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PARTICLE ACCELERATORS FOR INDUSTRIAL
PROCESSING (PART 1)*
The applications of over 1000 electron beam (EB) accelerator processors used recently worldwide span technological fields from material modification to medical sterilization and food
processing. The performance level achieved by the main manufacturers is demonstrated by
some selected parameters of processors in the energy range from 0.1 MeV to 10 MeV. The
design of the new generation of low cost compact in-line and stand-alone accelerators is discussed.
Tab. 1. Total world accelerator population (2000)

1. Introduction

CATEGORY OF ACCELERATORS

1.1. Particle Accelerators Family
There are, unfortunately, no current world statistics on particle accelerators. Therefore, we have to
resort to some more or less accurate estimations. The
total world accelerator population for the year 1998
has been estimated by one of the authors at 13400 and
breaks down as shown in Table 1.
National data of accelerators are compiled only in
a small number of countries. For example, in Japan in
1982 there were in all 466 accelerators in operation,
among which were included 3 synchrotrons, 3 synchrocyclotrons, 15 cyclotrons, 73 betatrons, 248 linear
rf accelerators, and 38 van de Graaf accelerators. In
1996 there are in total 1035 accelerators (Table 2): 25
synchrotrons, 53 cyclotrons, 16 betatrons, 639 linear

1) High Energy Accelerators ( E > 1 GeV )
2) Radiotherapy
Research Acc. incl. Biomedical
3)
Research
4) Medical Radioisotope Production
Accelerators for Radiation Industrial
5)
and Research Processing
Ion
Implanters
incl.
Surface
6)
Modification Centers
7) Synchrotron Radiation Sources
TOTAL in 1998
1)
2)

NUMBER
IN USE
112 1)
>5000
1000
~200
>1500
~7000 2)
~80
~15000

Data after Catalogue of High Energy Accelerators, HEACC'92 (1)
Data after G. A. Norton (2)

Tab. 2. Japanese family of accelerators as of March 31, 1997 (Data after Statistics on the Use of Radiation in
Japan 1997) without ion implanters (1)
Category of Organization
-------------------------Radiation Generators
Total
(%)
Cyclotrons
Synchrotrons
Linear Accelerators
Betatrons
Van de Graaf Acc.
Cockroft-Walton Acc.
Transformer-type Acc.
Microtrons
Plasma Generators
*

Total
(Ratio %)

Hospitals
& Clinics

Educational
Organizations

Research
Institutions

Industrial
Firms

Other

1052
(100)
52(4.9)
25(2.4)
759(72.1)
14(1.3)
52(4.9)
97(9.2)
23(2.2)
29(2.8)
1(0.1)

673
(64)
17
-624
10
---22
--

55
(5.2)
-2
6
-15
27
1
2
--

156
(14.8)
16
18
44
1
26
33
17
-1

162
(15.4)
18
5
81
3
11
35
5
4
--

6
(0.6)
1
-3
--2
----

Part 2 will be printed in issue 4/2001
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accelerators, 54 van de Graaf accelerators, 97 Cockroft
- Walton accelerators, 25 transformer - type accelerators and 28 microtrons (1).
1.2. Beam Processing Parameters
A process accelerator is a machine intended for
processing various materials with the use of electron
beam (EB) radiation or after conversion with
bremsstrahlung. Table 3 provides typical dose ranges
used for radiation processing in various fields of application. The material under treatment is usually fed
in the form of strips, sheets, blocks or packings.
Tab. 3. Dose requirements for various radiation technologies
RADIATION TECHNOLOGIES
Sprout inhibition (potatoes, onions)
Potable water cleanup
Insect control (grain, fruits)
Food irradiation (spices, vegetable,
fruits, meat)
Waste water disinfecting
Fungi and mould control
Municipal sludge disinfection
Bacterial spore sterilization
Sanitation
Virus particle sterilization
Smoke scrubbing (SO2 and NOX)
Aging of rayon pulp
Sterilization of medical devices
Polymerization of monomers
Modification of polymers
Sterilization of packaging material
Crosslinking of wire cable
insulation and plastic film
Degradation of cellulosic materials
Degradation of scrap Teflon

DOSE
REQUIREMENTS
30 to 200 Gy
250 to 500 Gy
100 to 1000 Gy
0,05 to 30 kGy
0,5 to 1 kGy
1 to 3 kGy
1 to 3 kGy
3 to 10 kGy
10 kGy
10 to 30Gy
10 to 30 kGy
10 to 30 kGy
10 to 35 kGy
10 to 50 kGy
10 to 250 kGy
25 kGy
50 to 200 kGy
100 to 500 kGy
0,5 to 1,5 MGy

Polymer modification using accelerated electrons
such as cross-linking of cable insulation, tubes, pipes
and moldings, vulcanization of elastomers, grafting
of polymer surfaces, processesing of foamed plastics
and heat shrinkable materials have gained wide industrial acceptance. A steadily growing electron beam
technology is curing of paints, laquers, printing inks
and functional coatings.
Electron beam processing offers high productivity, the possibility to treat the materials at normal temperature and pressure, excellent process control and
clean production conditions.
Numbers of high current electron beam (EB) processing installations are given in Table 4.
Absorbed dose ranges. From economical point
of view, the most significant processes are 1) crosslinking, 2) medical sterilization, 3) radiation cure. In
technological practice absorbed dose of the order of
several tens of kilograys (several megarads) are used.
They should be delivered to the product under treat-

