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PREFACE 

THE FOURTEEN INTERNATIONAL CONFERENCE ON 

ELECTRON BEAM TECHNOLOGIES   

EBT 2022  

26 June – 1 July 2022, St. Konstantin & Elena, Estreya Hotels, Varna, Bulgaria 

Prof. Elena Koleva – Chairman of EBT 2022 

The 14-th EBT 2022 conference is one of a series, 

which was initiated in 1985 in Varna by Corr. 

Member of BAS, Prof. DSc. Georgi Mladenov. Since 

then, Varna has remained the venue for all 

subsequent meetings. 

Corr. Member of BAS, Prof. DSc. Georgi Mladenov 

1941 - 2020 

This triennial (now biennial) meeting brings 

together physicists, chemists, material and electronic 

engineers from universities, research institutions and 

industry who are involved in various studies and 

applications of electron beam equipment and 

technologies from different countries. 

The success of the thirteen events of this series 

clearly demonstrates that the scientist and engineers, 

working in the academia and research and 

development laboratories of industry continue to 

make contributions to technology development of 

community life, based on knowledge. The organized 

event shows a great scope of activities and the big 

potential of developed technologies to increase 

efficiency of industrial fabrication, to create new 

products and to improve the life standards. 

Electron beam technologies celebrate now 70 

years from the first machines and industrial 

technologies based of application of intense electron 

beams in vacuum. In the Proceedings of Conferences 

on EBT in Varna, organized during the last almost 40 

years it can be traced the history of ideas, the basic 

objectives in our field. Personal success of two-three 

generations researchers could be also seen. Together 

with the remarkable conventional topics as beam 

physics and generation, electron beam welding, 

electron beam melting and refining, electron beam 

evaporation and deposition of functional coatings and 

electron accelerator applications for modification of 

various materials, the flexibility of the conference 

topics according the subjects of interest of the 

participating organizations can be pointed by the 

presented new nanotechnology investigations, a 

group of sophisticated modern surface treatment 

methods, additive technologies, as well as the new 

topic - cyber-physical systems, intelligent industrial 

system control, data analytica, industrial IoT, cloud 

computing, digital tweens for electron beam and 

related technological processes. 



The 14-th EBT 2022 conference program includes 

43 presentations from above 130 authors from 17 

countries from 3 continents: Germany, Bulgaria, 

India, France, Belarus, Slovakia, Poland, United 

Kingdom, Japan, Latvia, Pakistan, Czech Republic, 

Algeria, China, Hungary, Russian Federation, 

Romania. 

As an Editor of this issue I hope that conference 

papers, published in this issue, will provide the 

readers of ,,Electrotechnica & Electronica E+E” a 

new portion of actual information concerning the 

science, application and the equipment of intense 

electron beams and plasma-based ion implantation. I 

hope, that the published papers will bring some ideas 

about new research and development. The interested 

readers are encouraged to consult also the given 

references within this journal issue, look to our 

previous proceeding issued in the scientific journal 

,,Electrotechnica & Electronica E+E” (5-6 2012, 5-6 

2014, 5-6 2016, 3-4, 5-6, 7-8, 9-10 2018), published 

on-line, or use the contact information for the authors 

and the conference (ebtconference.com). 

Enjoy the reading! 

Prof. Elena Koleva - Chairman of EBT 2022 



“Е+Е”, vol. 57, 3-4, 2022  31 

ELECTRON BEAM EQUIPMENT 

Development of an Electron beam probing device for beam 

analysis at the exit of a 90° Electron beam bending system for 
inside welding 

Peter J. Oving, Samuel De Sousa 

The quality of EBWelds, realized by a 90° deflected Electron Beam, depends on operator defined 

parameters of the welding equipment, like gun voltage and current, beam centering, focus current(s), 

bending magnet current, welding distance and speed. The analysis of the Ebeam at the weld seam 

position permits beam quality assurance and thereby to maintain constant weld results in time. The 

small distance between the beam exit and the weld seam position asks for a special analyzer concept 

without the use of beam deflection. Techmeta’s TechScan (Patented beam analyzer system using a 

rotating disc scanner) and Techmeta’s TechBend (Patented 90° beam deflection system) have been 
adapted and associated to generate an instantaneous and undisturbed image of the EBeam current 

density distribution at the weld seam position. The high scan speed permits the analysis of medium 

power EBeams with real weld parameters. The probing device has been used to define the parameter 

set for the inside welding of Niobium half cells at equator and iris position. This paper presents the 

probing device setup, the operating mode and experimental results. 

Keywords – EBeam analysis, Inside EB welding, 90° EB deflection, SCRF cavity 

Introduction 

Today nearly all superconductive radio frequency 

(SCRF) accelerator cavities are realized by Electron 

beam (EB) welding. The cavities need an excellent 

inside surface smoothness to produce optimal physical 

parameters, i.e., high gradient and high quality factor. 

The surface aspect at iris and equator welds are of 

special interest due to the high local electric and 

magnetic RF fields. A weld defect at Iris position can 

lead to field emission and at equator position to 

magnetic quench. Electron beam weld seams are more 

easily mastered at the electron beam entrance side and 

to obtain a smooth inside surface of these cavities, 

inside welding should be done whenever possible [1]. 

In standard EB welding equipment, the cavity 

welding process was simplified, considering mass 

production, and resulted in iris welds done partially by 

inside and outside welding to prevent burn through 

holes and equator welds done by outside welding. The 

smooth inside surface is realized using a slightly 

defocused beam together with beam vibration. 

Fig.1. Single cell 1.3 GHz Tesla type cavity. 

For quality assessment the traditional beam 

analyzers are used to give a precise image of the 

electron beam energy density distribution. But this 

gives information only of the slightly defocused beam 

and not of the final energy deposition by beam 

vibration. 

Techmeta developed the 90° deflection tool for 
inside EB welding. The tool permits the realization of 

equator and iris welds from the inside. The need for 

quality assessment asked for an analyzer system 
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capable to give the two dimensional beam energy 

density distribution at the equator as well as the iris 

weld seam position. The existing beam analyzer 

systems of interest, all use beam deflection but the 

small distance between the work piece and the 90° 
deflection inside weld tool leaves no space for a 

deflection coil necessary for the beam analysis. An 

alternative analyzer concept has been developed based 

on Techmeta’s rotating disc scanner to perform scans 
directly at the exit for the 90° deflection tool. 

