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SPECIAL ISSUE 
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18-22 June 2018, Varna, Bulgaria 

 

Preface 
 

                                              

 
This issue contains a part of the papers, 

presented at the 13-th International conference 
on Electron Beam Technologies (EBT 2018) 
that were accepted for publication in this issue 
of the scientific and technical journal 
,,Electrotechnica & Electronica E+E” after 
reviewing. 

EBT 2018 was held in hotels Estreya Palace 
and Estreya Residence, Resort "St. Constantine 
and Elena" in Varna, Bulgaria from 18 to 22 
June 2018.  This biannual meeting brings 
together physicists, chemists, material, 
mechanical and electronics engineers from 
universities, research institutions and industry, 
who are involved in various studies and 
applications of electron beam technologies and 
techniques. The conference has provided an 
excellent forum for exchange of expertise and 
forging human links. The conference gives the 
opportunity to find research project partners 
and to make business contacts. 

The EBT 2018 is one of the series 
conferences on Electron Beam Technologies 
that started in 1985 in Varna. During these 33 
years from the first EBT conference, the twelve 
previous successful meetings held, clearly 
demonstrate the dynamic development of the 
equipment and technologies utilizing 
accelerated electrons and ions. That long period 
is traced by the achievements of two-three 
generations of researchers. Remarkable 
research results in topics as beam physics, 
generation of beams and plasma flows, electron 
beam evaporation and deposition of functional 
coatings, electron accelerators applications are 
obtained. Accelerated electrons modify the 

metal surfaces, improving hardening, providing 
better wear and corrosion protection. 
Accelerated electrons are used for synthesis, 
decomposition and polymerization as well as 
modification of biomaterials. Ion bombardment 
is matured technology for implantation of 
dopants in the semiconductor industry and now 
starts to be used for sterilization of medical 
instruments. Ion sputtering is widely utilized in 
thin film deposition. Many others technologies, 
based on the use of electrons, ions, plasma and 
lasers were developed and their big industrial 
implementation potential was demonstrated. 

Electron beam and the mentioned 
complementary charged particles beam 
applications are novel promising technologies 
for many industries for manufacturing of 
products that need surface or building material 
structure modification. The rapid development 
of the energy beam techniques for material 
modification and analysis is one of the most 
spectacular examples of the strong feedback 
between industry and basic research. However, 
extensive research work is necessary in the near 
future to explore various aspects of these newer 
fabrication processes. 

The contents of this issue of journal 
,,Electrotechnica & Electronica E+E” show a 
great scope of activities of participants of EBT 
2018. As Editors of this issue we hope that 
conference papers, published here, will provide 
the subscribers of ,,Electrotechnica & 
Electronica E+E” or the readers of university 
libraries new portion of actual information, 
concerning the science and applications of 
intense electron beams. We hope that the 



published papers will bring some ideas about 
new directions in their research and 
development fields.      

On behalf of the International Organizing 
Committee of the EBT 2018 and of behalf of 
the Editorial Board of the journal 
“Electrotechnica & Electronica” we express our 
thanks to all the participants and their 
Institutions for the contribution to the 

realization of the conference and the 
cooperation to prepare this issue.  

 
    Prof. Georgi Mladenov, 
    Assoc. Prof. Elena Koleva 
    Co-chairmen of EBT 2018 
    Editors of this issue  
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CHARGED PARTICLES 
 

New multi cavity industrial electron accelerators ILU 

Vadim V. Bezuglov, Alexandr A. Bryazgin, Mikhail V. Korobeynikov,                   
Evgeniy N. Shtarklev,  Alexey V. Sidorov,  Vadim O. Tkachenko, Alexandr Yu. Vlasov, 

Leonid A. Voronin 

 
Powerful industrial pulse radio frequency (RF) electron accelerators ILU are designing and 

producing by Budker Institute of Nuclear Physics during many decades.  New multi-cavity ILU12 and 
ILU-14 accelerators were designed to cover energy range 5 – 10 MeV, their beam power is up to 100 
kW. Their main working mode is electron beam treatment, and an X-ray generation mode can be 
envisaged. X-ray converters for beam power up to 100 kW were designed and produced. 

Keywords – electron radio frequency pulse accelerators, ILU, electron beam, beam power. 
 

Introduction 

Budker Institute of Nuclear Physics is designing 
and producing electron accelerator equipment since 
1958. First powerful industrial pulse radio frequency 
(RF) electron accelerator ILU-6 was designed and 
produced in beginning of 70-s. It has single cavity, its 
maximum energy was 2.5 MeV and beam power was 
up to 20 kW. The ILU-6 machines were mainly 
utilizing for crosslinking of polymer wire insulation 
and heat-shrinkage tubes. A single cavity ILU-10 
accelerator with beam energy up to 5 MeV and beam 
power up to 50 kW was designed to meet demands of 
sterilization and food irradiation markets [1]. 

BINP supplied about 50 ILU machines in Europe, 
Asia and United States. ILU machines are working in 
many industrial and research organizations for 
decades [2, 3]. 

Energy losses in single cavity machines are 
proportional to square energy. New multi-cavity ILU-
12 and ILU-14 accelerators were designed to cover 
energy range 5-10 MeV, their maximum beam power 
is 100 kW. 

The ILU-12 and 1LU-14 machines have single 
window beam extraction device. The machines can be 
equipped with removable X-ray converters to treat 
products by bulk products by braking radiation [4].  

 

 

ILU-12 

ILU-12 was designed for energy range 5 – 7.5 
MeV and beam power up to 60 kW. Fig. 1 shows the 
design of its accelerating structure comprising 5 
accelerating and 4 coupling cavities. An electron 
beam is going horizontally along the structure.  

The copper accelerating structure works also as a 
vacuum tank, 5 high vacuum spallation pumps shown 
below the accelerating cavities of the structure. 

The accelerating structure is fed by self-excitation 
2-staged RF generator realized on pulse triodes GI-50 
A using common grid circuit. Working frequency is 
near 178 MHz. 

 

 
Fig.1. ILU-12 accelerating structure design. 
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Fig. 2. ILU-12 RF power supply.1 - accelerating structure, 

2 - RF generator stages, 3- output feeder, 4- matching 
device, 5 - RF power input unit, 6 - phase shifter, 7- triode 

electron gun. 

Fig. 2 shows RF power supply block diagram. A 
feedback RF power from one of the accelerating 
cavities goes to preliminary generator stage via phase 
shifter 6 to tune the generator. This stage feeds an 
output stage whose output RF power goes into the 
central accelerating cavity via coaxial waveguide and 
an RF power input unit. Fig. 3 shows ILU-12 
accelerating structure during forevacuum testing 
without high vacuum spallation pumps. 

ILU-12 has controlled triode electron gun 7 
installed directly in the first accelerating cavity. 

 

 
Fig. 3. ILU-12 accelerating structure. 

Fig. 4 shows accelerating cavity inner view, a bow-
shaped slots are made for coupling with other cavities, 
central cylinder protrusions form beam channel and 
accelerating gap. 

ILU-14 

ILU-14 was designed for energy range 7.5 – 10 
MeV and beam power up to 100 kW.  

Fig. 5 shows the ILU-14 accelerating structure 
view. It comprises more cavities than that of ILU-12 – 

namely 7 accelerating and 6 coupling cavities. An 
electron beam goes horizontally through 7 
accelerating gaps. Working frequency is near 178 
MHz. 

This structure has a same design as ILU-12 
accelerating structure and it is an extended version of 
ILU-12 having more accelerating and coupling 
cavities. It is possible to upgrade ILU-12 structure to 
that of ILU-14. 

ILU-14 has controlled triode electron gun installed 
directly in the first accelerating cavity. 

The ILU-14 accelerating structure is fed by more 
powerful RF generator than ILU-12 due to 4 parallel-
connected output stages. 

 

 
Fig. 4. Inner view of the accelerating cavity. 

 

 
Fig.5. ILU-14 accelerating structure. 

Fig. 6 shows RF power supply block diagram and 
RF system sketch. A feedback RF power from the 
central accelerating cavity goes to first generator stage 
via phase shifter to tune the generator. The first stage 
feeds 4 parallel-connected output stages. Their output 
RF power goes into the accelerating cavities via 
coaxial waveguides and the RF power input units. 
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a) 

 
b) 

Fig.6. ILU-14: a) block diagram and b) RF system sketch. 

Fig. 7 shows ILU-14 accelerating structure in the 
irradiation line, Moscow, 2014. 

 
Fig. 7. ILU-14 in the irradiation line, Moscow, 2014. 

Beam extraction system 

ILU-12 and ILU-14 have simple scanning horns 
with beam window length circa 1.5 m. The removable 
X-ray converter on the ILU-14 scanning horn is 
shown in Fig. 8. 

 
Fig. 8. ILU-12 and ILU-14 scanning horn with an X-ray 

converter. 

The tantalum converter for ILU-14 and ILU-12 
machines has conversion efficiency of 13.2 % in the 
angle of 60 degrees and 16.9 % in the angle of 360 
degrees at the electron energy of 7.5 MeV, see Fig.8. 
The converter can work with the beam power up to 
100 kW. 

The converter can easily be installed and removed 
making ILU-12 and ILU-14 machines viable 
alternatives to Co sources.  

Table 1 shows the useful (absorbed in treated 
products) ionizing radiation power of the ILU 
machines working in the electron beam and X-ray 
modes and their equivalents in Curies. 

Table 1 

ILU accelerators and Co sources comparison 

Accelerator Energy 
E-beam or 
X-ray power 

60Co equivalent 

ILU-12  
e-beam 

7.5 MeV 40 kW 2680 KCi 

ILU-12 
X-ray mode 

5 MeV 4.8 kW 340 KCi 

ILU-14  
e-beam 

10 MeV 100 kW 7300 KCi 

ILU-14 
X-ray mode 

7.5 MeV 13.2 kW 968 KCi 

 

Conclusions 

Powerful pulse electron accelerators ILU-12 and 
ILU-14 can treat food and medical products at high 
rates in electron beam and X-ray modes so they are 
viable alternatives to Co sources. 



 

 
  “Е+Е”, vol. 53, 7-8, 2018 164

REFERENCES 

[1] Auslender,  V. L., I. G. Makarov, G. N. Ostreiko, 
A. D. Panfilov, V. S. Podobaev, N. D. Romashko, V. V. 
Tarnetskii, M. A. Tiunov, and V. O. Tkachenko, 
“Narrowing of the Electron Energy Spectrum in the ILU-10 
Accelerator”, ISSN 0020-4412, Instruments and 
Experimental Techniques, Pleiades Publishing, Ltd., Vol. 
52, No. 4, 2009, pp.574–580. 

[2] Industrial radiation Processing With Electron 
beams and X-rays. International Atomic energy Agency 
technical document, 
http://www.cirms.org/pdf/Industrial%20Radiation%20Proc
essing%20-%20May%202011%20-%20Revision%206.pdf 

[3]  Bezuglov, V. V., Bryazgin A. A., Voronin L. A., 
Gorbunov V. A., Kokin E. N., Korobeynikov  M. V., Lukin 
A. N., Makarov I. G., Maximov S. A., Panfilov A. D., 
Podobaev V. S., Radchenko V. M., Sidorov A. V., 
Tarnetskiy V. V., Tiunov M. A., Tkachenko V. O., 
Faktorovich B. L., Shtarklev E. A., Chernov K. N. 
Sterilization complexes based on ILU-type electron 
accelerators. Nuclear Science and Techniques, Vol.22 No.1 
Feb. 2011. Shanghai, China. ISSN 1001-8042. CN 31 – 
1559 / TL, 2011. 

[4] Cleland, M.R. Application of the high power X-ray 
generators for processing bulk materials. Advances in 
radiation chemistry of polymers, IAEA-TEC-DOC-1420 
(November 2002) 111-123. http://www-
pub.iaea.org/mtcd/publications/pdf/te_1420_web.pdf., 2002 

[5] Bryazgin, A. A., V. I. Bezuglov, E. N. Kokin, M. 
V. Korobeinikov, G. I. Kuznetsov, I. G. Makarov, G. N. 
Ostreiko, A. D. Panfilov, V. M. Radchenko, G. V. 
Serdobintsev, A. V. Sidorov, V. V. Tarnetsky, M. A. 
Tiunov, B. L. Faktorovich, K. N. Chernov, V. G. 
Cheskidov. ILU-14 industrial electron linear accelerator 
with a modular structure. ISSN 0020-4412, Instruments and 

Experimental Techniques, Pleiades Publishing, Ltd., Vol. 
54, No. 3, 2011, pp.295–311. 

 

Vadim V. Bezuglov - currently working Budker Institute 
of Nuclear Physics, Siberian Branch of Russian Academy of 
Science, Novosibirsk, Russia 

Laboratory Head, PhD Alexandre  A. Bryazgin  - Was 
born in Kemerovo, Russia, 1964. He received his Ph.D. 
degree in Technical science in Budker Institute of Nuclear  
Physics, Siberian Branch of  Russian Academy of Science, 
Novosibirsk, Russia. He is currently working Budker 
Institute of Nuclear  Physics, Siberian Branch of  Russian 
Academy of Science, Novosibirsk, Russia. His research 
interests are industrial electron accelerators and radiation 
technologies. 

Tel.: +7  (383) 3294391; e-mail: bryazgin@inp.nsk.su 

Mikhail V. Korobeynikov - currently working Budker 
Institute of Nuclear Physics, Siberian Branch of Russian 
Academy of Science, Novosibirsk, Russia 

Evgeniy N. Shtarklev - currently working Budker 
Institute of Nuclear Physics, Siberian Branch of Russian 
Academy of Science, Novosibirsk, Russia 

Alexey V. Sidorov - currently working Budker Institute 
of Nuclear Physics, Siberian Branch of Russian Academy of 
Science, Novosibirsk, Russia 

Vadim O. Tkachenko - currently working Budker 
Institute of Nuclear Physics, Siberian Branch of Russian 
Academy of Science, Novosibirsk, Russia 

Alexandr Yu. Vlasov - currently working Budker 
Institute of Nuclear Physics, Siberian Branch of Russian 
Academy of Science, Novosibirsk, Russia 

Leonid A. Voronin - currently working Budker Institute 
of Nuclear Physics, Siberian Branch of Russian Academy of 
Science, Novosibirsk, Russia 

 



 “Е+Е”, vol. 53, 7-8, 2018 165

Current status of DC high power ELV electron accelerators 

Nikolay К. Кuksanov, Rustam А. Salimov, Sergey N. Fadeev, Petr I. Nemytov, Yury I. 
Golubenko , Аlexey I. Korgachin, Аlexandr V. Lavruchin, Аlexey V. Semenov, Victor G. 

Cherepkov,  Dmitry A. Kogut, Evgeny V. Domarov, Denis S. Vorobiev, Mikhail 
Golkovsky 

 
ELV accelerators are widely used for electron beam processing. The ELV electron accelerators are 

DC machines purposed for wide application in various technological processes.  BINP develops and 
manufactures high power electron accelerators for industrial application. The efficiency of substitution 
of electricity for electron beam power is also high.   It was started in 1970-s. From that time over 170 
accelerators were delivered both inside Russia and abroad. There are systems of ring and double side 
irradiation, 4-side irradiation system, extraction device for extraction of focused electron beam into 
atmosphere.  We had developed and delivered accelerators for the tire industries. These accelerators 
have the energy of 0.3 – 0.5 MeV, up to 2 meters extraction device and beam current of over 130 mA. 
The new design of extraction device for the focused beam e was realized.  The first device is already 
manufactured and is tested in different kind of experiments with extracted focused beam. 

Keywords – ELV electron accelerators, tire industries, extraction devise, 4-side irradiation, 
extracted focused beam. 

 

Introduction 

ELV series electron accelerators are well known 
all over the world. ELV accelerators are about 15% of 
all accelerators which are used in industrial 
production. They were designed for industrial 
applications. That is why the attention was paid not 
only to the parameters but also to the operational 
characteristics: ease of operation, availability of the 
elements base, reliability in operation. Since 1973, 
more than 170 accelerators have been supplied to the 
Customers [1]. 120 of them are still in operation. The 
average service life of the accelerator exceeds 20 
years. ELV accelerators are widely used in radiation-
chemical technologies. Just in this field they received 
wide recognition. ELV accelerators are used in almost 
all industrial technologies where an electron beam is 
used. The main application is electron-beam 
modifications of polymers: cable insulation, heat 
shrinkable tapes and tubes, foamed polyethylene, 
component processing for automobile tires 
production. Specific machines were used for 
sterilization, grain disinsectization and for 
environmental technologies. A significant number of 
accelerators were used in scientific organizations for 
testing the electron-beam technologies. Fig. 1 and Fig. 
2 shows the accelerator appearance and the 

technological unit for cable insulation treatment. 

  
Fig. 1. ELV-8 accelerator has max. energy 2.5 MeV and  

max. beam power 100 kW. 

To date, the design of ELV is quite stable and the 
changes concern mainly to the elements base 
updating, improving the quality of electron beam 
processing (replacing high-voltage diodes and 
capacitors, changing the operating frequency, 4-sided 
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and circular irradiation systems, under-beam transport 
systems). 

 
Fig. 2. The cable treatment with ELV accelerator. 

Accelerators with the foil window 

Almost all accelerators meant for radiation 
technologies use an extraction device with a window 
made of titanium foil. The maximum current density 
in such a window is 200 μA/cm2, the operating value 
is 100 μA/cm2. Especially impressive the treatment of 
cable. The accelerator and technology are adapted 
each other so that allows to treat the 4 cables 
simultaneously (so called 4 in – 4 out). The integral 
speed of treatment for some cables can achieve 2000 
m/min or 2500 km/day per 1 accelerator. 

Due to the increasing demand for the processing of 
automobile tires components, it has become necessary 
to complete the accelerators with local radiation 
protection. 

 
Fig. 3.  Treatment of cord base for automobile tire with 

ELV accelerator. Width of tape is 1400 mm. 

This is quite simple, because for this technology 
the accelerators with an energy range of 0.3 - 0.5 MeV 
are required. The installation is quite compact and 

easily fits into the production line complex.  The Fig. 
3 and Fig. 4 show the installation of electron beam 
treatment of the cord tape used in the tires production 
in China. 

 
Fig. 4. Accelerator with steel local shielding in 

technological line. The dimensions are 6×6×6.5 m and 
weight is 45 Ton. 

 
Fig. 5. Accelerator with conveyer and a concrete stationary 

shielding in South Korea company EB-TECH. 

Accelerators with the foil window 

Together with the development of the extraction 
device with a window made of titanium foil for ELV 
accelerators, a device meant for the focused beam 
extraction into the atmosphere was developed [2]. The 
electron beam in this case is a highly concentrated 
source of energy. For this purpose, a multi-stage 
differential pumping system was used. The vacuum in 
the chambers is carried out by continuously operating 
vacuum pumps. By means of a number of such 
chambers, the pressure decreases step by step from the 
atmospheric (or other high pressure of the gas 
medium) to the working pressure of the accelerating 
device (10-6 torr). The electron beam in the extraction 
device is focused by the separated magnetic lenses. In 
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1975, the first similar extraction device was installed 
at ELV-4 accelerator with electron energy of up to 1.5 
MeV and a beam power of up to 40. The beam size at 
the exit from the accelerator was about 0.8 mm with 
an effective emittance of ~10-2 cm*rad. The electron 
energy pulsations were no more than ± 2.5%. The 
diaphragms service life was determined by the 
increase of diaphragm holes size, associated directly 
with the beam arrival onto diaphragm, and indirectly 
with the action of a high-temperature of gas stream 
flowing from the atmosphere aggressive beam impact 
products (ozone, sprays of molten processed material, 
etc.), the number of accelerator start up (process 
stabilization). The duration of work was on an 
average: 

 no more than 20 hours with a beam power up to 
20 kW and number of start up of more than 20; 

 10 hours at a power of 20 – 40 kW and the 
number of start up of up to 20; 

In the Institute of Nuclear Physics, the experiments 
on the influence of the focused electron beam onto 
various materials (metals and alloys, rocks, ceramics, 
plastics, etc.) extracted into gas at the atmospheric 
pressure were performed [3]. Also, technological 
experiments (nonvacuum electron beam welding, 
quenching [4-6], surfacing [7, 8], rocks, etc.) were 
made. Electron beam was extracted into the air, argon, 
helium. After the performance of the experiment in 
BINP, the accelerators with this extraction device 
were delivered to the Institute of Mining, to the 
Institute of Nitrogen Industry, the “Giprocement” 
Institute, to the metallurgical enterprises in 
Dnepropetrovsk and Lipetsk. All these facilities were 
of laboratory level and meant for experimental works.  

The existing interest to the focused beam extracted 
into the atmosphere demanded to outline the ways of 
improving the extraction device and the pumping 
means for the focused electron beam extraction, as 
well as to increase the requirements to the beam 
formation at the accelerator output. Namely, to reduce 
the effect of transverse magnetic fields in the 
acceleration track, to reduce energy pulsations, to 
reduce the emittance of the beam. The modification 
works on the extraction device meant for the focused 
beam extraction into the atmosphere were continued. 
In 1985 the ELV-6 electron accelerator with electron 
energy of up to 1.4 MeV and the maximum power in 
the beam of 100 kW equipped with a modernized 
system of focused beam extraction into the 
atmosphere was put into operation (Fig. 5). 