Tab. 4. High current EB processing installations (after
M. Cleland (4))
Voltage Range
Number of Units Average Power [kW]
[MeV]
0,1 - 0,3
300
100
0,5 - 5,0
700
40
5,0 - 15
35
15
TOTAL
1035

ment in the shortest possible time, i.e. in seconds. It is
only then that the accelerator throughput can be
matched to the particular line yield. This yield is, in
fact, called accelerator throughput rate defined as
amount of material per unit time irradiated by the accelerator with a predetermined dose. What is usually
specified in surface treatment, is either the material
area per one minute (m2 min -1) irradiated with a predetermined dose, e.g. 10 kGy (1 Mrad), or only the
linear velocity v, the material stream which refers to
the predetermined dose level and the given stream
width w. It is usually expressed in m min-1. Typically,
the surface throughput rates nowadays range from several tens to several hundreds of m2 min-1. The linear
throughput rates range also from several tens to several hundred m min-1, although in high yield processors they may be as high as 1200 m min-1.
The throughput of accelerators intended for bulk
processing is usually determined by the number of
kilograms or tons to be irradiated in one hour with
a predetermined dose (kgh-1 or t h-1 for a dose of, e.g.
10 kGy, i.e. 1 Mrad). Typically, throughputs of this
kind range from several thousand of kg h-1. For materials in package form, for example, intended of sterilization, the throughput is expressed in terms of the
volume of packages per unit time (e.g. m3 h-1 or m3
year-1 for typical sterilization dose of 25 kGy or 2.5
Mrad).
In practice, the possibility of employing techniques
requiring higher doses, i.e. those above 10 kGy
(1 Mrad), is dependent on the dose rate, which is the
basic parameter of a radiation processor. It determines
the rate at which energy is delivered to the irradiated
object and is equivalent to the dose rate produced by
the machine. That is why it is usually expressed in
terms of gray per second or by derivative units such
as kGy s-1 or MGy s-1.
Fig. 1 gives the irradiation time as a function of
dose rate for three main types of processors: 60Co
gamma sources, accelerator bremsstrahlung generators (X-ray) and electron generators. The curves represent two dose levels: 10 kGy (1 Mrad) and 100 kGy
(10 Mrad), thus covering a typical range used in radiation processing. It can easily bee seen from Fig. 1
that the dose rates of the order of 102-106 Gy s-1 (104108rad s-1) can be achieved with electron accelerators.
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2. High Voltage Process Accelerators

Fig.1. Irradiation time as a function of dose rate

Figure 2 shows a basic schematic of a high - voltage processing accelerator. It consists of a particle
source, an accelerating chamber that ends with a window or target, a high - vacuum pump and hv generator.
This hv accelerator is a single - stage machine in
which the maximum particle energy corresponds to
the maximum voltage delivered by the generator. The
voltages generated at present range from 100 keV to
about 5 MeV.
The beam of accelerated particles is usually circular in cross-section and its diameter ranges from about
1 mm to several centimeters. The area of the material
under treatment is as a rule much larger than the cross
- section of the beam, and therefore the accelerator is
equipped with a special device, called a scanner, which
sweeps the beam.
The beam is swept transversely to the direction of
the material displaced by means of a suitable conveyor.
The swept beam is shown on the right - hand side of
Fig. 2.

Therefore, the required doses can be delivered to the
irradiated product in the period of seconds or even
less than one second. In respect of the production
throughput rate, electron processors predominate over
any others types of radiation processors.
wm =

3600 f
360 f
kg
3155 f
t
=
=
D(kGy) D(Mrad) kW h D(Mrad) kW year

Eq. 1

When using a 1.0 kW power beam, whose energy
is totally absorbed in the radiated material, an average dose of 10 kGy (1.0 Mrad) can be obtained in the
amount of material of 360 kg h-1. Thus, the throughput or production rate of a processor is given by
where f is total radiation energy utilization coefficient;
D is the mean absorbed dose in the product. Typically, f values range from 25 to 75%, strongly depending on the type of radiation employed and the shape
and size of the product processed. For the beam power,
P (kW), Eq. (1) becomes
wm =

360 Pf
D ( Mrad )

(kg h −1 )

Eq.2

For example, if the beam power is 100 kW, and
coefficient f = 50%, then, using a technique which
requires a dose of 10 Mrad, the mass throughput rate
is wm = 1800kg h-1.
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Fig.2. Radiation processing by means of a hv accelerator with linear cathode (left - hand side) and
beam scanning device, i.e. scanner (right hand side).
In order to avoid the troublesome sweep the beam
construction of process accelerators have been developed with a linear or planar cathode. The length of
this cathode corresponds to the width of the material
to be irradiated (left hand - side of Fig. 2). Thus, the
effective width of the treatment zone, w, in Fig. 2 becomes larger. This system, however, is appropriate
only for low beam energies, i.e., those not higher than
300 keV. Machines of this kind are referred to as linear cathode accelerators.
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The material under treatment may be irradiated
from one side, usually from above, or from both sides
as shown in Fig. 2. Hence, we can speak of accelerators for one-side processing and those for double-side
processing.
Energy classification. Radiation process accelerators can be classified in three groups in respect to the
energies used: 1) low - energy (low - voltage) machines: 100 to 300 (500) keV; 2) medium - energy:
300 keV to 5 MeV: 3) high - energy: 5 to 10 or 15
MeV.
Low energy electrons - up to 300 keV - are used
extensively in a wide variety of industries - e.g. the
thin film packaging and printing industries. E-beam
curable coatings, adhesives, and inks are commonplace. The penetration of these electrons is low (Fig.
3a), so the use is specific to thin films, but their fast
reaction time and versatility enables users to place the
machines in-line and achieve quality products.
Medium energy machines - up to 5.0 MeV beam
energy with higher penetrative ability (Fig. 3b) are
used in processes such as polymer cross-linking and
wire and cable insulation (Table 12).

High energy machines have energies up to more
than 10 MeV. At this energy electrons achieve a high
penetration of material (Fig. 3b). The uses of the high
energy electron beam equipment include sterilization
of single-use medical items - gloves, syringes, catheters, etc., cross-linking of polymers, sterilization of
hospital waste, and food ionization, amongst others.
Depth dose distribution. Fig. 3 shows a typical
depth dose distribution curve in flat material irradiated with high-energy electrons.
When the material is irradiated using a one-sided
penetration approach, the part of the electron beam
that penetrates beyond the equal-entrance-exit depth
is essentially wasted. However, by irradiating from
two opposite sides, we not only recover that energy,
but also can handle thickness much greater than before (Fig 4). To determine the beam voltage needed
for the product, read material thickness against energy for single-sided and two-sided irradiation approaches (Fig. 5).

