i HAKONE XVi

I SEP 2-7, 2018, TSINGHUA UNIVERSITY, BEUJING, CHINA

16th International Symposium on High
Pressure Low Temperature
Plasma Chemistry

Conference program



16" HIGH PRESSURE LOW TEMPERATURE SEPTEMBER 2-7, 2018
PLASMA CHEMISTRY SYMPOSIUM TSINGHUA, BENING, CHINA

Organizers

TSINGHUA UNIVERSITY, BEIJING, CHINA

® Department of Energy and Power Engineering;

http://www.te.tsinghua.edu.cn/publish/teen/index.html

® Department of Engineering Physics;

http://www.engineeringphysics.tsinghua.edu.cn/

Contact

Room 201, Local Organizing Committee
Department of Energy and Power Engineering
Tsinghua University

Beijing, China, 100084

Email: hakone@tsinghua.edu.cn

Web

http://hakone.csp.escience.cn
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Location: Tsinghua University

Tsinghua University was established in 1911, originally under the name “Tsinghua Xuetang”. The school
was renamed "Tsinghua School" in 1912. The university section was founded in 1925. The name “National

Tsinghua University” was adopted in 1928.

The faculty greatly valued the interaction between Chinese and Western cultures, the sciences and humanities,
the ancient and modern. Since China opened up to the world in 1978, Tsinghua University has developed at
a breathtaking pace into a comprehensive research university. At present, the university has 14 schools and
56 departments with faculties in science, engineering, humanities, law, medicine, history, philosophy,
economics, management, education and art. The University has now over 25,900 students, including 13,100
undergraduates and 12,800 graduate students. As one of China’s most renowned universities, Tsinghua has

become an important institution for fostering talent and scientific research.
The educational philosophy of Tsinghua is to "train students with integrity." Among over 120,000 students
who have graduated from Tsinghua since its founding are many outstanding scholars, eminent entrepreneurs

and great statesmen remembered and respected by their fellow Chinese citizens.

With the motto of “Self-Discipline and Social Commitment” and the spirit of “Actions Speak Louder than

Words”, Tsinghua University is dedicated to the well-being of Chinese society and to world development.
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General information

High Pressure Low Temperature Plasma Chemistry Symposium (HAKONE) is a
biennial international symposium, which brings together scientists and engineers from
both of academic and industrial sphere working on subjects in the basic research and
plasma processing of high pressure and low temperature plasma chemistry. The
symposium provides for participants the opportunity to present the progress in their
work and to discuss related problems of current interest in theory, experiment and
applications in various areas. Moreover, HAKONE provides a forum for sharing
knowledge, experience and creative ideas in a friendly atmosphere.

The series of High Pressure Low Temperature Plasma Chemistry Symposiums was
initiated in Hakone (Japan, 1987). The next meetings were held in Kazimierz Dolny
(Poland, 1989), Strasbourg (France, 1991), Bratislava (Slovakia, 1993), Milovy (Czech
Republic, 1996), Cork (Ireland, 1998), Greifswald (Germany, 2000), Pthaj&ve
(Estonia, 2002), Padova (Italy, 2004), Saga (Japan, 2006), Olé&on Island (France,
2008), Trencianske Teplice (Slovakia, 2010), Kazimierz Dolny (Poland, 2012) ,
Zinnowitz (Germany, 2014) and Brno (Czech Republic, 2016).

Topics

Fundamental problems of high pressure discharges
Modelling and diagnostics

Molecular synthesis and decomposition

Ozone generation and applications

Generation of radiation in high pressure discharges

Depollution and environmental applications

Surface processing and technology (cleaning, coating, etching and

modification, equipment)

Biological applications

Miscellaneous
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Committees

e International Scientific Committee

Ronny Brandenburg (Germany)
Mirko Cernék (Czech Republic) -chair
Tomas Hoder (Czech Republic)
Nicolas Gherardi (France)

Tony Herbert (Ireland)

Haruo Itoh (Japan)

Masuhiro Kogoma (Japan)

Kirill V. Kozlov (Russia)

Stefan Matejéik (Slovakia)

Jerzy Mizeraczyk (Poland)

Cristina Paradisi (Italy)

Henryka D. Stryczewska (Poland)
Hans-Erich Wagner (Germany)

Koichi Yasuoka (Japan)

Indrek J&yi (Estonia)

Matti Laan (Estonia) - honorary member

Chobei Yamabe (Japan) - honorary member

® Reading and Advisory Committee

(Masaryk University, Czech Republic)

Zdenck Bonaventura
Jan Cech

Pavel Dvotéak
Tomas Hoder

V 1 Kudrle

® Local Organizing Committee

Lu Duan

Shui-Qing Li (co-chair)
Qing Liu

Hai-Yun Luo

Yi-Kang Pu (chair)
Yun Wu
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Important information

1. Check in

Time: Sep 02 (Sunday) 14:00 — 22:00

2. Reception desk

Location: Lobby of Jin Chunyuan Hotel

Time: Sep 02 (Sunday) 14:00 — 22:00; Sep 03-07 (Monday-Friday) 8:00 -17:00;
Location: Lobby of Jin Chunyuan Hotel

3. Accommodation

Accommodation in Jin Chunyuan Hotel from Sep 02 evening to Sep 07 morning is
included in the registration fees.

4. Oral presentation

All oral presenters are requested to copy your PPT into the computer, at least 10 minutes
before the start of each session. The time for each paper in the oral session is 20 minutes,
including 5 minutes for questions, answers and comments.

5. Poster presentation

Each poster should be printed in A0 portrait format, 1189 mm high % 841 mm wide (46.8”
x 33.17). Please submit it at collection point located by the registration desk during check-in.
All the entries are to be mounted in the numbered space that has been reserved for it.

6. Meal
Breakfast for guests of Jin Chunyuan Hotel: 7:00-9:00
Location | Sep 02-Sun | Sep 03-Mon | Sep 04-Tus | Sep 05-Wed | Sep 06-Thu | Sep 07-Fri
Lunch - Jia Suo Jia Suo JinChunyuan | Jia Suo JinChunyuan
Dinner Reception | JinChunyuan | JinChunyuan | JinChunyuan | Banquet --

Lunch: 12:00-13:30, Sep 03-07
Dinner: 18:00-19:30, Sep 03-04;

7. Welcome reception

18:30-20:00, Sep 05

18:00-19:30, Sep 02 (Sunday), Jin Chunyuan Hotel

8. Excursion

14:00-18:00, Sep 05 (Wednesday), The Summer Palace
Bus: depart from Jin Chunyuan Hotel at 14:00

9. Banquet

17:30-20:00, Sep 06 (Thursday), Quanjude Restaurant

10. Group Photo:

10:00-10:30, Sep 03 (Monday), Weather dependent
11. Committee meeting (ISC)

20:00-21:00, Sep 04 (Tuesday)

Meeting room 203, Department of Energy and Power Engineering
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Scientific program

e Sep 03, Monday morning

Chair: M Cernak

8:00-9:00 | Registration
9:00-9:20 | Opening
Ulrich Kogelschatz Lecture Award
9:20-10:10 | Akira Mizuno
Electrostatics and Non-Thermal Plasma for Health and Environment
10:10-10:40 | Coffee break / Group Photo
_ _ Aart W. Kleijn
10:40-11:20 | plasma Catalytic Conversion of CO; and Small Hydrocarbons
_ _ Hai-Xing Wang
11:20-11:40 An Investigation of Carbon Dioxide Splitting Using Microhollow Cathode
Discharge
_ _ Dusan Kovacik
11:40-12:00 Atmospheric-Pressure Plasma Treatment of Float Glass as Surface Cleaning
and Activation Procedure Prior to Coating
12:00-13:30 | Lunch, Jia Suo

e Sep 03, Monday afternoon

Chair: A Mizuno

14:00-14:50 | Invited lecture
Anne Bourdon
Barrier Discharge and Pulsed Discharge Modelling

