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PARTICLE ACCELERATORS FOR INDUSTRIAL
PROCESSING (PART 2)*
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.

5. Radiation Processing Linacs
More than 1500 accelerators are functioning contemporary in the industry and in the R&D processing
centers all over the world (Table 1) and about 200
machines from this group are linacs. Several companies now offer rf linear accelerators in the 10 MeV
region (Table 16). Used in the electron mode, a higher
energy beam has better penetration and will process
a wider range of product. For example, the high energy systems at 10 MeV can penetrate and treat up to
40 mm of water, whereas the low energy system of
about 1 MeV can only treat about 3 mm of water.
Less dense materials, e.g. cardboard boxes for medical sterilization (~0.15 g cm-3) are penetrated proportionally deeper (Fig. 6).
These high energy levels are required to penetrate
the product while the sterilized product is contained
in the final shipping packaging. The in-line sterilization system is one where the electron beam irradiation system is integrated directly into the production
process. This can be accomplished with a small electron beam system dedicated to each production line
or several lines feeding a single electron beam system. In either configuration the type of electron beam
system can be designed to process cartons or single
products in their sterile packaging (Table 15).
Excluding steam, the current US market is estimated at 245 million cubic feet of sterilized product.
This market is sub-divided into; 133 million cubic

feet processed by ethylene oxide (EtO); 95 million
cubic feet by gamma and 17 million cubic feet by
accelerators. The trend towards contracting out sterilization services reflects in the growth of irradiators.
Over the past five years there has been an increase of
74% in the North American irradiator licensed capacity (46).
The design of an electron beam sterilization facility requires the integration of the accelerator, product
handling system and shielding. The size and power
of the accelerators as well as characteristics of the
product handling system are determined by the type
and volume of products to be sterilized. The system
controls must track the product as it moves from the
non-sterile area through the electron beam to the sterile area. The system must not only monitor identification, position, orientation etc., but also isolate those
products which for any reason may not have been
properly sterilized. The shielding design is a function
of the requirements for the accelerator and product
handling system with an overriding concern for
worker safety (47).
A stand-alone system differs from the in-line approach in that the electron beam system is not directly
integrated into the production process. This approach
is generally used to process many different types of
products in their final shipping carton configurations.
Stand-alone systems come in many sizes and are generally classified according to the power of the accelerator (small 1-5 kW, medium 10-20 kW and large
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25-150 kW) - the larger to the power, the more product volume can be processed. Power ranges above
35 kW are available but are seldom applied to medical device sterilization applications due to the difficulty in control issues at such high process rates.
Tab. 15. Comparison of Sterilization Processes
High-pressure
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Sterilization Sterilization
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5.1. High Energy Linacs
Thomson-CSF Linacs. In 1956 Thomson-CSF
created the department of Electron Accelerators. In
1987 General Electric buys the branch CGR and concentrates on the medical business. Industrial and scientific market are being covered by a new founded
company MeV Industry which is joint venture between SHI and GE. Table 17 lists characteristics of
CIRCE linacs manufactured by Thomson-CSF [F16].
In 1986 Thomson-CSF Linac installed the first
accelerator used for food preservation in a chicken
factory called SPI. This machine produced 5 kW
power and 7 MeV energy. They could treat 3 tons of
deboned meat per hour at 3 kGy. This machine was
operating three shifts per day and 230 days per year.
Variable costs were less than 0.02 $ per kilo. In 1990
this machine was replaced by a new accelerator type
CIRCE 10 MeV 10 kW, allowing them to double the
throughput.
Tab. 16. Electron rf Linear Accelerators for Industrial
Processing
Manufacturer
Model

The cost for electron sterilization is a strong function of volume treated (Fig. 22). In the past the maximum reliable power level for electron accelerator was
between 10 and 20 kW. At this power, gamma rays
from cobalt 60 provide strong price competition. At
higher powers the economics of the process becomes
limited more by the availability of the product to be
treated in any one place rather than the power of accelerator.

