage is doubled by
rectifying circuit. The certain number of secondary coils is needed to obtain required output
voltage level. There is no central magnetic guide what simplifies the high voltage source
design. One pressure tank is used to install HV transformer and accelerating section. Electrical
efficiency depends mainly on power supply construction. Efficiency range 65-80% were
obtained when rotary frequency converter were applied. It could be increase up to 85% or
more when thyristor converter will be adopted for high power accelerators.

The most recent achievement is the high power accelerator where longitudinal magnetic
field is applied. 700 keV electron energy and 500 kW beam power level were already reached.
Windowless output system was applied to increase beam current extraction capability [32]. The
power supply constmctio.n,based on core less concept operated with frequency 1000 Hz would
provide the power up to 1 MW (if necessary) with increased number of irradiators.

3.1.5. Other constructions

A diode type electron processors with linear cathode and the single acceleration gap were
constructed in Institute of Surface Modification in Germany. Several accelerator models were
build to cover energy range 150-250 keV and beam power up to 75 kW. Typical application
are related to R&D pilot installation and surface modification (furniture, printing) [33].
Prototype model of mobile facility AGATE-M for gas phase treatment (Violate Organic
Compounds removal) was equipped with accelerator this type and demonstrated on the site.
Flow rate 1200 m3/h was obtain for the dose level 10 kGy (electron energy - 150-200 keV,
beam power - 6 kW).

Low energy transformer accelerator was constructed in Institute for Nuclear Study in
Poland to cover electron energy range 200-400 keV and beam current up to 100 mA [34],
Electrical efficiency 70% was obtained. Point source was applied with LaB6 cathode material.
X-Y scanning system was applied due to small size of the beam (<j> = 3 mm) at the window
level. Designed study has been started on high power electron accelerator for flue gas
treatment. The system powered from three-phase 6 kV mains consists of 6 kV/1-12 kV
regulating transformer, 800 kV/400 kW voltage unit and two 200 kW accelerating heads [35].
Voltage regulation is done by changing of stopped rotor position in relation to stator windings.
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Voltage unit forms magnetically coupled cascade bridge rectifier. Three iron columns coupled
at the bottom and top are applied as a magnetic core.

Several ICT accelerators for electron energy 0.3-1.2 MeV were designed and build in
China during the past two decades [36]. In addition to that Dynamitron type units have been
constructed with electron energy 2-2.5 MeV and beam power 20-50 kW [37]. These
accelerators are being used in China as R&D and industrial facilities.

Low energy and medium energy transformer accelerators are designed in many countries
due to R&D activity in nuclear research study. These prototype instruments are frequently
applied in pilot plants facilities and sometime are used for radiation processing on industrial
scale. That may stimulate future progress in implementation of radiation technologies and
advanced accelerator technology transfer from well established accelerator producers.

3.2. Resonance accelerators

3.2.1. HF accelerators

Resonant HF accelerators are based on the large size resonant cavitie working at the
frequency vary from one to several hundred MHz. The high power vacuum tubes are applied
to provide necessary electromagnetic energy which is used to accelerate electrons in
accelerator this type. Those cheap and reliable components require relatively simply and
compact DC or pulse modulators to generate HF oscillations. Medium and high electron
energy level with appropriate beam power can be obtained. First industrial accelerators this
type were developed in Russia more than 20 years ago. It was based on one coaxial resonator
operating in pulse regime. The resonator was made of two separate halves mounted inside of
stainless steel vacuum part (Fig. 44). The central cylindrical part of resonator formed the
accelerating gap (about 10 cm). The electron injector consists of a grid, made in upper
electrode to control beam current by changing the value of positive bias voltage on the cathode
with respect to the grid. The self-excited 110 MHz generator made on industrial vacuum triode
was used to form HV oscillation inside of coaxial cavity and provide necessary energy for
electron acceleration process. It was found that the accelerating gap of the resonator can be
operated up to 3 MV [38].

Different construction of HF resonant accelerator named Cassitron was developed in
France to overcome energy limitation of previously described accelerator [39]. Power supply
was build with high power triode operated at 166 MHz and average power 50 kW. Three
resonance cavities placed in line were applied to accelerate the electrons to energy 8-10 MeV.
The accelerator tank assembly is shown in Fig. 45. The Cassitron was designed as industrial
accelerator for wide range application in the field of radiation technologies including food
processing where accelerator this type was applied [40]. Accelerators based on Cassitron
concept are not offered at present by its producer CGR MeV, France due to technical
difficulties found during exploitation of the first industrial unit.

New concept of HF cavity arrangement for mutipass electron acceleration was invented in
France [41]. The coaxial line short-circuited on both ends was proposed to accelerate electrons
in standing wave conditions. The electric field is radial with maximum at the median plane
whereas the magnetic field is azimuthaland is equal to zero at the median position. That
creates opportunity to accelerate electron beam crossing diametrically the cavity without
distortion coming from magnetic field presence. Bending devices located outside of cavity are
used to successive beam acceleration in the same electric field. The compact construction, high
energy and high beam power make this accelerator suitable for industrial application.
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- INSTITUTE OF NUCLEAR PHYSICS, RUSSIA
Industrial model of HF resonant accelerator was developed to cover electron energy range

from 0.5-2.5 MeV with average beam power up to 20 kW. Above 30 accelerators this type
were constructed and installed in Russia and several other countries for different field of R&D
and industrial applications. Electrical circuit of this accelerator is shown in Fig. 46. Pulse
operation regime was applied with pulse duration of the order of 0.5 ms. Fig. 47 shows
different output systems designed and build specifically to fulfill wide range requirements of
different radiation technologies [42,43]. Electron energy range 4-5 MeV and average beam
power up to 50 kW can be obtained in new models based on the same concept [44].

- ION BEAM APPLICATION, BELGIUM
Rhodotron, based on a new concept of electron accelerator arrangement was constructed

and tested by a French team from the French Atomic Energy Agency (CEA). In 1991 Ion
Beam Application (IBA) and CEA signed collaboration agreement giving IBA the exclusive
right to industrialize and market the new accelerator [45]. The radial electric field is generated
in single coaxial cavity powered by HF generator and operated in CW mode. Electron beam
passes several times across resonant cavity before it is extracted into the open air. Electron
energy can be as high as 5 and 10 MeV [46,47]. Beam power up to 200 kW can be obtained.
There is continuous beam operation with HF modulation of the electron intensity. The
principle of operation and accelerator construction are shown on Fig. 48. The compact
construction is suitable for industrial application in wide range of radiation technology. Several
accelerators this type were installed in different fields of radiation processing.

3.2.2. UHF accelerators

The main feature of accelerator this type is the microwave energy use in electron
accelerating process. Power supplies consist of microwave generators with S-band or L-band
frequencies (3000-1300 MHz). A large number of small resonant cavities is used. UHF sources
parameters are playing the crucial role in linacs this type. The UHF accelerating structure can
provide electric field in the order of 12 MV/m as compared with 2 MV/m for DC accelerator
due to magnetic isolation which is present in such system. That makes UHF accelerator
construction very compact. However, the overall electrical efficiency of microwave linac is 10
to 20% because of the power loss in the microwave generator and accelerating tube. The
klystrons are more stable in frequency and power but they have efficiency of 40-50% in
comparison with 70% efficiency of magnetrons. UHF linac can be built with traveling or
standing wave configuration. Fig. 49 shows block diagram of linear accelerator supplied by
magnetron.

The last one technology can obtain higher accelerating gradient in cost of more
sophisticated microwave power system and acceleration section technology. Continuous wave
(CW) operation may significantly improve electrical efficiency (40%) and afford MW beam
power level.

The high electron energy level and related to that high penetration range of the electrons
is one of the most important feature of offered by UHF accelerators. However, the relatively
low energy range (2-3 MeV) was adopted in UHF modern technology to construct very
compact selfshielded machines with moderate beam power applied on site for sterilization or
hospital waste treatment.

- MeV INDUSTRIE S.A., FRANCE
30 years of experience in electron accelerator development. 3-10 MeV, 3-20 kW linear

accelerators are offered [48]. Accelerators were applied in different branches of radiation
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processing. UHF linac CIRCE 10 MeV, 10 kW is shown in Fig. 50. Accelerator section is
installed horizontally close to the klystron microwave generator. Output device is located in
separate room just above conveyer system.

- AECL ACCELERATORS, CANADA
IMPELA 10 MeV, 50 kW beam power accelerator has been tested and delivered for

radiation processing application [49]. This accelerator is operated with 200 us electron pulse
duration to obtain higher energy with appropriate beam power level. Continuous wave (CW)
accelerator with electron energy 4 MeV and average beam power 80 kW was build. Totally
IMPELA family may covers electron energy 4-18 MeV and beam power range 20-250 kW.

