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1. INTRODUCTION 

High voltage (HV) electron accelerators for industrial usage are being developed at Efremov 
Research Institute for more than 40 years. During this period more than 50 accelerators with energies 
from 0.3 to 2.5 MeV and beam power up to 100 kW were delivered to our Customers [1]. 

Long experience of the accelerators’ operation in various production lines has shown that they 
respond to requirements on industrial equipment. Accelerating voltage of the accelerators is produced 
by cascade generators on a base of one- or three-phase transformer-rectifiers (TR). Compressed gas is 
usually used as main insulation matter but we have a rather long experience of usage of oil-barrier 
polymer film insulation as well. List of the accelerators and their main parameters and features are 
given in table I. 

TABLE I. HV ELECTRON ACCELERATORS DEVELOPED BY EFREMOV RESEARCH INSTITUTE 

№ Model 
E, 

MeV 
P, 

kW 

Year of 
deve-

lopment 
Q-ty Main features 

Type of HV 
insulation 

1. RTE(D)-1 1.0 3 1967 6 400 Hz resonant transformer Compressed 
gas 

2. Electron-1-4 0.7 10 1963-78 24 400 Hz single-phase TR with 
grounded magnetic core 

Oil-barrier 
polymer film 

3. Aurora-1,2 0.5 25 1975-76 5 50 Hz three-phase TR with 
grounded magnetic core and cable 
feeder 

Oil-barrier 
polymer film, 
cable with 
polyethylene 
insulation 

4. Aurora -3-9 0.3-
0.75 

20-
75 

1980-90 11 50 Hz three-phase TR with 
grounded magnetic core and cable 
feeder 

Compressed 
gas, cable with 
polyethylene 
insulation 

5. Model of 
powerful 
accelerator 

1.0 100 1980 1 50 Hz double three-phase TR 
with grounded magnetic core 

Compressed 
gas 

6. Electron-6 1.5-
2.5 

60 1987 1 500-750 Hz single-phase TR 
without iron core 

Compressed 
gas 

7. Electron -7 1.0 100 1988 2 500-750 Hz single-phase TR 
without iron core 

Compressed 
gas 

8. Electron -10 0.75 50 1994 4 600-850 Hz single-phase TR 
without iron core 

Compressed 
gas 

 

Listed accelerators have been delivered for various radiation technologies: curing of coatings, 
polymers’ modification, monomers’ incrementation to fabrics, rubber radiation vulcanization, all in 
commercial scale, and for pilot installations for environmental protecting technologies – irradiation of 
matters in gaseous phase. 
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Basing on experience of pilot and several full-scale installations already built for electron beam 
treatment of gases one can conclude that optimal electron energy lays in a region 0.8 – 1.0 MeV, 
which allows to create installations with high efficiency and high beam power utilization, and beam 
power – up to 1 MW. Accelerators within the same energy and power ranges may be applied also for 
liquid matters treatment.  

From these considerations, accelerating voltage of 1 MV and beam power 500 kW have been 
chosen as initial ones when selecting basic schematic, design and technological solutions of the 
environmentally oriented accelerator under development. 

2. VALIDATION OF BASIC SCHEMATIC AND DESIGN SOLUTIONS 

The most important requirements for a high power accelerator are: 

1. High wall plug – electron beam efficiency coefficient; 

2. High operating reliability.  

Experience of the accelerator technique verifies that main elements of the already built 
accelerators – HV generators, electron sources, accelerating tubes, outlet windows, have quite 
sufficient reliability in the power range up to 100 kW thus providing the accelerators’ users with 
annual running hours of 6 – 7 thousand hours. For the environmentally oriented powerful machines 
this parameter should be raised up to 8 thousand hours.  

2.1. HV generator 

The highest coefficient of efficiency (92-95%) can be reached by using three-phase TRs with 
closed magnetic core fed by industrial net voltage frequency 50-60 Hz. The TRs of this type have no 
fundamental restrictions on power grow, for example, several years ago we completed preliminary 
design project of a DC source with output voltage 2 MV and power 100 MW [2]. Dimensions of this 
type of TR for a fixed voltage do not noticeably grow if its power increases, rectified voltages ripple is 
quite low (±5.6% for a three-phase bridge rectifying circuit) at regulation limits from zero to a full 
power, that is adequate to provide irradiation field sizes stability with the beam scanning along outlet 
window (windows).  