Existing Beam analyzers 

The high-power density of EBeams generate a high 

heat load on the analyzer system. Most of the 

commercial analyzer systems use fast beam deflection 

over a slit, pinhole or multiple slits to generate a raster 

scan of the beam. The concept for these systems is a 

moving beam passing over a fixed pinhole or slit [2 - 

4]. The associated software calculates the two-

dimensional array representing the beam profile. This 

2D-array presents the energy density distribution of 

the used beam. But if the weld is done with beam 

vibration, the final energy input can only be obtained 

through extra calculus taking into account the 

vibration pattern. 

Techmeta developed TechScan, an analyzer system 

for EBeam control and Go/Nogo for production. The 

concept of this system is a fixed beam with moving 

pinholes [5]. In this setup, the stationary beam 

exposes a series of rotating pinholes and the through 

coming current is collected in a faraday cup. The 

signal is used by the associated software to calculate 

the two-dimensional array representing the beam 

profile. The analyzer tool presents two scan positions 

to perform an integrity check of the tool before and 

after the electron beam scan.  

Fig.2. TechScan rotating disc scanner. 

An auxiliary target is used for beam current ramp-

up and stabilization. The tool also uses beam 

deflection but only to position the beam on the 

auxiliary target. After beam stabilization the 

deflection is stopped to permit a scan of the pure beam 

as used for welding. After the scan, the beam is 

redirected by deflection to the target for beam current 

ramp-down. The scan and calculated beam profile, 

give the final energy input at the weld seam. 

TechBend – Electron beam Inside welding tool 

The 90° Electron beam bending tool [6] has been 

developed for the inside electron beam welding of 

parts with a very small entrance diameter (Compatible 

with the 1.3 GHz SCRF cavities). To assure 

reproducible weld results special attention has been 

given to beam formation and beam guidance 

throughout the complete tool to create a rotationally 

symmetrical beam at the entrance of the 90° deflection 
section. The beam line is completed by a special 

centering device located at the entrance of the 90° 
bending section. The whole beam follows precisely 

the reference trajectory from cathode to impact on the 

weld seam.  

Fig.3. Diagram of TechBend 90° bending tool. 

The tool has also the possibility to vary the exit 

angle from a horizontal plane to a vertical plane or 

any direction in between. This parameter controls the 

gravity influence on the molten weld pool and permits 

finetuning of the weld bead surface. 

Outcoming beam shape of 90° TechBend tool 
The bending tool of special design uses a dipole 

for 90° beam deflection associated with a multipole to 

prepare the beam at the entrance of the dipole. The 

bending dipole, as designed for the TechBend, 

transforms an incoming round beam in an oval shaped 

outcoming beam. The multipole placed before the 

dipole gives the possibility to counteract the action of 

the dipole but also to accentuate the oval shape or to 

inverse the oval shape of the outcoming beam. The 

association of these two electron optical elements 

gives the possibility to completely master the exiting 

beam for beam shape and density distribution. The 

combined result of focalization coil, multipole and 

dipole current generates a beam sensitive to work 

piece distance. 
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Weld seam parameter search 

To produce optimal weld seam results, it is 

necessary to determine the best suited beam energy 

density distribution. The extra beam parameter of the 

multipole current, makes the parameter search for 

optimal weld parameters, a still more time-consuming 

process. The high price of Niobium samples asks for 

an intelligent approach to minimize the number of 

sample welds. A straight forward approach, is to build 

a data base of possible beam density distribution by 

the use of an adequate beam analyzer system 

associated with a reduced number of sample welds. 

Modified TechScan and Modified TechBend 

To realize a precise and repeatable beam profile of 

a 90° deflected Ebeam it is necessary that the beam 
follows the design reference trajectory and stays at 

any time on this reference trajectory. The automatic 

centering device gives a fixed beam position at the 

exit of the bending tool. To assure a repeatable weld 

beam profile it is necessary to monitor the exiting 

beam at the desired weld seam position. The Iris seam 

is a few millimeters and the equator seam a few 

centimeters from the beam exit of the 90° deflection 
tool. 

One possible way for beam monitoring is the 

rotating wire sensor but this gives only partially beam 

density information. The rotating disc scanner is the 

only available tool to give a 2D array representing the 

beam profile of the stationary beam. 

The TechScan tool has been reduced in size by the 

suppression of the auxiliary target to permit scans at 

the iris position. The auxiliary target has been 

replaced by a mobile shutter at the entrance of the 

deflection tool. This cooled shutter system replaces 

the deflection on the auxiliary target and permits to 

master the exposition time of the analyzer system. 

Fig.4. Diagram of modified TechBend/TechScan setup. 

The shutter intercepts the beam during current 

ramp-up and beam stabilization. After beam 

stabilization the shutter is removed to expose the 

rotating disc scanner for the very short acquisition 

time of less than 50 msec. After the beam scan, the 

shutter returns in place for current ramp-down. A back 

scattered electron detector permits the optimal 

synchronization between both tools. 

The TechScan is positioned on a mobile support 

system. The position of which can be adapted radially 

from iris to equator position, angularly to follow the 

beam exit angle and axially to permit scans on both 

positions of the scanner system for the integrity check. 

Fig.5. Software output screen with beam shapes and 

parameters. 

The analysis software has been modified to extract 

the parameters associated with the bending tool. The 

concept of a symmetrical round beam has been 

replaced by the concept of an oval or elliptically 

shaped beam.  

Experimental Results 

The association of TechBend and Techscan has 

been used to prepare and analyze weld parameters for 

the inside welding of two halfcells and one short 

endpipe of a Niobium 1.3 GHz SCRF cavity. 

The aim for the iris weld seam was a narrow 

smooth fully penetrated weld and for the equator weld 

seam a large smooth fully penetrated weld. 

The welds should be realised without any 

projection on the inside surface to conform with the 

cavity realization specifications. 

Geometrical information 

The inside welds were realised on Niobium parts 

of 78 and 206 mm inside diameter. 

The material thickness at the weld seam was 

reduced from 3.0mm of the bulk of halfcells and 

endpipe to locally 2.0 mm thickness at the seam 

position. 
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Weld information 

The welds have been realised at a vacuum level of 

2×10-6 mbar. 

The exiting beam was oriented slightly downwards 

to take profit of the gravity influence on the molten 

weld pool. 

Equator: Beam power 3.15 kW 

Iris: Beam power 2.56 kW 

Weld speed for both welds 0.6 m/min 

Scan Results 

Fig.6. Scan screen of Equator beam parameters. 