- NIIEFA, RUSSIA
30 years of experience with accelerator development and construction. Several generation

of linear electron accelerators for radiation processing were build. The present offer cover
energy range 5-15 MeV and average beam power up to 30 kW. Accelerator were applied in
the field of radiation processing since 1972. The most recent achievement is 10 MeV, 30 kW
beam power unit. Fig. 51 shows electron accelerator with electron energy 8 MeV and beam
power 5 kW which can be installed vertically or horizontally.

The UHF linac technology is widely applied for medical accelerator construction. Nearly
5000 electron accelerator have been build. This accelerators can be modified to obtain higher
beam power. Several construction this type are offered by Varian, USA. Polish Institute of
Physical Problems offers linear accelerator PILOT with 10 MeV and 1 kW beam power. The
more advanced models are under consideration (Fig. 52).

4. ECONOMIC CONSIDERATIONS

4.1. Economical aspects of radiation processing with electron beam

The first and necessary step of any decision related to implementation of the radiation
technology is to find the technical or economical reasons why certain radiation technology is
better than more common alternative methods. Electron beams or gamma rays may be applied
to initiate desired radiation process.

The advantage of electron beam application in comparison to gamma sources in radiation
processing are as follow: high radiation intensity (high throughput) switching on/off
capabilities (safety, loading characteristics, service), short time of the exposure, fully controlled
process, high beam power utilization, small treatment zones, simple conveyor system, small
unit cost of operation, better public acceptance. On the other hand the disadvantages of EB
treatment should be also taken into account. The dose distribution should be evaluated because
of limited electron penetration. The minimum of electron energy should be found that allow
obtain desired dose distribution. EB facilities are usually more expensive in sense of investment
cost and require better qualified personnel to compare with gamma installations.

The profit is defined as the difference between total income which comes from selling the
products and total cost which includes cost of materials, labor, rent, overhead, depreciation,
taxes, etc. The cost analysis can help to evaluate the economic parameters which are important
implementation to technical description of any project. It is usually based on fixed and variable
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costs data evaluation. The absence of the profit is one of the most characteristic feature of any
technology applied for environment protection.

The fixed costs are not dependent on the facility output in primary terms. They are related
to investment cost and administrative overhead. The equipment cost including accelerator, rent
or plant floor space cost are the most common examples of fixed cost. In modern economy
there are other components like employee health care, liability insurance, environmental costs,
research and development, taxes.

The variable costs incurred through the facility throughput and such expenses as material,
utilities and labor costs should be included. Utility costs in electron beam operation are mostly
electricity and the nitrogen for certain accelerator construction. Water consumption is relatively
low due to commonly applied close loop in water cooling systems. It should be noticed that
labor cost and cost of electricity vary widely depends on the country. Energy consumption is
becoming one of the significant part of any cost analysis. Accelerator technology can be
recognized as a equipment for conversion of electrical energy to ionizing radiation. The energy
utilization efficiency depends directly on process characteristics, accelerator construction and
electron beam utilization. Highly efficient use of electrical energy may decrease amounts of
pollutants emitted during combustion process in electricity generating plants powered by fossil
fuels. It can be optimized by proper relation between electron energy, beam current and
irradiated material properties. It was found that 1-2% of total electrical power should be
applied to remove SO2 and NOX pollutants which are emitted coal combustion applied in
electrical energy generation process.

The variable costs calculated per unit of irradiated product are not constant for different
volume output. The typical relation between fixed unit cost, variable unit cost and total cost is
shown in Fig. 53. The most effective facility throughput can be evaluated instead of loss and
profit calculation defined by the level of total income normally derived from the sale of the
product (Fig. 54) [50].

The electron beams applied for radiation processing are used within energy range 0.15-15
MeV. The requirements associated with the construction and use of accelerator-based facility
are related to the product characteristics and process capacity. Continuous process or unit
operation systems are used in relation to product parameters. On line systems are often used in
the process integrated directly into the production line. Continuous irradiation system is more
common for radiation processing technologies applied on industrial scale. The average beam
power can vary in the range of 3-500 kW, depends on accelerator type and application. The
typical irradiation facility is usually equipped with accelerator which provides electron beam
with beam power 10-50 kW. The throughput is directly related to the beam power level.
Difficulties in handling such processes like sterilization, modification polymers and
semiconductors process may appear at very high rate of irradiation what corresponds to very
high beam power level. The required electron energy and beam power level should be defined
to chose proper accelerator construction capable to desired product volume.

4.2. Economics

Economic and financial evaluation should be performed to obtain information about
commercial and national economic profitability of any radiation technology project before its
final approval and implementation. The financial analysis is concerned with such issues as:
what sources of founds are available to finance the project, what expenditures are necessary,
the returns sufficient to attract capital for radiation technology project and is there a positive
cash-flow. Economic evaluation should include structure of investment and operating cost of
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radiation facility. The economical effects of radiation installation may be influenced by many
factors. The most important are the following:
- investment cost (accelerator, auxiliary equipment, monitoring and process control systems,

material handling system, building including radiation shielding and land acquisition, project
preparation, engineering, start up and validation procedures),

- operating cost (financial cost - debt service, maintenance and spare parts, personnel - labor
cost, administration and overhead, utilities - electricity, water, air, etc.),

- utilization of electron beam and dose setting.
The period during which radiation processing is interrupted due to changes in handling

system or necessary accelerator maintenance may decrease efficiency of electron beam facility.
Electron accelerator maintenance are usually related to replacement such components as the
window foils, cathodes of the electron gun or electronic equipment with limited life time
(klystrons, magnetron, vacuum tubes).

The investment costs are always high for any electron beam facilities mainly because of
the accelerators price and costs concerning building with special biological shielding. There is
also auxiliary equipment needed like conveyor, cooling and ventilation systems, control and
monitoring system. Low energy accelerators may offer the lowest capital cost (cost of
accelerator, shielding) but with low penetration level what causes loss of flexibility. In very-
high simplification it can be assumed that the cost of accelerator can be determined by
following formula:

Ka = a x E x V P k$ (39)

where: a - coefficient related with the type of accelerator and manufacturer prime costs,
E - electron energy [MeV], P - average beam power [kW].

The accelerator cost will be given in thousand of dollars for UHF linear accelerators with
energy range between 3 and 10 MeV [51]. The "a" coefficient equal 22 was obtained for
accelerator installed at Radiation Sterilization Plant of Medical Devices, INCT in 1993. Linear
accelerator installed in 1971 at the same location can be characterized by the coefficient a = 25.
Both accelerators were purchased in Russia. The UHF accelerators offered by western
companies can be characterized by "a" coefficient in the range 40-50.

Cost of direct accelerators with medium energy (1-5 MeV) can be also estimated by
formula (39). The coefficient "a" for such machines is usually in the range 60-100 depends on
manufacturer experience and accelerator construction. Better accuracy of the accelerator cost
estimation may be obtained when the comparison is performed between accelerators with the
same principle of operation what is usually related to the certain range of electron energy.

The costs of industrial electron accelerators usually range between 0.5-5 M$ depending on
the type of accelerator, energy of electrons and average beam power, the type of construction
and manufacturer. The relative costs in respect of average beam power for different accelerator
construction and electron energy are in the range presented below according to manufacturer
information and author estimation:
- transformer accelerators 2-25 $/W (low and medium energy),
- HF accelerators 20-80 $/W (medium and high energy),
- UHF accelerators 30-150 $/W (high energy),
- induction linacs 2-20 $/W (medium energy).
The above data indicate general relations and are the subject of change. Tendency to reduce
the cost has been clearly observed in last few years.
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The capital expenditures cost is directly related to accelerator cost according to formula:

Ki = b x Ka (40)

where: Ki - capital expenditure cost, Ka - accelerator cost, b - constant coefficient equal to
2.4.

The capital expenditure cost calculated according to above formula takes into account also
designing and building costs as well as the auxiliary equipment needed like conveyer, cooling
and control systems. Installation costs are not sometimes included within the contract and
have to be covered separately. In the case of accelerators installed in INCT, the coefficient "b"
had following values:
- 2.4 for UHF linear accelerator LAE 13/9 (1971 r.) -13 MeV, 9 kW, multipurpose facility;
- 2.3 for HF accelerator ILU 6 (1988 r.) - 2 MeV, 20 kW, pilot plant for radiation processing;
- 3.2 for UHF linear accelerator Elektronika (1993) -10 MeV, 10 kW, radiation sterilization.