14:50-15:10 | Fumiyoshi Tochikubo
Simulation of Atmospheric-Pressure Glow Discharge Electrolysis for Silver
Nanoparticle Synthesis in Silver Nitrate Solution

15:10-15:30 | Clémence Tyl
Experimental and Numerical Study of Memory Effect in Homogeneous
Atmospheric Pressure Dielectric Barrier Discharges in N2/O2 and N2/NO
Mixtures

15:30-16:00 | Coffee break

16:00-16:20 | Marc van der Schans
The Memory Effect of Pulsed Plasma Jets: Temporal and Spatial Behavior of
Guided Streamers in N2, He and Ar

16:20-16:40 | XiLin
Study of Memory Effect in A Townsend Discharge: Quantification of Species
by Laser Induced Fluorescence Spectroscopy

16:40-17:00 | Yifei Zhu
Modeling of Streamer-to-Spark Transition of a Nanosecond Pulsed Discharge
for Kinetics Parameters

17:00-17:20 | Veronika Medvecka
Atmospheric Pressure Low-Temperature Plasma in Agriculture and Food
Processing

18:00-19:30 | Dinner, Jin Chunyuan
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e Sep 04, Tuesday morning

Chair: A Bourdon

9:00-9:50 Invited lectures
Giorgio Dilecce
Laser Induced Fluorescence in Nanosecond Pulsed Discharges
9:50-10:10 | Koichi Sasaki
Observation of 1d-1s Forbidden Optical Emission of Atomic Oxygen in
Atmospheric-Pressure No/O, Plasma Jet
Jintao Sun
10:10-10:30 Kinetic Contribution of Vibrational States in Plasma Assisted CH4 Reforming
10:30-11:00 | Coffee break
_ _ Abdeldjalil Reguig
11:00-11:20 Comparison of Electrical Breakdowns Produced by High Voltage Pulses
Applied to Anodes Made of Copper and Highly Resistive Composite Material
_ _ Matej Klas
11:20-11:40 Discharge Breakdown Studied under Extreme Conditions
_ _ Xinggian Mao
11:40-12:00 Hybrid Repetitively-Pulsed Nanosecond Discharge and DC Discharge
Enhanced Low Temperature Hz/O2/He Ignition by Non-equilibrium Excitation
12:00-13:30 | Lunch, Jia Suo
e Sep 04, Tuesday afternoon Chair: M Simek
14-00-14:50 | Invited lecture
Lifang Dong
Pattern Formation in Dielectric Barrier Discharge
14:50-15:10 | Kirill V. Kozlov
Filamentary and Diffuse Barrier Discharges in Noble Gases with Admixtures
of Molecular Gases
15:10-15:30 | Tetsuya Abe
Production of An Ammonia Storage Material by Atmospheric Dielectric
Barrier Discharge at Room Temperature
15:30-16:00 | Coffee break
16:00-16:20 | Nicolas Naude
Influence of barrier material on the Atmospheric Pressure Townsend Discharge
16:20-16:40 | Marina V. Sokolova
Influence of Barrier Properties on Dielectric Barrier Surface Discharge Driven
by Microsecond Voltage Pulses
16:40-17:00 | Indrek JGyi
Ozone Assisted NOx Oxidation and Adsorption on Metal-oxides
17:00-17:20 | Sina Jahanbakhsh
Correlation Between Electrical and Spatio-Temporal Development in a One-
Sided, Single Filament DBD in Pin-To-Hemisphere Configuration
18:00-19:30 | Dinner, Jin Chunyuan
20:00-21:00 | ISC Meeting
Meeting room 203, Department of Thermal and Power Engineering
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e Sep 05, Wednesday morning Chair: L Dong
9:00-9:50 Invited lectures
Felipe Iza

Chemical Probes and Plasma Synthesis

9:50-10:10 Mirko Cernak
Micro-Hollow Surface Discharge for Bacterial Decontamination

Bartosz Michalczuk
10:10-10:30 | Ultrasensitive Method of Monitoring of VOC’s Decomposition in Corona
Discharge Based on lon Mobility Spectrometry

10:30-11:00 | Coffee break
Jozef Rahel

The Use of DBD Plasma Activated Powders in Ceramic Processing
Bingxuan Lin

11:00-11:20

11:20-11:40

Multi-Channel Plasma Igniter and Plasma Fuel Injector for Aero Engine

Qiang Chen
11:40-12:00 | The Generation of Aqueous Hydrogen Peroxide in DC Plasma-Liquid System
with Liquid as Cathode

12:00-13:30 | Lunch, Jin Chunyuan

e Sep 05, Wednesday afternoon

14:00-18:00 | Excursion

The Summer Palace

The bus will depart from Jin Chunyuan Hotel at 14:00 pm
18:30-20:00 | Dinner, Jin Chunyuan
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e Sep 06, Thursday morning Chair: G Dilecce
9:00-9:50 Invited lectures
Milan Simek

Processing of Solid and Liquid Materials by Atmospheric-Pressure Surface
DBD-Based Jet

9:50-10:10 | Jan Vora¢

Quantum States Distribtuion in OH(X) Radical Produced by Streamer
Discharges at Liquid Water Interface

Tomas Hoder

10:10-10:30 Microampere Currents in Barrier Discharges at Water Interface in Atmospheric
Pressure Air

10:30-11:00 | Coffee break

Han Xu

11:00-11:20 Comparison Between the Water Activation Effects by Cold Plasma Jets in
Different Working Conditions

Yungiu Cui

11:20-11:40 Experimental Study in Removal of Tetracycline in Simulant Water by
Dielectric Barrier Discharge Plasma

Qing Xiong

11:40-12:00 | Time-Behavior of Plasma-Activated Agueous Chemistry and its Indications to
Inactivation of Candida Glabrata

12:00-13:30 | Lunch, Jia Suo

e Sep 06, Thursday afternoon

14:00-16:30 | Poster session

Posters will be displayed at the same conference room (Xi Jie)
17:30-20:00 | Banquet

Quanjude Restaurant: Peking Roast Duck
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e Sep 07, Friday morning Chair: F Iza

9:00-9:20 Masuhiro Kogoma

The Surface Treatment of Liquid Cristal Polymer Using Atmospheric Pressure
Glow Discharge.

9:20-9:40 Piotr Krupski

Cooling System of RF Plasma Jet for Temperature Non-resistant Surface
Treatment

Naoki Osawa

9:40-10:00 | pistribution of Surface Potential on Dielectric Barrier Under Different
Discharge Modes in Atmospheric-Pressure Air

10:00-10:20 | Coffee break

Ana Sobota

10:20-10:40 | plasma-Surface Interaction: The Influence of The Surface on the Electron
Properties and Electric Fields in A Plasma Jet

Yihua Ren

10:40-11:00 | complex Flame Control Using Electric Field / Plasma

Cheng Zhang

11:00-11:20 | Formation of Runaway Electrons Preionized Pulsed Diffuse Discharge at
Elevated Pressure

Haiyun Luo

11:20-11:40 Primary Research on Plasma Biosafety Using Atmospheric-Pressure Plasma in
Air

11:40-12:00 | Closing

12:00-13:30 | Lunch, Jin Chunyuan

e Sep 07, Friday afternoon
14:00-16:00 | Lab tour
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Poster session

P-1 Chongshan Non-Thermal Plasma Enhancement of Drying Process
Zhong

P_2 | Chengdong Kong | Translational Temperature Measurement of a Pin-To-Pin Discharge

Disturbed by a Turbulent Jet Flow in Atmospheric Pressure Air
. Development of a 0d Model to Investigate the Plasma Chemistry in

P-3 Simon Dap a Townsend Discharge in the Mixture N2/O2: Role of the
Associative lonization Mechanisms in the Memory Effect

P-4 Jan Vora¢ Massiveoes: Pushing the Limits — Disentagling Thermal N2(C-B)
and Non-Thermal OH(A-X) Rotational Distribution by Combined
State-By-State and Boltzmann Simulation Approach

p.5 Pawel A Analysis of Electric Field Strength and Magnetic Flux From Plasma

) Mazur eI; Reactor Installations
. . Temperature Distribution in Ozone Generator with Parallel-Plate
P-6 Linsheng Wei Configuration and Forced Air Cooling
p.7 Rasmus Talviste Investigation of a He Micro Plasma-Jet for Distilled Water
B Treatment

