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The Second Central European Symposium on Plasma Chemistry is a natural development of the First Central
European Symposium on Plasma Chemistry, which was held in Gdansk, Poland, 27 — 31 May, 2006 and series of
seven Polish Symposiums on Plasma Chemistry originated in 1971. The first symposium, as well as the mentioned
symposiums, has brought together scientists and engineers studying the plasma chemistry and its applications, in
particular for environmental issues. Nowadays, it seems to be obvious to continue the formula of the international
symposium founded in Gdansk, 2006. The Symposium provides the possibility to scientists from Central Europe to
meet each others, exchange knowledge and ideas in plasma based applications.

The First Central European Symposium on Plasma Chemistry was supported by the CEI Cooperation Fund,
which supports this symposium again. This activity was very successful and so we expect that the Symposium in Brno
will have the similar exciting impact. The topics of the Second Central European Symposium on Plasma Chemistry
cover both chemical and technological aspects of the plasma processing of gases, liquids and solids.

The Central European Symposium is focused on exchanging new experience and ideas in the plasma applica-
tions for materials processing, surface modifications, medicine, environment protection and other fields related to
the plasma chemistry. The aim of the symposium is to accelerate development of plasma-based technologies, dedi-
cated in particular to environmental protection and improvement of quality of life. Moreover, due to broad sympo-
sium scope we enable and welcome participation of researches from related branches. The four-day format of the
symposium provides excellent opportunities for both formal presentations and informal discussions in between more
than 100 participants. Each day starts with topical lecture provided by an invited speaker selected by International
Scientific Committee of the Symposium. After that several oral presentations follows; the authors of the best submit-
ted abstracts were nominated for oral presentations. Two evenings are dedicated to the poster session, where par-
ticipants will present results and discuss informally. The Symposium covers up-to-date topics and so the meeting is
open for researchers from Universities and R/D institutions as well as for people responsible for innovations in the
industry. We intend to ensure friendly environment for valuable exchange of ideas.

The Second Central European Symposium on Plasma Chemistry held in Brno 31th August - 4th September,
2008 provided excellent opportunity for approximately 100 participants from 11 European countries. More than 50
participants took advantage of submitting the results presented at the Symposium for consideration as regular paper
in special issue of Chemické listy journal. This CD contains those papers, which were accepted for publication.

The Local Organizing Committee and Editors
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1. Introduction

Recent public concern about air pollution from produc-
tion units has prompted more research to develop methods to
reduce and control odors. Masking chemicals, oxidation proc-
esses, air scrubbers, biofilters and ventilation systems have
been studied. Many new techniques for gaseous pollutants
removal have been developed recently. In general, there are
several industrial applications used to clean gaseous streams
containing VOCs. The most common are activated carbon
filters', photocatalytic oxidation’ and non-thermal plasma
systems’. Nowadays the third way is very promising because
of the economic reasons and low power consumption. Non-
thermal plasma processes have been investigated a lot during
the past decade by many researchers for volatile organic com-
pounds (VOCs) control in air. Many different types of low-
temperature reactors have been developed®. In all reactors
plasma is generated and maintained by electrical discharge.

In this research, the prototype non-thermal plasma reac-
tor was proposed and its efficiency in removal of odors was
calculated. The back corona discharge phenomenon was used
for promoting the rise of the density of plasma in the reactor.

2. Non-thermal plasma reactors

In general, plasma reactors are devices which generate
plasma. Typically plasma is an ionized gas and could be di-
vided into two categories: thermal and non-thermal. In the
thermal plasma all the particles (electrons, positive ions, neu-
tral atoms) are in thermodynamic equilibrium, whereas in
low-temperature plasma, there is a significant difference in
kinetic energy i.e. temperature of electrons and ambient gas
particles. Electrons with very high self-energy (1-10eV)

collide and interact with molecules of pollutant. It leads to the
cleavage of bonds. There are two major methods of the cold
plasma generation: the electron accelerators and plasma reac-
tors.

Non-thermal plasma reactors usually are built as a pla-
nar or cylindrical construction employing high voltage dis-
charge electrodes system (needles, wires). The most common
types of cold plasma reactors are: corona discharge reactor,
dielectric barrier discharge (DBD) reactor and packed-bed
discharge reactor. The power supply, plasma density and pres-
sure drop of the gas passing through the reactors are com-
pletely different in these reactors. Corona discharge reactor is
characterized by low discharge intensity what is not desirable
from the point of view of pollutant removal. The goal is to get
the plasma density as high as possible. The key to enhance the
plasma density is in using the back corona discharge phe-
nomenon.

3. Back corona discharge mechanism

The back corona discharge is a special type of the partial
discharge. In the electrostatic precipitators being used in in-
dustry for removal of solid phase particles from gases this
phenomenon was observed®. The dust particles were charged
electrically and then gathered on the collecting electrodes by
electrostatic forces (Coulomb forces). In case of dust particles
with volume resistivity above p,> 5-10° Qm the back corona
discharge was generated. The schematic diagram depicting
the stages in the process of back ionization is shown in Fig. 1.

The mechanism proceeds as follows. At first dielectric
layer on the grounded electrode is charged by the corona elec-
trode. If the electric field in the dielectric layer exceeds the
critical value the back corona occurs in the channels of the
layer. As the result, the great amount of charge of opposite
polarity to corona electrode is injected to the space between

discharge electrode J

1+

pores

B e LSRR R

. grounded electrode

R I dielectric layer
[ 1M = P&

heavy increase of
electric field

Fig. 1. Schematic diagram of back corona discharge phenomenon
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the electrodes and the discharge current significantly in-
crease®. For the electrostatic precipitator it is a very undesir-
able effect because its collection efficiency lessens. However
this effect is desirable in plasma reactors.

Using perforated dielectric layer with proper volume
resistivity on the grounded electrode it is possible to obtain
the low-temperature plasma with the proper intensity under
the atmospheric pressure. The plasma channels are distributed
at a uniform rate in the dielectric layer and the glow is ob-
served.

4. The laboratory-scale plasma reactors

The laboratory-scale plasma reactors were designed and
executed. The frontal views of the constructed reactors are
shown in Fig. 2. The two different designs were suggested,
one with planar electrodes and the other with cylindrical elec-
trodes system.

The main difference in reactors was the realization of
low-field electrode. The reactors shown in the Fig. 2a, 2b had
a polystyrene as a dielectric layer on the grounded electrodes
and discharge electrodes were made of copper wire,
@ 0.35 mm. The volume resistivity of this aromatic polymer
(about 10'2Qm) allowed the back ionization. The phenome-
non occurred in pores of polystyrene layer. The reactor shown
in the Figure 2c was equipped with the low field metallic
electrode covered with a high quartz glass fabric (volume
resistivity about 10'° Qm) as the dielectric. Furthermore co-

Fig. 2. The scheme of the non-thermal plasma reactors with cylin-
drical (a, ¢) and planar (b) electrodes system: 1 — dielectric walls
made of plexiglass, 2 — cylindrical housing made of epoxy resin with
glass fibre (Figure 2a) or of glass (Figure 2c¢), 3 — metallic grounded
electrode, 4 — corona discharge electrodes, 5 — perforated dielectric
layer, 6 — gas inlet (outlet), 7 — holes for screws
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rona electrodes were made of Cu-Ni alloy wire, @ 0.30 mm.

The construction of this particular non-thermal plasma
reactor allow the gas to cross the plasma chamber perpendicu-
larly to the electric field direction. Also all the reactors were
featured by a low drop of pressure between their inlets and
outlets. The volumes of the reactors equaled to 2500 cm®
(Fig. 2a), 900 cm’ (Fig. 2b) and 1500 cm® (Fig. 2c).

5. Electrical measurements

The corona discharge electrodes were con-
nected with dc high voltage power supply. During measure-
ments the voltage was risen up to 20 kV. The current — volt-
age characteristics of the reactors with the back corona dis-
charges occurring in the pores of the dielectric layer are
shown in Fig. 3. The power consumption in the reactors as a
function of the applied negative dc voltage are presented in
Fig. 4.

It was estimated, that reactor with a glass fabric covered
grounded electrode generated the highest discharge current
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Fig. 3. Current — voltage characteristics of plasma reactors shown

in Fig. 2, under the atmospheric pressure and at room tempera-
ture for negative polarization of discharge electrodes
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12 mA, with density of 24 uA cm™. In other reactors with
polystyrene as dielectric layer these values were much lower.
For planar reactor they were 4 mA and 11 pA cm™ respec-
tively, while for the last cylindrical reactor they were 8 mA,
10 pA cm™. It was estimated, that non-thermal systems used
in this experimental were low power-consuming. In any case
the discharge power did not exceed 200 W and was on the
level of 180 W in the case of reactor in Fig. 2¢c, 160 W for the
reactor in Fig. 2a and 100 W for the reactor in Fig. 2b. The
influence of the temperature on corona discharge process was
noticeable. The plasma reactor was heated up.

On the basis of the above mentioned results the cylindri-
cal reactor equipped with glass fabric as perforated dielectric
layer was selected to the further investigations.

6. Odors removal in the plasma reactor

A schematic diagram of laboratory apparatus for the
investigations of gaseous pollutants removal by plasma reac-
tor with back discharges is shown in Fig. 5. The apparatus
composes of plasma reactor, odors generator and gas ana-
lyzer. The quantitative analysis of gaseous samples was car-
ried out using vapor-phase chromatography (HP 589011 Hew-
lett Packard) and odors conversion rate was analyzed using
mass spectrometer (HP 5973).

The investigations were carried out as follows. Odors in
liquid or gaseous phase where injected into the odors genera-
tor where they were warmed and mixed to obtain a uniform
compound. Then the compound was pumped to the flow regu-
lator. The second flow regulator was coupled with the air
compressor. This apparatus allowed to adjust the operating
flow during the experiments from 29 to 214 1 h™". The concen-
tration of odors in air was controlled over the wide (1.3—
104 ppm) range. The odors from the mixer flowed through the
plasma reactor which was supplied with sufficiently high
voltage to get the back discharges but to avoid sparks between

FLOW
‘ ODOR H PUMP =D ReGULATOR

AR D FLOW
COMPRESSOR REGULATOR

’L PLASMA GAS
REACTOR ANALYZER

POWER
SUPPLY

MIXER

Fig. 5. Schematic diagram of apparatus for odors removal using
the non-thermal plasma reactor
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the electrodes.

The experiments were realized at room temperature and
under atmospheric pressure. The negative polarity was set at
corona electrodes during the experiments, as this application
led to the higher rate of VOC’s decomposition. It was proved
in the previous paper’.

Alcohols, ketones, alkenes, cycloalkenes, aromatic hy-
drocarbons and their mixture were used as odorous com-
pounds. The energetic electrons in the non-thermal plasma
reactor with back ionization produced free radicals which let
the removal process take place. Dependencies of the com-
pounds decomposition on the power input and current dis-
charge are shown in the Fig. 6,7. The gas mixtures with
cyclopentene, pentene and cyclohexane content equal to
1.3 ppm and the flow rate equal to 214 1 h™ were subjected to
the action of plasma. It was estimated, that the increase of the
discharge current and power input led to the higher efficiency
in odors decomposition. The maximum removal rate was
90 % as above some saturation due to electrical properties of
the plasma reactor and flow properties took place.

The influence of the flow rate and the initial odors concentra-
tion on their conversion efficiency was also checked and veri-
fied. The flow rates were adjusted at 180 1 h™" for the mixture
acetone — toluene (Fig. 8), 120 1 h™' for the ethyl ether — ace-
tone — benzene — toluene mixture (Fig. 9) and at 29 1 h™ for
the mixture ethyl ether — benzene (Fig. 10). In all the cases the
corona electrodes were supplied with the constant dc voltage
value of 12 kV (negative polarity). The conversion rate of the
odors depended strongly on their concentration in air stream
and its flow rate. The influence of the flow rate and odors
content on the decomposition rate was following. For the
mixture of gaseous compounds flowing at a rate of 180 1 h™'
containing 1 ppm of toluene and acetone their removal ratios
were at 75 % and 63 %, whereas for 7.5 ppm these ratios were
at 34 % and 17 % respectively. In the case of toluene and
acetone mixture (3 ppm) at the flow rate of 180 1 h™, the re-
moval efficiency was 38 % and 25 % for toluene and acetone
respectively (Fig. 8). When ethyl ether, acetone, benzene and
toluene were mixed so as the concentrations of the particular
component at the flow rate of 120 1 h™" and the rate of toluene
removal was 40 % and acetone 5 % (Fig. 9). Therefore it was

100
—8— cyclopentene
= 80 1 O~ pentene
= —w— cyclohexane
(=]
B
¢ 60
=
=1
© )
o /
S 40 fi
2 f
a
£ 1
o y,
O 20 4
T
0 .

Discharge current, mA

Fig. 6. Conversion efficiency as a function of discharge current in
the plasma reactor for compounds content equal to 1.3 ppm and
flow rate equal to 214 | h™*
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Fig. 9. Dependence of the removal ratio of ethyl ether, acetone,
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Fig. 8. Dependence of the conversion ratio of acetone and toluene
on their initial content for flow rate equal to 180 | h™*

concluded, that the process of odors conversion depend also
on the type of the mixture. For flow rate of 29 1h™" it was
found out, that the plasma control was very sensitive on the
component content in the mixture. The conversion rate of
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Fig. 10. Dependence of the conversion ratio of ethyl ether and
benzene on their initial content for flow rate equal to 29 | h™*

ethyl ether changed from 75 % to 50 % while the conversion
rate of benzene was 62 % and 8.9 % (Fig. 10) while their
concentrations in mixture increase from 20 to 100 ppm.

7. Conclusions

Non-thermal plasma reactor described in this paper is
an alternate proposition to be applied for air odors control
under atmospheric pressure. The back discharge phenomenon
was used for promoting the rise of the density of the excited
species.

The power consumption in conversion process was at
low level. This was an important advantage from the view
point of the energy savings.

The reactor applicability to odors control was proven.
The significant dependence of the decomposition efficiency
on the flow rate of air containing odors and on their content in
gas mixture was estimated. The rate of the particular com-
pound removal was varied. To rise the conversion efficiency
of the gaseous compounds the reactor electrical properties
have to be modified.

Authors gratefully acknowledge the support from Polish State
Committee for Scientific research KBN under grant No PBZ-
MeiN-5/2/2006.
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1. Introduction

Tree-way catalysts of honeycomb structure are used in
gasoline automobiles for the exhaust gas cleaning. The per-
formance of the catalysts strongly depends on the composition
and the temperature of the exhaust gas. The catalysts can be
ineffective, if the temperature of the exhaust gases is low or in
case of an access of oxygen. One of the possibilities, how to
improve the performance is to combine the catalyst with
a non-thermal plasma. It is well-known that the combination
of such plasma and catalyst in a hybrid system usually results
in an improvement of gas treatment efficiency, carbon balance
and reduction of suspended particles in the gas. In the past,
there have been several attempts to generate the discharges
inside the ceramics honeycomb monoliths'. Various cuts and
slices of honeycomb monolith integrated with a system of
electrodes of assorted geometries were applied to generate the
plasma inside the channels of these catalysts. Despite the
promising results obtained for NOx and VOC treatment sev-
eral serious problems has been reported. One of them is
a stability of the discharge and plasma generated inside thin
and long channels of honeycomb monolith. The stability can
be very much affected by the walls confining the discharge.
Due to the loss of the charged particles on the walls of the
capillaries, the onset and operating voltages is higher com-
pared to non-confined system. A stable streamer discharge is
very difficult to obtain, instead of that rather unstable spark-
ing occur. When operating the discharge for a certain period
of time in sparking mode, the mechanical breakdown of the
ceramic walls and ultimate failure of the catalyst may occur.
Therefore the generation of homogenous and stable plasma
inside thin channels of honeycomb catalysts was found so far
rather difficult.

In this paper we present a new method for the generation
of the stable discharge plasma inside the honeycomb mono-
lith. The idea behind this method is that instead of generating
the discharge directly inside the channel, the discharge is
generated outside the channels and subsequently extended
into the channels. It is done by the generation of auxiliary
discharge at one of the ends of the honeycomb monolith and
application of the additional electric field across the monolith.
This method is in fact a utilization of a technique used in the

II Central European Symposium on Plasma Chemistry 2008

past for a sliding discharge generation®*. The sliding dis-
charge is a discharge generated on flat dielectrics by e.g. com-
bination of AC and DC powers in three-clectrode geometry. It
is particularly important in aeronautics for active wing flow
control by the electric wind produced by the discharge. We
used the concept of the sliding discharge to generate the dis-
charge inside the honeycomb monolith along the dielectric
walls of the thin channel. The paper present basic characteris-
tics of the sliding discharge inside the capillary channels,
addressing the effects of the diameter, length of the channels
and the applied voltage.

2. Experimental System

The simplified scheme of the experimental reactor
equipped with relevant measuring systems is depicted on
Fig. 1.

The reactor consisted of a cylindrical quartz tube of
26 mm diameter. The tube was filled with a bundle of quartz
capillaries of 1-3 mm diameter and lengths of 2 or 3 cm. The
capillaries were placed on the top of y-AlL,O; pellet bed lo-
cated at the bottom part of the tube. The bundle of transparent
capillaries was used instead of ceramic honeycomb monolith
in order to visually observe the discharges inside and to be
able to apply the optical emission spectroscopy. The set of
three electrodes consisted of a rod plugged in the middle of
the pellet bed, aluminum foil wrapped around the quartz tube
and a mesh electrode placed on the top of the capillaries. The
rod was powered by AC high voltage of 50 Hz, the mesh by
negative DC high voltage, and the foil was grounded. Nega-
tive DC was chosen to ensure discharge operation up to
higher voltages without sparking. The amplitude and wave-
form of the applied voltages was measured by high voltage
probes Tektronix P644A connected to the digital oscilloscope
Tektronix TDS2014. The pellet bed discharge power was
evaluated from Lissajous figures and the power of the dis-
charge in capillaries as a product of DC voltage and a mean
current. Optical measurements were performed by an emis-
sion spectrometer Ocean Optics SD2000 and the images were
recorded by a digital camera Nikon D40x.

| DC HV power supply |

gas inlet <R
(45umin.a|r:_'::>- 3.

v

3

. o
! 0" spectrometer

(Ocean Optics SD2000)

digital Qi
camer. % ‘
(Nikon ;3030] capillaries

| AC HV power supply |

Fig. 1. Experimental setup depicting discharge reactor and elec-
tric and optical measuring systems

s1318



Chem. Listy 102, s1318—s1321 (2008)

3. Results and Discussion

When AC voltage was applied on the rod electrode, the
barrier discharge inside the pellet bed was formed. The dis-
charge current waveform of the barrier discharge was typical
by the current pulses of amplitudes of several tens of milli-
amps, which were superposed on the capacitive current bias
component. The barrier discharge produced the plasma which
served as a kind of ionizer. It produced charged particles and
ionic space charges at the bottom of the bundle of glass capil-
laries. Upon the application of DC voltage on the mesh elec-
trode the charges were accelerated through the capillaries
toward the mesh electrode finally forming a sliding discharge.
As a result, stable and homogenous plasma formation was
observed inside the capillary channels.

Fig. 2 shows the typical voltage and current waveforms
of the sliding discharge when negative DC was used. Com-
pared to waveform of the barrier discharge, additional nega-
tive pulses can be recognized during the positive maximum of
the applied voltage. They are the result of the sliding dis-
charge propagation inside the capillaries. The discharge oc-
curred only when the polarity of the rod and mesh electrode
were opposite as result of the high potential difference across
the capillaries. When the rod and the mesh were of the same
polarity no sliding discharge was observed.

Fig. 3 present the images of the discharges taken by the
digital camera for various amplitudes of the applied voltage.
The images show the sliding discharge inside glass capillaries
formed only when both AC and DC were applied. With AC
only barrier discharge inside the pellet bed was formed, while
with DC only a corona discharge at the mesh could be ob-
served. The images also show the distribution of the discharge
and the emission inside the capillaries was relatively homoge-
nous. The stable sliding discharge operation was possible
within a wide interval of both DC and AC applied voltages.
The transition of the sliding discharge into a spark discharge
was observed when too high applied voltages were used. The
DC sparking voltage decreased with increasing the AC ap-
plied voltage and vice versa.

Excessive sparking was also observed when dry gas

20 3

AC VOLTAGE [kV]
CURRENT [mA]

-20 T T T T -3

0 10 20 30 40 50
TIME [ms]

Fig. 2. Waveforms of the applied voltage and discharge current
of sliding discharge [Uac = 15 kV, Upc =-16 kV]

II Central European Symposium on Plasma Chemistry 2008

Fig. 3. Images of the discharge in capillaries [diameter 2 mm,
length 3 mm] at different AC and DC applied voltages in ambient
air: (top left) the reactor, (top right) barrier discharge [Uac = 16 kV,
Upc = 0 kV], (bottom left) corona discharge [Uac= 0 kV, Upc=-20
kV], (bottom right) sliding discharge [Uac = 15 kV, Upc =-16 kV]

mixtures were used. Fig. 4 shows the images of the discharge
in dry nitrogen and ambient air, showing higher operational
AC and DC applied voltages could be reached without spark-
ing if moisture was present in the system. The origin of the
effect is not fully understood, but it is assumed to be con-
nected with the formation of water clusters which stabilize the
discharge. The transition of the sliding discharge into a spark
could also be suppressed by ballasting the DC line with the
appropriate resistor, thus limiting the amplitude of the dis-
charge current

Fig. 5 shows the power of the sliding discharge as a
function of the DC applied voltage for various lengths of the
capillaries and the AC voltages. The discharge power in-
creased with both DC and AC applied voltages. The effect of
AC voltage was however negligible since the power of the
pellet bed discharge was one order of magnitude less than that
of the sliding discharge. With extending the length of capillar-
ies at a given DC voltage, the discharge current and power
decreased. In contrast, a diameter of the capillary had mar-
ginal effect on the discharge power.

Emission spectroscopy is a method that provides valu-
able information on excited atomic and molecular states, en-
ables the determination of the temperatures of the plasma and
thus the level of non-equilibrium, and the gas temperature.
Fig. 6 shows the emission intensity of the sliding discharge
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Fig. 4. Images of the discharge in capillaries [diameter 2 mm,
length 2 mm] at different AC and DC applied voltages in: (left)
ambient air [Uac = 15 kV, Upc = —16 kV], (right) dry nitrogen [Usc=
15kV, Upc=-10kV]

based on the 0-0 spectral band (337 nm) of 2™ positive system
of N (CsI1,—BslIl,) as a function of the DC voltage. The inten-
sity increased with both DC and AC applied voltages. In con-
trast to the negligible effect of AC voltage on the discharge
power, its effect on the discharge emission was significant.
The intensity also reflects a concentration of active species
generated by the discharge. To minimize the power consump-
tion but keep the same intensity, it seems appropriate to maxi-
mize AC and minimize DC applied voltage. The figure also
shows the intensity decreased for longer capillaries as a result
of decreasing discharge current.

Fig. 7 shows the emission intensity of the sliding discharge
depending on the DC applied voltage for various diameters of
capillaries. On contrary to the effect of the length of capillar-
ies, the effect of the diameter was found negligible, especially
at low DC applied voltage.

By using Specair software from N, (C;I1,—B;Il,) spec-
tral bands we determined rotational and vibrational tempera-
tures found the typical values 300 + 30 K and 1800 + 300 K,
respectively. Rotational temperature was found independent
of the applied voltages. The plasma generated by the sliding
discharge is cold with a high level of non-equilibrium.
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Fig. 5. Discharge power as functions of negative DC applied volt-
age for various AC applied voltage and the length of capillaries
[diameter 2 mm, ambient air]
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ies [diameter 2 mm, ambient air]
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Fig. 7. Emission intensity as functions of negative DC applied
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10kV]

4. Conclusions

Generation of microplasmas inside spatially confined
geometry of bundle of glass capillaries (simulating honey-
comb monolith structure) by using sliding discharge was pre-
sented. The paper introduced the fundamental physical prop-
erties of the discharge based on electrical and optical meas-
urements. Sliding discharge inside honeycomb was generated
by a superposition of AC barrier discharge in series with DC
powered honeycomb monolith. The homogeneity and the
stability of the discharge can be controlled by amplitude and
polarity of the applied voltage and contents of moisture. The
discharge generates relatively cold plasma with a high level of
non-equilibrium.
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1. Introduction

Nowadays, there is a growing interest in atmospheric
pressure microwave microplasma sources (MMSs)'™'!. They
are needed for gas cleaning, microwelding, surface modifica-
tion, light sources, and atomic spectroscopy system. They can
be also used in the biomedical applications such as steriliza-
tion of medical instruments, high-precision surgery, cells
treatment and deactivation of bacteria and viruses'™".

We present a new MMSs based on a coaxial line. The
main advantage of the presented MMSs is its simplicity and
low cost. Our first model of MMS was described in'?. Here
we present its advanced two versions. First version of the
MMS (see chapter 2.1) is oriented for microplasma generation
in noble gases. The second version of the MMS (see chapter
2.2) is oriented for operation in nitrogen.

2. Experimental procedure and results

The scheme of the experimental setup is shown in
Fig. 1. It consists of a microwave magnetron generator
(2.45 GHz), microwave power measuring system (directional
coupler, power meters with thermistor mounts), gas flow con-
trol system (Mass flow controller) and microwave mi-
croplasma source (MMS). The whole arrangement was con-
nected via coaxial cable (50 Q).

The absorbed microwave power P, i.e. microwave
power delivered to the discharge was calculated as P;— Py,
where P; and Py are the incident and reflected microwave
powers, respectively. The incident and reflected microwave
powers Py and Pr were directly measured using directional
coupler equipped with bolometric heads and HP power meters
(Fig. 1). The ferrite isolator protected the magnetron head
from the reflected microwave power.

2.1. Microwave microplasma source operated in argon
at atmospheric pressure

In this investigation argon at atmospheric pressure was
used as a working gas. The argon flow rates varied from 1 to
20 1 min™". The microwave power was from 10 to 80 W.

The structure of the presented MMS is based on the
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Microwave generator

HP power meters

Isolator Directional
coupler
| Microwave
microplasma
. source
forfon
o' o
Mass flow
controller

Fig. 1. Experimental setup

transmission coaxial line. The sketch of the transmission co-
axial line is shown in Fig. 2.

The important parameter of the transmission coaxial line
is its characteristic impedance Z, described as follows:

Z, :ﬁlogg @

.
where ¢, — dielectric constant (for air — 1.0, for Teflon — 2.1),
D — inner diameter of the outer conductor, d — outer diameter
of the inner conductor.

The cross-sectional view of the MMS used in this inves-
tigation is shown in Fig. 3 and 4.

The centering Teflon nozzle with narrow gas channel
(¢ =3 mm) ensures operation at relatively low flow rate of
argon.

Important part of the MMS is an impedance matching
circuit in the form of the quarter-wave transformer A/4. This
circuit is based on the coaxial line filled with Teflon.

The length of the used quarter-wave transformer in the
MMS is 21 mm.

The best impedance matching of the MMS (i.e. the low-
est reflected microwave power) was realized by optimizing
the following dimensions (see Fig. 4):

— L. — length of the inner conductor above the outer con-
ductor,

— L. — length of the outer conductor measured from the
quarter-wave transformer,

&

D ds

v

Fig. 2. Sketch of the transmission coaxial line

s1322



Chem. Listy 102, s1322-s1326 (2008)

Y
Gas outlet

'.
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Fig. 3. Coaxial MMS operated in argon at atmospheric pressure

i ﬂ Eﬂ_———— Teflon

Le / ¢d

=]
Py
mal | U S
of [——Teflon

Fig. 4. Draft of the coaxial MMS operated in argon at atmos-
pheric pressure

—  ¢g— diameter of the inner conductor,
— ¢y — diameter of the conductor inside the quarter-wave
transformer.

Dependences on the reflection coefficient Pr/P; versus
the length of the outer conductor L. for different diameters of
the conductor inside the quarter-wave transformer ¢, are
shown in Fig. 5-9. The length above the outer conductor of
the inner conductor L. was fixed (15 mm). Fig. 5-9 shows
that at lower diameter of the conductor inside the quarter-
wave transformer ¢y, the better impedance matching was
achieved.

The influence of the incident microwave power P; (P, =
30 W and P; = 60 W) on the reflection coefficient Pr/P; was
very low.

The influence of length L. above the outer conductor of
the inner conductor on the reflection coefficient Pyr/P; for
chosen L.= 30 mm is shown in Fig. 10. As seen, the impedan-
ce matching was better for lower values of L.. This is also
confirmed in Fig. 11, where the influence of length L. on the
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Fig. 5. Influence of length L, on the reflection coefficient Pr/P; for
different incident microwave powers P = 30 W and P; = 60 W.
The diameter of the wire inside the quarter-wave transformer ¢, = 6
mm. The length above the outer conductor of the inner conductor L. =
15 mm
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0.8+ >{‘|:1 mm

0.7+ X =5mm
064 = P=30W
054 ¢ P=60W
0.4
0.3 : .

0.2 ’ :
0.1 '

/P

4

P

0.0 T —— T oy
20 40 60 80 100 120 140
L, [mm]

Fig. 6. Influence of length L. on the reflection coefficient Pgr/P; for
different incident microwave powers P = 30 W and P; = 60 W.
The diameter of the wire inside the quarter-wave transformer ¢ = 5
mm. The length above the outer conductor of the inner conductor L. =
15 mm
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Fig. 7. Influence of length L. on the reflection coefficient Pg/P; for
different incident microwave powers P = 30 W and P; = 60 W.
The diameter of the wire inside the quarter-wave transformer ¢, = 4
mm. The length above the outer conductor of the inner conductor L. =
15 mm
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Fig. 8. Influence of length L. on the reflection coefficient Pg/P; for
different incident microwave powers P = 30 W and P; = 60 W.
The diameter of the wire inside the quarter-wave transformer ¢, = 3
mm. The length above the outer conductor of the inner conductor L. =
15 mm
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Fig. 9. Influence of length L. on the reflection coefficient Pgr/P; for
different diameters of the wire inside the quarter-wave trans-

former ¢, The microwave power P; = 30 W. The length above the
outer conductor of the inner conductor L, = 15 mm. The diameter of

the inner conductor ¢¢ = 1 mm

0.5

Ar, Q=2 /min
X =1mm
L,=30 mm
039« P=30W
&
m:z
0.24
014 we =t
0.0

20 2 4 6 8 1012 14 16

Fig. 10. Influence of the length above the outer conductor of the
inner conductor L. on the reflection coefficient Pg/P;. The diame-
ter of the wire inside the quarter-wave transformer ¢, = 4 mm. Micro-
wave power P;=30 W
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Fig. 11. Influence of length L. on the reflection coefficient Pg/P;
for different lengths L. (L. = 15 mm and L. = 0 mm). The diameter
of the wire inside the quarter-wave transformer ¢, = 3 mm. Micro-
wave power P=30 W
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Fig. 12. Influence of length L. on the reflection coefficient Pr/P;
for different diameters of the wire inside the quarter-wave trans-

former ¢y,. The length L. = 0 mm. The diameter of the inner conduc-
tor ¢g = 1 mm. Microwave power P; =30 W

1.0

Ar, Q=4 1/min
0.91 X =1.5mm
081 p=30w
071 a X =1mm
_0A6~ >?(:=2mm
03]
0.4+
0.34
0.24
0.1 .
00— -7 -
20 40 60 80 100 120 140
Lg mm

Fig. 13. Influence of length L. on the reflection coefficient Pg/P;
for different diameters of the inner conductor ¢d. (¢4 =1 mm and
(g =2 mm). The length L. = 0 mm. Microwave power P; =30 W
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Fig. 14. Influence of length L. on the reflection coefficient Pg/P,
for different incident powers (P; =30 W and P; = 60 W) The diame-

ters of the inner conductor ¢4 = 1 mm. The diameter of the wire inside
the quarter-wave transformer ¢, = 1.5 mm. The length L, = 0 mm.
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Fig. 15. The reflection coefficient Pr/P; versus incident microwave

power for different argon flow rates Q for optimized ¢4 = 1 mm, ¢,
=1.5mmand L, =0 mm

Fig. 16. Photo of the optimized coaxial MMS with atmospheric
pressure argon microplasma
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reflection coefficient Pg/P; for two values of L. (L.= 15 mm
and L.= 0 mm) was shown.

Basing on the results presented in Fig. 10 and 11, we
chose a length L.= 0 as optimum.

Fig. 12 shows the influence of length L. on the reflection
coefficient Pr/P; for different diameters of the wire inside the
quarter-wave transformer ¢, for the fixed length L.=0 and
diameter ¢4= 1 mm.

As seen, the best impedance matching was achieved
when the diameter of the wire inside the quarter-wave trans-
former f;; was equal to 1.5 mm.

The dependence of reflection coefficient Pr/P; on length
L., shown in Fig. 13, indicates that the optimum diameter of
the inner conductor f; is 1 mm.

Fig. 14 shows the influence of length L. on the reflec-
tion coefficient Pr/P; for different incident powers P; (P = 30
W and P; = 60 W) for the optimum diameter of the inner con-
ductor ¢4 (¢4 = 1 mm), diameter of the wire inside the quarter-
wave transformer ¢y (¢ = 1.5 mm) and the length L. above
the outer conductor of the inner conductor (L, = 0 mm).

As seen, characteristics are almost independent on the
incident microwave power P; and the length of the outer con-
ductor L.. It is very important advantage when industrial ap-
plications are considered.

Fig. 15 shows the reflection coefficient Pr/P; versus the
incident microwave power P for different argon flow rates Q
for optimized ¢4, ¢, and L.. As seen, the better matching was
achieved at lower argon flow rates.

Fig. 16 shows the photo of the optimized coaxial MMS
with atmospheric pressure argon microplasma.

Anti-bacteria UVB radiation emitted by the argon mi-
croplasma was from 10 to 45 mW m2, depending on the dis-
charge conditions (UVB probe was located 7 cm from the
plasma region).

Gas outlet
.

Tungsten wire
Brass rod Gas inlet
S
Centering Teflon ring 3
B L

N-type connector -| 1 I

Coaxial cable :
(50 €2)

Microwave power input

Fig. 17. Coaxial MMS operated in nitrogen at atmospheric pres-
sure
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Fig. 18. The photos of N, microplasmas for different absorbed
microwave powers (a) and N, flow rates (b)
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Fig. 19. The reflection coefficient Pg/Py versus incident microwave
power at N, flow rates Q=11 min”!
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2.2. Microwave microplasma source operated
in nitrogen at atmospheric pressure

In this investigation nitrogen at atmospheric pressure
was used as a working gas. The nitrogen flow rates varied
from 0.3 to 3 I min~'. The absorbed microwave power was
from 40 to 140 W.

The sketch of the nitrogen MMS and the photos of N,
microplasmas are shown in Fig. 17 and 18, respectively.

Anti-bacteria UVB radiation emitted by the N, mi-
croplasma was from 20 to 2000 mW m™, depending on the
discharge conditions (UVB probe was located 7 cm from the
plasma region).

The reflection coefficient Pr/P; was relatively high, i.e.
from 15 to 45 % (Fig. 19), depending on the discharge condi-
tions, so geometry of the presented MMS should be optimized
for operation in nitrogen.

3. Conclusions

The simplicity of the MMSs, operation stability and
parameters of the microplasma allows the conclusion that the
presented MMSs can find practical applications in various
fields. The anti-bacteria UVB radiation measured close to the
microplasmas proves that microplasma can indeed be used for
tissue and material treatment.

This research was supported by the Ministry of Science and
Higher Education (MNiSW) under the programme 0895/B/
T702/2007/33.
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1. Introduction

The oxygen-iodine laser is a promising candidate for
future challenging technologies, like the decommissioning
and dismantling of closed nuclear facilities, raw materials
mining and military applications'. The laser radiates on the
magnetic dipole transition of iodine atom between the first
electronically excited state and ground state

ICP,,) > ICP,,)+hv A=1315nm 1)

The excited iodine atom (the upper laser level) is popu-
lated by a nearly resonant energy transfer from the elec-
tronically excited molecular oxygen in the singlet delta state
0,('Ag) to iodine atom

0,(A)+ICPy) © 0,CZy)+1CP,,) @

The atomic iodine is usually produced by the dissocia-
tion of molecular iodine which consumes energy of several O,
(lAg) molecules

1,+n0,('A,) >214+n0,(’T;) n=4-6 3)

An alternative way of atomic iodine generation may
save Oz(lAg) for significant enhancement of the laser effi-
ciency. The operation of oxygen-iodine laser requires the
following properties of iodine generator: high yield of atomic
iodine, low temperature and sufficiently high pressure to in-
ject produced iodine into the laser cavity. The reactants and
reaction products also must not quench excited oxygen or
iodine.

The chemical methods and electric discharge methods
have been investigated for atomic iodine production without
the need of singlet oxygen. The chemical methods yielded
sufficient amount of iodine but they suffered from chemicals
seriously quenching singlet oxygen or from very high reaction
temperature’. The survey of hitherto studied discharge disso-
ciation of iodine donors was given in ref’. The fulfillment of
all above mentioned requirements has not been achieved till
now. The enhancement of laser performance using the dis-
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charge dissociation of I, was achieved only at conditions far
from optimal for the efficient laser operation’.

We suggested a generation of atomic iodine by the RF
discharge dissociation of iodine donors directly inside
a cooled iodine injector with a subsequent immediate super-
sonic injection into the laser cavity. The experimental study of
the first version of the proposed discharge generator is a sub-
ject of this paper.

2. Experimental

The scheme of the apparatus is shown in Fig. 1. The
injector is made of pure aluminum (99.5% Al, A1050).

A middle channel of inner diameter 9 mm is the dis-
charge chamber and simultaneously the iodine injector. Axi-
ally inserted RF wolfram electrode has 2 mm in diameter. The
left and right holes (channels) of inner diameter 5 mm serve
for introducing cooling water. The injector shape was calcu-
lated by means of 2-D and 3-D modeling to form the super-
sonic double-slit nozzle.

Alkyl iodides CH;I (>99 %, Fluka) and CF;I (99 %,
Sigma Aldrich) were used as the iodine donors. The iodide
was mixed with He (99.996 %) and Ar (99.998 %) and then
introduced to the injector. The flow rate of iodide was meas-
ured by a calibrated sonic orifice. The flow rates of buffer
gases were determined by measurement of pressure prior and
behind a needle valve. The needle valve (Swagelok comp.)
has precisely defined opening by a screw micrometer which
enables to change the range of measured flow rates. Each
needle valve — flow meter for particular buffer gas was cali-
brated by means of an appropriate mass flow meter.

The RF power source (PEARL KOGYO Co., Ltd,
Osaka, Japan, model CF-500-20/100M) is a wideband tunable
cw/pulse radiofrequency generator with oscillating frequency

Ar+He+| donor laser

RF discharge

Alinjector
ground electrode

0-500 W, 136, 20-100 MHz
cwpulsed <100 kHz, T>1 pus

Impedance ~

W rod matching RF |

RF electrode =

Fig. 1. Scheme of the experimental set-up
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20-100 MHz, output power <500 W and a possibility of
repetitively pulsed mode with the repetition rate of 100-99 kHz
and pulse duty ratio of 5-95 %.

The lodine Scan Diagnostics (ISD, Physical Science
Inc., USA) based on a narrow band tunable diode probe laser
was used for determination of atomic iodine concentration
and temperature® in the cavity by measuring the absorption for
the I(ZPI/Z) - I(2P3/2) transition at 1315 nm. The ISD probe
beam emitter/detector unit was mounted on the assembly of
motorized linear positioning equipment controlled by PC.
Atomic iodine concentration and temperature measured in the
expansion cavity perpendicularly or along the injector were
used to evaluate the partial pressure of atomic iodine using the
formula:

b= ["e(RT(ydy (5)
Y=y,

where ¢(y), T(y) are evaluated number density and tempera-
ture and Y is the position in direction perpendicular of along
the injector. Then the dissociation fraction is

PN (6)

Udiss =
Peav Nenai

where N=n, +N, +Ny,+Ngys is the total gas flow rate and
Pcav is the pressure in the detection cavity.

3. Continuous-wave discharge mode

In a continuous-wave operation, 40 MHz RF power in
the range of 50-250 W was used to dissociate the iodides.
The discharge was stable in this power range and at pressure
inside the injector of 2—3 kPa. The gas flow leaving the dis-
charge was injected into the flow of 10-37 mmol s™' of Nj.
Although the future laser operation will require supersonic
flow, most of the experiments were done under higher, sub-

25 T r
—=&— 0.2 mmol/s
—&— 0.37 mmol/s
20 |- 0.5 mmol/s i
—=&— 0.73 mmol/s
. o =
-
15 | a o
< u
- -
< u _=
10 o o
// n
51 " " J
u
|
0
0 50 100 150 200 250

Power absorbed, W

Fig. 2. Dependence of CH;I dissociation fraction on the absorbed
RF power and CH;I flow rate, measured 137 mm downstream the
injector outlet. p.,, = 560—-780 Pa; 1.9 mmol s Ar, 1.9 mmol s He
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sonic pressures, in order to increase the signal from the ab-
sorption measurement. In Fig. 2, the dependence of the disso-
ciation fraction on the absorbed power and CH;l flow rate is
shown.

The linear dependence of 7iss on the power indicates
that the energetic efficiency was constant with increasing
power. This efficiency was evaluated as a fraction of the ab-

deiss — Pdiss — eNI Ebond (7)
P P

abs abs

sorbed power consumed on the dissociation

where Epong is the dissociation energy of C-I bond (2.47 eV/
molec for CH;l, and 2.34 eV/molec for CF;l), [\]I is the
evaluated flow rate of generated iodine atoms (in at/s) and e is
the electric charge of electron. The fPyiss value was 5-7 % for
flow rates 0.2-0.5mmols™ but increased to 10% at
0.73 mmol s of CH;l. The analogous dependence for CF;l
dissociation is shown in Fig. 3.

The dissociation fraction was a bit lower than for CH;l
at similar conditions, but increased significantly (from 8 % to
15% at 0.5 mmol s™' CF;I) when 3.1 mmols™ of Ar was
used instead of the mixture of 1.9 Ar + 1.9 He. At higher flow
rates of CFsl, a sparking instability destroyed the discharge at
RF power > 150 W.

The optimization of Ar and He flow rates was done with
0.51 mmol s~ of CH;I and 138 W of RF power. A slight
maximum is apparent in Fig. 4 at the ratio Ar: CH;1=3.5: 1.
The dissociation fraction also slightly decreased with increas-
ing He flow rate at constant Ar flow rate — see Fig. 5. These
results were achieved at relatively high pressure in the expan-
sion cavity (700-800 Pa in case of CHsl and 500—-600 Pa in
case of CF;I). However, strong pressure dependence was
obtained for CF;l, as can be seen in Fig. 6. The dissociation
fraction strongly increased with decreasing cavity pressure.

25 r r r T T
A
20 - e o
s ’ 7
15 - o 4 -
2 b l/
= 10 | e . .
- —=&— 0.2 mmol/s
. e ---0--- 0.19 mmol/s
5L Y —— 0.35 mmol/s
. 7 v ---0---0.3 mmolls
/ . 0.5 mmol/s
—w— 0.7 mmolls
0 i 1 i 1 i I I
0 50 100 150 200

Power absorbed, W

Fig. 3. Dependence of CF;l dissociation fraction on the absorbed
RF power and CH;l flow rate, measured 137 mm downstream the
injector outlet. p.,, = 480—-540 Pa; flow rates (mmol/s): 1.9 Ar (solid
lines) or 3.1 Ar (dashed line); 1.9 He (solid) or 0 He (dashed)
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Fig. 4. Dependence of CH;l dissociation fraction (74iss) and the
fraction of power consumed on the dissociation (fPgis) on the Ar
flow rate in the absence of He, measured 87 mm downstream the
injector outlet. p.,, = 600-650 Pa; 0.51 mmol s™' CH;I, 138 W
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T
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B T —
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0 1 2 3 4 5 6 7
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Fig. 5. Dependence of CH;l dissociation fraction (74ss) and the
fraction of power consumed on the dissociation (fPgiss) on the He
flow rate, measured 87 mm downstream the injector outlet.
DPeav = 560—670 Pa; 0.51 mmol s CH;1, 1.15 mmol s Ar, 138 W

This effect was attributed to the three-body recombina-
tion reaction:

CF,+I+M - CF,I+M , M=Ar, He (7

which is highly accelerated at elevated pressure. The rate
constant reported for the reaction (7) is very large’,
k = 1.3-102® ¢cm®s™. Similar rate constant for CH;I was not
found in the literature, but no significant dependence of CH;I
dissociation fraction on pressure or distance from the injector
was observed in our measurement. Therefore, we believe that
the best obtained value of 17 % at 0.37 mmol s™' of CH;I and
at the power of 250 W corresponds to the atomic iodine pro-
duced in the discharge region itself.
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Fig. 6. Dependence of CF;I dissociation fraction (774iss) and the
fraction of power consumed on the dissociation (fPgs) on the
cavity pressure, measured 102 mm downstream the injector out-
let. 0.28 mmol s~ CF3l, 3.1 mmol s Ar, 21 mmol s™' N,, 147 W

The integral cross-section for the dissociative electron
attachment on CH;l is 4 times smaller than for CF;I%". This is
probably one reason for its worse dissociation fraction in the
discharge.

Temperatures evaluated from the ISD measurement
were in the range of 320—420 K in most of the experiments.
However, it was found that the higher the dissociation frac-
tion, the higher temperature. Thus at low pressure in case of
CF;l, where the 7iss is large, temperature is also high despite
the supersonic cooling effect. The temperature dependence on
the generated iodine may be explained by the exothermic
recombination reactions:

CH, +CH, — C,H, @®)

CF, + CF; — C,F{ (9)

The reaction heat is —375.2 Kjmol™ for reaction (8) and
—402 kI mol™ for reaction (9) and the corresponding rate
constants are 4-1071'-6-10" em® s and 3-10"'-10" cm’s 7!,
respectively®.

Table I illustrates an influence of different parameters
on the generation of iodine atoms.

4. Repetitively pulsed discharge mode

In the experiments with a repetitively pulsed mode, a
40 MHz RF power supply was periodically switched on and
off with a repetition rate from 0.7 kHz to 99 kHz. A pulse
duty ratio (ratio between “on” time and “off” time in the pe-
riod) was changed from 10 to 100 %. A systematic study of
the influence of the repetition rate and pulse duty ratio on the
atomic iodine number density at the cavity center, 47 mm
from the injector, was done. The dependence on the repetition
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Table I
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Influence of different parameters on the generation of iodine atoms. Xy is a distance of the detection point from the injector outlet

repetition rate, kHz

Fig. 7. Dependence of I number density on the repetition rate for
3 values of pulse duty ratio, measured 47 mm downstream the
injector outlet. p.,, = 960 Pa, 0.72 mmol s™' CH;l, 2.3 mmol s Ar,
237 W

frequency for three values of the pulse duty ratio is shown in
Fig. 7 in the case of CH;l dissociation.

There is a very weak maximum around 30 kHz and the
number density strongly falls at rate <4 kHz. Such low rates
correspond in an order of magnitude with the gas residence
time in the injector, which is around 1 ms. In the case of CF;l,
the repetition rates higher than 10 kHz were used only, since
the discharge was unstable at lower rates. The dependence is
non-trivial and is shown in Fig. 8.