Fig. 22. Cost of sterilization as a function of power
(throughput)
Today, however, rf electron linacs are frequently
limited to an average beam power of only 10 to 30
kW (Table 16). The design of these accelerators is
restricted by the characteristics of commercially available klystrons (usually S-band or L-band). To achieve
higher beam power, higher duty cycle and/or the use
of lower frequencies are necessary.

Electron Beam power,
Frequency
energy, MeV
kW
Medium Energy Range
Denki Kogyo Co, Ltd.
0,3-0,9
1,2-6
200 MHz
Electronshower
RPC, Industries
2
10
S-band
Budker Institute of
Nuclear Physics
0,1-2,5
up to 40
120 MHz
ILU
High Energy Range
Varian
2-10
0,6-5
S-band
Mega Ray-Series
HITESYS [F24]
4-10
1
S-band
Ste-Power STERIL
TORYI
2-10
6-12
S-band
Elektronika
Efremov Institute,
4-12
12
S-band
UELV-8
Thomson CSF
5-10
10-20
S-band
CIRCE II/III
Mitsubishi Heavy Ind.
8-11
25
S-bad
Scanditronix
10
30
S-band
EB 10
Titan Beta, Titan Scan
3-10
1-50
S-band
Technical Systems,
10
50
L-band
Ltd. (Harwel)
IBA
3-10
150)
107,5 MH
Rhodotron
AECL
10
50
L-band
IMPELA

The subsidiary in Belgium of Mölnlycke, a Swedish company (number one in non-woven medical disposable supplies) uses Thomson linacs for sterilization. Their throughput is 70.000 m3 per year and the
density ranges from 0.11 to 0.20.
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This facility is equipped with 2 accelerators type
CIRCE 10 MeV 20 kW placed vertically, facing each
other, so as to irradiate products from both sides at
the same time (Fig.23).
Tab. 17. Parameters of CIRCE accelerators mfd. by
Thomson-CSF [F16]
CIRCE II CIRCE II CIRCE II CIRCE III
-10
-20
-20-B
-10
Energy,
10
10
10
MeV
Beam
10
20
18
power, kW
Max pulse
310
550
500
repetition
rate, Hz1)
Scanning
30 to 100 30 to 100 30 to 100
width, cm
1)

5 & 10
10
450
30 to 100

Beam pulse length 12.5µs

The advantages of this modular system are the
following: 1) if the machine breaks down, the other
can be used, 2) simple handling system: all-in, all-out
(it allows to avoid the use of a turning-over device).
This facility is an example of big in-house facility
(the project started beginning in 1989). The 10 MeV
electrons, in cases of double side irradiation admit
a maximal surface weigh of approximately 6.5 g cm-2.

Fig. 24. STERBOX Sterilization System: a) View,
b) Principle of Product Transport System
Tab. 18. Performance of STERBOX System
Products

Fig. 23. System for radiation sterilization equipped
with two 10 MeV, 20 kW CIRCE opposite rf
linacs (SCA Mölnlycke SA Clinical Products,
Belgium [F22])
At present, Thomson-CSF developed STERBOX
(Fig. 24) sterilization system for use in-line.
Table 18 lists STERBOX throughput and dose
parameters for sterilization and food processing.
NIEFA Linacs. Scientific Production Complex of
Linear Accelerators and Cyclotrons (NPK LUTS) is
an independent subdivision of the Efremov Institute
of Electrophysical Apparatus (NIEFA) [F17] that was
established in 1945. More than a hundred of linacs
were manufactured and presently are working in Russia and abroad. For electron beam sterilization, for
food processing and industrial irradiation technologies NIEFA produce the new generation of electron
linacs.
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Syringes
blood-tubes
non-wovens
petri-dishes
Cereals
sea-food
poultry, meat
spices