General view of the device for focused electron 
beam extraction into the atmosphere from ELV-
6accelerator is shown in Fig. 6. 

 

Fig. 6.  The drawing of extraction devise for focused beam 
L2 – magnet lenses; D1, D2 and D3 – diaphragms; 1 – 

beam profile; 2 – flange for vacuum quid; 3 – measuring 
diaphragm; 4 – shift of beam; 5 – insulators of 

diaphragms; 6 – slot nozzle, 7 – gate valve. 

During extraction device operation in modes of the 
melting and evaporation of various metals, their 
alloys, as well as high-temperature oxides and 
carbides, the penetration of fine particles of the treated 
substance into the differential pumping system is 
possible. To prevent the processed material particles 
penetration into accelerating tube double parallel 
transfer of the beam returning it to the axis and slot 
nozzle located below the extraction device are 
provided. Such an airflow was enough to eliminate the 
penetration of foreign particles (processing products) 
into the beam extraction system and to ensure its 
trouble-free operation. At the same time, the stream of 
the nozzle increases the life of the diaphragms of the 
extraction device, protecting them from the influence 
of a high-temperature gas stream of the hot target. 

During many years of the operation of the 
extraction device with a focused electron beam 
extracted into the atmosphere the possibility of long-
term (several thousand hours) failure-free operation of 
the device was established at the beam powers up to 
the limit with unlimited number of start-up and shut-
off of the electron beam. The principal possibility of 
using the devices of this type meant for extraction of 
electron beams of up to 100 kW power into the 
atmosphere under the conditions close to the industrial 
ones was shown. Run-to-Failure can reach several 
thousand hours, which is comparable to the operation 
times of similar foil equipment. The main parameters 
of the focused beam extraction system are: 
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 the maximum beam power in the stationary 
mode of the system operation is 100 kW; 

 the range of accelerated electrons energies is 
0.8 1.4 MeV; 

 number of stages of the differential pumping 
system is 3; 

 the maximum hole size in the first diaphragm 
of the extraction device after operation with a 
beam of more than 2000 hours is no more than 
2.5 mm. 

The accelerators are continuously operating from 
1989 to the present. It had the status of a unique 
scientific installation. At this installation: accelerator 
with a modernized system of focused beam extraction 
into the atmosphere, together with the representatives 
of various Soviet, Russian and foreign organizations, 
numerous experiments on the use of such a beam in 
technological processes were performed. In particular, 
the technological modes were perfected. Valuable 
scientific results in steel products hardening 
(including the hardening of the railway rails lateral 
surfaces, which later had passed the verification 
nature tests at the East Siberian Railway [4, 5] and 
showed their high capacity); surfacing of the wear-
resistant coatings onto metal substrates (including 
surfacing of wear-resistant coatings onto copper plates 
of the crystallizers of steel continuous casting plant 
and two-layers materials on titanium basis with anti-
corrosive coating [13, 14]) were obtained. High power 
focused electron beam was used as heat source for 
testing the carbon target for prototype of the high-
power production target for the Fast Rear Ion Beam 
(FRIB) [9, 10]. Various experiments were carried out 
for radiation-thermal processes in the field of 
chemistry of solids (including the technology of 
obtaining a cheap highly active ammonia synthesis 
catalyst from catalyst production wastes). High-
performance practice of obtaining nanopowders of 
metals and their oxides, as well as silicon oxide by 
means of its direct evaporation from the melt were 
developed and put into practice. Successful 
experiments on thermal testing and heating of graphite 
target prototypes meant for the facilities of rare 
isotopes beams receiving at FRIB (University of 
Michigan, USA) and under the European project 
EURISOL, as well as other high-temperature 
technological processes were performed. In spite of 
the intensive loading of the experimental stand, there 
was practically no real need of such machines for 30 
years. 

 

New design of extraction device for focused 
beam 

Recently, in connection with the interest in the 
method of obtaining nanopowders by means of 
evaporation, there emerged a need for accelerators 
with focused beam extraction into the atmosphere. 
Therefore, we decided once again to revise the design 
of the extraction device, having in mind that over the 
past time, both accelerators and pumping facilities 
have changed constructively, for example, 
turbomolecular pumps have appeared. In the 
accelerator, instead of an accelerating tube with 
permanent magnets, an accelerating tube with a large 
aperture is used. The new tube is easier to 
manufacture and has better operational parameters, 
and the technology of old tubes manufacturing has not 
been used for 25 years and now it is lost. The beam 
parameters at the tubes output are completely 
different.   

The design of the extraction device and the 
selection of pumping equipment were determined for 
the ease of service convenience and operational 
reliability when operating not in laboratory conditions 
but in the Customer's industrial and semi-industrial 
production. In accordance with this, the main criteria 
in the development were not only the obtaining of 
limit parameters and minimization of pumping 
equipment, but the simplicity of the design and 
optimization of the vacuum pumps. 

The aperture of the new tubes is 100 mm and the 
beam is moving almost the whole time in a uniform 
electric field, and its parameters at the tube output are: 
beam size D and divergence α are determined only by 
the distribution of the electric field near the cathode. 
The problem is complicated by the fact that the 
potential distribution near the cathode electrode forms 
the minimum of the potential, the so-called electrical 
gate, which prevents particles, being produced as a 
result of secondary ion-electron emission, entering 
into the tube aperture. This distribution has a strong 
focusing and should be taken into account.  

The electron emitter is a LaB6 tablet, the heater is 
a cylindrical spiral (like solenoid) made of tungsten 
wire. On the tablet surface there is a magnetic field of 
about 10 Gs, which gives to the electrons moving at 
the edge of the beam an azimuthal impulse of 5 
Gs*cm. It is equal the impulse of an electron 
accelerated to 2.5 V. As a result, at the tube output, 
the beam has an angle of about 10-3 rad and an 
emittance of 1.5×10-3 rad*cm. The cathode operates in 
the mode of selection of the total emission current, i.e. 
the beam current value is determined by the cathode 
temperature. In order to reduce the influence of the 



 “Е+Е”, vol. 53, 7-8, 2018 169

space charge, the perveance of the injector is chosen 
to be high, i.e. the current defined by the law 3/2 is 
much greater than the working current of the emitter.  
To measure the beam parameters (D and α, 
emittance), the installation which made it possible to 
do it was assembled at ELV-4 accelerator. The 
electron beam was not extracted into the atmosphere, 
but was taken onto the vacuum target with a circular 
scanning. The cooling mode made it possible to 
receive an electron beam with a power of no more 
than 50 kW onto this target. Within a few days, the 
system was set up and through the estimated 
diaphragms the beam passed almost without 
deposition at a power of 50 kW at 1.5 MeV. This was 
in August 2017. Measured results, at least in 
qualitative terms, fitted with the calculations.  

According to these measurements, the extraction 
device, which can be installed at ELV accelerator 
having a tube with a large aperture, was designed and 
manufactured (Fig. 7). At that time we have no 
possibility to install new extraction device exactly on 
ELV-4 accelerator with accelerating tube with large 
aperture. So we installed the new extraction device 
onto ELV-6 accelerator with an old tube. 

 
Fig. 7. The drawing with new design of extraction devise 

for focused beam 1 – magnet lens; 2 – correction coil; 3 – 
gate valve; 4 diaphragm; 5 – magnet lens; 6 – correction 
coil; 7, 8, 9, 10 – diaphragms; 11, 12, 13, 14 – vacuum 

flanges; 15 – turbomolecular pump, 16 - flange for 
pumping. 

The output of tube was modified. The old 
extraction device was conserved. In a short time, the 
beam was extracted into the atmosphere onto the 
target located 1 m from the extraction device. The 

quite steady operation at a beam power of 70 kW and 
a short-term operation at a power of 100 kW were 
achieved. In the new design, the size of the extraction 
device has been reduced by the factor of 3 by means 
of the improvement of some operational parameters, 
such as current deposition at the diaphragms and 
vacuum in the pumping stages. At present, the 
installation for silica nanopowder (sand) production is 
operating at this beam. 

Conclusions 

ELV accelerators are adapted for industrial and 
research application. The set of the extraction and 
supplementary devices makes possible all existing 
electron beam technologies. 
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Electron-ion-plasma equipment for surface modification of 
materials 

Anton D. Teresov, Vladimir V. Shugurov, Vladimir N. Devyatkov, Nikolay N. Koval, 
Yuriy F. Ivanov 

 
A laboratory installation designed for research in the field of surface engineering of metal and 

ceramic materials was developed and created. In the installation, it is possible to conduct successive 
processes of arc ion-plasma nitriding of the surface of metals and alloys, plasma-assisted deposition 
of functional layers and coatings, and electron beam treatment including surface polishing and 
electron beam mixing of surface layers of samples and products in a single vacuum cycle. With the 
help of these processes, it is possible to implement a complex approach to the formation of a surface 
with predetermined properties, including radically different from the properties of the substrate. 

Keywords – Electron-ion-plasma equipment, arc ion-plasma nitriding, electron beam polishing 
and mixing, metal and ceramic materials, surface modification. 

Електронно-йонно-плазмено оборудване за повърхностна модификация на материали 
(Антон Д. Тересов, Владимир В. Шугуров, Владимир Н. Девятков, Николай Н. Ковал, Юрий 
Ф. Иванов). Беше разработена и изработена една лабораторна инсталация, конструирана за 
повърхностен инженеринг на метали и керамични материали. В инсталацията е възможно 
успешно провеждане на дъгово йонно-плазмено нитриране на повърхността на метали и 
сплави, асистирано с плазма отлагане на функционални слоеве и покрития и електронно-
лъчева обработка, включително повърхностно полиране и електронно-лъчево смесване на 
повърхностни слоеве на образци и продукти в единен вакуумен цикъл. С тези процеси е 
възможно да се постигне комплексен подход към получаване на повърхности с предварително 
определени параметри, включително и радикално различни от тези на подложката. 

 

Introduction 

Purposeful design of the surface of materials and 
products using modern electron-ion-plasma methods 
remains an urgent task, because its solution allows the 
creation of functional layers and coatings that 
significantly enhance the physico-mechanical and, 
accordingly, performance characteristics of machine 
parts and mechanisms, tools and other products, 
increasing their service life under extreme operating 
conditions and thus resulting in energy and resource 
savings [1-5]. 

The purpose of this work was the creation of 
specialized equipment and the development of a 
method for electron-ion-plasma engineering of the 
surface of materials and products carried out in a 
single vacuum cycle. 

The urgency of the problem is due to the need to 
develop a technology for cardinal modification of the 
structure and properties of surface layers of metals 
and alloys operating under severe conditions (friction 

pairs of highly loaded mechanisms operating under 
temperature gradients and the presence of aggressive 
environment, metal and woodworking tools, critical 
parts of oil, gas and processing industries, etc.). 

Laboratory installation „COMPLEX” 

The developed and created laboratory installation 
is designed for research in the field of surface 
engineering of metal and ceramic materials. In the 
installation, it is possible to conduct successive 
processes of arc ion-plasma nitriding of the surface of 
metals and alloys, plasma-assisted deposition of 
functional layers and coatings, and electron-beam 
processing, including surface polishing and electron-
beam mixing of surface layers of samples and 
products in a single vacuum cycle. With the help of 
these processes, it is possible to implement a complex 
approach to the formation of a surface with 
predetermined properties, including radically different 
from the properties of the substrate. The essence of 
this approach is that thin layers of the required 
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composition are successively formed on the surface of 
the substrate, which are then mixed with the substrate 
by means of a wide-aperture pulsed electron beam. 
Thus, a gradient layer is formed in which the 
properties smoothly change from the substrate to the 
surface and there are no abrupt transitions of the 
properties of the materials. 

 
Fig. 1. The design of the complex laboratory installation 
„COMPLEX”. 1 – power supplies of electron source; 2 – 

electron-beam treatment chamber; 3 – electron source 
„SOLO-M”; 4 – arc evaporators „DI-80”; 5 – chamber of 

volumetric ion-plasma treatment; 6 – manipulator; 7 – 
control cabinet; 8 – source of electrical bias; 9 – plasma 

generator „PINK”; 10 – water cooling system; 11 – power 
supply of the plasma generator „PINK”; 12 – power 

sources of arc evaporators „DI-80”. 

 
Fig. 2. Appearance of the complex laboratory installation 

„COMPLEX”. 

In this way, an important task of creation of 
surface layers with unique properties on products 
made from low-cost and affordable materials is solved 
in the developed installation. 

 

A simplified design of the installation in the form 
of a 3D-model is shown in Fig. 1, and the appearance 
in Fig. 2. 

The technological cycle of treatment of samples 
and products in this installation is as follows: the 
samples are usually fixed on a flat plate of stainless 
steel fixed in the horizontal plane on one of the 
manipulator's satellites or directly in the fastening of 
the satellite. 

Then a cycle of vacuum pumping takes place using 
fore-vacuum and turbo-molecular pumps. When the 
limit pressure is reached below 6.6•10-3 Pa, the 
process of ion-plasma treatment begins. The 
manipulator moves to the chamber of a volumetric 
ion-plasma treatment, the gate separating the vacuum 
chambers is closes. Then, ion-plasma clearing and 
heating of parts using the plasma generator „PINK” 
[6] in an argon atmosphere at a pressure of 0.1 – 0.5 
Pa is performed. After cleaning, the layers of the 
material are deposited in accordance with the 
technological map. At the same time one of the two 
arc evaporators „DI-80” [6] and the plasma generator 
„PINK” are started. The pressure at deposition is 
maintained within the range of 0.05 – 0.3 Pa, 
depending on the type of coating. After the deposition, 
the surface layer of the film-substrate system is mixed 
using the electron source „SOLO-M” [7]. To do this, 
the gate separating the cameras opens, the manipulator 
moves to the electron beam treatment chamber, 
positioned under the beam and then moves in 
accordance with the specified processing program. 
The working gas (argon) is injected through a pulsed 
electron source and is adjusted by means of a mass 
flow controller to a pressure of 3.5•10-2 Pa. After the 
end of the irradiation process, either the manipulator 
moves to the chamber of a volumetric ion-plasma 
treatment for further deposition of layers or nitriding, 
or the cooling of the processed tools and their 
extraction from the chamber. 

Sputtering and electron beam treatment modes 
depend on the type of material being processed, the 
dimensions of the samples and the required physical 
and chemical properties of the surface are selected 
individually. 

Nitriding is carried out in a chamber of volumetric 
ion-plasma treatment with the following typical 
parameters: the discharge current of „PINK” up to 100 
A, the bias voltage is regulated within 300 – 900 V to 
maintain the required temperature. The pressure of the 
working gas (nitrogen) is 0.5 – 1 Pa. 
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Design and principle of operation of the 
„COMPLEX” installation components 

A. Plasma source with a thermionic cathode 
„PINK” 

For the processes of ion cleaning and surface 
activation, as well as nitriding in the „COMPLEX” 
installation, a modernized plasma generator „PINK” 
with a thermionic cathode with discharge current up to 
100 A is used [6]. A block diagram of the developed 
plasma generator is shown in Fig. 3. 

The study of the conditions of ignition and 
operation of a non-self-sustaining arc discharge in the 
electrode system of the plasma generator „PINK” 
made it possible to create a plasma generator with an 
extended range of parameters. To do this, it was 
proposed to introduce into its design a discharge 
ignition assembly, which is an additional electrode 
inserted into the hollow cathode of the plasma 
generator and connected to the main anode. In order to 
increase the stability of the operation of the plasma 
generator it has been proposed to ensure constant 
contact of the igniting electrode with the main 
discharge anode through the ballast resistance Rb. 

 
Fig. 3. Block diagram of the plasma generator „PINK” 
with the power supply system. 1 – vacuum chamber – 

anode; 2 – ballast resistance; 3 – magnetic coil; 4 – hollow 
cathode; 5 – igniting electrode; 6 – gas inlet; 7 – holder of 
a thermionic cathode; 8 – thermionic cathode; 9 – power 

supply. 

Below is a description of the design of the plasma 
generator. The water-cooled flange has a cylindrical 
hollow cathode with an internal diameter of 80 mm 
and a length of 350 mm, made of stainless steel. The 
thermionic cathode, made in the form of the letter 
„M” of tungsten wire with a diameter of 2 mm and a 
length of 180 mm, is located inside the hollow 
cathode on two copper water-cooled current leads. A 
stabilizing longitudinal magnetic field with an 

induction of 0.1 – 3 mT is created by a magnetic coil 
located coaxially with a hollow cathode. The injection 
of working gas is carried out inside the hollow 
cathode, which increases the pressure in it and, 
accordingly, the efficiency of ionization of the 
working gas. The working pressure in the tools 
processing area (working chamber) varies between ~ 
0.1 – 2 Pa. The cathode assembly is attached to the 
water-cooled casing through an insulating spacer. The 
body of the plasma generator is electrically connected 
to a vacuum chamber whose internal walls are a 
hollow discharge anode. 

To power supply „PINK” plasma generator uses a 
specialized power systems, which includes a discharge 
power supply, a thermionic cathode power supply, a 
magnetic coil power supply. 

B. Arc evaporator with magnetic stabilization of 
cathode spot „DI-80” 

Arc evaporator „DI-80” with discharge current up 
to 150 A and magnetic stabilization of the cathode 
spot in the working area of the cathode was designed 
and manufactured to ensure effective deposition of 
functional coatings on treated products [6]. A block 
diagram of the arc evaporator is shown in Fig. 4. 

 
Fig. 4. Block diagram of the arc evaporator „DI-80” with a 
power supply. 1 – vacuum chamber – anode; 2 – focusing 

coil; 3 – stabilizing coil; 4 – igniting electrode; 5 – 
housing; 6 – cathode holder; 7 – cathode; 8 – power 

supply. 

The maximum diameter of the cathode is 78 mm, 
which makes it possible, on the one hand, to have 
rather compact dimensions of the arc evaporator, and 
on the other hand, it provides a sufficient supply of 
cathode material for a prolonged operation. The shape 
of the cathode is a truncated cone. Near larger 
diameter, on the lateral surface, a semicircular groove 
with a radius of 2 mm is designed to fix the cathode in 
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the cathode holder. Such a shape of the cathode, 
firstly, ensures ignition of the cathode spot on its 
lateral surface, the exit of the cathode spot on the 
working surface, and the stable functioning of the 
cathode spot on the working surface of the cathode. 
Secondly, a cathode of this shape can be made with 
the help of a circular grinder, which makes possible to 
manufacture it from composite sintered materials, for 
which it is practically impossible to carry out 
traditional treatment. In addition, the design of the 
cathode assembly makes possible to manufacture 
cathodes from easily processed metals by means of 
traditional treatment and fix them in the holder with 
the help of M72 × 1.5 thread. 

The cathode holder is installed through the 
insulator in the cathode flange, through which high 
voltage pulses are also supplied to the igniting 
electrodes. To increase the reliability of arc ignition, 
the arc evaporator is equipped with two ignition 
electrodes. 

The cathode flange of the arc evaporator is fixed to 
the end face of the cylindrical housing. Stabilizing and 
focusing coils, which ensure magnetic stabilization of 
the position of the cathode spot in the working area of 
the cathode, are also provided on cylindrical housing. 
The body of the coils is covered with a decorative 
casing. 

For the power supply of the developed arc 
evaporators uses power systems that include a 
discharge power supply, two magnetic coil power 
supplies and an arc ignition power supply. 

C. Electron source „SOLO-M” 

The electron gun used in the laboratory installation 
„COMPLEX” is installed on the upper flange of the 
vacuum chamber intended for electron-beam 
treatment [7]. The block diagram of the electron 
source „SOLO-M” with power supply units is shown 
in Fig. 5. The gas-discharge system of the plasma 
cathode, which ensures the generation of emission 
plasma, is constructed according to a two-stage 
scheme. The first discharge system, formed by the 
anode 2 and cathode 3 electrodes, constitutes an 
initiating discharge system functioning at a relatively 
high (up to 1 Pa) pressure for a relatively short period 
of time. To reduce the ignition voltage of the initiating 
discharge at low pressure, a discharge in crossed 
electric and magnetic fields is uses. The magnetic 
field is created by a permanent ring magnet 1 with an 
induction of 0.1 T. The initiating discharge is ignited 
initially in a glowing mode when a voltage pulse with 
an amplitude of 10 – 15 kV is applied from the power 
supply unit 11. The duration of the current pulse of the 

initiating discharge, having an amplitude of up to 10 
A, is 25 – 100 μs. After 10 μs from the voltage is 
applied to the initiating discharge, the main discharge 
system is energized. The main arc discharge with an 
adjustable duration of 20 to 250 μs is ignited between 
the electrode 3 and the hollow anode 4 through a 10 
mm diameter contraction channel in the electrode 3, 
followed by a discharge switch to the grid emission 
electrode 6. The steady ignition and operation of the 
main discharge in the arc form is determined by the 
presence of magnesium inserts on the electrodes 3 on 
which the cathode spot functions. The electrode 5 has 
an emission aperture 45 mm in diameter, covered by a 
fine-grained emission grid with a transparency of 40 
to 50% and a cell size of 0.15 × 0.15 mm2, mounted 
on the end of the hollow anode 3 with a diameter of 
100 mm and a length of 100 mm. The electrode 4 is 
connected to the emission electrode 5 through the 
resistance Ra = 50 Ohm. 

