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Source of Radial Converging Electron Beam for Modification of 
Long-Length Cylindrical Targets 
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In previous period it was created a method of improving corrosion resistance of construction 
steel tubes situated in liquid heavy metal coolants (as example Pb and Pb-Bi used in nuclear 
reactors). At beginning on the steel surface is deposited a layer from Al or Al-containing alloys in 
order to create Al2O3 barrier preventing the interaction of the steel with the liquid coolants. Then the 
surface layer and layer of the steel surface are melted by irradiation with microsecond pulse intense 
electron beams. For realization and optimization of this process a pulsed electron beam experimental 
facility GESA-4 was designed. In the paper are discussed main problems and achievements of 
developed facility. 

Източник на радиално-събиращ се електронен сноп за модификация на дълги 
цилиндрични мишени (Владимир Енгелко). В предишния период бе създаден метод за 
подобряване на корозионната устойчивост на тръби от конструктивна стомана, намиращи 
се в корозивни течни тежки метали (например Pb и Pb-Bi използвани в ядрените реактори). 
Първоначално върху стоманената повърхност се отлага слой от Al или Al-съдържаща сплав с 
цел да образува Al2O3 бариера, предпазваща от взаимодействие с течния метал. Тогава 
повърхностния слой и слоя  на повърхността на стоманената мишена се топят от облъчване 
на микросекунден импулсен електронен сноп. За реализация и оптимизация на този процес 
една импулсна електроннолъчева експериментална апаратура GESA-4 бе конструирана. 
Вработата се дискутират главните проблеми и постижения на разработеното устройство.  

 

Introduction  
Over a period of years cooperation of teams from 

KIT (Karlsruhe, Germany), Efremov Inst. of 
Electrophysycal Apparatus (St. Petersburg, Russia), 
A.I.Leypunsky Inst. For Physics and Power 
Engineering. (Obninsk, Russia) develop a method of 
improving corrosion resistance of construction steels 
in liquid heavy metal coolants (LHM) consisting in 
saturation of the steel surface layer  by Al in order to 
create Al2O3 barrier preventing the interaction of the 
steel with LHM [1,2]. A thickness of the modified 
layer is 15-20 µm. The bulk of the steel keeps its 
initial mechanical and technological properties.  
The procedure consists in two steps: (i) coating the 
steel surface with Al or Al-containing alloy and (ii) 
melting both the coating and the steel surface by 
irradiation with microsecond intense electron beams 
(MIEB). Such treatment (so called GESA process) 
causes the mixing of the steel elements with the 
coating elements, finally leading to a modified Al-
containing layer on the steel surface.  

 

 
Main results of studies performed up to now are 

the following [3]. The optimal procedural steps and 
MIEB parameters values were found providing rather 
uniform modified layer with a thickness 15-30 µm and 
required Al concentration. The general aspect of the 
alloyed surface layer (parameters: 25 µm, 45 J/cm2, 30 
µs, 2 pulses) together with the Al concentration 
measured in different regions are shown in Fig. 1. The 
Al concentration in the alloyed layer varies from 15 - 
20 wt%, near the surface, and 5-10 wt%, at the 
interior. The observed concentration oscillation along 
the thickness of the layer suggests a turbulent mixing 
process (Fig.1). 

Results of corrosion tests allow to conclude that 
the application of the Al+MIEB modification of steels 
316, T91, 1.4970 и EP 823 improves essentially their 
corrosion resistance in HLM in a wide range of 
oxygen concentration in LHM and temperature. The 
increase of the surface micro-hardness after 
AL+MIEP treatment allows to suppose that erosion 
resistance of steels can also be improved. 
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Specifics of equipment for pulsed electron beam 
modification  

It is intended to apply the Al+MIEB modification 
primarily for the improvement the corrosion resistance 
of the fuel elements claddings. For this purpose a 
special source of MIEP was developed. Its scheme is 
presented in Fig.2 [4]. 

Radial converging electron flow is generated by 
the cylindrical plasma (multipoint) cathode and is 
accelerated in the cathode-grid and grid-anode gaps. A 
treated sample serves as the anode.  
 
 
 
 

 
If the length of the sample exceeds the length of the 
source then the sample is moved along the source 
during irradiation through a vacuum sealing. As it was 
found from calculations and experimental 
investigations MIEP parameters at the target must be 
as follows: electron kinetic energy 120 keV, beam 
energy density at the target 40-45 J/cm2.  

For optimization of the source design and modes of 
the treatment the experimental facility GESA-4 was 
created, photo of which is shown in 
Fig.3.

 
Fig. 1. SEM of the cross section of the 10 µm Al-coated T91 tube specimen and the profiles of Al concentration after 

GESA-treatment (energy density of 45 J/cm2; two pulses 
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Fig.2. Scheme of the source of radial converging electron beam 
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Fig.3. Photo of the GESA-4 facility 

In Fig. 4 photo of the electron source is presented. 
Length of the cathode is 32 cm, diameter 28 cm. 