P-8 Clémence Tyl | Diagnostics of Local Electrical Parameters in Atmospheric Pressure
Dielectric Barrier Discharges

P-9 Joanna Pawlat | DBD Plasma Jet for Inactivation of Yeast Pathogens

P-10 | Fumiaki Mitsugi | Observation of Reactive Oxygen Species Emitted by Plasma Jets
Using Ki-Starch Method

P-11 Dai Atsuta Ozone Generation and Gas Temperature Characteristics by Pulse
Modulated Air Dielectric Barrier Discharge Device

P-12 Nicolas Naude | Spatially-Resolved Electrical and Optical Study of Homogeneous
Dielectric Barrier Discharges in Presence of Hexamethyldisiloxane
and Nitrous Oxide

P-13 Tomas Hoder | Simulation of Electron Interactions with Liquid Water and
Processes Related to Sub-Nanosecond Electrical Breakdown

P-14 Ekaterina The Barrier Discharges in the Binary Gas Mixtures of Argon and

Abramovskaia | Volatile Organic Compounds
P-15 Justypa Biosensor Constructed by SPP Plasma Technique for Determination
Jaroszynska- | of Dihydroxybenzene Isomers
Wolinska
P-16 Szymon Quantum-Chemical Analysis of Laccase Bio-Coating Formation in
Malinowski Corona Plasma Jet
P_17 | J4nDugagek & | Investigation of Atmospheric Pressure Surface Modified Zirconium
Pavel S€ahel Dioxide Nanopowder By Thermal Desorption Spectroscopy
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P-18 Bartosz Detection of Phthalates Using Corona Discharge lon Mobility
Michalczuk Spectrometry — Mass Spectrometry (CD IMS-MS)
P-19 | Zhongshu Zhang | Interface reactions between water and drift positive ions
P-20 | Henryka Danuta Review of Developments in Application of Ozone in Agriculture
Stryczewska
P_21 | Susana Espinho The Effect of O, Admixture on The Electron Density and Electron
Temperature of Argon Microwave Discharges
P.22 Shungo Zen Effects of Reactive Species on Low-temperature Annealing for
Dye-sensitized Solar Cells
P-23 Yong Tang Flow Fluctuation Induced by Coaxial Plasma Device at
Atmospheric Pressure
P-24 Wei Cui Lean Flammability Characteristics of Plasma-actuated Swirl Flames
under Pulsating Flow Disturbances
P-25 Yihua Ren Electrohydrodynamic flame instability under manipulations of AC
and DC electric fields
P-26 Yihua Ren Phase-selective Laser-induced Breakdown Spectroscopy
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Social Program

e Excursion: The Summer Palace

The Summer Palace (Chinese: BliF[EEl; pinyin:Yi He Yuan), is a vast ensemble of lakes,

gardens and palaces in Beijing. It was an imperial garden in Qing Dynasty. Mainly dominated
by Longevity Hill and Kunming Lake.Longevity Hill is about 60 m (200 ft) high and has
many buildings positioned in sequence. The front hill is rich with splendid halls and pavilions,
while the back hill, in sharp contrast, is quiet with natural beauty. The central Kunming Lake,
covering 2.2 square kilometers (540 acres), was entirely man-made and the excavated soil
was used to build Longevity Hill.

In December 1998, UNESCO included the Summer Palace on its World Heritage List.
It declared the Summer Palace "a masterpiece of Chinese landscape garden design. The
natural landscape of hills and open water is combined with artificial features such as pavilions,
halls, palaces, temples and bridges to form a harmonious ensemble of outstanding aesthetic
value".

Hint: we recommend that participants wear sunscreen during the excursion.
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Transportation: Airport-Tsinghua
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How to go to the symposium?

Beijing Capital International Airport (BCIA) — Tsinghua University: ~ 35 km away

® Shuttle bus: Take the shuttle bus from the airport to Tsinghua Science park

® Subway: Take Airport Express from Terminal 2 or Terminal 3 to SANYUANQIAO, take
subway line 10 from SANYUANQIAO to HAIDIANHUANGZHUANG, and then take
subway line 4 from HAIDIANHUANGZHUANG to YUANMINGYUAN. Then you can
walk to the Tsinghua west gate.

® Taxi: It costs about 120 RMB (daytime 5:00-23:00) or 200 RMB (23:00-5:00)

Tips: You can show the information below to your taxi driver:

Please Take Me to Jin Chunyuan Hotel, Tsinghua University. Thank you!

BIBEERIEXFFEEEE, HifE!
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How to leave there?

Tsinghua University — Beijing Capital International Airport (BCIA): ~ 35 km away

® Shuttle bus: Take the shuttle bus from Tsinghua Science park to the airport

® Subway: Walk to the YUANMINGYUAN station, then take subway line 4 from
YUANMINGYUAN to HAIDIANHUANGZHUANG, then take subway line 10 from
HAIDIANHUANGZHUANG to SANYUANQIAO, then take Airport Express from
SANYUANQIAO to Terminal 2 or Terminal 3.

® Taxi: It costs about 120 RMB (daytime 5:00-23:00) or 200 RMB (23:00-5:00)

Tips: You can show the information below to your taxi driver:

Please Take Me to Beijing Capital International Airport Terminal 1/2/3. Thank you!

IBEREEEEMENS T1 /T2 /T3 fnubid, #isiEs!

Airport Shuttle

Web: http://en.bcia.com.cn/traffic/airbus/index.shtml

Route: BCIA-Zhongguancun (Airport = Tsinghua)

Line 5: Wanghe Bridge [RMB 20] -- Xiaoying[RMB 20] -- Asian Games Village (Anhui
Bridge) [RMB 25] -- Xueyuan Bridge[RMB 30] -- North of Baofusi Bridge [RMB 30] --
Tsinghua University Science Park (TusPark) [RMB 30]

Time: 6:50-24:00 Every 30 minutes. Buses depart when fully seated.

Route: Zhongguancun-BCIA (Tsinghua = Airport)

Line 5: Tsinghua University Science Park (TusPark) [RMB 30] -- Zhongguancun (Fourth
Bridge) [RMB 30] -- Beihang University (north gate) [RMB 30] -- Huixin West Street (Under
the Bridge of Huixin West Street, East of Anhui Plaza) [RMB 20] -- T2--T1--T3

Time: 5:10 ~ 22:00 Every 30 minutes. Buses depart when fully seated.

Tips: It takes around 1.5 hours. Please note, the traffic in Beijing will become heavy during

morning or evening peaks.
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Tips
e Public Transportation in Beijing

1. Public Buses

Buses are the main means of transportation in Beijing. Please prepare changes before
taking a bus. Buses may be very crowded during peak times at 07:00 - 09:00 and 17:00
- 20:00.

2. The Subway

There are currently 17 subway lines and an Airport Express in Beijing. The fare is
between RMB 2 and RMB 12 based on the distance. The fare for the Airport Express is
RMB 25. It is very convenient to transfer from one subway line to another.

3. Taxis

Taxis in Beijing have several colors. All of them show a taximeter inside. You can easily
find them in every part of Beijing. All Taxis will charge RMB 2.3 per kilometer with a
base rate or minimum charge of RMB 13 within 3 kilometers.