Fig. 4. Depth dose distribution for two-sided irradiation with 1 MeV electrons

Fig. 5. Material thickness for one-sided irradiation
(curve (1)) and two-sided irradiation (curve
(2)) versus beam energy
Fig. 3. Depth dose distribution curves for one-sided
irradiation with electron beam: a) electron
energy ranges 150-250 keV, b) electron energy range 3-14 MeV

Currently, electron treatment is considered to be
most efficient method of radiation processing. The
electron energy of over 10 MeV cannot, however, be
employed because of the possibility of inducing ra-
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dioactivity in the material to be processed. It is particularly undesirable in case of foodstuffs and medicines, for which special is needed if the energy of
10 MeV is to be exceeded. Thus the above energy
value is used to determine the maximum area-weight
of material processed. For example, if irradiated with
12 MeV electrons the maximum area-weight of material is 4.44 g cm-2, and for two-sided irradiation, it
can be as high as 10 g cm-2. If, however, the product is
to be processed in bulk (because of the packing), harder
gamma or bremsstrahlung must be employed. For example, when a 60Co source is used with gamma energies of 1.17 and 1.33 MeV, the maximum area - weight
range for two-sided irradiation is 20 g cm-2.

by EPZ (Extended Process Zone), two to four parallel
cathodes are installed (Fig. 7 shows two cathodes).
The accelerating system is supplied with an hv ranging from 120 to 300 kV. This cathode or in other words,
the electron gun operates at a high voltage, while the
anode, which forms the external envelope of accelerating chamber, is grounded. A vacuum of less than
10-5 mbar exists in the chamber through a thin 12 mmthick titanium foil window which allows 80 percent
of the total number of electrons in the beam to reach
the product process zone. To ensure that the window
has a long life a cooling system is employed.
The process chamber proper is located in the lower
part of the head (Fig.7a). Its construction is determined
by the fact that a large number of surface treatment
techniques must require an atmosphere of nitrogen that
acts as protective gas. If the material to be treated is in
the form of flexible strip, the chamber ensures that
the level of harmful oxygen in the air is less than 500
ppm for production rates of up to 300 m min-1.
The head is housed in a shielding which fully protects against any radiation. The mean annual dose to
the personnel is about 16.3 mrem, i.e., approx. 10 per
cent of the dose from natural sources of radioactivity.

Fig. 6. Two sided penetration of medical products for
2-10 MeV electron beam and X-ray after conversion to bremsstralung

3. Low Energy Accelerators
In accordance with the previously mentioned classification of accelerators, low-energy or low-voltage
processors operate in the energy range between 100
and 300 keV. In view of the low penetration capability of electrons in this energy range, low-voltage accelerators are intended exclusively for surface treatment in the weight-area range from about 50 to about
400 g m-2. Depending on their construction, they can
be classified into linear or planar cathode accelerator
and scanning accelerators.
Electrocurtain System. The concept of using an
elongated cathode for producing a wide, low-energy
electron beam without scanning was introduced in
early 1970s by Energy Science Inc. [F1]. These
Electrocurtains are mainly used for high-speed curing of inks and coatings on heat-sensitive substrates,
but some have been adapted to the sterilization of packaging materials for medical products. Energy Iwasaki
Electric Company, Ltd. (1988) now owns Science, Inc.
Electrocurtain System is a typical linear cathode
processor. Its block diagram is given in Fig. 7. The
upper part of the head contains the accelerating chamber proper (Fig. 7a). A heated linear cathode made of
tungsten emits electrons. In the latest models, denoted
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Fig. 7. Electrocurtain System with linear cathode
(ESI) [F1] for surface radiation processing:
a) construction of head assembly with accelerating chamber, b) view of head assembly
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Tab. 5. Processing accelerators produced by ESI (Energy Science, Inc) (5)

Voltage [kV]
Dose/Speed
cross
Beam
web
Uniformity
down
[%]
web
Yield Value
Determination
Product Width
Product Type
1)
4)

Accelerator Type
7966 3)
7954 4)
125-200
120-200
-1
1 Mrad at 1075 m min-1
-1
-1 1 Mrad at 600 m min
1 Mrad at 525 m min , 1 Mrad at 1050m min ,
typical, 1200 m/min typical, 1200 m/min
1200 m/min max
1200 m/min max
max
max
7.5
7.5
7.5
7.5
7969 1)
150-300

7964 2)
150-200

5

5

5

1.42 Mrad.ppm mA-1

2.1 Mrad.ppm mA-1

1.3 Mrad.ppm mA-1

165 cm typical,
225 cm maximum
Web, 0.90 mm to
3 mm thick

Model EC 300/165/525 Type 7969;
Model EC 200/180/1075 Type 7954;

120 cm
Web, 0.025 mm to
0.40 mm
2)

5)

150 cm typical,
225 cm maximum
Web, 0.025 mm to
0.40 mm

Model EC 200/120/1050 Cassette type 7964;
Model EC 150/075/1200 Cassette type 7963

Electrocurtain installations are 0.15 to 2 m long in
the direction of the production line, which corresponds
to the width of the product to be treated (w dimension
in Fig 2). For a 70 % inhomogeneous depth dose (Fig.
3a), the useful range of the area-weight processed varies from 1 to 380 g m-2 (300 kV). The upper limits of
the above range are 120, 180 and 270 g m-2 for the
voltages of 175, 200 and 250 kV, respectively.
The accelerator throughputs for the dose of 10 kGy
(1 Mrad) depend on the type of machine and range
from 450 to 1600 m min-1. For the ELECTROCURTAIN EPZ-2 and EPZ-3 models, they are 900 m min-1,
respectively. The energy efficiency is approx. 70 percent.
Fig. 8 represents ESI linear cathode system, type
7954. Some ESI accelerators performance characteristics are listed in Table 5.
In 1995, ESI introduced UV/EB thermal EB hybrid processing systems.