The beam energy density distribution was 

distributed perpendicular to the weld seam for the 

high density part. The scan shows a concentration of 

beam power perpendicular to the weld seam, 

length/width ratio of 2 at 10% of 1.2 at 50% and of 

0.5 at 90% of the maximum density. 

Fig.7. Scan screen of Iris beam parameters. 

The beam energy density distribution was 

distributed parallel to the weld seam for the whole 

density distribution. The scan shows a concentration 

of beam power parallel to the weld seam, length/width 

ratio of 2 at 10%, 50% and 90% of the maximum 

density. 

Weld seam results 

The iris weld gives a smooth inside and outside 

surface of 4.6 mm inside and 3.7 mm outside width. 

The equator weld gives a smooth inside surface of 

5.7 mm width, the outside surface showed partially 

penetration. 

Discussion 

Both welds were realised from the inside with a 

fixed beam. 

The fully penetrated iris weld was realised with a 

density distribution aligned with the weld seam. The 

iris weld gave small outside projections and was fully 

penetrated. The inside weld seam showed a very 

smooth surface aspect including the overlap region at 

the end of the weld. 

The equator weld was realised with a density 

distribution more perpendicular to the weld seam. The 

inside equator weld seam was fully welded and 

showed a very smooth surface aspect including the 

overlap region. The outside equator weld seam on the 

halfcells, on the contrary, showed a nearly penetrated 

weld. Trial welds on a cylinder sample gave full 

penetration results. The difference can be explained 

by an underestimation of the halfcell thermal mass. 

The proximity of the 3 mm thick halfcell shell taking 

up part of the energy, there was a lack of energy to 

obtain full penetration.  

A small correction to the equator parameters 

producing a beam with a smaller transverse size and a 

little bit higher energy density will permit to give the 

fully penetration. 

Conclusion 

The association of the TechBend and TechScan 

tools give a simple and robust beam analyzer setup for 

quality assessment of inside EBeam welds. The beam 

scan being performed in any orientation and relative 

position, inside ebeam weld parameters scans can be 

performed in an easy setup. 

The analysis of the deflected EBeam at the desired 

weld positions of Iris and Equator, shows a large 

spectrum of possible energy density distributions and 

beam shapes. The analysis parameter set permits a 

new approach to weld parameter search. 

Remaining challenges are the realization of a 

complete database over the complete gun voltage and 

current range. 
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Design and Simulation of 400-kW Sheet Beam Optics and 

Magnetic Field for DC and RF Power Sources 

Atif Alvi, Munawar Iqbal, Faizan Elahi, Ghalib U. Islam 

We present the design, simulation and analysis of 400 kW sheet beam gun. The beam optics, beam 

envelop and the magnetic field of the gun is designed and then simulated in CST PS. 100% beam 

transmission is achieved at the target similar to the size of the electron source. A space charge beam 

current of 5 A is obtained at 80 kV of acceleration voltage. Deformation calculated by the thermal 

analysis at 3000 °C temperature of the cathode has no significant effect on the electrodes. Besides 
metallurgical applications, the beam perveance 0.22 µP at 80 kV is useable for RF power amplification 
in klystron technology for linear accelerators. 

Keywords – electron gun, magnetic field, thermal analysis. 

Introduction 

Sheet beam electron guns are promising candidates 

for the purpose of RF power amplification of klystron 

technology in colliders, accelerators, synchrotron, and 

nuclear applications for particle acceleration [1, 2]. 

Sheet beam electron guns used in klystrons reduce the 

space charge effects significantly due to flattening out 

of beam spatially, that allows an increase in beam 

current without significant increase in the beam current 

density, allowing for reduced cathode current densities 

and focusing field strengths. The low current density 

reduces the possibility of metal melting [3 - 5]. 

Operation of sheet beam guns at low voltage, 

minimizes the possibilities of electrical breakdown and 

can reduce the cost of accelerator [4, 6]. Further, sheet 

beam guns requires small focusing magnetic field and 

are highly interaction efficient [7]. The sheet beam 

lateral dimensions with 12:1 aspect ratio, permit high 

power to be attained with low current densities at the 

cathode. Therefore, beam current can be increased in 

sheet beams without increasing the beam current 

density. This is one of the advantages of sheet beam 

electron guns in klystrons over multiple beam 

structures [2].  

In this work, we have simulated a sheet beam 

electron gun in diode configuration using CST-PS. 

Beam optics analysis using electromagnetic focusing 

are performed at 80 kV of acceleration potentials. 

Moreover, thermal and structural analyses have been 

done at 3000 °C using CST-MPhysics module. The 

temperature distribution and deformation at whole 

assembly and on individual components have been 

calculated. The analysis shows the maximum stability 

of the gun at the desired temperature. 

Beam Optics and Magnetic Field Design 

We used a long cylindrical filament made of 

Tungsten of diameter 1 mm with length of 140 mm. 

Focusing electrode and anode made from Tantalum 

have rectangular geometries as shown in Fig. 1. 

Optimized geometrical and electrical parameters are 

listed in Table 1 below.  

Fig.1. Side view of the sheet beam gun. 

After extensive optimization and calculations, a gun 

with excellent simulation performance is obtained. To 

focus and guide the beam on the target, it is necessary 

to design and simulate appropriate electromagnet. For 

the proper design and optimization of electromagnet, 

we have to account for; the radial divergence of the 

magnetic field that affects the beam’s shape and size, 
self-magnetic field of the electron beam and space 

charge effects in the region between cathode to anode. 

The azimuthal correction has to be done to the field 

structure to generate beam that do not spiral. The ratio 

of radial to axial magnetic field components (Br/Bz), 
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acts as the figure of merit for good transmission of the 

beam. Its value should be around 2% to guarantee 99% 

beam transmission [2, 8]. By designing the magnetic 

coils using optimized parameters as given in Table 2, a 

uniform region of magnetic field of 160 Gauss is 

generated as shown in Fig. 2. 

Table 1 
Input geometrical and potential parameters 

Sr. 

# 
Input parameters Units 

Optimized 

values 

1 Cathode Length mm 140 

2 Cathode Diameter mm 1.0 

3 Cathode to focusing 

electrode edge distance 
mm 3.5 

4 Focusing electrode slit 

spacing 
mm 6.0 

5 Anode to focusing 

electrode edge distance 
mm 4.0 

6 Cathode to anode distance mm 8.0 

7 Anode slit spacing mm 7.50 

8 Cathode potential 

/Accelerating potential 
kV -80 

9 Focusing electrode 

potential 
kV -83.9 

10 Anode Potential V 0 

11 Work-site Potential V 0 

Table 2 
Input and output specifications of electromagnetic coils 

Sr. 