Xinj CH3I Ar He N2 Peav Pabs MNdiss deiss T
[mm] [mmol s™'] [Pa] [W] [%] [%] (k]
137 0.76 1.95 1.92 37.7 140 252 12.5 9.1 240
137 0.74 1.98 1.90 20.7 808 250 13.2 9.4 375
87 0.51 1.15 0.00 21.5 578 150 129 11.4 411
87 0.51 1.15 6.10 21.5 693 150 10.2 9.0 338
87 0.51 1.76 0.00 21.5 599 150 14.8 13.0 401
87 0.51 0.00 0.00 21.5 550 150 11.9 10.5 422
Xinj CF3I Ar He NZ Pcav Pabs MNdiss deiss T
57 0.58 2.17 0.00 213 604 148 9.8 8.7 418
87 0.58 2.17 0.00 21.3 604 148 4.4 3.9 367
102 0.28 3.10 0.00 21.1 411 147 24.2 10.4 481
102 0.28 3.10 0.00 21.1 557 147 5.1 2.2 267
102 0.28 3.10 0.00 21.1 800 147 2.5 1.1 280
137 0.31 3.09 0.00 20.5 505 149 15.1 7.0 353
10 T 4.0 T
L /l
9 i 35 .
F ~ e—
° e sob o — = R
8 n \
- ° . 25f \m /
""E 7 ' _ g S
. o’ 520
Ha . . ] 5
x X 15
= . an” ] =
* = 60% 10| —=—80%
% e 70% ——70%
T 80% | 05 - 60 %
3 + L L L L L 0.0 L L + L L L
0 20 40 60 80 100 0 20 40 60 80 100

repetition rate, kHz

Fig. 8. Dependence of I number density on the repetition rate for
3 values of pulse duty ratio, measured 47 mm downstream the
injector outlet. p.,, = 930 Pa, 0.5 mmol s' CFyl, 2.2 mmol s! Ar,
197 W

In several cases, the iodine atom number densities and
temperatures along the injector were measured and the disso-
ciation fraction and efficiency fPgss were evaluated. These
quantities were not higher than in the experiments with CW
mode. The fPgjss value was evaluated using the mean absorbed
power Ppan = Paps/pulse duty ratio. This quantity was nearly
independent on the pulse duty ratio in the range 50-90 %, but
it strongly decreased at p.d. <40 % for both iodine donors and
independently on the repetition rate.

It was found that the discharge in CF;l could be oper-
ated without sparking effects up to 350 W, contrary to the CW
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mode, where the upper limit was 150 W. The sparking insta-
bility had not sufficient build-up time in the pulsed mode and
the discharge appeared stable.

5. Conclusions

The RF discharge dissociation of CH;l and CF;I was
studied experimentally. This work was aimed at developing
an alternative method of atomic iodine generation for the
oxygen-iodine laser. The discharge was ignited in the mixture
of alkyliodide and Ar + He at 2-3 kPa, which was then in-
jected to the low pressure flow of nitrogen. A maximum dis-
sociation fraction of CH3I was 17 % at the flow rate of 0.72
mmol s, A maximum dissociation fraction of CF;1 was 54 %
at the flow rate of 0.28 mmol s~ and lowered pressure. The
discharge was more stable in a repetitively pulsed mode than
in the CW mode, but the iodine generation efficiency was
similar in both modes.

This work has been supported by the US Air Force European
Office of Aerospace Research and Development (EOARD)
under the Grant # FA8655-06-1-3034.
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1. Introduction

Methane or natural gas reforming is widely used in in-
dustry to obtain hydrogen or synthesis gas (H,+CO), which
are utilized in industry, for example as source materials for
the production of raw chemicals (e.g. methanol and ammo-
nia), as well as hydrogenation agents in oil refinery and re-
ducing gases in steel industry. Recently hydrogen gains in
importance as fuel in fuel cell applications, combustion en-
gines or gas turbines with the goal to achieve more efficient
exploitation of energy sources and to reduce noxious emis-
sions'.

The conventional reforming of methane is carried out
thermally using water steam and oxygen. In this process, oxi-
dation of methane provides heat that is necessary for perform-
ing the endothermic methane reforming reaction using steam.
The steam methane reforming yields a mixture of hydrogen
and carbon monoxide, as follows:

CH, + H,0 <> CO + 3 H,, AH,95= 206 kJ mol™ (1)
where AHyog is a standard reaction enthalpy.

Similar process, named the partial oxidation, occurs
when carbon dioxide (CO,) is used instead of water steam:

CH4 + COz —2CO+2 Hz, AHzgg =247Kk] 1110171 (2)

Hydrogen may be also produced in the process of meth-
ane pyrolysis, which is, however, often accompanied with
acetylene production:

CH, <> C + 2 H,, AHy05= 75 kI mol™ 3)

2 CH4 - C2H2 +3 H, (4)

Since reactions (/) and (2) are highly endothermic, to
decrease the activation energy, a catalyst (usually Ni/ALOs
working at temperature 1100-1150 K) is used. This methane
reforming method is sensible to impurities in substrates which
deactivate the catalyst.

The other conventional technologies of hydrogen pro-
duction, i.e. coal gasification, hydrocarbon reforming and
water electrolysis, are too expensive or not applicable for
specific applications (e.g. for fuel cells) due to technical rea-
sons. Thus, new methods for hydrogen production are under
development, such as water photolysis, and biological and
plasma methods.

One of attracting methods for reforming hydrocarbons to
produce hydrogen is the use of plasmas''°. The plasma con-
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tains reactive radicals, ions and high-energetic electrons. High

reactivity shown by these species enhances the chemical reac-

tion rates whereby expensive and impurity vulnerable atalysts
can be avoided. This plasma capability as well as its high
energy density ensure the compactness of the plasma system.

Besides, the plasma system can be adapted for reforming

various hydrocarbons, such as natural gas, gasoline, heavy

oils and biofuels. Another advantage is the fast response time
that can be achieved because the plasma is operated by elec-
tricity. When water steam is used as the plasma supporting

gas, reductive and oxidative radicals such as H, OH, and O,

are produced in the plasma, enabling the plasma to be effec-

tive for reforming different hydrocarbons.

Recently developed microwave plasma sources (MPSs)
operated at atmospheric pressure>'*'* seem to have a high
potential for hydrogen production via hydrocarbon reform-
ing. The microwave plasma at atmospheric pressure is one
of the plasma techniques providing the electron temperature
of 4000-10 000 K, and the heavy particle temperature of
2000-6000 K (ref.'">'*). Such properties of microwave
plasma provide proper conditions for methane reforming.

In this paper results of investigations on the usefulness
of several microwave plasma methods for hydrogen produc-
tion via methane reforming are presented. The microwave
plasma methods employed are:

—  steam reforming of methane using a low flow rate noz-
zle-type MPS;

—  reforming of methane using high flow rate coaxial-type
MPSs (three versions A, B, and C) supplied through
either a rectangular waveguide WR 284 or rectangular
waveguide WR 430. In both high flow rate coaxial-type
MPSs an additional swirl flow, N, or CO,, was used;

—  reforming of methane using high flow rate cylinder-type
MPS supplied through a rectangular waveguide
WR 430. The only gas used in this MPS was methane
delivered as a swirl.

2. Experimental set-up

The main components of the experimental setup were
2.45 GHz magnetron generator (operated in a continuous
mode), waveguide based microwave plasma source (MPS),
plasma reactor in the form of quartz tube, microwave power
supplying and measuring systems, gas supplying and flow
control systems, Fourier Transform Infrared (FTIR) spectro-
photometer for gas analysis and gas chromatograph for hydro-
gen concentration measurement.

2.1. Low flow rate nozzle-type MPS

When steam reforming of methane using a low flow rate
nozzle-type MPS was carried out, a MPS was based on a TI-
AGO (Torche a Injection Axiale sur Guide d'Ondes) concept
disclosed by Moisan et al'! (Fig. 1). The microwave power
(200-750 W) was fed to the plasma generator directly by
astandard rectangular waveguide. The other end of the
waveguide was terminated with a movable plunger, used for
the impedance matching. The plasma was generated in the
form of a ,,plasma flame* at the end of the nozzle, that pro-
truded from the waveguide directly into the reactor. The
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Fig. 1. Sketch of the nozzle-type MPS operated at low gas flow
rate

working gas [Ar (97-96 %) + CH4 (1-2 %)+H,0 (2 %)] at
atmospheric pressure flowed through the nozzle at a flow rate
of 2-41min~" and 251min”', forming the plasma flame
above the nozzle.

2.2. High flow rate coaxial-type MPSs — versions A,
B, and C

When methane reforming using high flow rate coaxial-
type MPSs was performed then three versions (A, B, and C)
of coaxial-type MPS were tested. In these MPSs, on contrary
to previous MPSs operating at atmospheric pressure, there
was not any nozzle. Instead, the plasma was generated
straightforward inside a quartz cylinder. The plasma genera-
tion was stabilized by forming an additional gas swirl flow
(up to 100 1 min™") in the quartz cylinder. The gas swirl held
the plasma in the centre of the cylinder, protecting the cylin-
der wall from overheating.

In the first version (called version A), rectangular
waveguide WR 284 was used to deliver microwave power to
a coaxial microwave module, where the plasma was generated

External
electrode—

(9" 155)

r Plasma

Quartz cylinder___*
(6" 26, 6 30)

Inner electrode

(4" 6, 4™ 20)
—

Methane
Discharge
igniter

Fig. 2. Sketch of the high flow rate waveguide-based coaxial-type
MPS (with a wide external electrode). Version A
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(Fig. 2). The coaxial module had a wide external electrode
with an inner diameter of 155 mm. The flow rate of methane
(axial flow) and nitrogen (swirl flow) were up to 175 I min™"
and 50 or 100 I min™', respectively. The microwave power
absorbed was up to 5000 W. Version A of the high flow rate
coaxial-type MPS was used for hydrogen production via
methane reforming both without catalyst and with catalyst.

In the version of high flow rate coaxial-type MPS called
version B, the coaxial microwave module was supplied with
microwave power through a rectangular waveguide WR 430.
(the design similar to version A shown in Fig. 2). This high
flow coaxial-type MPS was equipped with a wide external
electrode (wider than version A) with an inner diameter of
180 mm. In version B, the plasma generation was stabilized
by an additional nitrogen swirl flow (50 or 100 1 min™"). The
methane flow rate was up to 175 1 min™'. The absorbed micro-
wave power was changed from 3000 W to 5000 W. In this

Gas outlet

External copper
«—— cylindrical electrode
Quartz eylinder—{ (9" 46)
(26,6 30)
Inner copper
cylindrical electrode ;

|~ @"12.4™20)

Plasma —+

Wa \-'n.lguidc

Radiator |
Nitrogen L Nitrogen
Methane

t
Discharge igniter

Fig. 3. Sketch of the high flow rate waveguide-based coaxial-type
MPS with narrow external electrode. Version C
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1
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Methane ]
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W:u-'niguidx:
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1
Discharge igniter

Fig. 4. Sketch of the high flow rate waveguide-based cylinder-type
MPS
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Table I
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Parameters and results of experiments on hydrogen production via methane conversion using MPSs at atmospheric pressure

Methane
flow rate

Qmet

[l min™]

Initial gas

MPS TYPE o,
composition

flow rate

[l min™]

Swirl Hydrogen Methane
mass yield
rate

[gHyh™]

Energetic

hydrogen  conversion
mass yield degree
[gH.kWh']  [%]

Selectivity
to Hz

stirl [% ]

Low flow rate waveguide-based CH,; + H,O +
nozzle-type MPS N,

High flow rate coaxial-type MPS,
waveguide WR 284, external
electrode 155mm, inner electrode
6mm, N, swirl, without catalyst.
Version A.

2*

CH; + N, 152

High flow rate coaxial-type MPS,
waveguide WR 284, external e-
lectrode 155mm, inner electrode
6mm, N, swirl, with catalyst.
Version A.

CHs + N, 152

High flow rate coaxial-type MPS,
waveguide WR 430, external
electrode 180mm, inner electrode
6mm, N, swirl, without catalyst.
Version B.

CH; + N, 175

High flow rate coaxial-type MPS,
waveguide WR 430, external e-
lectrode 180mm, inner electrode
6mm, N, swirl, with catalyst.
Version B.

CHs + N, 175

High flow rate coaxial-type MPS,
waveguide WR 430, external
electrode 46mm, inner electrode
12mm, N, swirl.

Version C

CH; + N, 175

High flow rate coaxial-type MPS,
waveguide WR 430, external
electrode 46mm, inner electrode
12mm, CO, swirl, without cata-
lyst.

Version C

CH, + CO, 175

High flow rate cylinder-type MPS,

waveguide WR 430, CH, swirl. CH, -

- 0.31 1.56 98.5 91.4

100 284 67.6

100 311 76.5

50 222 74 13.2 96.7

50 255 85 20.2 97.5

50 432 280%* 25.5 99.2

50 943 605%* 58.0 93.6

87.5 866 381%* 99.9 100

* total gas flow rate, initial methane concentration 1 %, ** total electric energy used (the plug efficiency of the microwave magnetron generator

was higher than 66 %)

experiment the influence of catalyst was also studied.

Later, we modified the geometry of coaxial microwave
module by narrowing its external electrode (to 46 mm in di-
ameter) and increasing the inner diameter of the internal elec-
trode (to 12 mm) (Fig. 3). In this version, called version C, the
plasma generation was stabilized by an additional nitrogen
swirl (50 I min™"). The methane flow rate was 175 1 min ™.
The absorbed microwave power could be changed from
1000 W to 5000 W. No catalyst was used when reforming
CH,4 using version C.

Also, in version C we used CO, to produce the swirl,
instead of nitrogen. CO, swirl had a flow rate of 501 min~!.
The methane flow rate was 175 I min™". The absorbed micro-

wave power was 3000 W. No catalyst was used in this experi-
ment.

2.3. High flow rate cylinder-type MPS

Finally, we tested methane reforming using high flow
rate cylinder-type MPS. In this MPS only methane was used
as the operating gas. The methane was introduced to the
plasma in the form of a swirl (87.5 I min™" or 175 min™").
The cylindrical microwave module was supplied with micro-
wave power through arectangular waveguide WR 430

(Fig. 4).
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3. Results

Main results of all our experiments on hydrogen produc-
tion via methane reforming using various MPSs are summa-
rized in Table I.

3.1. Low flow rate nozzle-type MPS

The results of the investigation of hydrogen production
via steam reforming of methane using the low flow rate noz-
zle-type MPS showed that energetic parameters (mass and
energetic yields) of hydrogen production are relatively low
(0.31 g[Hy] h™" and 1.56 g[H,] kWh™"). Moreover, analysis of
the gas composition after the plasma processing showed that
methane is converted not only into H, but also to CO, CO,,
H,0 and C,H,. Concentrations of CH, and its conversion
products (H,, CO, and C,H,) are presented in Fig. 5. Fig. 5a
shows that CHy4 conversion increases with increasing micro-
wave power and decreasing gas flow rate. At a high flow rate
of 25 1 min™' CH, conversion rate is relatively low. Increasing
the gas flow rate results in shorter residence time of CHy in
the plasma, and consequently in a lower conversion of CH,.
Production of H, and CO corresponds to the CH4 conversion
and increase with increasing microwave power and residence
time in the plasma (Fig. 5b and c). The highest concentrations

II Central European Symposium on Plasma Chemistry 2008

of H, (1.8 %) and CO (0.52 %) were measured at 2 | min™'
and 400 W.

According to the reaction (/), the amount of CH, de-
composed in the plasma should be equal to the concentration
of CO and to one third of the H, concentration. However, our
results show that concentrations of CO and H, are lower. One
of the reasons is production of acetylene (C,H,) in the reac-
tion (4). In such a case CO concentration should correspond
to the two third of decomposed CH,4. Indeed, concentrations
of CO obtained at gas flow rate of 25 1 min™' prove this hy-
pothesis. However, at low gas flow rates, i.e. 2-4 1 min,
concentrations of H, and CO are much lower than expected.
Since no soot or other hydrocarbons were found after the
plasma processing, we assume that low concentrations of H,
and CO result from their oxidation to CO, and H,O. Unfortu-
nately, quantitative determination of CO, and H,O concentra-
tions could not be carried out in the experiment.

Concentration of acetylene (C,H,), which is produced
during CH4 conversion, is presented in Fig. 5d. At gas flow
rate of 2 1 min™' and 3 1 min™! no C,H, was found regardless
the microwave power delivered to the MPS. Detectable pro-
duction of acetylene starts from 4 1min~' and 300 W and
increase with gas flow rate and microwave power. The high-
est C,H, concentration of 0.038 % was measured at gas flow
rate of 25 I min™" and 450 W of microwave power and corre-

a
1,0 H
0,8 4
< 0,6 H
=3 | Flow rate:
5 04 —=—2 l/min
—— 3 I/min
T —&— 4 |/min
0,2 4 —0— 25 l/min
0,0 — T —— 71—
0 200 400 600 800
Power [W]
c
1,0 o
i Flow rate:
0,8 4
i —&— 2 //min
—— 3 |/min
g 064 —A— 4 /min
‘o’ E = —0— 25 I/min
O 0,4
0,2
0,0 — T T T T
0 200 400 600 800
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Fig. 5. Low flow rate waveguide-based nozzle-type MPS. Concentrations of CH, (a), H, (b), CO (c), and C,H; (d) in the outlet gas as

b
2,0 4
1,6 - p
i Flow rate:
= 124 —=— 2 |/min
S J —— 3 /min
T 08 —&— 4 1/min
’ —— 25 I/min
00 — T T T T 1
0 200 400 600 800
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1 ——3l/min
0,04 —A—4I/min_
= —0— 25 l/min
g i
I: 0,03
T i
0,02
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0.00 — 1T T T T T 1
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a function of microwave power. Initial CH,4 concentration 1 %. Initial CH4:H,O ratio 1:2
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sponds to the one third of CH; decomposed in the reaction
.

Since the gas exiting the system of low flow rate nozzle-
type MPS is a mixture of several compounds, hydrogen must
be extracted from the other compounds using a membrane or
PSA (Pressure Swing Adsorption) filter. This may be
a disadvantage. On the other hand, steam reforming of CH,4
provides high methane conversion degree (98.5 %) and no
soot as a solid by-product.

3.2. High flow rate coaxial-type MPSs — version A

When reforming methane into hydrogen using version A
of the high flow rate coaxial-type MPS without catalyst, the
hydrogen mass yield rate and the corresponding energetic
hydrogen mass yield were 284 g[H,] h™ and 68 g[H,] kWh™",
respectively (Tab. I). Catalyst placed in the plasma reactor
increased those parameters to 311 g[H,]Jh™ and 77g
[H,] kWh™, respectively. Due to the absence of any oxygen in
the system no oxides were detected in the exit gas. The only
by-products of methane conversion to hydrogen were acety-
lene (<1 %) and carbon (soot). The soot deposit could be
casily noticed on the reactor walls.

3.3. High flow rate coaxial-type MPSs — version B

The hydrogen mass yield rate and the corresponding
energetic hydrogen mass yield when reforming methane using
version B of the high flow rate coaxial-type MPS were re-
spectively up to 255 g[H,]h™" and 85 g[H,] kWh™' (Tab. I).
These results correspond to the case with catalyst and are
better than those obtained without catalyst. Detailed results
are presented in ref.'°.

3.4. High flow rate coaxial-type MPSs — version C

The hydrogen mass yield rate and the corresponding
energetic hydrogen mass yield when methane reforming using
version C of the high flow rate coaxial-type MPS with N,
swirl were up to 432 g[H,] h™ and 418 g[H,] kWh™', respec-
tively.

Energetic parameters of hydrogen production in version
C of the MPS with CO, swirl were 943 g[H,] h™' and 919 g
[H,] kWh™, respectively. In our experiment, the plug effi-
ciency of the microwave magnetron generator was higher than
66 %, so taking into account this efficiency, the energetic
hydrogen mass yield is 605 g[H,] per kWh of electrical en-
ergy used (Tab. I). These parameters are better than previous
results when nitrogen was used as the swirl gas and much
better than those typical of other plasma methods of hydrogen
production (e.g. plasmatron®, gliding arc®, electron beam’,).
However, using CO, seems unpractical because of a problem
with separation of H, from CO, and CO (produced in the
reforming process) in the off-gas.

As can be seen in Table 1 methane conversion degree
was relatively low when the high flow coaxial-type MPS of
version C with N, or CO, swirl was used. In the case of N,
swirl it was not higher than 25.5 %. Replacing N, with CO,
increased methane conversion over twice. Such an increase
results probably from a lower heat lose since thermal conduc-
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tivity of CO, is 1.6 times lower than nitrogen. Thus, there was
no mixing of CO, swirl with methane introduced to the
plasma by the central duct of the MPS. This hypothesis is
confirmed by the low concentration of CO in the exit gas
(0.9 %) showing that reaction of methane partial oxidation (2)
had small contribution to the methane conversion into hydro-
gen. From the significant production of soot one may con-
clude that methane pyrolysis (reaction 3) was the main proc-
ess of hydrogen production.

Presence of swirl gas as well as methane conversion by-
products, i.e. acetylene and unconverted methane, necessitate
to separate hydrogen from other gaseous components using
a pressure swing adsorbent (PSA) unit or membrane filter
unit. In order to avoid separation process we propose in our
last experiment presented in this paper to use methane as the
only gas entering the plasma generator.

3.5. High flow rate cylindrical-type MPS

Diagnostics of gas exiting high flow rate coaxial-type
MPS supplied with CH, swirl only showed that unprocessed
methane was found as the only gaseous by-products resulting
from methane conversion. The methane decomposed to hy-
drogen H, and carbon (soot). At the power of 1.5 kW and
methane flow rate of 87.5 I min™' concentrations of hydrogen
and methane were 99.88 % and 0.12 %, respectively, whereas
at the power of 5 kW they were 99.94 % and 0.06 %, respec-
tively. Thus, the total methane decomposition degree was
99.76-99.88 %. When methane flow rate was doubled then
only half of CH, was converted (Fig. 6).

The selectivity of methane conversion to hydrogen was
100%. Such a high selectivity as well as lack of other gaseous
by-products and significant production of soot show that reac-
tion of methane pyrolysis (3) was the main path of methane
conversion.

The energetic parameters of the hydrogen production via
the methane pyrolysis were up to 866 g[H,] h™" and 577 g[H,]
per kWh of microwave energy absorbed by the plasma, re-
spectively (Fig. 7). When conversion of methane was 100 %
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Fig. 6. High flow rate coaxial-type MPS, version C. Methane con-
version degree as a function of absorbed microwave power at differ-
ent methane switl flow rate
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then the hydrogen mass yield rate did not depend on the mi-
crowave power. Lower CHy conversion degree observed at
CH, flow rate of 175 1 min™" resulted in decreasing hydrogen
mass yield rate. On the other hand, energetic hydrogen mass
yield was the same for both methane flow rates.

4. Conclusions

Our investigation of methane reforming using MPS
operated at atmospheric pressure show a progress in improv-
ing the hydrogen mass and energetic yields. The high ener-
getic hydrogen mass yield obtained in the final experiments
using the high flow rate cylindrical-type MPS with CH, swirl
is better than that obtained in other plasma methods even if
we take into account the energy losses in the microwave
power supply used in our experiment. Then, the energetic
hydrogen mass yield is 381 g[H,] kWh™' (~ 33 % lower than
577 g[H,] kWh™" presented above, Tab.I). The absence of
other compounds (CO, CO,, C,H,) as by-products in the off-
gas is additional benefit of methane reforming using the high
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Fig. 7. High flow rate coaxial-type MPS, version C. The hydrogen
mass yield rate (a) and the energetic hydrogen mass yield (b) versus
absorbed microwave power for different methane swirl flow rate
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flow rate cylinder-type MPS.

Comparison of energetic parameters of hydrogen pro-
duction by microwave plasma, which is a laboratory scale at
the moment, with industrial scale conventional steam methane
reforming is difficult. Only comparison with water electroly-
sis, where the only kind of energy used is electricity similarly
as in our method, is possible. The best available commercial
electrolysers produce hydrogen with energetic hydrogen mass
yield up to 21 g[H,] kWh™' (ref."®). This value is much lower
than that obtained using plasma methane reforming. However,
energetic hydrogen mass yield is not good parameter for com-
paring plasma reforming with electrolysis since both methods
use different substrates. One of the way for comparing those
both methods is calculating of costs of methane and electric-
ity. Assuming that water cost in electrolysis is negligible the
cost of 1 kg of hydrogen produced by plasma method is about
2 times lower than that obtained via electrolysis.

The high flow rate cylinder-type MPS for H, production
via methane reforming tested by us as the last MPS design is
expected to be of low cost and effective, and thus promising
for applications in the distributed hydrogen production.

These studies were supported by the Ministry of Science and
Higher Education (MNiSW) under the program PB 3020/
702/2006/31.
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1. Introduction

Low temperature plasmas are extensively used for the
plasma processing', light sources, various plasma technologi-
es” etc. During several last years different plasma discharges
with nozzle and powered by rf generator driven at frequency
13,56 MHz have been investigated. Plasma pencil is a special
type of plasma nozzle working at atmospheric pressure, which
is interesting for possible applications®® such as local treat-
ment of surface, deposition of thin films, change surface en-
ergy, cutting in surgery, etc. Through this nozzle, which is
made from quartz tube with typical inner diameter 2 mm,
flows working gas (argon with water vapour). The powered
electrode is connected through the maching unit to the rf gen-
erator.

In the contribution, we present diagnostics of unipolar
discharge channel generated by the plasma pencil at atmos-
pheric pressure. For different electrical parameters and vari-
ous construction design of the plasma pencil the parameters of
the plasma channel are estimated from optical emission spec-
tra in the spactral range 200-900 nm: rotation temperature
from OH rotational lines, vibrational temperature from nitro-
gen bands as well as concentration of electons and tempera-
ture of neutral gas from Stark and Doppler broadening of
hydrogen lines, resp.

Fig. 1. Photograph of plasma pencil

2. Experimental setup

The plasma pencil is shown in Fig. 1. The powered elec-
trode of was separated by the dielectric quartz tube, nozzle

II Central European Symposium on Plasma Chemistry 2008

with the inner diameter 2 mm and the outer diameter 4 mm
and 50 mm length. As an active medium flowing through the
hollow electrode of the plasma pencil argon with purity
99.996 % was used. Note, that the working gas flowing from
the nozzle stabilises the dischrge. The hollow electrode was
connected through the matching network to the rf generator
Cesar — 1310 by Dresler driven at frequency 13,56 MHz* .

Optical emission spectroscopy was accomplished by
means of the monochromator FHR 1000 by Jobin-Yvon-
Horiba supplied with CCD detector and ICCD (Intensified
Charge Couple Device) system. CCD detector in “continual”
regime was used, ICCD system in pulse regime was chosen
whereas square pulse modulation frequency of 27 kHz by
means of external triggering generator Agilent 33220A was
adjusted.

The spectra was recorded perpendicularly to the plasma
channel for different discharge parameters.

The rotational temperature from rotational lines of OH,
the electron temperature from Ar lines in the plasma channel
at different conditions of discharge (power supply, frequency,
length) were determined. Rotational and electron temperature
were calculated from Boltzmann plot*™*,

The most frequently used technique for determination of
electron concentration N, is based on the half-width and shape
of the hydrogen Balmer beta (Hg = 486.13 nm) spectral line.

Electron concentration was estimated by approximate
formula e.g.() by Weise et al”'®'2 .

1.49

-3 22 S
N[ 102 17333

W; is the Stark halfwidth at half maximum (HWHM) of
line. In case when Stark width, W, is small and comparable

Fig. 3. Drop of water on thin hydrophobic layer surface. This layer
was deposited by plasma pencil at atmospheric pressure
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Fig. 4. Rotational temperature estimated from OH lines as
a function of the distance from the end of the nozzle for fixed gas
flow of 11 min~ and fixed hf power input of 125 W. The negative
distance was taken in the nozzle while the positive values were taken
out of the nozzle.

with Doppler and/or instrumental broadening it may be deter-
mined by using an approximate deconvolution formula''.

In calculation of electron concentration other broadening
mechanism such as resonance and Van der Waals broadening
were ignored, because Stark broadening was dominant.

3. Results and discussion

A typical distribution of rotational temperature esti-
mated from OH lines as a function of the distance from the
end of the nozzle for fixed gas flow of 11 min™" and fixed hf
power input of 125 W is shown in Fig. 4. The negative dis-
tance was taken in the nozzle while the positive values were
taken out of the nozzle and the lenth of nozzle was 50 mm.
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Fig. 5. Concentration of electrons as function of the distance from
the end of the nozzle for fixed gas flow of 1 1 min~ and fixed hf
power input of 125 W. The negative distance was taken in the nozzle
while the positive values were taken out of the nozzle
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The rotational temperature is aproximately constant along the
nozzle. In side the nozzle rotational temperature insreases
fast.

Fig. 5 shown a distribution of concentration of electrons
as function of the distance from the end of the nozzle for fixed
gas flow of 1 1 min™ and fixed hf power input of 125 W. The
negative distance was taken in the nozzle while the positive
values were taken out of the nozzle. Concentration of elec-
trons, calculated from the half-width and shape of the hydro-
gen Balmer beta line Hz=486,13 nm, decreases along the
nozzle from electrode to the end of the nozzle.

A typical distribution of electron temperature and rota-
tional temperature as a function of the delay while using
ICCD system in pulse regime, square pulse modulation fre-
quency of 27 kHz and duty cycle 50 % is shown in Fig. 6. and
Fig. 8. Gas flow of 1 1 min™' and hf power input of 135 W in
the end of the nozzle. Is evidently, that the temperature is
measurable only in the range of modulation pulse.
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Fig. 6. Electron temperature calculated from Ar lines as a func-
tion of the delay while using ICCD detector for fixed gas flow of
11 min™ and fixed hf power input of 135 W in the end of the
nozzle. Pulse modulation frequency of 27 kHz was adjusted
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Fig. 7. Intensity of OH lines as a function of the delay while using
ICCD detector for fixed gas flow of 1 1 min~ and fixed hf power
input of 135W in the end of the nozzle. Pulse modulation frequency
of 27 kHz was adjusted
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Fig. 8. Rotational temperature calculated from OH lines as a
function of the delay while using ICCD detector for fixed gas
flow of 1 I min™ and fixed hf power input of 135 W in the end of
the nozzle. Pulse modulation frequency of 27 kHz was adjusted

Fig. 7 shows a distribution of intinsity of one rotational
line of OH molecul as a function of delay in pulse regime of
discharge.

Pulse regime of discharges are perspective for deposi-
tion of thin layer on thermal sensitive materials and for other
applications..

This discharge in ,,continual“ regime was used for depo-
sition thin layers on glass substrates. For this deposition mix-
ture of Ar and hexamethyldisiloxane (HMDSO) was used as
working gas.

High speed camera Olympus i-SPEED-2 was used for
demonstration of properties of this thin films. Record speed
1000 frames per second was used. Fig.2 and Fig. 3 show
pictures accompilshed by this camera. Pictures show drops of
water on hydrophobic thin films deposited on glass substrates.
This are first hydrophobic films deposited by this plasma
device at atmospheric pressure.

s1340
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4. Conclusion

In this article results of electron concentration, rotational
and electron temperature in discharge generated by plasma
pencil at atmospheric pressure were presented for ,,continual®
and pulse regime.

First results of deposition of hydrophobic thin films on
glass substrates by plasma pencil were presented too.

In this contribution the single nozzle was used, but sev-
eral nozzles can be applied simultaneously in one device,
which is more convenient for practical application.

This research has been supported by the grant 202/07/1207,
by the Czech Science Foundation and by the research intent
MSM:0021622411 funding by the Ministry of Education of the
Czech republic and Grant Agency of Academy of Science of
Czech Republic contract No. KAN101630651.
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1. Introduction

Radiative transport of energy plays an important role in
many plasma processing devices. Jets of thermal plasma are
produced in plasma generators with electric arcs. The experi-
mental observation of radiation transfer is very difficult due to
extreme experimental conditions. In such cases, the mathe-
matical modeling is of great importance. However, the non-
linearity of equations describing the radiation field and strong
dependency of input parameters on the radiative frequency
and properties of the medium make mathematical plasma
models very complicated. Exact calculations are hardly possi-
ble, even with modern computers, due to the large computa-
tion times required; therefore, several approximate methods
have been developed (method of partial characteristics, net
emission coefficient, etc.).

Any quantitative study of the radiative transport of
energy requires knowledge of the frequency-dependent
absorption properties of the arc plasma. Theoretical
calculations of radiation field are based on the knowledge of
the plasma composition and subsequently absorption
coefficients. The total spectral absorption coefficient (spectral
absorptivity) needs to be calculated as a function of
wavelength, temperature and pressure with radiation
wavelengths spanning from the infrared to the far ultraviolet
region of the spectrum.

Intensive radiation is irradiated from the hot central part
of the arc and reabsorbed in cold edge of the plasma.
Therefore, besides of continuous and discrete radiation of
atoms and atomic ions the influence of molecular species on
the absorption properties of the plasma has to be taken into
account. Recently, we have studied discrete band spectra of
diatomic molecules’. In this paper two radiation processes
leading to the continuous absorption molecular spectra are
studied. Simple approximate formulas for photodissociation
and photoionization cross sections of diatomic molecules are
presented. Results obtained for selected diatomic molecules
are compared with available experimental and other
theoretical data from literature.

2. Absorption coefficients

A light beam traveling through a participating gas layer
of thickness dx loses energy by absorption and by scattering
away from the direction of travel. The attenuation of radiation
in non-scattering medium is proportional to the magnitude of
the incident energy (intensity I,) and to the length of the path

dl, =—«,1 dx 1)

The proportionality constant k, is known as an absorption
coefficient. When a photon interacts with a gas molecule,
atom, or ion, it may be absorbed raising the particle’s energy
level. Conversely, a gas particle may spontaneously lower its
energy level by the emission of an appropriate photon. Three
different types of radiative transitions can be distinguished: i)
transition between bound atomic or molecular states, called
bound-bound transitions (bb), ii) transitions from a bound
state to a “free” (dissociated) one (absorption) or from “free”
to bound (emission), called bound-free transitions (bf), and iii)
transitions between two different “free” states, free-free
transitions (ff).

Total absorption coefficient is given as a linear sum of
all three processes

kv, T, p)=x" + & +x" )

The spectral absorption coefficient of any process is related to
the photo-absorption cross section s, (T) by

Ky (T, p) =0, (T )Nia (T, p) ©))

where N; is the population density of the i-th electronic state
E® of the absorbing species “a ”. Thus, at a given spectral
frequency, plasma temperature and pressure, the total spectral
absorption coefficient is

K, =zzaj,iNia 4)

Calculation of absorption coefficients represents a complex
task, since the radial wave functions of all free and bound
atomic and molecular states must be known. However, simpli-
fications can be made by using various semi-empirical
methods.

3. Photodissociation

The process of photodissociation can proceed in various
ways. Photodissociation can occur by line and by continuous
absorption. The most important case of dissociation
absorption continua is the direct photodissociation, in which
a transition takes place from a stable lower state to a
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Fig. 1. Relevant potential curves for O, ilustrating direct photo-
dissociation (Schumann-Runge continuum) from Jarmain at all?
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Fig. 2. Relevant potential curves for H," illustrating direct photo-
dissociation from Dunn®. Also shown are a typical continuum wave
function and turning radius r

continuous upper state.

Continuous spectra join onto the series of vibrational
levels of the upper electronic state (see Fig. 1 for Schumann-
Runge continuum of molecule O,), and are the only feature
present if the electronic state under consideration has no
discrete vibrational levels at all (unstable state — see Fig. 2 for
molecule Hy").

According to the Franck-Condon principle, the most
probable transition in absorption is that going vertically
upward (see Fig.1 and Fig.2). The probability of the transition
between two states w'andy" is proportional to the square of

I Central European Symposium on Plasma Chemistry 2008

the dipole transition moment
2
‘J.WI*DW”dT‘ (5)

where D is the vector of electric dipole moment and dt is the
element of volume of the space of nuclear and electronic
coordinates. Neglecting the molecular rotation we obtain

U(//ERe (r)n//v,dr‘2 )

where y4- and yg are the vibrational wave function for the
lower bound molecular state and the repulsive wave function
of continuum state, respectively, and

R.(r)= jwer (r.z,)Dy,(rz, Mz, Q)

is the electronic transition moment. The variation of R, with
internuclear distance r is slow and R, may be replaced by an
average value R, . With this assumption we obtain

_ 2

Re2 .[VIVWEdr (8)
The overlap integral

qv”E = Jl//v"l//Edr (9)

is the Franck-Condon density. It has a maximum value when
the broad maximum of the repulsive function lies
approximately above the maximum of the vibrational wave
function of the lower state.

In first approximation, very simple form of repulsive
wave function can be used*: it is replaced by a d-function,
which is different from zero only at the classical turning point
r, (see Fig. 2).

Then the overlap integral for a given energy of the
repulsive state is simply equal to the value v, where
v, is to be taken for the r value that corresponds to the
frequency n considered. Supposing v, (r) are harmonic
oscillator wave functions

[y, ()] ﬂ/% eXp(T“XZ)[H Wax] (10)

2"y"!

_ 4z’ v, v =i\/E
where X =r—re, a=——== " Ty
HV( aX) are Hermitean polynoms.

The continuous spectrum corresponding to transition
from the lower vibrational state y”"=0 has one maximum,
transitions from the vibrational state v"=1 show two
intensity maxima, since the probability density distribution
curve has two maxima. Similarly, three maxima are to bhe
expected for transitions from v”=2 , etc. In absorption at
high temperatures the continua corresponding to v'=012,...
are superimposed, and in general only a single maximum
arrives which is broader and less high than at low
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temperature.

Absorption coefficients for dissociative transition from
abound vibrational level v of a lower state to the
vibrational continuum of an upper state is given by

" =N,.o, (11)

where N, is the number density of molecules in the lower

vibrational state V", and the cross section according
Herzberg*

3 p—
o, = 167°v ﬁzﬂ R?

3hc

2 12)

v.(r,)

The classical turning point r, is the solution of equation

hv =V(r)-hca, (13)
Here V(r) is the potential energy curve of upper molecular
state, hca, is the energy of the lower vibrational term.
Total spectral absorption coefficient is given by

(14)

v N o, 5 hc »
X R G 0]

Only first 7 vibrational levels of the lower electronic state
were taken into account. N is the total number density of
absorbing molecules, Q(T) denotes the partition function

& hcol” (15)
o) - 3| -1 !

KT j: [ hca)e”j
1-exp| ——
KT

o.0and Voare empirical data — photodissociation cross
section at low temperature and corresponding radiation
frequency of absorbed photon.

3.1. Photodissociation of O,

The most important photodissociation transition of O,

molecule is the convergence limit of x32; -B’x,
(Schumann-Runge continuum). It corresponds to dissociation
0, — O(°P) + O('D) (Fig. 1).

The potential curve of the upper state was approximated
by Morse potential

V(r)=T,+D,{L—e"f (16)

2ricu

where £= @, | T, is the electronic term energy, D,
denotes dissocidtion energy from the ground vibrational state
v = 0, re is the equilibrium internuclear distance, w, is the
vibrational constant, and x the reduced mass. Values of
molecular parameters are given in Tab. I.

The value of empirical data was determined from
Baulch at all®

9v0 _ 6.55x10 Pem?s
VvV

0
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Table |
Molecular parameters of O, (« is parameter in wave function
of lower state) from Herzberg at all®

State Te [oX le
[cm™] [cm™?]  [10°m]
Bos- 49793 709.3 1.604 D.=0.95
v [eV]
B 0 1580.2 1.207 o = 7.5e18
Xz, (cm™)

Photodissociation cross section of Schumann-Runge
continua for different temperatures is shown in Fig. 3.
Comparison is made with the calculations of Mnacakanjan’,
good agreement was achieved.

3.2. Photodissociation of H,"

The transition XZZ; —A’Z’ of H," ion provides the
clearest example of direct photodissociation (Fig. 2). The
upper potential curve was approximated by exponential decay

V(r)=V, + Aexp(— %) (7

where Vo, A, and t are fit parameters. Their values are given in
Tab. Il, together with molecular parameters for the lower
state. The value of empirical data was determined from Van
Dishoeck®

9v0 _2795%10 P cm?s

Vo

Wavelength (nm)
200 180 160 140 120

0, T=4 000 K

T=8 000 K H

Cross Section (10""cm’)
£

[ 8 10
Photon Energy (V)

Fig. 3. The photodissociation cross sections for Schumann-Runge
continuum of molecule O, at different temperatures. Solid lines:
present work; squares and crosses: calculations from Mnacakanjan’
for 4000 K and 8000 K, resp.
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Table Il
Molecular parameters of H," and OH from Herzbergat all®

Molecule  State oy e afem™]
[em™] [107"°m]
H,' X5yt 2321.7 1.052  3.345e17
OH X1 3737.8 0.969 1.027¢18
Molecule State Vo A t
[eV] [eV] [10°m]
H," A% 0.546 66.261 0.546
OH 1% 4.353 27.57 0.492
OH 1A 6.883 138.42 0.253
OH Bx* 8.497 82.123 0.283

The photodissociation cross sections are presented in Fig. 4.
Calculation was performed for first 7 vibrational levels (solid
curve) and for transition from the vibrational level
v =0 only (dashed curve). Comparison with Dunn® (dotted
curve) and Van Dishoeck® (dash-dot curve) shows good
agreement.

3.3. Photodissociation of OH

Direct photodissociation from the ground X211 state may
take place by absorption into three higher states, the 1°%",
12A, and B2Z* state. The three states are repulsive in the
Franck-Condon region of the ground state (Fig. 5). Data for
repulsive potential curves were taken over from paper of Van
Dishoeck at all®; curves can be approximated by exponential

Photon Energy (eV)

20 15 10 5
T T T
s . - —-=-Dunn’, v=0
H-_- :'. AT van Dishoeck’,
. Lo v=0
o 2\ .
E k #~ - - -this work, v=0
= 64 L this work, total -
o I
= ;
= N \
I
5 ' 3
S 4 A -
@ N
8 A
o N
2+ \ -
q “\
U s
T T T T T T T T T T T T
80 90 120 150 180 210
Wavelength (nm)
Fig. 4. The photodissociation cross section for transition

xzz; —A’z! of molecule H,". Solid line: present work for first 7
vibration levels of lower state; dashed line: present work for transition
from only basic vibration lower state v = 0; dotted and dash-dot line:
data from Van Dishoeck® and Dunn®, resp.
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Energy (eV)

0 A
1 2 3 4 5 &

Internuclear Distance (a_}

Fig. 5. Relevant potential energy curves for direct photodisocia-
tion of OH from Van Dishoeck at all®

Wavelength (nm)
200 180 160 140 120 100
4

Cross Section (107" ¢cm?)

Photon Energy (V)

Fig. 6. The calculated photodissociation cross sections as functions
of incident photon energy for the 1°%~, 1A, and B%Z" states start-
ing from the XI1. Solid line: present work; circles, crosses, squares:
calculations from Van Dishoeckat all’

decay (17). Values of molecular and fit parameters are given
in Tab. II.

The photodissociation cross sections for absorption into
the 15 , 1°A , and B2Z* states are presented in Fig. 6.
Comparison is made with the calculations of Van Dishoeck at
all® where configuration-interaction method was used for
obtaining approximate electronic wave functions. Very good
agreement shows that the simple calculations presented in this
work give reliable results.
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4. Photoionization

For atoms, a continuous range joins onto each series of
discrete electronic states and corresponds to the removal of an
electron (ionization) with more or less relative kinetic energy
or, conversely, to the capture of an electron by the ion
(recombination). Such continuous ranges of energy levels,
corresponding to ionization, are possible also for molecules.
lonization potentials of most diatomic molecules are greater
than 10 eV and therefore the ionization continua lie in the far
ultraviolet.

The processes of interest here are one-photon, single
ionization events; they can be written for a prototype
molecule AB in the form

AB+hv - [AB | +e- (18)

where hv is the incident photon energy, AB is the target
molecule in the ground electronic state, [AB'] is the
molecular ion in the electronic excited state j, and e is the
ejected electron carrying off kinetic energy.

In the Born-Oppenheimer and Franck-Condon
approximation the photoionization cross section of the
process (18) can be expressed in the form

O'(V,T)= ;WVW(T)O'W(V) (19)

where W, is the Boltzmann probability of occupation of the
vibration level v'* of the ground electronic state of the neutral
molecule and the partial cross section o, is from
Mnacakanjan’

(20)

Tr v 2
0 (0= S L0, Re' ol v,
In (20)n is the photon frequency, ry is the Bohr radius, R., is
the Rydberg constant, c is speed of light, d.,. are Franck-
Condon factors for transitions between vibronic levels of the
neutral molecule and the ion, and Re’o(v-v,,) represents
the electronic part of the transition dipole moment. Both the
constant part Re? and the frequency variation ¢(v -v,) can
be determined from experimental results in cold gas. Three
different types of frequency variation o(v-v,,) were used:

( B )_ 0 V<V, (21)
AV Ve )= Vo /V) vV,
(v—v )_ 0 V<V,
vz Y W V) v,
( B )_ 0 V<V,
PV Ve /= Vo V] vV
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4.1. Examples of Photoionization

Calculations were performed for molecules O,, N,, NO,
and H,. The molecules were in their ground electronic states.
Following partial photoionization cross sections were
computed: for the production of O," in the states X’I1,", b*Zy,
and a*Tl, + A’l1,; for the production of N," in the states
X?%,", AfI," and B%%,"; for the production of NO* in the
states X*=* and A'IT; and for the production of H," in the state

Table Il
Recommended data for Franck-Condon factors, Re? and
plv-v,,) for photoionization of Oy, N, NO, and H,

FC factors Re?

02 02 q)(V - Vv”v’)
Xz XL, Ref ** 1 ©2
a'I1, + AT, Ref 1 04 02
b'y” Ref ** 1 01
N N,* FC factors Re?
2 2 §0(V - Vv"v' )
X'z," X%z, Ref *? 3.7 03
A, Ref 12 5 03
B, Ref 12 1 02
NO NO* FC factors Re?
olv-v,)
X211 X'z Ref ** 1.25 03
Al Ref 13 1.25 02
H H, FC factors Re?
2 2 ¢’(V - Vv"v’ )
X'zy" XPzg" Ref * 2 o
Wavelength (nm)
120 100 80 &0 40 20

15 T T T T T

= Samson, Ref'
- = -Langhoff, Ref”
.=~ Dittman, Ref"
this work

X

cm"}

Cross Section (10

10 20 30 40 50 &0 70
Photon Energy (eV)

Fig. 7. Partial photoionization cross section for 0, (X°Zy) —
O, ( b“zg’) as a function of photon energy. Comparison is made
with data available in Gallagher at all*°
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Wavelength {nm)

120 100 80 &0 40

25 T T T T T

. = Samson, Ref”
= —-—-Lucchese, Ref"”
- - -Davenport, Ref”
20f g ]
this work
L |

<
=2 15|
o
s
o
& 1o
wr
v
2
(&}

5L

o L L 1

10 20 30 40 50

Photon Energy (eV)

Fig. 8. Partial photoionization cross section for N, (X'Z,") — N,*
(A’1,") as a function of photon energy. Comparison is made with
data available in Gallagher at all*°

Wavelength (nm)

120 100 a0 60 40
T T
»  Morin, Ref'”
—-—-Hermann, Ref"
—— this work
L 728 - = -Smith, Ref"”

@

NO'(5+™") A'1T

Cross Section (10"°cm’)

Photon Energy (eV)

Fig. 9. Partial photoionization cross section for NO (X’[I) —
NO*( AMI) as a function of photon energy. Comparison is made
with data available in Gallagher at all*®

X?%,". Molecular data for all electronic states under
consideration were taken from Herzberg at all®. Sources of
Franck-Condon factors, and recommended values of Re? and
the frequency variation ¢(v-v,,) obtained by means of
comparison with available experimental data in literature are
presented in Tab.3. Results of calculation for transitions O,
(X*Zg) = 0, (b*Zg), Ny (X' — N,* (ATL,"), NO (XPIT)
— NO* (A'TI), and Hy(X'Zs") — H,"(X?Z,") are shown in
Fig. 7, Fig. 8, Fig. 9, and Fig. 10, respectively.
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Wavelength (nm)

120100 80 60 40
14 T T T T T

-+ -Raseev, Ref"”
124 . - - -Davenport, Ref"
] —-=- ONeil, Ref"”

this work

em’)

18

Cross Section (10

40
Photon Energy (eV)

Fig. 10. Partial photoionization cross section for H, (X'2;") — H,"
(XZEQ") as a function of photon energy. Comparison is made with
data available in Gallagher at all*°

Cross sections are plotted on individual figures as
functions of the incident photon energy. Comparison was
made with data published in review paper of Gallagher at
all.’® where many experimental and theoretical data are
compiled. Cross sections were extracted using standard
digitization techniques. The threshold energy for the relevant
photoionization process is indicated by a vertical dotted line
on each figure.