Throughput,
per hour
6000
10000
400 units
6000
1,5 T
1,0 T
0,8 T
0,4 T

Dose, kGy
25
25
25
10
1,0
3
5
10

Linac type UELV-8-15S-1 is working in energy
range 4-12 MeV with max beam power 15 kW and
12 kW as for long term operation. Continuos output of
the x-ray beam is up to 300 Gy m2 min-1. The machine
is designed for two-three-shift mode of operation.
At present, there are 8-9 commercial linacs for
sterilization at plants and irradiation centers. In the
near future, it may be 13-14 linacs used for these purposes (22).
Mitsubishi Processing Linacs. The main cause
of the instability of most of the S-band linacs is the
thermal instability of the accelerator guide under an
intense heat load. In some cases, 20 to 30 kW rf power
is dissipated in a 1 to 2 m accelerator guide with less
than 10 cm diameter cavities. Beam loss in the accelerator guide an additional lumped heat load to some
part of the accelerator guide where the beam is lost.
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The intense and uneven heat load distorts the cavities
of the accelerator guide to destruct a correct acceleration phase relationship and cause the beam instability. That is why in the past the maximal beam power
of rf linacs was limited to 15-20 kW (Table 16).
Mitsubishi Heavy Industries design concept is to
reduce the rf loss and beam loss to the theoretical limit.
System construction is shown on Fig. 25.

The dose uniformity of Mitsubishi sterilization
linac is indicated in Fig. 27.

Fig. 27. The dose uniformity of Mitsubishi sterilization linac
Fig. 25. System construction (accelerator side view)
mfd. by Mitsubishi Heavy Industries [F18];
after Y. Kamino (24)
A travelling wave CG type guide is selected
because a circulator and dummy load system for the
input wave guide which constitutes a major loss can
be deleted with the travelling wave guide and the
klystron output port can be connected directly to the
input port of the accelerator guide. The guide
parameter is selected as 2 m long (60 cavities) and
0.38 Neper (attenuation factor) CG type to get the
10 MeV beam energy at the nearly heaviest loading
condition with available klystron power of 4.8 MW
at the guide input by the load line analysis. The beam
current is 360 mA (Fig. 26). The initial 8 cavities of
the accelerator guide the tapered buncher section and
the disk spacing is determined by the electron phase
analysis to get the best bunch suppression ratio for
tight energy spectrum and the phase limit of -90 deg
(just on the crest of the accelerating field) for the best
energy conversion efficiency. The energy conversion
efficiency of the accelerator guide is as high as about
70% (measured value) and nearly the theoretical limit.
This good energy conversion efficiency reduces the
heat load of the accelerator guide to as low as 10 kW
(average) under the 25 kW beam power operation.