 
Fig. 5. Block diagram of the electron source „SOLO-M” 

and its power supply and control units. 1 – permanent 
magnet; 2 – anode electrode of initiating discharge; 3 – 

cathode magnesium inserts; 4 – anode part of the main arc 
discharge; 5 – emission-grid electrode; 6 – grounded 
accelerating electrode; 7 – upper magnetic coil; 8 – 

vacuum chamber; 9 – bottom magnetic coil; 10 – mass flow 
controller; 11 – initiating discharge power supply; 12 – 

main arc discharge power supply; 13 – high-voltage 
capacitors; 14 – high-voltage power supply; 15 – magnetic 

coils power supplies; 16 – control system. 

A constant high-voltage of 5 – 25 kV is applied 
between the electrode 5 and the accelerating electrode 
6, located from it at a distance of 8 – 10 mm and made 
in the form of a diaphragm 80 mm in diameter. The 
high-voltage source provides partial discharge of the 
storage capacitor bank with a total capacitance of C = 
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12 μF. Under the action of a constant accelerating 
voltage, electrons are extracted from the plasma 
through the grid cells and accelerated to an energy 
corresponding to the applied voltage. 

To stabilize the electron beam in the accelerating 
gap and the drift space, the entire system is placed in a 
longitudinal magnetic field created by pulsed 
magnetic coils. The coils are located on the upper 
(coil 7) and bottom walls (coil 9) of the vacuum 
chamber outside the pumped volume and create a 
longitudinal magnetic field in the region of formation 
and transportation of the electron beam. Diagnostics 
of the pulsed currents of the electron source is carried 
out using Rogowski coils, installed in the 
corresponding circuits of the electron source. 

The developed and created electron source with a 
grid plasma cathode provides the formation of an 
electron beam with the following main parameters: 
beam current 20 – 300 A, electron energy 5 – 25 kV, 
energy density in the beam for one pulse up to 100 
J/cm2, effective beam diameter 10 – 40 mm. 

Conclusions 

Thus, in this work the solution of the complex 
problem of electron-ion-plasma engineering of the 
surface of materials and products realized in a single 
vacuum cycle using the unique electrophysical 
equipment was demonstrated. This technology can be 
used to radically modify the structure and properties 
of surface layers of metals and alloys operating under 
severe conditions. 

Acknowledgements 

This work was supported by the Russian Scientific 
Foundation grant (project No. 14-29-00091). 

REFERENCES 

[1] Engelko, V., G. Mueller, H. Bluhm. Influence of 
particle fluxes from target on characteristics of intense 
electron beams. Vacuum, Vol. 62/2-3, 2001, pp.97-103. 

[2] Devyatkov, V. N., Y. F. Ivanov, O. V. Krysina et 
al. Equipment and processes of vacuum electron-ion plasma 
surface engineering. Vacuum, Vol. 143, 2017, pp.464-472. 

[3] Proskurovsky, D. I., Yu. F. Ivanov, V. P. Rotshtein 
et al. Pulsed electron-beam technology for surface 
modification of metallic materials. Journal of Vac. Sci. & 
Techn., Vol. A16 (4), 1998, pp.2480-2488. 

[4] Remnev, G. E., I. F. Isakov, M. S. Opekunov et al. 
High intensity pulsed ion beam sources and their industrial 
applications. Surface and Coatings Technology, Vol. 114, 
1999, pp.206-212. 

[5] Tyurin, Yu. N., M. L. Zhadkevich. Plasma 
hardening technologies, Kiev, Naukova dumka, 2008. 

[6] Koval, N. N., Y. F. Ivanov, I. V. Lopatin et al. 
Generation of low-temperature gas discharge plasma in 
large vacuum volumes for plasma chemical processes. 
Russian Journal of General Chemistry, Vol. 85, issue 5, 
2015, pp.1326-1338. 

[7] Devyatkov, V. N., M.S. Vorobyov, N.N. Koval, 
V.V. Shugurov. Modernization of cathode assemblies of 
electron sources based on low pressure arc discharge. 
Journal of Physics: Conference Series, 652, 2015, 
p.012066. 

 

Leading Electronic, Anton D. Teresov – Was born in 
1983. He graduated from the master's degree at the 
Department of Physics of plasma of National Research 
Tomsk State University in 2007. He is currently working at 
Institute of High Current Electronics SB RAS (HCEI SB 
RAS). Author and co-author of more than 100 scientific 
works. His research interests are generation and 
transportation of electron beams, application of charged 
particles beams and plasma flows for modification of 
surface properties of materials and products. 

Tel.: +7(382-2)491-713; e-mail: tad514@yandex.ru 

Prof. Dr. Nikolay N. Koval – Was born in 1948. Deputy 
Director for Research of the Institute of High Current 
Electronics SB RAS (HCEI SB RAS), where in 2000 he 
received doctor's degree, Head of the laboratory of plasma 
emission electronics, author and co-author of more than 
250 scientific works, including 5 monographs. Research 
interests - investigation of the low-pressure discharges, 
generation of low-temperature plasma, plasma emission 
electronics, generation and transportation of electron 
beams, application of charged particles beams and plasma 
flows for modification of surface properties of materials 
and products. 

Tel.:+7(382-2)491-706; e-mail: koval@hcei.tsc.ru 

Сhief Researcher, Dr. Yuriy F. Ivanov – Was born in 
1955. He received doctor's degree in 2002. Leading 
Research Fellow of the laboratory of plasma emission 
electronics of the Institute of High Current Electronics SB 
RAS, Professor of the Department of Nanomaterials and 
Nanotechnology of National Research Tomsk Polytechnic 
University. Author of more than 300 scientific publications 
and 30 monographs. Area of Interest- defect substructure, 
phase, and phase transformations, thermo-mechanical 
processing, nanostructured materials, surface modification 
of materials, high-speed processes, nonequilibrium states. 

Tel.: +7(382-2)491-713; e-mail: yufi55@mail.ru 

Junior Researcher, Vladimir V. Shugurov – Was born 
in 1981. He received the electronic technology engineering 
degree from the Faculty of Electronic Engineering of 
Tomsk State University of Control System and 
Radioelectronics, Tomsk, Russia in 2003. Since graduation 
he has been working at HCEI SB RAS. Author and co-
author of more then 30 scientific publications. Research 
interests – low-temperature plasma physics, electron 
accelerating technologies, coating deposition, pulsed and 



 

 
 “Е+Е”, vol. 53, 7-8, 2018 176

stationary low-pressure gas discharges, plasma generating 
in the large vacuum volumes. 

Tel.:+7(382-2)-492683; 

e-mail: shugurov@opee.hcei.tsc.ru 

Researcher, Vladimir N. Devyatkov – Was born in 
1965. He received the electronic technology engineering 
degree from the Faculty of Electronic Engineering of 
Tomsk State University of Control System and 
Radioelectronics, Tomsk, Russia in 1987. Since graduation 
he has been working at HCEI SB RAS. Author and co-
author of more then 50 scientific publications. Research 

interests – investigation of the low-pressure discharges, 
generation of low-temperature plasma, plasma emission 
electronics, generation and transportation of electron 
beams, application of charged particles beams and plasma 
flows for modification of surface properties of materials 
and products. 

Tel.: +7(382-2)491-713; e-mail: vlad@opee.hcei.tsc.ru 

Address: 2/3, Akademichesky ave., 634055, Tomsk, 
Russia, tel./fax(office): +7(382-2)491-706; 

e-mail: tad514@yandex.ru 

 



 

 “Е+Е”, vol. 53, 7-8, 2018 177

Depolymerization and self-disassembly of plant polymers 

Alexander V. Ponomarev 

 
Biopolymers can be radiolytically degraded mainly in two ways. The first way, depolymerization, 

occurs at not so high temperatures and consists in random cleavage of bridges between monomer 
units. The second process, self-disassembly, is realized at higher temperatures by consecutive 
shortening the polymer chain from its end and is accompanied by the elimination of monocyclic 
products. Instructions for self-disassembly are encoded in the structural features of the primary 
macroradicals. 

Keywords – Electron irradiation, degradation, plant polymers, radiolytic transformation, self-
disassembly. 

 

Introduction 

At present, the radiation treatment of plant 
polymers is used for a variety of purposes: to produce 
nano-substrates and gels, to fabricate packaging 
materials and dressings, to receive advanced sorbents, 
to modify and preserve the cultural heritage, to create 
advanced composites and copolymers, to synthesize 
biofuels and reagents, to obtain monomers and 
oligomers, and so on. These applications are based on 
radiolytic generation of short-lived ions and radicals 
in feedstock and their subsequent participation in the 
cross-linking or fragmentation processes. 

Nature continuously reproduces a variety of 
biopolymers. Such like polysaccharides and 
polyphenols are generated in huge quantities. 
Undoubtedly, the ability to disassemble 
macromolecules into parts would be a very useful skill 
to obtain building blocks for subsequent organic 
synthesis [1]. Moreover, it would be desirable to 
disassemble polymers simply, cheaply and in a direct 
way.  

The variety of radiolytic transformations 

The result of radiolysis of a biopolymer under 
moderate heating and low dose rate is 
depolymerization. For example, in cellulose the ratio 
of C : O : H atoms in the initial sample and the 
resulting oligomers differs insignificantly. Among the 
minority products cellobiose, glucose, arabinose, 
glyoxal, 2-ketogluconic acid and some others are 
found. Products of deeper conversion of pyranose 
units are observed only at very high doses. 
Undoubtedly, the preparation of oligomers is very 
important. However, the productive formation of 

monocyclic products is no less important. How to do 
it? 

Typically, the polymer is formed by a self-
sustaining chain process that successively adds 
identical or similar structural units to the end of the 
growing macromolecule. Apparently, the opposite 
process can propagate under the influence of a self-
reproducible defect which provokes the cleavage of 
bonds between monomer units. Such a self-sustaining 
process can be referred to as self-disassembly. 

What conditions favor the self-disassembly of the 
polymer molecule? First, a suitable defect must be 
generated on the terminal monomer unit. The role of a 
defect can be realized by a radical. For example, in 
cellulose, ionizing radiation creates radical centers on 
C(1) or C(4) atoms [2 – 4]: 

O

OH

OH

CH2OH

O O

O

CH2OH

OH

OHR(1) , R(4) 

Such intermediates are unstable due to the 
discrepancy between the electron configurations of the 
radical center (sp2-hybridization, planar configuration) 
and the original molecular unit (sp3-hybridization, 
tetrahedral configuration). Splitting the connecting 
bridge between the defect unit and the neighboring 
intact unit is the initial step to stabilization. Such a 
cleavage occurs even at room temperature, creating 
one of the terminal radicals: 
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The next step is to transfer the radical center to the 
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opposite end of the defect unit, for example, from 
C(1) to C(4) position. In the case of lignin, whose 
monolignols contain conjugated aromatic bonds, a 
delocalized electron can directly provoke the cleavage 
of any connecting bridge. As a rule, the weakest bond 
in the -position relative to the aromatic ring 
undergoes cleavage. In turn, the original units of 
cellulose do not have double bonds. However, 
cellulose, like other polysaccharides, tends to 
thermally stimulated dehydration and, thus, to the 
formation of double bonds [5, 6]. As shown in the 
EPR study [2 – 4], heating stimulates the rapid 
conversion of the terminal radicals Rt(1) and Rt(4) to 
allyl type radicals: 

O

CH2OH

HO

OH

O

CH2OH

HO

OH

O

CH2OH

OH

OH

,

,,,

, , 

and the dehydration of the radicals requires a lower 
temperature than the dehydration of the molecules. 
Conversion of Rt(1) and Rt(4) into allyl radicals is 
already observed at 100 °C, whereas pyrolytic 
dehydration of cellulose macromolecules begins after 
reaching a temperature above 200 °C [2 – 6]. 
Accordingly, heating makes it possible to control the 
transfer of the radical center within the defective unit. 
The transfer of the radical center to the next 
connecting bridge creates a configurational tension 
and, thereby, provokes the cleavage of the bridge. 
Accordingly, the partially dehydrated defective link is 
removed and a new radical center appears on the 
terminal unit of the truncated macromolecule. 

The removed unit, such as 

O

HOH2C

O

O

HOH2C

OH

O

OHC

OH
, ,

 

are unstable and, therefore, easily undergo 
thermostimulated elimination of the most mobile 
fragments. As a rule, CO, CO2 or H2C=O are 
eliminated. Accordingly, stable molecules of 
furanmethanol or furfural are formed 

OHOH2C O CHO

, . 

The formation of furans, which are very valuable 
and demanded products [1], attaches great importance 
to the above-described self-disassembly, since no 
other method produces furans directly from cellulose 
[7, 8]. Under conditions of a similar thermo-
radiolysis, lignin is converted into benzenediols and 

methoxyphenols, and chitin is converted into pyrroles 
and pyridines [9]. 

Thus, the radiation damage of one monomeric unit 
causes a subsequent chain thermochemical self-
disassembly of the rest of the macromolecule. Proper 
heating is a very important condition for self-
disassembly. Heating performs several functions, in 
particular, stimulates the local dehydration of the 
radical center and the transfer of the unpaired electron 
to the next connecting bridge; stimulates the removal 
of the defective unit from the macromolecule; 
provokes the conversion of the removed fragment into 
a stable compound; provides evaporation of this 
compound from the reaction area. 

If the temperature is above the pyrolysis threshold, 
the cellulose undergoes total dehydration and 
decarboxylation with the formation of predominantly 
water, carbon dioxide, and charcoal [5, 6]. If the 
heating is weak, the dehydration of the radical centers 
and their conversion to allyl radicals are not carried 
out. As a consequence, there is no transfer of a defect 
from one connecting bridge to another. At least, the 
appropriate temperature should be above the 
evaporation point of the target product (furans), but 
below the threshold for the beginning of polymer 
pyrolysis. 

At relatively low temperatures, the structure of the 
biopolymer is fixed by a system of intermolecular and 
intramolecular hydrogen bonds (dissociation energy   
8 – 40 kJ/mol). Hydrogen bonds are involved in the 
scattering of excess energy to surrounding molecules, 
as well as in the cage effect that repairs radiation 
defects. As a consequence, in the interval of low 
temperatures, the cleavages of skeletal bonds lead 
only to a partial depolymerization [2, 10] - the 
formation of similar molecules with a lower degree of 
polymerization, but with an almost unchanged ratio of 
atoms. Cleavages of the molecular chain occur 
randomly, and liquid products are practically not 
formed. For example, 480 kGy absorbed dose reduces 
the cellulose polymerization degree by almost 80 
times without producing furans [2]. 

The self-disassembly of cellulose to furans is 
realized in the temperature range prior to the onset of 
pyrogenic degradation, i.e. below 550 K (Fig. 1).  

Pre-pyrolysis temperatures destroy the system of 
hydrogen bonds, make molecules more flexible and 
weaken the cage effect. At the same time, up to the 
beginning of pyrolysis, the initial macromolecules and 
the final molecular product remain intact, and the 
radiolytic cation-radicals and radicals, being unstable, 
undergo thermally stimulated rearrangements and 
fragmentation. Thus, the self-disassembly process is 
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based on the lower thermal stability of cation-radicals 
and radicals compared to molecules. 

 
Fig. 1. Temperature dependence of cellulose degradation in 

the process of radiation-stimulated dry distillation 
(combined heating with 8 MeV electron irradiation at 0.2 
kGy/s). The dotted line shows the thermogravimetric curve 

for unirradiated cellulose. 

Radiolysis may seem like a non-selective process, 
since ionizing radiation can damage any bonds in the 
molecule. However, in fact the subsequent transfer of 
excitation and charge leads to localization of the 
defect on the weakest bond [11, 12]. Thus, the 
resulting defects produced by radiation in different 
parts of the macromolecule are often of the same type.  

In case of cellulose self-disassembly, the radical 
center, as a rule, remains on the polymer fragment, 
whereas the damaged unit is removed in the molecular 
form. In polysaccharides and polyphenols, self-
disassembly is facilitated by the lower strength of the 
ether bridges between the units. Of course, the final 
products must be immediately removed from the 
irradiation area in order to avoid secondary 
decomposition. In particular, rapid removal is feasible 
in a mode similar to dry distillation, when the 
products of radiolytic and thermal fragmentation are 
continuously distilled-off, but provided that the 
temperature does not exceed the biopolymer pyrolysis 
threshold [7]. 

Ideal self-disassembly leads to a rather narrow 
molecular-mass distribution of products, since 
identical or similar elementary polymer units 
participate in successive transformations in a uniform 
way. Unique “instructions” how to disassemble the 
biopolymer are “encoded” in the structural features of 
the cation-radicals and radicals generated by the 
radiation-thermal pathway. 

The above-described self-disassembly 
fundamentally differs from the known radiation-
induced depolymerization. Self-disassembly in 

cellulose is carried out via a consecutive cleavage of 
connecting bridges and gives monocyclic products of 
furan nature. Accordingly, the translational shortening 
of the polymer chain takes place during the self-
disassembly of the macromolecule. In turn, 
depolymerization consists in random cleavage of the 
connecting bridges and leads to oligomeric 
polysaccharides. 

The mechanism of self-disassembly is not inherent 
in pyrolysis or low-temperature radiolytic 
decomposition of cellulose, since pyrolysis does not 
create the necessary radicals, and low-temperature 
radiolysis does not ensure dehydration of the defective 
glucopyranose unit. 

Various reasons common to chemistry can 
suppress self-disassembly. High dose rate creates a 
high concentration of radicals and, thereby, increases 
the probability of radicals decay via their 
recombination. Intersections and contacts of 
macromolecules facilitate the transfer of the unpaired 
electron to another chain. Branching in the 
macromolecule contributes to the appearance of 
defects of an irreproducible type. Steric factors 
prevent the products migration from the cage. In 
particular, branching in lignin macromolecule leads to 
a multi-type cleavage of the bonds and, thereby, 
extends the assortment of products [12]. However, not 
only the mono-product, but also a mixture of related 
products, can be of practical value, for example as a 
polymerization retarder, a fuel mixture, and the like. 

Dense packing of surrounding molecules can 
prevent the migration of radical and molecular 
fragments. For example, allylic radicals can be 
converted to polyene-type radicals, which are more 
stable and play the role of charcoal precursors: 
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Cellulose is the best example of a polymer suitable 
for self-disassembly. Unlike cellulose, the chitin 
monomer unit contains a large and easily cleavable 
side group, acetamide, which partially carries out the 
protection of the pyranose ring [9]. In turn, lignin 
contains units connected by more than two bridges to 
other units. As a consequence, the self-disassembly 
process in lignin can acquire an undesirable direction 
[12]. Nevertheless, under conditions of balanced 
irradiation and heating, all three biopolymers undergo 
chain self-disassembly, yielding several times more 
monocyclic products (at least 4 kg/kWh) than 
conventional dry distillation (Fig. 2) [7, 9]. 
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Fig. 2. The yields of the monocyclic products formation 
under radiation-induced self-disassembly of cellulose, 

lignin and chitin. 

Conclusions 

Thus, self-disassembly of plant biopolymers looks 
like an environmentally friendly way to receive 
building blocks for chemical synthesis. Self-
disassembly is based on a lower thermal stability of 
macroradicals compared to macromolecules. The 
process begins with the radiolytic cleavage of the 
macromolecule and is propagated as successive 
thermal shortening of the resulting macroradical via 
the stepwise elimination of monocyclic molecules. 
The revealed mechanism of self-disassembly is 
productive and provides a unique set of products, not 
characteristic of either low-temperature radiolysis or 
pyrolysis. 
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Preliminary simulation of Magnetron sputtering using Pegasus 
software  

Hitoshi Suizu, Ryota Matsuda, Tomonori Tabe, Hiroshi Toyota, Takeshi Tanaka 

 
In an r.f.-d.c. coupled magnetron sputtering system, the magnetron discharge was generated by a 

13.56 MHz r.f. source, and a d.c. power was simultaneously applied to a tin target through a low-pass 
filter in order to control the incident ion energy on the target. When an extremely low r.f. power 5W and 
d.c. power sources were applied simultaneously to the target, the glow discharge was about one-seventh 
of that in the case of the d.c. magnetron discharge. 

Keywords – Magnetron discharge, magnetron sputtering, Pegasus software, plasma analysis. 
 

Introduction 

Pegasus Software, Inc. developed the plasma, 
diluted gas analysis software with PEGASUS. 

 system design, development, improvement and 
evaluation; 

 development and manufacture of materials and 
devices; 

 prediction of process technology, development 
and improvement. 

Efficiency improvement, support simulator aimed 
at reducing experimental and prototype cost. 