The similar coefficient 3.2 corresponds to radiation sterilization facility Titan, installed
recently in San Diego, USA (10 MeV, 10 kW) [52]. When the beam power of the electron
accelerator is significantly higher the cost of accelerator to compare with other costs drops as
well. The coefficient b = 6.2 has been found for industrial facility for flue gas treatment where
total beam power is 1.2 MW. Table 12 shows the estimated cost of the EPS Pomorzany
industrial facility where such powerfull accelerator system will be installed.

Table. 12. The estimated investment cost of the EPS Pomorzany industrial facility.

Specification

Accelerator

Flue gas conditioning

Irradiation chamber

Byproduct handling system

Control and analytical systems

Engineering and construction

Transport, assembly and other

Contigency

Total

Value
[M$]

2.9

0.7

0.4

5.8

1.8

2.5

2.3

1.6

18.0

Share
[%]
16.1

3.9

2.2

32.2

10.0

13.9

12.8

8.9

100.0

The accuracy of individual estimations depends on manufacturer experience and
manufacturing costs for prototype accelerator what can be illustrated by following example.
Electron accelerator constructed by Technical System Ltd., United Kingdom with 10 MeV,
30 kW and total price Ka = 2.8 M$ could be installed in facility with total investment cost
Ki = 4.3 M$ [53]. It is related to coefficients values a = 51 and b = 1.5. It shows that cost of
this particular accelerator was higher than average cost level on the market for accelerator this
type.

The exploitation costs can be divided into two parts - the first part is fixed and does not
depend on the production scale. Except amortization and credit repayment the costs of
calibration and validation should be also taken into account. The second part - variable cost
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grows proportionally with the scale of service (labor, utilities, the costs concerning accelerator
maintenance).

The throughput of radiation facility can be calculated according with the general formula:

Re = 3600 x Fpe x P kg kGy/h (41)

where: Re - throughput of radiation facility, Fpe - fraction of beam power absorbed by the
irradiated object, P - average beam power [kW].

The following factors are to be taken into account when the utilization of electron beam is
concerned: dose distribution (as a function of energy and beam current), type of irradiated
items (complex product geometry, material density), uniformity of conveyor speed, and the
design of the carrier system. The dose distribution in irradiated product with electron beam has
nonlinear characteristics [54]. The electron beam energy utilization is limited when the agreed
level of homogeneity of object irradiation should be kept. It can be slightly improved when two
sided irradiation is applied (up to 20%). It was assumed for calculation presented below that
the value of 60% of beam power utilization may be obtained in radiation sterilization process.
Higher efficiency of the irradiation process (up to 90%) may be obtained in continuous
irradiation system which is applied usually in environmentally oriented technologies (flue gas
and sewage sludges treatment). The costs of irradiation is strictly related to the dose required
by certain process. It also corresponds to the facility throughput and total operating cost.

Radiation sterilization has been introduced in Poland in early seventies since installation of
the linear electron accelerator in 1971, The detailed research program where performed in
1973-1977 to developed methods and procedures and evaluate suitable materials for industrial
application of the process. The commercial irradiation was started in 1974. The commercial
irradiation facility was build and started in 1993 to fulfill growing demands for irradiation
service [55]. The main parameters of the facility are given in Table 13.

Table

Accelerator Elektronika
10/10

(made in Russia)

Electron energy 10 MeV

Beam power 10 kW

Scan width 65 cm

AC power 120 kVA
consumption

13. INCT radiation sterilization facility.

Building

total surface

total capacity

storage surface

1814 m2

9230 m2

2 x 288 m2

Process parameters

conveyor speed

unit size

productivity

0.3-7 m/min

56x45x(10-30)
cm
0.05 m3

10000 kg Gy/h

The economic parameters INCT facility for radiation sterilization are presented in Table
14. The debt service is based on paying off a loan due to investment cost in 15 years at 8%
interests often used for such calculation [56]. The administration cost covers management,
administration and quality service (dosimetry). Labor cost is related to operator, maintenance
and conveyor service personnel. The electric power cost is based on 120 kW electrical energy
consumption at 5 cents/kWh. 60% of electron beam utilization has been found (product density
0.15 g/cm3). The unified size of the product box with volume 0,05 cm3 was accepted in unit
operation process.
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Table. 14. Economic parameters of INCT radiation sterilization facility.

Investment cost [k$]

Accelerator

Conveyor

Building

Installation

Total

Exploitation cost

Debt service •

Administration

Labor

Maintenance and spare parts

Electrical energy

Total

Processing rates and costs

Throughput (volume)

Throughput (units* 0.05 m3)

One EB hour cost

Unit cost

700

100

1400

50

2250

1000 h

180

60

60

25

5

330

1000

4800 m3

96 unit/h

330$

3.44$

2000 h

180

60

120

50

10

420

2000

9600 m3

96 unit/h

210$

2.19$

* size of the product box (cm): 50 x 60 x 17

The elements of one EB hour cost are given in Table 15. The operating costs are
significantly influenced by the initial capital costs (building, accelerator, conveyor). Radiation
sterilization carried out with electron beam requires quite high capital expenditure. The only
way to lower the irradiation costs of single unit is to obtained the intensive plant-utilization.
The radiation sterilization is competitive with another sterilization techniques when the plant is
carried out with the high throughput. That can be illustrated by Fig. 55 where share of
investment cost, cost of one hour accelerator exploitation and maintenance and spare parts
versus time of accelerator exploitation is displayed.

Table 15. The elements of one EB hour cost of accelerator exploitation.

One EB hour cost elements [%]

Building

Labor

Administration

Accelerator

Maintenance

Conveyor

Electrical energy

Installation

1000 h

34.0

18.2

18.2

16.9

7.6

2.4

1.5

1.2

2000 h

26.6

28.6

14.3

13.2

11.9

2.0

2.4

1.0
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Accelerator efficiency is one of many factors which can have influenced facility efficiency
because of the cost of electric energy. It is more important for high electron beam power
accelerators with relatively low investment cost. High electron energy accelerators with low
electrical efficiency (10%) are commonly used for radiation sterilization. The cost of electrical
energy is only small parts of exploitation cost (1.5% for 1000 h in one year accelerator
exploitation - Table 15) because of high investment cost and relatively low total electrical
energy consumption. The cost of electrical energy is higher for more intense accelerator
exploitation (2.4% - 2000 h).

Electrical energy consumption becomes more important for high electron beam power
accelerators with for relatively low investment cost. The cost of electrical energy is the
ignificant part of exploitation cost for flue gas treatment facility in spite of high electrical
efficiency of the accelerator what is illustrated by Table 16.

Table. 16. Economic data of radiation sterilization facility (electron energy 10 MeV,
beam power 20 kW) and industrial facility for flue gas treatment (0.8 MeV, 1200 kW).

Type of costs [k$]

Investment cost:

- accelerator

- building, auxiliary equipment

Exploitation cost:

- bank credit

- administration

- service personnel

- spare parts

- electrical energy

Total

Electrical energy share

Radiation
sterilization facility

(10 MeV, 20 kW)

3000

4500

860

300

200

150

40

1550

2.6%

Flue gas treatment
facility

(lMeV, 1200 kW)

3500

14500

2060

200

100

100

480

2940

16.3%

4.3. General remarks

The application of electron accelerator for radiation processing has been started in 1956
when radiation sterilization and polymer modification have been performed on commercial
principles. Accelerator technology has been developed since than towards better technical and
economical parameters. More than 1000 electron accelerator have been build for this type of
application. Although the accelerators are being produced in number developed countries the
future technology transfer should be taken into account in massive accelerator environmental
application. Many other countries have at present technical capability to produce such
equipment. It may significantly reduce machines cost and help to obtain public acceptance of
this technology. Commercialization of accelerator technology may be profitable in long term
due to possible demands for such equipment for environment protection. The government
policy should promote this technology at the beginning stage when risks and benefits are
equally important.
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Higher accelerator reliability are especially important for intense accelerator exploitation
when share of maintenance and spare parts cost in exploitation cost grows significantly (Fig.
55). In the case of electron accelerators, spare parts and major maintenance service are
available usually from the manufacturer. Highly trained personnel are not required to run direct
accelerators because of simplicity of its operation under computer support. High frequency
accelerators are more costly to operate due to their more complex construction and much more
expensive spare parts like klystrons and magnetrons. This also means that a larger staff of more
highly trained personnel as well as more elaborate shop facilities are necessary.