Fig. 26. Efficiency scheme of Mitsubishi sterilization
linac; after Y. Kamino

In March 1995 two machines were delivered to
HOGY Medical Co., Ltd., one of the major medical
device suppliers in Japan. The system availability is
as high as 98%. Guaranteed beam power of next generation of these linacs is 28 kW (25).
Titan Scan Systems. The Titan Corporation of
San Diego (California, USA) [F10] has developed an
n integrated electron beam system for the radiation
sterilization of medical devices. The system employs
a 10 MeV, klystron driven electron linear accelerator,
a carrier based materials handling system and a graphics biased information and control system.
The facility is divides into four areas: a processing room, a control room and a product staging area.
The processing room is shielded concrete structure
with walls and roof ranging from 2.1 m to about 3.1 m
at the thickest point directly in front of the electron
beam. The processing room contains a 1.4 m long
standing wave accelerating section, magnetic systems
to focus and scan the 10 MeV 10 kW electron beam,
and overhead power and free transport conveyor and
the under-beam process table.
Power supplies and utilities are located in adjacent modulator room, which is separated from the
processing room by a shield wall so it can be occupied during operation. The control room houses the
computers and sub-systems that control, monitor and
document the sterilization process. An isolated dosimetry lab is located in the control room area. Processed and unprocessed product is separated by
a chain-link fence to prevent intermixing. Denver,
Colorado facility occupies about 2700 square meters
including office space.
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Because the linac system is specifically designed to
function as part of a medical product sterilization system,
it is built with a component safety margin allowing
continuous, 24 hour per day operations. The horizontal
accelerator axis provides for two-sided irradiation of
medical products with bulk density in the range from
0.03 to 0.30 g/cm3. The beam is scanned in the vertical
direction to accommodate packages up to 51 cm in height
at the front surface of the carrier (26).
The new Surebeam 10/15 is designed as an endof-line sterilization system which sterilizes the product in its final shipping case configuration. Processing rates will vary dependent on dose and product
density and will average from 10 to 13 cubic meters
(350 to 450 cubic feeds) per hour. The customers have
been able to achieve economic payback on Surebeam
systems in less than 3 years (27).
IBA Rhodotron System. Ion Beam Application
(IBA) is a small Belgian company producing a particle accelerators [F19].
The Rhodotron invented by Pottier (28) is a new
kind of electron accelerator, based on the principle of
recirculating a cw beam through a single coaxial cavity resonating in metric waves. The rose-shaped pattern described by the acceleration path gives rise to
the name Rhodotron, rhodos in Greek means rose.
This design makes it possible to easily achieve
the acceleration of high intensity electron beams to
high energies. The beam passes several times along
different diameters in the median plane. After each
pass, the beam is bent by a magnet and then sent back
to the accelerating cavity, the trajectories having
a rosaceous shape. In the Rhodotron cavity (TEM
mode), the electric field is radial and the magnetic
field is azimuthal having zero value in the median
plane. Focusing of the beam is achieved by proper
edge shaping of the deflecting magnets.
A continuous mode (100% duty cycle) is the best
solution for industrial processes. The size of the machine is defined by the fundamental resonance frequency of the cavity. The available commercial powerful amplifiers are limited in frequency to about 100
MHz. The number of passes is limited to about 10 by
the size of magnets and the energy gain per pass is
limited to abut 2 MeV by power of existing continuous rf cavity. Hence, the energy range of the Rhodotron
beam is 1 to 20 MeV. The electrons are generated in
a vacuum environment by the electron gun, located
at the outer wall of cavity (Fig. 28). The electrons are
then drawn away and accelerated by the radial electric field, which transmits energy to them. The electrons undergo a first acceleration toward the inner wall
of the cavity. They then pass through openings in the
center conductor.
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a)

b)

Fig. 28. a) Median section of Rhodotron, with electron trajectories shown; after J. Pottier (28);
b) View of Rhodotron
This accelerating cavity is a half-wavelength coaxial cavity (a tube surrounding a central conductor,
both tubes having coincident axes), shorted at both
ends and resonating in metric waves at 107.5 MHz.
The cavity is brought to an alternative electric potential which creates an electric field between external
tube and the central conductor. This electric field is
radial and exhibits rotating symmetry. In the median
plane the electric field is maximum and magnetic field
is zero. This plane makes it convenient for an accel-
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erated beam to be recirculated along several different
diameters without perturbation of the electron trajectories by the magnetic field.
Because the Rhodotron operates in a continuous
wave (cw) mode, it does not need a klystron to amplify the accelerating rf signal. Instead, it uses a cathode driven tetrode which, by design, always operates
at peak efficiency.
Rhodotron is available in three models: 1) TT100:
3-10 MeV, 1-35 kW, 2) TT200: 3-10 MeV, 1-80 kW
and 3) TT300: 3-10 MeV, 1-150 kW. As yet, eight
systems are sold (30). Rhodotron models have "wallplug to beam power" electrical efficiency of better
than 20, 31, 43% respectively. With TT100 model
footprint is only 1.6 m in diameter and a height about
1.75 m.
At 10 MeV / 35 kW Rhodotron based sterilization unit, for example, a realistic capacity of about
100.000 m3/year a Rhodotron -based sterilization facility can demonstrate and unit sterilization cost of
about $14 per cubic meter (less than $0.40 per cubic
foot), inclusive of investment and operating expenses.
IMPELA System. AECL [F20] is developing
a family of industrial irradiators based on high-power
electron linear accelerators to cover beam energies
around 10 MeV at average beam powers from 50 to
60 kW. This family of industrial irradiators, called
IMPELA (Industrial Materials Electron Linear Accelerators), has been designed for applications where
combinations of dose, penetration, and volume are
high. Processing can be done in electron or x-ray
mode. The electron beam energies ranging from 5 to
18 MeV at beam powers of 20 to 250 kW.
This pulse (~200 ms) accelerator was designed to
provide low electrical stress (<100 kV, ~2.5 MW,
3 MeV m-1), low thermal stress (20-45°C) and low
mechanical stress (1.3 GHz) in a shielded vault
(~400 m2) and provide sufficient energy and power
to meet the requirements of the established cross-linking and sterilization industries. Three accelerators
have been built so far and have reached over 20.000
hours of commercial operation in Canada and the
United States.
IMPELA beam energy 10 MeV can penetrate at
typical shipper of medical products 60 cm (24 inches)
thick. Beam power of 50 kW makes it possible to sterilize up to 2.5 tones of such product per hour.
5.2. Medium Energy Linacs
Single Cavity Accelerators ILU-type. An resonant
single-cavity accelerator was developed at Budker
Institute of Nuclear Physics [F7] to cover the elec-