Fig. 8. ESI linear cathode system type 7954 (5)
LEA System. The so-called LEA accelerators use
a linear tungsten filament as electron emitter but in
contrast to other electron processors with similar characteristics, they do not employ any grid between cath-

5

7953 5)
125-150
1 Mrad at
1200 m min-1
7.5
5

1.4 Mrad
3.13 Mrad.ppm mA-1
±0.4 Mrad.ppm mA-1
180 cm typical, 225 cm
75 cm
maximum
Web, 0.02 mm to
Web, 0.025 mm to
0.10 mm paper
0.40 mm typical
3)

Model EC 200/150/600 Drum type 7966;

ode and anode. The acceleration takes place within
the single potential gap formed by the cathode on high
voltage and the exit window on ground. A cross sectional view of a typical LEA accelerator head is shown
in Fig. 9.

Fig. 9. Cross sectional view of LEA acceleratos (Institute of Surface Modification, Leipzing, Germany); after R. Mehnert et al. (6)
Electrons emitted from the heated cathode are
forced to move on trajectories illuminating homogeneously the exit window of the accelerator head. This
can be achieved by using a cylindrical shaping electrode. The electron beam envelope can be adapted to
the exit window dimensions by varying diameter and
slit width of the shaping electrode and/or the diameter of the cylindrical accelerator head. At acceleration voltages above 120 kV this diode-type accelerator is working in the current saturation mode.
Some main characteristics of different LEA-type
accelerators are summarized in Table 6. These accelerators are now manufactured by Polymer Physik,
Tubingen [F2], a well-known manufacturer of scanning type low-energy accelerators.
As indicated in Fig. 10 LEA accelerators can be
used in all main application areas of electron beam
curing as furniture element coatings, web converting
and printing.
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Tab. 6. Low-energy Electron Accelerators of the LEA
Family; after R. Mehnert et al. (6)
Type
LEA 1
LEA 2
LEA 31)
LEA 4
1)

Electron
Energy
(keV)
150-200
150-200
150-250
150-200

Electron
Current
(mA)
30
50
150
300

Window
Dimensions
(mm × mm)
900×20
900×50
900×100
900×200

Typical
Applicati
ons
Lab unit
Furniture
Printing
Printing

Maximum window length 1500 mm

Fig. 10. Application field of LEA Accelerators
RPC Technologies System. RPC [F4] makes
BroadBeam accelerators with multiple cathodes for
large-area, low-energy beam without scanning. They
were also developing a cold-cathode system called
Wire Ion Plasma (WIP or WIPL) because wire is used
for turning on plasma that yields ions.
How the beam of accelerated electron is produced
in WIP electron processor is shown in Fig. 11.
A vacuum chamber, which is evacuated with turbomolecular pump, has a subchamber where plasma is
generated. Helium gas is injected to the plasma chamber, then ions are generated in the low density plasma,
which is fired and sustained by a wire anode. The
plasma is shielded by honeycomb grid, which can pass
a part of the Helium ions. Ions, coming through the
grid, are accelerated toward a cathode that is supported
with a ceramic insulator. Then secondary electrons are
generated and accelerated in the inverse direction to
the grid. The electrons, coming through the plasma
and a window foil, finally reach to products. WIP electron gun has neither filament nor its power supply.
This configuration can help to make the size small
and to reduce its costs.
The result of WIP-6 is shown in Fig. 12. The uniformity is better than ±10% and typically ±5%. This
uniformity is much depend on the plasma density,
hence it is necessary to control the plasma discharge
current and Helium gas pressure at optimum values.
Some WIPL accelerators performance characteristics are listed in Table 7.
Figure 13 shows the view of WIP-8 system.
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Tab. 7. Processing accelerators produced by Sumitomo Heavy Industries, Ltd.
WIPL-165-300

WIPL-200-600 WIPL-250-600

Voltage, kV
130-165
150-200
150-250
Beam width, mm
320
600
600
Maximum dose,
80
500
500
-1
-1
Mrad m min
Beam power, kW
5
40
50
Max web speed,
40
50
-1
m min
Dose uniformity, % ±10 (typically 5) ±10 (typically 5) ±10 (typically 5)

Fig. 11. Production of a beam of accelerated electrons
in WIP Electron Processor manufactured by
Sumitomo Heavy Industries [F3]

Fig. 12. Dose Uniformity of WIP-6 (HV=165 kV,
beam intensity 17.1 mA, He 20 mTorr, Al. foil
6.5 mm, web 14.5 m min-1); after Y. Kumata
et al. (9)