Dedicated application is one of significant feature of low energy electron accelerators
applied in environmentally oriented process like flue gas treatment. That allows to achieved the
maximum efficiency but there is slight chance to adopt such units to multipurpose application.
The unit operation process should be taken into consideration in the case of higher energy
accelerators. When it is possible such system can offer more advantages in effective use of the
facility [57].

Product calculations have shown that electron beam facility which is not in operation for
at least 2000 h per year can not became profitable for most applications. Multi-functional use
of accelerator facility may create possibility to increase volume irradiated product and improve
economical factors. The environmentally oriented radiation process are usually applied in
continuous (non stop) mode of operation in period acceptable from point of view technical
capabilities of the installed equipment.

5. ADVANCED ACCELERATOR TECHNOLOGY

5.1. Progress in auxiliary equipment

The new accelerators ideas and constructions are being developed continuously to
achieve efficient, unexpensive, reliable, high average beam power commercial units. Advances
in high power switches technology, core amorphous ferromagnetic materials, modulator
macropulses technology, recirculation accelerators, CW operation of microwave generators,
microwave generators based on direct switching of high power electron beams are being
transfer to industrial accelerator development.

High power pulse modulators are based on component development. As an example can
be mentioned that high voltage thyratrons were designed by EEV, Ltd., to stand peak forward
anode voltage up to 100 kV with pulse current 10-100 kA and average current up to 50 A
[58]. Repetition rate up to 500 Hz can be obtained with pulse duration 1 (is. Such instruments
allow to build modulator systems that have both high peak power (>100MW) and high average
power (>1MW).

Sharp progress in microwave generation technology provided new generation of
instrument like gyrocons and magnicons (Fig. 56A). They are especially suitable for high
power application when their properties are significantly better to compare with klystrone
technology. The microwave power up to 5-10 MW in the CW mode and pulse power 500-
1000 MW can be obtained for certain the device construction with efficiency 60-80%, at the
wavelength range 0.02-1 m. A relatively narrow frequency band (0.5%) and high amplitude
and phase stability are promising for the magicon use in accelerator instrumentation [59],

Klystrode, the new type of microwave device was invented to obtain more efficient and
more compact microwave source for accelerator application [60]. Klystrode is basicly a single
cavity device with very short beam lenght to compare with the klystron (Fig. 56B). That is
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fortuitous combination of size, weight and efficiency what becames more important for modern
accelerators. Table 17 illustrate basic parameters of microwave devices suitable for accelerator
technology.

Table 17. Basic technical parameters of selected microwave devices.

Parameter

Frequency

Power

Operation

Efficiency

Producer

Klystrode

450 MHz

1MW

CW
75%

Varian EIMAC

Magicon

915MHz

1.7 MW

30 \xs, 2 Hz

65%

INF, Russia

Klystron

353 MHz

1.1 MW

CW

68%

Valvo

Klystron

3700 MHz

0.6 MW

CW
48%

Thompson

Accelerators for transmutation of nuclear waste and other intensive radiation processes
which require high beam power and high electron energy would be good field of application
this technology in future. Technical report describes design of high power CW linac energized
by two 1.2 MW CW L-band klystrons to produce an electron beam with the energy of 10
MeV and current up to 100 mA. The average beam power is supposed to be 0.2-1 MW for
duty factor 20-100% [61].

5.2. Electron beam to X-ray conversion for application in radiation
processing

Electron to X-ray conversion effect was discovered more than 100 years ago. Since
discovery X-ray due to theirs unique properties were widely applied in medical and industrial
diagnostic instruments. Secondary electrons and X-rays shower are formed during penetration
of any material by high energy electrons. The initial electron energy is degraded in scattering,
ionization and excitation processes in the matter according to bremsstrahlung formation (X-
ray), Compton effect and photoefect (secondary electrons), electron positron pair production,
photoneutron productions and annihilation mechanism. Finally electrons are termalized and
initial energy is converted into the heat. The efficiency of electron to X-rays conversion is
relatively low and depends on material density and energy of the electron beam. High
penetration abilities of X-rays may provide unique opportunity to irradiate a big volume of
irradiated object.

When high energy electron beam is stopped in a material X-rays are generated. The
efficiency of the process in certain energy range depends on electron energy and the atomic
number of the material as it was determined experimentally with confirmation of theoretical
predictions. Characteristic spatial distribution of the radiation is over 4P angle what can be
seen in Fig. 57 was established by experimental work [62]. Efficiency of conversion depends
on electron energy and atomic number of the target material are shown in Fig. 58. Spectral
distribution of photon intensity has to be also taken into account in development of electron
beam to X-ray converter. More detail experiments were performed to determine forward X-
ray intensity and its relation to thickness of the target material [63]. The target thickness
should be established on 0.3-0.4 of the electron penetration length for certain initial electron
energy level to obtain a maximum X-ray intensity due to the X-ray self-absorption in the target
(Fig. 59).
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The efficiency of the conversion and spatial distribution of X-ray stream are the main
parameters of any target for application in radiation processing. The optimization of target
construction should be performed to improve is technical and economical parameters. Under
optimal condition only 7.6% of total electron beam power is converted into forward X-ray
stream of radiation at the initial electron energy 5 MeV. Up to 76% of electron beam power
has to be removed by cooling system. The basic data for different converter materials are given
in Table 18 [64].

Table 18. Basic data on interaction of electrons with different target materials
(thickness: 1 CSDA range) obtained by ETRAN code [64].

Electron
energy

2.0 MeV

5.0 MeV

Items

Photon transmission

Photon reflection

Electron transmission

Electron reflection

Energy deposition

Total

Photon transmission

Photon reflection

Electron transmission

Electron reflection

Energy deposition

Total

Ta(Z
[keV]

49

39

0

485

1415

1988

380

177

2

626

3800

4985

= 73)

[%]

2.43

1.93

0.01

24.25

70.76

99.38

7.60

3.54

0.04

12.51

75.99

99.68

W(Z
[keV]

49

39

0

485

1415

1988

381

179

2

645

3748

4955

= 74)

[%]
2.43

1.95

0.01

24.26

70.74

99.39

7.61

3.57

0.03

12.89

74.96

99.06

Au(Z

[keV]
48

42

0

528

1369

1987

378

191

2

706

3691

4968

= 79)

[%]
2.42

2.08

0.01

26.39

68.47

99.37

7.57

3.81

0.03

14.11

73.81

99.34

X-ray applications for radiation processing purpose is found in some circumstances to be
economically competitive and offer more flexibility than gamma sources (easy control of
radiation safety and intensity of radiation) especially for the irradiation of high density product
like food and medical devices sterilization. Recent progress in high power and high energy
accelerators development gives an opportunity to construct and apply reliable high power
electron beam to X-ray converters suitable for industrial application [65].

The bremsstrahlung sources coming from 2 and 5 MeV electron beams conversion can
be easily adopted to radiation processing. The important features of the generated X-rays
spatial distribution from water cooled tantalum target are described. The product throughput
with one pass conveyor was estimated and compared with obtained conversion efficiency. The
cost evaluation was done. The initial cost were taken into account to determine the cost
effectiveness for the X-ray radiation processing facility.

For food irradiation, the maximum photon energy according to FAO and WHO
recommendation is 5 MeV, what means that initial electron beam energy cannot exceed 5 MeV
level as well. It should be noticed that unisotropic spatial distribution of X-ray stream allow
to achieve twice higher utilization factor to compare with isotropic y radiation. Since 67.6 kCi
of Co60 source corresponds to 1 kW of total output of y-rays, the X-ray source with 5 MeV
electrons corresponds roughly 75 kCi of Co60 per 1 mA of average beam current. To optimize
irradiation conditions and calculate X-ray throughput several parameters should be taken into
account: density and size of the package, radiation utilization efficiency, dose required, dose
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uniformity. Certain limits are present due to electron irradiation process which is the basic
function of the facility. Two sided two times irradiation (four passes) should be applied to
improve dose uniformity and increase X-ray stream utilization. It should help to overcome
deep dose distribution and X-ray intensity across conveyor belt.

Low energy EB to X-ray converter has been testified as well [66]. It was located
horizontally in atmosphere between the vacuum window and the conveyor system. Tantalum
was selected as target material because of its high atomic number, good mechanical (specific
gravity 17.1 g/cm) and thermal properties (melting point 2850°C). The tantalum plate with
thickness 0.8 mm was applied. The total thickness of target mast be thicker than penetration
range for initial electron energy level. To addition with tantalum material mm cooling water
layer and 0.5 mm stainless steel bottom plate were applied. Both the target and the bottom
plate material should withstand the oxidation caused by the high concentration of ozone
produced by the ionizing radiation. Fig. 60 shows location and the cross section view on target
structure with the cooling water. The electron beam and X-ray spatial distributions are shown
in Fig. 61 for this target arrangemet.