tron energy range from 0.1 to 2.5 MeV with the average beam power up to 40 kW (34). Fig. 29 shows the
principle of operation of the accelerator.

Fig. 29. Principle of operation of an accelerator based on one pass single cavity coaxial resonator: 1) high frequency generator, 2) electron gun, a) simplified electric diagram, b)
electric field density distribution across the
resonant cavity, c) cross section of a coaxial
resonant cavity
The toroidal cavity is made of two isolated halves
- one half partly entering the order - is mounted inside
the stainless steel vacuum tank. The side surfaces of
these halves form a coaxial capacitor, which shorts
out the cavity rf current. The lower half of cavity is
isolated from the body and is supplied via the
inductivity with a constant negative voltage for
suppressing the multipaction discharge and preventing the ion leakage from the accelerating gap.
For exciting the cavity, the auto-generator with a
common grid circuit is used. The cavity is connected
to the generator tube anode via the inductive loop
without the use of intermediate feeder and produces
the anode circuit. The use of such a scheme simplifies
substantially the accelerator design and decreases the
accelerator overall dimensions. The generator backcoupling mode is tuned by varying the gap in air
capacitance between the cathode and anode and with
the cathode tail length.
The constant voltage (1 kV) from the separate
power source is applied to the autogenerator anode in
order to improve its operation stability. This power
source is connected to the secondary winding of the
pulse transformer. In this case, the autogenerator is
operated in continuous mode (115-120 MHz) at a low
level of supplied power. When the pulse high power