Discrepancies between measured values and theoretical
calculations appear particularly in threshold regions where
polarization effects and possible non-Franck-Condon
behavior are important.

5. Conclusions

Calculations have been made of the cross sections of
direct photodissociation and photoionization of some diatomic
molecules. General agreement with other sources of similar
data has been reached. The presented simple formulas for
cross sections will be used in improved calculation of total
spectral absorption coefficients of air and water vapour
plasmas. These coefficients are necessary input data for
computation of tables of partial characteristics and net
emission coefficients of radiation which are widely used for a
prediction of the radiation heat transfer in arc plasma.

Authors gratefully acknowledge financial support from Grant
Agency of Czech Republic under project No. GA 202/06/0898
and from Ministry of education under project No. MSM
0021630503.
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1. Introduction

Atmospheric pressure dielectric barrier discharges
(DBD)' are used in the industry for in-line plasma treatment
of fabrics or large area substrates. The utilization of different
types of DBD for these applications has been made with dif-
ferent success. The main problem of processing of movable
substrates in DBD stands is the inhomogeneity of DBD at
atmospheric pressure (formation of plasma microchannels).
This results in inhomogeneous treatment of the substrates and
unintentional pin-holing of the substrates at high power densi-
ties necessary for rapid treatment. This disadvantage is not
presented at atmospheric pressure glow discharge (APGD),
but on the other hand the glow regime of this discharge is
sensitive to the gas impurities and the discharge power.

The diffuse surface coplanar barrier discharge (DSCBD)
plasma is generated in thin layer above the surface of dielec-
tric. The plasma microchannels are oriented parallel to dielec-
tric surface. Due to small distance between electrodes the
microchannel part of the discharge can be suppressed in order
to increase the homogeneity of the treatment and suppress the
pin-hole effects. Furthermore, the plasma microchannels of
DSCBD move rapidly along the surface, which improves the
homogeneity of the treatment™’.

For better utilization of the DSCBD for industrial pur-
poses*™® the influence of the outer physical conditions on the
discharge parameters has to be studied. In this paper the influ-
ence of electrode temperature and total input power is pre-
sented. Using spatially resolved spectroscopy spatial profiles
of vibrational and rotational temperature calculated from the
second positive system of nitrogen was determined and corre-
lated with profile of intensity of the second positive system of
nitrogen. Time-space maps of integrated intensities of second
positive system of nitrogen (SPS — 377.1 nm) and first nega-
tive system of nitrogen (FNS — 391.5 nm) were also esti-
mated.

2. Experimental setup

The scheme of experimental setup is shown in Fig. 1. It
consisted of coplanar discharge cell with discharge chamber
and cooling/heating unit, power supply unit and diagnostic
instruments.
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electrodes Peltier cells

powered grounded *cooler
oil bath Heefeh

—Tdischarge
dielectric plate quartz chamber

U=0-20V 800 f=35kH 1202234
] roE VTS
Mass Floy | %_ll - Lopom
O
ot e || [,
Gas Optical 5GSa
Monochrom.
Horiba FHR 1000
l [peco

PC controller

Fig. 1. Scheme of experimental setup with discharge cell and
supporting and diagnostic unit (top). Detail of the discharge cell
with coplanar electrode system (bottom). The dielectric plate, elec-
trodes, discharge chamber and Peltier cells with cooler are labeled

The discharge cell (see also Fig. 1 — bottom) was com-
posed of two brass electrodes overlaid by dielectric plate
(96 % ALO; with the thickness of 0.5 mm). The electrodes
had form of semi-circle. Gap between electrodes had length of
30 mm and width of 0.7 + 0.1 mm in all cases. This coplanar
electrode system was dipped in insulating oil bath. The
grounded electrode was controllably heated/cooled using
cascade of Peltier cells attached eventually to external cooler.
The electrode system consisted of only one electrode pair,
contrary to large area DCSBD.

The open space below the dielectric (in Fig. 1 — bottom)
was covered with cylindrical discharge chamber. The diame-
ter of the chamber was 30 mm and its height was 30 mm. The
chamber enables us to control the discharge atmosphere. In
this work 99.996 % pure nitrogen was flown through the
chamber with constant rate of 3 slpm controlled with Vogtlin
Instruments red-y GCR mass flow meter. The emission spec-
tra and discharge pictures were taken through the quartz win-
dow on the chamber.

The discharge was powered by LIFETECH high voltage
power supply unit with sinusoidal output of 35 kHz fre-
quency. The voltage amplitude was changed in the range 12
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to 18 kV. This corresponds to discharge power of 16 to 42 W.
TTL triggering signal for time resolved spectroscopy was
taken from the power supply frequency generator.

Electrical parameters were measured by LeCroy Wa-
veRunner 6100A digital storage oscilloscope (1 GHz/
5 GSa). Input voltage was measured by Tektronix P6015A
high voltage probe (1000:1). The discharge current was meas-
ured using HP 1160A (10:1) probe by the voltage drop on the
330 Q resistor placed in the circuit. Dissipated discharge
power was then calculated from the time evolution of input
voltage and discharge current.

Optical emission spectra were recorded with Horiba
Jobin-Yvon FHR 1000 monochromator equipped with two
gratings (2400 gr mm™" and 3600 gr mm™"). The optical signal
was detected by Symphony CCD camera and i-Spectrum ICCD
camera that was externally synchronized by TTL signal. Both
of them were cooled by means of cascaded Peltier cells.

The discharge emission pattern was projected by quartz
lens on the adjustable slit. The light passing through the slit
was guided by the quartz optical fiber to the monochromator.
The 1D spatial profile of discharge emission was obtained by
moving the slit in direction across the electrode gap. The opti-
cal resolution in the direction of scanning was set to 1 mm
and the optical signal was gathered from the total area of
approx. 5 mm® of the discharge in all cases.

3. Experimental results and discussion

3.1. Visual appearance of the discharge and the
electrical parameters

The visual appearance of the discharge is presented in
Fig. 2 (top). The distinct pictures show discharge operated at
different conditions. The horizontal axis represents increase of
the temperature of grounded electrode from 10 °C to 80 °C.
The vertical axis represents increase of input voltage ampli-
tude from 12 kV to 17 kV.

The planar structure of the discharge pattern can be rec-
ognized, both on the discharge pictures and on the corre-
sponding intensity profiles of the SPS given in Fig.2
(bottom). The first region is formed by microchannels — fila-
ments crossing the gap in-between of the electrodes (the dis-
tance of —1 mm to 1 mm on the intensity profile). The second
region is represented by the bright violet areas above the edge
of electrodes. These bright areas propagate above the elec-
trodes with increasing input voltage (power). The outer edge
of this region can be recognized on the intensity profile as
well (at the distance of —5 mm). Third region, that is most
clearly visible for the pictures with input voltage of 15 kV,
appears as the diffuse blue light that is extended up to the
outer edge of the electrodes. There is a slight asymmetry of
the luminosity towards powered electrode, which is visible
both in the discharge pattern and on the intensity profile.

It can be seen that electrode temperature influences,
even in very narrow range, the discharge pattern and the cor-
responding intensity profiles. Most pronounced is the change
of the second region above the powered electrode. The equi-
librium temperature of the powered electrode was in the range
of 40 °C to 50 °C (measured after several tens of minutes of
discharge operation).
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Fig. 2. Set of characteristic discharge images (t=1/50s). The
powered electrode is on left side, grounded on right side. The actual
size of the square picture is 35 mm. The changing character of the
DCSBD with the input power and electrode temperature is presented
(top), corresponding spatial profiles of SPS intensity for different
electrode temperatures for applied voltage of 15 kV (bottom)

3.2. Rotational and vibrational temperature spatial
profiles

The spatial profiles of rotational and vibrational tem-
perature are useful characteristics for deducing the effects of
plasma treatment of materials in DSCBD. The distribution of
vibrational temperature (comparing with the intensity pro-
files) can give us the information about the “active area” in-
volved in plasma treatment and the efficiency of this treat-
ment. The distribution and the absolute values of the rota-
tional temperature is on the other hand very important pa-
rameter in the case of plasma treatment of temperature sensi-
tive materials. The rotational temperature of SPS can be used
as a measure of the neutral gas temperature, thus the rota-
tional temperature profile can be used for the estimation of the
temperature stress of treated materials.

The evolution of spatial profiles of rotational tempera-
ture, with respect to the input power as well as the electrode
temperature, is given in Fig. 3. For the estimation of rotational
temperature rotational lines R; (22-21) to R, (17-16) of fully
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Fig. 3. Spatial profiles of rotational temperature across the inte-
relectrode gap: input voltage varied, electrode temperature kept at
30 °C (top), grounded electrode temperature varied, input voltage
kept at 15 kV (bottom). The errorbars for both temperature and dis-
tance is not shown for better clarity of the figures

resolved rotational spectrum of second positive system of
nitrogen C °TT, — B °T1, (band 0-0 at 337.1 nm) were used.

In the filamentary region of the discharge the rotational
temperature raises up to 600 K, whereas the rotational tem-
perature in the second region of the discharge, the bright one,
has substantially lower values around 350 K. The rotational
temperature increases proportionally with the input voltage.

The estimated error of the rotational temperature is
about 50 K for the 12 kV and about 20 K for the rest of the
profiles. This was caused by low signal to noise ratio for the
signal of the discharge operated at 12 kV.

The changes of the rotational temperature profile due to
electrode heating/cooling are apparent too (Fig. 3, bottom). It
can be observed, that the rotational temperature of the fila-
mentary region is the highest in case of electrode temperature
of 10 °C. Rotational temperature above electrodes increase
with increasing electrode temperature, as can be expected.

The evolution of spatial profiles of vibrational tempera-
ture, with respect to the input power as well as the electrode
temperature is given in Fig. 4. The vibrational temperature
was estimated from the bands of SPS (Av = -2, heads 0-2, 1-
3, 2—4 starting at 380 nm).
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Fig. 4. Spatial profiles of vibrational temperature across the inte-
relectrode gap: input voltage varied, electrode temperature kept at
30 °C (left), grounded electrode temperature varied, input voltage
kept at 15 kV (right). The errorbars for both temperature and distance
are not shown for better clarity of the figures

The vibrational temperature of the filamentary region of
the discharge peaks at approx. 3000 K. In the second region
of the discharge there is still high vibrational temperature with
the values about 2800 K. Thus, it can be seen that the DCSBD
creates highly non-equilibrium plasma with low rotational and
high vibrational temperature and high emission intensity in
UV region. The estimated error of the vibrational temperature
is about 200 K.

These results are in good agreement with our observa-
tion, that the results of plasma treatment of materials above
the luminous (second) region are better than above the fila-
mentary (first) region.

In Fig. 5 the time-space map of the SPS is given. This
map represents the accumulated time and space distributed
luminosity of the SPS over thousands of discharge periods,
representing the average exposure of the treated samples dur-
ing the potential plasma treatment.

The results are qualitatively in agreement with cross-
correlation spectroscopy measurements of Hoder et al.”, car-
ried on one-filament coplanar discharge with pin-to-pin elec-
trode configuration. The luminous regions can be distin-
guished above the anode in both semi-periods of the dis-
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Fig. 5. Time-space map of SPS intensity (top) and FNS intensity
(middle) interpolated from the time and space resolved spectra.
Time scale represents time from the beginning of positive voltage
period. The cathode (C) and anode (A) parts of the discharge is la-
beled (left). The typical time evolution of applied voltage and
discharge current (bottom). These two figures do not represent the
same measurements

charge.
It can be observed that the large area of the electrodes is
effectively irradiated during the voltage period.

4. Conclusion

Experimental apparatus for the space and time resolved
spectroscopy of DSCBD was successfully developed. The
spatial profiles of intensities of SPS and the rotational and
vibrational temperatures of SPS were obtained. The results
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show the significant influence of the input voltage and elec-
trode temperature on the plasma parameters of coplanar bar-
rier discharge, especially in the spatial distribution of the in-
tensities and temperatures. The time-space maps of the SPS
intensities were also obtained. The results are in agreement
with the DSCBD plasma treatment experiments.
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202/05/0777 of Czech Science Foundation, Grant of Academy
of Science CR KAN101630651 and the Long-term intent pro-
ject No. MSM0021622411, Ministry of Education, Czech Re-
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J. Cech”?, P. Stahel®, Z. Navratil’, and M. Cernak™®
(“Dept. of Physical Electronics, F. of Science, Masaryk Uni-
versity, Brno, Czech Republic, "Dept. of Experimental Phys-
ics, Faculty of Mathematics, Physics and Informatics, Comen-
ius University, Bratislava, Slovakia): Space and Time Re-
solved Optical Emission Spectroscopy of Diffuse Coplanar
Barrier Discharge in Nitrogen

In this work we have studied the influence of electrode
temperature and input power on plasma properties of the sur-
face diffuse coplanar barrier discharge. Properties of the dis-
charge can be affected by outer conditions and discharge con-
figuration and better understanding of these effects can lead to
optimization of the discharge parameters for industrial appli-
cations. The discharge was operated in nitrogen at atmos-
pheric pressure. The power input and electrode temperatures
were changed and plasma parameters were studied by the
means of time and space resolved optical emission spectros-
copy. These measurements gave us time and space distribu-
tion of discharge luminosity (e.g. intensity of second positive
system of nitrogen) and spatial profiles of rotational and vi-
brational temperatures.

s1351



Chem. Listy 102, s1352—-s1355 (2008)

DOUBLE MONOCHROME SIGNAL
(DOUBLE M-EFFECT) IN PULSED
Ne-Ar-H; MIXTURE DISCHARGES

RobicA VLADOIU*, MIRELA CONTULOV,
and GEAVIT MUSA

Department of Plasma Physics, Faculty of Physics Chemistry
Electronics and Oil Technology, Ovidius University, Mamaia
124, Constanta, 900527, Romania

1. Introduction

The M-effect (mono-chromatization effect) is a physical
phenomena defined by the emission of specific monochro-
matic line spectra in certain gas mixture plasmas'™.

Previous studies carried out in the case of the mixture of
one electropositive gas and one electronegative gas — the main
requirement for obtaining the M-effect — provided a clear
585.3 nm emission monochromatic line for Ne and H, mix-
ture and 750.4 nm respectively for Ar and H, mixture at val-
ues of total pressure ranging between 10—100 torr (ref."").

Recent experiments revealed that the M-effect can be
extended on two or more lines simultaneously just by adding
more electropositive gases in the same reaction chamber'”.

The M-effect may be useful for explaining processes in
known lasers and may also be important in developing of the
new monochromatic light sources and also sources for stan-
dard references spectral lines, etc.'* 7.

The aim of this paper is to put in evidence the emission
spectral lines that present M-effect in pulsed discharges in
Ne-Ar-H, mixtures. Also, the influence of the optical emis-
sion spectra at different percentages of hydrogen added in
pulsed Ne-Ar mixture discharges from the total pressure is
reported.

2. Experimental arrangement

A view of the experimental arrangement used for the
study of the double M-effect is presented in the Fig. 1. The
experimental set up consists from the following parts:

- The discharge tube,
- Power Supply,

- Vacuum system,

- Gas filling system.

The discharge tube is made from quartz with an inside
diameter of 20 mm and an active length (maximum value) of
200 mm, the narrow-gap being 10 mm (Fig. 2). Just on the
axes of this quartz tube there were two metallic electrodes
mounted axially, which are movable along the axes of the
quartz tube in order to have the possibility to establish various
discharge spaces.

In order to help the ignition and also to ensure a stable
discharge, the electrodes — made from tungsten wires with
a diameter @ = 1.5 mm — are needle-like sharpened using the
electrocorosion technology.
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Fig. 1. Schematic diagram of the experimental arrangement

The tungsten wires — except the active electrode parts —
are covered with glass or quartz tubing (except the discharge
space) tightly bounded to the tungsten wire.

The uses of an adequate electrical source (power supply
of 25 kV and a frequency of 25 kHz) to generate plasma en-
sure an increased efficiency of the emitted radiation. We find
out that a high voltage pulsed sources is an optimum one be-
cause the source temperature is kept low (cooling between
pulsed discharges) but delivering enough power due to 25 kV
pulses of 25 kHz frequencies.

To ignite a discharge in the interelectrodic space, the
discharge device is filled with a gas mixture of an established
composition of the used filling gas mixtures. A pulsed high
voltage is applied across the electrodes. A bright light in the
gas mixtures is established in the interelectrodic space, due to
the short and powerful applied voltage pulses.

Firstly a vacuum of 8.7-107 mbar was created in the
installation, after which Argon was allowed to enter until it
reached a pressure of 90 Torr. After the pressure was dropped

Magnet
Discharge length
d
100 — l
- i I
Movable tungsten Sharp electrode
electrode
Quartz tube

Fig. 2. The discharge device used for study of the double mono-
chrome signal
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down to 45 Torr in steps of 10 and then 5 Torr, and each time
measuring the respective spectra, neon was pumped until the
90 Torr pressure was restored, thus having the conditions for
the following measurements.

The following ones were taken by dropping the total
pressure in steps of 10 Torr, until a pressure of only 40 Torr
was reached. At that point Argon and Neon were pumped in
the installation again in equal proportions, plus 10 percent
hydrogen until the pressure raised back up to 90 Torr, and the
measurements were taken as previously.

The following sets of measurements were made using
higher proportions of hydrogen, raising the pressure in steps
of 5 percent.

Measurements were taken with a total pressure ranging
from 40 to 90 torr, in 10 by 10 steps. For each value of the
total pressure, the partial pressure of the hydrogen in the
mixture was raised respectively: 10 %, 15 %, 20 %, 25 %,
28 %, 30 %, 35 %, while the partial pressure of Ne and Ar
were maintained permanently equal (pAr = pNe).

An Optical Multichannel Analyzer (OMA) is mounted
transversally on quartz glass tubing and also on the discharge
volume. Using OMA, with a cross-section of the optically
active signal of 2 mm the discharge spectra is easily recorded.

The emission spectra were acquired using a PC-
controlled Optical Multichannel Analyzer (OMA), Spectral
Products SM 242. with the resolution of 0,9 nm over an inter-
vals from 200 to 850 nm.

Usually, it is necessary to calibrate the OMA before use
but in the case of M-effect the studied emission spectral lines
are well known and can be easily identified.

3. Results and discussion

An interesting influence of the percentage of H, on the
double M-effect was noticed at total pressure ranged from
40-80 torr.

The spectral lines for Ar-Ne mixture at 50 torr’s total
pressure are given in Fig. 3 as reference spectrum (pAr =
pNe) compared to emission spectra in the Ne-Ar-H, mixture

GDmﬂNe (585.3 nm) Ar (?§0.4 nm)

50000 ‘¥_
400004

GDGUD_:

Intensity (Counts)

200004

| b UL

U T T T T T T 1
550 600 650 700 750 800 850 900

Wavelength (nm)

Fig. 3. Emission spectra of Ne-Ar mixture at 50 Torr’s total pres-
sure
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Table I
The values of relative intensity for Ne-Ar-H, mixture dis-
charge at 20 % H, from total pressure

H, percentage Total pressure Relative intensity ~ Relative
[%] [torr] Ine [a.u] intensity I,
[a.u]
40 22146 65535
50 20093 52812
20 60 26415 61034
70 29701 57944
80 45486 64500
90 62338 56676

discharges at 20 and 28 % H, respectively from total pressure.

At percentage of H,<20 % the intensity line corre-
sponding to M-effect for Ne (585.3 nm) was higher than the
intensity line corresponding to the M-effect for Ar
(750.4 nm), as well as for percentages greater or equal to
28 %, for all the total mentioned pressures above as it can be
seen in the Fig. 4.a, b.

Table I gives the experimental values of the line intensi-
ties taken for Ne-Ar-H, mixture discharge at 20 % H, from
total pressure given in Fig. 4a.

But, in the case of pH, = 20 %, the coupling of these two
line was inverted, the intensity line corresponding to M-effect
for Ar (750.4 nm) was higher than the intensity line corre-
sponding to the M-effect for Ne (585.3 nm).

In Table II are presented the values obtained in the case
of Ne-Ar-H, mixture discharge at 28 % H, from total pressure
shows in Fig. 5b.

It has to be underlined the fact that only in the case of
the 90 Torr total pressure the coupling remains accordingly to
the previous behavior.

As can be seen in these figures, on additional of hydro-
gen, a drastic change of the emission spectrum of Ne takes
place.

Figures 5a,b shows the intensity results of Ne and Ar
lines for different values at 20 and 28 % H, respectively from
total pressure.

This interesting feature can be attributed to the follow-
ing elementary processes: three body collisions and also other

Table IT
The values of Ne-Ar-H, mixture discharge at 28 % H, from
total pressure

H, percentage Total pressure  Relative Relative
[%] [torr] intensity intensity
Ine [a.u] Iar [a.u]

28 40 65098 10025

50 56928 8961

60 60520 10595

70 64082 12547

80 61100 13416

90 62112 17169
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Fig. 4. a) Emission spectra of Ne-Ar-H, mixture discharge at 20 %
H, from total pressure, b) Emission spectra of Ne-Ar-H, mixture
discharge at 28 % H, from total pressure

processes with high rate of efficiency as additional effects for
explaining the M-effect like trapped resonant radiation or
metastable capture.

The distance between electrodes can be changed at will
using permanent magnets. Usually in the present experiment
most of the data was taken using a distance between the elec-
trodes of 10 mm, but other distances could be used as well,
the quality of the measurements not being affected by this
factor. Fig. 6 shows the photo image for the Ne-Ar-H, mix-
ture discharge at 28 % H, from total pressure.

The conditions for M-effect appearance are the follow-
ing ones:

— nearly zero electric field in plasma region where the
negative ions are generated;

—  high density of electrons;

—  low electron temperature in order to ensure the electron
attachment to electronegative atoms or molecules;

—  high partial pressure of the gas mixture atomic and
molecular partners from the total pressure;

—  high total pressure of the gas mixture (toward atmos-
pheric pressure) in order to sustain triple particle colli-
sions;
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Fig. 5. a) Results of relative intensity of Ne and Ar lines for differ-
ent values at 20 % H, from total pressure, b) Results of relative
intensity of Ne and Ar lines for different values at 28 % H, from
total pressure

—  low temperature of the gas mixture in order to reduce
the collisional quenching of the reacting triple particle
compound.

It can be underlined that two processes are responsible

for the appearance of this effect: ion-ion recombination, a
process with high cross-section and resonant three body colli-
sion reaction of heavy particles. Moreover, another possible
explication for this could be the gas temperature of the plasma
in which M-effect was generated because one of the condi-
tions to appear the effect is that the gas temperature must be
low in order to avoid the quenching processes in the ion-ion
recombination.

4. Conclusions

The current paper reports on new research on the simulta-
neous appearance of two M-effect in a discharge tube contain-
ing two rare gases and an electronegative gas, the hydrogen.
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Fig. 6. Digital photo image of the Ne-Ar-H; mixture discharge

The M-effect is a powerful effect which gives mono-
chromatic line spectra of wavelengths dependent on the type
of gas used.

The mechanism responsible for the generation of the
monochrome radiation is based on elementary process of
three body collision. This behavior was explained by ion-ion
recombination.

New experiments revealed that this effect can be ob-
tained simultaneously for two different electropositive gases,
in the same plasma.

In this paper a mixture of Ne-Ar with H, was used to
demonstrate the existence of this multiple M-effect signal.

The influence of percentages of hydrogen added in
Ne-Ar discharges reveals a very interesting feature of the
emission spectra due to the physical processes involved in the
double M-effect.

These results have opened a new research area, with
tremendous applications involving custom wavelength emis-
sion line sources.
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Introduction

Nonlinear behaviour of sheaths in capacitively coupled
discharges gives rise to higher harmonic frequencies of RF
voltage and current*?. The higher harmonics influence the
plasma parameters®*, especially at low pressures. Moreover,
they can be used for diagnostics purposes®®. However, the
higher harmonics show a complicated dependence on both the
plasma and the reactor parameters including the parameters of
the matching unit. Since the matching unit parameters are not
constant during numerous plasma measurements or processes,
it is useful to understand the influence of the matching unit
parameters on the higher harmonics behaviour. Therefore, this
article deals with measurements of the influence of the match-
ing unit parameters on the higher harmonic amplitudes. Since
the higher harmonics are strong especially inside the plasma,
they were measured by means of an uncompensated probe
immersed directly into the plasma between the electrodes.

Experimental

The experiments were carried out in a spherical (i.d. ca
33 c¢m) stainless steel grounded reactor with two horizontally
mounted, parallel, stainless steel electrodes of 80 mm diame-
ter. The upper electrode, embedded in a grounded ring, was
driven at the frequency of 13.56 MHz. The bottom electrode
was grounded. Their distance was 40 mm. The reactor was
exhausted by a turbomolecular pump with a membrane pump.
The pressure varied within the range 4-32 Pa. The presented

MATCHING UNIT

GENERATOR
@ 13.56 MHz

PROBE

1

Fig. 1. Schema of the experimental apparatus
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Fig. 2. Two periods of a typical waveform measured by means of
an uncompensated probe immersed into the plasma (upper
graph) and two examples of the Fourier transformation of the
probe waveform (bottom graph). The stars and circles represent
measurements at 7 Pa and 23 Pa, respectively

experiments were carried out in argon.

The matching unit, which was placed between the RF
generator and the powered electrode, consisted from two ca-
pacitors (one from them was tunable) and a tunable coil. The
schema of the electric circuit is shown in the fig. 1. The RF
power varied within the range 10-45 W. The DC self-bias
was measured on the coaxial cable between the matching unit
and the reactor.

The higher harmonic frequencies were measured by
means of an uncompensated probe consisting of a metallic
wire connected via a coaxial cable to the oscilloscope. Since
the wire was immersed directly into the plasma, it was a sen-
sitive sensor of higher harmonics. The amplitudes of the har-
monics were calculated by Fourier transformation.

Results and discussion

Whereas the current and voltage waveforms measured
on the coaxial cable between the matching unit and the reac-
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tor showed only small deviations from a monofrequency sinu-
soidal behaviour, the uncompensated probe voltage was su-
perposed by a number of strong harmonic frequencies. A
typical waveform measured by means of the probe and its
Fourier transformation are shown in the fig. 2. The waveform
consists from more than ten harmonic frequencies whose
amplitude generally decreases with increasing order
(frequency) of the harmonic. It is worth to mention that
higher harmonics are stronger at low pressure since they are
less damped by the electron-neutral collisions and they can
eventually reach the series plasma-sheath resonance’. The
relationship between the measured probe voltage waveform
and the time dependence of the plasma potential is quite com-
plex, since the measured waveforms are affected by the probe
electric parameters and by the thin nonlinear sheath around
the probe. However, proper understanding of this relationship
is not necessary for the plasma monitoring based on the un-
compensated probe. Consequently, simply the amplitudes
measured by the probe were used for the purpose of this arti-
cle without an complicated calculation of the amplitudes of
the plasma potential harmonics.

Firstly, the uncompensated probe voltage waveforms
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Fig. 3. The dependence of the amplitude of second and third
(upper graph) and fourth to sixth (bottom graph) harmonic fre-
quencies on the inductivity of the coil in the matching unit. The
power produced by the RF generator was kept at 30 W during this
measurement
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Fig. 4. The dependence of the amplitude of second and third
(upper graph) and fourth to sixth (bottom graph) harmeonic fre-
quencies on the (non-reflected) power delivered to the discharge.
The closed circles represent the power dependence measured at con-
stant matching unit parameters, the stars represent the dependence
measured at various coil inductances (see fig. 3) and the open circles
are measurements with various capacitances of the capacitor

were measured at various matching unit parameters and the
higher harmonic amplitudes were calculated from the re-
corded data. The power produced by the RF generator was
kept constant during these measurements. An example of the
dependence of higher harmonic amplitudes on the matching
unit parameters is shown in the fig. 3. This figure depicts the
dependence of the harmonic amplitudes on the matching unit
coil inductivity at argon pressure of 7 Pa. The picture shows
behaviour of only five harmonic frequencies (second to sixth)
because the other harmonics with higher order show very
similar behaviour to the five depicted harmonics. Most of the
harmonic amplitudes reach their maxima at the inductivity of
approximately 0.84 uH, which corresponds to an ideal tuning
of the matching unit. At this inductivity the RF power deliv-
ered to the discharge reaches its maxima resulting in the high-
est harmonic amplitudes.

The measurements shown in the fig. 3 evoke a question
whether the only reason for the depicted behaviour of higher
harmonics is the change of the RF power delivered to the
discharge. In order to test this hypothesis power dependences
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of the higher harmonic amplitudes were measured at constant
matching unit parameters. The parameters related to the best
matching were chosen. These power dependences of the sec-
ond to sixth harmonic amplitudes measured at 7 Pa are shown
in the fig. 4. The same picture shows the dependences of the
harmonic amplitudes measured at constant generator power
but at varying inductivity of the matching unit coil (the de-
pendences depicted in the fig. 3) or at varying capacity of the
matching unit capacitor. In spite of the fact that the power
produced by the RF generator was constant in these two
measurements, the power delivered to the discharge varied
due to the reflections caused by the unideal matching. There-
fore, both these dependences of the harmonic amplitudes can
be shown in the fig. 4 as functions of the RF power delivered
to the discharge. Since the three dependences shown in the
fig. 4 (which are represented by closed circles, stars and open
circles) do not coincide, the change of the higher harmonic
amplitudes induced by the change of the matching unit pa-
rameters is not caused only by the change of power delivered
to the discharge. In other words, any change of process pa-
rameters followed by a change of matching unit parameters
can cause a change of higher harmonics even if the power
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Fig. 5. The dependence of the amplitude of second and third
(upper graph) and fourth to sixth (bottom graph) harmeonic fre-
quencies on the sheath voltage. The symbols and their meanings are
the same as in the fig. 4
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sheath voltage for three different argon pressures. The symbols
and their meanings are the same as in the fig. 4

delivered to the discharge remains constant.

Since higher harmonics are produced by the nonlinearity
of sheaths, all the measurements that were depicted in the fig.
4 are shown in the fig. 5 as functions of the DC voltage of the
sheath at the powered electrode. The value of the sheath volt-
age was estimated as a difference between the probe floating
potential and the DC self-bias measured at the powered elec-
trode. This estimation neglects the difference between the
floating potential of the uncompensated probe and the plasma
potential, which is sufficiently small when compared with the
sheath voltage. Since the discharge was strongly asymmetric
at the pressure of 7 Pa, the sheath voltage at the grounded
electrode was negligible when compared to the sheath voltage
at the powered electrode. In this case, all the three depicted
dependences coincide well. As a result, at our particular ex-
perimental conditions the behaviour of the higher harmonics
induced by the change of the matching unit parameters was
entirely controlled by the behaviour of the sheath voltage.

The above described dependences were measured at the
pressure of 7 Pa. The same measurements were carried out
also at different pressures and examples of the measurements
are shown in the fig. 6. The harmonic amplitudes changed
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significantly when the pressure was changed since the har-
monics are sensitive to many pressure dependent plasma pa-
rameters like electron concentration, electron collisional fre-
quency, discharge asymmetry etc. However, the fact that the
change of the harmonic amplitude induced by the change of
matching unit parameters can be explained by the change of
the sheath voltage remained approximatively valid. Certain
deviation from this rule can be seen in the case of the pressure
23 Pa. At this pressure the discharge was not longer asymmet-
ric enough to enable the neglect of the sheath at the grounded
electrode and the influence of this sheath should be taken into
account.

Conclusion

The dependence of amplitudes of higher harmonic fre-
quencies on the matching unit parameters was measured in
asymmetric capacitively coupled discharge by means of an
uncompensated probe immersed into the plasma. Most of the
harmonics reached their maxima in the case of optimal
matching, i.e. when the RF power delivered to the discharge
was maximal. However, the decrease of the power delivered
to the discharge due to the power reflection caused by a
change of matching unit parameters did not explain the be-
haviour of higher harmonics sufficiently. It was shown that
the behaviour of higher harmonics was at our experimental
conditions determined by the sheath voltage.

This research was supported by the MSM, contract
0021622411.
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P. Dvoiak* and Z. Moravec (Masaryk University,
Faculty of Science, Brno, Czech republic): Dependence of
Higher Harmonic Frequencies Measured in Capacitively
Coupled Plasma on the Matching Unit Parameters

Higher harmonic frequencies of electric voltage and
current are significant features of low-pressure capacitively
coupled discharges. Their behaviour is quite complex since it
is a function of many plasma and reactor parameters. This
article deals with the influence of matching unit parameters
on amplitudes of higher harmonics, which were measured by
means of an uncompensated probe immersed into the plasma
of an asymmetric capacitive discharge. Most of the harmonics
reached their maxima in the case of optimal matching, i.e.
when the RF power delivered to the discharge was maximal.
However, the amount of the power delivered to the discharge
did not explain the behaviour of higher harmonics suffi-
ciently. It was shown that at our experimental conditions the
behaviour of higher harmonics was determined by the sheath
voltage.
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So far the exponential distribution of charge populations
of electron avalanches has been considered as a regular distri-
bution describing avalanches regardless of their average car-
rier populations ™ . The distributions of avalanches with high
populations (> 10°) that exhibit peculiar convex shapes,
deviated from that of exponential, have been considered as
experimental artefacts'. On the basis of our refined experi-
ments®™ we argue for a new interpretation of these peculiar
distribution curves. The new interpretation is based on the
Pareto distribution**. The basic physics underlying ,,deviated*
statistical distributions is intimately related to the inner space
charges formed inside the avalanches with higher carrier
populations. The formation of space charges inside ava-
lanches is accompanied by the transition from collisional
ionisation to photoionisation and this leads to manifestation of
a new statistical behaviour.

The microdischarges (high populated avalanches and
streamers) have been detected by the classical RC-circuit
where the capacitor has been formed by the flat bronze elec-
trodes between which the polyethyleneterephthalate foil of
0.18 mm thick has been inserted. The electrodes have been
loaded with the constant high voltages ranging from 2 kV to
8 kV. The whole electrode system has been embedded into
the Faraday cage. All experiments have been carried out un-
der normal atmospheric conditions. Avalanches and streamers
have been detected across the measuring resistance
R =100 kQ as short voltage pulses u(t) with random ampli-
tudes U ~ n.

Collecting a large statistical ensemble of pulses (50-60
thousand pulses) a common histogramic technique has al-
lowed to form the probability density function w(U). This
function shows different behaviours when following the expo-
nential or Pareto statistics. The exponential probability den-
sity function is given as follows

wU) ~ UL exp (—%) (1)

whereas the Pareto probability density function reads

w(U)~c, -U - @

where ¢ is a constant and D fractal dimension.

Extensive experimental work has shown that the Pareto
distribution is definitely a more convenient distribution for
high populated avalanches and streamers as compared with
that of exponential. The following illustrations (Fig. 1 and 2)
offer an example where it can be seen how well the Pareto
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function follows the measured experimental data whereas the
exponential fit shows an essential discrepancy.

Numerous experiments performed in our laboratory
have unambiguously supported the Pareto distribution func-
tion as a reasonable choice which fulfils requirements for a
successful description of the statistical behaviour of Town-
send’s high populated avalanches and streamers. The main
difference between the Pareto statistics of Townsend’s ava-
lanches and the Pareto statistics of streamers consists in their
D-values. High populated Townsend’s avalanches show
smaller D, i.e. 0 < D < 1, whereas streamers possess D > 1.

Although in the past some researchers' tried to explain
the ‘peculiar’ statistical behaviour of high populated ava-
lanches and streamers by an experimental artefact, today it is
clear that the Pareto distribution is, at least, a very convenient
approximation if not an exact statistical law governing popu-
lations of saturated electron avalanches and streamers. How-
ever, so far no theory has been developed for this peculiar
statistical behaviour. To tackle successfully the problem, it is
necessary to find a corresponding physical process underlying

0.8

0.6

w /! mv’

0.4+

0.2+

00 . . T
u/mV

Fig. 1. Pareto’s power function fit (2) of experimental data; E/
p=52V Pa'm™; Fitting constants: ¢, = 0.724 and D = 0.471

log (w/ mV™")

u/mV

Fig. 2. Exponential fit (solid line) of experimental data; E/
p=52V Pa”! m’l; Fitting constant U=1mV
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the phenomenon. There are three important points that should
be taken into account when forming a theoretical concept
explaining the mentioned cross-over of the exponential statis-
tics to the Pareto one:

a) The change of statistical behaviour occurs simultane-
ously with the change of electron multiplication, i.e.
when photoionisation starts dominating over collisional
ionisation and, as a consequence, high populated ava-
lanches appear (1>10%).

Since all fractal objects are governed by the Pareto sta-
tistics, the electron multiplication mechanism that forms
the Pareto set of avalanches has to be of fractal nature,
too.

The fractal photoionisation multiplication should be
based on creating additional smaller avalanches accom-
panying the initial (parent) avalanche because an in-
crease of electron populations within parent avalanches
leads only to an increase of average populations n
which does not change the character of the exponential
distribution itself (1).

A proposal of a convenient fractal mechanism of elec-
tron multiplication, capable to create the Pareto set of electron
avalanches, is formulated in the following paragraphs.

On the basis of the experimental observations and de-
ductions mentioned above it is clear that the multiplication
mechanism of high populated avalanches, whose populations
follow Pareto’s distribution, may be governed by a fractal
scenario with the following properties.

b)

<)

(i) Besides a parent avalanche a series of additional smaller
avalanches arise inside the discharge gap. These smaller
avalanches are generated in a hierarchical manner with
different mean populations Nq

-l ast

In this way the number of less populated avalanches

increases and, as a consequence, deviations from the

exponential distribution may occur.
(ii) Multiplication of high populated avalanches with mean
populations {1, |, , must be generated according to
a fractal scenario based on branching or partitioning like
most fractals when going to smaller scales. Therefore,
some type of fractal avalanche branching should be
explored. The branching should originate with a parent
avalanche possessing a mean population n,,=e“
(fractal initiator). After having passed a certain distance
A>0 and gathered a certain number of energetic elec-
trons N =e™ >1, which are capable of creating a group
of UV photons, a photoionisation process may start and
a swarm of K >1 smaller avalanches with mean popu-
lations My, =e““™ may appear beside the parent ava-
lanche. Let us call them the “side avalanches of the first
generation”. The side avalanches of the first generation
actually represent the so-called fractal generator given
by the multiplicity K . The side avalanches, once cre-
ated, become parent avalanches for the next generation
of new side avalanches. So, the side avalanches of the

s1361
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first generation become parent avalanches for the side
avalanches of the second fractal generation with the
mean population f,, =e““" =28 This process of ava-
lanche multiplication may or may not continue up to the
last possible generation J=d/A-1 with the mean
population M, =e““~”*  Provided the multiplicative
process reaches the jth generation, the mean (average)
total number of side avalanches is just K. The multi-
plicative process described yields a hierarchy of ava-
lanches and when extended to infinity ( J =), it yields
an infinite set of avalanches that is similar to the well-
known fractal object called the Cantor fractal set. By
using the mentioned similarity a relation between ava-
lanche characteristics and properties of the fractal set
can be easily found

<

Since all fractal objects obey the Pareto statistics with
the probability density in the form of the power law (2),
the studied avalanche set, being of fractal nature, will
also follow this statistical law

(4)

ﬁd 0

D
) = K

ﬁd.J

(

®)
~(1+D)

w(n)=c¢,-n =C, N

Such a strictly deterministic mechanism, which has al-
ready been described, might hardly be expected in a real
situation. Instead, a strongly stochastic mechanism is
more probable with certain distributions of detectable
quantities A, K and N. However, using their average

values A, K and N makes the treatment more realistic
and partly advocates the deterministic view of the prob-
lem.

(iii) The described fractal mechanism of multiplication of
high populated avalanches anticipates that the most
probable place where a parent avalanche initiates side
avalanches is in some of the first A -intervals because
due to diffusion at a larger distance the parent avalanche
is broadened enough to integrate the side avalanches.
The foregoing paragraphs have summarised the main

properties of the concept of fractal multiplication of high

populated avalanches.

Taking into account all the foregoing considerations and
summarising the exponential probability density functions for
all avalanche generations, one can obtain® the following gen-
eral expression that contains both the exponential and Pareto
distributions as special asymptotic cases

j KN exp(—

where G is a normalisation constant.

At first sight the probability density (6) seem not to be
likely to follow the Pareto power law (2) but the opposite is
true. When this function is plotted with convenient parameters

F(n,d)
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log (F)

log (n)

Fig. 3. Fractal fit (6) (solid line). Fitting constants:

K=2, N=3, i, =10°, D=0.631, J=12  G=1

Ny, K and N within bilogarithmic co-ordinate systems,
their graphs indeed show linear sections (power behaviours)
spanning over many orders of magnitudes of electron popula-
tions. In Fig. 3 there is an example of such a plot showing
a perfect linear section.

To illustrate the capability of the generalised statistical
pattern (6) to fit faithfully the experimental data of population
statistics, the data from Fig. 1 have been fitted by the pattern
(6) — see Fig.4. As far as the fractal dimensions are con-
cerned, they are in excellent agreement (= 0.471 in Fig. 1
versus ~ 0.473 in Fig. 4). At this point we would like to men-
tion that all other data measured in our laboratory during the
last 13 years have been processed in the same way. They have
confirmed the same fact, namely that the generalised distribu-
tion function (6) is capable to reproduce faithfully the statisti-
cal data of high populated electron avalanches and streamers.
Shortly speaking, the generalised statistical pattern (6) seems

0.4+
0.24
0.0+

-0.24

log (w/mV")

A e —r—T—
01 00 01 02 03 04 05 06 07

log (u/ mV)

Fig. 4. Fractal fit (solid line) of experimental data ( E/p =
52 VPa'm; Fitting constants: K=1.3882,N=2,n; —-U, =10"%,
D=0473,J=7,G=0.10¢

II Central European Symposium on Plasma Chemistry 2008

to be a very convenient probability density function capable

to incorporate all the main specific features of fractal ava-

lanche multiplication.

The fractal population distribution functions of the
Pareto type have also been confirmed’ by spot statistics. Un-
der the term ,,spot statistics* it is understood the following:
streamers, when impinging on a suitable sensibilised photo-
graphic film (dielectric barrier), leave light spots with dark
centres on its surface (see Fig. 5).

From the photographical point of view the explanation
of the spot structures is clear: the places of dark islands had to
be screened from light at the moment of exposition. Neverthe-
less, from the physical point of view it seems to be a problem
to suppose that mass particles reach the surface of the film
sooner than the light they emit during their movement. Taking
into account the whole mechanism of the streamer develop-
ment and propagation, especially in its final stages when
streamers are converted into sparks, the situation becomes
much clearer. During streamer propagation back to the film
barrier (which is the cathode in this case) the light emission is
insufficient to expose the photographic emulsion due to its
very low sensitivity (5 DIN). When the positive head of a
streamer impacts on the surface of the polymeric cathode, an
effective screening is created. The gap is then bridged with a
thin channel of high conductive plasma and a mass of elec-
trons having been liberated from the cathode by an intense
UV radiation of the streamer head can quickly propagate to
the anode. This concluding stage of streamer development is
often termed as a ‘backward ionizing wave of potential’ or
shortly ‘return stroke’ and represents the spark process which
is accompanied by a very sharp flash of light which is actually
responsible for the exposition of our photographic emulsion.
This last spark stage of streamer development is almost im-
mediately quenched by the field of the charges trapped on the
surface of the polymeric barrier. This is why the carrier popu-
lation of sparks running in the vicinity of a dielectric barrier
does not reach the carrier population of those sparks spanning
two metallic electrodes.

To summarize the process underlying the inner structure
of the microdischarge spots studied, it is necessary to name
the succession of two main phenomena:

(i) A permanent immobilization of charges from a streamer
head on the dielectric barrier, i.e., formation of an al-
most non-transparent optical shielding and a contra-
productive field which quenches the microdischarge.

Fig. 5. Streamer spots on the dielectric barrier
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Fig. 6. Stastistics of streamer spots

(ii)) A sharp light flash (photographic exposition) in the last
stadium of the degenerate spark.

Shortly speaking, the dark centres of streamer spots are
sites where charge carriers have impacted when a plasma
channel has connected both electrode sides and afterwards
a flash of visible light exposes the vicinity of the site of the
charge impact. The area of a dark centre is proportional to the
charge transferred, i.e. to streamer population n. Therefore,
probability density created from all the set of the dark centres
corresponds to population statistics of streamers. More details
on this phenomenon and its analysis can be found else-
where®”,

In Fig. 6 there is one of the typical spot statistics plotted
in the bilogarithmic co-ordinates, respectively. The statistics
in log-log plot shows linear behaviour similarly as in Fig. 4
which is further evidence of fractal population statistics with
streamers.

In conclusion we would like to underline several main
points:

— A new concept of the fractal multiplication of high
populated avalanches and streamers has been proposed.

The concept is based on a generalised photoionisation

mechanism leading to side branching of avalanches.

- The proposed concept might be considered as a new
supplement to the classical theory of avalanche and
streamer multiplications.

II Central European Symposium on Plasma Chemistry 2008

— Instead of the simple photoionisation that acts solely
within the primary (parent) avalanche, the new concept
of side branching allows for photoionisation going be-
yond the parent avalanche and creating side avalanches
that accompany the parent avalanches with a certain
delay (incubation time).

—  The branching may propagate to higher generations of
side avalanches. This process is inherently stochastic
and requires introducing the average multiplicity K and
the average number N of initiating electrons to de-
scribe analytically the branching procedure.

—  The generalised probability density function (6) has
been verified as a function that faithfully describes the
statistical behaviour of avalanche and streamer high
populations.

All the results lead us to the conclusion that the
.deviated” population statistics of big electron avalanches are
not artefacts, as has been suggested in the past', but rather
a manifestation of a real physical process that is well de-
scribed by the fractal side branching of avalanches.

The fractal population statistics in the form of the gen-
eral pattern (6) shed new light not only on the photoionisation
multiplication of high populated electron avalanches and
streamers but they also provide a practical tool for the expert
systems of high voltage technology since population statis-
tics, known as the height statistics in this field, are frequently
used as recognition patterns assessing degradation stages and
the lifetime of high voltage insulation components and sys-
tems.

This work was supported by the Grant Agency of the Czech
Republic under the grant no. 202/07/1207.
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Introduction

The final properties of the coating sprayed by thermal
plasma are substantially influenced by heat and momentum
transfer between the flowing plasma and injected particles.
For this reason it is necessary to know the main parameters of
the plasma jet along the whole path of the particles. Because
of great changes in plasma parameters, different measuring
techniques must be used for the parts close to plasma genera-
tor output and in the regions far from it. In this paper, atten-
tion is focused to the character of flow and to the diffusion of
the components of the hot gas mixture in the area near the
output nozzle.

Experiments have been carried out on a hybrid water/
argon plasma torch in the Institute of Plasma Physics, Acad-
emy of Sciences of the Czech Republic, Prague®. DC electric
arc in it is stabilized by tangential argon flow in the vicinity of
the cathode, and mainly by water vortex in the prevailing part
downstream. The anode is formed by an external rotating
water-cooled disc situated several millimetres downstream of
the torch exit orifice (see Figure 1). The plasma jet flows out
into the surrounding air of atmospheric pressure. Typical
operational parameters of the torch are. arc current between
150 and 500 amperes, voltage between 160 and 270 volts,
argon flow rate between 12 and 28 slm. The share of argon
and water vapour in the plasma jet outputting the exit nozzle
varies not only in dependence on the argon flow, but also
according to the input power which influences the evaporation
rate of the stabilizing water. This fact must be taken into ac-
count in the following computations.

Argon tangential
inlet water inlets
z
S —

1)
] I —
g e —
=1 ——
b1

anode p?ma f/w

Argon
inlet

cooling

Fig. 1. Experimental set-up
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The paper deals with the investigation of the character of
flow of the plasma jet near the exit nozzle using radial tem-
perature profiles obtained by spectroscopic measurement and
velocities measured by enthalpy probe .