Fig. 13. A view of a WIP-8 System (mfd by Sumitomo
Heavy Industries and RPC)
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Polymer Physik Scanning System. This was developed in the late sixties by Polymer-Physik Company [F2] and at present being manufactured under
license by Otto-Durr (10) as the ESH 150 System. Its
construction is shown in Fig. 14.
The accelerating chamber is powered by a cablecoupled 250 kV generator. A heated tungsten cathode
placed in the so-called Wehnelt electrode (used in oscilloscope tubes) serves an electron source. The purpose of this electrode is both to control the beam current and to focus electrons. As in other accelerators,
the beam intensity is controlled here by controlling
the filament current, i.e. the cathode temperature (typically, the temperature range from 2600° to 2900°K),
and by controlling the Wehnelt electrode voltage.
The accelerating chamber is evacuated by a molecular pump operating in conjunction with a first stage
vacuum oil pump. This system of pump need be started
only 10 min before the processor commences operation.
By the end of the accelerating process the electron
beam becomes approx. 4 mm in diameter. The scanning device consists of two pairs of crossed coils
placed inside the anode in the vacuum part of the
chamber. The first and the second pair deflect the
beam in the x and y direction, respectively. Both pairs
of coils are powered independently, which enables
the motion to be programmed separately in each direction, if required.
The ESH 150 system scanner is provided with
a 12 mm-thick titanium exit window whose width is
all models is 100 mm, while the length can be 200,
400, 600, 1300 and 2000 m. The window is supported
by segments in which cooling water circulates. The
penetration capability of the supporting part of the
window is 70% and that of the window itself is 80%
of the total number of electrons. These figures depend to some extend of the accelerating voltage. In
the worst case, the total penetration capability is higher
than 50%, i.e. for a 15 kW beam the power losses in
the window and its support can be as high as 7.5 kW.
When the scanner is switched off, the undeflected
beam at the exit window would be 10 mm in diameter, while the energy density distribution at the beam
cross-section would correspond to a Gaussian distribution. When the scanner is in operation, the irradiated field is 100-130 mm and the irradiation intensity drops off at the field edges following roughly the
Gauss distribution of the undeflected beam.
Fig. 3a shows radiation characteristics of the ESH
150 processor. For 80% irradiation inhomogeneity the
useful ranges are 115 g m-2 and 250 g m-2 for beam
energies of 180 keV and 250 keV, respectively. What
is meant by a useful range is a net range, i.e., the range

value reduced by that due to the absorption in the 15
mm-thick titanium window and the 3 cm-thick protective gas or air layer (Fig. 3a).
Experienced values for industrial acceleration voltage area as follows:
•
•
•

thin layers in the field of printing inks or
silicon-release material
furniture foil, pressure-sensitive material
boards, parquet, panels

130-150 kV
165-180 kV
180-250 kV

At present there are 65 accelerators working in
industry and research (45).

Fig. 14. ESH 150 (Polymer Physik) processor
Comparison of LEA. The low-energy electron accelerators mentioned in Table 8 can be used as computer-controlled subsystems in coating machines,
printing presses, laminating machines, etc. Their operation parameters such as electron energy, beam
power, irradiation width and dose rate can be precisely
matched to the demands of the industrial process.
Tab. 8. Low-energy Electron Accelerators used in Industry; after R. Mehnert (10)
Manufacturer,
Model

Cathode
configuration

Energy Sciences, Inc.
(ESI), US,
linear cathode1)
Electrocurtain head
multicathode
Electrocure2)
Radiation Polymer
multicathode
Co. (RPC)
with 2 grids
Broad Beam Dual multicathode3)
needle
Polymer Physik (PP),
Germany, Scanner
cathode4)
linear cathode
with no control
LEA5)
grid
Nissin High Voltage
linear cathode
Co. (NHV), Japan
Scanner
needle cathode

Electron
energy,
keV

Beam
power,
kW

150-300

Max beam
width, m
2,3

200
150-300

200

2,3

300

980

2,3

130-280

100 6 )

2,2

120-250

60

1,0

150-200

200

1,0

300-500

65

1,2

Up to 4 cathode-systems per accelerator; 2) Used in printing industry; 3)Consists of two accelerators; 4) 2 cathodes possible; 5) Used chiefly in printing
industry; 6) 65 kW at speed of 100 m min-1 and a working width of 1300 mm
1)
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In all accelerators mentioned electrons are produced by a hot cathode at high voltage potential. In
a single gap the electrons are accelerated to the anode
(usually the accelerator window). Up to electron energies of about 300 keV a stable acceleration is only
one stage and self-shielding is possible. An upper limit
of the electron beam power is given by the maximum
possible current per square centimeter of window area
is 0.2 mA cm-2 (10).

cess accelerators for medium energies of 300 to 3000
keV and beam powers of the order of several tens of
kilowatts (up to 120 kW).

4 Medium Energy Accelerators
4.1. Transformer Accelerators
Conventional Transformers. This term is taken
to mean standard high-voltage transformers whose
magnetic core is grounded. In view of the insulating
difficulties involved, transformers of this kind are relatively seldom used in particle acceleration.
High-voltage generators provided with traditional
transformers are manufactured by a Japanese company, the Nissin High-Voltage Co. [F5], wholly owned
by Nissin Electric. The transformer feeds a suitable
rectifying system and operates either in a single-phase
or three-phase fashion. These transformers are built
for the voltage range 300 to 1000 kV. A single-phase
system is used for 300 to 500 kV with the load capacity of up to 100 mA, while three-phase systems are
employed for the 750 to 1000 kV range. Oil-impregnated paper, whose dielectric strength is 10 to 20 times
greater than the strength of oil itself, is used as an
insulator. This results in a considerable reduction in
the dimension of the insulation.
NHV makes several types of electron beam processing machines including low-energy (0.1 to 0.3
MeV) for curing coatings and medium-energy (up to
1 MeV) for cross-linking plastic and rubber sheets.
Maximum beam powers of accelerators equipped
with the Nissin transformer generator mfd. by Nissin
Company attain at present 100 kW and 1 MV, and
their beam intensity is 100 mA. The generators are
coupled by cable with the accelerating chamber. The
versions of accelerating chambers are characterized
by maximum current load of 100 mA, and types with
a load of up to 150 mA are being designed. The advantage of generators provided with traditional
grounded-core transformers is that the mains energy
is transformed into beam energy in a simple way. Their
relatively high efficiency amounts to 90 per cent.
Insulating-core Transformers. Since 1960s they
have been manufactured by the High Voltage Engineering Corporation, HVEC, now Vivirad, and its
European Division, High Voltage Engineering Europa
B. V. [F6]. They are known as insulating-core transformers (ICT) and they are used as electron beam pro-
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Fig. 15. High-voltage generator with insulating-core
transformer: a) schematic; b) current voltage characteristics for core diameters 176 and
378 mm
An insulating-core transformer was developed by
R. van de Graaff. The schematic of its design is shown
in Fig. 15. To avoid the previously mentioned difficulties with insulation involved in traditional
grounded-core transformers, the core in insulating-core
transformers is divided into a series of sections separated by thin insulating spacers. The core is excited
through the primary winding in a three-phase system
(for simplicity, only two phases are shown in Fig. 15)
by a 460 V potential at 50 or 60 Hz. Each secondary
section is furnished with a rectifier operating as a voltage divider, and it constitutes a separate 50 kV unit
ending in characteristic equipotential ring. The transformer current load capacity is dependent on the core
diameter and on the total output voltage. The power
of the most powerful commercial ICT is 120 kW. It is
possible to use more generators in parallel. These
machines have very high efficiency, over 90% and
they are also very reliable. The transformer is housed
in a SF6 pressure tank. To have accelerator it must be
coupled to another pressure tank housing the electron
gun and accelerating (and recovery) column.
The ITC and Van de Graaff technologies were recently acquired by Vivirad, a French firm making ion
and electron accelerators.
At present ICT accelerators are built in China (13).
Some main characteristics of these are summarized in
Table 9.
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Tab. 9. Parameters of ICT Acceleration for Radiation
Processing; built at Research Institute of Automation for Machine-Building Industry (Bejing, China); after W. Shiquin and Ch. Dali
(13)
Type
FDJ-0.3
FDJ-0.6
FDJ-1.2