EKSPLOATACJA I NIEZAWODNOÆ NR 4/2001

9

NAUKA I TECHNIKA
is applied to the tube anode, the rf voltage envelope
on the accelerating gap has practically the same form
as that of the pulse anode power at high load of resonator with the beam of accelerated electrons.
In period 1978-93 about 32 ILU-type accelerators
was manufactured.
Denki Kogyo, Co. Electronshower System.
Denki Kogyo developed an electron beam irradiation
system, similar to ILU, without a bending magnet, in
which the beam is accelerated vertically and scanned
in the horizontal plane because in most cases materials are irradiated in the horizontal plane. The system
is named Electronshower (ES) and has an energy range
of 300 to 900 keV. The maximum energy rating of
900 keV is not a technical limit but is chosen for the
practical reason those electron machines whose beam
energy is lower than 1 MeV can be used without governmental permission (Japan). Fig. 30a shows a cross
sectional scheme of Electronshower and Fig 30b its
view.
An electron beam is extracted with the dc anode
voltage of 5.5 kV from an electron gun mounted in
the entrance side stem. The velocity of the extracted
beam is modulated by the rf field at the bunch gap
and electrons are concentrated at the acceleration gap
in the narrow phase of the main acceleration field.
The beam accelerated at the gap is focused by the
solenoid coil in the exit side steam and transported
into the scanning magnet. The magnet is made of
stacked thin iron plates 0.5 mm thick to reduce the
eddy current and the pole piece has a semi-circular
boundary to keep the beam spot rather insensitive to
the deflection angles. The waveform of current exciting the magnet can be adjusted to obtain a good uniformity of dose over a scanning length. The beam is
scanned over a length of 25 cm and extracted through
the window (titanium foil, 0.03 mm thick). Samples
are placed in a box below the foil and are irradiated.
The window is cooled by nitrogen gas and the oxygen density in the box can be kept lower than 100 ppm.
The self-excited oscillator delivers an output
power of more than 100 kW in the accelerating cavity in pulse mode at frequency more than 175 MHz.
Footprint of accelerator is 1.5x0.9 m and height 1.85 m
(Fig. 30b).
RPC Technologies Linac System. RPC Technologies [F4] has developed a 10 kW scanned electron linac system for medium energy industrial
processing such as in-line sterilization. The parameters are: electron energy: 2 MeV, average
beam current: 5.0 mA and scanned width: 0.5 m.
Accelerator is vertically mounted, the system
height above the floor is 3.4 m, and the footprint
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Fig. 30. Electronshower system: a) cross sectional
scheme, b) view; mfd by Denki Kogyo [F21],
after T. Fujisawa et al. (37)
is 0.9x1.2 m2. The typical processing cell inside
dimensions are 3.0 m by 4.2 m high with concrete
sidewalls 0.5 m thick aboveground level. The
products to be sterilized have densities ranging
from 0.19 to 0.58 g cm -2 (41). Estimated operated cost is $5 per m 3 (annual output 12.700 cubic meters).
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System size

Parameter
Beam energy /
Power
System
footprint , m2
Throughput
Capital cost
approx.

in-line systems

The reason why dc machines are used in energy
ranges lower than 5 MeV, are because the electric
power efficiency of a dc machine is better than that
of a rf machine, and the principle and technology of
dc machines are well established compared to those
of rf type. An rf accelerator, however, is much smaller
than a dc machine in energy ranges higher than 300
keV and no accessory is required such as a reservoir
for SF6 gas for a dc machine. Furthermore, an rf accelerator is more reliable than a dc machine because
no insulator is used in the area where the strong electric field is generated.
Medium and high energy linacs are mainly devoted to medical sterilization. By the end of 1993,
there were 18 plants doing commercial sterilization
on large scale; 7 in North America, 8 in Europe and 3
in Japan. It is expected that in 2000 this number will
be doubled. Performance comparison of modern linac
systems for medical sterilization is given in Table 19
(33). The present designs routinely achieve a 24 hour
per day duty cycle. Today, systems routinely operate
more then 7000 hours per year, with maintenance
performed in less than 8 hours per week. Unscheduled down time has been measured consistently at least
than 5%.
Irradiation of food has been approved in 37
countries for more than 40 products (42). Low doses
up to 1 kGy control the trichina parasite in fresh pork,
inhibit maturation in fruits and vegetables, and control
insects, mites and other arthropod pest in food.
Medium doses, up to 10 kGy, control bacteria in
poultry and high doses - above 10 kGy - control
microorganisms in herbs, spices, teas, and other dried
vegetable substances. Quantities irradiated are not well
documented, however, it is generally accepted that
alone for spices the per annum treatment increased
from about 25.000 t in 1992 to ca. 100.000 t in 1994
with still increasing tendency until today (42).
Use of EB facilities would supplement gamma
processing, especially in a situation where existing
gamma irradiators could not meet a sudden increase
in demand for processing capacity. For example, in
Germany alone, annual consumption of poultry was
about 1.000.000 t in 1994. To treat the quantity at
a dose of 1 kGy a processing capacity of about 15
commercial facilities - each 2-3 MCi Cobalt - 60 or
10 kW 10MeV-electrons - would be required, 24 h
per day and 365 days per year (43). Until now only a
few accelerator systems are operating worldwide for
commercial processing.