Parameters of plasma leaving the output

The analysed experiment is characterised by the follow-
ing values: the output orifice diameter 5.6 mm, the arc current
I= 300 A, the arc voltage U =220 V, the input power
P =66 kW, the efficiency 5= 0.55, the output power
Pret=36.3kW, and the net flow-rate of argon
Gar= 0.4126-107° kgs‘l. The determination of the flow rate
of water vapour at the output Gy is very difficult. Of course,
the total flow rate of water is measured but the water evapo-
rated from the water swirl is only a negligible portion of it.
Thus, the flow rate Gwy must be computed indirectly using
the continuity and energy equation.

The following values of the output quantities have been
determined from the measured parameters by the method
described in *: the ratio of components Gy/Ga= 0.64, Mach
number A = 0.64, the total flow-rate G(0)=6.36-10" kgs™,
and the total moment of the momentum of the mixture for
z=0J(0) = 0.36 kgms™.

The centreline temperatures at the region close to the
plasma generator exit nozzle have been measured using spec-
troscopy. They range between 16900 and 8500 K for z be-
tween 0.035m and 0.050 m. The corresponding measured
velocities are between 800 and 200 ms™. The measured axial
dependencies of centreline temperature and axial component
of velocity have been approximated by parabolic functions.

The radial dependencies of both temperature (Fig. 2) and
axial component of velocity are approximated by exponential
(Gaussian) functions

r

T(r,z)=[7(0,2)- Tw]exp{— In 2?(:)} +T,

T

0o

14000
TIK] Development of temperature profile

12000

10000 A

8000 A

6000 -

4000 A

2000

0
0,000 0,005 0,010 0,015 r[m] 0,020

Fig. 2. Approximated radial temperature profile near the output
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o(z) =b%.(2)] b*1(2) is the ratio of the squared half-width of
the radial profile of the axial component of velocity to the
squared half-width of the temperature radial profile and is
determined during the calculation.

Investigation of free jet near the output

The radial component of the velocity v(r,z) complying
with the measured axial velocity was computed by the equa-
tion system consisting of the continuity equation

8v:(r,z)+6vr(r,z)+v,(r,z)_O (1)
Oz or o

and the axial component of the momentum equation in kine-
matic expression

v.(r, Z)M +v,(r, Z)avz(r, Z) =v(r, Z)Eg

Oz or ror

[M} )

0

In the centreline, the radial component of velocity must
be equal to zero. Using the momentum equation, the relation
between o(z) and the dimensionless parameter ¢, characteriz-
ing the turbulent component of viscosity can be written as
follows

4In21(0,z)

\/7 W c(z ){ Zx (0,2)0,(0,2) 7

where subscript i=1 stands for air, 2 for argon, and 3 for water
vapour. The turbulent component of the kinematic viscosity
follows from Prandtl’s theory of the mixing length

=c,(zNo(2) b (2)v(0, 2) “
The total kinematic viscosity includes the turbulent (common

for all species of the mixture) and the laminar component as
follows

olr2)=0, (z){n S 5 2)-6, (0 z)} 5)

The radial component of velocity w(rz) can be ex-
pressed from the continuity equation and from the axial com-
ponent of the momentum equation. From the equality of the
two relations it follows

V(Or z)[x2 (0, Z)Bn;z (Z)+ x3(0, Z)B
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() 20(0,2) v, (r,2) J{ 1 av(oz) 2 6br(z)} (6)
81/(0 ) r IV(O z) & bT(z) oz

o]l )

The quantities o(z) and ¢, and their possible dependencies on
the variable z are determined by iterative computation.

The following relation can be used for the specific mass
of the gas mixture in LTE

Zx rzplrz

Zx r, z (7)

The continuity equation including the diffusion member
for each of the individual components leaving the exit nozzle
(i =2 (Ar), 3 (water vapour)) was used for investigating the
diffusion of gas mixture components by means of the meas-
ured and computed temperature and velocity fields

v (pxi‘_;)_'— V- (poivxi) =0 ®
Solving this differential equation, we obtain the relation

for the distribution of concentrations of individual species of
the gas mixture as follows

xi(",z)_
(0.0 P Balr2) Y
dr
oulec)-] DV(ZFZ)) 2;2(,»,2) _dr
0 “mi 1+(E(”,Z))

where the total diffusion coefficient of the i-th component is

.0 0. B (WO vzl (7

kﬂ Hii (r, Z)

E i (r‘ Z): b, (z)v(o, Z) Pi (r, Z).

and the ratio dz/dr(r,z) is

dz v(r,z) (11)
dr v(r,z)

From the condition of constant mass flow-rate along the
jet axis® it follows

(2)]=G0)=G,+G, (12
where

By ()= [ o1 expl-by . mrar Y

_r
bi(z)

bG,.(r,z)z In2 +Ba.(r,z)
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The last condition to be fulfilled by the results of the
iterative computation is the constant moment of momentum
along the axis of the flow®

J(O):TP(V,Z)Vf(r,z)Zﬂrdr. (14)

J(0) is the moment of momentum of the components (argon
and water vapour) at the output of the plasma generator. Us-
ing relation (7), the condition of constant momentum can be
written as follows

(13)

1+

+xAr(0 z{

x pWV[T( Z)] expl— r oz
WV(O )|:pA” [T(r Z)] 1:| p[ BCWV(’ )]

0.1, z)exp{Z In 2(7(2)1)?(2)}2;”5” =J(0)

T(r, 2

vz(O,z) [ (r z]] 1}”@[‘ BcAr(r‘Z)]+

o3

The previous computations* have proved extremely low value
of the laminar component of the diffusion coefficient com-
pared to its turbulent component. Its influence on the iteration
procedure is negligible. Thus, the coefficient Sc(z) is used to
fit the leading turbulent component .

The iterative computation starts with the chosen coeffi-
cient Sc(z) in the relation for diffusion (/0) and o(z). Using
(3), (6), and (12), the turbulent coefficient ¢, radial velocity
vi(r,z), and concentrations x;(r,z) are computed until the above
mentioned conditions are met. Finally, the condition (75) is
tested, and if not fulfilled, the computation is repeated with
a different value of Sc.

Results and discussion

In Fig. 3 to 5, the results of the computations are given
when the recommended and in literature commonly used
value of coefficient Sc=1 has been applied. During these first
calculations the momentum conservation condition (/5) has
not been tested yet. Fig. 3 shows the computed radial profiles
of the axial and radial component of velocity as an example
for the distance of 0.045 m from the plasma generator exit
orifice. The dependencies were computed for several posi-
tions near the output (between 0.035 to 0.050 m). Naturally,
both velocity components are decreasing with the increasing
distance. Simultaneously with the increasing distance from
the output, the maximum value of the radial component of
velocity shifts from the axis of the jet. The maximum value of
the axial component of velocity is about ten to twenty times
higher than the maximum value of the radial component of
velocity.

An example of the computed radial dependency of mass
concentration of the components of the gas mixture for the
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Axial and radial velocity
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Fig. 3. The computed development of axial and radial velocity of
free jet near the plasma generator exit nozzle; z=0.045 m, (15)
not tested
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Fig. 4. The computed concentration of species at the distance
0.045 m from the plasma generator output

distance of 0.045 m from the output is given in Fig. 4. The
concentration of argon and water vapour steeply decrease
with radius.

Fig. 5 demonstrates a low share of the laminar compo-
nent of viscosity (at z=0.045 m from the output again). Due
to this weak influence of the laminar component, parameter

Laminar to turbulent viscosity ratio
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viivt
[
1,5E-02 1

1,0E-02 1

5,0E-03 1

0,0E+00 T
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Fig. 5. The ratio of laminar to turbulent component of viscosity
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Fig. 6. The example of the computed velocity profiles at the dis-
tance 0.045 m from the plasma generator output — the momentum
conservation condition fulfilled

Sc concerning the turbulent component has been taken as
another free parameter for the iterative computation in order
to meet the momentum conservation condition.

The condition (/5) has been fulfilled with Sc signifi-
cantly lower than 1 (e. g. for z =0.045 m with Sc = 0.18). It
results in a steeper decrease of both velocities with the in-
creasing radius and a higher ratio of maximum values of the
axial and radial component of velocity (see Fig. 6).

The lower value of parameter Sc causes a higher value
of the diffusion coefficient Dm (see relation (70)) and a lower
value of exponent B(r,z) in relation (9). This leads to sub-
stantially slower decrease of the concentrations of individual
species compared to the computation with Sc = 1. The ratio of
laminar to turbulent component of viscosity with Sc =0.18
has been computed almost three times higher than with Sc =1
but it remains of order of several hundredths.
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Conclusions

The computation enabling to estimate the parameters
describing the hot gas mixture jet behaviour and development
from the measured quantities near the arc heater output has
been designed and tested on real measured data. The radial
dependencies of velocity components, concentrations of spe-
cies and laminar to turbulent viscosity ratio have been deter-
mined. Very weak influence of laminar viscosity even in the
area close to the arc heater output has been found.

The change in parameter Sc has influenced the com-
puted dependencies strongly which points to the necessity of
deeper investigation of diffusion. The momentum conserva-
tion condition should be considered again with respect to
radiation and radial heat convection losses which have not
been taken into account yet.

The research has been supported by the Ministry of Youth,
Education and Sports of the Czech Republic under the pro-
Jjects no. MSM002163516 and MSM0021630513.
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Introduction

Electrical discharges generated in liquids have been in
aworldwide focus from the viewpoint of water treatment
during the last few decades. Many scientists deal with various
types of discharge configuration and several kinds of applied
high voltage. The most frequent electrode geometry used for
discharge creation is point-to-plane or coaxial'™ together with
the application of DC pulsed voltage of about 20 kV. Other
experiments in liquids have been carried out with capillary” or
diaphragm discharge®. Discharge generation using AC® or RF’
voltage is also possible as well as a hybrid system with one
electrode above water surface®.

High energy transformed from plasma generated by
various voltage sources (DC, AC, MW, etc.) into the liquid
initiates both physical and chemical processes important for
subsequent destruction of organic pollutants. Reactive species
produced by the discharge in water (hydroxyl and hydrogen
radicals, hydrogen peroxide or ozone) have a high oxidation
potential and thus they can rapidly attack other molecules.
Strong oxidation ability of plasma in water has been widely
studied on model organic compounds such as phenol® or or-
ganic dyes®. Influence of electrical discharge on solutions
containing humic substances has been investigated, too°,
however, the detail study describing overall effects on humic
solutions is still missing.

Presented work extends previous knowledge by the
influence of input power, electrolyte contents, solution con-
ductivity and pH on humic acids (HA) in the solutions before
and after plasma treatment using DC diaphragm discharge.

Experimental

Diaphragm discharge studied in this work was generated
in a batch reactor® (Fig. 1) using constant high voltage from
the DC source that gave the input power up to 250 W. Two
planar electrodes made of stainless steel were separated by the
dielectric barrier. Both electrode spaces were connected by
only a small pin-hole (initial diameter of 0.25 mm) in this
diaphragm. Discharge breakdown appeared just in this orifice
and plasma channels propagated from this spot towards elec-
trodes. Due to the application of DC voltage, two different
kinds of plasma streamers appeared on the opposite sides of
the diaphragm™. On the side with the positive electrode,
shorter plasma channels fill a spherical volume around the
orifice. In the other reactor part containing the cathode, longer
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|
4 2 1 3 5

Fig. 1. Scheme of the discharge reactor: 1 — diaphragm with pin-
hole, 2, 3 —electrodes, 4, 5 — cooling boxes

RE

Fig. 2. Simplified model of plasma streamer propagation on both
sides of the diaphragm when the DC discharge is generated

plasma channels propagated from the pin-hole towards the
negative electrode (see Fig. 2).

Each part of the reactor contained 2 litres of treated
solution. Water solutions contained a commercial mixture of
humic acids (HUMIN S-775, concentration of 35 mg I™%) and
a definite amount of supported electrolyte providing particular
solution conductivity (initially of 400 uS cm™). Three model
electrolytes were selected for the experiments (NaCl, Na,SO,
and Na,HPO, - 2 H,0). Solution pH was primary adjusted by
the electrolyte kind. As pH significantly changed during all
experiments, its value was either modified by acid/base add-
ing or it was let without any correction. Analyses of quality
changes in  humic  solutions were carried out
by spectroscopic methods (UV-VIS and fluorescence spec-
troscopy).

Results and discussion

Water solutions of humic acids were treated by the DC
diaphragm discharge for 40 minutes. Decrease of absorption
intensity around 300 nm was observed in both electrode
spaces however, changes were more remarkable in the anode
space’®.

Influence of three different inorganic electrolytes (NaCl,
Na,SO, and Na,HPO,- 2 H,O) on the HA decomposition by
the discharge was investigated. Evaluations of the maximal
absorbance intensity at 288 nm during the treatment of se-
lected solutions are compared in Fig. 3. It is obvious that
NaCl electrolyte stimulated the degradation process with the
highest efficiency, probably due to the formation of chlorine
radicals. Moreover, pH of the solution significantly decreased
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Fig. 3. Evaluation of HA absorbance intensity at 288 nm during
the diaphragm discharge treatment in anode space in selected
electrolyte solutions: NaCl, Na,SO, and Na,HPO,- 2 H,O (input
power: 190 W, initial conductivity: 400 uS cm™?)

in the anode space and increased by the cathode?. On the
other hand, sodium hydrogenphosphate electrolyte almost
disabled the process. In this case, buffer properties of phos-
phate solution could play an important role.

For determination of the input power influence on humic
acid decomposition by the diaphragm discharge treatment
three experiments were performed in the 4 mM NaCl solution.
At first the lowest power possible for the discharge ignition
was adjusted. Such conditions required the energy input of
30 W to the system. However, it wasn’t recorded any removal
of humic acid at this setting. It is possible that such energy is
too weak to produce a sufficient quantity of reactive particles
that decompose molecules of humic acid. Next higher power
of 75 W was applied. Results showed a slight improvement of
degradation. A subsequent power increase up to 195 W re-
sulted in the confirmation of the decreasing amount of humic
acid (Fig. 4).

Next very important parameter that significantly influ-
enced the discharge creation in liquid itself was the conduc-
tivity of the treated solution. It had been already mentioned in
some previous works'? that the diaphragm discharge genera-
tion required a specific adjustment of the solution conductiv-
ity in a convenient range (between 100 and 1000 uS cm™ for
the NaCl solution). Low conductivity adjusted by low concen-
tration of electrolyte induced relatively high resistance of the
system and disabled the discharge breakdown. On the other
hand, too high conductivity values caused such low resistance
that it was also insufficient for the breakdown appearance.
The appropriate conductivity value of the dye solution in our
experiment was adjusted by the addition of a specific amount
of selected electrolyte (NaCl, Na,SO, and Na,HPO, - 2 H,0).

To observe the effect of initial solution conductivity on
the humic acid mixture during the diaphragm discharge treat-
ment a series of experiments with Na,SO,4 as an supporting
electrolyte was different conductivity values (300, 500, 800
and 1200 pS cm™). Presented results are demonstrated as a
relative absorption decrease (at 288 nm) during the discharge
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Fig. 4. Effect of input power value on humic acid decomposition
by the diaphragm discharge (initial HA concentration: 35 mg I,
electrolyte: 4 mM NaCl, initial conductivity: 500 uS cm™?)

treatment. It was observed that experiments carried out at
conductivities from 300 to 800 uS cm™ led to more or less
similar results. The final decomposition reached approxi-
mately 20 % after the one hour experiment (i.e. final relative
absorption stopped on 80 %). The highest decrease was ob-
served at conductivity of 500 uS cm™, however the difference
with the other results obtained up to 800 uS cm™ was almost
negligible. In experiment carried out at 1200 pScm™ the
discharge burned irregularly and the decomposition process
disappeared. Therefore the optimal conductivity for the degra-
dation process was assumed to be around 500 uS cm™.

Similar results of conductivity influence on the process
have been already obtained during hydrogen peroxide genera-
tion by the same diaphragm discharge®.

Previous attempts with humic acid decomposition by
DC diaphragm discharge have already revealed a remarkably
higher HA destruction in the anode space of the reactor'.
Moreover, a significant decrease of pH value in the anode
space and an increase of pH value in the cathode space were
detected during the diaphragm discharge treatment
(a significant effect of electrolysis took place in the reactor if
constant DC voltage is applied on the electrodes)*?. Therefore
our next investigation was focused on the pH influence on HA
treatment.

As the use of various electrolyte kinds provided differ-
ent initial pH value (NaCl and Na,SO, almost neutral, Na,H-
PO, base), we had expected its influence on the decomposi-
tion process (the comparison of HA removal in various elec-
trolytes has been already given above in Fig. 3). Conse-
quently, we came up to attempts focused on pH value mainte-
nance at a neutral value by the method of dropping the defi-
nite amount of surfactant (acid or base) to the both parts of the
discharge reactor during the reaction.

At first it was detected how pH value changed during
the decomposition in the dependence on the used electrolyte
kind. Changes of pH value for sodium sulfate and sodium
chloride were almost coincident. It decreased from the value
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Fig. 5. Effect of initial conductivity on humic acid decomposition
by the diaphragm discharge (initial HA concentration: 35 mg I,
electrolyte: Na,SO,, input power: 170 W)

of approximately 6.7 to 3.6 in the anode space and increased
to 9.8 in the cathode space after 20 minutes of the discharge
treatment. Further, 1 M H,SO,, 1M HCI and 1M NaOH solu-
tions were used as surfactants because of their ion identity
with the used electrolytes (Na,SO, and NaCl, respectively).
Injection step of surfactant was determined on every 2 minute
so that the main pH value remained more or less constant at
neutral level during the whole experiment. Solution of the
third electrolyte Na,HPO, was not examined by this experi-
mental procedure because its influence on the degradation
process was strongly negative due to its base initial character.

Results obtained during the discharge treatment of hu-
mic acid solution with NaCl as a supported electrolyte are
presented in Fig. 6. Both pH-corrected and pH-uncorrected
data determined in two electrode spaces of the reactor are
compared in this figure. As we had expected, observed degra-
dation efficiency of humic acid in the anode space was a little
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Fig. 6. Effect of pH value correction on HA decomposition by the
diaphragm discharge (initial HA concentration: 35 mg I}, input
power: 200 W, electrolyte: 4 mM NaCl, corrected pH 6.7, initial
conductivity: 500 pS cm™?)
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bit worse at the pH-corrected conditions, while in the cathode
space a slight degradation improvement was determined in
comparison with experiments without pH value correction.
The same effect of pH correction was also observed in the
Na,SO, electrolyte. In the part with the anode (where pH
spontaneously changed from the neutral value to acidic condi-
tions), maintenance of neutral pH value decreased the degra-
dation process. On the other side of the diaphragm with the
cathode (where pH spontaneously changed from the neutral
value to base conditions), neutral pH slightly improved the
decomposition. Based on these results, it could be assumed
that the maintenance of neutral pH value during discharge
treatment was inconvenient because it generally led to lower
degradation. On the other hand, it was possible to assume that
the low pH value stimulated the degradation process.

Initial and final samples of humic solution obtained
before and after diaphragm discharge treatment were also
analysed by the fluorescence emission spectrometry, where
the exciting wavelength was adjusted on 280 nm (Fig. 7 and
8). It is obvious that the intensity of fluorescence significantly
decreased during the discharge treatment and this decrease
was remarkably higher in the anode space than in the cathode
one. Comparing the results achieved in the pH-corrected NaCl
solution (Fig. 7) and pH-uncorrected NaCl solution (Fig. 8), it
is evident that the fluorescence intensity of final samples with
modified pH reached higher values than in the uncorrected
solution. However, fluorescence intensity itself represented
only a hint directed to the confirmation of decomposition
processes in humic solutions. More exact was the estimation
of so-called humification index (HIX, see below).

From the ratio of the emission intensity values obtained
from the fluorescence spectra at 470 and 400 nm, the humifi-
cation index (HIX) was calculated (Table I). This parameter
indicated the mutual content of aromatic and aliphatic compo-
nents in the humic mixture. Indices, given in Table | for the
NaCl solution before and after diaphragm discharge treat-
ment, are compared for pH corrected and uncorrected experi-
ments. Decrease of aromatic part in final samples was deter-
mined in both electrode spaces. Thus a partial decomposition
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Fig. 7. Fluorescence emission spectra of humic samples before and

after treatment in the NaCl solution with pH correction
(excitation wavelength at 280 nm)
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Fig. 8. Fluorescence emission spectra of humic samples before and
after treatment in the NaCl solution without pH correction
(excitation wavelength at 280 nm)

of humic acids in the mixture leading to the increase of ali-
phatic components could be assumed. Comparing the experi-
ments with the modified and uncorrected pH we can observe
that the acidic conditions created in the anode space during
the diaphragm discharge without pH correction significantly
stimulate the decomposition process (the lowest final humifi-
cation index was achieved).

Table |
Humification index (HIX) obtained in the NaCl solution

Samples- Samples-

corrected pH HIX uncorrected pH X
initial 1.47 initial 1.47
final — anode 1.28 final — anode 0.55

final — cathode 1.31 final — cathode 1.27

Conclusion

Commercial humic acids dissolved in water solution
were treated by the DC diaphragm discharge. The changes of
quality were observed by the absorption spectroscopy and
fluorescence spectroscopy.

The NaCl electrolyte stimulated the degradation process
with the highest efficiency. Moreover, pH of the solution
significantly decreased in the anode space and increased by
the cathode. On the other hand, sodium hydrogenphosphate
electrolyte almost disabled the process. In this case, buffer
properties of phosphate solution could play an important role.
Generally, degradation processes became more efficient at
lower pH values (acidic medium). Optimal conductivity for
degradation process was estimated to 500 uS cm™ because
the highest decomposition was observed near this conductiv-
ity value.

Fluorescence analysis provided not so misrepresenting
results than absorption analysis (UV-VIS). Humification indi-
ces calculated from the fluorescence spectra determined the
decrease of the aromatic content and the increase of aliphatic
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substances in humic mixture during the discharge treatment.
Detail analyses of final degradation products will be an object
of our further study.

This work has been supported by the Czech Science Founda-
tion, project No. 202/07/P371 and by the Czech Ministry of
Education, Youths and Sports, Research Plan No.
MSM0021630501.
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I. Halamova*, Z. Stara, and F. Krcma (Institute of
Physical and Applied Chemistry, Faculty of Chemistry, Brno
University of Technology, Brno, Czech Republic): Interac-
tion of Electrical Discharge with Water Solutions of Hu-
mic Matters

Preliminary results of our research focused on the appli-
cation of constant DC diaphragm discharge in water solutions
containing humic substances are presented in this paper. It has
been found out that character of humic acid solution remarka-
bly changes from aromatic to aliphatic, especially in the an-
ode space of the reactor. Presented work extends our knowl-
edge about decomposition of humic substances by the electric
discharge in the dependence of solution properties and dis-
charge conditions. Parameters such as initial solution conduc-
tivity, electrolyte kind or input power have been investigated.
Moreover, substantial effect of pH on humic acid decomposi-
tion has been observed. Absorption spectroscopy in UV-VIS
region together with fluorescence spectroscopy has been used
for the detection of changes in humic solutions.
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1. Introduction

Local analysis of dental calcified tissues plays important
role in medicine, toxicology, environmental science, paleon-
tology and anthropology. In these fields of action a bulk
analysis of a mineralized material from a defined and well-
localized volume belongs to a marginal stream. On the other
hand, spatially resolved analyses of calcified tissues as teeth
or bones without any previous decomposition have been rou-
tinely performed with laser ablation inductively coupled
plasma mass spectrometry (LA-ICP-MS)'™°, X-ray fluores-
cence (XRF)''™", particle (proton) induced X-ray emission
spectroscopy (PIXE)'*!, secondary ions mass spectrometry
(SIMS)'*!" or even formerly electron microprobe analysis
(EMP)!*1°.

Nowadays, Laser Induced Breakdown Spectroscopy
(LIBS) becomes a widely employable technique in analytical
chemistry. It can be used for elemental analyses of samples of
any state (i.e. gas, solid and liquid)®. In last ten years the
double pulse configuration (DP) became a great importance
due to some advantages as intensity enhancement of emission
lines®'. Up to now, several combinations were tested. The four
basic are: i) two consequent coaxial laser pulses (but perpen-
dicularly to the sample) — the first one ablates the sample and
the second one even more feeds the microplasma induced by
the first one, i) the first one ablates the sample and the second
one feeds the plasma perpendicularly, iii) the first pulse is
collinear with the sample and induces a plasma by a break-
down of the atmosphere and the second one strikes the sample
perpendicularly through the breakdown plasma, iv) any other
spatial non-orthogonal configuration. The typical time gap
between the pulses is 1-10 ps.

Due to a transient behaviour of the microplasma some
non-linear effects occur at analytical measurements with
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LIBS and finally demonstrate themselves as nonlinear calibra-
tion curves (intensity vs. element content). These phenomena
are matrix-dependent and limit the use of LIBS to mostly
semi-quantitative precision. Nevertheless, it is commonly
used for in situ analysis of cultural heritage objects™. For
spatially resolved analysis of bones and teeth it has been still
rarely used®.

The main advantage of the DPLIBS is a substantial en-
hancement of the sensitivity against the single pulse LIBS.
This approach is still rarely applied to analysis of artifacts™.
To the best knowledge of the authors the DP variant has been
never used for the analysis of calcified tissues.

Thus, one can expect that a valuable comparison of LA-
ICP-MS with DPLIBS will be to some extent feasible. This is
also the main goal of this work. It aims to compare whether
the spatial distributions of some major and minor elements in
areindeer tooth section yielded by both the methods are
equivalent.

2. Experimental
2.1. LA-ICP-MS Instrumentation

The measurements were realized using an ICP-MS
Agilent 7500ce. It was operated under standard conditions
with forwarded rf power of 1350 W without the collision cell.
A New Wave Research (Laser Ablation Systems, USA, UK)
UP 213 facility was used for laser ablation. The basic source
was a Nd: YAG laser emitting the fundamental wavelength
1064 nm which is consequently frequency quintupled to the
213 nm one and the lasing beam is homogenized to a flat-top
energy cross section profile. The impact laser pulse fluence
12 J em™ at the beam diameter of 100 pm was selected with
respect to yield an appropriate signal levels for both major
and minor elements. The produced aerosol was transported
into the ICP-MS with 1 1min™ helium carrier gas through
a Tygon tubing (i.d. 4 mm, length about 1.5 m) and behind the
ablation cell it was mixed with 0.6 1 min™' argon make-up gas.
The flow rate was stabilized with a Brooks mass flow control-
ler.

With the LA-ICP-MS, three rows of craters were ablated
in a single-spot mode with repetition frequency of 10 Hz dur-
ing 45 s so that 450 pulses were executed on each spot. The
mutual distance of crater centres was 0.15 mm which was
controlled with an x, y translation stage (a sub-component of
the UP 213 facility). The sum signal for each crater was proc-
essed and depicted in a graph as one point (all Figs.).

2.2. Double pulse LIBS Instrumentation

The first (ablation) pulse was executed with a UP 266
Macro laser (New Wave, 266 nm flat top beam) with 8 mJ
and the second one with a Quantel Brilliant (1064 nm) laser
with 125 mJ pulse energy. The triggering signal from the UP
266 laser flash lamp was led to an external delay generator
DG 535 to control the gap between the pulses (0.1 ps) and
between the flashlamp ignition and the Q-switch of the
Quantel laser to control its pulse energy. Between the pulse
generator and the final destination of the delayed signal
a pulse repetition rate divider was placed and each 20th pulse
was used. The delay between the 2nd pulse and the spectra
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measurement (1 us) was controlled with an in-built delay
generator of a Triax 320 spectrometer.

The microplasma emission was delivered with an optical
bundle to the Triax 320 monochromator (Horiba JY, ICCD,
entrance slit 50 and 100 pm, grating 2400 mm™'). The spectral
range in the used setting was about 19 nm for simultaneous
measurements.

The sample was ablated vertically and the very small
primary microplasma was excited horizontally (orthogonal
configuration) using a quartz lens with 80 mm focal length.
The produced craters were also about 0.1 mm in diameter and
spaced 0.15 mm. 4 pulses per crater were executed and the
sum signal processed and depicted in graphs (all Figs.). After
one crater line was finished the measured spectral interval
was changed and the same crater line was ablated again. As a
result, each crater was made by 4x7 pulses because 7 spectral
intervals were necessary to cover all the requested spectral
lines.

2.3. Sample

A reindeer tooth (right 2nd upper molar, era: upper pa-
leolithic, 29-21 000 BP) from Moravany-Lopata, Western
Slovakia, was chosen due to a well-defined structure with
several lamellas. It was embedded with a polyester resin, cut
lengthways and polished (all Figs. background).

3. Results and discussion

Spatial distributions of four key elements are presented:
Ca, Mg, Sr, Zn. They are biologically very important. Some
isotope ratios: Ca 44/Mg 25, Ca 44/P 31 and Sr 88/Ca 44
were calculated from the LA-ICP-MS calibration measure-
ment using a NIST 1486 bone meal standard pressed in a
pellet (Fig. 1).

The other Figs. 2—4 depict maximum-normalized inten-
sities in order to highlight relative changes in an appropriate
scale. All the scans are fitted to the structure of the analyzed
tooth (Figs. 1-4). The structural description of the tooth is
marked in Fig. 1.

3.1. Calcium and strontium

The major element is calcium. It is a component of hy-
droxyapatite which is a main constituent of any calcified tis-
sue. It is also a main matrix element which can be used as an
internal standard.

In the tooth structure, a slight increase of strontium is
observable from the outer part of the enamel towards the den-
tine. In the dentine, its content gradually decreases towards
the pulp®* ™. These facts are confirmed by the results of our
analysis except for the pulp which was out of the scanned area
(Figs. 1, 3, 4). Strontium is not an essential element and has
no specific biochemical or physiological function in organ-
isms. Its metabolism is analogical to the calcium one. More
than 90 % of calcium is accumulated in calcified tissues. In
contrast to the calcium its content in a body is not under
a homeostatic control’. Strontium may substitute calcium and
thus the ratio Sr/Ca increases in case of calcium deficiency.
The ratio Sr/Ca in bone reflects the Sr/Ca in consumed food
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Fig. 1. LA-ICP-MS line scan. Concentration ratios of selected
elements are depicted. The Sr/Ca ratio refers to the right axis.
Additionally, the tooth structure is marked: E...enamel; H...hole,
empty area with resin; D...dentin. The depicted scans refer to the
upper crater line

Normalized intensi

Fig. 2. LA-ICP-MS line scan. Maximum normalized intensities of
the selected elements are depicted

and consequently the bone Sr/Ca ratio is higher for herbivores
than for carnivores.

3.2. Magnesium

The magnesium content is substantially higher in the
dentine than in the enamel'”'**° which is also in accor-
dance with the presented results (Figs. 1-3). Possible signifi-
cant increase of magnesium at the beginning of the scan can
indicate the presence of the tartar (Fig.2). This increase is
commonly not observable, e.g. in the DPLIBS profile (Fig. 3)
it is absent. This fact probably signalizes some local differ-
ences in the tartar presence. Magnesium is an important con-
stituent of calcified tissues and plays a key role in the early
phase of the development of the mineral component™”?®, Its
content slightly increases from the enamel surface and the
increase continues also in the dentine.
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Fig. 3. DPLIBS line scan. The crater line is marked with the dotted
arrow. The craters are not very deep and thus they are invisible.
Maximum normalized intensities of the selected elements are de-
picted. Used spectral lines [nm]: Ca I 335.020, 335.035; Mg 1 285.21;
Sr11407.77; Zn1330.29

3.3. Zinc

The initial increase of zinc is well observable in the LA-
ICP-MS profile (Fig.2) while the DPLIBS scan yielded
a substantially weaker and nearly negligible peak (Fig. 3).
Again, this fact can be attributed to the different position of
the LA-ICP-MS and DPLIBS scans (see and compare the
calcium distributions by LA-ICP-MS and DPLIBS in Figs. 1
and 4). The initial zinc increase is, however, significantly
lower in comparison with the magnesium maximum (Fig. 2).
Zinc is an essential element which is extremely important for
the growth and the mineralization of bones and teeth®*** and
may be also related to sanative processes. It is preferentially
accumulated in surface layers of the enamel””'***#2634 a5
well as in the dentine’. Besides, the zinc content increases
from the boundary enamel-dentine towards the pulp®*.

|

« MglimgIP

o e =3
o R

= o™
Ca normalized intensity

f.
.

Scan linelength [mm]

Fig. 4. DPLIBS line scan.Tooth hardness local changes across the
ablated path
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3.4. Tooth hardness monitoring

Both these methods are based on LA sampling and thus
they may suffer from some matrix effects. The scan line
crosses all parts of the tooth and these have various hard-
nesses. In this aspect the leader is the enamel, the second is
the dentine and the softest is the pulp. The ablation can then
be more efficient in the dentin thus delivering more material
into the excitation source. The consequent precise quantifica-
tion of the elemental contents in various parts of the tooth
would be quite problematic. This difficulty can be partially
solved by use of the Mg II 280.26 nm / Mg I 285.22 nm ratio
or by a calcium ionic to atomic line ratio®®. This ratio in-
creases with the hardness of the tissue. In our case it is appli-
cable only to the DPLIBS method. It really shows that the
highest ratio well corresponds with the enamel position
(Fig. 4). The other variations are not so much significant.

4. Conclusion

The presented comparison of DPLIBS with LA-ICP-MS
and with already published results showed that the DPLIBS
method in the presented particular orthogonal configuration
can be successfully used for the mapping of the spatial distri-
butions of biologically important elements as Ca, Mg, Sr, Zn.
It can be applied as a suitable alternative to the routinely used
LA-ICP-MS method due to the sufficient spatial resolution
and sensitivity to the minor elements. These properties are not
obtainable for single pulse LIBS.

The authors wish to thank Miriam Fisakova from the Institute
of Archaeology Brno for samples and the Czech Ministry of
Education, Youths and Sports for the projects
MSM0021622411 and ME0S002.
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Introduction

A deposition of thin films by magnetron sputtering is
a widely used technique. When a reactive gas is added to the
deposition chamber, the process of the sputtering becomes
different and it is referred to as the reactive sputtering. The
main advantage of the reactive sputtering is its ability to de-
posit complex films, for example nitride or oxide films. To set
working conditions during the deposition itself, it is easier to
use the flow of the reactive gas rather then its partial pressure.
However, the process controlled by the reactive gas flow ex-
hibits a hysteresis behaviour.

At a certain flow of the reactive gas, the system transits
from the metallic to the compound mode and vice versa de-
pending on whether the flow of the reactive gas is increased
or decreased. This transition is caused by the fact that when
increasing the reactive gas flow the growing thin film reaches
its gettering capability and the partial pressure of the reactive
gas suddenly increases. As a consequence the reactive gas
gettering to the target rises resulting in a compound formation
at the target. The process of the target coverage by the com-
pound layer is called the target poisoning. The inverse process
is called the target cleaning. The compound sputtering yield is
however usually lower then the metal sputtering yield, so the
poisoned target is more difficult to sputter. Thus to ensure
always the same conditions for growing of thin films during
depositions are very different.

For better understanding of the reactive sputtering proc-
ess a reliable model is needed. The model well describing the
observed behaviour was developed by S. Berg and his col-
leagues'™ during past two decades. Nevertheless Berg's
model postulates the uniform discharge current density over
the magnetron cathode. But the discharge current density is
very non-uniform in the magnetron configuration due to the
presence of the magnetic field. In front of the magnetron cath-
ode high dense toroidal plasma is formed. Thus the racetrack
part is significantly more sputtered then the central part of the
target and its edges. We have modified the original Berg’s
model in order to accommodate the non-uniformity of the
discharge current density. Here we present results for various
profiles of the discharge current density over the magnetron
cathode.

II Central European Symposium on Plasma Chemistry 2008

Model enhancement

Berg's model is described by sets of fundamental equa-
tions that represent main processes occurring during the depo-
sition. The model assumes that the discharge current density
is uniform, that the reactive gas does not contribute to the
sputtering, that the compound layer is formed on the magne-
tron cathode only in a form of a monolayer and that the den-
sity of the reactive gas is the same in the whole deposition
chamber. Following stoichiometry is assumed — the com-
pound molecule contains always one metallic atom and one
atom of the reactive gas and the reactive gas molecule is com-
posed of two atoms. The model' assumes that the vacuum
chamber contains the target of the area A, which is placed in
front of the collecting area A, including the substrate. The
chamber is pumped by a vacuum pump of constant pumping
speed S. Presence of the reactive gas in the deposition cham-
ber causes a fraction 0; (6.) of the target (substrate) to be cov-
ered by compound molecules. Since the target is intensively
sputtered by impacts of ions originating from the plasma
(discharge current density J) 6, is always lower than .. The
total supply of the reactive gas Qi is either consumed at the
target (Q,) or at the substrate (Q.) or escape from the deposi-
tion chamber via the pumping system (Q,). The resulting
partial pressure of the reactive gas is denoted P. At the steady
state conditions, number of compound molecules out-
sputtered from the target must be the same as twice the num-
ber of reaction between neutral reactive gas molecules and
not-reacted target material.

The briefly described Berg's model' has been extended
in order to accommodate the non-uniformity of the discharge
current. The target has been artificially divided into N annuli.
Each of the annuli is so small, that the discharge current den-
sity can be assumed to be constant within. Thus each of target
annuli is treated in the same way as the whole magnetron
target is treated by Berg's model. For each of them, a balance
equation is written and total fluxes of sputtered metals and
compound molecules are given as the summary of contribu-
tions from all annuli.

Previously such approach has been already applied as-
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Fig. 1. Various profiles of the discharge current density. All of
assumed shapes were constructed to have the maximum at the half
radius of the target and the total current value of 0.5 A
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suming triangular shapes of the discharge current density’. In
this particular paper, we are going to present mainly results
for Gaussian current density profiles and their comparison to
Berg's model with the uniform current density. Various
shapes of discharge current density profiles have been as-
sumed (see Fig. 1). These profiles of the discharge current
density were constructed to acquire the same total discharge
current 0.5 A as in the Berg's case. Four Gaussian profiles
with different values of the full width at half maximum and
one triangular profile have been created. All of them have the
maximum of the total discharge current density at the half
radius of the target.

For clear comparison of Berg's model and our results
from the modified model we kept input parameters such as
sputtering yields, areas of the target and the substrate, the total
discharge current etc. the same as in the original Berg's
model'.

Results and discussion

Assuming the non-linear profile of the discharge current
density it is obvious that target parts with lower discharge
current density are less sputtered then parts with higher den-
sity and the general behaviour of the sputtering process is
mainly ruled by the condition at the racetrack. The less-
sputtered parts of the target are also more covered by the
compound. However, to quantify this statement, the calcula-
tion has to been performed. Since the sputtering rate of the
metallic atoms from the poisoned parts of the target is lower
than form the clean surface, during the reactive deposition the
target changes its sputtering capability due to the formation of
the compound at the target surface. At a certain flow of the
reactive gas, the growing thin film can attain its gettering
capability and the partial pressure of the reactive gas leaps up
and causes the target to become more and more poisoned.
This situation is the transition from the metallic to the com-
pound mode of the sputtering process (M-C transition). In

Situation before M-C transition
— — Situation before C-M transition

=T

TN

Target compound coverage

0.2 —— Gauss curve |
(FWHM 0.02m)
0,1 4——Berg's case Gauss curve -

0.0 _(FWHM 0.03m)

000 001 002 003 004 005 006 007
r[m]

Triangular profile
T T

Fig. 2. Target compound composition for various discharge cur-
rent density profiles. Dashed lines represent situation before M-C
transition and continuous lines represent situation before C-M transi-
tion
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Fig. 3. The target erosion rate as a function of the partial pressure
of the reactive gas modelled for the uniform, the triangular and
four Gaussian discharge current density profiles

Fig. 2 there is calculated target compound coverage for these
two modes of operations. Generally the target in the com-
pound mode is by 50 % more covered by the compound layer
then in the metallic mode. Recently, similar evolution has
been measured experimentally®. Steeper profiles better restrict
the racetrack and because it plays dominant role during the
sputtering process thus the target erosion rate should be sub-
sequently higher.

As it was concluded above the erosion rate is highest for
the steepest profile. The target erosion rate as a function of the
partial pressure of the reactive gas is plotted in Fig. 3. The
target erosion rate varies mainly at higher partial pressures of
the reactive gas. In the case for 20 mPa the difference be-
tween erosion rates for the uniform and the Gaussian profile
with FWHM 0.01 m is up to 5-10'7 particles per square meter
per second i.e. almost 25 percent. It can be also noted that the
outputs for the Gaussian profile with FWHM 0.04 m and
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310"

Fig. 4. Modelled deposition rate as a function of the partial pres-
sure of the reactive gas for four Gaussian profiles with different
full width at the half maximum, the triangular profile and the
uniform Berg's case. All sharp profiles have the maximum at the
half radius of the target and they were constructed in order to obtain
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previously studied triangular profile are very similar. This
reflects the fact that the profiles themselves are alike.

In practice it is desirable to obtain high deposition rates
during the growing of thin films. In Fig. 4, we present the
deposition rate as a function of the partial pressure of the
reactive gas for all studied models in order to settle if there is
any considerable difference. Comparing to Berg's case, higher
deposition rates have been achieved for any of assumed non-
uniform profiles of the cathode load. The situation for the
triangular profile and the Gaussian profile with FWHM 0.4 m
is almost the same. But if a steeper Gaussian profiles is used
higher deposition rate can be reached. The explanation is
following. If a very pointy steep shape is used, fluxes of metal
and compound particles from the racetrack of the target will
be much higher even though a great part of the target will be
completely covered by the compound. This is because so
called
poisoned parts of the target are practically not sputtered for
there is very low or almost negligible discharge current den-
sity.

If the sputtering process is controlled by the flow of the
reactive gas the whole process exhibits the hysteresis behav-
iour. In Fig. 5 the relation between the partial pressure of the
reactive gas and the total reactive gas supply rate is shown.
The hysteresis behaviour is clearly distinguishable. If the
reactive gas flow is continuously increased the abrupt jump
towards higher partial pressures of the reactive gas occurs.
This is the transition from the metallic to the compound
mode. When decreasing the flow of the reactive gas it is nec-
essary to decrease the flow even lower to clear the target. The
clearing of the target represents the C-M transition.

Modelling with non-linear profiles of the discharge cur-
rent density there are different conditions for the transitions
between two modes of operation. For steeper profiles the
whole hysteresis region is shifted towards higher total reactive
gas supply rates. This comes from the fact that if the target is
more sputtered as it is for cases with non-uniform discharge
current density profiles, higher reactive gas flow is needed to
poison the target in that scale that it would switch from the
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Fig. 5. Modelled dependency of the partial pressure of the reac-
tive gas on the total supply rate of the reactive gas. The relation is
shown for various profiles of the discharge current density, for four
Gaussian curves and for the triangular profile and the uniform Berg's
case
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metallic mode to the compound one and vice versa. The dif-
ference in amount of the total reactive gas supply needed for
the M-C transition for the target exposed to the uniform dis-
charge current and to the Gaussian profile (FWHM 0.01 m)
reaches non-negligible 0.8 sccm. Not only the point of the
transition is shifted, there is also a pressure shift, in heights of
transitions. The target in Berg's case in the M-C transition
jumps over 35 mPa whereas the Gaussian profile (FWHM
0.01 m) undergoes the jump over 42 mPa. In closer look at the
Fig. 3, the slight difference can be noticed even in the width
of the hysteresis region. This difference is not more then 5 %
for models with non-uniform discharge current density pro-
files compared to Berg's case, with one exception which cor-
responds to the most extreme Gaussian profile (FWHM
0.01 m). The hysteresis width is about 15 % narrower then in
the Berg's case.

The results using steep Gaussian profiles are very simi-
lar to situation when smaller targets are used. The effective
area of the target is narrowed to the racetrack part. The advan-
tage of these Gaussian profiles is that the discharge current
density at edges and at the centre of the target is not zero as in
the experiment.

Conclusion

We have presented an enhanced model for the reactive
magnetron sputtering which takes into account the non-
homogeneity of the discharge current density. Instead of pre-
viously artificially used triangular shapes of the discharge
current density, more realistic Gaussian profiles were as-
sumed. If a steeper profile is used higher target erosion and
deposition rate can be achieved. The hysteresis region is gen-
erally shifted towards higher reactive gas supply rates for
steeper profiles. However the hysteresis region itself does not
significantly differ.

The general behaviour of processes with steep discharge
currents densities is similar to processes that use small tar-
gets®. Tt is like the target effectively decreases its area. But
when using Gaussian profiles the discharge current density at
the edges and at the centre of the target is not zero but is very
low.

This research has been supported by the MSM contract
0021622411 and by GACR contract 202/08/P038.
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In the classical magnetron configuration, the non-
uniform magnetic field is applied in order to enhance the tar-
get sputtering at a given applied voltage. As a consequence,
the cathode load is non-uniform, too. There is a clearly de-
fined part of the target which is intensively sputtered, so
called racetrack. This fact is not taken into account in well
known Berg's model that assumes a uniform current density
over the target. Thus the target in the Berg's case is sputtered
homogeneously. We present a modification of the classical
model when the Gaussian current density profile that should
better describe the real situation is assumed. The deposition
rate, the target erosion rate and the hysteresis region are com-
pared to previously studied model with a triangular profile
and to the original Berg's model.
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Introduction

Microwave discharges containing nitrogen are com-
monly used both in the research and the technology. Often it
is advantageous for the given function (deposition, etching,
plasma treatment, etc.) to exploit the processes in the after-
glow rather than those in the active discharge. In most pub-
lished works the authors used relatively low peak power in the
range of hundreds of watts. However, in our apparatus we use
very short pulses with peak power around 10°W, which is
challenging from both theoretical and experimental point of
view.

Interferometer diagnostics and spectroscopic measure-
ments of pulse excited plasmas may give interesting results,
concerning the loss, excitation and deexcitation processes as
we have shown in our previous papers'™. However, in many
common experimental setups the interaction between the
plasma and the walls is very difficult to account for. There-
fore we carried out our experiments in the device with sup-
pressed influence of surface processes. The processes involv-
ing nitrogen molecules in A’Y", metastable state are studied
using time resolved optical emission spectroscopy of decay-
ing plasma. The paper proposes a way to determine the abso-
lute density of nitrogen metastable molecules at the end of the
discharge pulse from relative intensity of second positive
system (NQ(C3HU-B3Hg)) emission in the afterglow.

Experimental set-up

We have developed the apparatus, where the volume
processes are significant and the interaction of the plasma
with the walls can be neglected. Plasma is produced in spheri-
cal glass vessel with inner diameter of 0.5 m, on one side
covered by reflection foil, which reflects and focuses the mi-
crowaves radiated on another side by horn antenna. Micro-
waves (10 GHz, X-band) are generated by pulse magnetron.
The 100 kW pulses have duration 2.5 ps and are repeated 400
times per second.
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Fig. 1. Experimental set-up

The electric field is just in front of the horn antenna not
high enough to produce a breakdown at reduced gas pressure.
Only after focusing, the field has a maximum in the centre of
the glass vessel and therefore a plasma ball is formed there. A
pressure is measured by a Pirani/Penning full-range gauge and
controlled by a gas flow meter and by varying rotation speed
of a turbo pump. We use nitrogen as working gas and the
operating pressure is in the range 20-2000 Pa.

The light emitted from plasma was collected into the
optical fiber made from fused silica (see Fig.1). Spectral
analysis was made by Zeiss SPM2 monochromator equipped
with EMI 6255B photomultiplier tube. Output signals from
photomultiplier are digitalized via 50 Q inputs by HP Infin-
ium 500 MHz digital oscilloscope. Relatively large buffers of
this device permitted us to record data points during the whole
pulse with a time step of 10 ns. The synchronization pulses
are taken from the 70 dB directional coupler. To perform
sensitive measurements was quite a challenge and careful
shielding, wiring and grounding had to be employed.