4. Uber

® Help Lines

Police: 110

Traffic Police: 122

Local Telephone Number Inquiry: 114
Domestic Long Distance Inquiry: 116
Weather forecast: 121

Time Inquiry: 117

Medical emergency call: 120

Fire Alarm: 119

® Electricity

The electric current used in China is 220V 50Hz. Please note that plug
adapters and converters might be required. The picture on the right shows 0

® Printing shop

There is a big printing shop (Wendingwenbo, 3 %% 3 18) on the first floor of
Qingfen Canteen (i %5 [xdl), opening from 09:00 to 21:00
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ELECTROSTATICS and NON-THERMAL PLASMA
for HEALTH and ENVIRONMENT

Akira Mizuno
Toyohashi University of Technology, Toyohashi, Japan

E-mail: mizuno@ens.tut.ac.jp

Electrostatic precipitation and Dielectric barrier discharge are very useful for cleaning air and
promoting low temperature plasma chemical reactions such as ozone generation and gaseous
pollution control[1-3]. ESP uses corona discharge generated in non-uniform field in a
relatively large volume. DBD uses uniform field in short gap distance. Both are categorized
as Non-thermal plasma. Dr. Kogelschatz and his colleagues made significant contribution in
understanding fundamentals of DBD and proposing various plasma chemical processes
including treatment of flue gas, toxic gas, VOCs and surface treatment, etc. Especially
cleaning air and sterilization are the most important characteristics of ESP and DBD, and due
to these characteristics, those process can be used for prevention of airborne diseases. These
NTP processes has recently been actively investigated for medical treatment.

In this presentation, brief review of ESPs, especially back corona problem for treating high
resistivity dusts, is made since NTP technology in my research has been derived from the idea
to cope with this problem[4, 5]. For instance, pulse energization is effective for high
resistivity dusts. Using short pulse voltage, especially positive pulse, streamers propagate
longer distance and ionization can be made in large gas volume. This can be used for gas
treatment[6]. At the meantime, energy efficiency and selectivity of the NTP process should
be high enough to compete with the existing technologies. Therefore, combination of low-
temperature plasma with absorbing surface or catalysts is effective[7]. Generation of NTP
combined with catalyst are introduced, and several examples of the NTP process are
presented|[8].

NTP generates reactive radicals which migrate the medium and penetrate into biological
particles such as microbes and viruses, and destroy them. Recently pathways of these
processes have been investigated in more details and more knowledge have been obtained.
Some of these understandings are introduced[9, 10].

ESP and DBD are matured technology, yet still important improvements are possible to meet
novel requirements such as to be more efficient, long maintenance period, and less usage of
electric power. These requirements are important for NTP to be applied in control of bio-
particles and prevention of infection. In this presentation, several improvements on ESP
process will be reported[11-13]
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Recently, many experimental and numerical studies are carried out on atmospheric pressure
plasma jets. These discharges are of particular interest for biomedical applications. It was
shown by G. Naidis [1] and JP Boeuf [2] that AC driven of pulsed helium plasma jets are
“guided streamers” propagating first in a dielectric tube and then in a helium flow mixing
with air, before impacting a target. Many experiments have shown discharge conditions in
which plasma jets are stable, repeatable, without branching. Therefore, these discharges offer
a very interesting opportunity to better understand the fundamentals of atmospheric pressure
discharges, compared to air streamer discharges.

In this talk, 1 will present some recent results on the fluid modeling of atmospheric pressure
plasma jets and their interaction with different targets (metallic or dielectric). Particular
interest will be put on the comparison with experiments. First, the influence of N2 or O2
admixtures in helium on the discharge structure in the dielectric tube will be presented.
Comparisons with measurements of the discharge front propagation velocity in the tube will
be shown [3]. Then, recent comparisons with time resolved measurements of the components
of the electric field on two configurations will be presented. First, an electric probe is used to
measure the electric field outside of the discharge. In this case, we show that the
good/experiment modeling agreement outside of the discharge allows to use the simulations
to know the electric field in regions where a probe can not be used. Second, we show a
comparison of electric field measurements carried out by Mueller polarimetry on a dielectric
target with electric fields derived from simulations. The comparison between experiments and
simulations allows a better understanding of the interaction of a plasma jet with a target,
which is crucial for biomedical applications.

[1] G. Naidis, Journal of Physics D: Applied Physics, 43(40) 402001, 2010

[2] J.P. Beeuf, L. L. Yangand L. C. Pitchford, Journal of Physics D: Applied Physics, 46
(2013) 015201, 2012

[3] A. Bourdon, T. Darny, F. Pechereau, J.-M. Pouvesle, P. Viegas, S. Iséni and E. Robert,
Plasma Sources Science and Technology 25, 035002, 2016
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In recent years, advances in the generation of nonthermal gas plasmas at atmospheric
pressure and their interaction with liquids have revolutionized the field of plasmas,
opening up a host of new applications in biology, medicine, food and agriculture. !?
These plasmas have the potential to provide novel solutions to some of the most
important societal challenges of today, including the growing threat of antimicrobial
resistance’ and the need to sustainably increase the productivity of agricultural land to
double crop production by 2050. 4 In these emerging applications, plasmas are brought
in contact with liquids (e.g. body fluids, water and organic solvents) but our current
understanding of the plasma-liquid interaction and the transport of reactive species from
the gas to the liquid phase remain very limited. Not only they entail complex plasma
and fluid dynamics (see Fig 1), but the lack of readily-available detection methods to

quantify reactive species in plasma-treated liquids further hinders progress.’

60

50

40
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20

Fig. 1: Flow pattern induced by a DC helium plasma striking onto (a) water and (b) water + 1% PVA.

Note the reversal of the flow in the liquid as well as the change in speed as a result of a small change in
the liquid composition.

Unrelated to the developments in the plasma field, detection and quantification of
reactive oxygen/nitrogen species (RONS) has been an area of intense interest for the
biological and biochemistry communities due to the ubiquitous involvement of RONS
in a wide range of biological processes. This has triggered the development of sensitive
mechanisms by which to monitor and detect RONS and small molecule fluorescent
probes have become increasingly applied.® This is due to their high levels of sensitivity,
simplicity in terms of data collection, and high spatial resolution. Hence we believe
small molecule fluorescent probes present a viable tool to be applied in the
detection/quantification of the actual flux of ROS in nonthermal plasmas systems.
However, despite the increasing number of fluorescent probes that are becoming
commercially available, most (all) of them have not been developed for use in plasma


mailto:f.iza@lboro.ac.uk

16" High Pressure Low Temperature Plasma Chemistry Symposium

systems and therefore there is an urgent need for chemists and plasma physicists to
work together to determine the suitability of existing probes for different plasma
systems and where this is not the case, to development plasma-specific probes. We have
recently used Pittsburgh Green, a selective fluorescent probe, for the quantification of
the ozone dose delivered by a remote plasma system to a liquid sample’ and compared
its performance against electron paramagnetic resonance (EPR) spectroscopy.

Despite their complexity, non-thermal plasmas operating at atmospheric pressure also
open the possibility of novel processing of liquids that were not possible in conventional
vacuum systems due to vapour pressure limitations; and these can be used for novel
chemical synthesis processes. For example, existing oxidation processes often generate
large waste streams (e.g. the widely used oxidant oxone produces ~25 kg of waste per
kg of oxygen transferred), whilst plasma-driven oxidation has the potential to
completely eliminate waste streams (see Fig 3).

[ Traditional Chemical | —_
Oxidant e.g. Oxone 25Kg P
KHSO, KHSO5 K504 | / s N

\f \(
[ | ——— [ kel
| transfered) /i transfered

Products e.g

24kg Inorganic Waste /
KHSO;, KoS0,

\ 2
No waste Stream!

Fig 3: Schematic compyariyng traditional chemical

oxidation and a plasma-enabled oxidation process.
In particular, we are interested in epoxidation, i.e. the formation of epoxides from
alkenes. Epoxides are key building blocks in organic synthesis and important
intermediates in the preparation of many natural products®. Conventionally, these are
prepared by reacting alkenes with sacrificial mono-oxygen donors, such as peracids.
Upon donating the atomic oxygen, the sacrificial donor then becomes a waste stream.
Notwithstanding recent advances in the field of catalytic epoxidation, the ultimate
scheme for synthesizing epoxides would be the direct reaction of alkenes with atomic
oxygen as this would require no sacrificial material and produce no waste stream. It is
well-known that oxygen containing plasmas can produce significant amounts of atomic
oxygen and we can show that not only oxygen readily dissolves into aqueous solutions
where it reacts with organic substrates,’ but also that its reaction with an alkene
produces epoxide.