HV generators built on this basis were thoroughly studied during development and operation of 
“Aurora” series accelerators with energies from 0.3 to 0.75 MeV and beam power up to 75 kW (see 
Fig. 1) that were being built by our institute for the years (see table I, pp.2, 3), and also in a model of 
the powerful accelerator (ibid, p.4). 

 
FIG 1. Three-phase TR of “Aurora-9” accelerator, 0.75 MV, 150 mA 
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2.2. High voltage insulation 

Oil-barrier insulation of HV structure has higher electric strength than gas one, it does not 
require any gas pumping and gas drying stations, because of above reasons it is wildly used in 
electrical engineering, in particular in power transformers. Due to that features we used this type of 
insulation (with addition of polymer film layers to cardboard barriers) in several models (“Electron-
3,4”, “Aurora-1,2”), some of these accelerators are being run for today. Experience of exploitation of 
the accelerators has shown that this kind of insulation is quite sensitive for fast transients. Unlike 
powerful transformers, loaded on a stable or slow changing load, during operation of the accelerators 
fast transients are possible. They can be caused by electric partial or full breakdowns in an 
accelerating structure, or emergency switches off of the accelerators by technological or other reasons. 
Such abrupt transients lead to non-linear redistribution of voltage in TR’s elements due to parasitic 
capacities discharges, following by local over-voltages, and in result – appearance of partial 
discharges in the barriers material causing with time an electric breakdown of insulation structure and 
the accelerator damage. The same happens to solid cable insulation conducting high voltage from HV 
generator to the accelerating structure. 

Gas insulation is free from above disadvantages. Due to this reason it (namely SF6) was chosen 
for the powerful accelerator under development. 

2.3. Electron source and accelerating tube 

Emitters made from lanthanum hexaboride (LaB6) provide stable and continuous operation with 
emission current density up to 1 A/cm2 under pressure about 10-6 torr, do not require fore training and 
due to that features are wildly used in HV accelerators.  

Electron sources with 6 mm diameter emitting pellet are used in the accelerators manufactured 
in our institute for a beam current of 100 mA. Theirs heating power is about 50 W, typical life time – 
several thousand hours.  

The same current density level was taken for an electron source for several hundred mAs 
accelerator, so emitter diameter has been increased to 13 mm and heater’s power has risen up to about 
100 W (see Fig. 2) that, as we hope, insures the same level of a life-time. 

 

 
FIG 2. Electron sources on 100 (right) and 500 mA. 

As it is known, electron beam acceleration is taking place in an accelerating tube. The tube is 
combined from cylindrical ceramic insulators and metal electrodes formed as plane diaphragms glued 
or welded to each other. 

Electron precipitation on the tube electrodes depends on the beam diameter and current. Field 
experience shown, that for beam currents of 100 mA minimally sufficient diameter of the electrodes’ 
aperture is in an order of 35 mm. Such a diameter allows get ample vacuum in the electron source 
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region and stray beam current on the tube electrodes does not exceed 10-6 A. As it shown in [3], when 
current density distribution across axial symmetrical beam agrees with Gauss law: J=J0 exp(-r2/rb

2), 
where J0 – current density on the axis of symmetry, rb – beam effective radius determined as a radius 
where current density is lesser than Jo in e times, than ratio of beam current (Ib) to a current absorbed 
by electrodes (Ie) is equal to Ib / Ie = exp(re

2/rb
2), and electrode aperture (d=2re) for the same current 

density and the beam current level on electrodes of 10-6 should be risen up to 80 mm. In the same time 
increasing of an aperture provides better conditions for the accelerating tube pumping. 

From these reasons the electrodes aperture of tube has been taken equal to 80 mm and overall 
diameters of insulators 205 mm, longitudinal electric field strength was chosen slightly lower than 1 
MV/m. 

2.4. Accelerator assembly layout 

Basic units of HV accelerator are HV generator, creating DC high voltage, an accelerating 
structure consisting from an accelerating tube and electron source and electron beam field forming 
system comprised from a vacuum chamber, an outlet window and beam scanning device. Mutual 
arrangement of HV generator and accelerating structure in many respects determines the accelerator 
size and cost as well as the accelerator’s premises dimensions. 