Application scope of PEGASUS 

Plasma behavior / neutral particle behavior 
individually and combined analysis is possible. 

 a vacuum apparatus, a CVD apparatus, an 
etching apparatus, Behavior solution in the 
magnetron sputtering apparatus Analysis; 

 surface modification solution such as ion plating 
Analysis; 

 dry Etching / deposition etc. Table surface shape 
analysis. 

Magnetron sputtering equipment is one of the 
typical thin-film manufacturing equipment, modeling 
in a 2-dimensional cylindrical coordinate system. 

In this work, simulate the magnetron sputtering 
device using Pegasus software and analyze it. 

Experimental 

Module GUI (Graphical User Interface Module; 
GUIM), should make a preprocessor, post processing 
and execution of each module of the PEGASUS, 
PEGASUS for graphical user interface. All the 
modules of the PEGASUS can be run through this 

GUIM. 
 

 
Fig. 1. Analysis model. 

 calculation criteria, such as species, reactions,  
Sputtering can be specified by intuitive operation  
(pre-processor); 

 Review results with simple operation, can be  
considered (post-processor). 

Static magnetic field distribution and electron ion 
density in the device, ion flux and ion energy to the 
target, flux of sputtered particles jumping out of the 
target, flux of sputtered particles reaching the 
substrate, flux of sputtered particles reaching the 
substrate, etc. are obtained. In this example, we 
analyze with the following four steps using 4 modules 
of MSSM, PIC - MCCM, SPUTSM, DSMCM. 

(1) The static magnetic field created by the magnet 
is analyzed by MSSM. 

 (2) The state of the plasma in the static magnetic 
field is analyzed using PIC-MCCM.  Ion flux to the 
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target and the like are obtained. 
The PIC-MCCM can analyze the behavior of a 

non-equilibrium low temperature plasma in an 
apparatus such as a plasma CVD apparatus, a plasma 
etching apparatus, a sputtering apparatus, an apparatus 
for manufacturing a functional thin film, and the 
plasma density in the apparatus is relatively low 1016 
[# / m3]; 1010 [# / cc] or less)) is a module specialized 
in plasma analysis. It is also possible to analyze 
charged particle behavior such as electron beam and 
ion beam trajectory analysis in electromagnetic field. 

(3) Using SPUTSM, determine the flux, emission 
angle distribution, and emission energy of sputtered 
particles popping out of the target. 

SPUTSM is a module that calculates the emission 
flux, angular distribution, and energy of sputtered 
particles using SASAMAL with reference to the 
calculation result of PIC - MCCM (flux of incident 
ions to the target, energy, incident angle). When 
conducting sputtering analysis: 

 Plasma analysis;  
 Evaluation of sputtering rate; 
 Analysis is performed by flow such as evaluation 

of sputtered particles deposited amount on the 
substrate. 

(4) The movement of sputtered particles in the 
device is tracked by DSMCM and the flux distribution 
of sputtered particles reaching the substrate is 
determined. 

The DSMCM uses a DSMC method (particle 
model) such as arranging a large number of sample 
particles and stopping the collision of these particles 
stochastically according to a physical model to trace 
behaviors, and dilution in various vacuum apparatuses 
It is a module for analyzing the gas flow field. Kn 
(number of Knudsen; dimensionless number for 
evaluating the flow leanness, Kn = length of mean 
free path length / length of flow representative length) 
exceeding the application limit of the Navier-Stokes 
equation that treats gas as a continuum) Is good at 
analyzing the flow field when Kn > 0.01. It is possible 
to analyze the behaviors of neutral particles (buffer 
gas, radical species, sputtering particles) with no 
charge in etching equipment, thin film manufacturing 
equipment and sputtering equipment. 

Results and discussion 

In the following graphs, the temperature, density, 
production rate of e-, temperature, density and 
production rate of Ar+ are shown. 

Calculation can be performed in the same way by 
changing the gas pressure (changing the Ar initial 
density of the PIC - MCCM control parameter), 

changing the voltage (changing the AC voltage of the 
electrode setting). Increasing the voltage and gas 
pressure takes time to reach the steady state, so set the 
maximum step number to a larger value. 

 
Fig. 2. e－temperature. 

 
Fig. 3. e－density. 

 

Fig. 4. e－production rate. 



 

 “Е+Е”, vol. 53, 7-8, 2018 183

 

Fig. 5. Ar+ temperature 

 

Fig. 6. Ar+ density. 

 

Fig. 7. Ar+ production rate 

 
 

By using plasma analysis with PIC - MCCM, we 
calculated the target with tin here and output the 
waveform of the emission flux distribution of 
sputtered particles. 

 
Fig. 8. Total sputte coil. 

 

Fig. 9. Ar sputte coil. 

 

Fig. 10. Sn sputte coil. 
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In this work, targeting tin ended with a 
rudimentary simulation. The emission flux of 
sputtered particles when targeting tin was smaller than 
the emission flux of sputtered particles of Ar, the 
waveform output was small. Since a low density target 
having low thermal conductivity is heated to a high 
temperature during sputtering, tin monoxide having a 
high vapor pressure evaporates and is released from 
the target, and this evaporation molecule is generated 
in parallel with the sputtered particles It is thought that 
it is deposited in the film. Here, it can be easily 
inferred that the low density target is porous and has a 
large surface area and promotes the evaporation of the 
tin component from the low density target. 

Simulation of transportation of sputtered particles 
in Ar gas is carried out by using test particle Monte 
Carlo method. The sputtered particles flow from the 
target, fly through the Ar gas, and reach the substrate. 

The velocity distribution function of the incoming 
sputtered particles is obtained from the sputtering 
simulation. The film thickness distribution can be 
directly estimated from the calculated flux distribution 
of sputtered particles to the substrate. Moreover, the 
velocity distribution function of sputtered particles 
reaching the substrate is also obtained, and it can be 
expected to be associated with the evaluation of the 
film quality and the evaluation of the embedding 
characteristics in fine trenches. 

Simulation technologies such as heat, fluid, 
structure, electromagnetic waves, etc. have already 
been widely used in the design of buildings, 
automobiles, aircraft, electronic equipment, etc., and 
have succeeded in greatly reducing the experimental 
and prototype cost. 

Also, in this field, many easy-to-use commercial 
software is sold, contributing to the spread of 
simulation technology. Research on plasma simulation 
has also been widely conducted by many researchers 
and has made great use in understanding of plasma 
phenomena. However, it is true that technicians have 
not yet accepted widely as a design tool of the device. 
The reason is that calculation load is large, lack of 
cross sectional data, chemical reactions occurring on 
the surface are not well understood, measurement data 
in the apparatus is hardly available, evaluation of 
accuracy of calculation results is difficult, etc. For at 
least the maintenance of atomic and molecular data, a 
unique organization in Japan will be necessary.  

Conclusion 

In an r.f.-d.c. coupled magnetron sputtering system, 
the magnetron discharge was generated by a 13.56 
MHz r.f. source, and a d.c. power was simultaneously 
applied to a tin target through a low-pass filter in order 
to control the incident ion energy on the target. When 
an extremely low r.f. power 5W and d.c. power sources 
were applied simultaneously to the target, the glow 
discharge was about one-seventh of that in the case of 
the d.c. magnetron discharge. 
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Contact characteristic for Iridium-coated probe 

Koichi Miyazono, Toshitaka Yorita, Kenta Fukutomi, Tomonori Tabe, Hitoshi Suizu, 
Ryota Matsuda, Masayuki Yamauchi, Takeshi Tanaka 

 
This study considers the issue of higher probe contact resistance associated with oxidation of Al 

attached to the probe surface. In an experiment involving Al electrodes, there was virtually no increase 
in contact resistance after 185,000 repetitions. Results such as flexing resistance were highly 
encouraging. 

Keywords – Contact resistance, Iridium-coated probe, large-scale integrated circuits, 
oxidation, scrubbing quantity. 

 

Introduction 

Probe testing of electronic circuits created on 
silicon (Si) wafers is a key element of the large-scale 
integration (LSI) development and production 
process. But repeated contact between the aluminum 
(Al) bonding pad can lead to oxidization of Al residue 
on the probe surface, resulting in higher contact 
resistance. A simple probe design has been developed 
that involves long-lasting iridium (Ir) coating on the 
probe tip to prevent Al accumulation and keep contact 
resistance as low as possible. The probe consists of 25 
mm diameter tungsten (W) wire with 0.5 mm silver 
(Au) buffering layer coated with Ir to a thickness of 
0.65 mm. The outermost layer of the probe was 
confirmed to be coated with Ir. When the probe was 
repeatedly brought into contact with an Al electrode, 
the increase in contact resistance was less than 0.5 Q 
after 80,000 repetitions. This demonstrates the 
excellent performance of the Ir-coated probe 
compared to conventional W wire probes. 

This study examined contact properties of the Ir-
coated probe, namely the flexural properties, scrub 
amount and contact repetitions, as well as overdrive. 

Performance evaluation of Ir-coated probe 

1. Ir-coated probe 

In this study, W and ReW (rhenium tungsten, Re: 3 
wt %) was used as the core material. The core material 
was covered with a buffer metal layer Au, which was 
then coated with Ir. 

IC probers generally use a straight or cantilevered 
probe. For the purpose of this study we created 
cantilever prototypes using W core wire and ReW 
wire of diameter 25 μm as the core material. The tip 
of the probe had a diameter of 15 μm. This was 

augmented with a 0.5 µm Au buffer metal layer and a 
0.65 µm Ir-coating-layer formed via plating. 

 

 
Fig. 1. SEM image of sharp bend in probe tip. 

2. Bending test 

First, the bending test of the Ir-coated W probe was 
performed as follows. A bending stress was 
intentionally applied to the probe to form an 
extremely bent portion, and the tip portion of the 
cantilever was observed by SEM. 

Fig. 1 shows the SEM image of the tip of the probe 
with an extremely bent portion. Fig. 1A) is 100 times, 
Fig. 1B) is 1000 times, Fig. 1C) – Fig. 1E) is 4000 
times. Fig. 1C) – Fig. 1E) are SEM images of the 
bending portion shown in Fig. 1B) observed from 
three directions. From Fig. 1A) and Fig. 1B), the 
shape of deliberately formed bent part is known. 
Furthermore, it was found from Fig. 1C) – Fig. 1E) 
that peeling of the outermost Ir coating layer does not 
occur at all even if an extremely bent portion is 
formed on the cantilever type probe after plating. 

3. Measure contact resistance 

Since the probe prepared in this research is covered 
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with Ir, it becomes difficult for Al to adhere and it is 
possible to maintain low contact resistance. The 
contact resistance depends on the diameter of the tip 
of the probe and the needle pressure. 

The probe was brought into contact with a gold 
plate (a 100 mm diameter plate with gold-plated 
surface), and the contact resistance value was 
measured while varying the overdrive amount in 
increments of 1 µm. The above measurement was 
performed nine times with the same probe. For the 
measurement, the gold plate and the cantilever type 
probe were contacted with a probe card inspection 
apparatus (MPC 120), and the value of the contact 
resistance was measured with a measuring instrument 
using PXI-1031 manufactured by National 
Instruments Japan Corporation. 

It was found that Ir-coated W probe provides lower 
contact resistance with less overdrive amount than 
uncoated W probe. 

4. Measurement of relationship between contact 
number and contact resistance 

We examined the relationship between the contact 
repetitions (number of contacts) and resistance contact 
when Ir-coated W probes and uncoated W probes 
were brought into contact with a Si substrate with 1 
μm Al deposit. The probe was brought into contact 
with a different part of the Si substrate each time so as 
not to contact the same place on the Si substrate. This 
was achieved using a device capable of making 
contact with the probe while micro-moving the XY 
stage carrying the Si substrate. 

For contact between the probe and the Si substrate, 
overdrive was set to 50 µm, the overdrive speed was 
50 µm/sec, and load per probe was 8×10 – 2N. 

Fig. 2 shows the correlation between frequency of 
contact and contact resistance for the Ir-coated ReW 
probe and the uncoated ReW probe. 

 
Fig. 2. Contact resistance vs. frequency of contact for Ir-

coated ReW probe and ReW probe. 

The horizontal axis in Fig. 2 shows the frequency 

of contact, from 5,000 to 185,000 repetitions. The 
contact resistance of the Ir-coated ReW probe varied 
in the range 0.07 – 0.89 Ωwhile the contact 
resistance of the uncoated ReW probe varied from 
0.07 to 2.29 Ω. 

At 185,000 repetitions, the minimum contact 
resistance of the Ir-coated ReW probe was 0.07 Ω, 
equivalent to the uncoated ReW probe, while the 
maximum contact resistance of the Ir-coated ReW 
probe was significantly lower (2.6 times less than the 
uncoated probe). 

 
Fig. 3. SEM images showing overdrive and scrub for Ir-

coated ReW probe. 

The results showed that the Ir coating helped to 
maintain low contact resistance of less than 1 Ω in 
both the W and ReW probes, as opposed to the 
uncoated ReW probe, which had much higher contact 
resistance. 

Observation of probe tips after the contact 
experiment using an optical microscope found less 
foreign matter adhered to the Ir-coated probe than to 
the uncoated ReW probe. Also, there was no evidence 
of peeling or flaking of the Ir coating layer. Thus we 
may conclude that Al scraps and foreign matter are 
less likely to attach themselves to the tip of the Ir-
coated ReW probe and probe tip. 

5. Measurement of scrub quantity 

The correlation between the probe overdrive and 
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the maximum dimensions of the trace generated when 
the probe comes into contact with Al (i.e. the 
scrubbing quantity) was measured for both the Ir-
coated ReW probe and the uncoated ReW probe, as 
described below. 

 
Fig. 4. SEM images showing overdrive and scrub for 

uncoated ReW probe. 

Using an Si substrate with 1 m thick Al deposit, 
we observed probe traces at different overdrive values 
through an SEM in order to find the maximum 
dimension (i.e., the scrubbing value, expressed in 
m). Overdrive was varied in the range 10 – 90 µm 
and overdrive speed was 20 mm/sec. 

Table 1 
Correlation between overdrive and scrub for Ir-

coated ReW probe and uncoated ReW probe 

Overdrive quantity (μm) 10 20 30 

Quantity of scrub of Ir- 
coated ReW-probr (μm) 

7.48 9.3 2.58 

Quantity of scrub of ReW – 
probe (μm) 

9.16 12.08 15.58 

Improvement rate of 
quantity of scrub (%) 

18.34 23.01 19.38 

 
Fig. 3 shows SEM images for the Ir-coated ReW 

probe, illustrating the relationship between overdrive 
and scrub while Table 1 shows the overdrive values. 

Fig. 4 shows SEM images for the uncoated ReW 

probe, illustrating the relationship between overdrive 
and scrub, while Table 1 shows the overdrive values. 

Comparing the Ir-coated ReW probe with the 
uncoated ReW probe, it is clear from the SEM images 
in Fig. 3 and Fig. 4 that scrub is lower. Table 1 shows 
an average improvement of 16% in our experiments, 
reaching up to 23% in some cases. 

Conclusions 

A vital element in the development and 
manufacture of large-scale integrated circuits (LSI) is 
inspection of electronic circuits on Si wafers using 
probes. This involves repeated contact between the 
probe and Al material in the bonding pad, which can 
lead to oxidation of Al particles attached to the probe. 
This in turn increases the contact resistance of the 
probe. We developed an Ir-coated probe that resists 
adhesion of Al matter on the probe tip, thereby 
maintaining low contact resistance. The probe is also 
long-lasting. In this study we investigated contact 
characteristics of the Ir-coated probe including 
flexural properties, scrub amount and frequency of 
contact, and found it to have good flexural properties 
and low scrub, making it suitable for repeated contact 
with Al electrodes over extended periods. 
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Control of plasma parameters by Penning ion effect 

Ryota Matsuda, Yuto Kijima, Koji Kakugawa, Hiroshi Toyota, Takeshi Tanaka,      
Katia Vutova 

 
We attempted to control the density of oxygen ions by adding argon gas and helium gas with 

metastable voltage to oxygen gas with ionization voltage, in order to determine the optimum 
combination and ratio of gases for food sterilization. Next, using Pegasus software, we performed a 
simulation of the density distribution of plasma in the apparatus. 

Keywords – density distribution of plasma, density of oxygen ions, food sterilization, Pegasus 
simulations, Penning effect. 

 

Introduction 

Mixing gases with metastable levels can cause a 
significant decrease in sparking voltage. This is 
known as the Penning effect. The decrease in spark 
voltage can be attributed to ionization caused by 
collisions between the electrons of the different gases, 
as well as the following phenomenon: 

(1) Metastable atoms are created by collisions 
between electrons and atoms; 

(2) When a metastable atom collides with another 
atom, it gives energy (corresponding to the metastable 
state) to the other atom; 

(3) If the energy of the metastable atom is larger 
than the ionization energy of the other atom when they 
collide, the other atom is ionized. 

Table 1 

Atomic ionization voltage and metastable voltage 

 
 
In addition, plasma generation by the combined 

gases can be used to regulate the ion density of the 
particle species by choosing gases with differing 
ionization voltages. Thus, we can selectively excite or 
ionize specific particle types by carefully selecting the 
gases, the mix ratio and the plasma generation method 
based on the mechanism of the reaction process in the 
plasma. Helium, with a metastable voltage of 19.8 eV, 
is often used because it has a metastable lifespan of 
about 9.0 × 103 s. 

In this study, we added argon (Ar) gas with a 
metastable voltage of 11.7 eV/11.5 eV and helium 

(He) gas with a metastable voltage of 21.0 eV/19.8 
eV to oxygen gas having an ionization voltage of 
13.6 eV in order to control the density of oxygen 
ions (Table 1). We identified the optimum gas 
combination and mixing ratios considered for 
sterilization of food. 

Experimental method 

 

 
Fig. 1. Schematic diagram of experimental apparatus. 

Fig. 1 shows the experimental setup. The chamber 
measured 450 mm (H) × 590 mm (W) × 470 mm (D) 
and was made from stainless steel (SUS). The SUS 
electrode was insulated from the grounded chamber 
and positioned in the center of the chamber. The high-
pressure pulse modulator (manufactured by Kurita 
Manufacturing Co., Ltd.) used in the study has a 
repetition frequency of up to 1,000 pps with maximum 
capacity of approximately 8 A. It is capable of 
irradiating the target with a pulse width of 2 – 500 µs 
at negative pulse voltage of up to 30 kV. We used 
oxygen gas and He gas (99.9998%). Both gases were 

Element Ionization voltage [eV] Major metastable voltage [ev]

He 24.6 19.8         21.0

Ar 15.8 11.5         11.7
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exhausted to a pressure of about 10 Pa in the chamber 
before injecting oxygen gas to a pressure of 1 kPa. 
This was repeated three times to reduce  impurities in 
the chamber to less than 10-6

. Next, the chamber was 
filled with He gas at partial pressure ratios of 0%, 
10%, 30% and 50%. The partial pressure ratios were 
based on the corrected Pirani vacuum gauge reading 
for the particular gas. 

Result 

Fig. 2 and Fig. 3 show the impact of Ar gas and He 
gas with current waveform on the initial voltage of 6 
kV. 

 
Fig. 2. Ar addition rate dependence. 

 
Fig. 3. He addition rate dependence. 

From Fig. 2, we see that maximum current is 
attained at an Ar gas addition rate of 10%; the current 
amount is approximately equal at the 0% and 30%, 
and lower at 50% than at 0%. This is because at 10% 
there is an ion excitation effect (the Penning ion 
effect), whereas at higher rates, Ar gas has a larger 
excitation energy than oxygen. This is thought to be 
because it works as a diluent gas and reduces the total 
number of ions. In addition, as the current increases 
due to the addition of Ar gas with a metastable voltage 

of 11.7 eV, collision ionization may occur due to 
collision between metastable atoms. 

From Fig. 3, we see that maximum current occurs 
at the He gas of 10%. Once again, current is largely 
equal at 0% and 30%, and lower at 50% than at 0%. 
This is because at 10% there is an ion excitation effect 
(the Penning ion effect), whereas He gas oxidizes at 
higher rates since it has a larger excitation energy than 
oxygen. This is thought to be because it works as a 
diluent gas and reduces the total number of ions. 

Comparing Fig. 2 and Fig. 3, we see that the 
current is approximately 0.5 A lower for He gas at 
50% compared to Ar gas at 50%. Fig. 3 shows current 
waveforms when 6 kV is applied to Ar gas and He 
gas. 

 
Fig. 4. Gas type dependence of current waveform. 

Fig. 4 shows current of approximately 1 A from 6 
kV in the presence of Ar gas but virtually no current 
for He gas. This suggests that Ar gas should be used 
in cases where more oxygen ions are required (such as 
in food sterilization), while He gas should be used 
when the main priority is regulation of oxygen ions. 

Fig. 5 and Fig. 6 show the average amount of 
current at time 2.5 – 6.3 µs. 

 
Fig. 5. Dependence of the average current on the Ar 

addition rate. 
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Fig. 6. Dependence of the average current on the He 

addition rate. 