1 Lu, X et al. 2016 Phys. Rep. 630,1-84

2 Park, DP et al. 2013 Curr. Appl. Phys. 13,519-529

3 Abreu, AC et al. 2013 J Antimicrob. Chemother. 68,2718-2732

4 Godfray, HCJ et al. 2010 Science 327,812-818

5 Bruggeman, PJ et al. 2016 Plasma Sources Sci. Technol. 25,053002

8 Wardman, P 2007 Free Radic. Biol. Med. 43 995-1022

7 Wright, A 2018 Plasma Chem. Plasma Process. https://doi.org/10.1007/s11090-018-9923-1
8 Page, PCB 2015 J. Org. Chem. 80, 16, 8036-8045

% Benedikt J 2018 Phys. Chem. Chem. Phys. 20 12037-42
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Laser Induced Fluorescence in nanosecond pulsed discharges

G Dilecce?, L M Martini®!* M Ceppeli?, P Tosi?!
1p.Las.Mi Lab NANOTEC - CNR, via Amendola 122/D, Bari, ITALY
2 Dipartimento di Fisica Universita di Trento, via Sommarive 14, Povo, Trento, ITALY

E-mail: giorgio.dilecce@cnr.it

Laser Induced Fluorescence (LIF) is nowadays a well established and widely used
technique in gas discharges research, but still there is something left to understand and
investigate about it. The need for further deepening of the knowledge about LIF basically
comes from its application to atmospheric pressure discharges, that is to highly collisional
conditions. LIF, intended as a way to measure the concentration of transient species, is in
principle an absorption technique with a different observable, the fluorescence from an
electronically excited state prepared by absorption of resonant laser light:

M + hvias —» M* — M**_+ hvsiuo (l)

In a molecular case, M* can be a single ro-vibronic state. M**, the final state after radiative
decay, may or may not be M itself. Collision processes between M* and the background gas,
have an influence on the fluorescence outcome. Three collisional processes are possible: RET
- rotational energy transfers; VET - vibrational energy transfers (often called vibrational
relaxation); electronic quenching. When the frequency K of collision processes starts to be
competitive, larger or much larger than the radiative rate A of M*, we enter a collisional
regime in which the LIF outcome is more or less heavily influenced by these non-radiative
losses/transfers.

Nanosecond repetitively pulsed (NRP) discharges, especially in a purely molecular gas
like COz, represent a true challenge for LIF application. In the spark regime, a hot filament is
suddenly created, with gas temperatures exceeding 2000 K, followed by an expansion and
cooling in the tens of us time scale. The collisional environment of LIF is then dramatically
difficult to characterize. Both gas density and mixture composition rapidly change in time,
affecting the LIF outcome in an unpredictable way.

In this talk, we shall first overview the basic principles of LIF in a collisional
environment, through its application to the hydroxyl radical OH measurement in atmospheric
pressure discharges [1], and review the actual knowledge of the rate coefficients for collision
processes involving the OH(A, v=0,1) states (the actual M* of the LIF scheme (1)) [2]. We
then introduce the concept of Collision Energy Transfer (CET) LIF, in which the focus is not
more on the concentration of M (OH), but the M* fluorescence characteristics and how they
are influenced by the background gas composition. By CET-LIF, and provided the relevant
collision rate coefficients are known, it is possible to measure the background gas
composition of simple mixtures. The application to He plasma jets (APPJ) impinging on
liquid targets is recalled as a first application of the CET-LIF concept [3,4].

We shall then deal with LIF application to NRP discharges, both for OH concentration
and kinetics measurements, in He-CO2 discharges [5], and in pure CO2 discharges in which
CET-LIF has been applied, as a valuable tool even in harsh environmental conditions, for the
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time-resolved measurement of the carbon dioxide dissociation degree [6]. The necessary
knowledge of collision rate coefficients in conditions of high rotational non-equilibrium will
be addressed, together with our most recent efforts devoted to their measurement.
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Pattern formation is a self-organized phenomenon in nonlinear systems, which not only can
be widely observed in natural systems such as animal coat markings, cloud formations and so
on, but also can be studied in laboratory systems including thermal convection, nonlinear
optics, chemical reactions, gas discharge, and so on. It is believed that the study of the pattern
formation in gas discharge would advance the nonlinear science and plasma physics. Besides,
there are plenty of potential applications about pattern formation, such as the plasma photonic
crystal, the localized material growth, and so on.

There are two water-electrodes in the experimental setup sealed with glass plates. A metallic
ring is immersed in each container and connected to a sinusoidal ac power supply. A glass
frame is clamped between the two parallel glass plates, serving as a lateral boundary. The
whole cell is placed in a big chamber, where the gas parameters can be changed. An
intensified charge-coupled device (ICCD) camera (HSFC pro) is applied to record frames
from the end view of the electrodes. The camera has three similar, intensified photographing
channels. An optical beam splitter is placed between the input lens and the intensified
channels. An input beam is split into three similar beams by the beam splitter and then
received by each intensified channel. Through the computer-controlled software, the exposure
time of each channel can be changed, and the delay times between channels can also be set to
snap frames at different times.

Figure.1 Some square superlattice pattern. (a) White-eye square superlattice pattern (b) Cluster square
superlattice pattern, U = 3.08 kV, d = 4.2 mm, p = 30 kPa (c) White-eye square grid state pattern (d) Dot-line
square super-lattice pattern with surface discharge, U = 2.68 kV, d = 4 mm, p = 40 kPa (e) Square superlattice
pattern with discharge, U = 4.02 kV, d = 4.1 mm, p = 25 kPa (f) Antisymmetric stretching-vibration square
superlattice pattern, U = 4.00 kV, d = 3.6 mm, p = 29 kPa
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With this setup, about 50 types of patterns have been observed for the first time, some
square superlattice patterns have been illustrated in Figure 1. By using high speed cameras it
is found that the pattern in dielectric barrier discharge is a spatial-temporal pattern. Usually it
is an interleaving of several sublattices, which discharge at different time.

These results should greatly advance the science of pattern formation and plasma physics
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Most of the non-LTE atmospheric pressure plasma jets, which are currently investigated for
novel applications, are based on electrode configurations promoting generation of active plasma
region in the volume of working gas. However, as in the case of volume discharges, highly
reactive environment produced by atmospheric-pressure surface dielectric barrier discharges
(SDBDs) can be used for pollution control, sterilization, ozone generation and surface
processing/modification.

Recently, we have proposed and developed a concept of a surface DBD-based jet for processing
solid and liquid materials. The electrode geometry is formed by a pair of concentric ring
electrodes. Smaller discharge exposed high-voltage electrode is deposited on the surface of
MACOR® glass-ceramic disk with a hole drilled in its centre. Grounded back electrode is
embedded inside the disk and separated from the powered electrode by approximately 0.5 mm
thick dielectric layer. The dielectric surface with powered electrode is closed inside cylindrical
chamber containing two tangential gas inlets and one quartz window. Working gas is injected
symmetrically through the two tangential inlets. Resulting whirlwind influences
microdischarges propagating on the ceramic surface above the back electrode towards the
central orifice (see figure 1). Induced vertex flow passes the discharge zone expelling discharge
transients and products out of the chamber through an axial orifice in the form of the jet spinning
around its axis [1].

Fig. 1: Typical image of the surface DBD-based jet.
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Compared with the concepts based on the volume discharge geometry, important advantages
of the surface-based configuration include use of nearly arbitrary working gas composition,
simple scale-up and serial operation of several jet units (stacked configuration). The discharge
effluents can be easily utilized for the batch treatment of samples placed downstream.
Furthermore, solid or even liquid samples can be directly injected into the spinning jet in order
to interact with the discharge transients and products. Configurations suitable for both in-line
and batch processing has been tested for various applications. Up to now, the most promising
applications seem to be those related to the surface cleaning and activation, deposition of
plasma polymers, organic farming, treatment and modification of nanocrystals/nanofibers, and
activation of liquid water.