# 

Input parameters Units Optimized 

values 

1 Coil Internal Diameter mm 1000 

2 Coil External Diameter mm 1080 

3 Coil Width mm 180 

4 Distance Between the 

Two Coils 

mm 1300 

5 Coil Current A 19.0 

6 Coil Turns - 1500 

7 Magnetic Field near each 

coil 

Gauss 989 

8 Coils Magnetic Field at 

center 

Gauss 160 

9 Uniform Magnetic Field 

Region 

mm × 
mm 

265 × 186 

Fig. 2 (a) shows the designed electromagnet and 

Fig. 2 (b) shows the magnetic field variation. The field 

is uniform in the area of (265 × 186) mm2. 80 keV 

electron beam is generated by keeping the designed 

electron gun at the center of this field which bends and 

focuses the beam throughout in a uniform laminar flow 

at 180°. 

Fig.2. Electromagnet design and the simulated field. 

Beam Trajectory and Energy 

The simulated sheet beam trajectories at 80 kV are 

shown in Fig. 3. A rectangular beam of size (7 mm×134 
mm) is obtained on the work-site. As a result of the 

optimized azimuthal correction of the field structure, 

smooth beam trajectories without the beam spiral about 

the primary axis of the gun are obtained. 

Fig.3. Simulated electron beam trajectories with 80 keV 

beam energy. 

Electric Field/Surface Gradient 

Fig.4. Electric field variations at the focusing electrode. 

Lower cathode current density and surface gradient 

are important for the life of the gun and to avoid electric 

breakdown. The maximum current density of 0.06 

A/cm2 is observed at the edges of the cathode which 

reduces to 0.05 A/cm2 at the center. The analysis of 

electrostatic field on electrodes’ surfaces is crucial to 
avoid the electrostatic breakdown of the gun. There is 

a desire to minimize the electric field as long as the 
beam performance is not compromised. To avoid the 

edge enhanced field strength, flat focusing electrode is 

designed. Electric field intensity of 25.3 × 106 V/m, is 

observed at the focusing electrode as shown in the Fig. 

4.
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Results and discussions 

Beam Current and Perveance 

The beam perveance is one of the main figures of 

merit in the development of electron beam guns. It is 

the measure of the space charge forces which spread 

the beam in the radial direction in the phase space. The 

long cylindrical cathode produces a rectangular beam 

where the beam width is many times of its length. The 

beam focusing is uniform and transport is stable as long 

as the focusing strength exceeds the space charge 

forces that push the beam apart. The space charge of 

the beam is calculated by the beam perveance, which is 

current saturation and is defined, (P = I/V3/2). The low 

perveance, provides low space charge. With 5 A beam 

space charge current, the space charge forces are 

negligible. The perveance of the beam is 0.22 µP at 80 
kV of the sheet beam which is suitable for RF power 

amplification in klystron technology in linear 

accelerators. 

Beam Size and Beam Scalloping Parameter 

A sheet beam of uniform density is generated at 80 

kV of acceleration potential, the simulated beam profile 

at the target is shown in Fig. 5. The profile shows the 

sheet beam with dimensions (7 mm×134 mm). The 
normalized emittance and the beam current density of 

the beam are 18 π-mm-mR and 1.609 A/cm2, 

respectively. 180° focusing of the beam allows to avoid 
the cathode from contamination and ion bombardment 

of the back-streaming electrons. The ripple rate of the 

beam is less than 5% which shows the laminarity and 

good focusabilty of the beam during transmission. 

Fig.5. Simulated sheet beam profile at the target. 

Thermal Analysis of the Assembly 

Temperature Analysis 

Operation of electron gun under high temperature 

can result in geometrical changes, which in turn effects 

the beam stability and output parameters [9, 10]. 

Therefore, it is important to analyse the gun’s operation 
under high temperature conditions. It is necessary to 

perform thermal and then structural analyses of the gun 

structure to analyse its operation for long duty cycles 

under high temperature to avoid any thermal run-out. 

For the current geometry of sheet beam a three-

dimensional finite elemental analysis is performed 

using CST M Physics. A 3D view of the complete gun 

with temperature distribution is shown in Fig. 6. 

Fig.6. Temperature distribution on complete gun assembly. 

Fig.7. Temperature distribution on (a) SS casing, (b) 

Focusing electrodes, (c) Anode, (d) Alumina insulators. 

The source is set under a thermal load of 3000 °C to 
evaluate temperature distribution, thermal strain, and 

stress at various components of the gun. We calculated 

the maximum thermal strain of 0.013 at the focusing 

electrodes. Focusing electrode is at 1030 °C 
temperature.  Anode electrodes (at 310 °C) correspond 
to a negligible thermal strain of 0.007. The temperature 

on Mo-blocks and clamp on the face side of focusing 

electrodes is the same due to conduction and internal 

heat generation from the filament. An Alumina 

insulator is used between clamps and Mo-block, which 

bear strain of 0.01 at temperature 810 °C. The inner 
layer between Mo-blocks and tight clamps acts as heat 

absorber and is responsible for the decrease in 

temperature gradient. The temperature variations at 
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different components of the gun are shown in Fig. 7. 

Structural analysis of the assembly 

Structural analysis is used to estimate the structural 

deformation of the electrodes due to thermal expansion 

in axial as well as radial directions [11]. The thermal 

analysis becomes more important under critical 

geometry, when the gun has a long filament without 
any support except at the ends. Any geometrical 

change, as a result of structural deformation due to 

temperature, reflects on the beam cross section [10]. 

High temperature (3000 °C) and internal heat capacity 
cause the maximum deformation of 1.24 mm on the 

whole gun assembly. A specially designed spring 

assembly allows the expansion of cathode along its 

length that reduces the deformation significantly at the 

cathode. The deformation on the whole gun assembly 

is shown in Fig. 8, and the maximum deformation at 

various components (not shown) are given in Table 3. 

Fig.8. Deformation on whole gun assembly. 

Thermal and structural analyses of the gun under 

steady state condition are summarized in Table 3.  

Table 3 
Thermal and structural analyses of the gun 

Electrode Temp. 