Tab. 19. Performance Comparison of Linac Systems
for Medical Sterilization; after Titan Scan
Electron Beam Systems (33)

Capabilities

Beam energy /
Power
System
footprint , m2
Throughput

Capital cost
approx.

stand -alone systems

5.3. Comparison of Linacs

Capabilities
1)

Small

Medium

2-3MeV / 1,5kW

4-6MeV / 10kW

651)

651)

approx. 4,000single
70-90
products /shift /
m3/shift/week1)
1)
week
System $1,800,00 System $2,300,000
Facility $100,000
Facility $100,000
irradiate individual
irradiate individual
packaged
cartons single or
components single
double sided
sided
Small
Medium
Large
10MeV / 4- 10MeV / 10- 10MeV / 256kW
20kW
50kW
561)

3501)

approx. 70267667-1,332
90 m3/shift / 534m3/shift/
m3
1)
1)
/shift/week1)
week
week
System
System
System
$2,300,00 $4,000,000 $5,300,000
Facility
Facility
Facility
$100,000
$800,000
$1,300,000
irradiate individual cartons single or
double sided

dose 25 kGy in material with <0.05 g cm-3density

6. High Energy Pulsed Power Accelerators
The technology base for Repetitive Energy Pulsed
Power (RHEPP) was originally developed to support
defense program applications. As RHEPP technology
matures, its potential for use in commercial applications can be explored based on inherent strengths of
high average power, high dose rate, cost efficient scaling with power, and potential for long life performance. The 300 kW, 2 MeV RHEPP II accelerator is
now in operation (Scandia National Laboratory) as
a designated DOE User Facility, exploring applications where high dose -rate (>108 Gy s-1) may be advantageous, or very high average power is needed to
meet throughput requirements. Material surface and
bulk property modification, food safety, and largescale timber disinfestation are applications presently
under development (38).
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RHEPP technology development is focused in
areas requiring repetitive, short-pulse, large area
beams; very high average power electron beam (100's
of kW) or x-ray outputs, or where high dose rates
(>108 Gy s-1), may be advantageous over commercially available dc or rf accelerator technologies
(Fig.31). Magnetic switching, an essential component
in RHEPP technology can also produce multi-kilojoule pulses at 100's of pulses per second (pps) rates,
enabling applications not easily serviced by conventional switching technologies. Combining these features with a capability to scale cost effectively to
megawatt level systems, RHEPP represents a credible building block. At present this technology is being commercialized by QM Technologies [F23].

Fig. 31. RHEPP e-beam characteristics in comparison to commercial accelerator technologies;
after L. X. Schneider et al. (38)

7. Conclusion
The situation in the field of low energy, i.e.
0.1-0.3 MeV processors, is stable: it is mainly the
production of the updated 1960s and 1970s designs
that has been continued. The growth in the use of these
self-shielded high current accelerators is being pulled
by the attention to the elimination of solvents and air
pollutants from coating and printing operations. The
different situation obtains for the accelerators in the
medium energy range of 0.5-5.0 MeV. The core of
the industrial accelerator business remains in this
medium-voltage area, where the traditional use of EB
processing for the crosslinking of wire and cable jacketing and films remains the major end use.
Work on new designs is being focused mainly on
the high-energy (5.0-10 MeV) machines. Most of the
designs of the new generation accelerators are lowcost compact on-line and stand-alone systems featuring high reliability (over 95-98%). From the point of
view of accelerator technology, there have been considerable advances in this high-energy area. However,
the market acceptance for this new generation of
machines, with their ability to deliver beams with
greater penetration, is still evolving. What seems to
be a decisive factor in the more intensive future development of applications of accelerator processors
is their cost-effectiveness, with special emphasis
placed on unit cost of processing.
There is still lack of commercially manufactured
high-power (≥1000 kW) accelerators which would
lead to a widespread use of accelerator techniques that
require high power beams.
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