The mass throughput for X-rays irradiation can be calculated from the following formula:

Rx = ReFxFpx = 3600FeFpxFxP kgkGy/h (42)

where: Re - mass throughput for electron irradiation process, Fx - forward conversion
efficiency (0.08-0.11 for 5 MeV), Fpx - X-rays utilization (0.4-0.6), Fe - electron utilization
factor (0.3- 0.9), P - average beam power [kW].

Taking into account above coefficients the mass throughput for X-rays irradiation is only
a small fraction of the mass output for electron irradiation process Rx/Re = 0.03-0.07. The unit
cost of X-ray irradiation process can evaluated under following procedure:

Kj =Ko/Rx « Ka/FxP « E VPTE P « 1/VP (43)

where: Ko - overall costs, Ko » Ka; Ka - accelerator investment cost, Ka « E-N/P ; E - electron
energy; P - electron beam average power; Rx - X-rays mass throughput, Rx « Fx P « EP;
Fx - conversion efficiency, Fx » E.

According to above relation between economic parameters of the irradiation process with
low energy X-ray converters can be also economically feasible due to lower cost of lower
energy accelerators.

5.3. Progress in accelerator technology

5.3.1. Direct accelerators

One example of new development which are being under progress is cheaper and simpler
low energy machines based on different concept called Ion-Plasma where helium gas plasma is
used for electron generation from cold plain surface cathode [67,68,69J. Fig. 62 illustrates the
general concept of such accelerator. The cathode consists of solid metal surface from which
secondary electrons are emitted as a results of helium ions bombardment. The positive helium
ions are produced by cold discharge in ion source located at the anode (output window) of the
accelerator. The ions are accelerated toward cathode under influence of the voltage which is
used for electron acceleration. DC mode or pulse operation system can be applied. The
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absence of filament in the gun can simplify the control of the beam and reduces maintenance
problems. The higher efficiency and reliability are two other advantages of the system.

More than ten years was neaded to comercialize the idea of filament free low energy
processor. The WEPL (Wire Ion Plasma Models) are now offered for energy 150-250 keV and
beam power up to 100 kW by Sumitomo Heavy Industries [70]. The electron beam width
600 mm with dose uniformity ±10% was achieved. Dose distribution is much depended on the
plasma density. The average electron beam current (dose rate) can be controlled by changing
pulse repetition rate due to optimal plasma density is nedeed to have proper dose distribution
along the processor. Automatic control system with feedback loop for adjusting plasma peak
discharge current and process speed was applied.

Another approach is connected to the cold emission from multi pin cathode arrangement.
Simplified power supply system and simpler cathode construction may result in considerable
cost savings in manufacturing such process [71].

Efficient and compact high voltage generator Cockroft-Walton type has been developed
for powerful pulse operation [72,73]. The accelerator was designed to provide a pulsed
electron beam of 5.5 MeV, 100 A and 0.5 u,s pulses with repetition rate 1 kHz and average
beam power 250 kW. Two stack of concentrated capacitors were apply to reduce shunt
capacitance, reduce geometrical dimension and improve high voltage isolation of the system
due to uniform field distribution and high voltage terminal shielding from the ground. The
onionskin construction of the electrods is displied in Fig. 63 A. Electric scheme of the generator
is shown in Fig. 63B. The output voltage depends on the number of the multiplaying stages N
and relation between colum capacitance C and shunt capacitance Cp and can be found from the
formula:

U = ^/C/Cp Uin tanh 2N^/C/Cp (44)

where Ui,, represents the input voltage. The shount capacicance including diode capacitance
can be as small as 2 pF what allows to use very compact construction of the generator.

Faraday cage principle were used to build very compact high voltage generator and
compact direct accelerators [74]. The series concentric shells were placed one inside the other.
Each shell is powered by inductance coupling between primary coil and secondary winding
section located within each stage. The uniform electric field distribution was obtained. Very
efficient sloid isolation can be applied to reduce the size of the accelerator (Fig. 64). The
voltage between the shells does not depend on the total accelerating voltage but on the
interstage voltage. Interesting feature of such high voltage generator construction is that it can
run even if several stages have failed. The total energy is reduced as a result of such event but
no overvoltage happened. The use of many layers of thin dielectric film can even improve the
isolation properties to compare with solid isolator of equivalent thickness. Either pulsed or DC
operation can be applied in the accelerator based on described principle. Electron accelerators
with electron energy 0.2-5 MeV with DC operation up to 100 mA beam current (pulsed DC up
to 1 A) is offered by PracSys Corporation for radiation processing.

5.3.2. Resonance accelerators

HF and UHF resonance accelerators are usually applied in radiation processing facilities
when electron energy 5 to 10 MeV is required to irradiate objects with high surface density.
Modern technology of HF and UHF sources may provide necessary generators to achieve
beam power up to MW level in certain construction of accelerator this type. The beam power
of resonance accelerator which are being build at present is defined by demands of radiation
technology. There is no technical limits to increase beam power up to 500 kW and above. It
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should be noticed that microwave energy source operated in pulse mode makes significant part
of accelerator cost and significantly reduces accelerator efficiency. The CW (continuous wave)
linacs may be constructed for future application in radiation processing with electrical
efficiency up to 30-40%, what reduce accelerator cost and required electron beam power.

The strong competition between producers of resonance accelerators based on HF and
UHF generators are observed. The present ratings shows that HF accelerators are simpler,
more efficient and more powerful. There is no theoretical limits for beam power of accelerator
Rhodotron type. Presently achieved parameters 10 MeV, 250 kW may be overcome in future
(if required) with modified injection system. Higher energy of injected electrons to accelerating
section should solve technical difficulties with focusing of electron beam in first phase of
acceleration.

5.3.3. Induction linac

Linear induction accelerators consist of a series single turn, toroidal pulse transformers
with electron beam passing through them as secondary winding [75,76]. Induction accelerator
principle of operation is illustrated in Fig. 65. The energy of electrons depends on voltage
applied on single cavity and cavity number. The cavities can be supplied from individual
modules. Compression modules based on nonlinear inductors with saturable magnetic material
may produce high voltage pulses with high efficiency. Pulse compressor circuit is shown in Fig.
66. Modulators which were developed recently using magnetic compression modules made
accelerator construction not only very efficient but also compact. This high peak power
technology was primary developed for military application and now is being adapted to
radiation processing requirements. Up to now there is no industrial accelerator this type but
highest level of beam power and required energy range can be obtained using that concept.
Several different prototypes have been tested in USA and Russia.

- SANDIA NATIONAL LABORATORY, USA
Induction accelerator based on Repetitive High Energy Pulse Power (RHEPP) technology

is under construction. It has been designed to operate continuously, delivering average beam
power 350 kW with 60 ns electron pulse duration and energy 2.5 MeV [77].

- PHYSICS INTERNATIONAL COMPANY, USA
Compact Linear Induction Accelerator (CLIA) was build. 10 cell linear induction voltage

adder increase electron energy to 750 keV in pulses with duration 60 ns and electron pulse
current 10 kA. 90 kW average beam power was obtained with repetition rate 200 Hz [78].

- SCIENCE APPLICATION INTERNATIONAL CORPORATION, USA
Conceptual design of a high average power electron beam induction accelerator using

High Power Transformer (HPTA) technology has been performed. Average beam power 1.5
MW can be obtained at energy level 800 keV and electron pulses duration 300 ns. Wall plug
efficiency 80%. It would be chance to reduce the cost up 2 $/l W of beam power. The module
size including power supply 20-40 m3 [79].

- NIIEFA, RUSSIA
Several models of linear induction accelerators were constructed. Experimental unit with

electron energy 500 keV and pulse duration 0.2 us was tested. Average beam power 20 kW at
400 Hz repetition rate was obtained. Industrial model with electron energy 500 keV, pulse
duration 2 us and average beam power 500 kW was designed. Estimated wall plug efficiency
65% [80].
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6. SUMMARY

6.1. Status of electron beam accelerators for radiation processing

The progress in accelerator technology is tightly attached to the continuously advanced
development in many branches of technical activity. The computers and an automatic control
systems, electronic components, power switches like thyristors and thyratrons, new generations
of microwave sources are the best examples availability of the power determine components in
modern accelerator technology. Although present level of accelerators development can satisfy
most of commercial requirements, this field continues to expand and stimulates radiation
processing activity as well. On the other hand the specific demands from growing field of
industrial technology may have strong impact on R&D in accelerator technology to achieve
efficient, cheap, reliable, high average beam power commercial units. Practical accelerator
construction must be compromise between size, efficiency and cost but to optimize accelerator
performances the final decisions regarding accelerator construction should be taken in relation
to the field of accelerator application. High power accelerators have been developed to meet
specific demands of flue gas treatment and other high throughput processes. These
modification have substantially increased the capacity of the process and reduced unit cost of
operation. Table 19 illustrates basic parameters of the accelerators which are affordable
presently and in near future.