The most compact machines are those where TR and accelerating structure are put in the same 
pressure tank, but characteristic feature of any transformer is a presence of alternative magnetic field 
which makes difficult to combine before-mentioned two units in one volume. This problem has been 
successfully solved for single-phase TRs without iron core (accelerators of ELV series made by BINP 
and Electron-6-10 by our institute, table I, pp. 6-8) by placing the accelerating tube on the TR axis of 
symmetry (cross component of the magnetic field here is minimal) and by electromagnetic screening 
of the tube [4,5].  

There are no places in three-phase TR’s with closed magnetic core where magnetic induction 
vector is equal or to zero value and to exclude completely influence of stray magnetic fields on 
accelerated electrons is possible if arrange these two main units in separate high pressure tanks 
conducting HV by a feeder filled also with gas to avoid before mentioned faults of solid and oil-barrier 
insulation. Exactly this version of the accelerators’ design was purposed by us in 1994 for the tender 
for electric station in Pomorzany, Poland.  

Continue with three-phase TR’s theme, in a case when a number of the core rods is doubled and 
the same phases are put on the rods set oppositely, as it is shown in Fig. 3, than stray magnetic field of 
the opposite phases are being compensated and the accelerating tube can be put on the TR axis. This 
idea was studied and purposed for a powerful accelerator (2 MeV, 1 MW) and lately realized in its 
model (1 MeV, 100 kW, see table I, p. 4, Fig. 3 and Fig. 4). The solution has confirmed its validity but 
volume of pressure tank grows in this case almost twice and for these reasons we did not proceed 
further with this idea [6]. 
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FIG 3. Schematic view and rectifying circuit of three-phase double TR for the HV electron accelerator.  

1 – high pressure tank; 2 – magnetic rod; 3 – yoke; 4 – primary winding; 5 – secondary winding coil; 6 – grounded 
electrode; 7 – HV electrode; 8 – electron source; 9 – accelerating tube; 10 – diodes. 
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FIG 4. Assembly process of double three-phase TR on 1 MV. 

Trying to find solution for arrangement of the TR and accelerating structure in the same tank we 
carried out some investigations in recent years and found that in a case when current-carrying 
elements of TR are dived in space with the accelerating structure and the latter is electromagnetically 
screened, than magnetic field influence can be suppressed down to acceptable level. 

Exactly this arrangement of the main units has been taken for the environmental powerful 
accelerator under development. 

2.5. Electron beam irradiation field forming system 

Electron beam irradiation field forming system creates irradiation field of required size on an 
object under treatment, in our case by scanning the beam along foil outlet windows. Average beam 
current density on the foil providing life time of the foil for several thousand hours should not be 
higher than 0.1 mA/cm2 in condition of effective cooling. Beam power losses in the foil can be 
removed by different methods; two of them are the most common: 1. by air blowing on the foil; 2. 
contact one – by heat removal by its conducting via foil to a water cooled supporting grid. 

First method is prevalent. Its merits are a comparatively simple window design, possibility to 
use a rather wide in cross direction windows and not severe requirements on the beam quality (the 
beam can be as large as several cm on the foil). From the other hand, it requires rather high electric 
power for the blowing devices and has a possibility of the foil rapture, which can not be completely 
excluded, and which may cause a serious damage of the accelerator requiring a rather time-taking 
repair. 

During the last years we use supporting grids with water-cooled frame in the outlet devices of 
our accelerators. The grids have ribs of special form making transparency of the grid for electrons 
higher than its optical transparency. This effect has been verified experimentally, for example for the 
grid with optical transparency of 85%, the electron one is 92%, i.e. beam current losses in the grid are 
lower in two times. As a distance between the ribs is small, during the foil aging caused by gradual 
changing of its structure, no foil rupture and following sucking it into a vacuum chamber is taking 
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place but some gradually and slow growing leak appears thus informing about necessity to replace the 
foil. 

Heat conduction through the ribs to a water-cooled grid’s frame the more effective the shorter 
the ribs are, because of this more narrow windows are preferable, that, accordingly puts more severe 
requirements on the beam quality, in particular, its diameter should be 0.5-1.0 cm, that in one’s turn, 
calls for higher scanning frequency to avoid the foil instantaneous overheating. 

There is no need for any air blowing of the window with supporting grid and it is possible to 
exclude, in principle, additional foil of a reactor (that would increase the whole process efficiency) but 
this idea of course should be preliminary studied and experimentally confirmed. 

3. BRIEF DESCRIPTION OF THE ACCELERATOR 

Taking into account before mentioned considerations we developed and manufactured 
accelerator for environmental purposes, its main technical characteristics are given in table II. 