 

 
Fig.4. Appearance of the source of the radial converging 

electron beam 

Already first experiments showed that the source 
operation and efficiency of the electron beam focusing 
to the target depend strongly on a target diameter and 
target material. In the case of 30 mm target the source 
operates as it was expected: pulse duration is 
determined by the Marx generator capacity, cathode 
and grid potentials, cathode and target currents are 
close to calculated ones. In the case of 10 mm target 
the pulse duration is shorter, cathode and target 
currents are smaller than calculated ones. Stability of 
the source operation is worse than in the case of 30 
mm target. It was established [4] that the low 
efficiency of the beam focusing to the target of small 
diameter is caused by an initial angular spread of 
electron trajectories resulting from an inhomogeneity 
of the emission surface of the multipoint cathode. 
Because of the angular spread only part of electrons 
hits the target. The rest passes by the target and 
oscillates in the space between the target and the 
cathode resulting in an increase of the space charge 

density both in the “cathode- grid” and “grid-target” 
gaps. An increase of the space charge in the “cathode-
grid” gap results in decreasing the cathode emission 
current. Operation of an explosive emission cathode in 
long-pulse mode is based on the balance of the 
cathode plasma pressure and the extracting electric 
field pressure. A space charge of oscillating electrons 
destroys this balance. That leads to an increase of the 
cathode plasma expansion velocity and thereby to a 
decrease of the pulse duration. 

One can improve the situation with the help of 
lamellae situated along the sample (Fig.5), which 
catch electrons that do not hit the sample. The location 
of the lamellae, their number and dimensions are 
determined by computational analysis of electron 
trajectories. 

 
Fig.5. Intercepting lamellae 

Another factor adversely affecting the operation of 
the electron source is gas emission from the sample 
surface. Gas ionization leads to formation of plasma 
above the sample, stimulating an electrical breakdown 
in the sample-grid gap. To reduce gas emission, one 
may pre-heat the sample to a temperature of 400-450 o 

C before switching on the pulsed electron beam. By 
application mentioned above methods and also by 
using controlled multipoint cathode the duration of the 
MIEB pulse was increased to a value determined by 
the high voltage generator. Herewith the beam energy 
density on the target with diameter 10 mm exceeds 40 
J/cm2 what is necessary for modification of steels.  

Experiments with ribbed fuel element claddings 
showed that not only the tube surface but also ribs can 
be modified.  

For industrial application of the described 
technology fuel claddings modification the length of 
the electron source Ls should be maximized, since this 
improves the efficiency of its operation. The main 



 

“E+E”, 5-6/2014 239

factor limiting Ls is the influence of the intrinsic 
magnetic field on the electron trajectories. Large 
magnetic field cause peripheral electrons to move 
along the surface of the sample. Therefore, beyond a 
certain limit a further increase of Ls does not increase 
the length of the treated area of the sample Lt . 
Fig.6 shows the dependence of Lt on Ls for cladding 
tubes under the processing conditions for the GESA-4 
parameter set. One can see that the largest treated 
length Lt = 0.7-0.8 m is achieved for Ls = 0.9-1.0 m. 

 
Fig.6.Tthe dependence of Lt on Ls  

Experimental facility for electron beam 
modification of fuel claddings of reactor 
installations with Pb and Pb-Bi coolants 

On a base of considerations presented above in the 
Efremov Institute an experimental facility for electron 
beam modification of fuel claddings of reactor 
installations with Pb and Pb-Bi coolants was 
developed. For definiteness the development was done 
with orientation on the reactor facility SVBR-100. 
Initial requirements were the following. Productivity – 
up to 12000 claddings per year; cladding are pipes of 
10-12 mm in diameter made from the EP823 steel 
ribbed with 4 spiral ribs. The thickness of the tube is 
0,4 mm, the length – 2038 mm.  

Modification must be done for the whole length of 
the cladding.  

Several versions of the facility design was 
considered. In Fig.7 the version chosen for realization 
is shown. The facility consists of two modules: 
electron-beam module and sputtering one; system of 
sample preparation for modification; electrical power 
system and controlling system. 

 
 

 
Fig.7. Scheme of the experimental facility for electron beam modification of fuel claddings 
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The main technical parameters of the electron-
beam module: electron energy – 120 keV; energy 
density on the sample – 40 J/cm2; pulse duration 30-
40 µs; length of the electron source – 100 cm; power 
consumption – 20 kW. The electron-beam module 
consist of: high voltage pulsed generator made 
accordance the Marx scheme with dimensions 2850 x 
1400 x 1050 mm3 (Fig.8); vacuum chamber in which 
the electron source is situated (Fig.9), the length of the 

chamber – 1200mm, diameter – 1000 mm; mechanical 
support with radiation protection; pumping system; 
controlling system; charging unit; locking unit; unit of 
linear movement of samples. 

The scheme of the electron-beam treatment of a 
sample with pre-coating consists from the following 
main operations: connection of pumped container with 
cladding to the vacuum chamber of the electron-beam 
module; pumping of the locking unit; opening of 

 

 

Fig.8. Appearance of the electron-beam module 

 

Fig.9. Vacuum chamber with electron source 
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vacuum switches at the container and vacuum 
chamber; moving the cladding into the electron beam 
source for 250 mm; treatment of the cladding by four 
MIEB pulses; moving the cladding into the source 250 
mm more and treatment by two MIEB pulses; 
repetition of the previous operation 8 times – last 
treatment is done by two pulses; return the cladding 
back into the container.  

Calculations show that the facility consisting from 
four electron-beam modules and one sputtering 
module is able to treat during one year 12000 
claddings. Herewith the price for the treatment of one 
cladding will be 2519 rubles.  

Presently the facility is under construction in the 
Efremov Institute of Electrophysical Apparatus.  
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