Beam
Energy Current
Energy,
Scan
intensity, stability, stability,
MeV
width, m
mA
%
%
0,3
50
3
2
1,0
0,6
40
3
2
1,0
1,2
10
3
2
1,0

Air-core Transformers. ELV-accelerators
(Fig. 16), similar to ICT, are built by the Budker Institute of Nuclear Physics, Novosibirsk [F7] and have
similar performances. They contain the tubes within
the core of transformer. Their volume is smaller than
that of ICT. Also efficiency is a bit less, around 80%.
The accelerators are powered from 230/380 V AC
mains at 50 Hz through 400 Hz frequency converter.

energy they have quite large power. Their designs are
mainly oriented to the solution of the ecology problems.
The accelerating voltage generator is a coreless
step-up transformer with a sectionalized secondary coil
(Fig. 16). The AC voltage applied to each section is
converted to DC voltage with doubling. The accelerating tube is built in a column of rectifying sections;
the electron beam is focussed magnetically. Both the
generator and the accelerating tube are housed in a tank
filled with SF6 gas.
Typically the ELV-type accelerators are designed
for installation in a vertical position. However, accelerators for either horizontal beam extraction or for
installation in a horizontal position are available on
special order. The time required to attain rated operating conditions after a short idle time is 5 min, after
a long idle time, 1 h, and after an idle time requiring
filling with gas, 3h. The scheduled maintenance time
does not exceed 10% of the calendar time.
Two versions of beam extraction into air provided:
linear scanning (with the beam being extracted through
foil and with linear scanning over the entire extraction window) and concentrated beam (with the beam
being extracted through a system of diaphragms with
wholes) (15).
Tab. 10. Parameters of ELV accelerators mfd. by Budker Institute of Nuclear Physics SB RAS [F7];
after Y. Golubenko et al. (15)
Type

Fig. 16. Air transformer generator
The power supply of the primary winding of the
accelerator is provided by the frequency of 400 Hz
from the frequency converter. The only deficiency of
these machines is quite low efficiency, 65-80% depending on power. The attempts are made now to replace them by the static frequency converters, both
the thyrister and transistor types. In this case, the total
efficiency is expected to increase up to 85% for the
machines of up to 100 kW and up to 92% for more
powerful accelerators.
Electron accelerators of the ELV-type covering the
energy range from 0.2 to 2.5 MeV with a beam of
accelerated electrons of up to 200 mA and maximum
power up to 160 kW (400 kW). By now, over 70 accelerators had been delivered inside Russia and abroad
and the total operation time exceeds 500 acceleratoryears.
Basic parameters of the ELV-type accelerators are
given in Table 10. The last three lines are referred to
the accelerators of a new generation. At relatively low

ELV-mini
ELV-0.5
ELV-1
ELV-2
ELV-3
ELV-4
ELV-6
ELV-8
ELV-6a
Torch
ELV-12

Energy range, Beam power,
MeV
kW
0,2-0,4
20
0,4-0,7
25
0,4-0,8
25
0,8-1,5
20
0,5-0,7
50
1,0-1,5
50
0,8-1,2
100
1,0-2,5
90
0,75-0,95
160
0,5-0,8
500
0,6-1,0
400

Max beam
current, mA
50
40
40
25
100
100
100
50
200
800
400

The maximum current extracted through the foil
window is 70 mA m-1. The use of radiation in the
large scale industrial production (flue gas treatment
of HES, metallurgy, waste water treatment, etc.) require an increase in accelerator power up to a few
hundred kilowatts. The electron beam optimum energy for the majority of these application lies -within
the range 0.7-1.5 MeV. Therefore, in order to achieve
the required power one has to extract into air an electron beam with a current of few hundred mA at quite
low current density, i.e. the extraction window area
should be enlarged. The use of support grids in the
given range of energies is not reasonable since their
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transparency is 80-90%. In case of the use of the single
window, its width is determined by the mechanical
strength of the foil and does not exceed 7-10 cm.
Therefore, it was decided to develop a new extraction
device with two extraction foils enabling thus to expand the extraction window area twice with no substantial change in the device overall dimensions (15).
The accelerators available have the power mainly
of up to 100 kW and cannot satisfy the need of powerintensive radiation technologies (mainly ecological)
where the accelerators are required with total electron
beam power of units and tens of megawatts. For the
manufacturing of such complexes the modules of the
unit power of hundreds of kilowatts as a minimum
are required.
At the Budker INP, a new generation of high voltage accelerators is being developed with the required
power of an extracted beam. The representatives of
a new family of accelerators are the ELV-6M with an
energy of 0.75-1.0 MeV and the power of 160 kW;
the TORCH accelerator with an energy of 0.5-0.8 MeV
at a power of 500 kW, and ELV-12 accelerator of
a power of 400 kW at energy of 0.6-1.0 MeV.
In the TORCH accelerator, the high voltage rectifier is placed in a separate tank and it is connected
with a accelerating tube through the gas feeder. The
rectifier consists of two parallel columns with an output of high voltage in between. The sections of each
columns are connected in series-parallel and there is
no filter capacitors in them. The primary winding with
the central magnitude is located inside the column of
the high voltage rectifier. The accelerator operation
frequency is 1000 Hz and it is supplied from the converter PPFV-500. The accelerator schematic diagram
is shown in Fig. 17. It was equipped with the device
for the extraction into air of the adiabatically com-