Results and discussion

In discharges containing nitrogen, N,(A) metastables are
of relatively high population and therefore they strongly influ-
ence the plasma kinetics. In order to determine the concentra-
tion of A’Y', metastable state of N, we should discuss the
processes relevant for their production and loss.

Regarding the literature we can find that it is possible to
generate nitrogen neutral metastables by electronic collisions,
radiative cascade, electronic ionic recombination and neutral
atomic recombination. As we follow the evolution of spectral
intensity in the afterglow, the collisions with electrons are not
important due to their rapid cooling’. As the intermediary
states in radiative cascade have permitted transitions, the
process is very fast and need not to be accounted for in the
afterglow. Using the NO titration experiment® we found that
[N] is under our detection limit, i.e. lower than 10" cm™.
Considering this low atomic density and low rate constant for
volume atom reassociation, we neglect this process, too. Us-
ing the values of electron density and recombination coeffi-
cient from' we conclude that contribution of electron — ion
recombination on population of nitrogen metastables is low.
Therefore, all production processes taken into account may be
successfully neglected and we should deal only with the loss
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processes.
In literature’ we can find many sources of destruction
for the NZ(A32+U) metastables, such as
—  quenching by N, (/,=3-10"% cm’®s™),
—  quenching by N (,= 4-10"'(300/T)** cm’s™),
—  energy pooling to B and C states
(5+1,=2.610"0cm’s™),
—  quenching by N," (/sunknown).
It is possible to write the following kinetic equation for
our problem

DLy (Vs v () -

(15 + 1Ny (4)F = DV [N, (4)]

where the reaction coefficients / are explained above, D is the

diffusion coefficient for nitrogen metastables and [N»(A)] is

the N,(A’Z",) metastable concentration.
We can make following assumptions:

— It is possible to neglect the effect of diffusion since the
times we are dealing with in our experiment are on the
microsecond scale.

— It is possible to neglect the quenching by N, and by N
because their rates are low compared with energy pool-
ing reactions and the concentration of N(*S) is relatively
low compared with the concentration of N,(A)

—  Since the 15 coefficient is not known (we could not find
it in any publication), we will solve this matter later
demonstrating that it is possible to neglect the quenching
by ions, too. Let us work now with the hypothesis that 15
is low enough to be neglected.

Neglecting the above mentioned, it reduces the previous
equation to following

Ny (4
W =l + V(A =N F
which can be easily solved, giving us the following solution:

B [N2 (A)]t:O
M= ol

where t = 0 corresponds to the end of the discharge pulse, i.e.
the beginning of the afterglow. Then we can apply this to the
temporal evolution profiles we have found experimentally for
the second positive system of N,. Assuming that the N,(C)
state is populated by the energy pooling reaction only, the
intensity of the second positive system is proportional to the
squared concentration of N»(A) metastables

2
10 positive)w L0 @
(142N, (A)],.o0)

We measured the intensities of the electronic-vibrational
transitions 0-2, 1-3 and 2—4 from Ny(C’I1,) to N,(B’I1,) for
several pressures. Typical curve is presented in Fig. 2, which
also demonstrates excellent agreement between experimental
data and the theoretical curve (Eq. (1)). For each pressure the
nonlinear fitting of experimental data to Eq. (/) was per-
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Fig. 2. Measured data of the 0-2 2"" positive system evolution in
afterglow (points) and fit by Eq. (1) (line)

formed and as a result, the value of initial N,(A) metastables
concentration was found.

The dependence of the initial value (i.e. the concentra-
tion at the end of the microwave pulse and at the beginning of
the afterglow) is plotted in Fig. 3. The error bars were calcu-
lated from the three independent values obtained from 0-2,
1-3 and 2—4 transitions measured for each pressure.

Now, if we have not neglected the ion quenching (which
we assume is also responsible for production of excited mo-
lecular ions), it would be possible to find an expression for
intensity of the 1* negative system of nitrogen

[N, (D] [N, 1o

1{1" negative)~ (+ N, (D)) (147N, o)

since the intensity of the ionic band is proportional to the
metastable concentration and to the ground state ion concen-
tration. The constant » corresponds to the electron-ion recom-
bination coefficient.
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Fig. 3. Density of N,(A%Z,") metastable molecules produced by
the microwave pulse
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Let us now demonstrate that we can neglect the quench-
ing by the ions. We normalize the intensities of 1(2" positive)
and I(I" negative) by their initial values (at t=0). In such
way we can follow the evolution of both band intensities in
the same plot (Fig. 4). For pressures increasing up to 1500 Pa
the metastable initial concentration decreases (see Fig. 3) and
so our normalized intensity of second positive system must
increase at any time in the afterglow, as normalized (2" posi-
tive) is

I(2"d positive) N 1

(IN,(D]2)®  (L+IIN, (D], ot)

In our previous paper' we found that electron concentra-
tion at the beginning of the afterglow also decreases with
pressure. Due to plasma neutrality, the ion density should also
decrease. From the similar reasoning as above we can see that
normalized I(I* negative)

1 (1 * negati ve) 1 1

VoA IV Ty IV, (A1) (111N o)

must also increase with the increasing pressure, as both the
initial metastable concentration and initial ion concentration
decrease with pressure. In Fig. 4 we can see that the behavior
of the neutral lines is the one expected, but the ion lines be-
have in the opposite manner. This means that the excitation of
ions by collision with metastables molecules is not the main
process responsible for 1* negative system.

1,0 T T T T T T T T
— 175 Pa

o o o
ES [} ©

normalised intensity [a.u.]
o
o

0,0

time [ps]

Fig. 4. Time evolution of 2" positive and 1*' negative systems in
the afterglow. All intensities have been normalized by the initial
value
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Consequently, this process should not be important for
the quenching of metastables molecules.

Conclusion

We carried out complex diagnostics of the afterglow of
short pulse high power low pressure nitrogen discharge. From
the temporal evolution of the second positive system of nitro-
gen we calculated concentration of nitrogen molecules in
A%’ metastable state.

This research has been supported by the contracts MSMT
0021622411 and GACR 202/08/1106.
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We studied the low pressure high power pulsed micro-
wave discharge produced in the experimental device with
suppressed influence of wall reactions. This work is focused
on the afterglow. Using the experimental results, the elemen-
tary plasma processes in such type of discharge are discussed,
mainly the kinetics of metastable states. It enables us to derive
absolute density of nitrogen metastable molecules from rela-
tive evolution of emission of second positive system of N.
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1. Introduction

Interest in the non-thermal atmospheric pressure plas-
mas began to grow rapidly in the late 1980s. Such discharges
have drawn considerable attention due to their enormous po-
tential for technological applications mostly in surface modi-
fications especially for materials or living tissues that may not
allow putting it into vacuum chambers.

Different kinds of atmospheric pressure plasma sources
have been developed for various types of applications'?. Ad-
vantages of working at atmospheric pressures are that expen-
sive pumping systems are not needed, it is possible to treat
samples that are sensitive to low pressures and plasma can be
casily put in contact with samples. If one achieves operation
free from spark and if gas temperature is not increased it may
allow application to sensitive surfaces.

Because of its mild plasma and geometry, plasma needle
is especially convenient for medical applications. Non contact
disinfection of dental cavities and wounds and minimum-
destructive precise treatment and removal of diseased tissue
can be done by a plasma needle®. The treatment can be done
with less than 0.1 mm accuracy. The goal is to separate the
cells without causing the necrosis of the cells or in some
situations to induce apoptosis. Biological samples like plant
tissue can also be easily treated”.

For the purpose of successful treatment and comparison
of different samples by plasma needle it is necessary to char-
acterize the plasma itself the best way possible. The standard
parameters for treatment of samples are duration of treatment,
power transmitted to the plasma and distance of the sample to
the tip of the needle. For the power measurements the deriva-
tive probes were used. The percentage of the total power dis-
tributed to plasma itself was determined from the recorded
voltage and current waveforms.

In order to understand the chemistry in the gas phase
and at the surface of the sample a knowledge of the composi-
tion of plasma, i.e. of the active species, is needed. Mass spec-
trometry (MS) is a popular method to analyse chemical com-
position of gases and plasmas. The results are particularly
relevant for surface treatment, because the mass spectrometer
samples the species which arrive at and potentially interact
with the surface.

The advance of the differential pumping/evacuating has
been already used for mass spectrometric study of atmos-
pheric plasma operated in mixture of helium, nitrogen and
oxygen. Stoffels and coworkers investigated various short
living nitrogen and oxygen species and their threshold ioniza-
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tion® as well as nitric oxide generation by the plasma needle®.
As the pumping of the mass analyzer affected (turned off)
their standard plasma needle these authors have used a signifi-
cantly larger model of the plasma needle.

Mass spectrometry (HIDEN HPR60) was also used for
detection of ions produced both in positive and negative
point-to-plane corona discharges in nitrous oxide containing
traces of water vapor at atmospheric pressure’. A point-to-
plain negative corona fed by ambient air under static condi-
tions was analyzed using the Hiden HPR60 MBMS spec-
trometer operating at atmospheric pressure®.

In this paper we will present some of the properties of
our low temperature atmospheric pressure discharge (plasma
needle). We have achieved mass analysis with the standard
geometry albeit with a somewhat increased gas flow rate.

2. Experimental set up

Plasma needle is atmospheric pressure plasma source
powered by 13.56 MHz RF generator that operates in a mix-
ture of air and helium. The needle consist of central tungsten
wire (0.5 mm in diameter) placed into a ceramic tube with
slightly larger diameter and both placed into the glass tube
with 6 mm diameter (see Fig. 1). We have used configuration
with the grounded copper ring placed at the tip of the glass
tube. The central wire represents the powered electrode and
the grounded electrode is the surface in the vicinity of the
plasma needle tip.

The rest of the electrical circuit is the same that we have
already used* and is shown in Fig. 1. Low-temperature RF
discharge at 13.56 MHz is generated using a Dressler Cae-
sar 1010 power supply, in combination with Variomatch
matching network. In order to increase the peak-to-peak volt-
age, we have used a custom-made transformer and inserted it
between the plasma needle and the RF matching network. We
have implemented a dummy load to make the discharge more
stable and to be sure that only a small part of the power sup-
plied by the RF power supply is transmitted to the discharge.
In this configuration the dummy load serves as a ‘power di-
vider’.

Instantaneous voltage and current are monitored using
two derivative probes’ somewhat different from the probes
already proposed in the literature. Both probes were placed
inside a stainless steel box opposite to each other. The box
was placed as close as possible to the plasma needle. The
output of the probes was connected to a digital oscilloscope
(Tektronix TDS220) with the cables of equal length. All
waveforms were collected by the computer for further ma-
nipulation.

The MBMS (Molecular Beam Mass Spectrum) system
incorporates a Hiden EQP mass/energy analyzer. This system
consists of two parts: pumping section that has three different
pumping stages which makes it possible to work at atmos-
pheric pressures and the detector section which itself works at
low pressures. The sampling orifice is the entrance to the first
pumping stage and plasma needle is positioned against the
orifice. Species created in the discharge are sampled using
a triple stage differentially pumped molecular beam inlet sys-
tem. The sampling orifices are carefully aligned to produce
a molecular beam which minimizes the collisions of the sam-
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Fig. 1. Experimental setup of plasma needle with mass spectrometer head on the left

pled particles with each other and with surfaces.

Between the second and the third stage of the MBMS
there is an Open/Close valve (Swagelock) which is used to
detect background signal of the MBMS. In all measurements
this valve is open so the SEM (Secondary Electron Multiplier)
counts that we are measuring are actually foreground signal
plus the background signal from the detector. In order to see
how big the background signal is one has to close this valve.

The mass spectrometer is equipped with an internal
electron source with variable electron energy, which allows
ionization of species (positive RGA) as well as electron at-
tachment (negative RGA or EAMS, electron attachment mass
spectrometry). We have made our measurements of plasma
needle discharge in RGA positive mode. The recorded posi-
tive ion signal in this case is directly proportional to the radi-
cal number density.

While similar work of Stoffels et al. has been done on
what appears to be the same system they had to use some-
what larger dimensions and flow because pumping of the
mass analyzer perturbed and even turned off the discharge®.
The plasma source used by them in the experiment has been
described as a ‘robust’ version of the plasma needle: it gener-
ates an elongated jet of 4 mm length, and the power consump-
tion is from 1 to 10 W. Naturally, this type of plasma needle
is developed only for mass spectrometric diagnostics and has
not been to our knowledge used for medical treatment with
tissue in direct contact with the plasma.

These authors found that atmospheric plasma operated
in air and helium is a good source of active oxygen and nitro-
gen radicals. This could explain the efficiency of such plasma
(among others) in bacterial inactivation.

Our measurements were performed on a standard size
plasma needle. After some efforts it was possible to operate
the mass analyzer under conditions that would not greatly
affect the discharge itself. However, we had to increase the
gas flow from several 100 sccm to more than 1000 sccm.

3. Results and discussion
Electrical measurements

In the standard configuration the plasma needle uses the
target surface as the grounded electrode. In that respect the
properties of the plasma change depending on the proximity
of the target surface. In configuration that we have used in
these experiments a grounded stainless steel cylinder (copper
ring) was added at the tip of the glass tube. With the ground-
ing cylinder the glow of plasma was wider in area and we
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Fig. 2. Voltage and current signals in frequency domain
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Fig. 3. Current, voltage and power signals

were able to ignite plasma for smaller powers given by the RF
power supply. In addition, operation appeared to be stable and
mostly independent on the proximity of the target surface.

One of the parameters important for the diagnostic of the
discharge is the power transmitted to the plasma. Due to
a large number of the components in electrical circuit and in
particular the presence of the ‘power divider’, the power
transmitted to the plasma differs significantly from the power
given by the RF power supply. Thus we have determined the
current and voltage waveforms and the related U-I character-
istics of the discharge under different conditions.

Instantaneous current and voltage waveforms were re-
corded for a range of powers (10-150 W) given by the RF
power supply. After that all these signals were transferred to
the frequency domain (see Fig. 2). We can see that both for
voltage and current only basic harmonic are significant, i.e.
that there are practically no higher harmonics.

Signals were then transferred back to the time domain
and instantaneous power was calculated. In Fig. 3 instantane-
ous signals for current, voltage and powers signals are shown.
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Fig. 4. Voltage-Current characteristics

II Central European Symposium on Plasma Chemistry 2008

Peak to peak values for voltage lie between 300 and 600 V,
while current peak to peak values are between 0.5 and 1 A.
By calculating root-mean-square values of current and voltage
we were able to obtain U-I characteristics (see Fig. 4). As we
can see, from linearity of the obtained U-I characteristics, our
discharge works in o mode.

Mass spectrometry

We were able to obtain stable plasmas in air-helium
atmospheres containing down to 10 % of helium. However,
we had to increase the gas flow from several 100 sccm to
more than 1000 sccm in order to sustain plasma in the close
vicinity of mass spectrometer. Data were collected for differ-
ent values of plasma parameters such as power, various dis-
tances between the needle and the QMS and flow.

In Fig. 5 one of the recorded mass spectrum is shown.
When presenting results we have used yields of specific
masses (relative contribution to the total signal) instead of
counts per second obtained directly from the MBMS to re-
duce noise induced by temporal variations of the plasma. The
yield was calculated as:

Y = 7“35.5 [%]

Z Yr#ass

where Ymass is the count due to the specific positive ion (like
N, O, etc.) and this was divided by sum of counts for all
recorded masses (1-100 amu).

We can see He" signal as the highest peak. Percentage of
He in the overall mixture increases with the increase of the He
flow. In our experiments we did not use the mixture of He, N,
and O, as the feeding gas. We used pure He with different
flow rates (1-3 slm) in surrounding air. Besides the He" peak
we can see intensive peaks for N, and O,", H,O', OH', N*,
0O, NO' etc. Sometimes quantitative analysis is difficult be-
cause some of the detected compounds have the same mass to

I 80W 1mm 1slm
N,
10 He' y .
S, <~ OH' + 0,
k=] \ Hzo r
E + / +
> 0] +Co2
+ AI'+
" TN
014 T T L UM LML LM
0 10 20 30 40 50
m/z [amu]

Fig. 5. Mass spectra
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Fig. 6. Yields of NO" ions for powers of 60 W, 70 W and 80 W
given by the RF source. Distance between tip of the needle and
orifice of mass spectrometer was lmm and He flow rate was 1 slm

charge ratio. For example, N,O" has mass of 44 amu, but its
signal coincides with the persistent CO," peak and this causes
problems in analysis of recorded spectra.

Main species of our interest were N, O" and NO" ions.
In Fig. 6 we show yields for NO" ion for three different pow-
ers given by the RF power supply. We can see that with the
increase of the power the yields for NO' increase. We have
not produced detailed explanation but our observations are in
agreement with the discussion in the work of Stoffels and
coworkers’.

In case of nitrogen monoxide (NO) one of the possible
reactions is forming of NO by the three-body recombination

N+O+X—->NO+X (1)
The recombination rate at temperatures close to the am-
bient temperature for this reaction is about 10~ m®s™" (ref.'").

Another possibility for the creation of NO radicals is the
2" order reaction

N+0,—>NO+0 2

which has a rate coefficient of 1.56-10'm’s™ at 400 K (ref.'").

With the increase of the flow rate of the feeding gas
(He) from 1 slm (standard liter per minute) to 3 slm one can
observe a decrease in yields for all three ions (see Fig. 7).
This may be explained by dilution of the atmospheric gases
by the buffer gas which is supported by the increased yield of
He'.

Thus we have to use small flow rates of helium in order
to gain more active species. During our previous work on the
treatments of plant cells the flow rate of helium was around
100 sccm so we can assume that even larger amount of active
species was created if electron temperatures are not reduced
by molecular species for that range of mixtures.

Of the chemically active molecular species the dominant
molecules are NO (see Fig. 8) which while toxic at high abun-
dances may be useful for numerous processes. Surprisingly,
little ozone has been found. With an increase of the flow rate,
yields for all three compounds decrease. Of course, one
should be careful when choosing the optimal conditions for
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Fig. 7. Yields of N*, O and NO" ions for He flow rates of 1 slm,
2 slm and 3 slm and power of 80 W. Distance between tip of the
needle and orifice of mass spectrometer was 1 mm

desired treatment because with the increase of the flow we
eliminate undesirable species, but, also, at the same time we
reduce amounts of species which are important for treatment.

Plasma needle can operate in two different modes. Stof-
fels and coworkers labeled them as: a bipolar mode, when the
nearby surface affects the shape of the plasma and unipolar
mode when the surface does not affect very much the shape of
the plasma®'2. This was also confirmed in simulations done
by Sakiyama and coworkers'*'*.

In Fig. 9 measurements for the distance of 1.5 mm are
shown. We can see that with the increase of the power there is
a general increase in the yields which becomes greater after
the sudden transition to the bipolar mode which occurs at the
highest power. This sudden transition is also observable with
bare eyes. In unipolar mode one can see discharge at the tip of
the needle and after transiton it spreads towards the surface of

0.02
[ 80W Imm 1sim
80W Imm 2sim
I 80W 1mm 3slm
0.01

Yield [%]

NO NO2 03
mass [amu]

Fig. 8. Yields of NO, NO; and O; for He flow rates of 1 slm, 2 sim
and 3 slm and power of 80 W. Distance between tip of the needle
and orifice of mass spectrometer was 1 mm
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Fig. 9. Yields of N, O" and NO" ions for powers of 80 W, 90 W
and 130 W given by the RF source. Distance between tip of the
needle and orifice of mass spectrometer was 1.5 mm and flow rate off
He was 3 slm

the mass spectrometer covering it in the area of 1-2 mm®.
4. Conclusion

In this paper we have shown some of the characteristics
of plasma needle obtained by using mass spectrometry. Mass
spectrometric measurements show significant conversion of
feed gases (nitrogen and oxygen) into radicals N and O, and
NO molecule which is found to be the dominant reaction
product of these reactions.

Measurements were made for the range of powers (0.1
to 1 W) and two distances (1 and 1.5 mm) in order determine
optimal conditions for plasma treatment of samples. We
needed to increase the flow of the feeding gas from 100 sccm
up to several standard liters per minute in order to be able to
sustain the discharge in the close vicinity of the working mass
spectrometer.

Transition from unipolar to bipolar mode was observed
through sudden increase in the yields of the measured species.
Also, dominant species was NO radical and surprisingly, little
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ozone has been found.
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Introduction

Kinetic processes in nitrogen post-discharges have been
a subject of many studies because nitrogen and nitrogen based
plasmas are used in a huge number of applications like hard
films deposition' or plasma sterilization®. Besides the use of
an active discharge nowadays the post-discharge is one of the
most favorite research directions because it can be applied for
the treatment of various temperature sensitive materials’.

The neutral nitrogen molecule can form many electronic
states. Due to its symmetry, all vibrational levels of the
ground state and also the first eight levels of the first elec-
tronically excited state are metastables. Besides them, there
are some other strongly metastable highly excited states. All
these states conserve the excitation energy for a long time.
The excitation energy transfer during collisions among these
species as well as atomic recombination processes lead to the
formation of some radiative states and the visible light emis-
sion can be observed up to one second after switching off an
active discharge depending on the experimental conditions,
mainly on pressure. Kinetic modeling of pure nitrogen was
given for example in Guerra’s work®. It is interesting that
oxygen concentration has strong influence on kinetic proc-
esses. This study extends our recent experiments by the
changes in nitrogen post-discharge kinetics caused by oxygen
impurity. Paper compares the influences of reactor wall mate-
rial and its temperature on the post-discharge kinetics with
respect to the three body recombination of nitrogen ground
state atoms. This process populates mainly the Ny(B 3Hg)
state’ at its vibrational levels 10-12 but all the kinetics is
much more complex and thus some other observations are
also briefly described in this paper.

Experimental set up

The DC flowing post-discharge was used for the experi-
mental study. The schematic drawing of the experimental set
up is given in Fig. 1. The active discharge was created in Py-
rex or Quartz discharge tube with a 120 mm electrode dis-
tance at current of 200 mA and pressure of 1000 Pa. Hollow
molybdenum electrodes were placed in the side arms of the
main discharge tube to minimize their sputtering and also to
suppress the light emitted in the electrode regions. Nitrogen
was of 99.999 % purity and it was further cleaned by Oxy-
clear and LN, traps. No oxygen or carbon traces were detect-
able in the pure nitrogen discharge and post-discharge
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Fig. 1. Scheme of the experimental set up. 1 — catalyzer BASF R-3-
11; 2 — mass flow controller; 3 — Pyrex discharge tube (900 mm long,
inner diameter 13 mm); 4 — capacitance gauge; 5 — quartz optical
fiber; 6 — monochromator Jobin Yvon Triax 550; 7 — CCD; 8 — PC; 9
— outlet of synthetic air

(concentrations under 1 ppm or 0.01 ppm, resp.®). The reactor
system was pumped continuously by a rotary oil pump sepa-
rated from the discharge tube by another LN, trap.

The oxygen traces were added into the main pure nitro-
gen flow just before the active discharge using the low range
mass flow controller (MFC). To reach concentrations less
than 1000 ppm synthetic air was prepared continuously using
another set of MFCs. Also in this case, nitrogen of 99.999 %
purity was used and the purity of oxygen was the same. Thus
concentrations of other impurities, containing mainly carbon,
were kept low enough to have no disturbing effect on the
studied processes.

The post-discharge optical emission spectra were meas-
ured by Jobin Yvon monochromator TRIAX 550 with the
1200 grooves per mm grating coupled with CCD detector.
The emitted light was lead to the entrance slit of the mono-
chromator by the multimode quartz optical fiber movable
along the discharge tube. The optical fiber holder (length of
6 cm with optical fiber mounted at its center) had to be filled
by liquid nitrogen. Thus the reactor wall temperature was kept
at 300 K or 77 K around (+ 3 cm) the optical spectra observa-
tion point. Temperature of decaying plasma at 77 K wall tem-
perature was calculated at about 100 K (ref.’) using the simu-
lated nitrogen 1% positive (N, (B °Tly) — (A ’%,")) 2-0 band
spectrum.  Nitrogen (N, (B Il — (A°%,"))and 2™
(N,(C°I) > (B 3Hg)) positive and nitrogen 1% negative
(N>"(B?E,) — (X ’%,)) systems were recorded in all spec-
tra. The bands of NOP system (NO (BZIl) — NO(A ’z")
dominantly originating from vibrational level 0 were ob-
served, too. The bands of NO" system dominantly originating
also from vibrational level 0 were observed only in the Quartz
tube. No other molecular emissions were observed. The rela-
tive vibrational populations at the selected nitrogen levels
were calculated using all measurable emission band intensi-
ties. The transition probabilities and wavelengths of the tran-
sitions were taken from Gilmore’s tables".

Results and discussion

The examples of measured spectra are shown in the
Figs. 1 and 2 in Pyrex and Quartz discharge tube at the decay
time of 42ms and for two wall temperatures mentioned
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Fig. 2. Example of nitrogen recombination spectrum in Pyrex
tube at decay time of 42 ms and wall temperatures of 77 K and
300 K. Concentration of oxygen traces was 1 871 ppm
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Fig. 3. Example of nitrogen recombination spectrum in Quartz

tube at decay time of 42 ms and wall temperatures of 77 K and
300 K. Concentration of oxygen traces was 1 871 ppm.

above. The shown bands are dominantly populated by the
three body recombination of nitrogen ground state atoms. It
can be seen that at the given decay time there is no great dif-
ference between observation in Pyrex and Quartz but there is
a strong effect of the wall temperature. At the lower wall tem-
perature, the 12—7 band is much more intensive than at ambi-
ent wall temperature and its maximal intensity is even higher
than the intensity of 11—6 band. The same effect was observed
more times before’ and it reflects the recombination mecha-
nism that was reported in Partridge’s work® and that is briefly
described below.

The post-discharge in Pyrex tube is shown in Fig. 4. The
relatively strong light is emitted at all oxygen concentrations.
In pure nitrogen a pink afterglow effect (a part of the post-
discharge where the pink light emission is dominant) is well
visible and this effect is quenched by oxygen traces as it is
shown in Fig. 4 and as it was reported in details recently'®.
The pink afterglow effect in pure nitrogen is also well observ-
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able in Quartz discharge tube but the light emission outside
this region is significantly lower in comparison to the post-
discharge in Pyrex. The light emission in Quartz significantly
increases with the increase of oxygen concentration and at
oxygen concentrations higher than 1000 ppm the post-
discharge in Quartz looks visually as post-discharge in Pyrex.

This visual observation is described more exactly in
Figs. 5 and 6 where the relative populations of N,(B 3Hg)
state at levels 10—12 are shown and compared at different
conditions. It can be seen from these figures that the popula-
tions at all these three levels are significantly lower in pure
nitrogen in Quartz discharge tube than in Pyrex one at all post
discharge times. Oxygen added into the discharge in low con-
centration up to about 500 ppm enhances all the populations
and the difference given by the wall material is nearly negligi-
ble at higher oxygen concentrations. This well corresponds to
the direct visual observation, as it was shown before. It should
be also pointed out that the oxygen increase over 500 ppm has
nearly no effect on the populations at given vibrational levels.

There are two main processes populating vibrational
levels of N»(B 3Hg) state. Besides the ground state atoms re-
combination, the pooling of lower energy metastables can
play a significant role in the population of the studied levels.
To verify the significance of pooling contribution to the popu-
lations the ratio of band head intensities of 11-7 band and 2—-0
band from the nitrogen first positive  system
(N, (B *TI,) — (A *%,") was calculated. We can suppose that
the N, (B "I, v = 2) level is populated mainly by the pooling
and the contribution of recombination can be neglected at this
level. Thus the I;;_7/I,_¢ ratio can reflect the effectiveness of
the recombination process.

Fig. 4. Post-discharge in pure nitrogen (top) and in nitrogen con-
taining 1 870 ppm of oxygen (bottom) in Pyrex discharge tube at
the ambient wall temperature
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Fig. 5. Dependencies of N,(B 3[[g, v = 10-12) relative populations
on oxygen concentration at selected decay times and at wall tem-
perature of 77 K

The experimental results are shown in Figs. 7-10 during
the post-discharge in dependencies on wall material and wall
temperature at selected oxygen concentrations. The nearly
linear increase of the ratio can be seen during the post dis-
charge at decay times later than 10 ms. This time corresponds
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Fig. 6. Dependencies of N,(B 3[[g, v = 10-12) relative populations
on oxygen concentration at selected decay times and at wall tem-
perature of 300 K

to the maximum emission of pink afterglow effect (see Fig. 4
and details in references'®).

The figures also demonstrate the increase of intensity
ratio with the increase of oxygen concentration. This effect is
observable in all cases but it is more visible in Quartz tube,
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Fig. 7. Band head intensities ratio of 11-7 and 2-0 bands of nitro-
gen 1% positive system during the post-discharge in Pyrex tube at
wall temperature of 77 K
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Fig. 8. Band head intensities ratio of 11-7 and 2-0 bands of nitro-
gen 1* positive system during the post-discharge in Pyrex tube at
wall temperature of 300 K

especially at the ambient wall temperature.

It is known that the recombination is the main process at
the later decay times (during so called Lewis-Rayleigh after-
glow'') and thus the pooling efficiency is decreasing and the
1117/, ratio increases. To describe the oxygen influence in
more detail, the I;,_7/I,_ ratio is shown in Figs. 11 and 12 as a
function of oxygen concentration at two selected decay times
at all reactor wall conditions. It can be seen the ratio of inten-
sities increases with the increase of oxygen concentration at
all wall conditions at shorter decay time (Fig. 11). The situa-
tion at later decay time is not such simple. There is no clear
dependence in the Pyrex. The ratio of intensities strongly
increases in the Quartz at the ambient wall temperature but its
dependence on oxygen concentration at wall temperature of
77 K shows different behavior but generally it is also increas-
ing.

The last experimental results that must be mentioned
before the kinetic description of the observed processes are
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Fig. 9. Band head intensities ratio of 11-7 and 2-0 bands of nitro-

gen 1* positive system during the post-discharge in Quartz tube at
wall temperature of 77 K
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Fig. 10. Band head intensities ratio of 11-7 and 2-0 bands of nitro-
gen 1% positive system during the post-discharge in Quartz tube at
wall temperature of 300 K

the following. The pink afterglow effect is strongly quenched
by oxygen and it disappears at oxygen concentrations over
about 1000 ppm'®. The NOP and NO? emission is directly
proportional to the oxygen concentration and it is nearly di-
rectly proportional to the decay time at given oxygen concen-
tration. Based on these all experimental results the following
kinetic description can be proposed.

Kinetic processes

Atomic recombination in nitrogen is known for a long
time'". A detailed theory of the three body recombination of
two nitrogen ground state atoms was presented in Partridge’s
work’. The mechanism of the recombination can be described
by the following system of reactions

N('s”) + N(*S") = Ny(A °E') )
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Fig. 12. Band head intensities ratio of 11-7 and 2-0 bands of nitro-
gen 1% positive system as a function of oxygen concentration at
decay time of 42 ms

Ny(A®Z) + M — Ny(B I, , v=10-12) + M 2)

where M is the third body, mainly any nitrogen mole-
cule. The first of these reactions represented the equilibrium
between concentrations of nitrogen atoms and weakly bonded
molecules. Usually it is presented in complex with the second
reaction. Thus this recombination has a three body form. The
rate coefficient of this process is 8.3-10™%exp(500/T) cm®s™
as it was reported in ref.'”. As it has a negative temperature
dependence, the recombination increases with decreasing
temperature as it was presented in the Results.

Other process that contributes to N,(B 3l'Ig) population is
the pooling of lower metastables N,(X lfg, v) and No(A'Zh).

No(X "2 v) + No(AE) = No(B T, ) + N, 3)
2 Ny(X 'ZF, v >19) — Ny(B°I1, ) + N, 4)
The N (A °%,") state is again created by the pooling of

II Central European Symposium on Plasma Chemistry 2008

ground state molecules (the process similar to the reaction 4).
Vibrationally excited ground state molecules are created dur-
ing the post-discharge period mainly by a well known v-v
process4. As the No(A 3E+u) state concentration at the end of
an active discharge is low'’, the main energy source in the
afterglow besides the atoms is vibrationally excited nitrogen
ground state molecules.

The same molecules that are precursors for the N,(B 3Hg)
state creation are also the precursors for molecular ion crea-
tion. This process is known as a step-wise ionization'*. The
highly excited neutral metastable molecules (excited both
electronically and vibrationally) can have energy sufficient for
the ionization during their mutual collisions. After molecular
ion creation, the excitation to the radiative N," (B Z,") state is
done by the collisionally induced energy transfer from the
vibrationally excited neutral ground state molecules, namely
N, (X 12g+, v > 12)!°. This mechanism is responsible for the
pink afterglow creation.

If some other species are added the reaction scheme
become more complicated and it is significantly different.
Small addition of oxygen traces lead to form NO. The oxygen
influence can be described by the following main reactions

N, (X 'E,", v>13) + O — NO (X ) + N (*Sy) (5)

N> (A2, + 0 — NO (X ’II) + N (*Dy) (6)
N(*S)) + O+ N, > NO (B v=0)+N, (7)
NO (X + N (*Sp) > N, (X ', v=3)+ 0 ()
N, (A *Z,h) + NO (X 1) —

N, (X '%,, v=0)+NO (AL 9)
N, (X '%,", v>23) + NO (X °IT) —

N, (X 'E,) + NO(A °T)) (10)

The reactions 5 and /0 have a strong influence on the v-v
process in nitrogen ground state. Highly excited molecular
states are thus formed with a lower probability and the pool-
ing creation of electronically excited states is strongly de-
creased. Moreover, the concentration of N, (A °L,") state is
quenched by atomic oxygen as it is described by the reactions
6 and 9. On the other hand, these processes increase the popu-
lations at lower vibrationally excited ground state levels and
thus the pooling processes involving only these levels are
more efficient. Reactions 7 and & describe the NO species
formation and backward dissociation. The reactions 6 and 7
lead also to the increase of atomic nitrogen concentration.
This description itself is not sufficient for the experimental
results explanation. Thus the nitrogen molecular ion must be
included in the model.

The formation of nitrogen molecular ion is strongly
dependent on the oxygen concentration. Its formation by the
step-wise ionization process is strongly decreased because the
reactions 5 and 6 strongly decrease the production of high
energetic metastables. Thus the ion formation efficiency is
significantly lower and there are no enough ionic species that
could be populated by energy transfer from the vibrationally
excited nitrogen ground state. That reaction has a high rate
coefficient and at low temperature, it has a strongly resonant
character®!®. Thus if the molecular ion is created, the strong
depopulation of N, (X IZQ, v > 12) vibrational levels is ob-
served.

When oxygen is added, the process of the step-wise
ionization creating molecular ion is blocked and thus higher
ground state vibrational levels can be significantly populated.
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Besides the higher electronic states creation by pooling of
these states, the dissociation can be observed, too. It means
the concentration of nitrogen ground state atoms can be in-
creased in the afterglow if the oxygen traces are added. Simi-
lar effect was recently directly observed in Vasina’s work".
This process has a reflection in the increase of populations at
N, (B 3Hg, v =10-12) levels as it was observed. The same
process is also reflected in the observed dependences of NO
emission bands.

High vibrationally excited ground state nitrogen mole-
cules (over v =22) play a minor role in the direct formation of
electronically excited states. Thus the reaction (/0) has only
the slight effect, mainly on the population of N, (B 3l'[g) levels
laying above the predissociation limit.

Conclusions

The recombination of nitrogen ground state atoms was
observed through the emission of nitrogen first positive sys-
tem spectral bands in pure nitrogen containing the traces of
oxygen. The observations were carried out in Pyrex and
Quartz discharge tubes at wall temperatures of 300 and 77 K.
The significant increase of the bands originating at level
N, (B 3Hg, v =12) was observed at decreased wall tempera-
ture. The oxygen traces increased the light emission during
the post-discharge period; this effect was significantly
stronger in Quartz tube. Simultaneously, the nitrogen pink after-
glow effect was strongly quenched by oxygen. The detail study
showed that low oxygen concentration up to 500 ppm signifi-
cantly increased the populations at N, (B 3Hg, v=10-12) levels
and this effect was higher in the Quartz tube. The kinetic
model showed that oxygen traces were responsible for the NO
creation that consequently decreased the populations of highly
excited nitrogen molecular metastables. Thus the step-wise
ionization was quenched and finally this influence resulted in
the increase of atomic nitrogen concentration in the afterglow.
To verify this model experimentally the NO titration during
the post-discharge in nitrogen-oxygen mixtures will be carried
out.
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1. Introduction

Nanotechnology is a rapidly growing science of produc-
ing and utilizing among others nano-sized particles. Their
unique size-dependent properties make them superior and
indispensable as they show unusual physical, chemical and
biological properties. Nanomaterials are already having
a huge impact on nanotechnology and nanomedicine®. Nano-
materials are present in toothpaste, sunscreens, sanitary ware
coatings, medicaments, and even in food products but they
can also represent health risks, like for example silver?.

Generally, the behavior of metal particles with well-
defined nanostructures has become one of the most active
research areas. The inorganic nanoparticles exhibit signifi-
cantly distinct physical, chemical and biological properties
from their bulk counterparts. Discoveries in the past decade
have demonstrated that the electromagnetic, optical and cata-
lytic properties of noble-metal nanoparticles are strongly in-
fluenced by shape and size. Nanogold represents a tiny parti-
cle from a few gold atoms up to hundreds/thousands of atoms.
This has motivated an upsurge in research on the synthesis
routes that allow better control of shape and size for various
nano-biotechnological applications®*.

Gold nanoparticles (GNP) are quite important in elec-
tronics, bio-analytics and in nano-medicine. They are pro-
duced by various technologies, mostly by chemical methods
but also by laser ablation.

1.1. Short historical overview

GNP have been known for a long time but they were
called colloidal gold. The history of GNP goes back to ancient
times, for example, the so-called ,,Elixir of Life*, searched by
alchemists, was a potion made of gold. Colloidal gold was
used since Roman times to colour glass in yellow or red and
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famous bohemian ruby glass is also based on nano-gold.
Paracelsus in the 16™ century created a potion called Aurum
Potabile, Herschel in 1842 used colloidal gold to record im-
ages on paper, etc. but Faraday in 1857 was perhaps the first
one to understand that the colour of gold solutions was due to
the small size of gold particles.

1.2. Applications of GNP in medicine

As nano gold is quite reactive, the gold particles are
usually covered with a suitable layer of inorganic® and organic
material (Fig. 1), e.g. with thiols, sugars, etc.®’. Such func-
tionalized GNP are stable and are used in bioanalytics and
biomedicine.

Most recently gold colloids have gained significant at-
tention in the field of biomedicine. Due to their several exclu-
sive properties, metallic gold acquired an excellent profile for
use in these biomedical applications. Gold nanoparticles have
a great impact in the medical society and they were used in
cancer diagnosis, treatment and as a drug delivery vector for
biological or pharmacological agents®*,

GNP have been applied as a drug carrier in diagnostic
and medical fields as they comprise some explicit properties
such as i) they are easily fabricated ii) they have a very good
capacity to bind to target cancer cells, carbohydrates, antibod-
ies, proteins, pharmacological agents rather than other
nanoparticles'®°,

It was recently reported that GNP can be used to detect
some toxic metals like mercury in human body and in envi-
ronmental bodies such as rivers, streams, lakes and oceans.
When mercury contaminated fish and shell fish are ingested
by children and women, it is dangerous to their health. Even if
there are several conventional mathods?, a sensitive and ac-
curate colorimetric method was developed which can detect
mercury at nano-molar level by using DNA-functionalized
gold nanoparticles.

During the last decade, fluorescence based assays have
gained a prior position in immunochemistry-based in vitro
diagnosis and in vivo imaging assays. In this field, radio
chemical labels and chromophores have several advantages
such as high sensitivity and potential for easy multiplexing.
But these traditional radio chemical labels and organometallic
chromophores were replaced by Au-QDs, where QDs are
quantum dots, because of their exclusive characteristics in-
cluding size dependent controllable emission spectra, narrow
band width, broad excitation, high extinction coefficient and
potential stability against photobleaching®.

e

HAU'Cl, + Reducing agent .

Fig. 1. Schema of nano gold formation from Au(l11) salt
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The combination of GNP and poly-amidoamine
(PAMAM) dendrimers as capping ligands to biomolecules
has recently been reported®. So these AuQDs are suitable for
biological applications. These dendrimers can be covalently
or electrostatically conjugated to DNAZ*%*, RNA?, carbohy-
drates®® and proteins?’ %, PAMAM dendrimers have been
proven as excellent cell transfection agents as they contain
hydroxyl or amino groups at their end groups. So with the
combination of a biologically inert material such as gold,
along with good biological compatibility, the dendrimers
penetrate into the cell membranes easily. PAMAM could
efficiently conjugate with various biomolecules like DNA,
proteins, RNA and carbohydrates.

1.3. Mass spectrometry of GNP

Among various methods used to study and characterize
GNP, mass spectrometry is quite important. However, the
ionization of GNP represents the major problem. It was re-
ported®® that GNP are mostly decomposed during the ioniza-
tion process and to obtain correct information about the size
and the molecular weight of GNP is quite difficult. Recently,
it was shown in MALDI that using 2-(4-hydroxyphenylazo)
benzoic acid (HABA) matrix® the real size of even very high
Au clusters can be detected. Another technique to be consid-
ered is electrospray ionization mass spectrometry® or visible-
MALDI with tunable laser®.

Successful MALDI analysis of GNP with HABA con-
cerning chemically covered GNP, such as in Fig. 1 has been
reported®**, Mass spectrometric analysis of gold nanoclusters
has also been reported in the literature®.

In this paper we are studying “naked” GNP, not covered
with any ligand, and trying to develop a reliable approach to
analyze such particles. We are studying the possibilities of
TOF to characterize GNP in plasma and, to understand their
plasma chemistry. Gold clusters are generated either by the
use of matrices (MALDI) or by laser desorption ionization or
ablation.

2. Experimental
2.1. Chemicals

Gold (I11) chloride trihydrate, gallic acid, 2-(4-hydroxy-
phenylazo) benzoic acid (HABA), citric acid and nanodia-
mond powder (< 10 nm, purity 95 %) were purchased from
Sigma-Aldrich (Stenheim, Germany). Sodium azide and so-
dium hydroxide were from Merck (Darmstadt, Germany). The
matrices o-cyano-4-hydroxycinnamic acid (CHCA), 2,5-di-
hydroxybenzoic acid (DHB), sinapinic acid (SPA) and pep-
tide mixture (Pepmix) for calibration were purchased from
Bruker Daltonics (Bremen, Germany). Calmix (mixture of
bradikinine, angiotensine 1, renin, and adrenocorticotropic
hormone) from Sigma Aldrich (Steinheim, Germany) was
used in an AXIMA for external calibration. All other reagents
were of analytical grade purity.

Water used to prepare all solutions was double distilled
from the quartz apparatus by Heraeus Quartzschmelze
(Hanau, Germany).
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2.2. Instrumentation

Mass spectra were obtained either using a MALDI-TOF
Auto-flex mass spectrometer (Bruker Daltonics, Bremen,
Germany) or an AXIMA Shimadzu of Kratos (Manchester,
U.K.). Mass spectrometers were equipped with delayed ex-
traction, 337 nm nitrogen laser. Bruker spectrometer was
provided with a hydrophobic coating target (Anchor Chip
600/384, Bruker Daltonics, Bremen, Germany). The acceler-
ating voltage was set to 20 kV and laser repetition rate to
16 Hz. Mass spectra were obtained using linear positive or
negative ion modes with delayed extraction. The mass spectra
were accumulated for approximately 50-100 shots per prepa-
ration in total.

2.3. Synthesis of GNP

We have produced GNP from HAuUCI, salt using various
reducing agents like hydrogen peroxide, azide, citric***, gal-
lic or humic acids. The synthesis of GNP from citric acid was
done in the following way: an aqueous solution of citric acid
(2 ml 1 % solution) was mixed with 2 ml of acetone. The
resulting mixture (2 ml) was diluted up to 4 ml with water. A
solution of 0.25 mM Au(lll) chloride (40 ml) was transferred
to a clean 60 ml baker and heated in a water bath. When the
temperature reached 80 °C, 4 ml of the reducing mixture
(0.25 % citric acid in 25 % acetone) was added (pH of the
mixture was 3) and stirred vigorously. After 10 min of con-
tinuous heating and stirring, the color of solution turned to
wine red. It was the clear indication of gold nanoparticles
formation. GNP were also synthesized by the reduction of Au
(1) by gallic acid and the details are given elsewhere®,

2.4. Samples preparation

The matrix solutions were prepared in the following
way: CHCA (0.3 mg ml™ in acetone-ethanol 2:1); DHB
(0.16 mg mlI™* in acetonitrile); SPA (1 mg mI™ in 70 % aque-
ous acetonitrile); and HABA (1 mg ml™ in 70 % aqueous
acetonitrile).

On the MALDI target plate 0.5-1 pl of matrix solution
followed by 0.5-1 pl of sample was deposited. In LDI and LA
modes, no matrices were used.

3. Mass spectrometry of gold clusters

3.1. Analysis of gold clusters with laser desorption
ionization and TOF MS

GNP produced in aqueous solution were then ionized
using a nitrogen laser 337 nm either (i) with the help of
a matrix (MALDI mode) or (ii) via laser desorption ioniza-
tion. Under linear and reflectron modes and dependent on the
laser energy, single charged gold clusters Au, (n = 1-55) were
observed both in positive and negative ion modes. In addition,
depending on the precursors used, various gold clusters like
AupNa® (m = 1-6) adducts, AuH", AuzH,", AuH;0", AuzH",
AUK*, AuCa" etc. were identified in the plasma (Fig. 2).
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Fig. 2. Experimental set up and schema of gold clusters
formation in a plasma plume (* signs excited species, M
means matrix molecule)

Using common matrices, like dihydroxybenzoic acid
(DHB), a-cyano-4-hydroxycinnamic acid (CHCA) and sinap-
inic acid for MALDI, no high clusters known from the litera-
ture were observed. Most probably high Aup, clusters are bro-
ken down by the action of the laser.

An example of LDI mass spectrum is given in Fig. 3,
where GNP are synthesized by the reduction of HAuCl, and
citric acid. The results in negative ion mode were similar to
those obtained in the positive one.

A part of the mass spectrum is given in Fig. 4, where
GNP were synthesized by the reduction of HAUCI, by gallic
acid. The highest cluster we have detected here was Auss.
Negative ion mode results were similar to the results of posi-
tive mode.

3.2. Examination of matrices to ionize GNP

Different matrices to ionize GNP were examined. When
DHB matrix was applied and using a laser pulse intensity
threshold approach, we have been able to suppress, to some
extent, nanoparticles fragmentation. Good results were also
obtained by using DHB matrix. Additionally, the use of ND
as a matrix for analysis of GNP was examined. Only several

CH;_COOH
100 + -C= - Ng
Au, " HO-C-COOH a
Aut L|3
T 8 CH,-COOH
z
]
§ 601 |AuCa*
E N
£ 2 \ /
: \
Q
3
20 \
‘ Au,t Augt Augt Auyt
Ol Jhadl i ‘ e "
200 400 600 800 1000 1200 1400
m/z

Fig. 3. Part of LDl TOF mass spectrum showing the formation of
gold clusters Au,” (n = 4-25). Conditions: Bruker MALDI TOF MS,
positive ion mode, laser energy 100 A.U.
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Fig. 4. LDI mass spectrum showing the formation of high gold
clusters Au,” (n = 4-25). Conditions: Autoflex mass spectrometer
Bruker MALDI TOF MS, positive ion mode

low gold clusters (n = 1-5) were observed. However the for-
mation of several mixed Au-C clusters such as Cy;Au, CAu,,
Cy17AUH,, CigAu, CAuyNa, C,AuNa, CxrAuy, Ci7AUNay and
Cs1Au were detected.

A part of LDI mass spectrum measured in the positive
ion mode is given in Fig. 5. The spectrum is showing the for-
mation of carbon-gold mixed clusters with good resolution
and intensity.

Good agreement between model and experimental spec-
tra was found (Fig. 6).