Fig.  5 and Fig. 6 provide quantitative evidence of 
an increase in current when both Ar and He gases are 
added at a rate of 10%. 

Ion density calculation 

Ion density in the ion sheath was calculated. 
In this study we used oxygen-helium and oxygen-

argon gas combinations. We used the ion density 
calculation method with the value corresponding to 
the mixing ratio corrected to the mass m (kg) of the 
ion type. Assuming that the mixed gas is an ideal 
mixed system, the partial pressure is assumed to be 
equal to the mol fraction of the mixed gas. As a result, 
the mass mmix (kg) of the ion species of the mixed gas 
is determined by the mass m1 and m2 (kg) of each ion 
species and the mixing ratio α (%). 

(1)   ���� = �� × (1 − � × 100) +�� × � × 100 

When the total ion density ni is obtained using this 
value, the oxygen ion density no is: 

(2)   �� = ��(1 − � × 100) 

Fig. 7 and Fig. 8 show the oxygen ion density in 
the mixed gas. 

 
Fig. 7. Dependence of oxygen ion density in mixed gas on 

Ar addition rate. 

From Fig. 7, we can see that maximum oxygen ion 
density is attained at an Ar gas rate of 10%. The 
oxygen ion concentration decreases as the rate 
increases to 30% and 50%. This is because at 10%, 
oxygen ion excitation (the Penning ion effect) 
outweighs the diluting effect of Ar gas, whereas at 
higher gas rates the diluting effect is more prominent. 

 
Fig. 8. Dependence of oxygen ion density on He addition 

rate in mixed gas. 

From Fig. 8 we see that oxygen ion density peaks 
at an He gas rate of 10% and decreases as the addition 
rate rises to 30% and 50%. This is because at 10%, 
oxygen ion excitation (the Penning ion effect) 
outweighs the diluting effect of He gas, whereas at 
higher gas rates the diluting effect is more prominent. 

Ion density is slightly higher in Fig.  8 compared to 
Fig. 7. This is because in the O2-Ar reaction, oxygen 
does not reach the ionization voltage unless the 
metastable states collide with one another, whereas in 
the O2-He reaction, the metastable voltage of He is 
higher than the ionization voltage of oxygen. 

Simulation 

Simulations were conducted using Pegasus 
software developed by PEGASUS Software Inc., for 
plasma analysis and dilute gas analysis. 

The calculation method employed a plasma PIC 
Monte Carlo collision module (PIC-MCCM). In PIC-
MCCM, both ion and electron are treated as particle 
models for the purpose of calculating the density 
distribution of plasma within the test apparatus as well 
as the density distribution of non-equilibrium low 
temperature plasma in semiconductor manufacturing 
equipment and sputtering equipment, for example. 
PIC-MCCM is thus a module for analyzing behaviors. 

Given that the Pegasus database does not provide 
data on Penning’s ionization reaction for He in 
metastable state, we performed the calculations in a 
one-dimensional system using Ar gas with RF voltage 
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is applied to the electrodes. This is equivalent to 
calculating the plasma distribution between the 
electrodes in an infinitely wide parallel plate type 
CCP apparatus (Fig. 9 – 11). 

 
Fig. 9. e(-) density distribution [/m3]. 

 

 
Fig. 10. e(-) temperature distribution [eV]. 

 
Fig. 11. e(-) time density history. 

Conclusions 

In the PBII method, self-igniting plasma was 

generated, and from the measured current voltage 
waveform, we observed the plasma status in terms of 
the Penning ion effect. 

In the PBII method, using Ar gas or He gas in 
place of oxygen gas generated the Penning effect and 
stimulated ion excitation with Ar and He gas at 
approximately 10%. We concluded that Ar gas should 
be used in cases where more oxygen ions are required 
(such as in food sterilization), while He gas should be 
used as the additive gas when the main priority is 
regulation of oxygen ions. 

With regards to food sterilization, further research 
is needed into the quantity and controllability of 
oxygen ions. 

The Pegasus simulations provided useful 
information into reducing experimental and prototype 
costs along with insights into phenomena that are 
difficult to quantify. The authors hope to perform 
more simulations in future using a variety of different 
calculation methods, with a view to gaining a better 
understanding of physical phenomena through 
quantification and visualization of quantities as well 
as developing virtual experimentation techniques in 
the future. Ultimately it should be possible to simulate 
the He Penning ionization reaction by generating 
electron collision cross section data for metastable 
excited atoms and adding this to the Pegasus database 
together with Penning ionization reaction formulae. 
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Experimental study on sterilization of food with self-igniting plasma 
formed from liquid using plasma-based ion implantation 

Koji Kakugawa, Manami Hosotani, Miyo Arikado, Tomonori Tabe, Kenta Fukutomi, 
Yoshinobu Tsuchiya, Takeshi Tanaka 

 
We attempted to sterilize food using plasma-based ion implantation with self-ignited plasma 

formed from liquid. Based on sterilization experiments, hydrogen peroxide was selected to generate 
self-ignited plasma. The most effective pulse voltage was determined to be −10 kV. However, for pulse 
width, the optimum condition differed for every sample. Finally, the mortality under the optimum 
condition of each sample was 98.7% from rice bran, 80.5% from coriander, and 81.4% from cumin. 
Through this study, it was clarified that self-ignited plasma generated from hydrogen peroxide was able 
to increase the sterilization effect. 

Keywords – food sterilization, hydrogen peroxide, plasma-based ion implantation, optimum 
conditions, self-igniting plasma. 

Експериментално проучване за стерилизация на храна със самозапалима плазма, 
образувана от течност, използваща плазмена йонна имплантация (Кожи Какугава, 
Манами Хосотани, Миайо Арикадо, Томонори Табе, Кента фукутоми, Йошинобу Тсучия, 
Такеши Танака). Направен е опит да се  стерилизира храна, като се използва плазмена йонна 
имплантация със самовъзпламеняваща се плазма, образувана от течност. На базата на 
стерилизационни експерименти за генерирането на самозапалима се плазма, беше избран 
водороден пероксид. Беше установено, че най-ефективното пулсово напрежение е 10 kV. В 
същото време оптималната продължителност на пулса варира в зависимост от пробата. 
Накрая бе установено, че смъртността при оптимални условия за всяка една проба е: 98.7% за 
оризовите трици, 80.5% при кориандъра и 81.4% при кимиона. Чрез проведеното изследване 
беше потвърдено, че самозапалимата плазма генерирана от водороден пероксид успешно 
повишава стерилизационният ефект. 

 

Introduction 

The main purpose of sterilization is to kill harmful 
microorganisms. In general, food products are 
sterilized by moist heating (boiling or retort treatment) 
to eliminate spore-forming bacteria. However, the 
excessive thermal conditions needed to ensure safety 
against microbial spoilage also degrade the quality of 
the food products. Thus, it would be useful to develop 
a low-temperature sterilization method. 

Plasma-based ion implantation (PBII) can be 
applied for sterilization of three-dimensional (3D) 
targets. It is a low-temperature, cost-efficient 
technique for sterilizing surfaces, such as those of 
medical equipment and containers, as well as and 
powdery foods [1 - 3]. PBII can be used to sterilize 
(3D) objects quickly without using toxic gases. 
However, the sterilization performance of 
conventional PBII where the target is immersed in a 

radio frequency burst of inductively coupled plasma 
generated externally is somewhat limited; certain 
areas may be shadowed from exposure owing to the 
shape of the object, and the ion penetration depth may 
not be adequate for complete sterilization. These 
shortcomings can be overcome with self-ignited 
plasma, which can be generated around the workpiece 
as a transient ion sheath by applying a pulsed DC 
voltage to the target. In this process, known as 
energetic ion-assisted mixing and deposition 
(EIAMAD) [4], energetic ions are accelerated in the 
gap between the sputtering cathode and surface of the 
substrate, whereas in conventional beam-line ion-
beam enhanced deposition, the substrate must be 
manipulated to achieve coverage and the ion beam 
requires rastering [4]. Our group previously reported 
that thermotolerant spores of Bacillus subtilis were 
reduced from 107 to 102 cfu/mL after a 10 min 
exposure [5]. Our group also reported that the 
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sterilization effect might be improved by generating 
self-ignited plasma of vapor from water in the 
chamber [6]. Our goal is to develop a new sterilizing 
apparatus for food that sterilizes under low-
temperature conditions. 

In this study, we attempted to evaluate the efficacy 
of PBII as a food sterilization method. Actual foods 
are more difficult to sterilize than foods sterilized 
under model conditions. We verified the sterilization 
effect of PBII using the self-ignited plasma generated 
from various liquids. 

Materials and Methods 

Rice bran, coriander, and cumin were separately 
employed as the food materials for sterilization. These 
samples were powdered using Wonder Crusher WC-
3L (OSAKA CHEMICAL CO., LTD.) before 
sterilization. Each powdered sample (0.1 g) was 
suspended in 1 mL of phosphate buffer (pH 7.2). This 
suspension was applied to a sterile glass dish (15 mm 
× 90 mm) and was dried on a glass dish. 

Fig. 1 shows a schematic diagram of the SIP PBII 
apparatus. No external rf excitation source was 
employed in the proposed procedure. The treatment 
chamber is electrically grounded and has dimensions 
of 200 mm in height and 150 mm in diameter. 

 
Fig. 1. Schematic diagram of the experimental apparatus 

In the experiment, the sample fixed glass plate was 
placed on a stainless-steel electrode, which was 
supported by an insulated stainless-steel rod at the 
center of the vacuum chamber as shown in Fig. 2. 

Three black circles indicate the location where the 
liquid was spotted for generating the self-ignited 
plasma. Distilled water (H2O), oxygen-saturated water 
(oxy H2O), oxygen-nanobubble water (nano H2O), 
hydrogen peroxide (H2O2), and sodium perchlorate 
(NaClO) were used as liquids for plasma generation. 
Oxygen-saturated water was prepared by blowing 
high purity oxygen with vigorous stirring into distilled 

water. Oxygen-nanobubble water was prepared using 
nanofresher NF-WP0.4 (NANOX CO., LTD.). The 
dissolved oxygen concentration of the oxygen-
saturated water was 38.7 mg/L and that of the oxygen-
nanobubble water was 33.0 mg/L. 

 
Fig. 2. Stage of sterilization apparatus 

A pulsed DC voltage was employed to simplify the 
sterilization apparatus. A diffusion pump was used to 
evacuate the chamber to a base pressure of 30 Pa. A 
summary of the experimental sterilization condition is 
shown in Table 1. 

Table 1 
 Setting of sterilization apparatus 

Items Value 
Supplied Gas O2 
Gas pressure [Pa] 1 
Frequency [kHz] 1 
Pulse width [µs] 5 
Pulse voltage [kV] −8 
Exposure time [min] 10 

 
After exposure to plasma and ion bombardment, 

100 µL of phosphate buffer (pH 7.2) was added to the 
treated glass plates. After removal using a pipette, the 
suspension was added to 900 µL of phosphate buffer 
(pH 7.2). A dilution series was made using phosphate 
buffer, and 100 µL of the diluted sample solution was 
inoculated onto empty plates. Standard Method Agar 
“Nissui” was used to measure the number of general 
viable bacteria. After pouring molten agar, all plates 
were mixed well and incubated at 35º C for 48 h. 
After incubation under an adequate condition for each 
medium, colony-forming units were counted to 
determine the numbers of survivors. All data are 
expressed as the mean ± standard deviation of 
experiments that were performed in triplicate. 

Results and Discussion 

Our group previously raised the possibility that 
generating self-ignited plasma of vapor from water 
improved sterilization. In this study, we used five 
liquids: H2O, oxy H2O, nano H2O, H2O2, and NaClO. 

Glass plate 
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We conducted preliminary experiments to determine 
the amount of liquid necessary for sterilization. The 
amount of each liquid was increased from 10 – 30 µL, 
but a significant increase in sterilization effect was not 
confirmed (data not shown). Furthermore, the addition 
of > 30 μL of hydrogen peroxide for than 1 min was 
necessary to bring a predetermined degree of vacuum 
in the chamber. Thus, we decided that the required 
amount of liquid was 30 μL. Next, rice bran was 
sterilized using each liquid to determine which liquid 
produced the best sterilization effect. The results are 
shown in Fig. 3. 

Unlike previous reports, the condition with water 
had a greater number of survivors than the condition 
without water [6]. Moreover, we expected that the 
amount of oxygen plasma would increase by the use 
of oxy H2O and nano H2O. 

 
Fig. 3. The effect of various liquids on the sterilization of 

rice bran. 

However, an improvement in sterilization was not 
observed under these conditions. The amount of water 
to be used in this experiment was decided based on 
the restriction of the degree of vacuum, and it was less 
than the amount of that in previous experiments. For 
this reason, we think that sufficient sterilization was 
not acquired. Both H2O2 and NaClO are the 
commonly used disinfectants. Among these liquids, 
the sterilization effect of hydrogen peroxide was the 
strongest. Therefore, subsequent experiments were 
conducted using hydrogen peroxide. 

The next experiment was conducted using 
coriander powder and cumin powder in addition to 
rice bran. These food materials are known to have 
microorganisms living in them. We conducted an 
experiment to examine the effect of pulse voltage. 
Pulse voltage was varied from −10 to −6 kV. The 
other experimental conditions were based on the 

parameters mentioned in Table 1. The results are 
shown in Fig. 4. 

 
Fig. 4. The effect of pulse voltage (kV) on general living 

bacteria. 

As shown in Fig. 4, the number of survivors 
decreased when the pulse voltage increased. The 
efficiency of sterilization increased almost 
exponentially with voltage. Additionally, the 
sterilization effect of the −6 kV treatment with 
hydrogen peroxide was greater than that of the −8 kV 
treatment without hydrogen peroxide. 

In the current apparatus, we cannot provide an 
applied voltage over −10 kV. No experiment to 
further increase the pulse voltage was conducted 
owing to limitations in the specifications of the 
apparatus. 

As described above, the pulse voltage was set to 
−10 kV in the next experiment. Pulse width was 
varied from 5 to 15 µs. The results of the experiment 
are shown in Fig. 5. 

 
Fig. 5. The effect of pulse width (µs) on general living 

bacteria 



 

 “Е+Е”, vol. 53, 7-8, 2018 197

 
As shown in Fig. 5, we did not observe a common 

trend among all samples. In previous experiments 
with Geobacillus stearothermophilus, we confirmed 
that pulse width affected the effect of sterilization [7]. 
In this experiment, we used foods, which have 
irregular surfaces; microorganisms are thought to live 
on these irregular surfaces. Therefore, the accelerated 
ions cannot easily collide with microorganisms on the 
surface of food materials. It is considered that the 
adjustment range of the pulse width, which was 
decided based on limitations in the specifications of 
the apparatus, is too narrow to obtain effective results. 

Conclusions 

We tried to sterilize rice bran, coriander, and 
cumin using self-igniting plasma formed from 
hydrogen peroxide with PBII apparatus. The 
mortalities obtained in this study are as follows: rice 
bran, 98.7% (pulse voltage of 10 kV, pulse width of 
15 µs), coriander, 80.5% (pulse voltage of 10 kV, 
pulse width of 5 µs), and cumin, 81.4% (pulse voltage 
of 10 kV, pulse width of 15 µs). Through this study, it 
was clarified that self-ignited plasma generated from 
hydrogen peroxide was able to increase the 
sterilization effect. Although the mortality of 
coriander or that of cumin is low, this is a problem 
because of the kind of microorganisms that live on the 
surfaces of food materials. Although these data are not 
shown, we identified the microorganisms that grew on 
an agar plate after sterilization. Most microorganisms 
that were detected from sterilized coriander or 
sterilized cumin were heat-resistant spore-forming 
bacteria, such as B. subtilis and B. licheniformis. We 
should improve our apparatus to sterilize food samples 
containing these microorganisms. It is necessary to 
increase the capacity of the exhaust pump; by doing so, 
we can increase the amount of hydrogen peroxide to 
raise the sterilization efficiency. Moreover, it is 
thought that an increase in pulse voltage will also 
improve the sterilization efficiency. However, altering 
these parameters may cause damage to food materials. 
In future experiments, we would like to improve our 
apparatus and determine the optimum sterilization 
conditions for food materials. 
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Optimum conditions for sterilization of Geobacillus 
stearothermophilus spores using plasma-based ion implantation 

Motoko Hiyama, Koji Kakugawa, Aya Yakushiji, Kenichi Watanabe, Ryota Matsuda, 
Yoshinobu Tsuchiya, Takeshi Tanaka 

 
In recent years, substantial research into low-temperature sterilization techniques has been 

conducted. Plasma-based ion implantation (PBII) is a low-temperature, cost-effective technique for 
sterilizing medical equipment, containers, and foods. We sought to optimize the seterilization 
conditions for Geobacillus stearothermophilus spores, which are highly heat tolerant, using a PBII 
apparatus. G. stearothermophilus spore survivors decreased from 107 to 101 cfu/mL under the 
following conditions: O2 atmosphere, 1 kHz frequency, 50 µs delay time, 20 µs pulse width, −12 kV 
pulse voltage, 240 V, RF power, and a 10 min exposure time. We were able, therefore, to achieve "6D" 
sterilization using low-temperature sterilization conditions. 

Keywords – Geobacillus stearothermophilus, plasma-based ion implantation, sterilization, 
optimization. 

Оптимални условия за стерилизация на спори на Geobacillus stearothermophilus чрез 
използването на плазмено-базирана йонна имплантация (Мотоко Хияма, Кожи Какугава, 
Аиа Якушижи, Кеничи Уатанбе, Рийота Матсуда, Йошинобу Тсучия, Такеши Танака). 
През последните години се провежда съществено проучване на технологиите за 
нискотемпературна стерилизация. Плазмено-базираната йонна имплантация (ПБЙИ) е 
нискотемпературна, рентабилна технология за стерилизиране на медицинско оборудване, 
контейнери и храна. Стремим се да оптимизираме стерилизационните условия за спорите на 
Geobacillus staterothermophilu, които имат висока топлинна толерантност, чрез прилагане на 
ПБЙИ апаратура. При прилагане на следните условия: атмосферен кислород, 1 kHz честота, 
50 µs закъснение, честота на пулса от 20 µs, напрежение на пулса от -12 kV, 240 V,  RF 
мощност и 10 min излагане, оцелелите спори на G. Stearothermophilus намаляват от 107 до 101 
cfu/mL. Заради това при използване на нискотемпературни стерилизиращи условия, успешно е 
достигнато „6D” ниво на стерилизиране.  

 

Introduction 

Moist heating (boiling or retort treatment) is the 
most common method of sterilization in the food 
industry. However, excessive heating to ensure 
against microbial spoilage also degrades the quality of 
food products. Thus, we attempted to sterilize samples 
contaminated with Geobacillus stearothermophilus, a 
model species representing spore-forming bacteria, 
using a plasma-based ion implantation (PBII) method 
that does not use hydrogen peroxide. 

Plasma-based ion implantation (PBII) is potentially 
applicable to rapidly sterilizing three-dimensional 
(3D) targets without using toxic gases. It is a low-
temperature, cost-efficient technique for medical 
equipment, containers, and powdery foods [1 - 3]. 
However, the sterilization performance of 

conventional PBII, where the target is immersed in a 
radio frequency (RF) burst of externally generated 
inductively coupled plasma (ICP), is somewhat 
limited; certain areas may be shadowed from exposure 
due to the shape of the object and the ion penetration 
depth may not be adequate for complete sterilization. 
This shortcoming can be overcome with a self-ignited 
plasma, which can be generated around the target 
object as a transient ion sheath by applying a pulsed 
DC voltage to the target. Our group previously 
reported that PBII reduces Bacillus pumilus vegetative 
cells by 104 – 105 fold in just 5 min - much faster than 
can be achieved by exposure to an external RF plasma 
source at 222 kHz [4]. Our group also reported that 
thermotolerant spores of Bacillus subtilis were 
reduced from 107 to 102 cfu/mL after a 10 min 
exposure [5, 6].  
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Table 1 
Experimental conditions for sterilization by PBII. 

Items Case 1 Case 2 Case 3 Case 4 Case 5 
Supplied Gas O2 O2 O2 O2 O2 

Gas pressure [Pa] 3 3 3 3 3 
Frequency [kHz] 1 1 1 1 1 
Delay time [µs] 30 ~ 70 50 50 50 50 
Pulse width [µs] 5 5 ~ 25 5 ~ 25 5 ~ 25 20 
Pulse voltage (peak) [kV]  −6 −6 −6 −6 −12 ~ −10 
RF power [Va] 240 240 240 240 240 
Exposure time [min] 10 10 15 20 10 

 

This five-order sterilization effect is abbreviated as 
“5D.” 