Fig. 17. TORCH accelerator; after Y. Golubenko et
al. (15)
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pressed electron beam which was described above.
The maximum parameters obtained on this accelerator are the following: beam intensity of 0.8 A at energy of 0.5 MeV, beam intensity of 0,5 A at energy of
0.8 MeV, the beam power 500 kW (0.7 MeV*0.7 A).
4.2. Cascade Accelerators (Cockroft-Walton
Accelerators)
The asymmetric cascade electrical circuit was developed in 1920 and is known in electrical engineering as Greinacher doubling voltage circuit. Cockroft
and Walton were first to use it in acceleration to produce voltages of several hundred kilovolts. This is why
accelerators equipped with cascade generators are often referred to as Cockroft-Walton accelerators.
The asymmetric cascade generator includes n identical stages, called cascades, consisting of capacitors
C and rectifiers Re. The first stage, consisting of capacitor C1 and rectifier Re1, gets its power from the
secondary winding of transformer Tr supplying an alternating voltage with amplitude u (Fig. 18). At point
a of the circuit the transformer produces an alternating voltage which oscillates between the peak values
±u. The first stage also contains rectifier Re1 which
conducts when its anode has a positive potential relative the cathode. Thus in the positive halfperiod of
the supply voltage the rectifier conducts and charges
the capacitor C1 to the value u. In the next halfperiod
the capacitor is unable to discharge because rectifier
is then reverse-biased and does not conduct. The potential at point c thus increases by u and now oscillates between the value of 0 and u. This causes the
capacitor C2 to be charged through rectifier Re2 to a
voltage of 2u; point d is then at a constant potential of
2u.
If the cascade generator circuit consists of n identical stages, a constant output voltage of Uo=2nu is set
up in the case of operation with no current load. The
insulation of the elements making up each stage, i.e.
the capacitors and rectifiers, must thus withstand voltages of only 2u.
Since the voltage drop and the ripple amplitude in
the above two kinds of cascade systems vary inversely
with supply voltage frequency f, cascade generators
often get their supply power from frequency converters which operate in the range from 0.5 to 10 kHz.
The efficiency of the machine depends mainly
upon the oscillator, and is usually more than 75%. As
for the power, it depends on the number of oscillators
driving the machine and on the current achievable with
the rectifiers. These latter limit the power that is possible to transfer form grounded up to the top of
Cockroft-Walton ladder. The diode technology of to-
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day allows very powerful (100 mA, dc) and fast diodes (20 ns recovery time), which, further, can withstand very high power for short time.

Fig. 18. Cascade accelerator: a) asymmetric circuit;
b) symmetric circuit.
The construction of cascade accelerators was pioneered by the Swiss company, Haefely. At present
Nissin High Voltage (NHV) [F5] offers symmetrical
Cockroft-Walton generators which use multistage rectifier circuits energized with series-connected filter
capacitors at a frequency of 3 kHz. Such machines
can produce 100 kW of dc beam power with electron
from 1 to 5 MeV and 150 kW at 5 MeV (Table 11).
Tab.11. Parameters of Cockroft-Walton accelerators
for radiation processing - Medium and High
Energy Series, mfd. by Nissin High Voltage,
Co [F5]
Type
Accelerator
Voltage, kV
Beam current,
mA
Irradiation
width, cm

EPS
500
500
100
180
×2

EPS EPS EPS EPS EPS EPS
800 1000 1500 2000 3000 5000
5000
800 1000 1500 2000 3000
0
100
180
2

80

m min
66

5Mrad
10Mrad
Power, kW

32
16
65

26
13
100

Irradiation
speed

2Mrad

100

65

50

180

120

120

-1

30

30

120

120

100 kHz) to high-voltage dc power in the energy range
of 0.5 to 5 MeV with electron beam power ratings as
high as 200 kW (Table 12).
Radiation Dynamics, Inc. is a major supplier of
industrial electron accelerators in North America,
Western Europe and Japan. Most of these machines
are devoted to cross-linking plastic and rubber products, but several Dynamitrons rated for 150 kW at 4.5
MeV are being used routinely for electron beam sterilization of medical devices. The largest model, which
is capable of 200 kW at 5 MeV, is used for a variety of
processes such as the modification of polymers and
semiconductors and sterilization with electrons and
x-rays (13).
Tab. 12. NHV ( Nissin High Voltage Co, Ltd. ) Electron Processing Systems, as for April, 1995,
after T. Fujisawa (15).
200~300
kV

350~1200kV

1500~
5000kV

Research and
49
6
5
Development
Wire & Cable
1
50
5
Polyethylene
15
1
Foam
Heat-shrinkable
3
3
4
Sheet and Tube
Curring
14
2
&Converting
Automobile Tire
4
22
Sterilization
1
1*1)
Flue Gas
5
Treatment
Others
5
10
4*2)
TOTAL
76
114
20
* including under construction
1)
5000kV, 30mA, 1991 Radiat. Ind. Irradiation Service
2)
5000kV, 300mA, 1994 S. Co. Sterilization