3.3. The use of GNP as a matrix for MALDI analysis

The use of GNP as a matrix was tested near the limit of
the MALDI TOF MS detection (1 fmol) for the ionization of
the organic molecule Huperzine A* (Hup A), known as anti-
Alzheimer drug. It was observed that the use of the GNP as a
matrix increases the signal of Huperzine A 100 times. The
formation of adducts like Aun(Hup A), in the plasma phase

90000 CighAu’
Au,™
CAu,Na* Auj*
2 [CuAl’ C,Au,Na*
(%]
2 CAU,*
I CAu,*
| CjyAu*
J C,,AuNa,* |
0 Al .\\“n\l L‘ J.h L i | .I b \ \A
350 600

m/z

Fig. 5. Part of mass spectrum concerning the formation of mixed
carbon-gold clusters. Conditions: Bruker MALDI TOF MS, LD,
positive ion mode. Precursors: mixture of nanodiamonds and GNP
produced using gallic acid as a reducing agent. (All clusters are single
positively charged)
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Fig. 6. a) Model of the part of the mass spectrum concerning the
formation of Auy, CisAu, CAuyNa and C,Au,Na; b) Experimental
MALDI spectrum of GNP using nano-diamonds as a matrix.
Conditions: same as Fig. 5. (All clusters are single positively charged)

was also detected. GNP were also examined as a matrix for
ionization of mycotoxins (deoxynivalenol). However, the
sensitivity was low and the procedure needs optimization.

4. Structure of gold clusters

Gold clusters show different structures. Low clusters are
planar (Fig. 3). High clusters are either compact or hollow
gold cages. Recently, both compact and hollow gold cages
which are fullerene like structures were reported***, An ex-
ample of compact and hollow cage structures is given in
Fig. 7.

Gold cluster cations have planar structures for n = 3-7
and starting from n = 8, they form slightly distorted 3-
dimensional structures”. On the basis of quantum-chemical
calculations, it has been reported that medium-sized gold
clusters, such as Au, with n = 32-35, 42 and 50 also have
cage-like structures®. Gold, having special properties, is the
only metal which can form hollow cages*. Even though it has
some unusual structural characteristics, gold clusters have
become particularly attractive due to their diverse catalytic
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Fig. 7. Structure of compact magic gold cluster Auy, (A, adapted
from*®) and hollow golden cage Auyg (B, adapted from*!)

properties. In the case of hollow gold cages, clusters with 16-18
atoms have been experimentally observed and larger clusters,
such as icosahedral Au;, were theoretically predicted““.

5. Conclusions

Common MALDI TOF MS instrumentation can be used
to analyze gold species ionized in plasma by laser from GNP
synthesized by chemical procedures.

Gold is forming in plasma positively and negatively
single charged clusters Au," or Au,~ which are also reacting
with the other ions and mixed Aupn,Na,, AuCa, AuK, etc. clus-
ters were also observed. The formation of gold hydrides, such
as AuH, AuzH, and hydroxide AuOH and peroxides Au-
HOOH, were also observed here for the first time.

When GNP were used as a matrix for ionization of
nanodiamonds, carbon-gold mixed clusters which includes
CisAu, CAu,Na and C,Au,Na, and others were detected.

Grant Agency of the Czech Republic, project no. 525/06/0663
and 202/07/1669. Academy of Sciences of the Czech Republic,
project KAN 101630651. E.M.P-M and J.H. acknowledge the
partial support from University of La Laguna, La Laguna,
Tenerife, Spain. JRF acknowledges Ministry of Science and
from La Laguna University grant E-38-2006-0289614.

REFERENCES

1. Zharov P. V., Kim J. W., Curiel D. T., Everts M.:
Nanomed. Nanotechnol. Biol. Med. 1, 326 (2005).

2. Panyala N. R., Pefia-Méndez E. M., Havel J.: J. Appl.
Biomed. 6, 47 (2008).

3. Sukdeb P., Yu K. T., Joon M. S.: Appl. Environ. Micro-
biol. 73, 1712 (2007).

4. ChenY.,, Gu X, Nie C. G, Jiang Z. Y., Xie Z. X., Lin C.
J.: Chem. Commun. (Camb) 33, 4181 (2005).

5. Wang Q., Shantz D. F.: J. Solid State Chem. 181, 1659
(2008).

6. Guodong L., Yuehe L.: Talanta 74, 308 (2007).

7. Larsen K., Thygesen M. B., Guillaumie F., Willats W. G.
T., Jensen K. J.: Carbohyd. Res. 341, 1209 (2006).

8. Brigger 1., Dubernet C., Couvreur P.: Adv. Drug Deliv.

51397



Chem. Listy 102, s1394-s1398 (2008)

10.
11.

12.

13.

14.

15.

16.
17.

18.

19.

20.

21.
22.

23.

24.

25.

26.

Rev. 54, 631 (2002).

Cuenca A. G., Jiang H., Hochwald S. N., Delano M.,
Cance W. G., Grobmyer S. R.: Cancer 107, 459 (2006).
Jain K. K.: Technol. Cancer Res. Treat. 4, 407 (2005).
Zhang Z., Yang X., Zhang Y., Zeng B., Wang S., Zhu T.,
Roden R. B., Chen Y., Yang R.: Clin. Cancer Res. 12,
4933 (2006).

Bhattacharya R., Senbanerjee S., Lin Z., Mir S., Hamik
A., Wang P., Mukherjee P., Mukhopadhyay D., Jain M.
K.: J. Biol. Chem. 280, 28848 (2005).

Mukherjee P., Bhattacharya R., Wang P., Wang L., Basu
S., Nagy J. A, Atala A., Mukhopadhyay D., Soker S.:
Clin. Cancer Res. 11, 3530 (2005).

Paciotti G. F., Myer L., Weinreich D., Goia D., Pavel N.,
McLaughlin R. E., Tamarkin L.: Drug Deliv. 11, 169
(2004).

Ganon C. J., Patra C. R., Bhattacharya R., Mukherjee P.,
Curley S. A.: J. Nanobiotechnol. 6, 2 (2008).

Huang S. H.: Clin. Chim. Acta 373, 139 (2006).
Mukherjee P., Bhattacharya R., Bone N., Lee Y. K,
Patra C. R., Wang S., Lu L., Charla S., Banerjee P. C.,
Yaszemski M. J., Kay N. E., Mukhopadhyay D.: J. Nano-
biotechnol. 5, 4 (2007).

Niidome T., Yamagata M., Okamoto Y., Akiyama Y.,
Takahashi H., Kawano T., Katayama Y., Niidome Y.: J.
Controlled Release 114, 343 (2006).

Hirsch L. R., Halas N. J., West J. L.: Methods Mol. Biol.
303, 101 (2005).

Lee J. S., Han M. S., Mirkin C. A.: Angew. Chem. 46,
4093 (2007).

He H., Xie C., Ren J.: Anal. Chem. 80, 5951 (2008).
Triulzi R. C., Micic M., Orbulescu J., Giordani S.,
Mueller B., Leblanc R. M.: Analyst 133, 667 (2008).
Choi Y., Thomas T., Kotlyar A., Islam M. T., Baker J.
R.: Chem. Biol. 12, 35 (2005).

Choi Y., Mecke A., Orr B. G., Holl M. M. B., Baker J.
R.: Nano Lett. 4, 391 (2004).

Kang H., DeLong R., Fisher M. H., Juliano R. L.: Pharm.
Res. 22, 2099 (2005).

Tsvetkov D. E., Cheshev P. E., Tuzikov A. B., Chinarev
A. A, Pazynina G. V., Sablina M. A., Gambaryan A. S.,
Bovin N. V., Rieben R., Shashkov A. S., Nifant’ev N. E.:
Russ. J. Bioorg. Chem. 28, 470 (2002).

217.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44,

$1398

I Central European Symposium on Plasma Chemistry 2008

Wang X., Inapagolla R., Kannan S., Lieh-Lai M., Kan-
nan R. M.: Bioconjugate Chem. 18, 791 (2007).

Lee S. C., Parthasarathy R., Botwin K., Kunneman D.,
Rowold E., Lange G., Klover J., Abegg A., Zobel J.,
Beck T., Millar T., Hood W., Monahan J., Mckearn J. P.,
Jansson R., Voliva C. F.: Biomed. Microdev. 6, 191
(2004).

Dass A., Stevenson A., Dubay G. R., Tracyt J. B,
Murray R. W.: J. Am. Chem. Soc. 130, 5940 (2008).
Keki S., Nagy L., Deak G., Zsuga M.: J. Am. Soc. Mass
Spectrom. 15, 1455 (2004).

Tracy J. B., Crowe M. C., Parker J. F., Hampe O., Fields-
Zinna C. A., Dass A., Murray R. W.: J. Am. Chem. Soc.
129, 16209 (2007).

Spencer M. T., Furutani H., Oldenburg S. J., Darlington
T. K., K. A.: J. Phys. Chem., C 112, 4083 (2008).

Keki S., Nagy L., Deak G., Zsuga M.: J. Am. Soc. Mass
Spectrom. 15, 1455 (2004).

Subramaniam C., Tom R. T., Pradeep T.: J. Nanopart.
Res. 7, 209 (2005).

Maya L., Chen C. H., Stevenson K. A., Kenik E. A,
Allman S. L., Thundat T. G.: J. Nanopart. Res. 4, 417
(2002).

Turkevich J., Stevenson P. C., Hillier J.: Discuss. Fara-
day Soc. 11, 55 (1951).

Kumar S., Gandhi K. S., Kumar R.: Ind. Eng. Chem. Res.
46, 3128 (2007).

Wang W., Chen Q., Jiang C., Yang D., Liu X., Xu S.:
Colloids Surf. 301, 73 (2006).

Ben Hameda A., Taborsky P., Pefia-Méndez E. M.,
Havel J.: Talanta 72, 780 (2007).

Kryachko E. S., Remacle F.: Int. J. Quant. Chem. 107,
2922 (2007).

Bulusu S., Li X., Wang L. S., Zeng X. C.: PNAS 103,
8326 (2006).

Gilb S., Weis P., Furche F., Ahlrichs R., Kappes M. M.:
J. Chem. Phys. 116, 4094 (2006).

Lechtken A., Detlef S., Stairs J. R., Blom M. N., Furche
F., Morgner N., Kostko O., Issendorff B. V., Kappes M.
M.: Angew. Chem. 46, 2944 (2007).

Karttunen A. J., Linnolahti M., Pakkanen T. A., Pyykko
P.: Chem. Commun. (Camb) 4, 465 (2008).



Chem. Listy 102, s1309—s1402 (2008)

DOUBLE PULSE LASER ABLATION
AND PLASMA: TIME RESOLVED
SPECTRAL MEASUREMENTS

KAREL NOVOTNY™*, FILIP LUTZKY",
MICHAELA GALIOVA?, JOZEF KAISER®,
RADOMIR MALINA®, VIKTOR KANICKY?,
and VITEZSLAV OTRUBA®

“ Dep. of Chemistry, Faculty of Science, Masaryk University,
Kotlarska 2, 61137 Brno, Czech Republic, b Gymnasium of T.
G. Masaryk, Dukelské namésti 7,693 31 Hustopece,  Institute
of Physical Engineering, Faculty of Mechanical Engineering,
Brno University of Technology, Technicka 2896/2, 616 69
Brno, Czech Republic

codl@sci.muni.cz

Keywords: laser induced breakdown spectroscopy, LIBS,
double pulse LIBS, plasma characterization, time resolved
measurement, ICCD, photomultiplier

Introduction

Due to the relative experimental simplicity and immedi-
ate analyte response, laser-induced breakdown spectroscopy
(LIBS) has gained popularity among researchers interested in
real-time or in situ material detection and analysis for a wide
range of sample forms. The elemental concentrations in the
material are determined by spectrally analyzing the optical
emission from the laser-produced plasma'. Although well
suited for rapid in situ analysis, the LIBS technique possesses
a lower sensitivity and precision than other methods of ele-
mental analysis®. For several applications of LIBS, it is impor-
tant to enhance the detection of atomic spectral lines by in-
creasing the analyte signal while minimizing the background
continuous emission (i.e. by improving the sensitivity and
detection limits).

It was recently demonstrated that double pulse LIBS
represents a very effective approach for improvement of ana-
lytical capabilities of the LIBS technique®®. The use of dou-
ble pulse LIBS can provide enhanced emission intensities,
lower detection limits and longer sustained emission”'. Two
main beam geometries were suggested for realization of dou-
ble pulse LIBS: orthogonal and collinear. For the orthogonal
re-heating mode, the first pulse irradiates the sample and the
second re-heating pulse propagates parallel to the target sur-
face. In the collinear mode the second laser pulse is incident
both on the surface and the plasma formed by the first pulse.
A review of recent results of the studies of double pulse
plasma and ablation for laser induced breakdown spectros-
copy applications was reported by Babushok er a/ in 2006
(ref.™.

In the recent years, there has been increasing interest in
the characterization of plasmas formed in laser ablation,
a necessity for understanding the physical processes involved
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and improving the results of the diverse applications'*™¢.,

Most of the studies on double-pulse LIBS have been
performed using an intensified CCD (ICCD) detection. Using
ICCD, spectral information over wide range can be recorded
on each laser pulse'”™". Besides ICCD, also photomultipliers
(PMT) can be used to monitor single emission lines’* . The
output of the PMT is a current proportional to the intensity of
the incident light. PMT’s are not integrating devices as they
provide a signal simultaneous in time with the incident light
intensity. The combination of ICCD and PMT can be useful
to determine both, the spectral and time resolved plasma
emission.

In this study, we present orthogonal re-heating double
pulse experimental system equipped with both ICCD and
PMT detection and preliminary measurements of tempera-
tures of plasmas generated on an iron sample.

Experimental setup

The experimental double pulse system was designed to
reach high sensitivity maintaining high spatial resolution and
possibilities of line or raster scanning. This paper presents for
the first time double pulse LIBS system utilizing modified
commercially available laser ablation system (New Wave, UP
266 MACRO). This UV Nd-YAG laser ablation system was
specifically designed for ICP-OES and ICP-MS solid sam-
pling analysis. For these purposes, the laser ablation device
incorporates a 30 pm to 750 pm expandable, aperture imaged
beam delivery system. The control software offers a wide
variety of ablation methods such as spot ablation for depth
profiling, line scanning for lateral analysis and raster scanning
for bulk or surface analysis. The laser ablation software pro-
gram controls all laser parameters, sample viewing and stage
positioning. It also offers the possibility of external triggering.

For double pulse LIBS experiments the ablation cham-
ber used for connection UP 266 MACRO to ICP spectrome-
try, was replaced with a sample holder, which was equipped
with inclination alignment (Fig. 1).

Fig. 1. UP 266 MACRO Laser Ablation System modified for dou-
ble-pulse LIBS measurements. The ablation chamber was replaced
with sample holder; the second laser pulse was focused by side glass
lens and the laser induced plasma emission was collected by fiber
placed in the front part
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Fig. 2. Schematic drawing of the experimental set-up

The radiation of the second Nd:YAG laser (Quantel,
Brilliant) with fundamental wavelength 1064 nm was focused
parallel to the sample surface by 80 mm focal length glass
lens. The two lasers were aligned such that their intersecting
beam path resulted in a coincident spark just 0.5 mm above
the sample surface. A schematic of the optical configuration is
shown in Fig. 2.

Both lasers were externally triggered using a digital
delay generator (Stanford Research Systems, DG 535) which
was initialized by starting pulses from UP 266 MACRO laser
module. Hence the starting of measurement, sample position
and parameters of first laser pulse was controlled by UP 266
MACRO software. The ablation repetition rate had to be re-
duced to 1 Hz in order to transfer all data from the ICCD
camera for each investigated spot. This was achieved by fix-
ing the repetition rate of both laser's flashlamp to 10 Hz, and
triggering the Q-switch for every tenths pulse by laboratory
made pulse counter/divider. The laser-induced plasma radia-
tion was transported by a fiber optic system onto the entrance
slit of a monochromator (Jobin Yvon TRIAX 320). ICCD
detector (Jobin Yvon Horiba) or a photomultiplier (R928
Hamamatsu) gated by a laboratory-built control unit were
employed as detectors. For the gate-time delay monitoring
and time-resolved signal recording, a digital storage oscillo-
scope Tektronix TDS 1012 was used. The double pulse LIBS
system control block scheme with ICCD and PMT detection
is shown in Fig. 3.

Results and discusion

The oldest and simplest method to determine the plasma
temperature by emission spectroscopy is based on the meas-
urement of the relative intensities of two lines from the same
element and ionization stage. If E is the energy of the upper
level and defining for each line y = €A/(gA), where ¢ is the
line emissivity (Wm ° sr ') integrated over the line profile, A
is the transition wavelength, g is the statistical weight of the
upper level and A is the transition probability, the temperature
results from the Bolzman equation: In(y,/y,)=—1/kT(E,—E)).
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Control block diagram

UP MACRO 266 DG 535

delay genera-
tor

Laser Module

Fire Lam
Fire Qsw (starting pulse)
(disconnected)
Fire Lamp 1 Fire Lamp 2
(10 Hz) (10 Hz)

Fire Qsw 1 (1 Hz) Fire Qsw 2 (1Hz)

pulse counter/
_| divider

Laser Power Laser Power
Supply Supply

UP MACRO 266 Quantel, Brilliant

delay generator
laboratory built

ICCD |
Jobin Yvon

control unit
laboratory built

oscilloscope PMT
Tektronix TDS [ Hamamatsu

Fig. 3. The double pulse LIBS system control block scheme with
ICCD and PMT detection

This temperature has sometimes been called excitation
temperature although, in conditions of local thermodynamic
equilibrium (LTE) assumed for LIBS analysis, it should be
equal to the electron kinetic temperature. The main disadvan-
tage of the Boltzmann two-line method is that it may lead to
considerable uncertainties of the determined temperatures.
The accuracy of temperature determination may be improved
by measuring a number of different lines. Moreover, to in-
crease the accuracy, the range of upper level energies of the
so-called Boltzmann plot should be as large as possible'®.

In this study the temperatures have been obtained from
the intensity of eight iron atomic lines which are shown in
Tab. I.

Table I
Series of iron atomic emission lines selected for temperature
determination

Wavelength Upper level energy [J]
[nm]
371.993 5.34-107"
373.486 6.69-107"
373.713 5.40- 107"
374.826 5471077
374.948 6.76 - 107"
375.823 6.82-107"
376.379 6.86- 107"
376.719 6.89 - 107
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Fig. 4. Comparison of the single and double-pulse signals in spec-
tral region of selected iron lines and neighboring background

The selected spectral lines fulfill several criteria, impor-
tant to obtain reasonable results. They do not have any spec-
tral interferences and their atomic parameters are known.
Moreover, the selected spectral lines are grouped in close
wavelengths in order to allow using single ICCD spectral
detection window. All the measurements in single or double
pulse mode were performed using high purity Fe target (high
purity iron S11 — 2theta Czech Republic). The energy of first
laser pulse was set to 10 mJ corresponding to irradiance on
the target of 25 GW cm™' with a spot size of 100 um in di-
ameter. The second laser pulse had energy of 100 mJ, with
interpulse delay of 500 ns. The ICCD delay time between the
first laser pulse and detection was of 1.5 us and the acquisi-
tion time was 5 us. These values were found in preliminary
measurements as optimal for the investigated sample. The
spectral data acquired for single and double-pulse are com-
pared in Fig. 4.

From Fig. 4 is evident that the double pulse signal is
more than 10 times enhanced in comparison to the signal
obtained in single pulse mode. The wavelengths of iron emis-
sion lines (Tab. I) and the background position that were sub-

Fel 371.993 nm
= = = BKG 377.249 nm

«—— second pulse 1064 nm

<] <] <] le|

<“—— first pulse 266 nm

0.0 0.5 1.0 15 20 25 3.0 35 40
time (is)

Fig. 5. Comparison of temporal emission signal of double pulse
laser induced microplasma on iron atomic emission line at
371.993 nm and background at 377.249 nm. The marked time
intervals (200 ns width) were averaged and used for calculation of
plasma temperature
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Table I

Temperatures of plasmas calculated from time dependent
emission signal of eight iron atomic lines measured by gated
PMT

Delay time [us] Temperature [K]

0.9-1.1 8920
1.9-2.1 8690
2.9-3.1 7580
3.94.1 7310

sequently used for time resolved measurement by PMT are
marked.

Fig. 5 show the time resolved intensity signal of the Fel
371.993 nm line and corresponding time dependent signal of
background (at 377.249 nm) measured by gated PMT. The
noisy signal is caused by the fact, that only single double-shot
signal was recorded.

For the rest of above indicated iron atomic lines (Tab. I)
the time dependent emission signal was measured in the same
way as it is presented on Fig. 5. The Boltzmann plots were
constructed after the background subtraction form the aver-
aged intensity signals in marked regions (Fig. 5). The plasma
temperatures derived from these plots for delay time intervals
(1.0£0.1,2£0.1, 3+ 0.1 and 4 £ 0.1 ps) after the first laser
pulse are summarized in Tab 2. These values are comparable
with values formerly obtained at similar experimental condi-
tions (see for example ref ' and reference therein).

Conclusion

In this work, we present a double pulse LIBS system
utilizing modified commercially available Laser Ablation
System (New Wave, UP 266 MACRO), second Nd:YAG
laser (Quantel, Brilliant) and a unique combination of ICCD
and PMT detection. It was shown that combination of these
two detectors in one experimental setup can be useful to de-
termine both, the spectral and time resolved plasma emission.
Preliminary measurements with this setup were focused on
determination of the plasma temperature in different time
intervals after the first laser pulse reaches the target. The
plasma temperatures calculated from time dependent signals
of iron atomic emission lines series demonstrate the advan-
tages of this system for such type of measurements. The tem-
poral emission signal measured by gated PMT can be useful
not only for direct plasma diagnostic, but also for selecting
the best ablation conditions including the optimum delay time
between the two laser pulses and the delay and duration of
ICCD acquisition. Moreover, in case of complicated samples
the gated PMT can help to discover the matrix effect or spec-
tral interferences. The aim of this reliability study was to
proof the potentialities of the developed instrumentation. On
the frame of the ongoing work more detailed study of the
influence of double pulse conditions on the laser induced
plasma properties and application of this technique for differ-
ent samples are planned.
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Introduction

It is well known that for solving of different applied
tasks plasmachemistry needs the sources of nonequilibrium
atmospheric pressure plasmas with controllable level of noni-
sothermality. The most interesting from this point of view are
dynamic plasma systems with transversal gas flows of atmos-
pheric pressure: gliding arc GA'? gliding arc in tornado
GAT**, transverse DC glow discharge’, arc discharge in the
transversal blowing gas flow (transverse arc TA)"™.
A transversal gas ventilation of the discharge increases effi-
ciency of heat- and mass- exchange between plasma and envi-
ronment. It is possible to influence on the plasma properties
due to the choosing gas flow rate and discharge parameters
(current, voltage). The results of researching of plasma prop-
erties of the transverse arc in airflow at atmospheric pressure
are presented in this work.

Experimental setup

Transverse arc 74 differs from the non-stationary G4 of
Czernichowski type'” by the fixed arc length. It has also a
convective cooling of the plasma column by the airflow but
without conductive heat losses at walls since it is a free arc
jet. The scheme of the T4 discharge in gas flow is shown on
Fig. 1.

The atmospheric airflow was directed from the nozzle
across two horizontal opposite electrodes and formed a bright
crescent-shaped electric arc. The rod copper electrodes with

Gasflow

1

0

—:g

Cu electrodes
|

¢

Afterglow
g ~

Z : current channel

Fig. 1. Experimental sketch of the transverse arc
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diameter ¢ = 6 mm and nominal gap between them
6 = 1.5 mm were used. Axially symmetrical nozzle, with inner
diameter & = 1 mm made from stainless steel was maintained
vertically perpendicular to the electrode axis at the length
L =20 mm and centered strictly between the electrodes. The
arc discharge was powered by the DC source at the ballast
resistance R = 2 kQ in the circuit. To regulate the airflow rate
G a standard dry air system supplied with the flow meters was
used. There was enough high gas-dynamic pressure in the
flow to blow out the electric arc downstream. The gas flow
rates G = 0-110 cm’s™ and discharge current 7y (330—
660 mA) were kept constant.

Current-voltage characteristics of 74 discharge in
airflow are shown on Fig. 2.

Diagnostics of plasma parameters was made by optical
emission spectroscopy (OES). Computer operated CCD-based
spectrometer SL40-2-3648USB  with spectral resolution
~0.73 nm was used for spectra registration in the range of
210-1100 nm. Temperatures, which correspond to the popula-
tion distribution of the excited electronic states of atoms
(electronic temperature T',), vibration and rotational levels of
molecules (vibration T *v and rotation T *, temperatures) in
investigated plasmas, were determined.

Metodology

Determination of mole fractions of the radiating compo-
nents of nonequilibrium plasma at atmospheric pressure in the
case of weakly known composition of plasmaforming gas is
very interesting and actual problem. Method of evaluation of
relative concentration of neutral and ionic components in
generated plasma by using SPECAIR’ was suggested in this
work.

SPECAIR code allows modeling the absolute intensity
of spectral radiation emitted by gases and plasmas of various
compositions (N, O, C, NO, N,, N,", OH, NH, C,, CN, CO) in
the wide spectral range for different pressures Traditionally

1000 , U,V
900 - . ¢ G=0 cm*3/s
800 ‘\,\ A G=38cm*3ls

X G=75cm"3/s

600 4 ® G=110cm*3/s

700 - &;\
.

5001 fan  Xjpy | ®re
X —9_
400 - “ﬁﬂmmﬁga_ﬂ._x ““!—Hq.-
300 1 Beag:=.
2001 e
100 T o o w
0 T T T T I, mA
200 400 600 800 1000

Fig. 2. Volt-ampere characteristics of the TA discharge for differ-
ent rates of airflow G
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SPECAIR uses database of an initial LTE species distribution
in air at various temperatures (electronic, vibrational, rota-
tional and translation) in the range T = 1000—14 000 K.

So far as using known methods of working with SPE-
CAIR for determining relative concentrations of radiating
species'® is not possible in the case of weakly known com-
pound of plasmaforming gas, we suggested to use the follow-
ing procedure.

At the first stage the identification of emission spectra
was made and 7", and T, temperatures were determined by
fitting experimental spectrum of the 2™ positive system of N,
with results of SPECAIR simulation'®. It is possible to deter-
mine electronic temperature 7", from Boltzmann plot by using
relative intensities of spectral atomic lines (emission of blow-
ing gas or electrodes material atoms)’. Besides 7", can be
evaluated from the best fit of the relative intensities of N, (C-B)
and NO (A-X) in experimental spectrum with simulated one
(after having T", and 7", already determined) in the case of
LTE for discharges with low rates of blowing gasflow or
without any blowing'".

At the next step the intensity (signal) of each radiating
species Iep(4;) was determine from experimental spectrum
and corresponding to them wavelengths A; were fixed. It is
better to carry out this procedure of signal determination in
the range free from overlapping spectral bands and lines. Af-
ter that we simulated emission spectrum of each radiating
compound separately by using SPECAIR at previously deter-
mined 77, T, T " temperatures. The absolute intensities of
calculated spectrum /.,(4;) at wavelength (where the corre-
sponding experimental signals I.,(4;) were estimated) were
determined.

Then the concentration ratio of two radiating species 4
and B can be evaluated by following formula:

[4] _ Loy (A4)-1o(4) (1)

[AZ] - Iexp(AZ) 'Ieal(Al)

That makes possible to determine relative concentration
of each component in the investigated plasma:

(4] 2
[Al]*: Z[Ai]

i

Results

Emission of N, 2™ positive system (C’IT, -B’IT,), 1%
negative system of N, (B’X',-X’2"y), of NH (A’TT-X’T"),
NO g system (A’Z"-X’IT), weak OH bands (A?X"-X’IT), O
lines (A =777.2; 844.6; 926.6 nm), Cu lines (electrode’s ma-
terial) (A=324.75; 327.4; 465.1; 510.5; 515.3; 521.8;
578.2 nm) was observed in plasma of the transverse arc in air.
T", was determined from Boltzmann plots by using intensities
of oxygen spectral lines O (A =777.2; 844.6; 926.6 nm) and
copper (electrode’s material) lines Cu (A=465.1; 510.5;
515.3; 521.8; 578.2 nm) Fig. 3.

To verify Boltzmann population distribution of the ex-
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Fig. 3. Characters of population distributions of the excited elec-
tronic states of O (a) and Cu (b) atoms in plasma of TA in air
(airflow rate G = 75 em’ ', discharge current Iy = 480 mA) at the
distance from electrodes z= 7,2 mm

cited vibrational levels of molecules in generated transverse
arc plasma the relative intensities of nitrogen molecular bands
of the 2™ positive system (A =337.1; 371; 375.5; 380.5; 399.8
nm) were measured. It was shown that population distribution
character of the excited vibration levels of N, molecule in the
investigated plasma is close to Boltzmann Fig. 4. Thus 7", can

o o1 02 03 04 05 06 0,7
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[} \\
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Figure 4. Character of the population distribution of the excited
vibrational levels of the N, molecule in T4 plasma (G=75 cm’/s,
17480 mA, z=1,6 mm). 7",=3400 K was obtained from this
Boltzmann plot.
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Figure 5. Fitting experimental spectral bands of N, (C-B) (z=1,6 mm,
G=75 cm’/s, ;=480 mA) and results of modelling by SPECAIR for
different 7”,. The best-obtained accurancy of thistechnique is +200 for
7", and +500 for 7", temperature correspondingly.

be determined from Boltzmann plot’ or by using SPECAIR
program, which calculations are valid in LTE case.

In this work 7", ~ 40004600 K and 7”,~ 2000-2800 K
were estimated from 2™ positive system of nitrogen by fitting
the experimental spectra with the simulated ones Fig. 5. For
determining rotational temperature by the 2™ positive system
of N, it is better to use spectral bands in the region 360-385 nm
since it is free from overlapping with other lines and bands.
As we can see from Fig. 5a, a noticible discrepancy between
experimental spectrum and calculated one in the region 354-360
can be explained by overlapping with some of the bands of the
1* negative system of N," (A = 354.8, 356.2, 358 nm).

Fitting of experimental spectrum of the transverse arc
plasma with calculated one is shown on Fig. 6.

From Fig. 6 can be seen that a good fit was obtained.
Discrepancy between spectra in the region of 325 nm can be
deal with presence of Cu lines (A = 324,75 and 327,4 nm) and
not identified bands (at A =282,5 and A =296 nm), which
were not taking into account by SPECAIR calculations.

Temperature distribution in plasma of 74 along gas flow
z is shown on Fig. 7.

Since the basic ions in low-current arc are ions of elec-
trode material, an additional mechanism of populating the
excited electronic levels in copper atoms, besides the excita-
tion by electrons, can appear owing to electron-ion recombi-
nation; this mechanism is inactive for the atoms of a blowing
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Figure 6. Emission spectrum of 74 air plasma at atmospheric
pressure (G=75 cm’/s [s=480 mA at the distance z=1,6 mm from
electrode axis) and spectrum simulated by SPECAIR at
T"=4600 K, T",=4200 K, T",=2200 K.

Table I
Relative concentrations of radiating species in generated
plasma of the transverse arc in air flow

- NOJ/[N,x107
» mm [NHVINz], [OHV[N:], [N> V[N, [NOJ/[N;), [NOVINe

s %1078 %1077 %107 <1074 Database
SPECAIR
1,6 6,3 4,9 6,8 1,2 1,7
3,2 4.4 5,8 33 1,0 2,5
4.8 6,3 13,0 2,8 1,7 3,5
6,4 7,5 10,9 1,1 1,3 4,6

gas. In our opinion it can explain the revealed difference be-
tween the values 7*,(0) = 42004600 K and T*,(Cu) = 6800—
8200 K.

At atmospheric pressure, rotational temperature equili-
brates with the gas temperature (Tg= T ")) owing to fast colli-
sional relaxation.The increasing character of rotational tem-
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3000 +
2000
1000 +

0 i t t t t t |

0o 1 2 3 4 5 6 7
Figure 7. T emperature distributions along air flow z (z=0 — point at
electrode axis) in plasma of 74 at atmospheric pressure
(G=75 cm’/s, 1s=480 mA).

<Te, K (Cu)
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XTv, K
BTr, K
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Table 11
Parameters of non-equilibrium atmospheric pressure plasma sources
Type Electric power, W  Gas flow rate T, eV T, eV T, eV
G,em’s™
T2 0.52 T T
GA"? 2001000 (2-50)x10° “NT: 0.86 0.27-0.34 0.2-0.34
“NT: “NT:
0.17-0.26 0.07-0.18
GAT” 90-300 (0.5-2.5)x10° >0.9 0.17-0.34
(Cu) 0.6
DGCLW'? 260-300 0.11'10° (0)0.35 (Ny) (OH)
(H) 0.35 0.3-0.35 0.35-0.4
in air:
7478 220-330 (0.04-0.2)x10? (Cu) 0.6 (N,) 0.35 (N,)
(0)0.35 0.1-0.2
(H) 0.35

*T — thermal regime of GA, ~"NT — non-thermal regime of GA®

perature distribution along gasflow may testify that the gas
heating occurs owing to the convective heat exchange be-
tween gas particles and the current channel at the periphery of
the transverse arc. Plasma at the periphery of the discharge
tends to isothermality.

Relative concentrations of radiating plasma components
of the investigated 74 in airflow (G=75cm’s" and
Is =480 mA) were calculated by using suggested method of
working with SPECAIR and their values are presented in the
table I.

Calculated relative concentrations should be taken as
a very rough estimate, just indicating the order of magnitude.

Distribution of the relative mole fractions of radiating
species in the investigated plasma along gasflow is repre-
sented on Fig. 8.

Decreasing of [N,'] concentration with increasing of
distance from electrodes is in good correlation with excitation
temperature distributions. It is clear that ionization processes

[AVIN 1+ 2 3 4 5 6 7 z,mm

1,00E400 4t
1,00E-01 - “ x | ONH
’ *
1,00E02 { * OoH
K N2+

1,00E-03 - N ANO
1,00E-04 { & & A1 % NO Database
1,00E-05 - '
100606 1 . 5 ——O0—8
100807 1 o DN
1,00E-08 | %

I e S

1,00E-09 - X
Figure 8. Distributions of relative concentrations of radiating
plasma components in 74 discharge alongthe gastlow z.

(Is=480 mA, G=75 cm’/s, z- distance from electrode’s axis)

decreases at the periphery of the discharge.

As can be seen from Fig. 8, amount of NO radicals in
plasma of the transverse arc is much lower than correspond-
ing values in SPECAIR database for air at the same tempera-
tures. We supposed that it could be explained by the follow-
ing: the characteristic time of NO producing reaction is larger
than transit time of initial components (Ng*, 0," and etc.)
through plasma column.

Regime of the arc in air (under the same geometry but
without of gasflow G=0cm’s™") with discharge current
[=660 mA was investigated and the excitation temperatures
were determined (T*Ez T*vz 6950 K and T*,z 1750 K). Rela-
tive concentration of the NO radicals (INO]/ [N,] = 4,5-107)
in generated plasma was evaluated in this case. Obtained
value is comparable with 4,38-107 represented in SPECAIR
database under similar temperature 7~ 1800 K. It can be
considered like one more confirmation of our assumption.

The comparative analysis of plasma parameters of in-
vestigated T4 discharge in airflow with other known sources
of non-equilibrium atmospheric pressure plasma was made
and the main results are presented in table II.

Conclusions

—  Transverse arc generates non-thermal plasma T,
N>)) < T (N>)) =T (O,H) < T'.(Cu) with noticeable
increasing of rotational temperature along the gas flow.

- Obtained 7", of blowing gas atoms (O and H) are
smaller than corresponding values of Cu atoms (material
of electrodes) due to the additional electron-ion recom-
bination mechanism of excited electronic states popula-
tion of copper atoms, which is almost absent for atoms
of a blowing gas.

The relative concentrations of radiating plasma species

(N, N,*, NO, OH, NH) in the transverse arc were esti-

mated by using SPECAIR. It was shown that relative
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concentration of [NO] evaluated from experimental
spectra is significantly lower then data in SPECAIR
database for air at the same temperatures.

This work was supported by Kyiv National Taras Shevchenko
University.
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Introduction

The paper focuses on energy flows inside the anode
channel of an arc heater with electric arc stabilized by flowing
working gas. The analysis is based on numerous experiments
the measured results of which have served as input data of
a designed mathematical model.

The mentioned experiments have been carried out on
a laboratory model of an arc heater a modular construction of
which makes it possible to measure energy loss of individual
parts of the device, namely of the cathode, the parts of the
anode channel, the extended anode, and the reaction chamber.
Energy losses have been determined from cooling water flow
rate and temperature. Simultaneously, other integral quantities
characterizing arc heater operating conditions have been
measured (the arc current and voltage, the flow rate of the
working gas, its pressure, etc.). Pure argon and nitrogen and
their mixtures have been used as working medium. In this
paper, experimental data measured on the arc heater with the
anode channel of 80 millimetres in length and 8 millimetres in
radius, with argon flow rate of 22.5 grams per second, and
with the electric power about 14 kilowatts are analyzed'.

Sets of experiments have been carried out with the same
geometrical and electrical operational parameters but with
a different segmentation of the arc heater. The measured
results show the previously used assumption concerning a
negligible influence of phenomena near the electrodes on the
arc inside the anode channel may be invalid. Thus, a
procedure is designed making it possible to correct the
previously obtained measured and computed data with respect
to the cathode and anode loss.

The paper is organised as follows. First, the
mathematical model of electric arc in the anode channel is
shortly described. Then, the influence of phenomena near the
electrodes and the correction of the voltage distribution is
dealt with. An iterative procedure for correction of
characteristic parameters of the model without complicated
time-consuming computations is introduced. The next section
gives typical results and compares the original and corrected
dependencies of selected quantities. The last section suggests
further possibilities of more precise evaluation of measured
integral data.
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Mathematical model

The mathematical model of the electric arc inside the arc
heater anode channel is described in details in the previous
papers'. Here, only its basics are shortly mentioned. The
mathematical model of the electric arc inside the arc heater
anode channel is based on the continuity equation, the energy
equation, and the Ohm’s law. Naturally, some simplifying
presumptions are used. The arc plasma is assumed to be in
LTE and its kinetic energy to be small compared with its
enthalpy. In the continuity equation, the Mach number is
considered to be constant across the channel cross-section.
The energy equation contains four terms: the electric power
on the input side, and terms relative to conduction, radiation
and enthalpy flow on the output side. Only the radial
components of conductive and radiation energy flow, and the
axial component of enthalpy flow are taken into account. The
volume of the arc heater anode channel and the extended
anode is divided into two regions: the arc zone and the
remaining volume including the zone of heated and cold gas
(see Fig. 1). The expected axial symmetry enables to solve
only 1D problem instead of 2D task. In the arc zone, the radial
temperature profile is approximated by a generalized parabola
the exponent n of which is the computed parameter. In the
heated zone, Gaussian approximation of the radial
temperature dependency is used, both segments having the
same values of temperature and its first derivative at the
boundary of the arc zone (7=6000K). Also the axial
dependency of the arc radius is defined and its exponent #; is
another calculated parameter.

Heated zone Arc Anode
(indox C) boundary ’—1

Arc zone

index A)
Working

gas 7 7 A
Garo™~, O\, s -
g .l,-q‘ )
Working ﬂg.-r- o
gas - ~ z [z
. 5

Anode channel

Fig. 1. Experimental device

The boundary conditions of the model are given by the
measured integral quantities: the voltage U, the energy loss
P, absorbed by the arc heater anode channel wall, and the
energy balance of the whole channel. In previous
experiments, the total voltage was used for computation
presuming the voltage drops on regions near the electrodes to
be negligible. New experiments with a segmented arc heater
make it possible to estimate these voltage drops and to correct
the voltage on the part of the arc inside the anode channel.
The difference is found to be reasonable. Thus, an iterative
procedure is designed in order to make the computation more
precise and simultaneously to use the results of numerous
previous measurement and computations.
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Corrected voltage and power loss distribution

Originally, the near-electrode phenomena and the
corresponding voltage drops have been omitted. The anode
channel loss P, have been taken as a part of the total input
power and characterised by coefficient ¢ in the relation
P.,=¢Ul The more precise corrected relations for the
distribution of the arc heater input power and anode channel
power loss can be derived using the new measured data

Ul =P,

cat

+ Pas + (Uch + Ua )I (I)

P=P,

cat

+ P+, (U +UN 2)

where P, is the total power loss, U is the total voltage, [ is the
current, U, is the corrected voltage on the arc in the anode
channel, U, is the voltage on the part of the arc in the anode
segment, P., and P, is the power loss of the cathode and
anode spot, respectively, and ¢, is the corrected coefficient.
The measured loss of the anode segment P,= P+ &.,U,l
includes the loss of the anode spot and the loss of the part of
the arc in the anode. For further calculation, the losses of the
cathode and anode spots are presumed to be the same. Then,
the loss of the anode spot is put equal to the separately
measured loss of the cathode spot P.,= P,. The corrected
loss coefficient can be expressed as follows

_B-2R, 3)
Ul-2P

cat

Ech

The corrected values of the voltage on the arc in the anode
channel is

v P @

Correction of the computed dependencies

Using the above mentioned modified values, the
parameters and axial dependencies, namely axial dependency
of the centreline temperature 7,4(0,z), Mach number M(z), arc
radius r4(z), and the exponents n, n,, calculated by the original
mathematical model must be corrected. The following
equations (5) to (9) define the main relations valid both for
the original values from the mathematical model, and the
corrected values derived from the designed modification.

The temperature distribution in the arc zone is
approximated by a generalized parabolic function

5
TA(rrZ)%_TAA% -1 r 2 ©

r4(z)

TA(O'Z)% _TAA%

The temperature 7x5 corresponds to zero electric
conductivity of the working gas and thus represents the
boundary temperature of the arc zone Tas= Ta(ra,z). For
argon, Taa is equal to 6000 K. In the heated zone, the radial
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temperature dependency is approximated by the exponential
function as follows

r2(z)-r? (6)
Tc(r,z)zTAA.exp[%J

The parameter b¢ is determined from the requirement of the
equality of the first derivative of (5) and (6) at the boundary
temperature

- (7)

Tyy

-

b2 ()= (=), [m

because the conduction heat flow must be the same on both
sides of the arc boundary.

Cylindrical symmetry of the arc is supposed. The axial
trend of the arc radius is given by the following relation

v ®)
r(z)=r)| 1+ []

7o

ro is the radius of the arc at the cathode, defined by the arc
current and by the cathode current density (10 A m™ for
current up to 2.16 kA%, and »n, is a calculation parameter
which influences the shape of the arc.

Utilization of approximation (5) enables to convert
integration over the arc radius to integration over the arc axial
temperature in the arc zone as follows:

T ©)
If[TA(r’Z)]zmdr: Wj(Z)F[TA(O,Z)ln]
0
F[1,(0,2).n]= éJ-TTA(o,Z)f(T )Tl;ndT

1 1
’{TA" (O'Z)_TAWA:|

This simplifies the calculation and saves much
computing time because for a given working medium the
function F[74(0,z),n] can be determined in advance.

The designed correcting procedure uses the parameters
computed by the original mathematical model and introduces
three conditions based on the Ohm’s law, continuity and
energy equations in order to fulfil the modified boundary
conditions. The calculation is iterative (indices i, j indicate
iteration steps) and starts with the data computed by the
original model from the original (less precise) input data. The
corrected exponents are calculated for the cross-section z; at
the end of the anode channel and finally applied for the whole
channel.

The first condition follows from the Ohm’s law and uses
the measured loss of the anode channel. Electric field
intensity E(z) can be obtained from the Ohm’s law by
integration of the current density over the arc cross-section

".4(3)
I= j;dz:E(z) jo[TA(r,z)]:mj(z)E(z)z[rA(o,z),n]
AA(Z) 0
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where

I-n

1 7,(0,z)
o(T)T " dT

3,0, )}
n|:TA”(0,z)— TA’ZQ} "

is the application of the general relation (9) for conductivity
of argon a(7). Electric field intensity E(z) can be expressed as

1 (10)
) R0

or from the increment of Joule loss AP,,(z) of the segment Az
of the arc in the anode channel

£(e)= 313(;) (1)

From the equality of (10) and (/7) the first condition defining
the relation between the arc radius and centreline temperature
along the axis follows

—Ch[zAZ = const(z
0° (=)

”A})Ch z

12 (22T (0,2).0] = £ (12)

The corrected value of Mach number M (z;) can be
obtained from the continuity equation

ri(z) (13)
M(Z/){ _[ [T4C oz )alr (o2 ) rrar +

ree (2)
+ ‘[p[TC (r,zl)]a[TC (r,z,)]Z/rrdr +

ry (z

re(z2)
+ p(TO)a(TO) .[27rrd1 }

Tee (Z

the three members of which represent the mass flow through
the arc, the heated, and the cold zone.

Using (9), the integration variable is transformed as
follows

T,(0,z,) ﬂ
T T _[ o(T)a(r)T " ar
{TA" (Oyzz)—w} T

RA[T,(0,2,)n]= ‘

and the precalculated values of R4 can be used. The radius of
the heated zone can be expressed as

(14)

P2 (2)=r2(=) 1- T
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Further simplification can be reached using the relations for
the mass density and sound velocity of argon in the
temperature interval in the cold and heated zone, i. e. between
300 K and 6000 K.

plTe(r.2)]= Z T

where p is the gas pressure, x is Poisson constant, M, is the
molar mass of argon, and R is the universal gas constant.
The second condition to fulfil is then

(15)
M (z)r {”jf (z )RA[TAI'H(Ouzl)v”]+

e[ e )o@l = 6

The corrected value of the arc radius at the anode
channel output r4(z) can be obtained from the energy
equation

{(;J/ )

TAA

ra(z)) (]6)
M (21){ [l oz alry Gz Malr (e 2y Yorer i +

rcc (Z !
{ IP[TC(V 2 )alre (roz)lre (v o2 )prr ar +
r A( )

+ p(70)a (1o 1 (15) J.Zﬂrdr} =Uehl = Py

Tce (Z/)

where the first member on the left-hand side is the enthalpy
flow through the arc zone, the second member is the enthalpy
flow through the heated zone, and the third member is the
enthalpy flow through the cold zone. The right-hand side of
the equation represents the input power of the arc in the anode

channel decreased by the measured anode channel loss.
Using (9), the pre-calculated quantity RAH is introduced

RAH [1,(0,2).n]= éJTTA(O’Z)p(T Ya(TYW(T)T " dT

1 1
I{TA” ((),z)f T } AA

Besides the above mentioned simplifying relations for mass
density and sound velocity of argon, also the relation for
argon enthalpy h(Ty)=c,Tp is applied. Then after integration,
the corrected arc radius at the anode channel end can be
determined from the following relation
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(17)

’”Az+1(21 ”Mm Zz {RAH [TA1+1 0 Zz Il—

o il %HT{T—%,J

Ai+l

) ré—zr;%a(z,)p(ro)a(ro)cﬂ{l M}} i

r3i(z1) M(z)
= (1 — & ch[
where
RM ()= rZM (0)RAH [T,4(0,0),n]

r1:(z )M (2, )RAH [TAi+1(0'Zl)rn

As mentioned above, the procedure starts with the parameters
computed by the original model n, n, and stops if the change
of the computed arc radius is negligible 74;+1— 74— 0.

The computation can be checked according to the
condition

/

Z ”VAz Zk) I.TAz (0 Zk) JAZ ~

=1

where the values of the arc radius r4(z;) and of the centreline
temperature 7,4(0,z;) for individual points of the computation
net are obtained from (8) and (/2).

Results

From the model, information on the distribution of
basic quantities, especially of the temperature 7(0,z) and
velocity v(0,z) at the arc centreline, of the electric intensity £
(z) and the arc radius ra(z) on the axial position z along the
anode channel, can be obtained for the measured arc current.
The described correcting procedure with more precise
measured input data results in changes of these dependencies.
As an example, the distributions computed by the original
model and those corrected by the designed iterative procedure
are given for one point of the arc heater voltage-current
characteristic (/=122 A).