It should be noticed that linear induction accelerators can offer highest level of beam
power and required energy range but there is no working examples of high power industrial
accelerator this type at present. The construction of high power installation is needed to
confirm technological capabilities of induction linacs but average beam power of such
iaccelerators can be extended to MW level in near future.

Table 19. Electron accelerators suitable for radiation processing.

Electron beam

Accelerator

Pulse duration

Beam current

- pulse

- average

Energy range

Beam power

- present

- future

Efficiency

Industrial exp.

Continuous

Direct

DC

<1.5A

0,3-5 MeV

500 kW

1MW

60 - 80 %

+

HF/UHF

substructure

< 100 mA

1-10 MeV

200 kW

500 kW

20 - 40 %

+

Pulsed

HF

1 |is-l ms

0.1-1 A

<50mA

1-5 MeV

30 kW

50 kW

30%
+

UHF

1-10 us

0.5-5 A

< 100 mA

3-10 MeV

50 kW

500 kW

10-20 %

+

Induction

50 ns-2 us

0.5-10 kA

<1 A

1-5 MeV

350 kW

1.25 MW

60%

-
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6.2. Main advantages and disadvantages of electron accelerators

The present status of development and manufacturing of high power electron accelerators
is suitable for high capacity radiation processing. Automatic control, reliability and reduced
maintenance, adequate adoption to process conditions, suitable electron energy and beam
power are the basic features of modern accelerator construction. Accelerators have the
potential to serve as industrial radiation sources and eventually may replace in some
applications the isotope sources in future. Electron beam plants can transfer much higher
amounts of energy into the irradiated objects than other types of facilities including gamma
plants. That provide opportunity to construct technological lines with high capacity and they
are more technically and economically suitable with high throughputs, short evidence time and
grate versatility.

Some special efforts should be done to optimize electrical energy consumption for
accelerator, electron beam handling system and other auxiliary equipment related to radiation
facility to achieve the highest electrical efficiency of certain electrical components. Power line
frequency high voltage transformer for high power accelerators are at the moment the best
solution between: beam power parameters, size, electrical efficiency and cost for low electron
energy facility. New technological solutions are continuously developed and the volume of
high voltage power supply may reduced by factor 10 but more conservative option offers better
reliability with lower risk.

The most significant advantages of application electron beam sources in radiation facilities
are related to:
- availability of high power electron beam suitable for high capacity process with very short

exposure time;
- strictly controlled irradiation zone defined by parameters of electron beam scanning system;
- high fraction energy of electron beam deposited in irradiated object;
- simple product handling systems for continuous and unit operation irradiation process;
- safety, electron beam shut off capabilities to stop irradiation;
- well established accelerator technology and accelerator producers;
- economic advantages of electron beam processing;
- easy control of irradiation process;
- facility compactness;
- economy of the process.

Disadvantage of electron beam processing to compare with gamma irradiation:
- limited penetration of electrons,
- more complex dosimetry because of shadowing effects caused by irradiated objects,
- monitoring requirements to maintain quality control of the process,
- more complex maintenance,
- cost of spare parts required for stable service for certain accelerator constructions,
- higher qualifications of service personnel.

6.3. Accelerators applied for environment protection

The development of compact and cost effective accelerator systems may have great
impact in environmental application of radiation technology. There are more than 500 items
listed in the international register of potentially dangerous toxic substances. Electron beam
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technology can successfully treat most of them. Wide range of problems to be solve in
environment protection of gas, liquid and solid phases requires different accelerator
construction not only in sense of electron energy level but also offered beam power, which is
directly related to the capacity of the process. Electron accelerators have reached high levels of
technical performances including simplified operation, reliability and electrical efficiency.
Energy and beam power levels are sufficient for high scale environmentally oriented processes.
Technical benefits of using radiation technology to solve many problems of environmental
conservation may help to overcome negative public opinion regarding this technology.
Relatively high investment and operating costs for electron beam facilities to compare with
more conventional processes may be justified by better results and flexibility of such
installations.

6.3.1. Flue gas treatment process

Electron accelerators were applied from very early stage of development of flue gas
treatment process. The research on this technology was initiated in Japan and was continued in
USA, Germany and Poland. Different laboratory, pilot plant and industrial facilities were
constructed. Table 20 shows main electron beam parameters and accelerator type of such units.

Electron accelerators applied in laboratory facilities are not critical in terms of electron
energy and beam power as can be easily noticed from data presented in Table 20. It is related
to small scale of such units and to lack of requirements regarding efficiency of the process. The
efficiency and electron energy range suitable for flue gas treatment process became more
important for pilot plants. The energy range is usually within 0.3 to 0.8 MeV and beam power
is selected to provide necessary dose in full volume of the flue gas stream. Transformer
accelerators were found to be the most suitable for application from point of view electrical
efficiency, cost and compactness. The energy of electrons in industrial facilities is chosen with
relation to dimensions of reaction vessel and accepted flue gas flow velocity. Electron energy
0.8 MeV and beam power 300-400 kW were found to be the most suitable single accelerator
head parameters [81]. Total beam power 600-1200 kW should be applied for gas flow range
300000 Nm3/h to obtain SO2 removal efficiency 70-95%.

The mobile flue gas treatment facility AGATE-M was developed for gas phase treatment
containing traces of organic pollutants (VOC) coming from industrial production plants [82].
Low energy linear source electron accelerator was applied in this unit (electron energy 150-
200 keV, max. beam current 150 mA) to treat flue gas stream with flow rate 1200 Nm3/h, The
selfshielded accelerator construction is the most suitable in facility this type. The energy range
0.15-0.3 MeV is high enough to obtain suitable penetration of accelerated electrons in reaction
vessel with relatively small flue gas flow rate. The combined lead/steel shields are compact and
efficient to be installed on mobile structure.
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Table. 20. Basic parameters of the electron accelerators applied in facilities for flue gas
treatment.

Type of facility

Laboratory facilities
with flow rate:

< 1000Nm3/h

Pilot plants facility
with flow rate:

1000-20000 Nm3/h

Industrial plant:

300000 Nm3/h

300000 Nm3/h

620000 Nm3/h

Electron
energy

[MeV]

12

3

1.2

1.5

0.22

0.3

0.7

0.75

0.75

0.8

0.8

0.3

0.5

0.5

0.7

0.8

0.5

0.8

0.8

0.8

Beam
power

[kW]

1.2

15

1.2

30

22

3.6

5

30

2x45

2x40

2x80

2x90

15

15

2x50

3x36

2x12.5

4x300

2x320

6x400

Type of
accelerator

UHF linear

Cockroft-Walton

Dynamitron

-

Transformer

ii

HF resonance

-

-

Electrocurtain

Cockroft-Walton

Transformer

Cockroft-Walton

Transformer
•I

Company and country of
installation

Ebara, Japan

JAERI, Japan

Tokio University, Japan

JAERI, Japan,

University Karlsruhe, Germany

KfK, Germany

INCT, Poland

Ebara, Japan

Ebara, Japan

Research Cottrel, USA

Ebara, Japan

Badenwerk, Germany

KfK, Germany

Ebara, Japan

INCT, Poland

Ebara, Japan

Ebara, Japan

Dolna Odra, Poland

Sichuan, China (in operation)

Chubu Power Station, Japan

6.3.2. Liquid and solid phase treatment processes
The application of radiation technology in liquid phase treatment process is usually related

to wastewater (communal and industrial), dung waste, groundwater and drinking water
treatment to remove organic and pathogenic contamination of those media. The accelerator
facility are being applied more frequently now although gamma facility have been applied more
often in past. The main processes are applied for treatment of water by accelerated electrons
are as follow:
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- radiation oxidation,
- radiation polymerization and co-polymerization, .
- radiation coagulation,
- radiation transformation of biologically nondegradable compounds to a biodegradable state,
- radiation disinfection and distinction of helminths,
- thermoradiation purification.