Concerning deposition of plasma polymers, the applicability of the SDBD-based jet for
deposition of PEO-like plasma polymers in cavities was investigated using argon as carrier gas
with di(ethylene) glycol vinyl ether used as a precursor [2]. The chemical composition of the
films was found to be independent of the flowrate, duty cycle, and the distance from the jet
orifice.

Concerning organic farming, one important issue is connected with the seed-borne
microorganisms infecting or contaminating seeds either in the field or during storage. Seed-
borne pathogens significantly affect quality of seeds and cause severe yield losses. Recently, it
has been demonstrated that the SDBD is very efficient in reduction of microbial contamination
and improvement of germination with a subsequent increase of vigor and growth of the derived
seedlings [3]. Seeds were treated at various exposure conditions avoiding however direct
contact of seeds with SDBD filaments. After the treatment, the reduction of overall microbial
content, surface chemical modifications, and the response of seeds through seedling growth
behavior were evidenced. Other running experiments include batch/in-line treatment of fruits,
vine grapes and barley.

Feasibility of the in-line treatment of nanomaterials is actually under investigation using
cellulose nanocrystals and nanofibers. The SDBD-based jet setup was modified to allow
continuous delivery and passage of cellulose nanocrystals/nanofibers through the jet orifice
with subsequent collection of treated samples in the downstream region. In-line treatment times
of tens of seconds appear to be sufficient to modify surface of nanocellulose materials for
further processing and use.
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With the replacement of aluminum parts by composite materials, aircraft faces a change in
ignition threat, due to the potential charge of dielectric surfaces by static electricity. The
electrostatic charge accumulates through various processes including air friction during the
flight, triboelectric charging as occurs while filling of the fuel tanks or lightning events. These
phenomena tend to build up electrical potentials that can become high enough to cause electrical
shock to persons or ignition of flammable gas mixtures or burnable surfaces [1]. According to
the current regulations, for example by following the ARP-5416 from SAE Aerospace (Aircraft
Lightning Test Methods), if the energy deposition into an electrical discharge is less than
200 pJ the ignition hazard is below the hazardous threshold for aviation fuel tanks. This energy
threshold should not be reached if the stored electrical energy on the surface is below one
millijoule [2]. A way to control the density of electrostatic charge is to use the electrical
properties of materials, such as their resistivity, to tune the discharge characteristics. The
electrical discharges generated when using such unconventional materials as electrodes are
known as resistive barrier discharges (RBD). In 2002, Laroussi et al. [3] described RBD
generated through porous or high-resistivity material. However, a quantitative understanding
of RBD is not achieved yet, and the effect of various parameters such as the resistivity and
capacitance of the material on the properties of the electrical discharges and the energy
deposition in the gas are yet to be investigated. This is the purpose of the present study.
Experiments are carried out in a chamber filled with dry synthetic air at atmospheric pressure.
The electrodes are in a pin-to-plane configuration, the pin being the anode, and the grounded
electrode being a 3-cm diameter tungsten plate. The pins are made of wires of about 1.9-mm
diameter. Three different wires are used: a copper wire of 50-mm length, a resisitive wire braid
of 50-mm length and 6-kQ resistance, and a resistive wire braid of 500-mm length and 58-kQ
resistance. The gap distance between the tip of the wires and the grounded plate is kept fixed
for all the experiments at 2-mm. For each experiment, a square pulse of 500 ns is applied. It is
generated by an Eagle Harbor Technologies pulse generator (model NSP-120-20-P).

The current and voltage waveforms are recorded using an oscilloscope (Tektronix, model
DP0O5204B, 2 GHz bandwidth) connected to dedicated probes. The current probe is a fast
current transformer (Pearson, model 6585, 200 MHz bandwidth). The voltage across the inter-
electrode gap is measured with a high voltage probe (Tektronix, model P6015A, 75 MHz
bandwidth) at 2 mm before the extremity of the tested wire. In parallel to the electrical
characterization, phase-locked imaging of the temporal evolution of the discharges is performed,
using an Intensified-CCD camera (Princeton Instruments, PIMAX).
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Typical voltage and current waveforms obtained with a resistive wire of 50-mm length are
shown in Fig. 1. The corresponding deposited energy is determined by integrating the product
of the voltage and current over the discharge duration. For an applied voltage of 15 kV, the
breakdown occurs at 6.5 kV, then the voltage decreases to a plateau of about 1 kV. The maximal
discharge current is 3 A and remains at about 2.5 A until the end of the pulse. The corresponding
deposited energy is 2 mJ. Electrical characterization of the two other electrodes has been
performed and the highest energy deposition (about 8 times higher than for the resistive wires)
is obtained for the copper electrode, with a maximal current of 25 A.

Figure 2 illustrates phase-locked images of the discharge obtained with a resistive wire of 50-
mm length. Two discharge phases can be observed: at the beginning of the voltage pulse (up to
22 ns), multiple filaments bridge the inter-electrode gap, while for longer times a single filament
is promoted. This behavior has been observed for all configurations tested. The green line in
Fig. 1 refers to the transition time from multiple to single filament phase. The average light
emission from the discharges has been compared with the instantaneous power and a qualitative
good correlation has been obtained for all the configurations tested. Finally, an explanation is
proposed interpreting the significantly lower energy and light intensity of the RBD relative to
the discharges obtained with the copper electrode.
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Fig. 1: Typical temporal evolution of voltage and current, and the corresponding deposited energy into the gas;
length of the resistive wire L = 50 mm, V = 15 kV, pulse duration T = 500 ns.
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Fig. 2: Phase-locked images of the discharge propagation in the gap; length of the resistive wire L = 50 mm,
pulse duration T =500 ns and V = 15 kV.
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Dielectric Barrier Discharges (DBDs) are a robust way to obtain a non-equilibrium plasma at
atmospheric pressure. Depending on various parameters, the discharge can operate in the classic
filamentary mode, or in the homogeneous regime with a Townsend breakdown, which is more
suitable for some applications such as thin film deposition [1]. For a Townsend breakdown to
occur, a production source of seed electrons is necessary when the electric field is low enough
to trap them in the gas volume, i.e. between two discharges. It leads to a memory effect, visible
on the electrical characteristics of the discharge, with a discharge current jump between two
successive discharges. In pure nitrogen, the literature suggests that the memory effect mainly
comes from the collision of metastables N2(A3Z,*) on the charged dielectric surfaces, enhancing
the secondary electron emission between two discharges [2]. In the presence of small
concentrations of oxidizing gases, despite the metastable species quenching by oxygen, the
memory effect increases [3]. This suggests that other phenomena occurring in the gas volume
must be taken into account. The aim of this work is to adopt an experimental and a numerical
approach to study the influence of oxidizing gas on the memory effect in the gas bulk and on
the surfaces, by correlating optical an electrical measurements with a 1D numerical model.