The original model has found the exponents n=1,
n,=3.2. The correction respecting near-clectrode voltage
drops has lead to a significantly different exponent n=0.1.
The substantially lower value of exponent n causes the radial
temperature profile to be almost rectangular. This finding is in
accordance with the fact that intensively blown electric arc is
used to be modelled by a rectangular radial temperature
profile by many authors (see e.g.’). A comparison of the
original and modified radial temperature profiles for the
position in the middle of the anode channel Ilength
(z=0.040 m) is shown in Fig. 2.

In consequence of the substantial decrease of exponent
n, the heated zone almost disappears after correction and the
corrected radius of the jet (rcc for =300 K) is nearly the
same as the radius of the arc (r, for 7= 6000 K). This fact is
clearly seen in Fig. 3, which compares the dependencies of
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Radial temperature profile z =0.040 m
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Fig. 2. The original and corrected radial temperature profiles

the original and modified radii of the arc and the heated zone
on the axial position z. While the axial dependency of the
original and corrected arc radius is the same the radii of the
heated zone differ significantly in both cases. The original
computation leads to the relatively broad heated zone but in
the case of the corrected very flat radial temperature profile
the heated zone is extinguished.

As it can be seen in Fig. 3 the heated zone radius never
reaches the channel wall. Thus, the leading role in the radial
energy exchange is supposed to be played by radiation.
Energy irradiated by central parts of the arc is absorbed in
outer parts of the plasma column which contributes to flatter
radial temperature profile. The development of the radial
temperature profile along the anode channel axis is depicted
in Fig. 4 for the original computation and in Fig. 5 for the
corrected case.

Although the radial temperature profiles are
substantially influenced by the correction the original and
corrected axial dependencies of the centreline temperature Ta
(0,z), electric field intensity E(z) (Fig. 6), and Mach number
M(z) (Fig. 7) are similar in shape. After correcting the arc
voltage for electrode voltage drops (U < U, ) the input power
of the arc inside the anode channel is lower. Naturally, also
the corrected values are expected to decrease.

Radii of individual zones

0,007

0,006

0,005
——TA
0,004 —x— rAcorr
0,003 ol S P
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0,002
0,001 f‘r
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Fig. 3. The original and corrected radii of the arc and the heated
zone
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Original temperature distribution
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Fig. 4. The development of the temperature profile (original)

Corrected temperature distribution
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Fig. 5. The development of the temperature profile (corrected)

Centreline temperature and electric field intensity
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Fig. 6. Axial dependencies of the centreline temperature Ta(0,2)
and electric field intensity E(z)
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Mach number
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Fig. 7. Axial dependencies of Mach number M(z)

Consequences important for practical applications of the
arc heater can be seen in Fig. 8 and 9. Fig. 8 shows the
distribution of relative mass flows G,/G through the arc,
heated, and cold zone along the anode channel axis. From the
practical point of view, the distribution of mass flows (and
similarly, of enthalpy flows, too) at the end of the channel
(z = z)) is the most important one. As it can be seen in Fig. 8,
almost the whole mass flow goes through the cold zone (97
per cent). The arc zone transports only a little part of mass
(about 2.8 per cent), and the contribution of the heated zone
after correction is negligible.

With enthalpy flows (Fig. 9), the situation is opposite:
the prevailing part of energy is transported via enthalpy flow
of the arc zone (about 95 per cent at the anode channel end)
while the enthalpy flow through the cold zone is low (about 5
per cent at the channel output).

The original evaluation, in which the influence of near-
electrode phenomena has been completely ignored, has lead
to the following distribution of mass and enthalpy flows at the
end of the anode channel: the mass flow through the arc zone
about 4 per cent, through the heated zone about 28 per cent,
through the cold zone about 68 per cent, and enthalpy flow
through the arc zone about 67 per cent, through the heated
zone about 23 per cent, through the cold zone about 10 per
cent. The influence of the correction of the radial temperature
profile here is obvious. The non-corrected evaluation results
in an overestimated contribution of the heated zone to the
total energy transport.

As mentioned above, the results show radiation to be the
main mechanism of energy exchange in the radial direction.
The fact that the computed gas temperature near the channel
wall does not exceed the temperature of the cold gas at the
input proves the total measured power loss absorbed by the
channel wall originates in the plasma column radiation. Under
these conditions, the radiation coefficient of argon at
atmospheric pressure can be roughly estimated using the
computed values of &, E(z), T4(0,z) (for details see”). Fig. 10
gives the values of the radiation coefficient of argon at
atmospheric  pressure  estimated for the centreline
temperatures in the region towards the anode channel output
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Relative mass flow through individual zones
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Fig. 8. Corrected relative mass flow distribution
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Fig. 10. Estimated and theoretically computed radiation® coeffi-
cient of argon at atmospheric pressure
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(z>0.040 m) together with the values of the radiation
coefficient of argon at atmospheric pressure computed
theoretically by Aubrecht and Bartlova®. Considering the used
simplifications during the computation and the different real
and theoretical conditions, the agreement of the estimated and
theoretical data can be judged as satisfactory.

Conclusion

The modified set-up of the arc heater has made it
possible to distinguish the influence of the phenomena near
the electrodes. The designed iterative procedure has been used
for quick correction of the results obtained by the original
mathematical model. The consequences of the correction have
been demonstrated for a set of real experimental data and
have been discussed. The most surprising finding of much
lower corrected exponent n confirms the validity of
application of almost rectangular radial temperature profile
for informative analysis of intensively blown electric arc. The
main practical conclusions concerning the mass and energy
distribution at the end of the anode channel have not changed
substantially after the correction. On the other hand, some
simplifications used in the original mathematical model
should be re-considered.

The research has been supported by the Ministry of Youth,
Education and Sports of the Czech Republic under the
projects no. MSM002163516 and MSM0021630513.
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Introduction

The Ion Mobility Spectrometry (IMS) is an ion separa-
tion method based on the phenomenon that different ions have
different drift velocities in a drift gas and homogeneous elec-
tric field. The IMS technique has been developed and intro-
duced in 1970 under the name plasma chromatography'. Since
then a variety of different devices working on this principle were
developed, mainly for detection of trace organic compounds in
air*®. In the 80's a huge progress was achieved on the field of the
ion — molecule reactions at atmospheric pressure and the IMS
was rediscovered as a powerful analytical method**.

Generally, the IMS consists of the ionization source, the
reaction region, the shutter grid and the drift tube. The most
common ionization source is “Ni (B-radiation) radioactive
source, which is suitable for many applications because of its
stability, low cost and low weight. Unfortunately, this source
is radioactive and there is tendency to replace the radioactive
source from environmental reasons. Several ionization
sources using UV ionization, multi-photon laser ionization,
electrospray ionization or corona discharge®® were tested in
the past. The ionization efficiency of corona discharge is very
high and it can be used for production of both positive and
negative ions’. The ions formed in the ion source are called
primary ions. These ions react with the sample gas which is
introduced into reaction region of the spectrometer. The sam-
ple molecules are ionized by ion-molecular reactions with
primary ions. In the case of positive ions the reaction involved
is mainly proton transfer and as a result the proton will stick
to the compounds with the highest proton affinity. High elec-
tron affinity and charge transfer reactions are usually decisive
for negative ions formation. In both polarities the ionization
processes are very selective and as a result the ion mobility
spectrometry is very sensitive technique for detection of cer-
tain compounds.

The ions are separated at ambient pressure as they drift
in weak electric field through a gas (oxygen in this case). The
velocity v of a drifting ion is proportinal to electric field E and
a constant K called the mobility:

v=K.E 1)

The mobility of certain ion in a drift gas depends on
several parameters and can be expressed as
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30 [2n [mgemi 1 @
ton {k,T\ my.m; o

where q is charge of an ion, n neutral gas density, T tempera-
ture of the gas, my and m; the mass of gas molecules and ions
respectively and o is the collisional cross-section. As the mo-
bility depends on the collisions of the ion with the drift gas it
depends also on the density of the drift gas. Therefore a cor-
rection to the standard conditions (Ty= 273 K, po= 101.3 kPa)
is made and resulting value is reported as reduced mobility Kg
given by the formula:

T, P 3)

The most common gas which is used in the commercial
IMS instruments as a drift gas is dry purified air. The same
gas is usually used in the ion source where primary ions are
formed. Formation of negative ions in air by corona discharge
has been studied using mass spectrometry by several authors.

Skalny et al.® studied negative ions formed in a negative
corona discharge using both dry and ‘wet’ air at pressures
between 5 and 27 kPa. In dry air the dominant ion was CO3".
In presence of water this was converted to cluster ions con-
taining one or more water molecules. If ozone and nitrogen
oxides were added, or were produced in discharge in suffi-
cient concentrations, NO; ions and NO; hydrated clusters
were formed.

Nagato at al.” studied ions in negative corona in air at
ambient pressure at different reaction times, 1 ms and 10 ms.
They observed that after 10 ms the number of ions is signifi-
cantly reduced and the only significant intensity appears at
masses 62, 124 and 125 amu. They attributed these masses to
NO;,, HCO; HNO; and NO; HNO; ions. When the humidity
was limited to 25 ppm of H,O the only ion observed was the
NO; .

Gravendeel and Hogg® studied mass spectrometrically
negative corona in N,/ O, mixture with ratio 5 to 1. Although
they used high purity gases with less than 5 ppm H,O and
0.1 ppm CO, they observed numerous negative ions with Os,
OH-, NO;™ and COs being the most intense ones. In this case
however the time between formation of ions and their en-
trance to vacuum was in order of 10 us and the reactions
might not have been completed.

As we can see the types and relative intensity of the ions
observed in these studies differ significantly. The results are
very sensitive to many parameters. This includes humidity,
concentration of O3, NO, and other molecules. It depends also
on the reaction time for which the ions are present in gaseous
environment before they enter vacuum to be mass analysed.

In the present work we have applied the IMS technique
to study the ion formation in the negative corona discharge in
the pure O, and N,/O, mixtures. One of the major advantages
of the IMS technique is that in contrast to the mass spectro-
scopic techniques it avoids the generation of the high vacuum.
The transport of the ions from ambient pressure into vacuum
is associated with negative effects which may change the
nature of the ions (clustering, collision induced dissociation).
One of the main drawbacks of the IMS technique is the lack
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of data concerning the ion mobilities in the particular drift
gases and thus the difficulties with the identification of ions.

In the present experiment we used the O, drift gas in the
IMS. There are several works’™'? dealing with ion mobilities
of the negative ions in O, drift gas, however, also in this case
there is relatively large uncertainty in the values of the ion
mobilities.

Experiment

The work was performed on a home made ion mobility
spectrometer schematically shown on Fig. 1. The ions are
formed in negative corona discharge in a point to plane ge-
ometry. The point electrode is made of a thin tungsten wire
with 100 pm diameter. It is situated 14 mm from a brass ap-
perture with 5 mm diameter which serves as a plane electrode.
The discharge chamber is made of PTFE and it has a gas inlet
in the proximity of coronating electrode.

The reaction region is located between the ion source
and the drift tube. It is equipped with an independent gas
inlet. The molecules introduced to this region react with pri-
mary ions formed in the ion source. The reaction region is
separated from the drift tube by an aperture with 5 mm diame-
ter. The aperture is necessary to maintain high purity of gas in
the drift tube. The reaction region contains also gas outlet
from the spectrometer.

The ions in the drift tube are separated according to their
individual mobilities. The ions enter the drift tube in short
150 ps pulses controlled by a shutter grid (SG). The shutter
grid is built according to Bradbury-Nielsen design"®.

The drift tube consists of identical brass rings separated
by the PTFE teflon rings. The inner diameter of the brass ring
is 50 mm and the length is 9 mm. The distance between two
rings is 1 mm. The brass rings are connected to a voltage
divider. The drift tube length (shutter to collector) is 110 mm
and electric field along the drift tube is 278 V cm™. The field
strenght corresponds to reduced electric field E/N = 1.1 Td.
The drift tube is terminated with an ion collector. The ion
collector consists of aperture grid, collector and shielding.
The collector is made of stainless steel and its diameter is 16
mm. The collector is shielded from the front side by an aper-
ture grid and from other sides by a brass body. The aperture
grid is made of a fine Ni mesh. The distance from the collec-
tor to the aperture grid is Imm. The ion current is amplified
by a home made current/voltage amplifier with amplification

Sample gas Gas oul Drift gas
l T Shutier lon collector

|
JLdL_ & AL

lon source Reaction Drift tube |_
region H Amplifier

Switch

| Computer

| SG supply| |Pu|se gen.|

Fig. 1. Schematic view of the ion mobility spectrometer
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10® and is averaged and recorded by a Tektronix TDS 220
oscilloscope.

The gas flows were measured by flowmeters and were
kept constant in present measurements. The drift tube was fed
by pure oxygen with flow 400 ml min™'. The ion source was
fed by pure oxygen or by nitrogen/oxygen mixture with total
flow of 200 ml min™'. The purity of both oxygen and nitrogen
gas was 5.0. The measurements were performed at ambient
temperature and pressure. The mobility of ions is calculated
using the formula:

o 4)

t, E

where |y is the length of the drift tube and ty is the drift time of
the ions. The reduced mobility Ky is calculated using the
equation 3. The uncertainty in calculated K values is believed
to be + 4 %.

Results
Pure O,

The IMS spectrum of negative ions formed in the nega-
tive corona discharge in pure O, is shown on the Fig. 2. The
spectrum shows one peak at 14.75 ms drift time which corre-
sponds to reduced mobility 2.55 cm®V 's ™.

In previous mass spectrometric studies® it was reported
that dominant ion in negative corona in O, is the O; . The O;
ions are effectively formed by several reaction channels. The
negative corona discharge in O, is source of neutral Os
molecule. Additionally, to the neutral products, primary
negative ions O and O, are formed in the corona discharge
via electron attachment reactions to the O,:

e+0,—-0 +0

C+Oz+M—>027+M

These primary ions may further undergo binary reac-
tions with O3 forming O3~ jons™:

O +0;—-0; +0

027 + 03 — 037 + 02

k=53-10"cm’s™
k=4-10"cm®s™

255 enmV's”
0,20
0,15
<
j
<
& 010
=3
o
C
k=]
0,05
0,00 oo oy “‘J L\“ " i
T T T T T 1
0 5 10 15 20 25 30
Drift time / ms

Fig. 2. Ion mobility spectrum of the ions formed in the negative
corona discharge in O,
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As the electron affinity of O; (2.10 eV) exceeds those of
O (1.46 eV) and O, (0.45 eV) both reactions are exothermic.
Formation of the O3 is possible also via three body reactions:

C+O3+M—>O37+M

which represent the electron attachment reaction of the ther-
mal electrons and

O +0,+M— 05 +M k=33-10""cm’s™
three body formation of the O; via association reaction.

The reduced mobility of O; in O, has been measured by
Snuggs et al.'” to be 2.55+0.08 cm>V 's™'. This is in agree-
ment with present value 2.55 cm?V 's™' determined for the
dominant ion. We therefore assign O to this ion.

The earlier IMS/MS studies™ '° showed formation of
05, 0, and O ions in pure O,. These experiments, however,
were carried at lower pressures. In present experiment carried
out at ambient pressure we are not able to see O™ and O, ions
in the IMS spectrum. Additional structures at the feet of the
dominant peak we associate with trace gases present in the O,.

N,/O, mixture

The negative corona discharge in the mixture of N, with
O, results in formation of nitrogen oxides NyOy. Many of
these molecules possess a positive electron affinity. The elec-
trons and the primary negative ions O and O, react with
NO, and form NO, which may be converted to NO; by
a reaction with O;

O +NO, —»NO, +0

O +NO,+M —NO; +M

0, +NO, - NO, +0, k=7-10"cm’s™

NO, +0; —NO; + 0, k=12-10"cm’s™

The electron affinity of both NO, (2.27 ¢V) and NO;
(3.93 eV) exceeds that of O; (2.10eV). The NO; has also
been observed to be the terminal negative ion in dry air’.

In the present study the corona discharge was fed by the
mixtures of N, with O, while drift gas was still pure O,. The
concentration of N, in mixture varied from 10 % to 90 %.
Fig. 3 shows the ion mobility spectra with 10 % and 80 %
concentration of N, in the corona discharge. The spectrum
obtained in the pure O, is also shown as a reference. In addi-
tion to 2.55 cm*V 's™' peak which was present also in the
pure O, we have observed additional ions with reduced mobil-
ity 2.45, 2.23 and 2.14 cm® V's™!. The intensity of produced
ions as a function of N, concentration is plotted on the Fig. 4.
We see that with increasing concentration of N, the intensity
of the ion with reduced mobility 2.55 cm* V's™ significantly
decreases. When concentration of N, exceeds 50 % this ion
has only 10 to 15 % of its initial intensity. The ion with
Ko=2.45cm’V's™' has maximum intensity in mixture with
30 % N, concentration. Above this N, concentration its inten-
sity is slightly decreasing. The ion with Ko=2.14 cm*V 's™
is dominant at N, concentration exceeding 30 %. The inten-
sity of the 2.23 cm*V™'s ™' ion was too low to be determined
with reasonable precision. The structure at 2.35 cm*V 's™
has also been observed in the pure O, and therefore it is not
clear if it is related to presence of N,.

Clear identification of the observed ions is problematic
due to lack of data concerning ion mobilities. The mobility of
negative ions in O, has been measured previously by several
authors'®"%. The measurements were performed at low pres-

k=1.0-10"cm’s™
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Fig. 3. Mobility spectra of negative ions formed in corona dis-
charge in N,/ O, mixture with 10 % and 80 % concentration of
N,. Ions formed in pure O, are shown as reference. Mobility values
areincm’*V's™!
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Fig. 4. Intensity of observed ions as a function of N, concentration
in the corona discharge

sure and low reduced electric field (E/N). Low values of E/N
are necessary to maintain the ions in thermodynamical equi-
librium with the drift gas. Under such condition the reduced
mobility K is constant and it does not depend on field inten-
sity and pressure and it has a characteristic value for every
combination of ion and a drift gas. We can therefore directly
compare Ky values obtained in previous studies at low pres-
sure with our values obtained at ambient pressure.

Snuggs and coworkers'® performed measurements at low
pressure 0.02 to 10 Torr and low E/N values. The ions were
identified using mass spectrometry. They determined the re-
duced mobilities of O, O, , O; and O4 in O, to be 3.20,
2.16,2.55 and 2.14 em’V 's™! Perkins et al."' measured tem-
perature dependency of reduced mobility of negative ions in
O, in the pressure range 27 to 42 Torr and E/N 2 to 4 Td. At
300 K they obtained the mobility values for NO, and NO;~
2.6and 2.4 cm’*V 's

In the pure oxygene we have assigned the ion with mo-
bility 2.55ecm*V's! to O5". Virtually same mobility has
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been measured in N,/O, mixture. In this case also formation
of NO, with very similar mass and mobility is possible. The
electron affinity of NO, is larger then the electron affinity of
05 and thus the collision of the O; ion with NO, may result
in electron transfer to NO,. The mobility of NO, has been
reported'! to be close to that of Oy, it is therefore possible
that the peak at 2.55 ecm’V s now exhibits both O; and
NO, ions.

The reduced mobility corresponding to the second peak
in the spectra in Fig. 3 is 2.45 cm?V 's™'. This value is close
to the value 2.4 cm® V's™' which was measured by Perkins et
al. for NO; . Therefore most probably the ion with mobility
245cm*V 'sTisNO; .

For ions with reduced mobility 2.23 and 2.14 cm*V's™
which were observed in the present study we do not find any
reference in the literature.

It has been shown that the collisonal cross-section s in
the equation (2) for small molecules is given by polarizability
of drift gas molecules and that geometric size of ions can be
neglected®. This approximation is also known as the polariza-
tion limit model. If we assume that s is constant we obtain the
relation between the ion mass and the mobility of the ion

®)

This dependence is plotted by a solid curve in the Fig. 5.
The curve was set to pass through mass 48 amu and mobility
2.55cm?V 's ™! measured for the O;". In the Fig. 5 are also
indicated mobilities of the negative ions in O, obtained in
previous studies which are scattered around the curve. The
main exception is the O, ion which has significantly lower
mobility. This is well known effect. The mobility of the ion is
reduced due to resonant charge transfer reactions between the
O, ion and the O, molecules. It is very unlikely that forma-
tion of O, with mobility 2.16 cm®V's™' might be enhanced
by presence of N,. It is more reasonable to expect formation
of other nitrogen oxides or their clusters.

In the case of large ions the polarization limit model
does not work, as the size and geometry of the ions can not be
neglected. The mobility of heavy ions will therefore fall be-
low the curve. The dash line represents mobility
2.14 cem*V's™! obtained for dominant ion at high N, concen-
tration. According to equation (5) this mobility is reached at
about 160 amu. Although polarization limit model does not
have clear limit we do not consider 160 amu to be low ion
mass in the O, drift gas. It is likely that ions in this mass range
have already lower mobility as is given by the equation (5).
We therefore consider 160 amu to be the upper mass limit for
jon with 2.14 cm®*V's™' mobility. Most probably we are
dealing with a large cluster ion.

Summary

Formation of negative ions in the negative corona in N,/
O, mixtures has been investigated using ion mobility spec-
trometry in the oxygen drift gas. Negative corona in the pure
O-, results in formation of single anionic product with re-
duced mobility 2.55 cm?V 's™' which was identified as the
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Fig. 5. Mobilities of negative ions in oxygen obtained in previous
studies’"! and present

O; . Negative corona discharge in N,/ O, mixtures results in
formation of several negative ions. The ion with mobility 2.45
ecm’V!'s™! was identified as the NO;~. The nature of other
products including the most intense with reduced mobility
2.14 em?* Vs remains unclear.
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Annotation

Possibilities of bactericidal effect of phenomena which
are following electric discharges in liquid initiated by a differ-
ent ways are analyzed. Methodology, based on application of
discharges in still liquid and electrical discharges with a large
surface of radiation, formed in a zone of viscous mixing of
a submerged stream during one operating cycle of decontami-
nation is discussed.

Introduction

Voluminous literature covers the investigations in elec-
trical discharges in liquid'?. To a considerable extent it is
connected with application of such discharges for switching
currents®, decontamination and cleaning liquid (partially,
water) from pollutions*, and also for production of nanomate-
rials.

One of the first propositions for application of pulse
electric discharges in liquid was method of use of its bacteri-
cidal characteristics. It is considered that for the complete
water decontamination is necessary energy W =3—4 MJ m™
during periodically-pulsed discharges with energy in pulse
approx. 1-10 J (ref.*'%). For reduction of energy consumption
to 0.02-0.04 kW h m™ it is necessary to considerably increase
energy of pulse (to 21.5 kJ)'". In ref.® is reported that among
phenomena, which are following pulse electric discharge in
water, UV radiation and shock wave having maximal bacteri-
cidal effect. Moreover, short-wave radiation assumes 80 % of
exterminated pathogenic cells in conditions of liquid mixing.
In ref.'®"? is also mentioned that water decontamination oc-
curs in close proximity to interelectrode space (IS). At a dis-
tance from discharge channel r > 3—4 h, where h — interelec-
trode gap, bactericidal effect is insignificant'?. That’s why
such devices are often multielectrode'® and works under high
voltages in frequency regime, which defines specific require-
ments for power supply.

Though, coefficient of efficiency of such devices is low,

because bulk of the inserted electric energy turns into the
energy of shock wave. Also, the prebreakdown losses are
high. So, according to the estimations that were made in
monograph', on the part of UV radiation goes only 10 % of
the energy.

In addition, formation of shock waves of high intensity
(pressure drop on a shock wave front > 50 MPa, ref.'") makes
high demands of mechanical strength of devices.

1. Electric discharges with a large surface of radiation, as
a tool for liquid decontamination.

In ref.'>'® for the first time was shown, that electric dis-
charge in flowing liquid is essentially easier, without qualita-
tive changes of its progress process in a broad interval of
liquid electrical conduction. In ref.'” are given the results of
initiation and formation of electric discharge in a zone of
a viscous turbulent mixing of a submerged water stream,
flowing across the electrode system. First stimulus for such
experiments was a problem of commutators creation for feed
systems, based on a inductive energy storages'® (Fig. 1).

Capacitive energy capacitor with a capacitance Cy =
88 mF served as an energy source. When a discharger Py was
switched on, a battery discharge through the inductance Ly =
0.3 mH and mechanical commutaror has occurred. Break of
the contacts was carried out at a current maximum. Diver-
gence of the contacts, ignition of an arc and formation of a
submerged liquid stream occurred under the pulse increase of
the pressure to 30-60 MPa in inside volume of contact block.
Then, current commutated directly in ohmic load or through
the second stage — electrically blowing conductor or thyristor
key. As an arc-suppressing environment was used condensed
insulating gas (sulfur hexafluoride SF¢ under the temperature
of t = 4 °C, saturated vapors pressure p = 1.8 MPa) and ser-
vice water with conductivity 6y = 2.8102cmm™! (t=20°C,
nitrogen supercharge N,, p = 1.8 MPa). The speed of the fan-
shape submerged stream, which forms during a cylindrical
electrodes break reached 30-120 ms™' (depending on realiz-
ing power of commutation switch drive). On a fig. 2 is shown
an arc shape in a submerged liquid stream. In such conditions,
arc looks like a sail, which repeats a liquid stream shape. The
arc thickness at front of a stream is § approx. 3—4 mm, its

u
.
)
¢, Li-
T

Fig. 1. Electrical circuit of the plant for high-current high-voltage
commutation processes researches. Cy — capacitive energy capaci-
tor, Cy = 88 mF, Sy — switching tube, L, — inductive energy storage, L
= 0.3 mH, MC — mechanical commutator, Ry — ohmic load, R; = 0.1 —
0.8 Q, discharge cycle, T =32 ms
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Fig. 2. Shape of the arc in a submerged liquid stream

azimutal width is b approx. 25 mm.

The current and voltage oscillograms of the electric and
a shadow photos, made by streak cameras during its quench-
ing and recovery of electric strength of interelectrode gap are
given on the fig. 3 and 4.

On a final commutation phase the voltage on interelec-
trode gap have reached U = 5-15 kV (in various experi-
ments). At the same time a liquid flow through the nozzle-
alike interelectrode gap has went on. The plant, which princi-
pal scheme is given on figure 5 was made for the electric

Fig. 3. Current and voltage oscillograms of the electric arc in a
submerged service water stream. Shadow photos of the arc, made
synchronously by two photochronographs. t = 550 ps — time, after the
divergence of the contacts, stream speed — 50 ms™', frame exposure
time — 25 pus

Fig. 4. High-current electric discharge submerged service water
stream. t — time, after the divergence of the contacts, stream speed —
100 m s™', frame exposure time — 25 ps. Current and voltage oscil-
lograms of the electric arc

II Central European Symposium on Plasma Chemistry 2008

Fig. 5. Scheme of the experiment and model of the camera for water
electrical breakdown study. 1 — camera, 2 — electrode, 3 — undisturbed
liquid, 4 — dynamics of the disturbed zone in still liquid during the
submerged stream flow, 5 — electrode, 6 — working cylinder, 7 —
plunger

strength study of the interelectrode gap, which was situated in
a still water and in conditions of submerged streams of vari-
ous intensity. Studies on water decontamination were carried
out at the same plant'’.

Hollow vertically oriented cylindrical electrodes 2 and 5
made of copper M1 were placed at a fixed distance of h =
5 mm from each other in a cylindrical dielectric chamber 1
(Fig. 5) with diameter and length of 250 mm and 300 mm,
respectively.

The external electrode diameter is D = 50 mm and the
internal is d = 47 mm. The electric circuit consisted of a
switch K and a capacitive energy capacitor with capacitance C
= 16 uF was connected in parallel to the electrodes. Circuit
inductivity has estimated basically by inductivity of leading-
in cables and totaled L. = 5.7 pH.

The resistance is approximately equal to a basic resis-
tance of interelectrode gap R. approx. = Rggo. The period of
circuit discharge under short-circuited interelectrode gap is T
= 60 ps. Ends of the camera 1 were capped by flanges, made
from quartz (on a figure 5 they are absent). Approximately 4.5
liters of water were flooded into the camera 1. During this, the
interelectrode gap was not less than 50 mm lower than the
water level. The liquid volume, which flooded the cavity of
the bottom electrode 5 and working cylinder 6 was 54 cm’.
During the plunger move, water was displaced from the hol-
low bottom electrode 5, and a fan-shape liquid stream in the
interelectrode gap has occurred. Its velocity was kept at ap-
proximately the same level during the t; = 3 ms. The voltage
pulse U = 7-20 kV (dU/dt = 1 kV/u) was given with a delay
of approx. 0.5-2 ms relatively to a plunger 7 start in order to
have by that time a submerged water stream, flowing from an
interelectrode gap (Fig. 5).

During the studies, were used the following liquids:
distilled water with a conductivity of oy = 1.510* Sm™,
service water with 6o = 2.8:102 Sm™' and a 5 % NaCl solu-
tion in water with 6, = 1.7 S m™". The basic resistance of was
Rigo = 47-10° Q, 250 Q, 4.1 Q respectively. The circuit wave
impedance p.=VL/C approx. 0.59 Q. If Rgg>2p, — the ca-
pacitive capacitor discharge is aperiodic (prebreakdown
stage). If Rgg<2p. — the discharge is oscillatory (after the
interelectrode gap breackdown).

The interelectrode gap breackdown expands not by
a shortest distance between the electrodes, but by the stream
envelope in the border area, which becomes an area of the
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Fig. 6. Current and voltage oscillograms on interelectrode gap
and self-light photos of the discharge in a submerged service
water stream. Frame exposure time — 8 ps

1

5 6

4

Fig. 7. Self-light photos of the discharge in a submerged service
water stream. Frame exposure time — 8 us. Interval between the
frames — 8 pus

discharge ignition (Fig. 6, 7).

The disturbed area dynamics in still liquid during a sub-
merged stream flow become well-visible (Fig.6), when
stream velocity reached 20-30 ms™, because of the light
scattering on cavitation bubbles. The transmittance for a layer
of thickness Z = 1 cm with optically heterogeneous inclusions
(bubbles) was approximately equal to K, = 5-107%. No spectral
dependence of the transmittance was observed, which meant
that the sizes of light-scattering heterogeneous inclusions
should be S > 104 = 5.0 um (A — wavelength of the transmit-
ted light). The volume density of these inclusions N was de-
termined from the known relationship K, = exp(-2nNS’Z),
which, for Ky = 5-107%, gave N < (10°~10") cm™. The bubbles
appear behind the electrode edges, where the liquid pressure
falls and the number of cavitation K = 2(Py—Pg,)/pv* < K,
(ref.*®), where Py, is the pressure of saturated vapor of liquid,
K, corresponds to the initiation of cavitation and r is the
liquid density, v is the flow velocity. Cavitation caverns initi-
ate the release of the dissolved gas. The cavitation bubbles
which size remains larger than the critical value of S > S, =
1.4 pym during their compression can be saturated with gas
and grow. On the other hand, the growth of bubbles in liquid
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streams is limited by their crushing, which occurs at the We-
ber number We > 10. Therefore, in the zone of viscous turbu-
lent mixing, bubbles with sizes 1.4 um < S <10 um can accu-
mulate, and a two-phase medium may form. Estimates indi-
cate that the multiplication of electrons (avalanche) takes
place primarily inside the gas bubbles. At the pressures of Py
= 0.1-2 MPa, micro bubbles reach the sizes when the condi-
tions of discharge self-maintenance near the minimum of the
Paschen curve are fulfilled.

The discharge ignition starts already on the front of ris-
ing voltage pulse, U =1.5-3kV (Fig. 6). The breakdown
channel leaves the region of a strong electric field between
electrodes, where E =3-6 kV cm™', and grows at an angle
direction to the lines of external electric field. Apparently, the
conditions are developed for strengthening local fields along
the stream profiles, so that the ionization processes started at
an early stage inside collapsing cavitation bubbles at the
stream front simultaneously take place in a number of its
boundary regions. The mean value of the electric field over
the discharge length 13=4-16 cm is E,,= 0.45-0.7 kV cm™.
The characteristic feature of the discharge in the presence of
stream is that the current rises simultancously with voltage.
Therefore, when a thick grid of brightly glowing channels
flashes at the stream leading edge, the magnitude of discharge
current reaches several kilo amperes. The moment of electro-
des shorting and the formation of a conducting channel along
the stream profile corresponds to the turn point of the voltage
curve. The breakdown voltage U, = 1.9-6 kV between elec-
trodes is always lower than the initial voltage of the capacitor
Up=10-20 kV. The current and voltage oscillograms show no
kinks typical of breakdown in undisturbed water. The current
varies sinusoidally with the period of T = 60 ps, similarly to
the short-circuited electrode gap. The formation of a high-
conductivity channel is completed within 5 ps after the start
of voltage pulse, which is indicated by a sharp fall of the resis-
tance in the electrode gap (Fig. 8). The W =200-250 J cm™
energy is consumed, which is two orders of magnitude less
than in the case of ordinary linear discharge.

The electric discharges influence on water has signifi-
cantly decreased its hardness. Disposition of sediments on the
bottom of a camera corresponded to a horizontal projection of
a stream at the moment of discharge ignition.

RO NMW
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Fig. 8. Time changes of the discharge electric characteristics in a
submerged service water stream. For the zero scale mark is taken a
moment, when a voltage pulse was given on interelectrode gap.
Stream length I;= 3.5 cm, discharge length 13 = 8.6 cm. 1 — power, 2 —
energy, 3 — resistance
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Measurements showed that the energy of plasma chan-
nel radiation is almost proportional to that introduced into the
discharge and equals approx. 80 % of stored energy. As it was
determined with the help of the filters, near the wave-length
A =210 nm the spectral density of radiation has a maximum,
and then with the increase of wave-length it is smoothly de-
creases.

The formation of the glow-ing shell several centimeters
wide is seen to take place at the mean velocity V approx.
5-10* m s™'. The greatest intensity of discharge glow is close
in time to the maxima of discharge current. The pressure in
the plasma channel, mea-sured by a piezoelectric pickup, is
governed by the stream velocity and is close to the calculated
stagnation pressure of the stream P = pv%/2 + P,

When a fall in the current amplitude during the second
period is appre-ciable, the discharge dies out over the time t
approx. 10 ps, although the voltage up to approx. 1 kV re-
mains across the capacitor (Fig. 6).

In a liquid in an external strong electric field, there can
be a formation of discharge channels (zones of ionization),
extending on a direction of a field. It is known, that directly at
the metal surface, contacting to water, the dense bed of posi-
tive charged ions of water and an impurity with concentration
of ions of 10?! cm™ (ref.?') carries out. In other words, contact
electrode — water acts as a generator of ions.

In case of movement of a liquid through an interelec-
trode space, a contact layer of ions continuously carries away
by the jet and takes away from an interelectrode space. We
assume, that at the flow of a jet, from ions ionic drop-alike
structures which under action of electrostatic repulsion collect
on periphery of the disturbed area (area of mixture) are
formed. Cavitation phenomena can promote formation of such
“drops”, that leads the occurrence on periphery of a jet a thin
layer of drop-alike structures (ions of water, an impurity,
cavitation bubbles) and formation of area of the increased
conductivity. It causes the fast formation of extended dis-
charge channels and development of electric breakdown on
bending around area of viscous hashing of the submerged
liquid stream. With the help of such model it is possible to try
to explain the decrease of discharge ionization voltage at the
presence of a liquid jet and formation of the film discharge
with a large surface of radiation.

It is known® that bactericidal effect of UV radiation
depends on: wavelength, intensity and exposure. Also, it is
quite selective. Radiation with the same characteristics can be
fatal for some microorganisms, but at the same time it can
only depress the others. Intensity, which is lower than certain
level can even stimulate the growth of bacteria. That’s why
for the effective liquid decontamination, characteristics of
device should optimal for each specific task. In particular, in
ref. > has underlined, that for preliminary estimate of bacteri-
cidal effect of discharge, should be taken into account, not
only the energy, stored in capacitive energy storage, but also
correctly choose the voltage, capacity and interelectrode gap.
It is recommended to increase the number of pulses, capacity
of capacitor and interelectrode gap. Voltage should be me-
dium. In device' discharge in a submerged liquid stream
allows accomplishing all these requirements.

For the discharge in a submerged stream of service wa-
ter breakdown voltage is Uy, approx. 4.5 kV. Size of the inte-
relectrode gap is not important here, because the length of the
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discharge 14 approx. 10 cm >> h (interelectrode gap). Also,
during a shift to a greater capacity of capacitors there is no
shock wave occurred, but radiating surface is increasing. With
a help of iodineometric method was also detected an ozone
formation, which is one of the most powerful and environ-
mentally friendly antiseptics.

Extra power inputs, connected with initiation of high-
speed liquid stream and occurrence electromechanical block
are the main disadvantage of such device.

2. Application of electric discharge in still liquid for initiation
of submerged stream and decontamination of environment.

On the figure 10 are shown current and voltage oscil-
lograms and self-light photos of the discharge in a still service
water. The experimentally observed breakdown and discharge
characteristics in undisturbed water are typical of breakdown
in water with the initial conductivity ¢ =1-10"Sm™
(ref."*7). Thus, a relatively long pre-breakdown stage tyq
approx. 107°-107s takes place when actually constant pre-
breakdown resistive current I, = 150-450 A flows through
the electrode gap; the current value is dictated by the initial
water conductivity, and the voltage falls slowly.

At the beginning of the prebreakdown stage on an edge
of the electrode 5, which was under ground potential (Fig. S,
10 (frame 1) and 11 (frames 3 and 4) has occurred a glow in a
point, randomly placed on its circle. It has a shape of diffuse
radiating sphere, which has expanded in a radial direction
with velocity of 100-150 ms™.

Gradually, the glow has deformed in a direction of cath-
ode 2 and a central area of the glow become brighter. At the
moment when glowing area has reached the opposite elec-
trode, an interelectrode breakdown has taken place (Fig. 10
frame 2, Fig. 11 frame 5).

During breakdown, the current, I, sharply increases with
time t (dI/dt approx. 6-10° A s™) and the discharge transits to
the oscillation mode with a period of T = 60 ps.

The discharge is localized in interelectrode gap and
shapes a hemisphere 14 ~ h at the arc stage (Fig. 12).

Electric discharge causes a shock wave, which in turn,
initiates converging wave of unloading after its exit on a free
liquid surface. It leads to a cavitation bubbles formation in

75 5[l "8
REE

Fig. 10. Current and voltage oscillograms on interelectrode gap
and self-light photos of the discharge in a still service water.
Frame exposure time — 25 ps. Interval between frames 6 and 7 — 375
us. Light filter density at frame 7 is two times less, then at the others
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Fig. 11. Shadow photos of the discharge in a still service water.
Frame exposure time — 25 ps. Time interval between frames 1 — 7, 24
— 33 is 50 ps. Between the others — 25 ps. Frames 1 — 7,9, 11, 13, 15,
17,19, 21 and 23 were taken with a help of blue light filter
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Fig. 12. Self-light photos of the discharge in a still service water.
Frame exposure time — 4 ps. Time interval between frames — 8 us

near-surface liquid layer (Fig. 11, frame 7). These bubbles are
then clapping under the atmospheric pressure, which stimu-
lates further liquid decontamination in volume, which consid-
erably exceeds the volume of liquid layer that directly sur-
rounds the electric discharge channel. After the complete run
down of capacitive energy storage, electric discharge
quenches and on its place appears a steam and gas bubble,
which expands in direction of free liquid surface (Fig. 10,
frame 6). It causes a bell-shaped blowout on liquid surface,
like an explosion at a small depth. It increases an amount of
air, dissolved in liquid. Therefore, it stimulates cavitation
processes and leads to an ozone formation from the air oxy-
gen under UV radiation of electric discharge. Electric dis-
charge in liquid is following by optical radiation, shock wave
generation, pulsations of steam and gas bubble at postbreak-
down period and other factors, which are fatal for pathogenic
microorganisms. Simultaneously with steam and gas bubble
expansion, starts submerged liquid stream outflow in inte-
relectrode gap (Fig. 10, frame 7 and Fig. 13).

On the fig. 14 is presented longitudinal shear of one of
the possible liquid decontamination constructions.

On a platform-float 1, made as a disc with a hole in cen-
tre in alignment are placed with a help of holders 2 and 3
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Fig. 13. Shadow photos of the discharge in still service water.
Exposure time — 25 ps. Interval between frames — 50 ps. Frame 1 was
made 1600 ps after the moment of pulse voltage application on the
electrodes
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Electric discharge
in & submerged liquid
stream T

Fig. 14. Device for liquid decontamination

hollow cylindrical electrodes 4 and 5. Their common axis
subtends with a free liquid surface 6 an angle of ¢ = 0°. Angle
¢ can be changed from 0° to 90° with a help of holders 2 and
3 or other motion block. Electrode cavities 4 and 5 are filled
with liquid. Electric circuit, which consists from commutator
8 and capacitive energy storage 9 and electric circuit, which
consists from commutator 10 and capacitive energy storage
11 are parallel connected with electrodes 4 and 5. Capacitive
energy storages 9 and 11 are charging. Then capacitive energy
storage 9 is connecting with a help of commutator 8 to elec-
trodes 4 and 5. Decontamination, connected with bactericidal
effect electric discharge occurs. Also, submerged stream is
forming. When common axis of hollow cylindrical electrodes
4 and 5 subtends with a liquid surface an angle of ¢ = 0°,
stream axis independently from a place of circular interelec-
trode gap where discharge have occurred, is always perpen-
dicular to a free liquid surface and turned into opposite part.
On the fig. 15 are shown the electrodes. We can see prints of
a series of discharges in submerged liquid streams on the
nozzles made from plexiglass. These electrodes were placed
in camera according to a fig. 14, but only one of the elec-
trodes was hollow.

If ¢ = 90° (Fig. 5, fig. 13), direction of the stream flow
is diametrically opposite to a place of circular interelectrode
gap where discharge have occurred. That’s why it is possible
to use the stream for a mechanical cleaning of surfaces, such
as swimming pool walls, or flushing of medical instrument,
placed in wire containers, which were installed along the
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Fig. 15. Electrodes with a nozzles made from plexiglass

stream flow. When the stream length reaches an optimal size,
capacitive energy storage 11 is connecting with a help of
commutator 10 to electrodes 4 and 5. In the presence of liquid
stream, discharge ionization voltage decrease and discharge
with a large surface of radiation formation is taken place.
Processes of liquid flow and filling of the electrode cavities 4
and 5 with a liquid through the holes 7 and the interelectrode
gap area, which are abut on stream flow sector are simultane-
ous. Capacitive energy storage 11 runs down and the dis-
charge is quenching. Capacitive energy storages 9 and 11 are
charging. During the charging complete recovery of electric
strength of interelectrode gap has happen. After the end of
charging the device is ready for the next operating cycle. Such
devices can work with the frequency from 1 to 100 Hz.

Conclusion

For the complete water decontamination by means of
discharges in still liquid and electric discharges with a large
surface of radiation, formed in a zone of viscous mixing of
a submerged stream has consumed an energy W approx.
0.2 MJIm™ (according to a test, made by generally accepted
Koch method). This method has more effective and widely
targeted effect because of cavitation phenomena initiation in a
large liquid volume and application of two types of electric
discharges with different characteristics (for example, emis-
sion wavelength) during one operating cycle.

Studies have shown a possibility in principle and reason-
ability of application of this methodology for effective patho-
genic microorganism decontamination, including their stable
spore forms.

Supported by Russian Foundation for Basic Research under
Grant 08-02-08563-z.
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Introduction

VOC:s (volatile organic compounds) are organic chemi-
cal compounds that have vapor pressures under normal condi-
tions high enough to significantly evaporate and enter the
atmosphere. They are sometimes accidentally released from
the industrial processes into the environment, where they can
damage soil and groundwater. Vapors of VOCs escaping into
the air contribute significantly to the air pollution (e.g. they
cause photochemical smog and also contribute to the global
warming). In recent years, their influence on the quality of
indoor environment has started to be a serious task, too. Com-
mon artificial sources of VOCs include paint thinners, wood
preservatives or cleaning solvents. Regarding the medical
risks, it is known that many VOCs are toxic, several of them
are known as human carcinogens'.

Conventional techniques for the abatement of VOCs,
such as thermal and catalytic oxidation, are able to completely
decompose the VOCs, but they suffer from the low energy
efficiency given by the high operating temperature. The bio-
logical degradability of VOCs is also very problematic due to
low concentration of VOCs in the gas phase. This degradation
way is also impossible for many VOCs based on aromatic
ring that could not be biologically destroyed. Technologies
based on non-thermal plasmas could offer an alternative and
they are capable to remove various pollutants in the gas
phase’. The plasma decomposition process of VOC is rather
complex and the hydrocarbons are attacked in several ways.
In the plasma reactor, the hydrocarbons are partly transformed
into oxygenated compounds and into CO and CO,. Unfortu-
nately, undesirable toxic by-products can be formed.

Various non-thermal atmospheric plasma sources have
been studied with respect to VOC destruction®™. This study
presents the first results obtained using recently developed
surface discharge that is nowadays widely used mainly in the
surface treatment processes5 .

Experimental set up

The schematic draw of the experimental device is shown
in Fig. 1. The discharge reactor consisted of a surface dis-
charge electrode 10x10 cm” connected to the HF power sup-
ply. The Al,Os plate in the distance of 2 mm above the elec-
trode was installed. The reactor side walls were made from
Teflon with one fused silica window oriented in parallel to the
gas flow through the reactor. The gas inlet into the reactor
was realized by the system of equidistant holes (distance of
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Fig. 1. Scheme of the experimental set up; 1 — mass flow control-
lers; 2 — Teflon discharge reactor; 3 — surface discharge electrode; 4 —
Al 05 plate; 5 — Quartz window; 6 — discharge; 7 — sampling point for
the chemical analyzes

5 mm, i.d. 1 mm); the outlet was possible through the open
electrode gap on the opposite side. This system guaranteed
nearly homogeneous flow of the reacting gas mixture through
the discharge.

The synthetic dry air was used as the carrier gas and it
was enriched by the VOC (hexane, cyclohexane or xylen) just
in front of the reactor. VOC concentration in the reactor was
constant at about 1 %.

The exhaust gas analyses were caried out by three differ-
ent ways. The simple gas analyzer Testo 350 XL was used for
the detection of low molecular weight discharge products as
CO, NO,, NO, H,, etc. The analyses of high molecular weight
products were made by ex-situ GC-MS. Samples of exhaust
gas for these analyses were taken by active carbon sorption
tubes or by solid phase micro extraction (SPME) technique
using Divinylbenzene/Carboxen™/polydimethylsiloxane
(DVB/CAR™/PDMS) fibers’. The GC-MS analysis was done
using spectrometer GC 8000 with the quadrupole mass spec-
trometer MS TRIO 1000 (both made by Fision Instruments
Ltd.). Quartz capillary (30 m long) with polydimethylsiloxane
stationary phase (0.25 um) was used for the separation.

The optical emission spectroscopy using Jobin Yvon
TRIAX 550 spectrometer was applied to characterize the
surface discharge plasma. The molecular bands of nitrogen
(1 and 2™ positive and 1% negative systems) were observed
with high intensities, some bands of CO were recognized, too.
The rotational temperature of about (850 + 100) K was calcu-
lated from the rotational structure of nitrogen second positive
0-2 band. Vibrational temperature of about (1900 + 150) K
was calculated using nitrogen second positive —2 sequence
bands. Both rotational and vibrational temperatures were
more or less independent on the VOC compound and also the
dependence on discharge power was negligible. The discharge
reactor construction allowed also partial space resolution of
spectroscopic observations. However, no significant changes
in the plasma parameters were determined along the whole
reactor.