TABLE II. MAIN TECHNICAL OF THE ACCELERATOR  

№ Parameter Value 

1. Accelerating voltage, MV 0.8-1.0 

2. Instability of the accelerating voltage (not counting ripple with frequency 
higher than 50 Hz), %, not higher 

±5 

3. Electron beam current, mA 0-500 

4. Beam current instability, %, not higher ±2 

5. Rated power of the accelerator, kW 500 

6. Scanning length of electron beam, cm 200-240 

7. Non-uniformity of linear current density measured on 10 cm distance from the 
outlet window foil, %, not higher  

±10 

8. Beam scanning frequency, Hz ≥400 

9. Wall plug – electron beam conversion efficiency at the rated power (500 kW), % ≥90 

10. Annual error-free running time, % ≥90 

 

The accelerator HV generator, the electron source and accelerating tube are placed in a tank 
filled with compressed insulating gas. High voltage is generated by three-phase TR with closed 
grounded magnetic core and parallel cascades feeding supplied from industrial net 3×380 V, 50 Hz. 

Magnetic core of the TR is a spatial-symmetrical structure combined from three vertical rods 
and two circular yokes closing magnetic flux. Three primary windings are wound on the magnetic rods 
and connected to thyristor voltage regulator. Three secondary windings are composed from coaxial to 
the primary windings separate coils. Every three secondary winding coils located on the same level but 
on different rods are connected into star circuit and together with 6 diodes, switched into three-phase 
rectifying bridge circuit, create separate rectifying cascade. The cascades connected by DC voltage in 
series. 

Diode type electron source with LaB6 emitting pellet is heated from special winding, current 
regulation made through a fiber-optic channel. 

The accelerating tube consists from ceramic insulators and metal electrodes hermetically glued. 
Resistive voltage divider connected to the outer parts of the electrodes. The tube is incorporated into 
HV structure common with TR and placed lower than the windings. The whole HV structure is 
surrounded by gradient rings. 

Electromagnetic lens, beam scanning and extraction device allows to extract accelerated 
electron into atmosphere and create irradiation field of required sizes. Extraction device consist of four 
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outlet windows directed in parallel, each window have supporting water cooled grid. Four ion pumps 
are installed directly on a vacuum chamber of the beam irradiation field extraction system. 

The accelerator is equipped with automated control system on a base of industrial computer 
providing parameters regulation in preset limits and automatic switch off of the accelerator in 
emergency situations. The controls and monitoring units combined in the control rack. 

The accelerator is assembled at our testing facility and being under adjustment. We are working 
to get full set of the parameters.  

The accelerator outlet window is shown in Fig. 5, in Fig. 6 and Fig. 7 can be seen the 
accelerator’s HV structure with a lid removed from the pressure tank. 

 

 
FIG 5. Outlet window with supporting grid of powerful electron accelerator. 

 

 
FIG 6. Assembled HV accelerator with three-phase TR 1 MV, 500 kW, view from above. 
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FIG 7. Assembled HV accelerator with three-phase TR 1 MV, 500 kW, side view. 

4. CONCLUSION 

Necessity to decrease anthropogenic environmental pollution puts a task of development of HV 
accelerators for introduction of nature conservation technologies in commercial scale. High efficiency 
and operation reliability in a power range noticeably higher than already mastered level are required. 

In design of the accelerators basic units, namely, HV generators, accelerating structures, 
electron beam irradiation field forming systems and extraction devices solutions that demonstrated 
already theirs operational capacity in the machines of a lesser power may be used. From the other 
hand, experience gained by already full-scale built powerful installations shows that a number of 
problems remain unsolved that put obstacles on a way of wide implementation of exhaust gases 
irradiation processing. 

Attempts to built the accelerator meeting all requirements in a frame of specific contracts, 
although already shown noticeable progress in a sense of the power grow, acquiring of very valuable 
experience, carry some risk caused by insufficient study of the problems connected with power 
increasing, lack of time and means for the thorough research works. 

It looks reasonable to suggest creation of full-scale pilot installation with HV accelerator of 
required power (1 MW, for example) not bound to a specific commercial contract, where researches 
and studies of the accelerator main systems, theirs optimization and longevity tests can be carried out 
thus providing development of the accelerator into really reliable and effective tool for applying to 
environmental tasks. 
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