G. stearothermophilus is a bacterium that causes 
flat-sour spoilage of canned foods. The species is 
classified as a thermophilic, facultative, anaerobic 
spore former [7]. Generally, the spores of this species 
are more thermotolerant than those of B. subtilis. We 
previously attempted sterilization by changing 
parameters including pulse voltage, RF power and 
treatment time and reported that the survival of spores 
of G. stearothermophilus decreased from 106 to 101 
cfu/mL after a 40 min exposure under the effective 
conditions (pulse voltage: −6 kV and RF power: 240 
VA) [8]. In the case of B. subtilis, similar effects were 
obtained after a 10 min treatment, as discussed above. 
Our group also reported that the survival of spore of 
G. stearothermophilus decreased from 107 to 102 
cfu/mL under the following conditions: O2 
atmosphere, 1 kHz frequency, 50 µs delay time, 10 µs 
pulse width, −6 kV pulse voltage, 240 VA RF power 
and a 10 min exposure time [9]. 

In this study, we tried to further decrease G. 
stearothermophilus survival by changing parameters 
other than the frequency and RF power (e.g., pulse 
voltage, delay time, and pulse width and exposure 
time). 

Materials and Methods 

Spores of G. stearothermophilus NBRC13737 
were used as the test specimens. G. 
stearothermophilus spores were grown on agar 
medium consisting of 5% HIPOLYPEPTON, 1% 
BactoTM Yeast Extract, 7.5% MgSO4･7H2O and 7.5% 
agar (spore-forming medium) at 55°C for 14 days.  

Cultured spores were harvested by adding a small 
amount of phosphate buffer (pH 7.2) and heating at 
80° C for 10 min to eliminate vegetative cells. Heated 
spores were washed three times by centrifugation 
(room temperature for 1 min at 12000 rpm) in 
phosphate buffer. After the final wash, the spores 

were heated at 80° C for 10 min. The spore 
concentration was determined and then diluted to 107 
spores/mL with phosphate buffer.  

Fig. 1 shows a schematic diagram of the PBII 
apparatus. The chamber is electrically grounded and is 
450 mm height, 590 mm wide and 470 mm deep. The 
RF antenna for the ICP source is wound on the inside 
of the upper lid, with one end grounded. The antenna 
itself is a 5-turn copper coil, approximately 250 mm in 
diameter and operating at 235 kHz. 

 
Fig. 1. Schematic diagram of the experimental apparatus. 

The sample was placed on a stainless-steel 
electrode supported by an insulated stainless-steel rod 
at the center of the vacuum chamber.  

One hundred µL of spore suspension and 300 µL 
of phosphate buffer were applied to a sterile glass 
dish, which was then sealed in a sterile paper bag. The 
sealed bag was placed into the chamber.  

The target chamber was evacuated to a base 
pressure of 10 Pa and oxygen gas was injected to a 
pressure of 1 kPa. This procedure was repeated three 
times. Finally, gas pressure during plasma generation 
was maintained at 3 Pa. A summary of the 
experimental sterilization conditions is shown in 
Table 1. 

After exposure to plasma and ion bombardment, 
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100 µL of phosphate buffer was added to the treated 
glass plates. After removal by pipetting, the 
suspension was added to 900 µL of phosphate buffer 
and a dilution series was produced with more 
phosphate buffer. One hundred µL of each diluted 
spore solution was spread onto an agar plate and 
incubated conditions conducive to spore germination. 
Colony-forming units were counted to determine 
numbers of surviving spores. All data are expressed as 
the average ± standard deviation of triplet analyses. 

Results and Discussion 

The experiment evaluated the effectiveness of PBII 
using a self-ignited O2 gas plasma for the destruction 
of G. stearothermophilus spores. 

First, we conducted an experiment using Case 1 
conditions (Table 1) to examine the effect of delay 
time. Delay time is the lag time before supplying a 
voltage after charging.  

 
Fig. 2. Effect of delay time on the number of surviving 

spores. 

 
Fig. 3. Effect of pulse width on the number of surviving 

spores. 

The number of survivors decreased when the delay 
time was shorter than 50 µs and increased when 

longer than 50 µs (Fig. 2). This suggests that 50 µs is 
the optimal value for delay time and this parameter 
was fixed to this value for the remaining experiments.  

Next, we analyzed the effect of pulse width using 
Case 2 conditions. Pulse width is related to the speed 
of the ions. 

The number of survivors decreased when the pulse 
width increased to 20 µs and then increased thereafter 
(Fig. 3). G. stearothermophilus survivors decreased 
from 107 to 102 cfu/mL (“5D”) at a pulse width of 20 
µs. 

We speculated that if treatment time was extended, 
then higher degrees of sterilization might be achieved. 
Then therefore lengthened exposure time from 10 min 
to 15 min (Case 3) or 20 min (Case 4). 

 
Fig. 4. Effect of pulse width on the number of surviving 

spores (15 min treatment). 

 
Fig. 5. Effect of pulse width on the number of surviving 

spores (20 min treatment). 

Lengthening the incubation time had no effect on 
spore survival beyond 10 min (Figs. 4 and 5). This 
phenomenon may be related to the speed of the ions. 
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Positive ions are accelerated in the ion sheath, and 
when pulse width increases the ion sheath becomes 
thinner, possibly decreasing the speed of the ions that 
collide with the spore surfaces and increasing the 
survival rate. 

These first four experiments allowed us to 
determine optimal conditions for delay time, pulse 
width and exposure time. Finally, we analyzed the 
effect of pulse voltage, using Case 5 conditions. 

Under these conditions, G. stearothermophilus 
survival decreased from 107 to 101 cfu/mL (“6D”) 
when the pulse voltage was −12 kV (Fig. 6). 

In summary, G. stearothermophilus spore survival 
decreased from 107 to 101 cfu/mL after PBII treatment 
under the following conditions: 50 µS delay time, 20 
µS pulse width and −12 kV pulse voltage. 

 
Fig. 6. Effect of pulse voltage width on the number of 

survivors.  

Conclusions 

We attempted to sterilize G. stearothermophilus 
spores, which are highly heat tolerant, using a PBII 
apparatus. G. stearothermophilus survivors decreased 
from 107 to 101 cfu/mL under the following 
conditions: O2 atmosphere, 1 kHz frequency, 50 µs 
delay time, 20 µs pulse width, −12 kV pulse voltage, 
240 VA RF power and a 10 min exposure time. The 
“6D” sterilization effect for the 10 min treatment is 
superior to that achieved for B. subtilis using 
optimized process conditions [5]. These results show 
that the PBII process combined with RF power is 
effective at sterilization of thermotolerant spores such 
as those of G. stearothermophilus. Thus, we have 
demonstrated the feasibility of developing a novel 
food sterilizing apparatus using low temperatures.  
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Applied voltage dependence of plasma characteristic for food 
sterilization using PBII method 

Kenichi Watanabe, Ryota Matsuda, Tomonori Tabe, Motoko Hiyama,                     
Kento Sakasegawa, Yuuta Yamamoto, Koji Kakugawa, Takeshi Tanaka 

 
We used the PBII (Plasma Based Ion Implantation) method with self-igniting plasma and negative 

high-voltage pulsed power supply only to calculate the ion density inside a formed ion sheath based on a 
modulation circuit, by measuring discharge current and high voltage waveform for self-igniting plasma 
used for sterilization to determine the plasma density and sheath length. We also calculated plasma 
density used in combination with an RF power supply. 

Keywords – food sterilization, plasma-based ion implantation, plasma density, sheath length. 
 

Introduction 

Plasma is an ionized gas, which is represented as a 
fourth state after solid, liquid, and gas. Plasma is used 
in a wide range of processes, and is a key component 
of semiconductor manufacturing, used for thin film 
formation, surface modification and fine processing. 

 Plasma technology has become highly advanced 
in response to higher integration and higher 
performance of integrated circuits and the associated 
miniaturization of circuit patterns such as electrodes 
and wirings. Plasma techniques are commonly used in 
semiconductor device and micromachine production 
as well as surface modification processes. 

Plasma processes are now essential in 
microfabrication, including at the initial stages. 

In addition to semiconductors, considerable 
research is being conducted on plasma applications 
such as environmental solutions and medical systems. 

Plasma techniques are also used in the biomedicine 
and health care sectors. Plasma ion implantation is 
used for sterilization of medical equipment, for 
example. 

Hydrogen peroxide is commonly used for in 
plasma sterilization of medical implements. But 
concerns have been raised about the potential health 
impacts of hydrogen peroxide. 

This has prompted exploration of plasma ion 
implantation as an alternative sterilization technique. 
In order to utilize plasma effectively, it is very 
important to understand the state of the plasma in 
terms of key parameters such as temperature and 
density. 

There are various approaches to plasma 

measurement (measuring the plasma parameters) and 
plasma diagnosis (understanding the state of the 
plasma). Some use probes while others use light or 
electromagnetic waves [1 – 4]. 

Plasma based ion implantation (PBII) is an 
effective surface treatment method for a various 
different shapes that offers a high degree of control 
[5]. The key technologies of PBII can be classified 
into two groups: plasma generation and modulation. 
Modulation directly affects the formation of the ion 
sheath and the behavior of the ions in the sheath, and 
as such is considered the core technology of PBII. 

On the other hand, plasma techniques involve very 
high voltages, and there is much we still do not know 
in relation to basic physical phenomena such as the 
properties of pulse plasma and the behavior of the ion 
sheath during formation. A previous study proposes a 
method for calculating plasma density using the 
change in the time constant of the target applied 
voltage waveform in the PBII method [6]. 

In this experiment, the modulation circuit is used 
to determine the ion density inside the ion sheath 
formed via PBII using self-igniting plasma with only a 
negative high-voltage pulse power supply. Thus, we 
find the plasma density and sheath length by 
measuring discharge current and high voltage 
waveform for self-igniting plasma used for 
sterilization, as well as the plasma density when used 
in combination with an RF power supply. 

Experimental device and method 

The chamber measures 485 mm (H) × 590 mm 
(W) × 470 mm (D). 

The SUS target electrode has a diameter of 140 



“Е+Е”, vol. 53, 7-8, 2018 205

mm and a thickness of 20 mm. It is insulated from the 
grounded chamber and installed at the center of the 
chamber. The high-pressure modulator (manufactured 
by Kurita Manufacturing Co., Ltd.) used in this 
experiment can irradiate the target with pulse voltage 
up to 15 kV and pulse width in the range 2 – 30 μs, 
maximum repetitions of 1,000 pps and maximum 
capacitance of approximately 8 A. 

 
Fig. 1. Schematic diagram of experimental apparatus. 

For vacuum evacuation, we used a rotary pump 
with a mechanical booster pump and mass flow to 
evacuate the chamber to 10 Pa, then filled it with 
99.99995% pure oxygen gas at 1 kPa. 

Plasma density 

 
Fig. 2. Modulator Equivalent Circuit. 

For resistivity ρ, target length s and target area A, 
we have: 

(1)              �� = �
�

�
												 

In PBII, ρ is the resistivity of the sheath, s is the 
sheath length, and A is the area of the target. 

Collisions do not occur inside the sheath. If m is 
the mass of the ion species, Vp is the applied voltage 
of the target, e is the electronic charge, and v is the ion 
velocity inside the sheath, from: 

(2)        
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we can derive: 
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Current density j at the target surface is expressed 
in terms of conductivity σ and electric field E as 
follows: 
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from which we can obtain: 
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necessary. 
Equation (8) shows that it is not dependent on 

sheath length. 
Also, when Vp is given in equation (8), plasma 

density ni (ion density in sheath) on the target surface 
can be determined from R1 derived from experimental 
observation. 

Results 

Since the applied voltage of both oxygen gas and 
nitrogen gas is 2 kV or more, calculation of ion 
density in the sheath was performed within the range 
where plasma was generated in self-igniting plasma. 

Fig. 5 shows the calculation results for oxygen gas 
and nitrogen gas. 

The calculation method is as shown in (2). 
This result showed that in-sheath ion density was 
calculated for oxygen gas and nitrogen gas. 

In addition, it was shown that the ion density in the 
sheath was increased by increasing the applied 
voltage. 

At an applied voltage of 10 kV, the ion density in 
the sheath was 48 × 108 cm-3 for oxygen gas and 59 × 
108 cm-3 for nitrogen gas. 
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Fig. 3. Applied voltage waveform (oxygen). 

 
Fig. 4. Target current waveform (nitrogen). 

 
Fig. 5. Target current waveform (oxygen). 

 
Fig. 6. Target current waveform (nitrogen). 

 
Fig. 7. Ice density in sheath calculation result (Oxygen). 

 
Fig. 8.  Ice density in sheath calculation result (nitrogen). 

Conclusions 

The PBII method can be used to calculate the ion 
density in the sheath can from the modulator 
equivalent circuit. 

PBII involves formation of self-igniting plasma for 
sterilization. Plasma density and sheath length are 
then calculated based on the observed discharge 
current and high-voltage waveform. 

Using this approach we were able to determine 
several key parameters such as plasma density and 
sheath length to inform future equipment design. 

We also demonstrated the increase in sheath ion 
density that accompanies an increase in applied 
voltage or pressure. 

We also identified a higher in-sheath ion density 
when used in combination with RF power compared 
to self-igniting plasma. 

It was concluded that the method employed by the 
authors is useful and relevant to the design of plasma 
sterilization equipment. 
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Electron beam modification of the Grade 2 titanium surface after ion-
plasma nitriding  

Andrey N. Drobov, Siarhei V. Yurevich, Igar L. Pobol 

 
The change of structure of Grade 2 titanium subjected to ion-plasma nitriding at 850 °C for 5 hours 

in a gas atmosphere consisting of pure argon at the heating stage, and Ar + N2 in the soaking stage, 
after electron-beam exposure are investigated. 

Keywords – Electron beam modification, titanium Grade 2 alloy, ion-plasma nitriding 
microhardness. 

 

Introduction 

Among materials of modern technology, titanium 
alloys occupy an important place due to their unique 
combination of physical, chemical and mechanical 
properties. However, for all the complex outstanding 
properties of titanium alloys, they have rather low 
hardness and wear resistance. Titanium alloys have a 
high coefficient of friction, especially in the titanium-
titanium pairing. To some extent, these shortcomings 
make it possible to eliminate surface chemical-thermal 
treatment when titanium alloys are subjected to 
chromium plating, oxidation and application of 
protective coatings [1].  

The most technologically and profitable form of 
obtaining the necessary properties and material costs 
is the method of vacuum ion-plasma nitriding. The 
technology of ion nitriding has found wide application 
[2, 3] for surface hardening of titanium alloys for 
various purposes. This method is optimal from the 
point of view of reproducibility of results, provides a 
high saturation rate, makes it possible to control the 
structure of the diffusion layer. In addition to this, ion 
nitriding is the most environmentally friendly method 
of chemical-thermal treatment, since there are no 
harmful effects on personnel and harmful emissions of 
industrial premises in the operation of the equipment. 

However, in conditions of using titanium alloys, 
the presence of an extremely high hardness on the 
surface of the nitride zone is not always required. In 
some cases, it is preferable to obtain only the diffusion 
hardened layer. This is due to the high hardness of the 
nitride layer (1000 – 1400 HV), which in the process 
of operation can be broken into fragments of titanium 
nitride, when these fragments gets into the friction 
zone, it causes an increase in wear of components and 

lead to failure of the entire pair of friction. It is quite 
difficult to obtain a diffusion layer without the 
presence of a nitride zone on the surface however, it is 
possible to obtain this layer with extremely slow 
heating and strictly defined dosing of the nitrogen-
containing atmosphere into the vacuum chamber to 
ensure chemical discharge activity, at which the 
nitride zone does not yet form on the surface. All 
these measures require the use of extremely pure 
gases and an increase in the duration of the process, 
which negatively affects the cost of processing and 
leads to the failure of the entire pair of friction.  

One of the ways to solve this problem can be a 
combined treatment, including the impact on the 
nitrided layer by an electron beam [4, 5].  

Electron beam machine and samples 
preparation 

The chemical specification of the Grade 2 titanium 
is shown in Table 1. Ion nitriding was carried out at 
Physical-technical institute of the National academy 
of sciences of Belarus at 850 °C for 5 hours. After 
nitriding, the samples were subjected to electron beam 
exposure at a facility developed on the basis of ELA-
15 power unit. 

Table 1 
Сhemical specification of the Grade 2 titanium 

Component Wt. % 

C Max 0.1 

Fe Max 0.3 

H Max 0.015 

N Max 0.03 

O Max 0.25 

Ti 99.2 
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Parameters of the electron-beam treatment: 
accelerating voltage - 60 kV, beam current – 15, 25, 
35, 45 mA, spot diameter of heating - 8 mm 
(defocused beam with normal distribution of energy 
density in the heating spot), speed of heat spot 
displacement - 11.5 mm / s, the residual pressure in 
the vacuum chamber is 5 ∙ 10-3 Pa. 

Samples preparation was carried out with the 
equipment manufactured by Metcon. The samples 
were cut off on a precision cutting machine Micracut 
151. Hot pressing of the samples was carried out in 
epoxy powder on the Ecopress 100 programmable 
automatic press. The final grinding and polishing was 
carried out on the Digiprep 251 programmable 
grinding and polishing machine. 

The microhardness was measured using a DM8 
manufactured by AFFRI, at a load of 10 N. 
Photomicrographs of the samples were obtained with 
the MI-1 Planar microscope, an etchant solution of 
HNO3 and HF in water was used to identify the 
structure. 

Ion Plasma Nitriding  

Fig. 1 shows the microstructure of the titanium 
Grade 2 alloy after ion nitriding. At the surface, one 
can observe a nitride layer of 50 – 60 μm thick with 
hardness of HV 800 – 1100. In this case, the structure 
of the base metal remains sufficiently fine-grained, 
since the nitriding process is carried out below the 
transition temperature. 

 
Fig. 1. Microstructure of the sample Grade 2 alloy after ion 

nitriding. 

Electron-beam treatment 

Fig. 2 shows the microstructure of a sample from a 
nitrated titanium Grade 2 alloy after an electron beam 
exposure at a current of 15 mA. It can be seen that this 
treatment leads to the disintegration of the nitride layer 
on the surface. The microhardness distribution in depth 
is shown in Fig. 3. 

 
Fig. 2. Microstructure of nitrided sample Grade 2 alloy 

after electron-beam treatment at a current of 15 mA. 

 
Fig. 3. The microhardness distribution in depth after 

electron-beam treatment at a current of 15 mA. 

Fig. 4 shows the microstructure of a sample from a 
nitrated titanium Grade 2 alloy after an electron beam 
exposure at a current of 25 mA. The microhardness 
distribution in depth is shown in Fig. 5. 

 

 
Fig. 4. Microstructure of nitrided sample Grade 2 alloy 

after electron-beam treatment at a current of 25 mA. 

 

 
Fig. 5. The microhardness distribution in depth after 

electron-beam treatment at a current of 25 mA. 
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Fig. 6. Microstructure of nitrided sample Grade 2 alloy 

after electron-beam treatment at a current of 35 mA. 

In Fig. 6 and Fig. 7 the microstructures of Grade 2 
alloy after electron beam treatment with currents of 35 
and 45 mA respectively is shown. Also, in Fig. 8 and 
Fig. 9 microhardness distributions in depth after 
electron-beam treatment with currents of 35 and 45 
mA was also shown. In Fig. 9, one can see a small 
increase in hardness at a distance of 1 mm from the 
surface. This is due to the dissolution of nitrogen in 
the bulk of the molten metal from the nitride layer. 

 
Fig. 7. The microhardness distribution in depth after 

electron-beam treatment at a current of 35 mA. 

 
Fig. 8. Microstructure of nitrided sample Grade 2 alloy 

after electron-beam treatment at a current of 45 mA. 

 
Fig. 9. The microhardness distribution in depth after 

electron-beam treatment at a current of 45 mA. 

 

Conclusions 

Combined treatments of titanium alloys, including 
exposure to the previously nitrided layer with an 
electron beam, makes it possible to form a diffusion 
zone on the surface with increased hardness. Electron-
beam processing can lead to a surface decay on the 
nitrided layer of titanium nitride. Reduction of the 
hardness of the material can be explained by the 
decomposition of the nitride layer, some of the 
released nitrogen passes into the crystal lattice of 
titanium, forming a solid solution. Under non-optimal 
processing conditions, most of the nitrogen from the 
material evaporates. The formation of an extended 
modified zone with increased microhardness with 
such short-term exposure can be explained by the fact 
that the diffusion coefficient of nitrogen in the β-state 
is higher than in the α-phase. 
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Dispersed and layered volumetric nanocrystalline materials based on 
copper and molybdenum condensed from the vapor phase 

Nikolai Hrechaniuk, Vera Hrechaniuk, Elena Khomenko, Dmytro Kovalchuk 

 
The paper presents features of structure formation and phase composition on copper and 

molybdenum based composite materials, condensed from the vapor phase. Three types of condensed 
composite materials with thicknesses from 0.8 to 5 mm, obtained at deposition temperatures of  700 and 
900 °C, are considered. Namely dispersed-hardened, microlayer with thickness of alternating copper 
and molybdenum layers  from 1 to 10 μm, and bulk nanocrystalline with thickness alternating layers  less 
than 0.5 μm are studied. 