(°C) 
Stress 

(MPa) 

Strain Deformation 

(mm) 

Complete 

Gun 

3000 4.77 0.018 1.24 

Cathode 3000 2.24 0.013 0.40 

Focusing 

Electrode 

(FE) 

1030 0.14 0.013 0.60 

Anode 310 0.10 0.007 0.10 

Casing 450 0.40 0.011 0.01 

HV 

insulators 

810 1.13 0.010 0.24 

Conclusion 

The space charge forces are minimized with the 

control over perveance as a result a desired radius of 

the beam can be obtained at the desired target. A two-

scenario keeping the same geometry of the gun with 

different magnetic field is worked out. The first 

scenario is used with 10 keV beam energy 5A with 

perveance of 5 µP of the gun. This is high perveance 
which is useable for refractory material processing. The 

second scenario is used with 80 keV beam energy 5A 

beam current with perveance of 0.22 µP. This gun is a 

potential applicant for the use in the klystron for 

microwave amplification for linear accelerator in the 

field of high energy physics experiments. The main 

feature of the sheet beam klystron is that the beam 

current may be increased beyond the round beam value 

without increasing the beam perveance and lowering 

the efficiency. Thus, the wider the beam, the more 

output power may be obtained. Further, the space 

charge forces are negligible due to the high aspect ratio 

of the beam. Beam focusing is uniform and transport is 

stable. The ripple rate of the beam is also less than 2% 

which shows the laminarity and good focusabilty of the 

beam during transmission. The first application is the 

evaporation of refractory metals for coating in the field 

of nanotechnology and also expected to be used in 

klystrons for advanced particle accelerators and 

colliders.  
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PLASMA-BASED ION IMPLANTATION 

Effect of the conductivity of the petri dish placed on the electrode 

on the surface layer of the spores in the PBII method 

Koji KAKUGAWA, Shoya UMEMOTO, Takumi NODA, Kenta NOSAKI, 

Takeshi TANAKA and Katia VUTOVA 

Plasma-based ion implantation (PBII) method is a technique that allows uniform ion implantation 

to a sample by applying a negative voltage to the model to draw and accelerate ions in the ion sheath 

existing around the piece. We are researching to apply the PBII method as a new pasteurization 

technology. This study investigated how the different conductivity of Petri dishes used for sample 

processing affects the cell surface layer of Geobacillus stearothermophilus spores. The PBII treatment 

conditions were as follows: gas pressure: 5 Pa, treatment time: 10 min, gas type: nitrogen, applied 

voltage: -3 kV to -5 kV, RF: 60 VA, petri dish material: glass or stainless steel. After PBII treatment, 

the spore surface was observed using a scanning electron microscope. When spores were observed by 

scanning electron microscopy, it was found that the spore surface condition was different between the 

glass petri dish and the stainless steel petri dish. The sterilization effectiveness and ion density 

calculations at -3 kV showed significantly higher with the stainless steel petri dish. On the other hand, 

when the applied voltage was -5 kV, they were no longer quite different. It is suggested that this 

difference is due to differences in conductivity resulting from the material of the petri dish. Therefore, 

it was found that it is better to use a Petri dish having good conductivity to improve the sterilization 

effect using a lower applied voltage condition. 

Keywords – Geobacillus stearothermophilus, non-thermal sterilization, Plasma-based ion 

implantation, Thermotolerant spore. 

Introduction 

Modern food production requires processing that is 

safe, free of chemical contamination, and with minimal 

loss of palatability and functionality. From the 

standpoint of safety, the alteration of food by 

microorganisms is a significant problem. Heat 

sterilization is generally used to prevent food spoilage 

caused by microorganisms. However, among 

microorganisms, spore bacteria are known to be 

challenging to sterilize because they produce spores 

with high heat resistance. When contamination with 

spores is suspected, pressurized thermal sterilization is 

used. However, pressure heat treatment may damage 

the quality of food products. In addition, since 

pressurized heat treatment is a wet process, spices and 

other ingredients are difficult to sterilize, even though 

they are often contaminated with spores.  

For this reason, non-heat sterilization techniques 

have been attracting attention, and various new 

sterilization technologies have been developed. One 

example is ultrahigh-pressure, electrolytic, and plasma 

treatment [1 - 3]. As for the plasma treatment we focus 

on, the medical field has practiced plasma sterilization 

equipment using hydrogen peroxide. However, it is 

known that there are two problems: higher running 

costs due to the high cost of purchasing hydrogen 

peroxide and exposure of medical personnel to 

hydrogen peroxide, which is harmful to humans. 

The plasma-based ion implantation (PBII) method 

is a technique that can uniformly implant ions into a 

sample by applying a negative voltage to the sample in 

plasma to draw out and accelerate the ions in the 

plasma around the sample. The PBII method is used for 

surface modification of three-dimensional shaped 

materials such as engineering components in the 

automotive and precision machinery industries and 

medical materials such as artificial bones and blood 

vessels [4 - 6]. Currently, we are researching to develop 
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the PBII method as a technology capable of low-

temperature, short-time sterilization [7]. The PBII 

method does not require water during the sterilization 

process. Therefore, it has the potential to be used for 

the sterilization of powdered foods such as spices, 

which are difficult to sterilize using conventional 

sterilization methods. 

We have been trying to sterilize Geobacillus 

stearothermophilus, which is known as a heat-resistant 

spore-generating bacterium and a sterilization indicator 

bacterium for plasma sterilization treatment, using the 

PBII method [8, 9]. Although 6D sterilization effects 

have been obtained in previous studies, the RF output, 

Etc., is too strong for developing practical machines for 

food sterilization. 

For this reason, it is necessary to find conditions that 

allow sterilization at a lower output than before without 

affecting the food material. Therefore, this study 

closely examined the conditions under which damage 

can be done to the spores. 

Materials and Methods 

A schematic diagram of the PBII experimental 

apparatus used in our study is shown in Fig. 1. 

Fig.1. 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 240 kHz.  

The sample was placed on a stainless-steel electrode 

supported by an insulated stainless-steel rod at the 

center of the vacuum chamber.  