The absorbed dose may range from less than 1 kGy to more than 10 kGy depending on
particular process requirements. The water throughput rate in facility with following
assumptions, dose 1 kGy, beam power 200 kW, beam utilization factor 0.7 can be as high as
500 m3/h or 12000 m3/day [83]. The process capacity will vary inversely with the dose. Water
stream parameters (thickness, widens, flow rate) depends on electron beam parameters (size
irradiation zone, electron energy and beam power). To overcome limited penetration range
related to electron energy level the appropriate configuration of irradiation vessel can be
chosen. The waterfall process [84] and aerosol flow [85] are good examples of such solutions.

Sludge from municipal sewage treatment plants are good soil fertilizer but they are not
allowed to be used in agriculture without further disinfection because of presence of
pathogenic microorganisms, parasites and parasites eggs. A lot of investigation have been
performed in many countries to prove the effectiveness electron beam treatment in such
environmentally oriented process. The sludge irradiation plant combined with composting
process with capacity 50 t/day require electron accelerator with beam power 15 kW [86].

In the United States, there are nearly 500000 t of sediments and soils contaminated with
dioxins. Recent research has demonstrated that high power electron accelerators can be applied
in reductive dechlorination process to destroy chlorinated dioxins which are present in soil with
other organic contaminants. The modern accelerators have enough capacity to treat the large
amount of such wastes and costs of treating such materials are comparable to or less than the
cost of incineration. Electron accelerator with beam power in the range of 100 kW can treat
2700 tons of soil per year, assuming absorbed dose of 800 kGy, 90% beam power utilization
and a treatment time 6000 h per year [87]. Higher beam power ratings up to 1 MW per unit
are also feasible in such process.

Radiation technology can be also effectively applied in treatment of sewage sludge, airport
and hospital wastes. Environmental regulations have the tendency to increase the difficulties
and cost of disposing of a toxic and contaminated materials. Radiation technology applied to
solid material and objects requires higher energy of electrons (5 to 10 MeV) to achieve positive
results. Different types of accelerator have been developed to fulfill such requirements. Several
pilot and demonstration facility has been constructed in USA, Germany and Russia to
demonstrate opportunity for the use of electron beam processing to convert toxic and
contaminated materials into less dangerous byproduct (Table 21).

The mobile electron injection water treatment system was developed by Raychem, USA to
make the use of the electron beam for environmental remediation of ground and wastewater.
The specially design electron injection system made possible to treat water using relatively low
energy electron beam [88]. The trailer with all necessary equipment can be easily installed at
the site. The system is fully automated and designed to operate unattended.

50



Table 21. Basic parameters of the electron accelerators applied in facilities for liquid
solid phase treatment.

Type of
treated object

Liquid sewage
sludge

Wastewater/sludge

Sludge

Sewage sludge

Wastewater

Sewage/drinking
water

Composted sludge
Waste water
(wastes from
nekal)

Electron
energy
[MeVl
0.85

1.5

1.0

0.4

1.5

0,5

0.7-1.0

Beam
power
fkWl

50

75

50

34

37.5

12.5

2x50

Company and country
of installation

Deer Island, Boston, USA

Florida International University,
University of Miami, USA

Wedel, near Hamburg,
Germany

Stuttgart-Hohnheim, Germany

IPEN, Brazil

Seibersdorf Research Center,
Austria

JAERI, Takasakijapan
Voronezh, Russia

Remarks

capacity 400 mVday,
ICT accelerator

ICT accelerator,
5000 m3/day

500 m3/h

batch operation

Dynamitron

continuously
operated facility
with capacity 12000
mVday

6.4. Conclusions

Many different types of accelerators have been developed and are being used for radiation
processing. Majority of them can be applied as well for environmental applications. The most
suitable type of accelerator for certain application depends at first on required electron energy
which is directly related to density and structure of irradiated objects and beam power which
defines total capacity of the installation. The other technical and economical parameters which
are usually taken into account are related to: electrical efficiency of the accelerator, physical
size, reliability, maintainability, investment and operating costs. Computer based control
systems are used commonly now what has simplified the operation of those complex devices.

The investment and operating costs for electron beam accelerators vary widely because of
different accelerator specification, type of accelerator afid accelerator producers. In general
high facility throughput which is directly related to the beam current level may significantly
reduce total unit cost of the process, the accelerators with higher energy of electrons cost
more then low energy devices with the same beam power level, Therefore, the lowest energy
rating with suitable dose distribution in irradiated object will give better economical parameters
of the radiation process. The exploitation cost of medium energy electron accelerator with 100
kW beam power level (investment cost 3 million US $) may reach 175 US $ hour on a three-
shift schedule of 6000 hours per year. The throughput rate for continuous treatment of bulk
material can be estimated on 2500 kg/h, so the unit cost would be 0.07 US $/kg for an average
dose of 100 kGy [89]. A reduction of the operating time would increase the unit cost
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significantly because fixed annual cost of investment will be allocated to fewer hours of
accelerator exploitation. On the other hand the lower dose will increase the process throughput
and reduce the unit costs.

Low energy transformer accelerators can provide high electron beam power with high
efficiency of electrical energy conversion. They are limited in electron energy and sometime in
large physical size. High frequency resonant accelerators can be built for high electron energy
level with relatively compact structure and quite high beam power. Their limitations are related
to lower electrical efficiency, more complex construction of high frequency generators and
higher exploitation costs (spare parts) Accelerator technology is based on a number of
different accelerator constructions that can satisfy most of technical and economical
requirements of radiation processing.

Major industrial accelerators producers are located in USA, Japan, Russia, France,
Canada and Germany. Several other countries are capable to produce accelerators among them
China and Poland but these instruments are often prototype constructions and used rather like
pilot and R&D installations. Broader application of radiation technology may stimulate the
national programs of accelerator development in future.

The progress in accelerator technology is tightly attached to the continuously advanced
development in many branches of technical activity and technology transformation from
research to commercially applicable systems. Electron beam technology are already being
utilized in many pilot plant and demonstration facilities for environmental application. Several
full size facilities were constructed and successfully implemented. Accelerator application may
play a major role in developing new big market related to environment application of radiation
processing. High power, high efficiency, low cost accelerator technology may need
government support in design, construction and testing demonstration plant. Environmental
applications of EB technology are examples of high risk and not very high payoff but radiation
technology transfer to environmental application could be in result a substantial improvement
in public health. The continuous progress and new developments in accelerator technology has
a great impact on progress in radiation processing industry. It may also help to open a big
market for electron beam technology applied for environment conservation.
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Fig. 1. Charged particle motion in magnetic field directed perpendicular to particle trajectory
for: a - positive charge, b - negative charge.
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Fig. 2. Relative velocity of charged particles vs. theirs kinetics energy for electron and proton.
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Fig. 3. Deflection electron trajectory under influence of electric (a) and magnetic (b) fields.
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Fig. 4. Basic principles of acceleration process for: a - direct accelerator, b - resonance
accelerator, c - induction linac.
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Fig. 5. Principle of operation electrostatic electron accelerator: 1 - HV electrode, 2 - electron
gun, 3 - accelerating section, 4 - output of electron beam, 5 - transmission line powered by

electrical engine, 6 - DC power supply.

59



CATHODE i
*' ffr . '"

\ ^ r

nrr

VACUUM PUMP
\

• « t • •

Fig. 6. First linear HF accelerator schematic diagram.
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Fig. 7. Sloan-Lawrence linear HF linear accelerator.
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Fig. 8. Diagram of early cyclotron construction.
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Fig. 10. The schematic diagrams (a, b, c) of modern accelerators based on microtron principle
of operation: 1 - electron gun, 2 - UHF fider, 3 - accelerating section, 4 - magnetic mirror, 5 -

screen, 6 - inlet magnet, 7 - outlet magnet.
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Fig. 11. Accelerator output device with different cathode configuration: A - linear source, B
point source; 1 - vacuum envelope; 2 - cathode; 3 - output widow.
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Fig. 12. Diagram of high intensity diode gun.
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Fig. 13. Low energy, linear source accelerators with different cathode construction:
1 - heated, 2 - ion plasma, 3 - cold emission.

Fig. 14, General view of direct accelerator accelerating tube: 1 - cathode, 2 - heater, 3,4
electrodes, 5 - shielding rings, 6 - magnetic lens, 7 - ceramic isolators.
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Fig. 15. Accelerating structure of HF resonance accelerator Rhodotron type: 1 - coaxial cavity,
2 - HF amplifier, 3 - supporting frame, 4 - deflecting magnets, 5 - vacuum pump.