The experimental set-up has already been described in a previous publication [4]. The discharge
is performed with a plane-to plane DBD configuration, with two 635um alumina plates
metallized backside on a 3x3cm? square, with a 1 or 2mm gas gap, in N2/NO and N2/O; gas
mixtures. Previously, Bouzidi et al. have highlighted the importance of the contribution of
species in the gas volume to the memory effect by using the same experimental set-up but with
one of the electrodes divided into 8 strips along the gas flow to measure the evolution of the
electrical characteristics of the discharge as a function of position [5]. They observed that the
current jump increases from the gas input to the gas output position, as well as the surface power
density. It explains why the discharge becomes filamentary at the entrance whereas it remains
stable at the gas output, for NO concentrations higher than 45ppm. Optical diagnostics have
also been performed, with the measurement of the light intensity emitted by N>-HIR, NOy and
0O(!S)-N. systems along the position of the discharge. These excited states are populated by
N2(AZ,") metastables [6,7,8] and can give information on the concentrations of N2(A3%Z,"),
NO(A) and O(*S). The comparison of the emissions with the current jump and the surface power
at the gas output position as a function of O. concentration shows that the current jump increase
from 0 to 50ppm of O; is not related to N2(A3%,") because of its quenching by O as N2-HIR
decreases. As NOy and O(*S)-N, emissions increase despite the decrease of the N2(A3%,Y), it
indicates that the densities of NO and O(®P) increase. It suggests that this memory effect
involves both N2(A3z,*) and OCP), and the associative ionization reaction between N(°P) and
O(®P) could be a good candidate which can generate seed electrons in the gas volume.
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If the memory effect in the presence of oxidizing species is related to phenomena in the gas
bulk, it should increase by increasing the gas gap for the same power density, contrary to a
memory effect related to surface mechanisms. Consequently, a comparison of the current jump
in the presence of oxidizing gases for two different gas gaps have been performed. Figure 1(a)
shows that the current jump is twice to ten times bigger at 2mm than with a gap of 1Imm in
N2+0.. However, some impurities remain in the gas even at 0 ppm of O added, with oxidizing
species influencing the memory effect. To overcome this issue, we use a 1D numerical model
developed by C. Khamphan et al. [9] in pure nitrogen with the possibility to produce secondary
electrons by N2(A3%.") collisions on the dielectric surfaces. Figure 1(b) shows that the
metastables flow on the dielectrics is the same for gas gaps of 1 and 2mm before the breakdown,
suggesting that the secondary electron emission due to the metastable species collision on the
dielectrics does not depend on the gas gap. Consequently, the increase of the current jump with
the gas gap in the presence of oxidizing specie is due to a memory effect arising in the gas
volume involving oxidizing species.
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Fig. 1: (@) Current jump comparison in N2+O; from the experiments and (b) comparison of the N2(A3Z,*) flow on
one dielectric surface and the discharge current in the model in N2, at 1 and 2mm (f=3kHz, Pyo=5W/cm?®)

The observation of the electrical and optical characteristics of the discharge in N2 with oxidizing
species and its comparison for different gas gaps and with a 1D model in pure nitrogen suggests
that the memory effect in the gas volume is predominant compared to the memory effect related
to the dielectric surfaces. The associative ionization reaction could explain the observed
behavior. However, absolute measurements of the involved species such as O(°P) and further
modelling including oxidizing species are required to confirm this hypothesis [10,11].
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By using a small-curvature radius cathode and a flat anode, diffuse discharges sustained by
high-voltage nanosecond pulses with short rise time could be achieved in atmospheric pressure
air in point-to-plane or point-to-point gaps. The diffuse discharge in the gap is ignited by
electrodes of small radius of curvature and bridge the electrodes by overlapped plasma channels,
appearing large-area volume at elevated pressure. The mechanism of the diffuse discharge has
attracted much attention. Researches has been found beams of high-energy electrons can be
generated in the pulsed diffuse discharge.

Since 2008, the characteristics of pulsed diffuse discharge and the behavior of the high-energy
electrons has been conducted to understand the formation of the pulsed diffuse discharge at
elevated pressure. The high-energy electrons are investigated by collecting the high-energy
electron beams and detecting the X-ray radiation. The experimental show that the electron beam
current with a time resolution of ~100 ps occurs at the rising edge of the applied voltage in
pulsed diffuse discharge, indicating the generation of the high-energy in the early stage of the
streamer formation. The spectra of the electron beams reconstructed from attenuation in foils
with different thicknesses shows that the high-energy electrons range from the 20 keV to 80
keV when the applied voltage is 105 kV. Furthermore, the X-ray radiation shows the highest
X-rays density occurred in the diffuse discharge in repetitive pulse mode, then the spark
discharge with a small air gap, and then the corona discharge with a large air gap. The X-rays
density increases with the atom number of the anode foil, indicating the detected X-rays are
bremsstrahlung between the dense plasma front and the anode foil.

The structure and dynamics of pulsed diffuse discharge are simulated by using two-dimensional
fluid and fluid-EMCS model. The simulation results show that electron beam with initial energy
of 20 keV result in a pulsed diffuse discharge while the 20 eV beam has negligible influence
on the discharge evolution. To sum up, the high-energy electrons play essentially role on the
formation of the pulsed diffuse discharge at atmospheric pressure.

Key words: Pulsed diffuse discharge; high-energy electrons; electron beam current; X-ray
radiation
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Irradiating reactive oxygen and nitrogen species in the form of atmospheric pressure plasma
jets has been expected for microbe treatment, bacteria inactivation, protein destruction, wound
healing, plasma medicine, cancer treatment, and plant’s growth. When the plasma jets are used
for the aforementioned applications, the distribution of ROS (reactive oxygen species) on the
surface of liquid or gel targets and the movement of ROS inside liquid should be investigated
to distinguish region where the plasma jets work effectively. Kl-starch method, which uses a
mixture of potassium iodide and starch, is available in the form of gel agar as well as liquid to
visualize ROS. The KI-starch reagent changes its color from transparent to blue by reacting
with oxidative species which have oxidation potential higher than 0.54 V. In this work, ROS
emitted from plasma jets was visualized with the KI-starch method and obtained results were
evaluated by other different techniques of particle image velocimetry and an optical wave
microphone.

Figure 1 shows an experimental setup to visualize ROS emitted by plasma jets. The plasma jet
device is composed of a glass tube and two electrodes. Pure He gas was supplied into the glass
tube with a flow rate of 1 L/min. Kl-starch liquid reagent was poured in a glass cup and the
distance between the liquid surface and the glass tube was set at 10 mm.

Figure 2 shows a series of typical behavior of the colored reagent during plasma irradiation
observed in the liquid reagent. Colored Kl-starch reagent started to be observed below the
plasma jets after plasma irradiation, falling down to the bottom of the cup. After that, a
transparent circular hole appeared on the surface at the center of the colored Kl-starch where
the colored reagent was push away to outside by a plasma induced force. The circular hole
disappeared when the plasma jet was turned off. However, it appeared again when plasma jet
was turned on again. The behavior of Kl-starch reagent strongly depended on the initial surface
condition of the reagent before the irradiation of plasma jets.
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For the most of the surface plasma treatment technologies, the diffuse mode of the
barrier discharges seems to be more desirable than the filamentary one. That is why the
knowledge of the discharge operation parameters to control the transition between these modes
is of great importance. Recently we reported the results of the plasma diagnostics of the barrier
discharges in argon with admixtures of acetone [1]. These discharges were found to be diffuse
only in the gaps wider than 4 mm and for a limited range of acetone concentration, the latter
corresponding to the local minimum of the burning voltage. In the present paper, we propose a
semi-empirical physical model for the barrier discharges in inert gases with small admixtures
of molecular gases, that accounts for the experimental findings mentioned above, and that
provides a simple method to prognosticate the possibility of the diffuse mode appearance for
any chosen combination “noble gas + molecular gas (admixture)”.

The model is based on the assumption of the Townsend mechanism of initial (pre-
breakdown) phase of the microdischarge development and of the validity of the Paschen law
for the breakdown voltage. Certain additional assumptions concerning electron energy
distribution functions in the gas mixtures under consideration should be made. Then
qualitatively, our model is able to explain the experimentally observed dependencies of the
burning voltage upon the content of molecular admixture, as well as a transition of the discharge
to the diffuse mode within a certain concentration range of molecular gases.

In order to test our model and method, we carried out a series of experiments to
investigate the barrier discharges in argon with the admixtures of the following organic
compounds: methanol, ethanol, isopropanol, cyclohexanone, ethyl acetate, acetonitrile. For all
these compounds excepting acetonitrile, the barrier discharges were found to demonstrate a
continuous transition from the filamentary mode to the diffuse mode caused by the variation of
the content of an admixture (see fig.1 as a typical example), similarly to the case of the
admixtures of acetone [1]. In the mixtures of argon and acetonitrile, this effect was not observed,
i.e. the discharge was filamentary in the entire range of concentrations.