Spores of G. stearothermophilus NBRC12550 were 

used as the test specimens. In the Nutrient Agar 

medium, G. stearothermophilus vegetative cells were 

cultured at 55 °C for 48 hours. The cells were then 
inoculated into TYEA medium for spore formation and 

incubated at 55 °C for 10 days [10]. After confirming 

spore formation under a microscope, the 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. In phosphate buffer, heated 

spores were washed three times by centrifugation 

(room temperature for 1 min at 12000 rpm). 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. After 

adding 300 μL of phosphate buffer to 100 μL of the 
adjusted spore suspension, the mixture was firmly 

suspended using a vortex. The suspension was spread 

uniformly on a stainless steel plate (SUS304, φ 60 mm) 
or glass plate (soda-lime-silica glass, φ 60 mm) and 
dried up using a desiccator for 90 minutes. The treated 

plate was placed into the chamber. The target chamber 

was evacuated to a base pressure of 20 Pa, and nitrogen 

gas was injected to a pressure of 200 Pa. This procedure 

was repeated three times. Finally, gas pressure during 

plasma generation was maintained at 5 Pa. A summary 

of the experimental sterilization conditions is shown in 

Table 1. 

Table 1 

Experimental conditions for sterilization by PBII 

Items Value 

Process Gas N2 

Gas Pressure 5 Pa 

RF Power 48 VA 

Frequency 500Hz 

Pulse width 10 µs 

Delay time 50 µs 

Exposure time 10 min 

Pulse voltage (peak) -3, -4, -5 kV 

After exposure to plasma and ion bombardment, 

100 µL of phosphate buffer was added to the treated 
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. 100 

µL of each diluted spore solution was spread onto an 
agar plate and incubated in conditions conducive to 

spore germination. Colony-forming units were counted 

to determine the number of surviving spores. All data 

are expressed as the average ± standard deviation of 
triplet analyzes. 
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(a) Applied voltage: -3kV (b) Applied voltage: -4kV (c) Applied voltage: -5kV 

(d) Applied voltage: -3kV (e) Applied voltage: -4kv (f)Applied voltage : -5kV 

Fig.2. SEM photomicrographs of PBII-treated spores of G. stearothermophilus (a) – (c): Spores fixed on grass petri dish, 

(d)-(f): Spore fixed on stainless petri dish. 

For electron microscopic observation of the spores, 

the samples were freeze-dried and sputtered with gold 

in a sputter coater (JFC-1600, JEOL, Japan).    The 

sputtered samples were observed using Scanning 

electron microscopy (JSM-5610, JEOL, Japan). 

The ion density was calculated based on the 

following formula[11]. 

(1) 

ni: ion density (m-3), e: electron charge (C) 

R1: ion sheath resistance (Ω), A: target area (m2) 

M: ion species mass (kg) 

Vp: target applied voltage (kV) 

Results 

We investigated the material of the petri dish for 

spore fixation, which is thought to affect the 

sterilization effect when sterilizing using the PBII 

method.  

PBII treatment was performed on G. 

stearothermophilus spores under the conditions shown 

in Table 1. In this experiment, the applied voltage 

varied from -3kV, -4kV, and -5kV. The results of 

electron microscopy observation of treated spores are 

shown in Fig. 2. 

As shown in Fig. 2(a) – (c), when a glass plate is 

used, the surface of the spores seems to be scraped off 

with each high voltage applied. On the other hand, 

when a stainless steel plate is used, it is considered that 

the time for which the high voltage is applied is longer, 

and the ion energy is increased compared to the case 

where the glass plate is used. Therefore, as shown in 

Fig. 2(d) – (f), besides the surface of the spores being 

scraped, there are holes in them. And as the applied 

voltage increases, the spores' damage appears to 

increase. 

Next, the sterilization rate of spores was measured. 

The results are shown in Fig. 3. 

As shown in Fig. 3, at the applied voltage of -3 kV, 

the sterilization effect is higher with stainless steel Petri 

dishes than with glass Petri dishes, but at -5 kV, there 

is no difference. This result may be because the use of 

stainless steel created holes in the surface of the spores, 

which caused leakage of the contents and facilitated 

their death. On the other hand, when a glass petri dish 

𝑛𝑖 = 1𝑒𝑅1𝐴√𝑚𝑉𝑝2𝑒
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was used, the surface of the spores was scraped, but the 

surface was not scraped enough to kill them.  

Fig.3. Influence of the material of petri dish on the 

sterilization effect. 

For the -5 kV treatment, when glass Petri dishes were 

used, the degree of surface abrasion was more 

significant, and the number of dead spores was thought 

to have increased all at once. It is considered stainless 

steel to have a longer acceleration time and higher 

energy of ions than glass. Therefore, it is thought that 

stainless steel may cause holes in the material. 

Finally, to verify the above discussion, the ion 

density was calculated. The results are shown in Fig. 4. 

Fig.4. Relationship between petri dish material and ion 

density. 

As shown in Fig. 4, the ion density is lower in glass 

up to -3 kV and becomes comparable at -5 kV. This 

result can be attributed to the fact that glass is dielectric. 

At an applied voltage of -3 kV, the dielectric reduces 

the voltage applied to the sample surface. When the 

applied voltage is increased, the charge-up due to 

secondary electron emission cannot be suppressed by 

the current through the glass substrate, and the voltage 

applied to the gas phase is reduced compared to 

stainless steel. However, it is suggested that increasing 

the voltage to -5 kV increases the plasma density in the 

gas phase, increasing ions irradiating the dielectric 

surface, which increases conductivity and, 

consequently, decreases the resistivity of the 

derivative. Therefore, it is suggested that the ion 

density values are about the same for stainless steel and 

glass and that the sterilization effect is also about the 

same. In conclusion, when the applied voltage is 

increased, there seems to be no significant difference 

between glass and metal as the material of the petri dish 

used for sample fixation.  

We are considering using the PBII system as a food 

sterilization device, and we would like to use as low an 

applied voltage as possible for future food sterilization. 

Therefore, when using PBII treatment for foods, it 

would be desirable to use a sample dish made of metal 

such as stainless that has a high sterilization effect even 

at low voltage because charge-up is unlikely to occur. 