Keywords: High-speed evaporation-condensation of copper and molybdenum in vacuum, 
composite dispersed-hardened and laminar materials based on copper and molybdenum 

 

Introduction 
Electron-beam high-speed evaporation of metals 

and non-metals in vacuum (deposition rates of 
atomic or molecular vapor streams on the substrate 
reach 150 μm/min) is a relatively new direction in 
materials science. The application of the processes of 
high-rate vacuum evaporation-condensation of 
materials for manufacturing began in the early 
seventies of the last century, and these technologies 
are constantly being improved [1]. At present, these 
processes for the application of protective coatings to 
products of various technical purposes are widely 
used [2 - 8]. New materials by the condensation of 
vapor streams on the substrate prepared to a certain 
temperature, which can be heated, can be referred to 
dispersed-hardened, layered or porous materials, 
depending on the structure. Advances in the 
development of such materials, their structure, 
properties and application fields are generalized [9 - 
12]. The evaporation-condensation processes for the 
nanocrystalline thin films production are widely 
used. Thin films to nanosize, nanophase, 
nanostructured materials, if their topological 
dimensions, lie in the nanometer range in at least one 
direction (for example, thickness) [13 - 15]. Modern 
thin metal films that are used in industry are 
classified on [15]: 

 materials with a multilayer structure, in which 
the chemical composition varies abruptly at the 
boundary of the layers; 

 quasi-multilayer structures in which each of the 
components is distributed very heterogeneously 
in thickness and there is no discernable boundary 
between the quasi-layers; 

 materials with phase or concentration 
heterogeneity in terms of volume, including 
within a single grain; 

 island, granular films, etc.  
Condensation from the vapor phase a wider range 

of states makes possible to obtain, in comparison with 
the original massive systems, which can be predicted 
by the equilibrium phase diagrams of the state. In thin 
metallic films of complex composition, for example, 
phases corresponding to the phase equilibrium 
diagram may not be absent, and phases that are not 
predicted by the equilibrium state diagram for a given 
source material or even for actual compositions of 
condensed layers may be present, for example, 
formation of supersaturated solid solutions was 
confirmed in thin films Al-Cu [15] and Cu-W [16]. 
Thin films and thin-film compositions on them based 
are widely used in modern manufacturing [15]. At the 
same time, the production of thick (10 - 100 μm or 
more) thick nanostructures with a large number of 
layers, the form of massive macroscopically 
homogeneous bodies with an internal nanostructure, 
produced by deposition on a high temperatures 
substrate (300 °C or more), insurmountable 
difficulties until recently. These difficulties are due to 
decay of the nanolayers structure, by grain growth 
during high temperatures condensation and there are 
due to the fact that the transformation of 
nanostructured compositions into typical 
polycrystalline materials results. 

As is known [17], an acceptable complex of 
physico-mechanical properties in massive condensed 
systems can be obtained under the condition that the 
temperature of the substrate to be condensed for, 
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equals or exceeds 0.3 of the temperature of the most 
fusible component. Now multicomponent, 
multilayered, gradient, doped, dispersed and disperse 
hardening there is the arsenal of methods of directed 
formation of massive thermodynamically 
nonequilibrium but kinetic stable at high temperatures 
nanostructured materials. 

When choosing the object of research, we 
proceeded from an assessment of the thermodynamic 
and kinetic compatibility of composite materials 
components (CM). According to [18], the 
thermodynamic compatibility of the matrix and the 
reinforcing elements is determined by the possibility 
of being in a state of thermodynamic equilibrium for 
an unlimited time at the temperatures of 
manufacturing and exploitation.  Kinetic compatibility 
is the ability of the composite components to be in a 
state of metastable equilibrium, which is controlled by 
factors such as adsorption, diffusion rate, chemical 
reaction rate, and so on. In addition to chemical 
compatibility, the mechanical compatibility of CM 
components is important to ensure, namely elastic 
constants, thermal linear expansion coefficients, 
plasticity indices, which allow achieving a strong 
bond necessary for efficient stress transfer across the 
interface. 

Thermodynamic and kinetic compatibility have a 
limited amount of composites (for example, Cu-Mo, 
Cu-W). The features of high-rate evaporation-
condensation (manufacturability) of the initial 
components (copper, molybdenum, tungsten) and the 
composition of oxide films in similar powder 
compositions, as well as possible applications of 
condensed composite materials, were also taken into 
account in the analysis. 

Complex analysis of the literature [19, 20, 21], as 
well as previous studies of thick vacuum condensates 
of metallic and nonmetallic materials [22] made it 
possible to select the copper-molybdenum system as a 
composition for studying condensed composite 
materials. 

The initial materials for the preparation of 
the condensates 

The grades of the initial materials for the 
production of CMC are given in Table 1. Copper 
ingots with a diameter of 98.5 mm and molybdenum 
with a diameter of 68.5 mm and a length of up to 450 
mm were used after vacuum-arc remelting as initial 
(evaporated) blanks. Their purity by the main 
component was not less than 99.5 ÷ 99.7% by weight. 

 
 

Table 1 

The grades of the materials used to obtain the condensed 
composite materials 

Material Grade GOST, TY 
1 2 3 

Copper (Cu ) Mo, MI GOST 859-78 
Molibdenium  

(Mo) 
MCVP TY 48-19-247-87 

Zirconium (Zr)  TY 95.46-82    
TY 95.166-83 

Yttrium (Y) It M-1 TY 48-4-208-72 
Calcium Fluoride 

(CaF) 
C GOST 7167-77 

 

Technique of the experiment for preparation of 
the condensates 

The condensed composites were prepared 
according to the technological schemes: 

1. The condensed composites were prepared 
according to three technological schemes: On a 
stationary substrate with dimensions of 700 × 400 × 
15 mm. The scheme of the technological experiment 
is shown in Fig. 1. 

2. On a substrate rotating at a speed of 36 rpm with 
a diameter of 800 mm and a thickness of 25 – 30 mm  
(Fig. 2).  

3. On a rotating substrate by evaporation of copper 
and molybdenum from two independent sources with 
separation of vapor streams (Fig. 3). The preparation 
of composites according to the first variant was 
carried out at the substrate temperatures of 700 ± 30 
°C and 900 ± 30 °C. The concentration of the 
refractory component at 700 °C varied from 0.1 to 6% 
by weight, at 900 °C from 0.4 to 46.7% by weight. 
These concentration ranges are due to the peculiarities 
of the evaporation-condensation process on this type 
of electron beam equipment at selected substrate 
temperatures. 

Before the formation of condensates on a substrate 
preheated to 700 ± 30 °C, a separating layer of 
zirconia stabilized with yttrium oxide or calcium 
fluoride (CaF2) are precipitated [22, 25]. More 
expedient is the use of CaF2, given its low cost and the 
possibility of removing the film from the substrate or 
condensate by dissolving in hot water [26]. 
Evaporation of copper was carried out through an 
intermediary bath [27]. This technological method 
allowed to increase the evaporation rate of copper 
approximately 2 – 3 times and to reduce the amount of 
microdroplet phase in the steam flow. The rate of 
copper deposition on a stationary substrate (variant 1) 
was varied from 8 to 60 μm/min and molybdenum 
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from 3 to 10 μm/min; on a rotating substrate (variant 
2, 3) from 3 to 20 μm/min and from 1 to 3.5 μm/min, 
respectively. The total content of zirconium and 
yttrium in condensed Cu-Mo materials did not exceed 
0.1% by weight. CMC for research consisted of sheet 
billets of rectangular 700 × 400 mm and cylindrical 
500 and 800 mm types with thickness from 0.8 to 5 
mm. Determination of the chemical and phase 
composition, the study of physicomechanical and 
corrosion characteristics of CMC was carried out 
according to the methods described in [23]. 

 
Fig. 1. Condensed composite materials obtaining scheme 
with a variable concentration of copper and molybdenum 

by the length of the substrate by evaporation-condensation 
from two independent initial components sources. 1, 2, 3, 4, 
5 - lines of constant concentrations in a two-component Cu-

Mo system along the width of the substrate. 

 
Fig. 2. Condensed composite materials obtaining scheme 

on a rotating substrate by depositing copper and 
molybdenum from two independent sources without 

separating the vapor streams: 1 - working chamber; 2 - 
camera guns; 3, 4, 5, 6 - electron-beam heaters; 7 - stem 

for fastening the substrate; 8, 9 - copper water-cooled 
crucibles; 10, 11 - initial (evaporated) materials; 12, 13 - 

mechanisms of feeding ingots into the evaporation zone; 14 
- substrate; 15 - substrate rotation drive. 

 
Fig. 3. Condensed composite materials obtaining scheme 

on a rotating substrate by evaporation of copper and 
molybdenum from two independent sources with separation 
of vapor streams: 1- working chamber; 2, 18 - chambers of 

electron-beam heaters; 3.17 - electron beam heaters for 
substrate heating; 4, 5, 16 - electron beam heaters for 

evaporation of starting materials; 6 - substrate; 7 - copper 
water-cooled screen for separation of steam streams of 

copper and molybdenum; 8 - cooling liquid (water); 9 - the 
chamber of mechanisms of submission of ingots in a zone of 
evaporation; 10, 15 - water-cooled copper crucibles; 11, 14 
- evaporated ingots; 12, 13 - mechanisms of feeding ingots 
into the evaporation zone; 19 - a cover of fastening of the 
mechanism of rotation of a support; 20 - the mechanism of 

rotation of the substrate. 

Phase composition 

X-ray phase analysis showed that in all types of 
investigated compositions, in addition to the main 
components of copper and molybdenum, an 
insignificant amount (up to 3% by weight of the total 
content of the strengthening phase) of dispersed 
inclusions of CuO and MoO3 is present. This fact 
indicates that at a working vacuum of 3 • 10-2 …. 5 • 
10-3 Pa, partial oxidation of the main components of 
the composites occurs with residual gases present in 
the working space where the evaporation-
condensation process takes place. 

Structure. Gradient condensed composite 
materials 

The main feature of the evaporation of technically 
pure metals and multicomponent alloys from a single 
source is fractionation, due to the difference in the 
rates of evaporation of impurities in metals and the 
components forming the alloy. The condensate formed 
on the substrate has an inhomogeneous composition, 
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since the initial layers enriched in an easily volatile 
component, and in the subsequent layers a substance 
with low vapor pressure predominates. As the metal 
(alloy) enters the evaporation zone, the amount of 
impurities (components) in the liquid bath constantly 
changes. Therefore, the heterogeneity (banding) of the 
structure along the thickness of the condensate has a 
different character (color, thickness of the zones, etc.). 
The formation of an inhomogeneity is also affected by 
the technological parameters of deposition (substrate 
temperature, deposition rate, depth and dynamics of 
changes in vacuum, slope of the steam flow, etc.). A 
detailed theoretical analysis of the evaporation of 
binary alloys from a single source was carried out by 
Zinsmeister [28]. The production of condensed 
composite materials by separate evaporation of 
components with simultaneous condensation of their 
vapors on a substrate promotes the formation of a 
strong structural inhomogeneity. Of particular note is 
the temperature change on the surface of the liquid 
baths of the evaporated components. Even with a 
temperature fluctuation within 10 ÷ 20 °C, the 
evaporation rate can be changed by half, which is 
extremely unfavorable, since it leads to a shift in the 
composition of the condensate [2]. 

During the deposition of such gradient materials on 
the substrate, both known vapor-liquid → crystal 
(PLC) and vapor → crystal (PC) condensation 
mechanisms can be simultaneously realized. At a 
certain critical temperature close to 2/3 of melting 
temperature T  for a given condensable substance, one 
condensation mechanism can be replaced by another 
[15,  25,  29]. In this case, amorphous and glassy 
states arise due to supercooling of the liquid phases, 
when condensation occurs in the PC mechanism. 
Metastable modifications, strongly supersaturated 
solid solutions (not only with respect to normal 
solubility at room temperature, but also to the 
maximum in the solid phase according to the phase 
diagram) are formed by the PLC mechanism from 
sharply supercooled liquid solutions. Such a 
mechanism is easily realized in cases of binary or 
multicomponent systems, when a limited solubility is 
observed in the solid state. Composites Cu-Mo are a 
prime example of such systems [30]. Due to high 
deposition rates and temperature fluctuations on the 
surface of the liquid bath, resulting in a change in the 
velocities, the substrate temperature is increased by 
vapor condensing (phase transformations) and heat 
radiation from the evaporator (evaporators). Energy is 
absorbed in a thin surface layer. This gave reason to 
believe that for a short time the surface temperature 
rises to such an extent that it exceeds the average 

temperature of condensation by several hundred 
degrees [31]. Experimental confirmation of this 
phenomenon was provided by the authors during the 
formation of copper condensed composite materials at 
a copper deposition rate of 40 – 60 μm/min. On the 
surface of a condensate 0.8 – 1 mm thick, a film of 
liquid copper was formed, the melting point of which, 
as is known [26], is 1083 °C. In view of the foregoing, 
it can be expected that the structural, substructural 
concentration and phase nonequilibrium can be so 
high that the transformations develop even with the 
condensation of the substance and with its natural 
aging.  A detailed study of the structure and 
physicomechanical properties of CMC Cu-Mo with 
the content of the refractory phase up to 6% by mass 
deposited at a substrate temperature of 700 – 900 °C is 
given in [32 – 39]. Macrostructural studies subjected 
the surface and cross sections of the samples in 
parallel and perpendicular to the steam flow (before 
and after etching), as well as kinks. The entire surface 
is characterized by the presence of crystallized 
microdroplets of metal ejected from the baths and 
tubercles (Fig. 4). The number of the latter from batch 
to batch changes and can reach 1 • 10 – 2 cm2 at 
maximum deposition rates. The formation of tubercles 
is associated with the ejection and transfer to the 
substrate of droplets of liquid and solid phases at 
different stages of the evaporation-condensation 
process. 

 
Fig. 4. Characteristic morphology of the surface of a 

condensed composite. 

For Cu-Mo compositions with a refractory phase 
content of up to 3% by weight a structure typical of 
dispersed hardened materials with poorly expressed 
layering is inherent [10]. Condensates have a 
characteristic columnar structure (Fig. 5a). Crystallites 
are elongated in the direction of the vapor flow almost 
perpendicular to the condensation surface. The grain 
size decreases as the concentration of the 
strengthening phase increases. The most intensive 
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grinding of the matrix grain occurs at low 
concentrations of the second phase (up to 1% of the 
mass, Fig. 6). The grinding of grain intensifies at low 
deposition temperatures. 

Thus, in condensates obtained at substrate 
temperatures 500    30 °C,  700  ±  30 °C and 900 ± 
30 °C with a hardening phase content  of  ≈ 2% by 
masst., the average grain size and dispersed particles 
are respectively 1.45; 2.0; 7.0 μm; 12, 27 and 53 nm 
[32, 34, 40]. The particles of the strengthening phase 
have a shape close to spherical (Fig. 5b). In such 
condensates, the structure of the material is 
represented by two main phases behind the X-ray 
phase analysis results: FCC on the basis of copper and 
VCC on the basis of molybdenum. In this case, there 
is a tendency to a strong erosion of the molybdenum 
lines and their shift toward large angles, characteristic 
for materials with nanoparticles. 

 
a)                                     b) 

Fig. 5. Microstructure of condensed dispersed-hardened Cu 
materials - 1.2% Mo; (a)  - x 600; (б)  - х 6500. 

 
Fig. 6. Dependence of the average grain size D on the 

content of the second phase in dispersed-hardened Cu-Mo 
materials: 1 - Tmel = 700 ± 30 °C; 2 - Tmel = 900 ± 30 °C. 

In condensates with a content of molybdenum 
3…6% mass. The nature of the structure is changing. 
The molybdenum particles in such condensates 
increase, forming chains and conglomerates oriented 
parallel to the plane of the material. The distance 

between the chains decreases with increasing 
concentration of the refractory phase. Condensed 
composite materials Cu-Mo with refractory phase 
content from 5 to 15% by weight. Differ combined 
layering, where solid layers alternate with intermittent 
ones (Fig. 7). 

 
Fig. 7. Typical structure of a condensed composite with Mo 
content from 6 to 12 ÷ 15% by mass. region of a material 

with continuous lamination (dark field);  – area of material 
with intermittent stratification (light field) (x6000). 

Micro-X-ray spectral analysis showed that 
condensed composite composition is characterized by 
a micro-inhomogeneity of the distribution of 
components along the thickness. 

For the one shown in Fig. 8 of the composite, the 
average chemical composition of molybdenum is 
7.62% by mass in the thickness of the condensate, 
whereas in some of its layers the concentration ranges 
from 2.83 to 11% by weight. 

 
Fig. 8. Distribution of components in the condensate Cu-

7.62 Mo % by mass. (averaged thickness value). 
Spectrum Cu Mo 

Spectrum 2 92.38 7.62 
Spectrum 3 97.17 2.83 
Spectrum 4 92.17 7.83 
Spectrum 5 88.91 11.09 
Spectrum 6 90.32 9.68 
Spectrum 7 91.84 8.16 
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This is due to the influence of a number of 
technological factors (temperature oscillations on the 
surface of a liquid bath, the presence of oxide films, 
changes in the chemical composition of the bath, 
dynamics by a change in vacuum, etc.). The thickness 
of the layers, their contrast, the inhomogeneity of the 
location in the volume of the material, the 
inhomogeneity of the distribution of the strengthened 
phase in individual layers increases with increasing 
molybdenum content (Fig. 9). 

 
a)                                      b) 

Fig. 9. Structure of composite materials with different 
content of components: (a) - Cu - 7.62% by mass. Mo;     

(b) - Cu - 46.7% by mass. Mo. 

 
Fig. 10. The structure of the condensed composite             

(Ni - 20.1% by mass, Cr - 2.2% by mass, Al - 2.8% by mass 
Ti - 22.5% by mass) - Al2O3 (x900). 

Qualitatively, such structural changes are 
characteristic for condenced composites of the 
gradient type Cu-Cr, Cu-W [23, 43, 44]. It should be 
noted that the oriented distribution of the 
strengthening phase is characteristic not only for metal 
systems with a minimum solubility of components, 
but also for metal-ceramic compositions where such 
solubility is absent altogether. In Fig. 10, as an 
example, the microstructure of the condensed 
NiCrAlTi-Al2O3 materials obtained at a substrate 
temperature of 1000 °C is given. One can see the 
characteristic linear structuring of the ceramic (light 
field) and metallic (dark field) phases in the 
condensate volume. At deposition at temperatures 
below 1000 oC, no such structuring is observed. 
Temperature fluctuations on the surface of the liquid 
bath, which lead to a change in the evaporation rates 

of the components, various mechanisms of 
condensation of PC and VLC, various precipitation of 
supersaturated solid solutions with different 
concentrations of copper and molybdenum cause the 
heterogeneity of the structure (Fig. 7) and chemical 
composition 8) over the thickness of the condensate. 
As a result, in different balls of the CMC, depending 
on the ratio of the fusible and refractory components, 
the substrate temperature, a different type of structure 
is formed (Fig. 11): domed (a), polygonal (b), 
columnar (c). 

  
a) b) 

 
c) 

Fig. 11. The structure of the layers in the condensed Cu-
Mo: domed (a), polygonal (b), columnar (c). 

Microlayer condensed composites obtained by 
sequential deposition of copper and molybdenum 
layers 

Variants of the investigated samples of condensed 
composites are presented in Table 2. Condensed 
composites were prepared at a substrate temperature 
of 700 ± 30 °C. The total thickness of the composites 
is 0.8 ÷ 1.2 mm. The maximum content of the 
strengthening phase was limited by the formation of 
cracks and brittleness of the composites.  

In [11, 41, 42], significant dependences of the 
structure and physico-mechanical properties of 
microlayer condenced composites Fe-Cr and Cr-Cu on 
the thickness of alternating layers are shown. In 
microlayer of this type condensed materials, by 
selecting the appropriate components and the 
thickness of the layers, highly stable structures have 
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been obtained. There are have a low creep rate at high 
temperatures as compared to the creep rate of the 
constituents composing the material and there are the 
strength and ductility can be controlled within wide 
limits. It was noted that it was possible to achieve a 
high level of strength characteristics with a thickness 
of a single layer from 1.0 to 1.5 μm. At smaller layer 
thicknesses, they are unstable and decay. With a layer 
thickness of 10 ÷ 15 μm, these materials are close to 
the properties of matrix materials in terms of strength 
values. In connection with this, several series of 
compositions were investigated (Table 2), in which 
the thickness of the layers varied within the following 
limits: a carrier high-modulus Mo layer from 1.0 to 4 
μm; the matrix Cu layer is from 1.3 to 10 μm. 

Table 2 

The compositions of the condensed composite 

Мо, 
% vol. 

16 16 19 33 38 40 42 

thickness of 
Мо layers, 

μm 
1.7 1.3 

1.0-
1.3 

2.5 3.0 4.0 
1.0-
1.3 

thickness of 
Cu layers, 

μm 
10.0 7.0 5.0 5.0 5.0 6.0 1.3 

total number 
of layers, 

units 
108 102 288 192 274 116 390 

 
Metallographic studies have established that in all 

microlayer condensates the supporting layers of 
molybdenum have a columnar structure. The height of 
the columnar crystallites Mo is commensurable with 
the thickness of the layer. Matrix layers of Cu consist 
of almost equiaxed grains with a large number of 
twins. Certain differences in the crystal structure of 
copper and molybdenum microlayers are due to the 
condensation features for the supporting (Mo) and 
matrix (Cu) layers. The deposition temperature of 700 
± 30 °C corresponds to the first structural zone for Mo 
and the third for Cu [17]. 