Fig. 1: Transition from the filamentary mode to the diffuse mode of the barrier discharges in argon with admixtures
of ethanol. Concentrations of ethanol: 0.005% (left), 0.06% (center), 0.5% (right).
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Fig. 2: Comparison of the ionization potentials of selected inorganic and organic compounds with the energies of
the lowest metastable excited states of argon, krypton and xenon. See explanations in the text. All reference data
were taken from the NIST databases [2].

This simple approach to the problem of the prognosis of the diffuse mode of barrier
discharges in argon caused by small admixtures of a chosen molecular gas, can be applied to
the barrier discharges in krypton and xenon (see fig.2). Unfortunately, barrier discharges in
krypton and xenon are used relatively rarely and, as far as we know in the literature, there are
no experimental data on the influence of molecular gases admixtures upon the discharge mode.
As regards the barrier discharges in helium and neon, they are well-known to be diffuse in pure
gases, and in the most of cases, admixtures of molecular gases result in their transition to the
filamentary mode.
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Atmospheric pressure plasma jets excited by kHz pulsed voltages typically generated so-called
plasma bullets. Plasma bullets are guided streamer discharges that appear like a propagating
bullet when short exposure images of the emission are taken. The most notable property of
these discharges is that they are reproducible, i.e. the discharge produced by every voltage pulse
is the same. This repeatable behavior is generally attributed to a memory effect. In this
contribution we assess the reproducibility of guided streamer discharges produced in a pulsed
plasma jet using N2, He and Ar as feed gas flowing into open air, and we show how the memory
effect develops during the first several discharges.

There are two aspects of the memory effect to be considered, the temporal memory and the
spatial memory. The first one is related to the reproducibility of the moment of inception within
the pulsed voltage cycle (the ‘temporal memory’). To investigate the development of the
temporal memory, a synchronized fast photomultiplier and high voltage probe are used to
measure the emission and applied voltage for the first several discharges. This allows the
determination of the moment of inception within the voltage pulse. It is found that the very first
discharge can occur at any time during the voltage pulse. This likely happens whenever there
is a background electron available at the right location that successfully develops into a streamer
during the voltage pulse. The remnants of this first discharge can subsequently provide a source
of electrons for the next discharge. Our measurements show that this process leads to a moment
of inception that is reproducible to approximately within a nanosecond from the 2nd-3rd
discharge onwards. This is the case for each of the three investigated feed gases

The second aspect of the memory effect is related to the reproducibility of the discharge path
in space (the ‘spatial memory’). To investigate the development of the spatial memory effect,
the trajectories of the discharges during the first few voltage pulses are recorded. This is done
by photographing the optical emission with a high frame-rate camera with image intensifier,
which makes it possible to record the trajectories of consecutive individual discharges up to
several kHz repetition rates. When using He as feed gas, the trajectories of all discharges are
the same, with the exception of the very first one. The discharges travel along and are guided
by the gas mixing layer where He mixes with ambient air. The length of the first discharge
varies, depending on when during the voltage pulse the first discharge ignites.
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In contrast, when N is used as feed gas, a development phase of about 10 cycles is observed.
In these first 10 discharges the trajectory of the guided streamer discharge grows along the axis
of the jet until it reaches its final length and becomes reproducible. By numerical simulation of
the gas flow, it is found that the length of a trajectory corresponds to the distance particles have
travelled in the flow starting from the first discharge. This implies that in this case the guiding
mechanism is not just related to the presence of the outflowing feed gas, but rather to the
presence of discharge remnants that are transported in the gas flow.

The situation for Ar as feed gas depends on the applied voltage. For relatively low applied
voltages, the discharges resemble those in the case of N2: a guided streamer discharge
propagates along the axis of the jet and it is observed that the length of the discharge develops
during the first about 10 discharges. For higher applied voltage, the discharges in Ar start to
propagate in the gas mixing layer, as in the case for He. However, whereas the discharges fill
the entire gas mixing layer in the case of He, the discharges in Ar are branching streamer
discharges that are confined in the gas mixing layer and are hence not reproducible in space.
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Experimentally as well as theoretically was found, that Paschen’s law is no longer valid in
compressed gases in electric field in the order of 10-20MV/m [1-3]. This failure of Paschen's
law is associated with the onset of pre-breakdown current attributed to the field emission of
electrons from the cathode.

In this study, we focused on the electrical characterization of breakdown phenomena in
microdischarges at high gas pressures. The dependence of the electric breakdown potential on
such properties as electrode separation, working gas, frequency and pressure (up to 50 bar) were
studied. The breakdown voltages measurements were carried out using high pressure chamber
equipped with stainless steel sphere to plane geometry electrodes with electrode spacing from
5-100um.

It revealed that field emission effect has a different impact in different gases. While in
compressed air, we have observed a decrease of breakdown voltages with decreasing electrode
distance, in argon, at 10um and pd of 7 Torr.cm we have observed an increase of breakdown
voltage compare breakdown voltage at 100um and the same value of pd. (Fig. 1) [4]. We
assumed this behavior is due to a different onset of the field emission at the different gases,
however, further analysis has to be done to unfold this behavior under different conditions.
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Fig. 1: DC Breakdown voltages for Ar at constant pressure of 930mbar and different electrode separation and for
10um at pressure from 2 to 8bar.
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1. Introduction

Diffuse dielectric barrier discharge (DBD) is promising technology for homogeneous
surface treatment, ozone generation with less NOx emission from air, etc. So far, we
succeeded in generating a diffuse DBD in atmospheric-pressure air using specific alumina
barrier. From the analysis of discharge appearance, current waveform and gap voltage during
discharge, we concluded that this diffuse DBD is a kind of atmospheric-pressure Townsend
discharge (APTD). In order to elucidate decisive factors for generating APTD in air, we
investigated the homogeneity of accumulated surface charge on alumina barrier and its
temporal change by a plane type DBD device [1]. The result showed that surface potential
distribution during APTD is homogeneous. However, since we could not control the points
where streamer generates, the difference of surface potential distributions between
filamentary DBD and APTD was not clear. In this work, we investigated discharge
appearance and surface charge distribution of the discharge generated by a hemisphere rod
electrode DBD device which can fix the streamer generation point.

2. Experimental setup

Fig. 1 shows an experimental setup. A hemisphere rod electrode type DBD device was
set in atmospheric-pressure air. The radius of the hemisphere rod electrode tip was 5 mm.
Alumina (Material code: A473 and A440, Kyocera) was used as dielectric material of the
plane electrode. Gap length was set to 1 mm. The relative humidity was between 33.5% and
38.1%. AC high voltage of 50 Hz was applied to the DBD device by a high-voltage testing
transformer and an AC power supply. The applied voltage was interrupted at various phases
using a synchronous switching system. Photos of the discharge were taken by a high-speed
camera with an image intensifier. The surface potential distribution on the alumina surface
was measured by a non-contacting electrostatic voltmeter.
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Fig. 1: Experimental setup
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3. Results

Fig. 2 shows current waveform and discharge appearance of the hemisphere rod type
DBD device. Voltage of 10 kV, was applied to the hemisphere rod electrode. The current
waveforms changed by barrier material. The current without pulses was recorded when A473
alumina barrier was a cathode. In this case, homogeneous light emission was recognized in
the vicinity of the electrode tip. These features coincide with the characteristics of APTD in
air [2]. On the other hand, streamer discharges generated in the vicinity of the electrode tip
when the A440 alumina barrier became a cathode. From these observations, we confirmed
that we succeeded in fixing the streamer generation place and that even with the hemisphere
rod type DBD device, we can generate the APTD in air.
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Fig. 2: Discharge appearance of hemisphere rod plane DBD on different alumina barrier plates.
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Fig. 3 shows spatial distributions of surface potential on different alumina barriers. In
both cases, surface potential under the hemisphere rod electrode increased with increasing
applied voltage. At the same applied voltage, surface potential caused by APTD was higher
and narrower than those caused by streamer discharge. These results suggested that to keep
high surface potential on barrier is necessary for the generation of APTD.
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Fig. 3: Spatial distribution of surface potential on different alumina barrier plates.
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