Conclusion 

When using the PBII method for sterilization, we 

examined the material of the stage for fixing samples, 

which is thought to affect the sterilization effect. The 

damage to the surface of G. stearothermophilus spores 

was different when stainless steel Petri dishes were 

used than when glass Petri dishes were used. When 

glass Petri dishes were used, the entire surface of the 

spores appeared to be scraped. On the other hand, when 

a stainless steel petri dish was used, the surface of the 

spores appeared to be perforated. At -3 kV, the 

sterilization effect of the stainless steel petri dish was 

better than that of the glass petri dish. However, when 

the applied voltage was increased to -5 kV, there was 

no significant difference in the sterilization effect. To 

investigate the cause of this phenomenon, we 

calculated the ion density. When the applied voltage 

was -3 kV, the ion density of glass was lower than that 

of stainless steel. However, there was no difference 

when the applied voltage was increased to -5 kV. This 

phenomenon is suggested to be caused by the fact that 

stainless steel can easily apply voltage to the gas phase 

at lower voltages. These are thought to be due to the 

difference in conductivity between glass and stainless 

steel. Therefore, it was found that in the PBII treatment, 

if the applied voltage is increased, it is possible to 

sterilize the spores regardless of the material to which 

the sample is fixed. It was also found that when 
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treatment is performed at lower voltages, it is better to 

use metallic materials such as stainless steel for sample 

fixation. 
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The sterilization effect of plasma-based ion implantation 

on prokaryotic microorganisms 

Shoya Umemoto, Koji Kakugawa, Kenta Nosaki, Takumi Noda  

Takeshi Tanaka and Katia Vutova 

 

The Plasma-based ion implantation (PBII) method is capable of low-temperature and short-time 

sterilization. In this study, we investigated the sterilization effect of PBII treatment on Gram-positive 

and Gram-negative bacteria's vegetative cells. First, we examined the cell surface of Escherichia coli 

to clarify the effect of the different gas types on PBII. As a result of morphological change observed by 

scanning electron microscope, the surface of the cell on E. coli scraped and had many holes under the 

following conditions: O₂ atmosphere, 500 Hz frequency, 50 µs delay time,10 µs pulse width, −4 kV pulse 
voltage, 48 VA RF power, and a 10 min exposure time. It clarified that oxygen gas highly damaged 

vegetative cells more than the nitrogen gas treatment and the untreated. Second, we investigated PBII 

treatment's effect on Gram-positive and Gram-negative bacteria. The sterilization effect of E. coli and 

Staphylococcus aureus were obtained 6.1 D and 6.9 D, respectively, under the O₂ atmosphere and −4 

kV pulse voltage. Regardless of the differences in the cell wall structure, oxygen gas was able to sterilize 

prokaryotic vegetative cells effectively. 

Keywords – Escherichia coli, morphological change, Plasma-based ion implantation, 

Staphylococcus aureus, sterilization. 

 

Introduction 

In recent years, consumer demand for food safety 

and security has increased. Therefore, high-quality 

sterilization treatment is required.  

The purpose of sterilizing food is to kill the 

microorganisms that cause food poisoning. Currently, 

food sterilization methods are classified into thermal 

sterilization and non-thermal sterilization. Generally, 

foods are sterilized by heat sterilization, such as boiling 

and retort sterilization. Although heat sterilization can 

kill microorganisms that cause food poisoning, 

excessive heating degrades the quality of food products. 

On the other hand, non-thermal sterilization methods 

could sterilize without degrading food product quality. 

Therefore, in recent years, non-heat sterilization 

techniques have attracted much attention. We are 

focused on the plasma-based ion implantation (PBII) 

method. The PBII method has three characteristics: 

low-temperature, short-time sterilization, and three-

dimensional sample such as medical equipment, 

content, and food products [2 - 4].  

The PBII method could be a viable alternative to 

conventional heat sterilization. Therefore, we are 

conducting research on developing a new sterilizing 

apparatus.  

Among microorganisms, bacteria are classified into 

Gram-positive and Gram-negative bacteria based on 

differences in the cell wall structure. The characteristic 

of Gram-positive bacteria is covered with a thick 

peptidoglycan layer. On the other hand, the 

characteristic of Gram-negative bacteria has an outer 

membrane outside the thin peptidoglycan layer [5]. 

Our group previously reported that PBII treatment 

reduces Geobacillus stearothermophilus spore from 

107 to 101 CFU/mL. In other words, the 6D sterilization 

effect was achieved with G. stearothermophilus spore 

under the following conditions O2 atmosphere, 1 kHz 

frequency, 50 µs delay time, 10 µs pulse width, −12 kV 

pulse voltage, 240 VA RF power, and a 10 min 

exposure time [6]. 

Although we obtained this efficient sterilization 

effect, the sterilization condition was excessive. 

Therefore, we decided to consider the lower 

sterilization conditions (e.g., RF power and applied 

voltage).  

We are trying to sterilize G. stearothermophilus 

spores to examine the differences in Petri dishes 

material (Glass or Stainless steel). As the result of 

observing the spore surfaces by scanning electron 

microscopy, the spores were damaged by using 

Stainless steel Petri dish under the following condition: 
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N₂ atmosphere, 500 Hz frequency, 50 µs delay time, 10 

µs pulse width, −3 kV pulse voltage, 48 VA RF power, 

and a 10 min exposure time. Under the same conditions, 

higher ion density was obtained than the glass Petri dish.  

This study investigated the effect of different gases 

used on PBII treatment. Furthermore, the study was 

conducted to determine whether differences in cell wall 

structure affect the efficiency of PBII treatment. 

Materials and Methods 

Prokaryotic microorganisms of E. coli NBRC3972, 

Gram-Negative, and S. aureus NBRC13276, Gram-

positive, were used as the test specimens. E. coli were 

grown on LB agar medium at 37 °C for 24 h.  S. 

aureus were grown on Trypticase Soy Agar medium 

at 37 °C for 24 h.  

Cultured bacteria were harvested by adding a small 

amount of phosphate buffer (pH 7.2). The bacteria 

concentration was determined and then diluted to 108 

CFU/mL with phosphate buffer.  

 

 
 

Fig.1. Schematic diagram of the experimental apparatus. 

Fig. 1 shows a schematic diagram of the PBII 

apparatus. The chamber is electrically grounded and is 

450 mm in 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 is a 5-turn copper coil, approximately 250 mm 

in diameter and operating at 240 kHz.  

The sample was placed on a stainless-steel electrode 

supported by an insulated stainless-steel rod at the 

center of the vacuum chamber.  

First, the SEM sample was prepared to observe the 

morphological change of E. coli. 15 µL of bacteria 
suspension was applied to the specimen stage, which 

was then placed on sterile stainless steel Petri dish. 

These samples were inserted into the chamber. 

This procedure was repeated three times. Finally, 

gas pressure during plasma generation was maintained 

at 5 Pa. A summary of the experimental sterilization 

conditions is shown in Table 1. 