Total
60
56
16
10
16
26
2
5
19
210

-1

56

9,4

t hr
9,5
8,8

14,6

22
11
125

3,7
1,9
130

3,8
1,9
135

5,8
2,9
215

3,5
1,8
120

Nissin High Voltage is a major supplier of industrial accelerators in Japan (Fig. 18 and Table 12)
4.3. Dynamitrons
Radiation Dynamics, Inc. (RDI) [F8], formerly
a subsidiary of Monsanto, is now owned by Sumitomo
Heavy Industries (SHI). During the 1960s, RDI developed the Dynamitron type of accelerator which
utilizes a multistage rectifier circuit energized through
a parallel array of gas-insulated coupling capacitors.
This system converts high-frequency ac power (75 to

Fig. 19. Total number of NHV electron beam systems
(1971-1995); after T. Fujisawa (15)
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The Dynamitron's operating principle is illustrated
in Fig. 20. Two large D-shaped electrodes powered
by an rf generator at 100 kHz are installed inside pressure tank. The voltage from those electrodes, which
acts as antennae, is used to induce the corresponding
secondary voltages in separate segments of the receiving unit. The segments are coupled with rectifiers and
the rectified voltages from each segment are added
together to supply an hv electrode. The accelerating
chamber, as in Fig. 20, is mounted inside these segments. The tank is filled with an insulating gas, SF6.
The direct voltage produced by a single segment is 50
kV.
The Dynamitron (Fig. 20) is similar to the previous machine: it is, in fact, based on a stack of
Greinacher doublers connected in series, but with the
important difference that the capacitors are fed in parallel. Some Dynamitrons performance characteristics
are listed in Table 13.
The material throughput capabilities of RDI's new
550 keV an 800 keV Dynamitron accelerators (Fig.21)
have been enhanced by increasing their beam current
ratings from 100 mA to 160 mA. Future requirements
up to 200 mA have been anticipated in the designs
(18).
Tab. 13. Standard Dynamitron models mfd. by RDI
[F8]
Rated voltage, kV
550
800
1000
1500
2500
3000
4500
5000

Rated beam current, mA
70/100/160
70/100/160
60/100
40/65
40
34/50
20/34
10/20/34

The concentrated electron beams are accelerated
through elongated, multiple-gas tubes and then dispersed across the product conveyors by scanning
through +30° and -30°. The thin, metallic windows
through which the beams emerge from the highvacuum systems are 1.65 m long and 12.7 cm wide
and do not need supporting grids. They are cooled by
transverse high-velocity air streams from manifolds
located alongside the windows.
The electron beams are scanned in two dimensions
to cover most of the available window area. The longitudinal (x) scan frequency is about 200 Hz and the
transverse (y) scan frequency is about 4 kHz. Both of
these waveforms are triangular. The x waveform can
be modified to improve the dose uniformity at the
edges of the product conveyors. Typical dose uniformities across the conveyors are ±5% of the average
value.
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Fig. 20. Dynamitron-type accelerator; mfd by Radiation Dynamics (RDI)

Fig. 21. View of Dynamitron accelerator mfd. by RDI,
Co [F8]
4.4. Comparison of Medium Energy Accelerators
Commercial Facilities. Typical technologies used
for radiation processing in various fields of application are listed in Table 3. In technological practice,
the irradiation parameters should be differentiated and
adapted to technological process. Possibilities of use
medium energy machines are shown in Table 14.
It concerns the accelerators installed in Beta-Gamma
Service [F12], which is a commercial facility. This
facility is equipped with four medium energy accelerators which energy ranges from 0.6 to 4.5 MeV
(beam power 11-150 kW).
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Tab. 14. Technological possibilities of medium energy range processing accelerators (BGS- BetaGamma Service, Wiehl-Bruchsal, Germany
[F12])
Energy, MeV
Power, kW
Application

max insulation thickness,
mm
max outside diameter of
drums, mm
max width, mm

Application

0,3-0,6
11

0,8-1,5 1,5-2,8
75
100
cables / wires

0,7

1,5

3,5

1000

1000

2000

2800

800

800
1460
tubes / pipes
1,4
2,8

1500

1000

2000

2800

1460
-

1500
foils /
profiles
6
1000
2800

0,7

max wall thickness, mm
max outside diameter of
drums, mm
max width, mm

1000
800

800

Applications

films

foils

max product thickness, mm
max production width, mm
max outside diameter of
drums, mm
max width, mm

2
800

4
1800

Application

max weight per surface
area, g cm2
max product area

2,5-4,5
150
8

6

1000

1000

-

800
-

2000
-

1500
cardboxes

-

-

-

-

2,5

3,5

490×1000 1200×1600

The name commercial facilities is taken to embrace
multifunction accelerator facilities which provide irradiation service to customers. The first of this type
were founded in USA in the early sixties. For example
in Europe, there are above mentioned BGS in Germany, Studer AG Bereich Elektronenbestrahlung in
Switzerland [F13], CARIC in France [F14], SCANCARIC in Sweden [F15].

Accelerator techniques are highly cost-effective
only on large, i.e. mass-production, scale. The above
facilities, however, made it also possible to perform
radiation processing on a smaller scale. They had pioneered the way for pilot experiments and semi-industrial processing, which were preliminary to decisions
about the purchase of one's own accelerator.
Today, the role of commercial facilities has been
greatly modified and enlarged. Many of the chief industrial manufacturers have installed their own accelerators. Since radiation processing most frequently
involves quality improvement of a product and is economically advantageous, small entrepreneurs have
been forced to adopt this technique or else be eliminated from the market. This was the main reason why
the interest in commercial service facilities considerably increased.
The customers of commercial radiation centers are
usually those same big manufacturers who already
have accelerators of their own. Their machines are,
however, permanently set up for a given production
line and are not flexible enough to be used when another technique or product is to be employed. The introduction of radiation processing stimulates within
the whole company the interest in this new tool and
other irradiated products will be developed which cannot be processed in the existing facility and for which
an additional facility cannot be justified. Sometimes
the throughput of one's own facility is not high enough
to handle the surplus production. In all these cases
commercial radiation centers seem to provide the best
solution to the problem.
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