Volumetric Nanocrystalline Condensed 
Composites 

We have shown above the essential dependence of 
the structure of condensed composites on the 
concentration of the strengthening phase, deposition 
temperature, and other technological parameters. The 
introduction of the second phase in a certain amount 
makes it possible to obtain polycrystalline or layered 
(microlayer) materials based on copper and 
molybdenum with a grain size of ~1 μm. Further 
dispersion of the structure at substrate temperatures of 

700 – 900 °C is not possible because of the 
heterogeneity of the graded condensed composites and 
the breakdown of microlayers with a thickness of less 
than 1 μm. Obtaining bulk nanocrystalline materials 
based on Cu and Mo at elevated condensation 
temperatures with an acceptable complex of 
physicochemical and mechanical properties is possible 
when certain (mandatory) conditions for stabilizing 
the nanostructure are fulfilled [23, 44, 45]. These 
include: a) ensuring homogeneity of the chemical 
composition of the components in the condensate 
volume; b) hardening nanoparticles with nanoparticles 
to increase their thermodynamic stability; c) the 
creation of nanoparrier layers at the interphase 
boundaries, which slow down the coalescence of 
nano-springs. The concentration gradient that is not 
desirable in materials is eliminated by using rotating 
substrates. The method of rotating substrates with 
separate evaporation of components for the production 
of binary and multicomponent alloys of a given 
composition is characterized by a high coefficient of 
vapor utilization, and also, to a large extent, eliminates 
the columnar structure, which sometimes leads to 
cracking and increased porosity. The columnar 
structure is not formed, since the angle of incidence of 
the vapor on the substrate is continuously changing. 
By changing the geometric arrangement of the 
crucibles, the rotation speed of the substrate, the 
evaporation rate of the components, it is possible to 
create different types of structures. 

Of the known types of composite materials 
obtained by the evaporation-condensation method, 
dispersed-hardened, microporous and microlayer [9 – 
12], microlayer compositions are the most promising 
for creating nanostructured systems. Formation of an 
internal nanostructure in layers of Сuand Mo at 
condensation temperatures of 700 °C can be expected 
if the layer thicknesses are less than 0.5  0.6 μm and 
they will not be disintegrated. The main technological 
factors affecting the formation of a layered structure 
are the substrate rotation speed and the deposition rate 
of the components, and the structure stability is 
affected by the thickness of the alternating layers and 
the condensation temperature. In obtaining such 
composites, the geometric arrangement of the 
crucibles and the substrate relative to the crucibles is 
also of great importance. Technical literature [20] 
describes in some detail the distribution of atoms 
(molecules) upon evaporation from a point source (a 
conical distribution law). The expected distribution is 
valid if the vapor pressure is insignificant and when 
the evaporation process is not hindered (for example, 
by oxide films that can form on the surface of the 
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evaporated bath). In the real conditions of obtaining a 
condensates, there are significant deviations from this 
law In the papers [44, 45]. The main boundary 
conditions are determined under which formation of a 
layered structure with a single layer thickness of less 
than 0.5 μm is possible with simultaneous evaporation 
and condensation of copper and molybdenum onto a 
rotating substrate. 

In Fig. 12 is a diagram of the distribution of steam 
flows of Cu and Mo on a substrate. It can be seen that 
for a certain geometrical arrangement of the crucibles 
adopted in calculations for point sources of 
evaporation and a substrate that rotates, there are 
regions of distribution of practically pure evaporated 
Cu and Mo. 

 

       a)                                                b) 

Fig. 12. Scheme of distribution of the vapor flow during the 
evaporation of Cu and Mo from two independent sources: 

(a) – front view; (b) – view from below. 

The density of distribution of the condensed Cu 
and Mo atoms decreases monotonically with 
increasing diameter of the substrate. As a result, in a 
certain region of the substrate, steam flows are mixed 
to form a transition layer between the components 
forming the condensate. Rotation of the substrate 
provides a transition from component A (Cu) to 
component B (Mo) and vice versa. According to Fig. 
12 it can also be concluded that on the substrate there 
are zones with a minimum density of distribution of 
steam streams of copper and molybdenum. In these 
zones, the formation of oxides and carbides is most 
likely due to the interaction of the evaporated 
materials with the vapor of the vacuum pump oil 
(carbon) and the residual atmosphere of the working 
chamber (oxygen, nitrogen). Complex chemical and 
X-ray phase analysis of gradient materials Cu-Mo 
with a thickness of 20 – 30 μm) obtained on a 
stationary substrate showed that Mo (0.07 – 0.09% by 
mass) is present in the condensates from the Cu 
evaporation side, and the side of evaporation of Mo is 
Cu (0.28 – 0.45% by mass). Zr and Y films were also 
found in the films, the total content of which did not 
exceed 0.07% by mass, and the oxides of copper 
(CuO) and molybdenum (MoO3). Their concentration 

was about 3% by mass. It follows that alternating 
copper-based layers consist of a low-alloy copper-
based alloy (Cu-Zr-Y) hardened with dispersed Mo, 
MoO3, and CuO particles, and molybdenum-based 
layers contain dispersed Cu, CuO, and Mo particles. 
Strengthening by dispersed particles contributes to 
grinding the structure and increasing the thermal 
stability of the layers, and a smooth transition from 
component A to component B neutralizes the 
disintegration of layers at elevated condensation 
temperatures and reduces the level of stresses caused 
by different Cu and Mo coefficient of thermal linear 
expansions. Based on the results of X-ray phase 
analysis, the structure of the condensates is 
represented by two main phases: FCC on the basis of 
Cu and VCC on the basis of Mo by crystal lattices. In 
this case, strong erosion of Mo lines and less 
pronounced Cu lines and their displacement toward 
large angles are observed. Usually this characterizes 
the materials with nano-sized particles and grains. 
Rotation of the substrate contributes to a significant 
decrease in the layering and dispersion of the 
distribution of components along the thickness of the 
materials, which is characteristic of gradient 
composites. Figure 13 shows a typical distribution of 
Cu and Mo in condenced composite Cu - (8 – 12% by 
mass.) Mo.  For condensed composite materials with a 
Mo content of more than 5% mass, the hierarchy of 
the layered structure on the micro- (Fig. 14a) and 
submicron levels is characteristic (Fig. 14b). The 
formation of a layered structure at the microlevel is 
due to the evaporation of the technically pure 
components of the investigated composite materials, 
in which impurities are present. In a liquid 
(evaporated) bath, impurities are accumulated. 
Therefore, evaporation of low alloyed copper and 
molybdenum alloys with different impurity 
concentrations is observed at various stages of the 
technological process. 

 

a)                                                b) 

Fig. 13. The laminated structure of composite materials 
(Cu – 0.1% by mass. Zr, Y) – 8 – 12% by mass. Mo (a) and 
the distribution of molybdenum in composite materials (b). 
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a)                                                b)      

Fig. 14. Hierarchy of the layered structure of condensates 
on micro- (a); and submicron (b) levels. 

a) b) 

 
c) 

Fig. 15. Electron microscopic image of the structure in the 
light (a) and dark (b) field and microelectronogram (c) 

composite materials (Cu-0.1%  mass. Zr, Y) - 8 - 12% mass. 
Mo. 

The formation of stratification is also significantly 
affected by variations in the evaporation rate of the 
initial components due to temperature changes on the 
surface of the liquid baths and by the presence of 
oxide films, etc. When etching the sections, a 
characteristic decoration of the structure of the 
composites is manifested, due to the influence of the 
above factors. The formation of the structure at the 
submicron level (Fig. 14b) is effected by the complex 
influence of the substrate rotation, which ensures the 
formation of layers with a thickness of less than 0.5 
μm and the decay of supersaturated solid solutions 
based on copper and molybdenum. Electron-
microscopic studies on the luminescence of layered 
CM Cu- (8 – 12) % mass. Mo showed that the average 
grain size of copper ranges from 58 to 96 nm, 
molybdenum from 46 to 62 nm. In the volume of 

grains, dispersed particles of the strengthening phases 
are evenly distributed. Their size ranges from 10 to 18 
nm and depends on the nature of the strengthening 
phases (oxides, metals). A typical electron 
microscopic image of the structure is given in Fig. 15 
a, b. The micro-electron diffraction pattern of the 
composite (Fig. 15c) has a characteristic a an annular 
shape inherent in nanocrystalline structures. The 
microelectronogram of the composite (Fig. 15c) has a 
characteristic annular shape inherent in 
nanocrystalline structures. 

Conclusions 

The structure of  copper and molybdenum based 
condenced composites  complex way depends on the 
technological conditions for their production (the 
chemical composition of the evaporated ingots, the 
rate of their deposition, the deposition conditions 
(stationary or rotating substrate), the substrate 
temperature, the vacuum depth, the geometric 
arrangement of the crucibles with evaporated 
materials relative to the substrate and other 
parameters). Typical strengthening on Cu and Mo 
based materials condensed from the vapor phase at 
substrate temperatures of 700 – 900 °C can be 
obtained in a relatively narrow concentration range of 
the strengthening phase 0.1 ... 3% mass. Mo. With a 
molybdenum content of 3 – 5% by mass. there is a 
change in the shape of the strengthening phase with a 
rounded to needle with its oriented arrangement in the 
material in the form of intermittent chains 
perpendicular to the fall of the vapor stream. In the 
concentration range of the second phase, more than 
5% by mass. condenced materials is characterized by 
a layered structure of continuous layers of copper and 
molybdenum. The stability of the continuity of the 
layers depends on the conditions of deposition. 

A layered structure can also be obtained in other 
types of condensed composites (Cu-W, Cu-Cr, 
NiCrAlTi-Al2O3) at a certain chemical composition of 
the composites and the technological conditions for 
their deposition.  It has been experimentally 
confirmed that layered condensates based on low-
alloy copper and molybdenum alloys up to 6 mm thick 
obtained on a rotating substrate heated to a 
temperature of 700 ± 30 °C refer to bulk 
nanocrystalline materials in which the grain size does 
not exceed 96 nm, and the size of dispersed inclusions 
strengthening phase 18 nm. 
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Modelling of E-beam crosslinking of composite hydrogels 

Maria Demeter, Ion Călina, Cătălin Vancea, Toni P. Paneva, Elena G. Koleva,      
Lilyana St. Koleva 

 
Response Surface Methodology and robust engineering approach were applied for the investigation 

of preliminary experimental data related to the synthesis of composite biopolymer-based hydrogels via 
electron beam (e-beam) radiation cross-linking. Two different biopolymers – xanthan gum (XG) and 
carboxymethylcellulose (CMC) were used for hydrogel preparation in the presence of sodium salts of 
acrylic acid and a water-soluble cross-linking agent (CA). The influence of various concentrations of 
XG, CMC, and CA as well as the effect of the irradiation doses up to 15 kGy on several parameters of 
the synthesized hydrogels as: gel fraction, G [%]; swelling degree, SD [%]; elastic modulus, G’ [Pa] 
and viscous modulus, G” [Pa] were investigated. 

Keywords – Biopolymers, composites hydrogels, electron beam radiation crosslinking, 
modelling. 

Моделиране на комбинирани хидрогелове получени чрез електронно-лъчево 
индуцирано свързване (Мариа Деметер, Ион Калин, Каталина Ванцеа, Тони П. Панева, 
Елена Г. Колева, Лиляна Ст. Колева). Методологията на повърхнината на изходните 
параметри, както и робастно инженерно проектиране са използвани за изследването на 
предварителни експериментални данни, свързани със синтезирането на комбинирани 
биополимери – на основа хидрогел, получени чрез електронно-лъчево индуцирано свързване. Два 
различни биополимера – xanthan gum (XG) и carboxymethylcellulose (CMC) са използвани за 
приготвянето на хидрогел в присъствието на натриеви соли на акрил ацид и водоразтворим 
свързващ агент (CA). Изследвано и представено е влиянието на различна концентрация на XG, 
CMC и CA, влиянието на дозата на облъчване – до 15 kGy, върху параметрите на 
синтезираният хидрогел, които са: фракция на гела, G [%]; степен на набъбване, SD [%]; 
модул на еластичност , G’ [Pa] и вискозен модул, G” [Pa].  

 

Introduction 
Hydrogels manufactured from natural polymers 

such as polysaccharides and filled with graphene 
oxide have demonstrated important performances in 
various fields as energy storage, wastewater treatment, 
and biomedicine compared with traditional hydrogels 
[1].  

Radiation cross-linking is a very convenient 
technique for the preparation of hydrogels. This 
method has many advantages comparing with 
classical synthesis routes, such as easy process 
control, simultaneous cross-linking of polymer to 
hydrogel formation and is environmentally friendly 
because it leaves no residue or environmental 
pollutants [2]. E-beam cross-linking occurs when the 
macroradicals extracted from the initial polymer 
chains recombine with each other, resulting in a three-
dimensional network [3].  

In order to optimize the production process of 
such composites hydrogels based on biopolymers and 

graphene oxide using e-beam cross-linking, we 
applied comprehensive statistical procedures for 
developing of a complete experimental design, 
aiming to reduce the final number of experimental 
trials and shortens the time frame for obtaining valid 
experimental results. 

Response surface methodology and robust 
engineering approach 

Response surface methodology (RSM) is a group 
of mathematical and statistical procedures used in 
fitting an empirical model to the experimental data 
obtained in relation to an experimental design [4, 5]. 
The RSM implements the regression analysis as a 
powerful method for model building, providing 
relationship model estimation between the product 
performance characteristics and factors. The 
estimated models, which are considered here and 
which are a matter of the linear regression analysis, 
are polynomial, linear with respect to the parameters 
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models. Polynomial models can describe any 
continuous steady-state relationship and are most 
frequently used. Regression models (polynomial 
models of some order), giving an adequate functional 
relationship between a response of interest y 
(performance characteristic) and a number of 
associated control (or input) variables (process 
parameters) x1, x2, … xm, are estimated: 
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 is a random experimental error, assumed to have a 
zero mean, θ�� are the estimates of the model 
coefficients. 

The natural values of the factors (zi) in the 
regression models are coded in the region [-11] and 
the relation between the coded (xi) and the natural 
values (zi) is given by: 

(2)  xi = (2zi – zi,max – zi,min)/( zi,max – zi,min), 

where zi,min and zi,max are the corresponding values of 
the minimum and the maximum of the process 
parameters during the experiment. 

Robust design [5] implies the theories and 
methodologies that make quality performance 
measures (responses, time, energy, etc.) invariant to 
uncertainties in design variables (manufacturing 
processes, material dimensions and properties, etc.) 
and the noise factors (environmental variation during 
the product’s usage, manufacturing variation, and 
component deterioration). In some cases, when there 
are repeated observations and there are errors due to 
process parameter uncertainties and noises, two 
models are estimated for the mean value and the 
variance of each quality characteristic. The process 
quality can be improved by increasing the 
repeatability of the performance characteristics 
through minimization of its variance while keeping its 
target value.    

In this paper models describing the dependencies 
of the gel fraction, y1 (%), the swelling degree, y2 
(%), the elastic modulus, y3 (Pa) and the viscous 
modulus, y4 (Pa) on the variation of the process 
parameters as: irradiation dose (kGy), concentration 
of CA (%), concentration of XG (%) and 
concentration of CMC (%) are estimated.  

1. Experimental  

Food grade xanthan gum (XG) sample 
(Jungbunzlauer, Austria) in powder form having 
molecular weight of Mw~1.6×106g/mol was used 
without further purifications. Concentrated aqueous 

solution of GO (6.2g/L) was purchased from 
Graphene Laboratory Inc., USA. Sodium 
carboxymethylcelullose (CMC) with molecular 
weight Mw = 2.5×105 g/mol,  acrylic acid (AA) 
anhydrous 99% with Mw=72.06 g/mol, N’N-
methylene-bis-acrylamide (MBA) 99% with Mw = 
154.17 g/mol and NaOH were purchased from 
Aldrich Co., respectively Sigma-Aldrich (USA). 

In order to prepare XG-CMC aqueous solutions, 
stock solutions of 5% XG and 2% CMC were used. 
Different volumes of these stock solutions were mixed 
and stirred at room temperature until complete 
homogenization resulting in XG-CMC aqueous 
solutions with different concentrations. The same 
concentration of graphene oxide (GO) was added to 
the final polymeric blends. In order to initiate the 
cross-linking reaction, different amounts of cross-
linking agent (CA) were added. 

The e-beam irradiation was performed using 
ALID-7, a 5.5 MeV linear electron accelerator owned 
by INFLPR-National Institute for Laser, Plasma and 
Radiation Physics (Magurele, Romania). Irradiation 
was carried out at an average beam current of 10 μA, 
pulse length of 3.75 μs and pulse repetition rate of 53 
Hz [6]. The dosimetry was performed using a graphite 
calorimeter (according to ISO/ASTM 51631:2013 [7]. 
The applied irradiation doses were up to 15 kGy at the 
same dose rate. 

Model estimation 

The robust engineering approach and response 
surface methodology are used for the estimation of 
prediction models for the variation of the investigated 
quality characteristics: the mean value and the 
variance of the gel fraction, y1 (%), the swelling 
degree, y2 (%), the elastic modulus, y3 (Pa) and the 
viscous modulus, y4 (Pa), depending on the variation 
of the process parameters: irradiation dose (x1), 
concentration of CA (x2), concentration of XG (x3) 
and concentration of CMC (x4). They are presented in 
Table 1, together with the square of the multiple 
correlation coefficients (R2) and the square of the 
adjusted multiple correlation coefficients (R2

adj). 
The values of both coefficients are high (close to 1 

or 100%) and consequently the estimated models for 
the gel fraction; the swelling degree, the elastic 
modulus and the viscous modulus can be considered 
as good enough for prediction and parameter 
optimization. 

Fig. 1 shows the experiment contour plots of the 
variance of the gel fraction (��

�) depending on the EB 
irradiation dose (x1) and concentration of the 
crosslink agent (CA) (x2).  
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Table 1 
Regression models for the quality characteristics and the 

dispersion of the product  

 Models R2 R2
adj 

1

~
y  

59.939 – 8.959x1 + 10.678x2 + 
9.149x3 + 1.074x1

2 – 0.900x1x2 
– 7.098x1x4 

0.9992 0.9980 

ln	(��
�) 

1.3625397 + 1.3014971x2 -
1.6940564x1

2 + 
0.45154512x1x2 

0.7656 0.6651 

��2 

3948.5881+651.47997x1-
2240.114x4

2-1297.1441x1x2-
322.26061x1x3 

0.9104 0.8507 

��3 

802.38997-93.218139x1 + 
40.437702x2 + 255.33628x3 -

157.34779x1x4 
0.8951 0.8251 

��4 

164.55436-4.7947041x2-
22.198708x4+13.766544x1x3-

5.8143704x1x2
2+7.871501x1

2x4 
0.8462 0.6925 

 

Fig. 1. Contour plot of the variance of the gel fraction ��
�   

 
a)	���� 

 
b) ��2 

 
c) ��3 

 
d) ��4 

Fig. 2. Contour plots of the variation of a) gel fraction; b) 
swelling degree; c) elastic modulus and d) viscous modulus 

for constants: concentration of crosslinking agent  z2 = 
1.25 % and concentration of CMC z4 = 2.7 % 
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It can be seen that the dispersion has minimum 
when the concentration CA is under 1 % and 
irradiation dose is more than 12 kGy. 

In Fig. 2 the contour plots for the mean values of 
the gel fraction (

1

~
y ), the swelling degree (��2), the 

elastic modulus (��3) and the viscous modulus (��4) 
depending on the EB irradiation dose (x1) and XG 
concentration (x3) are presented.  Contour plots show 
that the gel fraction (Fig. 2a) and concentration of the 
crosslinking agent (Fig. 2c) has maximal value when 
the concentration of XG is high and the irradiation 
dose is lower. 

The highest viscous modulus (Fig. 2d) is obtained 
when the irradiation dose and the concentration of XG 
are minimum or at their maximum values. The highest 
swelling degree (Fig. 2b) will be obtained with the 
lowest concentration of XG and irradiation dose 
higher than 13 kGy. 

Conclusions 

Response Surface Methodology and robust 
engineering design approach were used for the 
investigation of preliminary experimental data related 
to the synthesis of composite biopolymer. Prediction 
models for the mean values of the gel fraction (%), the 
swelling degree (%), the elastic modulus G’ [Pa] and 
the viscous modulus G” [Pa] as well as the variance of 
the gel fraction (��

�) are estimated in dependence on 
the process parameters: EB irradiation dose, 
concentration of CA, concentration of XG and 
concentration of CMC.  

The obtained regression models can be used for 
future investigation and optimization of the e-beam 
synthesis of XGGOCMC hydrogels. 
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