After exposure to plasma and ion bombardment, 1 

mL of phosphate buffer was added to the plasma-

treated stainless steel Petri dish. After removal by 

pipetting, the suspension was added to a sterile 

microtube, and a dilution series was produced with 

more phosphate buffer. 100 µL of each diluted solution 
was spread onto an agar plate and incubated. Colony-

forming units were counted to determine the number of 

surviving cells. All data were obtained by triplet 

analyses, which were expressed as the average ± 
standard deviation.  

As a preprocessing, treated and untreated SEM 

samples were covered by a thin conductive gold layer 

using an ion sputtering apparatus (JEOL JFC-1600). 

Afterward, the treated and untreated samples were 

analyzed by scanning electron microscope (JEOL JSM-

5610). 

 

 

 
Table 1 

 Experimental conditions for sterilization by PBII. 

Items Case 1 Case 2 Case3 Case4 

Microorganisms  E. coli E. coli E. coli S. aureus 

Supplied Gas N2 O2 O2 O2 

Gas pressure [Pa] 5 5 5 5 

Frequency [Hz] 500 500 500 500 

Delay time [µs] 50 50 50 50 

Pulse width [µs] 10 10 10 10 

Pulse voltage (peak) [kV]  −2 ~ −4 −2 ~ −4 −2 ~ −4 −2 ~ −4 

RF power [VA] 48 48 48 48 

Exposure time [min] 10 10 10 10 
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Results and Discussion 

Escherichia coli, a gram-negative bacteria, is one of 

the indigenous bacteria in the intestine, and it is no 

exaggeration to say that it is the most famous bacteria. 

[5]. We considered using E. coli to clarify the 

characteristics of PBII treatment with oxygen or 

nitrogen gas.  

 

 
 Fig.2. SEM image of E. coli untreated sample 

(magnification ×15 000).  

We carried out an experiment using Case 1 and Case 

2 conditions (Table 1) to examine the effect of different 

gas such as nitrogen or oxygen gas by SEM. 

 

 

 

First, the effect of nitrogen gas was investigated 

under Case 1 conditions. Fig. 2 shows an image of 

untreated E. coli. In the results of Fig. 3, it was 

confirmed that the cell surface of E. coli treated with 

nitrogen gas under the condition of −4 kV was scraped, 

unlike the untreated E. coli. 

Next, the effect of oxygen gas was investigated 

under Case 2 conditions. The results of Fig. 4 

confirmed that the cell surface of E. coli after oxygen 

gas plasma treatment was significantly scaraped and 

had many holes at the maximum voltage of −4 kV, 

unlike the untreated E. coli. Moreover, it was 

confirmed that the oxygen gas plasma treatment gave 

more damage to the cell surface than the nitrogen gas 

of −4 kV.  
Oxygen gas has various active species such as O- 

and O・in plasma, and particularly it is known that 

active oxygen ROS (Radical oxygen species) has a 

sterilization effect [7]. On the other hand, nitrogen gas 

is an inert gas, which has proved to be more difficult to 

ionize (e.g., N⁺, N) than oxygen gas [6]. In summary, 

the effects of chemical etching were expected by using 

oxygen gas, and physical etching was expected by 

using nitrogen gas. 

Therefore, this result suggests that oxygen radicals 

in the plasma resulted in chemical etching of the cell 

surface [7]. 

 

   
Applied voltage -2kV Applied voltage -3kV Applied voltage -4kV 

Fig.3. SEM image of E. coli treated by nitrogen gas plasma (magnification ×15 000). 

   

Applied voltage -2kV Applied voltage -3kV Applied voltage -4kV 

Fig.4. SEM image of E. coli treated by oxygen gas plasma (magnification ×15 000). 
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The sterilization effect of PBII treatment on E. coli 

under Case 3 conditions is shown in Fig. 5. Under the 

condition of −4 kV, the number of surviving E. coli 

decreased from 108 to 10² CFU/mL. In other words, the 

sterilization effect of 6.1 D could be obtained. 

 
Fig.5. Effect of pulse voltage on the number of E. coli 

survivors treated by oxygen gas plasma. 

Finally, the sterilization effect of PBII treatment on 

S. aureus under Case 4 conditions is shown in Fig. 6.   

As a result, the number of surviving S. aureus was 

reduced from 108 to 101 under −4 kV conditions. In 

other words, the sterilization effect of 6.9 D was 

achieved. 

The cell wall of Gram-positive bacteria is covered 

with a thick peptidoglycan layer. And Gram-negative 

bacteria have an outer membrane outside the thin 

peptidoglycan layer [5]. Therefore, Gram-positive 

bacteria that do not have an outer membrane may be 

more easily sterilized by PBII treatment. 

In summary, it was revealed that oxygen gas treatment 

causes excellent damage to E. coli cells. In addition, as 

a result of PBII treatment using oxygen gas, E. coli and 

S. aureus were able to obtain 6.1 D and 6.9 D 

sterilization effects, respectively, regardless of the 

differences in the cell wall structures under the 

following conditions: O2 atmosphere, 500 Hz 

frequency, 50 µs delay time, 10 µs pulse width, −4 kV 
pulse voltage, 48 VA RF power, and a 10 min exposure 

time. 

 
Fig.6. Effect of pulse voltage on the number of S. aureus 

survivors treated by oxygen gas plasma. 

Conclusions 

The cell damage and sterilization effects of PBII 

treatment on bacteria were investigated.  

E. coli was treated with nitrogen gas or oxygen gas 

plasma. As a result, in the oxygen gas plasma 

treatment, it was confirmed that the cell surface of E. 

coli was significantly damaged, unlike the untreated 

cells and those treated with nitrogen gas. It was inferred 

that these results were due to chemical etching with 

active oxygen in the oxygen gas plasma. 

Next, we investigated whether the PBII treatment 

was affected by the thickness of the peptidoglycan 

layer and the presence of an outer membrane. As a 

result, the sterilization effect of 6.1 D for E. coli, Gram-

negative, and 6.9 D for S. aureus, Gram-positive, was 

obtained under the following conditions: O₂ 
atmosphere, 500 Hz frequency, 50 µs delay time, 10 µs 
pulse width, −4 kV pulse voltage, 48 VA RF power, 
and a 10 min exposure time. There was no significant 

difference in sterilization efficiency between E. coli 

and S. aureus, indicating that the PBII method is an 

effective sterilization method regardless of the cell wall 

structure of bacteria. 
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