Fig. 16. Accelerating structure of UHF linear accelerator with standing wave sections:
1 - accelerating cavity, 2 - coupling cavity.
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Fig. 17. Basic configuration of voltage multiplication circuit with parallel inductance coupling
(1) and parallel capacitance coupling (2): A - AC power supply, B - rectifier modules.
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Fig. 18. High voltage power supplies for different accelerator constructions: a - HV
transformer with divided secondary section, b - HV isolated core transformer, c - HV core less

transformer, d - Cocroft-Walton voltage multiplication system, e - HV transformer with
polymer isolation; 1 - iron core, 2 - primary section, 3 - isolation, 4 - secondary section, 5 -

pressure tank, 6 - electrodes with polymer isolation, 7 - vacuum envelope.

- 150-300 kV

D(kGy)

Fig. 19. Principle of operation the dose control system in low energy direct accelerator.
1 - power supply, 2 - control unit, 3 - vacuum envelope, 4 - irradiated object, 5 - tachometer.
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Fig. 20. Magnetic deflection of electron beam: a - magnet configuration,

b - electron trajectory.

1.

Fig. 21. Output devices of electron accelerators for radiation processing with different type
of beam scanning and beam transportation systems. 1 - point source with linear scan, 2 - point
source with x-y scan, 3 - linear source (no scan), 4 - surface source (no scan), 5 - point source
with linear scan and 270° magnet, 6 - ponit source with linear scan and 3 x 90° magnets, 7 -

point source with 2 x 45° magnets (no scan).
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b.

Fig. 22. Different deam spot patterns (a, b, c) formed by x-y magnetic scanning system and
certain shape of the electromagnet currents to improve homogeneity of thermal load deposited

by the electron beam in window foil.

Fig. 23. Windowless type output device of electron accelerator: 1,6 - focusing coils;
2 - vacuum value; 3 - bending magnet; 4,5,7,8 - diaphragm, 9 - air nozzle; 10,11,12,13 - inlets

for vacuum pumps; 14 - inlet for compressed air.
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Fig. 24. Accelerating, beam transport and windowless structures of 500 kW beam power
accelerator: 1 - electron gun, 2 - accelerating tube, 3 - conical focusing coil, 4 - beam stopper,

5 - vacuum pump, 6 - output diaphragm.
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Fig. 25. Energy losses related to the stopping power of different window material.
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Fig. 26. Tension strengh versus the radius of bended window foil with thickness:
1-10 nm, 2-20 fim, 3-30 pirn.

Fig. 27. Crosssection of output device with air cooling: 1 - air inlet channel with narrow
nozzle, 2 - vacuum gasket, 3 - foil, 4 - water cooling channel.

71



COOLING AIR i
INLET

SECONDARY
FOIL

1 COOLING AIR
TOUTLET

Fig. 28. Output device with double window and air cooling system.
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Fig. 29. Output device with double window and water cooling system applied in low (a) and
high energy (b) electron accelerators.
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Fig. 30. Support frame with cooling water system for thin window foil applied in low energy
electron accelerators: 1 - cooling channel: 2 - foil, 3 - supporting frame.
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Fig. 31. Location of measuring sensors in relation to main accelerator components.
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MAGNET

Fig. 32. Beam diagnostic instruments install at two output system installed in UHF linac:
1,3 - inductance sensors; 2,4,6 - Faraday cups; 5 - secondary monitor.

Fig. 33. Faraday cup with protective polarized grids to avoid distortion of beam current
measurement.

Fig. 34. Current characteristic of secondary emission detector.
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Fig. 35. Different measuring electrodes configuration (a, b, c, d) in devices dedicated to
electron energy evaluation.
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Fig. 36. Circuit diagram of beam shape measurements.
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Fig. 37. Electron penetration range versus its energy.
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Fig. 38. Stopping power coefficient for different material versus electron energy.
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Fig. 39. AC power consumption and electrical efficiency vs. beam power level of the electron
accelerator ELV3A type: A - total AC power consumption, B - electrical efficiency, C -

variable AC power losses.
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Fig. 40. High power low energy electron accelerator EPZ-4 type for high speed surface curing:
A - crosssection of accelerator assembly, B - temperature profile for irradiation.

Fig. 41. Double side surface curing system equipped with horizontally installed 750 keV
electron accelerator.
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B

Fig. 42. Power supply systems with voltage multiplication circuits with capacitance coupling:
A - Cockroft-Walton type, B - Dynamitron type.

15

Fig. 43. General view of electron accelerator ELV type: 1 - pressure vessel; 2 - primary
winding; 3,4, - magnitoguides; 5 - rectifier sections; 6 - accelerating section; 7 - injector

control unit; 8 - high voltage electrode; 9 - injector; 10 - optical channels for injector control;
11 - vacuum gate; 12 - primary winding terminals; 13 - scanning coils; 14 - extraction device;

15 - extraction window frame; 16 - vacuum pumps; 17 - vacuum gate; 18 - high voltage shield.
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Fig. 44. General view of electron accelerator ELU type: 1 - stainless steel tank; 2 - coaxial
resonator, 3,4 - vacuum pump; 5 - electron gun; 6 - scanner; 7 - vacuum triode; 8 - coupling;

9 - coaxial line.

X - Ray TargeC

Fig. 45. General view of electron accelerator CASSITRON type.
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Fig. 46. Simplified HF circuit of electron accelerator ILU type.

*3"~~"~- * » — — ^ b

Fig. 47. Output devices of electron accelerator for radiation processing: a - extended scanning
horn, b - three parallel output windows, c - quasi ring irradiation, d - two window system, e -
four window system, f - two window system with direct access (1 - focusing coil, 2 - output

foil, 3 - irradiated object).
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5MeV

Fig. 48. Section views of the RHODOTRON: A - side view; B - top view. I - electron gun, 2 -
HF - vacuum lamp, 3 - vacuum envelope, 4 - supporting frame, 5 - resonator, 6 - HF input

system, 7 - HF coupling system, 8 - electromagnet; 9 - vacuum pump.

Fig. 49. Block diagram of electron accelerator ELEKTRONIKA type powered by magnetron:
1 - control system console, 2 - DC power supply, 3 - electron gun, 4 - phase shifter, 5 - UHF

frequency meter, 6 - UHF power meter, 7 - UHF shape detector, 8 - magnetron, 9 - magnetron
power supply, 10 - pulse modulator, 11 - HV power supply, 12 - beam current detector, 13 -

scanning system, 14 - vacuum pump, 15 - focusing system, 16 - power unit.
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Fig. 50. CIRCE n 10 MeV, 10 kW UHF electron accelerator.

3550

Fig. 51. UHF linac 8 MeV, 5 kW for radiation processing.
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Fig. 52. UHF electron accelerator PILOT type (10 MeV, 1 kW).
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Fig. 53. Total cost versus volume output.
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Fig. 54. Total costs and total revenue relation.
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Fig. 55. Economic parameters of radiation facility vs. time of one year accelerator exploitation.
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Fig. 56. High power microwave instruments: A - magicon, B - klystrode.
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Fig. 57. Spatial distribution of X-ray intensity emitted from different target under influence of
electron bombardment at energy 2.35 MeV.
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Fig. 58. Electron beam to X-rays conversion efficiency versus: A - electron energy, B - Z
number of the target material.
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Fig. 59. Relative X-ray intensity versus thickness of gold target at 17 MeV electron energy.
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Fig. 60. Low energy X-ray converter: A - converter location, B - top view, C - crosssection;
1 - electron gun, 2 - accelerating section, 3 - scanning coil, 4 - scanning horn, 5 - converter,

6 - irradiated object transport system, 7 - water pipe, 8 - stainless steel frame, 9 - stainless steel
foil, 10 - target (tantalum), 11 - water cooling channel, 12 - gaskets.
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Fig, 61. Relative dose spatial distribution of the scanned electron beam and X-ray stream:
A - perpendicularly to the scanned beam, B - along to the scanned beam.
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Fig. 62. Direct accelerator with secondary emission source of electrons: 1 - high voltage cable,
2 - solid metal cathode, 3 - DC power supply, 4 - cold cathode electrode, 5 - window.

C =r

A. B.
Fig. 63. Cockroft-Walton cascade accelerator with onionskin capacitors configuration:

A - cascade of capacitors and diodes, B - electric scheme with shunt capacitance (dashed
lines).
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Fig. 64. Compact accelerator with Faraday cage principle of accelerating electrodes:
A - principle of accelerator operation, B - accelerator construction: 1 - primary coil of HV

transformer, 2 - secondary coils of HV transformer, 3 - electron gun, 4 - accelerating
electrodes.
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Fig. 65. Induction accelerator principle of operation.
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Fig. 66. Pulse compressor circuit: A - circuit schematic diagram, B - shape of the voltage
pulses measured on sequence of capacitors.
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