Results and discussion

The results of the laboratory experiments are presented
in this part. The implicit concentrations of low molecular
inorganic products as CO, NO,, NO or H, and relative con-
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Fig. 2. Concentrations of low molecular products generated by
surface discharge in synthetic air without VOC

centrations of combustion high molecular products of hexane,
cyclohexane or xylene are displayed. The resulting concentra-
tions depended on energy input and gas composition as it is
shown on following figures and tables. Only nitrogen dioxide
was generated in the discharge without VOC and its concen-
tration was directly proportional to the discharge power.
Fig. 3-5 show the results obtained during the selected VOCs
destruction. The concentrations of CO and H, resulting from
combustion were again directly proportional to the applied
discharge power and their concentrations depended on the
VOC. NO, was generated in the significant amount in all
cases; in contrary, no measurable value of NO species was
observed.

According to the results and the mechanism of VOC
oxidation studied in the literature’, benzene rings of cyclohex-
ane and xylene in the collisions with active species (mainly O
and OH radicals) are firstly oxidized to dihydroxybenzenes
and subsequently to quinones. Both continue to yield ring-
cleavage products (i.e. aldehydes and carboxylic acid groups).
Finally, carboxylic acids such as formic and acetic acids are
mineralized to CO and CO,. Though mixture of nitrogen and

600 -
T 5001 __——+-CO
g e —x—H,
& 4001
c e NO,
2 300 *— NO
‘g 200+ -
5 104 ,—
(8]
04 = * *
T T T T T
&0 100 120 140 160

discharge power [W]

Fig. 3. Concentrations of low molecular products generated by
surface discharge in synthetic air with hexane
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Fig. 4. Concentrations of low molecular products generated by
surface discharge in synthetic air with cyclohexane

oxygen are used as the carrier gas, no nitrogen compounds
were detected in the treated gas samples.

Electrons produced in surface discharge in atmospheric
air initiate gas phase reactions to produce remarkable quantity
of ozone and nitrogen oxides. As it can be seen from Fig. 2,
production of significant amount of NO, is higher when input
power is increased. Destruction and resulting very low con-
centration of NO is primarily due to the oxidative properties
of ozone molecules. The influence of an admixture of a VOC
on the production of NO, was studied as well. Fig. 3-5 show
the behavior of NO, production for three different admixtures.
Xylene admixture leads to an increase in the NO, concentra-
tion, on the other hand cyclohexane and hexane admixtures
lead to slight decrease with the increasing discharge power.
Therefore we can’t conclude the existence of negative or posi-
tive effect of the VOC admixture to the NO, formation. The
large occurrence of CO is detected during the plasma treat-
ment of VOC as well. Increasing energy input is leading to
higher efficiency of VOC decomposition resulting in higher
concentration of CO, which is up to 700 ppm for treated
amount of VOC (initial concentration of about 1 %).
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Fig. 5. Concentrations of low molecular products generated by
surface discharge in synthetic air with xylene
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Table I

Chromatographic peak areas of selected products identified in
the exhaust gas during the decomposition of hexane at two
different discharge powers and ratio of peak areas A;50/A120

Specie 120 W 160 W F

Nox 9110000 8480000  0.93
Hexane 3550000 4430000 1.5
zdfnf;?hyﬁr?ufai e 1930000 1890000  0.98
2-hexene 1180000 253000 021
2-hexanol 726000 785000  1.08
2-pentanone 710000 638000  0.90
2-hexanone 663000 692000  1.04
zeﬁﬁﬁnz“ 668000 663000 0.9
2-hexene-1-ol 456000 434000  0.95

Table IT

Chromatographic peak areas of selected products identified in
the exhaust gas during the decomposition of cyclohexane at
two different discharge powers and ratio of peak areas Ajqo/
Ago

1o

Specie 80 W 160 W F
Nox 9750000 2800000 0.29
2-hydroxy-cyclohexanone 2640000 238000 0.09
3-hydroxy-cyclohexanone 607000 663000 1.09
1,5-pentandiol 470000 62000 0.13
2-cyclohexene-1-one 505000 264000 0.52
1,6-hexandiol 323000 113000 0.35
1,2-cyclohexandiol 182000 199000 1.09
cyclopentandiol 56000 56000 1.01
Table III

Chromatographic peak areas of selected products identified in
the exhaust gas during the decomposition of xylene at two
different discharge powers and ratio of peak areas A;¢0/Asgo
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originated from the added VOC were detected. When oxygen
reacts with nitrogen it is possible to form different nitrogen
oxides: N,O, NO, N,O3, NO,, N,Oy4, N,Os. The summation of
all of these oxides is marked as NOy in the tables. Third col-
umns show the correlation factor F between concentrations of
products at the highest and the lowest value of input power. It
can be clearly seen that this factor is mostly lower than 1.
This means that higher input energy would lead to the shift in
the product distribution towards low molecular inorganic
compounds.

Influence of oxygen content

The oxidation properties of plasma are related to the
occurrence of highly reactive species. Of course, generation
of these species is highly dependent on the gas composition.
In order to investigate the effect of different synthetic gases
on the decomposition of VOC, oxygen and nitrogen can be
used separately as a carrier gases. Some experiments were
carried out when oxygen was added in the gas stream up to
30 %. The examples of chromatograms obtained at these con-
ditions are shown in Figs. 6-9. The results presented in Tables
IV—-VI show that the oxygen addition led to a slight increase
of oxygen compounds generation, only.

Fig. 6. Chromatogram of exhaust gas sampled by SPME tech-
nique during hexane decomposition in nitrogen with 30 % of
oxygen at discharge power of 160 W

Table IV

Comparison of chromatographic peak areas of selected com-
pounds identified in the exhaust gas during the hexane de-
composition at two different oxygen concentrations at dis-
charge power of 160 W

Specie 80 W 160 W F

NOx 11900000 8600000 0.73
1,3-dimethylbenzene 21300000 7850000 0.37
2-hexanol 9660000 559000 0.06
ethylbenzene 6290000 2720000 0.43
4-methylbenzaldehyde 996000 627000 0.63
benzaldehyde 694000 465000 0.67
methylbenzene 658000 340000 0.52
cyclohexanol 449000 317000 0.71

Tables I-III provide a summary of the most significant
high molecular weight combustion products analyzed by GC/
MS system. Many different especially oxygenated compounds

Peak time [s] Specie 10% 0, 30%O0,
33 NOx 10200000 16000000
4.3 2-hexanol 2350000 2880000

6.867 2-hexene 638000 783000
8.867 2,5-dihydro-2,5- 610000 746000
-dimethyl-furan
9.467 4-methyl-3-pentanal 446000 632000
11.084 2-hexanone 490000 588000
13.368 1,3-dimethylbenzene 202000 455000
14.484 2,5-hexanedione 1310000 1220000
16.385 3-methylpentanal 266000 192000
17.368 5-ethyldihydro-2(3H) 212000 173000

furanone
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Fig. 7. Chromatogram of exhaust gas sampled by SPME tech-
nique during cyclohexane decomposition in nitrogen with 30 % of
oxygen at discharge power of 160 W

Conclusion

This article gave some results relevant to the surface
discharge environmental application. The objects of research
were hexane, cyclohexane and xylene decomposition at the
atmospheric pressure. The dependences of low molecular
products concentration versus discharge power were studied.
GC/MS analyses allowed the better understanding of high
molecular products formation.

The role of oxygen content in the carrier gas for the
VOC removal process was also investigated. The presented
result indicated that the most of carbon in the decomposition
of VOC was converted to carbon oxides rather than to hydro-
carbons. The main problem of VOC removal in a plasma
system is the by-product formation. Unfortunately, the surface
discharge plasma generates high concentrations of carbon
monoxide and nitrogen dioxide. This main disadvantage can
be successfully (but not completely) solved by the additional
application of catalytic system.

Table V

Comparison of chromatographic peak areas of selected com-
pounds identified in the exhaust gas during the cyclohexane
decomposition at two different oxygen concentrations at dis-
charge power of 160 W
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Fig. 8. Chromatogram of exhaust gas sampled by SPME tech-
nique during xylene decomposition in nitrogen with 30 % of oxy-
gen at discharge power of 160 W

Table VI

Comparison of chromatographic peak areas of selected com-
pounds identified in the exhaust gas during the xylene decom-
position at two different oxygen concentrations at discharge
power of 160 W

Peak time Specie 10 % O, 30 % O,
[s]
3417 NOx 11300000 13200000
5.851  2-hexanol 2100000 2580000
10.634  methylbenzene 461000 438000
13.101  ethylbenzene 3490000 3410000
13.318  1,3-dimethyl- 10500000 10500000
benzene
13.901 1,4-dimethylbenzene 954000 1000000
14.801  dihydro-3-methyl- 180000 186000
2,5-furandione
15.534  benzaldehyde 433000 393000
17.801  4- methyl- 454000 451000
benzaldehyde
19.568  ethylbenzaldehyde 37000 68800
19.935  3-fenyl-2-propenal 490000 356000

Peak time Specie 10 % O, 30% O,
[s]
3.367 NOx 14600000 15100000
5.734  2-butenal 1430000 996000
6.734  2-hexanol 390000 319000
7.817  cyclohexane 2150000 2030000
8.617  3-methylbutanal 1470000 1340000
13.768  cyclohexanol 2650000 2160000
14.001  2-methyl- 1950000 1520000
-cyclopentanol
16.301  2-hydroxy- 838000 728000
-cyclohexanone
17.435  dihydro-4-methyl-2 1570000 1350000
(3H)furanone
18.651  3-hydroxy- 298000 266000
-cyclohexanone
19.668  cyclobutanol 365000 586000

This work was supported by the Czech Ministry of Education,
Youth and Sports, research project MSM 0021630501 and by
the Czech Science Foundation, project No. 202/03/H162.
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Introduction

The disposal of waste tyres represents a great problem
throughout the world, as it is causing many environmental and
economic problems in most countries. Pyrolysis seems to be
a good way of waste tyre disposal, because it does not only
reduce the volume of the waste significantly, but also allows
recovering of valuable materials’. Additional treatment is
sometimes needed to improve their qualities?™. In our case,
the MW plasma benefication of the pyrolytic carbon is ap-
plied to get rid of the volatile components causing its bad
smell, and to make it reusable for other processes, e.g. it could
be used as a colouring agent for plastic materials or as an
adsorbent.

We use Litmas Red MW torch (2.45 GHz, 3 kW), which
is able to generate plasma in a state close to Local Thermody-
namic Equilibrium (LTE) in temperature range of 1000-5000
K at atmospheric pressure in various gases. In our previous
works*®we investigated the basic characteristics of atmos-
pheric MW nitrogen plasma torch. Here we present the first
tests of its application for thermal treatment of waste carbon.

Experimental setup

Atmospheric pressure MW plasma is generated by
a Litmas Red plasma torch (2.45 GHz, 3 kW) in N,. Experi-
mental setup and the basic torch characteristics are described
in more detail in ref.*.

Contrary to the typical MW torch systems, in our case
the gas is inserted downstream and tangentially through the
two holes of the nozzle into the cylindrical plasma chamber,
made of Al,Os. This is causing the swirl flow in the cylinder
and generated swirling plasma is consequently blown out
upstream through the central orifice of the nozzle. Blown-out
plasma is then analyzed by optical emission spectroscopy. We
identified emission of N, molecules, N,* ions and NO and CN
radicals in the emission spectra (Fig. 1). CN comes from a
minor carbon-containing impurity from the feeding gas,
which reacts with N, and forms CN radical.

Generated MW plasma was used for waste carbon treat-
ment. In the first approach, the carbon sample was placed on
a stainless steel plate in the plasma plume about 1 cm above
the nozzle (Fig. 2).
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Fig. 1. UV (up) and visible (down) emission spectra of generated
nitrogen plasma

Approximate temperature of the plate, measured by
a pyrometer, was 1500 K. The system was closed and ex-
hausted because of possibly dangerous gases being emitted
from polluted carbon samples. The carbon samples were
heated for 5 or 10 minutes in nitrogen plasma of 13 | min™
flow rate and 1.4 kKW generator power. After plasma being
switched off, the sample was cooled at a low N, flow 2 | min™
to avoid oxidation. The diagnostics of carbon samples was
performed directly by a scanning electron microscope (SEM)
Tescan TS5136MM equipped with wavelength dispersive X-
ray (WDX) INCA Wave analyzer, and on KBr pellets ana-
lyzed by Fourier-transform infrared (FTIR) spectrometer
Perkin Elmer Spectrum BX. KBr powder to the sample ratio
was 1:100.

In the second approach (Fig. 3), which is still being
developed, the waste carbon samples are continuously in-
serted directly into the plasma chamber, where the tempera-
ture is considerably higher compared to the first approach.
The plasma temperature, determined as the rotational tem-
perature by comparing experimental and simulated
(LIFBASE®) CN spectra, was 4500 + 250 K and 1.78 kW
magnetron power and 4000 + 250 K at 1.46 kW, both at
15 I min™ gas flow rate®.
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(exhaust gas removal)
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N, inlets
Plasma chamber

Pneumatic ignator

Fig. 2. Treatment of carbon samples on the supporting stainless
steel plate

In this arrangement, the treated carbon is also in a direct
contact with radicals and active species generated in the
plasma. The whole system, including the plasma plume, is
turned upside down to enable the collection of the treated
carbon powder below the plasma chamber. The carbon collec-
tion chamber is water-cooled. It also enables on-line emission
spectroscopic analysis, which is performed by portable spec-
troscope Ocean Optics SD 2000 through the quartz window.

Carbon insertion

..... s _|— Rotating brush

._]| _ Plasma chamber
_.j Gas inlets
“— Gas outlets

Window for spectral analysis

-

+ Cooling water
+«—— Carbon collection chamber

Fig. 3. Treatment of carbon samples passing through the plasma
chamber
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Results and discussion

After plasma heating of the carbon samples, we first
observed that the sample did not smell anymore and its mass
decreased (by 27 % for 5 min and 48 % for 10 min heating).
We assume that some volatile substances, most likely ali-
phatic and aromatic hydrocarbons and their —OH and ether
derivates were released from the carbon, which was con-
firmed by FTIR spectra (Fig. 4). An apparent reduction of
CH,, C-O-C, -OH, and aromatic C-H functional groups was
observed. On the other hand, new compounds were created.
We assume them to be metal oxides of trace elements found
by WDX analysis. Detailed interpretation of the measured
FTIR spectra requires further investigation.

WDX analysis (Fig. 5-6) of all samples demonstrated C
as a dominant element. Trace amounts of S, Ca and Zn were
found in the original carbon sample and decreased after the
heating, but new elements, such as Fe, Al, Si, K, Mg were
found. We assume that some of these metals were released

100

original sample
treated sample
804

60

%T

metal oxides
40

20

0 T T T T T T T
4000 3500 3000 2500 2000 1500 1000 500

wavenumber [cm 7]

Fig. 4. FTIR spectra of carbon samples

Before treatment

80+ Ca
60+ Zn

Zn
204 Cu C S

1 2 3 45 6 7 8 9 10 11 12 13 14 15
wavelength [A]

Fig. 5. WDX analysis of carbon samples before treatment
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Fig. 6. WDX analysis of carbon samples after treatment
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Fig. 7. SEM picture of carbon sample before treatment

Fig. 8. SEM picture of carbon sample after treatment
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Fig. 10. SEM picture of the cleaving area after treatment

from the stainless steel plate during the heating (Fe, Si). Cu is
from the supporting tape used during SEM analysis.

Despite the conductivity of the carbon samples being
weak, it was good enough for SEM analysis at low magnifica-
tions. Microscopic pictures showed that the carbon has an
amorphous structure with pores (Fig. 7-8). Pictures of the
treated samples revealed the steps-like shaped cleaving area
(Fig. 10), which compared to the smooth shape in the original
sample (Fig. 9) shows that material became more compact.

Summary and perspectives

Atmospheric pressure nitrogen microwave plasma was
used as a heat source for used tyre waste carbon benefication.
The plasma heat treatment removed the smell and caused
a mass loss, a composition change and a structure change of
the waste carbon. The treated carbon could be potentially used
as a colouring agent. We are currently testing the adapted
microwave torch system in which the carbon powder is in-
serted directly into the plasma chamber. This provides higher
temperatures compared to when the sample is heated on the
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supporting metal plate. In the new setup, the plasma chamber
is turned upside down to enable the collection of the treated
carbon powder in the cooled collection chamber. Because of
the presence of pores in the treated carbon we also plan its
further investigations, such as measuring its adsorption capac-
ity. This could be interesting for its potential use as an active
carbon.

This work was carried out under the support of the Slovak
Grant Agency VEGA 1/0293/08 and 1/3043/06, EOARD
FA8655-08-1-3061 and APVV 0267-06 grants. We gratefully
thank Sencera, Ltd. for loaning us the MW torch, KFS
Stavstroj Delta Ltd. for waste carbon samples
and Dr. V. Foltin for technical assistance.
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L. Leétinska®™, V. Martidovits®, M. Zahoran®, and Z.
Machala® (* Division of Environmental Physics, Department
of Astronomy, Earth Physics and Meteorology, ® Department
of Experimental Physics, Comenius University, Mlynska
dolina, Bratislava, Slovakia): Atmospheric Pressure MW
Plasma for Waste Carbon Treatment

The first tests of benefication of waste carbon from used
tyre pyrolysis are presented. The treatment of carbon samples
is performed by microwave (MW) plasma generated by Lit-
mas Red MW torch (2.45 GHz, 3 kW) in nitrogen at atmos-
pheric pressure. We employ two ways of waste carbon treat-
ment — heating the samples on the supporting plate and direct
treatment inside the plasma chamber. The diagnostics of car-
bon samples was performed by gravimetry, SEM equipped
with WDX element analyzer and FTIR spectroscopy. The
plasma heat treatment causes a mass loss, a composition
change and a structure change of the waste carbon.
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1. Introduction

Copper is found in the industrial wastewater mainly due
to the printed circuit board manufacturing, electronics plating,
plating, wire drawing, copper polishing, paint manufacturing,
wood preservatives and printing operations.

The most common treatment for copper removal is its
precipitation. After adjusting the wastewater pH by NaOH
(caustic soda) to the precipitation region, the coagulant is
added, and coagulated metal hydroxide particles are extracted
by the combination of sedimentation — filtration processes.
Final copper containing sludge is then recovered for Cu metal
or disposed to a landfill'. The necessity for several unit opera-
tions, costly reagents, low flow rate, existence of limits given
by the minimum metal solubility, and finally the toxic sludge
output drives the current need for looking some more eco-
nomic alternatives for heavy metal uptake. One of the promis-
ing alternatives is the copper removal by a suitable abundant
in nature adsorbent?.

The most widely used adsorbent in wastewater treatment
applications is the activated carbon. However its selectivity
towards metallic ions is low; therefore activated carbon re-
quires complexing agents to improve its removal perform-
ance.

A substantially higher (10x and more)® metal-binding
capacity is offered by chitosan, a polymer made from chitin,
which is the second only to cellulose in terms of abundance in
nature. When used for the water decontamination in its natural
flake form, chitosan suffers from gelling and associated hy-
drodynamic flow problems. Moreover the specific binding
sites are not readily available for sorption in the natural form.
A chitosan structure thinly coated on a suitable support, such
as glass beads, sand or filter fabric is therefore desirable®.

The use of filter fabric is favored by its large surface
area, excellent control on flow transfer characteristics and the
low-cost — especially when nonwoven fabrics such as PP or
PET are adopted. A principal obstacle hampering the use of
these low-cost carriers is their generally poor wettability,
which adversely affects the adhesion of chitosan coating.
A conventional organic solvent methods used for imparting
the desired adhesive properties presents both health and envi-
ronmental concerns. In addition, this surface modification
method increases cost considerably, thus negating the possible
advantages of the use of low-cost fabrics.

Plasma oxidation of polymer materials at atmospheric

I Central European Symposium on Plasma Chemistry 2008

Fig. 1. DCSBD electrode geometry (side view) and the plane view
of the discharge appearance: a) low applied power; b) fully ener-
gized electrode at 15 kHz, 400 Watt

pressure proved to an effective (and environmentally attrac-
tive) tool for creating substantial amount of radical and polar
carboxylic and carbonyl groups on their surface. Created po-
lar groups are capable to permanently improve the wettability
of polyolefin nonwoven fabrics, which may be used then as
a support for suitable adsorbing medium. Created radicals are
initiating the graft polymerization, which positively alter the
support-coating adhesion strength.

A suitable source of atmospheric pressure plasma for
low-added value materials treatment was developed in join
effort of Masaryk University Brno (Czech republic) and
Comenius University Bratislava (Slovakia). The plasma
source (Diffuse Coplanar Surface Barrier Discharge -
DCSBD) creates a thin layer of highly energetic plasma
(~100 Wcm™) above the ceramic panel (Fig.1). The
DCSBD proved to be highly efficient in increasing the wet-
tability of various low-cost materials (PP and PET nonwov-
ens, wood, paper, plastic foils)®.

Cernakova et al.’ have already reported a successful
immobilization of chitosan on a DCSBD plasma activated
nonwoven fabric. Nitrogen atmosphere and stationary (batch)
treatment condition were used in their case. Nevertheless for
the practical purposes a continuous (roll-to-roll) treatment and
the air gas plasma operating conditions are more desirable.
We have therefore decided to set-up the experimental appara-
tus enabling the continuous fabric treatment in air. The aim
of our work was to prepare the chitosan thinly coated on the
plasma-activated fabric and to evaluate its copper adsorption
performance.

2. Experimental
2.1. Plasma treatment

Polypropylene spunbond nonwoven fabrics of 17 gsm,
supplied PEGAS a.s, Czech Rep., was activated by atmos-
pheric pressure air plasma generated by means of DCSBD®.
The primary role of plasma treatment was to improve the
wettability of PP fabrics, so the chitosan coating solution can
penetrate inside the bulk of fabric and interacts with individ-
ual fibers. The DCSBD electrode consisted of 11 pairs of
silver strip electrode embedded 0.5 mm below the surface of
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Fig. 2. The DCSBD reactor for continuous textile treatment CON-
TIONE: 1 - feed roll; 2 — frequency converter; 3 — guiding rolls; 4 —
DCSBD electrode; 5 — radiator; 6 — fume hood; 7 — oil pump; 8 — air
blower; 9 — stretching roll; 10 — motor unit; 11 — take up roll; 12 —
HV transformer; 13 — power voltage generator

96 % Al,O3 ceramics. The mutual distance of the 200 mm
long and 3 mm wide silver strip electrodes was 1.5 mm. The
electrode was energized by 14 kHz sinusoidal voltage, sup-
plied by HV generator LIFETECH VF700. The power con-
sumption of DCSBD plasma reactor was monitored by
METEX M-460M multimeter.

The DCSBD electrode was mounted in the prototype of
continuous feed reactor CONTIONE (Fig. 2). The treatment
time was controlled by the speed of the take-up roll. The con-
tact of fabric with the relatively thin layer of generated plasma
(0.1-0.3 mm) was enhanced by the air-blower flow perpen-
dicular towards the plane of plasma panel.

The DCSBD plasma panel was operated at
400 W/200 cm?. PP samples were in contact with plasma for
5 sec.

2.2. Chitosan coating

Immediately after the plasma treatment the PP samples
were immersed into the vessel containing 2 % chitosan solu-
tion. The vessel was then placed in the waterbath shaker for 1
hour at 60 °C.

The solution was made by dissolving of 30 g chitosan
powder (ALDRICH, medium mol. weight, 75-85 % deacety-
lated) into 1500 ml of 0.6 % (v/v) acetic acid solution
(FLUKA p.a.). The choice of chitosan solution concentration
is based on the results of Cernakova et al.?, who had found
this particular concentration to be the most stable against the
wash-off effect.

After drying at room temperature the fabric was washed
vigorously in deionized water to remove weakly attached
chitosan homopolymer and traces of acetic acid. Finally the
chitosan coated samples were cut into the circular coupons of
55 mm diameter that were used during the course of all our
experiments.

2.3. Weight of the coating

In order to evaluate the weight of chitosan film attached
to the PP fabric following procedure was employed. Unmodi-

I Central European Symposium on Plasma Chemistry 2008

fied PP fabric was cut into 100 circular pieces with the diame-
ter of 55 mm. Each circular piece was weighed on DEVNER
SUMMIT SI-234A balances with the resolution of 0.1 mg.
After verifying the normal (Gaussian) distribution of samples
weight, arithmetic mean m, and its standard deviation o, was
calculated.

Circular 55 mm diameter coupons of chitosan coated
samples were weighted prior each adsorption experiment. The
arithmetic mean of pure PP was subtracted to obtain the mass
of coating. The statistical error oy for the set of N samples
was calculated as on=0,

2.4. Surface characterization

Scanning electron microscopy photographs of chitosan
coated PP samples were done using the TESCAN VEGA
TS 5136MM microscope operating in the HiVVac mode.

Chemical changes on the fabric surface were explored
by the FTIR spectrometer BRUKER Vertex 80v, equipped
with the DRIFT module. Kubelka-Munk function was applied
on the obtained spectrum.

2.5. Copper adsorption evaluation

Batch experimental conditions were employed. 20 filter
coupons with the known mass of immobilized chitosan were
inserted into 250 ml glass wide-mouth Erlenmeyer flask filled
with the 100 ml of the water solution of Cu(NOs),- 3 H,O
(Fluka p.a.). The flask were placed into the waterbath shaker,
where it was constantly agitated at the room temperature for
given amount of time, which was usually 2—4 days.

lon-selective electrode (ISE) measurement was used to
evaluate the adsorption capacity of coated chitosan. The ac-
tual concentration of Cu®* ions was evaluated by the multiple
sample addition method using the Orion 4-Star Benchtop pH/
ISE meter equipped with the Orion 9629BNWP lonplus®
Series Cupric Electrode (both from Thermo Fisher Scientific).

The sample addition method is based on adding the
small known volume V5 of unknown sample Cs into the stan-
dard of large known volume 7, and concentration C,. The
change of the ISE electrode potential AE (mV) is used for
calculating the concentration of Cs:

AE
c —c|litoqgs Vo
V. V

s s

where the S is the slope of the ISE electrode. The slope S was
determined daily during the electrode calibration. The ion
strength of 100 ml volume standard was always adjusted by
the 2 ml of 5 M NaNOs. ISE measurements ware carried out
in the dark room, as we have experienced a significant sensi-
tivity of lonplus Cupric electrode to the light.

3. Results and discussion

The average mass of chitosan coating deposited on the
single PP coupon (38 + 1 mg) was 6.1 mg, which is approx.
16 wt.%. As can be seen from SEM photographs of the coated
fabric, chitosan forms a thin uniform film on the surface of
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Fig. 3. SEM picture of chitosan coated PP fibers. Magnification
1000x and 5000x
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Fig. 4. Solubility of chitosan coating. The coating is insoluble down
to pH 2.5 level

individual PP fibers with occasional pieces of film bridging
the inter-fiber space (Fig. 3). The presence of chitosan chemi-
cal structures was further confirmed by the obtained FTIR-
DRIFT spectra, where the new adsorption bands at 1150—
1040 cm™(glucosidic bond) and 3450-3360 cm™ (OH, NH)
appeared.

The analysis of solvability of chitosan film in acidic
conditions revealed that the coated chitosan is insolvable in
water for the pH higher than 2.5 (Fig.4). The low pH level
solutions were prepared by adding appropriate amount of
HNO; to the deionized water. The pH level of solution meas-
ured before adding the chitosan coupons was considered.

The time evolution of adsorption process is shown in
Fig. 5. Two hours after the adsorption is started, filter reaches
80 % of its final equilibrium value in the batch. It was there-
fore concluded, that 2 days lasting adsorption experiment
offers sufficient time to reach the final equilibrium state.

To evaluate the theoretical adsorption capacity, which
will be achieved in real flowing conditions, the adsorption
isotherm at pH 5.5 was determined. Chitosan coated samples
were immersed into the 100 ml Cu®* solutions with the con-
centration ranging from 0.01 M to 2-10™* M. For the sake of
the mutual comparison, the adsorption isotherm was deter-
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Fig. 6. Time evolution of copper removal by the chitosan filter

mined also for the chitosan in its original flake form (as it was
found in the supplier package).

Fig. 6 shows the log-log plot of obtained results for both
forms of chitosan. According to the literature’ the Freundlich
adsorption isotherm is the most frequently used in discussion
of adsorption from liquid solutions. The formula describing
the Freundlich isotherm is

w=a-c"

where w states for the mass fraction adsorbed (the mass of
solute adsorbed per unit mass of adsorbent), c is the solution’s
equilibrium concentration, and «, b are the empirical parame-
ters. The straight dashed lines in Fig. 6 correspond to this
isotherm. For the original flake form chitosan parameters a
and b are 7.6+0.7 and 0.45+0.02 respectively. For the
coated chitosan ¢ =10.6+1.7 and »=0.58 +0.01. Clearly
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the adsorption capacity of chitosan coated on PP fabric is
higher at least by 40 %.

Although the correlation between the Freundlich iso-
therm formula and data for the flake chitosan is acceptable,
data obtained for the coated chitosan are better represented
when the formula for Langmuir adsorption isotherm is ap-
plied:

w Kc

w =1+Kc

max

Here w states for the mass fraction adsorbed, wpay is the theo-
retical maximum for w, ¢ is the solution’s equilibrium concen-
tration, and K is the Langmuir adsorption equilibrium con-
stant. The parameters wma and K for the fit shown in Fig. 6
are 313 +5mg g~ and 12.8 + 0.5 L g~ respectively.

The validity of Langmuir adsorption isotherm for the
coated chitosan can be explained by the better agreement with
the assumption used during its mathematical derivation: (a)
monolayer coverage only; (b) surface perfectly flat on micro-
scopic scale, so the all sites are equivalent; (¢) molecule ad-
sorption ability is independent of the occupation of neighbor-
ing sites. The morphology of flake form chitosan obviously
violates the (») assumption, therefore the empirical Freundlich
isotherm formula provides a better correlation with obtained
data.

At the same time, the agreement of Langmuir isotherm
for the coated chitosan data suggests that the mechanism of
copper adsorption is occurring within the frame of Langmuir
formula premises, i.e. monolayer coverage and negligible
interaction between the neighboring sites.
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4. Conclusion

The completed prototype of continuous DCSBD plasma
treater demonstrated its viability with respect to the PP sur-
face activation. Thin chitosan coating (16 wt.%) on the fibers
of polypropylene nonwoven fabric was prepared. The film
was evaluated with respect to its adsorption capacity towards
copper ions. The capacity was more than 40 % times higher
then the capacity of chitosan in its natural flake form. This
may be attributed to better availability on the active sites on
the thin flat structures of chitosan film. The adsorption behav-
ior of chitosan filter is well described by the Langmuir ad-
sorption isotherm. The theoretical adsorption capacity deter-
mined at pH level of 55 from the Langmuir isotherm is
313 +5mg g (Cu®*/chitosan).

This research has been supported by the Czech Science Foun-
dation under the contract number 202/06/P337 and by the
research intent MSM:0021622411 funding by the Ministry of
Education of the Czech Republic.
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1. Introduction

The management of solid waste is a major problem in
many parts of the world. There are many techniques for treat-
ment wates. At the beginning of XX century there were built
incinerating plants. Now conventional methods are well
known and have been applied for many years. But conven-
tional thermal treatment do not solve the problem. Its due to
oxygen presence and temperature range what leads to form
more hazardous form of wastes as dioxins and furanes. Utili-
zation carried out by means of plasma technology enable to
obtain a green technology, free of hazardous components.

An electric arc as a source of plasma can be an effective
tool for smelting of municipal and industrial wastes as well as
medical and power plant ashes. In this work we focus an in-
fluence of compounds of utilized ashes as the most hazardous
on electric arc parameters.

The arc starts to burn in the neutral gas (i.e. argon) and
then melting mineral compounds of ashes as: SiO,, CaO,
AL Os;, Fe,03, MgO etc. folowed by their gasification, thermal
decompomposition, ionization and formation of the mineral
arc plasma. Determination of the mineral compounds influ-
ence on electric arc is associated with many equilibrium and
thermodynamics parameters. The purpose of the paper is to
establish an influence of individual components to electron
density enabling following calculations.

2. Plasma for zero waste treatment

The incineration of certain wastes results in the forma-
tion of relatively highly toxic residues. The toxic leftovers
(ash, slag, filter deposits, sedimentation residues) could be
easily disposed in landfills assuming that they were first im-
mobilized and converted into a non-leaching product. When
the leftovers are heated to a sufficient temperature, their ele-
ments, including minerals and toxic heavy metals, melt and
glassify. Even partial solidification (vitrification) of those
residues requires the temperature above 1700 K, which is not
available in most incinerators but easily reachable in thermal
plasma reactors. Temperatures of the order of 10 000 K are
typical for arc in plasma furnaces and all inorganic residues
can be easily solidified. The system of plasma vitrification of
ash produces a chemically stable and mechanically resistant
product. After vitrification the mineral product looks like
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Fig. 1. Phase equilibrium of CaO

glassy, basalt structured lava (even of higher than basalt me-
chanical strength), and its main components are silicon, alu-
minum and calcium oxides in the form of chemically inactive
compounds, resistant to flushing.

The DC plasma furnace was designed in the Technical
University of Lodz and applied to treat the ash samples with
high degree of flexibility'.

In Fig. 1 the flow chart of classic fuel burning incinera-
tor combined with plasma vitrification system of all solid
residues is presented. The system is self-supplied in the elec-
tric power and it employs only single plasma furnace for vitri-
fication of solids. All the post incineration residues: ash, slag,
filter deposits, sedimentation residues are heated to a suffi-
cient temperature and their minerals and toxic heavy metals,
melt and glassify. This way every classic waste incineration
plant can be converted to zero waste emission system. The
excess of energy in the form of electricity or steam can be
sold.

3. Compounds of fly ash

Fly ash is one of the residues generated in the incinera-
tors of industrial, municipal, medical and hazardous plants as
well as combustion of coal. Fly ash consist of particles con-
taining metals as Si, Ca, Al, Fe, Mg, K. Though the majority
from ashes can be used in the more far production, particu-
larly in the building industry eg. cement production and/or
concrete products, structural fills or embankments, stabiliza-
tion of waste materiale, road base or subbase materiale, flow-
able fill and grouting mixes, mineral filler in asphalt paving,
cement in concentrate, in ceramics industry, as a filler in road
pavement, in decorative materials in glass-ceramics applica-
tion, as a fertilizers in soil amendments, as a sorbent in waste-
water treatment® but about 75 percent of fly ash generated is
still disposed of in landfills or storage lagoons. Stored ash
may contain heavy metals that are know no be harmful to
healt as nickel, vanadium, arsenic, berylium cadmium, bar-
ium, chromium, copper, molybdenum, zinc, lead, selenium,
uranium, thorium, radium’.

Plasma is the best medium to achieve temperatures
which enable efficient decomposition of waste compounds
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Table I
Chemical composition of ashes in Poland
Component Amount [%]
subbituminous lignite
SiO, 4,15-63,02 18,02-51,33
Al 05 0,81-40,43 1,03-36,78
Fe;04 2,08-57,85 8,14-18,42
CaO 1,10-51,50 2,26-53,10
MgO 0,10-23,80 1,40-11,32
SO; 0,37-30,62 1,37-19,50
Table II
Bulk chemical composition data for coal fired plants fly ash-
6,7
es”

SIOZ A1203 F8203 CaO MgO NaZO KzO SO3

Yugosla- 526 263 68 60 22 0,2 1,1 1,0
via

UK 50,1 28,1 11,7 1,6 1,5 03 06 -
USA 522 19,0 157 45 09 08 20 13

Nether- 50,5 257 6,5 43 2,2 2,0 44 -
lands

Japan 57,5 26,1 40 5,1 1,3 1,5 14 04
Taiwan 488 232 42 39 1,0 0,2 1,1 -

s

Poland 50,8 239 86 36 28 08 29 08

Saudi 523 252 46 10,0 22 - - 0,8
Arabia
China 476 234 146 12 07 1,1 - 09
(Wuhan)
Hong 50,0 37,1 3,1 340 05 0,6 - 0,7
Kong

and to neutralize toxic compounds by vitrification.
i There are only few main ashes compound (Table I and
2)™.

We used thermodynamic program CHEMSAGE to pre-
dict variety and amount of different products after heating fly
ashes in a plasma arc. Our aim is to determine temperature of
total decomposition of ash.

Fig. 2-5 shows phase equilibria for most numerous
compounds: SiO,, AL,Os3, Fe-,0;, CaO at temperature over
3000 K.

It was calculated that all compounds are in gas phase
over 4000 K and that during ash components decomposition
there are gas compounds as below:

Al, AlO, AlO,, ALLO, Al,0,, Al,O3, A,

Ca, CaO, Ca,,

Cr, Cr203, Cl”z, CrO, CI'OQ, CI'O}, CI'QO, Cr202,

Fe, FeO, FeO,,

Mg> Mgos MgZ»

Na, Na,, NaO, Na,0, Na,0,,

0, 0y, O;,

Si0, SiO,, Si, Sis, Si,0,.
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4. Metal Arc Plasma properties

Metal arc plasma consists of atoms, ions and electrons.
Argon has been used as a working gas. It was assumed that
unbounded metal occurs in the argon atmosphere and that
multiple ionization below 10 000 K is negligible.

Local Thermodynamic Equilibrium has been assumed to
calculate arc plasma composition. To determine electron den-
sity — N., atoms density — Ny, ions density — N, system of
non-linear equation must be solved

Saha-Eggert equatiuons, abbreviated as®:

NoNyo D) Qaom k) (E, -AE,
N, w,(T) W i kT

Ne.NMe+ _2

.“MH(T).(Z'”'m'k'T)% ex _Ey —AE,,
Neowe® R i

kT

Dalton’s law:

p:(NAr+N

Ar+

+N,,+N,,, +N,)-k-T

Charge equilibrium in LTE conditions:

N,=N,, +N,,. +N,

Ar+

Percentage of metal vapour in gas

x= NMe+NMe+
N,,+N,,,+N, +N,

e+

r+

where:

ua(T) partition function of argon;

ua+(T) partition function of single ionized argon;
upme(T) partition function of metal;
Upme+(T)partition function of single ionized metal;

m electron rest mass;
h Planck’s constant;
k Boltzmann’s constant;
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Ear ionization energy for argon,

Eme  ionization energy for metal,

AE,,  lowering of ionization energy for argon,
AEy. lowering of ionization energy for metal,
T absolute temperature [K];

Ay lowering of ionization energy

The partition function for considered elements has been
calculated by Drawin’.

5. Results

Calcualtion are made for mixture of metal in argon.
Fig. 6 show concentration of argon plasma components with
examined metal in function of temperature at the atmospheric
pressure.

Different compositions of metal plasma have been con-
sidered to establish correlation between metal density and
electron amounts (Fig. 6-10). On figures there are following
denotation:

e — electron density;

: 3% Cu+97%Ar
1E25 4[]

Ea] — T Ar
1E23 4
1E22 4

1E21 4

concentrations

1E20 4
Ar+

—Cu
1E19 Cu+

1E18 T T T T T T T 1
4000 5000 6000 7000 8OO0 9000 10000 11000
temperature [K]

Fig. 6. Argon with 3 % of copper

1E23, [m]

5% Cu ="

1E2%

Me(D,5% Cu)
- = =-Cu+(0,5% Cu)
Ne(1% Cu)
Cu+{1% Cu)
Ne(3% Cu)
Cu+(3% Cu)
Me(5% Cu)
- - Cu+({5% Cu)

1E2H % Cu

concentrations

0.5%Cu
1E204

1E1%

T T T T T T T ]
4000 5000 6000 T000 8000 S000 10000 11000 (K]

temperature

Fig. 7. Electron densities for different copper concentrations
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Fig. 8. Electron densities for different aluminium concentrations
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Fig. 9. Electron concentrations for different iron concentrations
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Fig. 10. Electron densities for different silicon concentrations
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Ar — argon atoms density;

Ar+ — argon atoms density;

Cu, Al, Si, Fe — atom density of copper, aluminium, silicon
and iron respectively;

Cu+, Al+, Sit, Fet+ — ion density of copper, aluminium, sili-
con and iron respectively.

Calculations have been conducted for 0,5 up to 5 %
metal ratio in argon plasma. For each examined compound
the electron concentration mainly depends of concentration of
ions of examined element. Even 1 % addition of metal deter-
mine electron densities in plasma.

6. Research chamber

An electric arc burns between two 6 mm graphite
electrodes. One of the electrode is hollowed. The metal sam-
ple is placed in this hollow with addition of detecting material
— copper. The distance between electrodes is 3 mm. The re-
search chamber enable pirometry, spectroscopy and visual
process registration

Fig. 11 show frame from high speed camera with 12 000

1/60000 sec

+00:00:00.430667 sec

Fig. 12. Optical set-up. US — scanning device, SP — spectrograph, D
— diaphragmas, P — prisms, S — lenses, ES — entrance slit, F — pho-
tomultipliers
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Fig. 13. Example of temperature calculation

frames per second.

The main parts of the measuring arrangement are: the
optical set-up and the data collecting equipment. To measure
time-dependent temperature profiles at an arc cross-section,
a special scanning technique was used. The optical set-up was
composed of two main units: the scanning device — US and
the spectrograph — SP (Fig. 12).

The polycone prism of the scaning device unit was
driven with a compressed-gas propelled turbine up to 1000
revolutions per second. It was possible to reach a scanning
time of 5-107 swith a scanning frequency 12 000 full profile
scans/s. In this way only a single test was necessary to obtain
the time variation of temperature profiles in an arc cross-
section. With the use of the scanning unit the arc image focu-
sed on the entrance slit SW of the spectrograph SP was scan-
ned. Diaphragm D4 was designed to select spectral lines char-
acteristic for copper — 510,55 nm and 521,82 nm. Two spec-
tral lines selected by the diaphragm D4 and splitted by the
prism PS5 were detected by two photomultipliers F1 and F2.
Signals from photomultipliers are recorded by osciloscope.
Measurement of the plasma channel temperature are based on
the relative line intensities spectroscopic technique. Fig. 13
show a part of two lines intensities recorded by oscilloscope
and calculated temperature for arc burning between graphite
and copper 6mm electrodes, current 20 A, voltage 60 V. Dis-
tance between electrodes 3 mm. The arc unit volume are com-
puted from Abel’s transformation.

7. Conclusion

In this paper, we have presented an effect of metal pres-
ence in argon plasma. In literature influence of electrode ma-
terial was presented'’. Many authors presented influence of
different working gases. Double- and multiatom gases usage
enable to carry much more thermal energy than in case of one
atom gases“’lz.

Assumed that mineral additions will be injected in con-

II Central European Symposium on Plasma Chemistry 2008

trolled way into the arc through one of the electrode. Electric
arc burns in argon as a working gas where considered com-
pounds are melted following gasification and ionization.
There are dosed into the arc channel changing series of prop-
erties. Estimate of influence for these components is con-
nected with calculation of equilibrium and thermodynamics
parameters.

Addition of chemical compounds into neutral gas in
which burns an electric arc change heat transport conditions
due to their thermal conducticity. Resistance and electrical
conductivity is changed. In plasma stream with molecular
gases there have been created a large amounts of unbounded
atoms.

Electric arc stability depends on two factors: source
quality parameters and resistance changes during the process.
The resistance influence voltage. Additions of mineral com-
pounds changes effective ionization potential and in effect
conductance. It has been estimated that minimal addition of
metal vapour strongly changes plasma composition what re-
sults by changing plasma properties. Even 0,5 % of metal
vapour determine electron quantity in plasma in temperature
up to 7000 K. Number of electrons influences on electric
parameters and thermodynamic state. The 3 % amount of
metal vapour determine electron quantity in temperature
lower than 9000 K what is sufficient in the most plasma waste
treatment technologies.

The scientific work has been financed by the Ministry of Sci-
ence and Higher Education (MNiSW) under the programme
1754/B/T02/2007/33.
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1. Introduction

Sterilization is very important biomedical process be-
cause of possible disease effect of microorganisms to human
body. Its potential pathogenesis presents a danger for
a healthy person but most for in-patient and postoperative full
weakened patients.

Sterilization process has to inactivate all microorgan-
isms and their vegetative form too.

Sterilization by ethylene oxide is one of many low tem-
perature techniques. Ethylene oxide could be very useful to
sterilize heat sensitive materials but there is a major problem
with its carcinogenicity and high absorption in plastics. Long
time is needed for this physical sterilization process too'.

Gamma rays irradiation is another low temperature ster-
ilization method. Ionizing radiation affects DNA molecules
and changes its structure that causes inactivation of a microor-
ganism’. But it is necessary to have well protected working
box and well-educated staff to control this sterilization proc-
ess. Gamma ray can change inner structure of sterilized ob-
jects too’.

Autoclaving is a sterilization method which uses high
pressure and temperature to inactivate microorganisms. So it
is very harmful for heat sensitive materials but very useful to
sterilize glass, metal or ceramics.

Plasma sterilization process at atmospheric pressure
eliminates many problems like high ionizing irradiation, pres-
ence of toxic substances, high temperature or long operative
duration. There is a several mechanism to inactivate microor-
ganisms. It is irradiation of DNA molecule, interaction of
reactive species (oxygen and nitrogenous molecules) with
biomolecules. The UV irradiation incurs structural changes of
nuclear acids and other biomolecules and reactive species
causes erosion of microorganisms by its extremely high reac-
tivity* .

A bacterium Escherichia Coli as a model microorganism
was used to determine an inactivation effect of plasma sterili-
zation by using high frequency atmospheric pressure plasma
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discharge. To confirm the sterilization attainments a special
selective medium was used.

Emission spectroscopy is very effective method to ob-
tain physical plasma characterization in a short time without
affect to plasma discharge. Presence of reactive species in
plasma discharge during a sterilization process was confirmed
and rotational and vibrational temperature was obtained by
optical emission spectroscopy. Presence of UV wave range in
plasma discharge was confirmed too.

2. Experimental

To generate a plasma discharge high frequency genera-
tor CESAR 1310 with frequency 13,56 MHz, matching unit
WM 1000 A and argon as a working gas was used. Gas flow
was set to 2,5 slpm for all sterilization experiments. A power
electrode was connected from matching unit to silica glass
tube with inner diameter of 2 mm”®. Distance of power elec-
trode from mouth of silica glass tube was different depending
on working power output.

Plasma discharge was created in the glass tube and got
to the strip of filter paper with an experimental sample with
volume of 25 ul. This strip was placed on the Petri dish in
distance of 2 mm from mouth of silica glass tube. Transla-
tional device to scan whole sample by plasma discharge dur-
ing a sterilization process was used. Fig. 1 shows experimen-
tal device for plasma sterilization.

Different plasma sterilization conditions were used.
Power output of plasma sterilization device was altered. Sev-
eral counts of scans were realized.

The experimental sample was made of a bacterium Es-
cherichia Coli with count of 10'® CFU mI™. To verify a ster-
ilization effect of plasma discharge a selective culture me-
dium Presence-Absence broth’ was used.

When using a plasma sterilization device without plasma
discharge (gas flow only), a control sample was made. To
perform a control sample two scans was applied.

To confirm a presence of reactive species and UV wave

- —— vy
/- | I—
£ 5
oressfe
o
LU USTITTE
drasslesy
1
CESAR 13140

Fig. 1. Scheme of plasma sterilization device; 1) high frequency
generator, 2) matching unit, 3) working gas, 4) silica glass tube with a
power electrode, 5) Petri dish with an experimental sample, 6) spec-
trometer, 7) computer
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Table I
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Measured sterilization data for high frequency atmospheric pressure plasma discharge

Origin — [CFU ml™"] Power output Counts of scans D S
1,721-10" without discharge 2 Yellow / With germ
1,721-10" | Red / Germfree
1,721-10" 2 40 mm Red / Germfree
1,721-10" pw 3 Red / Germfree
1,721-10" 4 Red / Germfree
1,246-10" without discharge 2 Yellow / With germ
1,246-10" | Red / Germfree
1,246-10" 50W 2 50 mm Red / Germfree
1,246:10" 3 Red / Germfree
1,246-10" 4 Red / Germfree

D — distance of power electrode from mouth of silica glass tube, S — sample after plasma sterilization process, CFU/ml — Colony

Form Unit / ml

range in plasma discharge used for sterilization process and
get a physical plasma characterization the spectrometer Ho-
riba Jobin-Yvon FHR 1000 with CCD camera was used. To
recognize atomic molecular lines software Spectrum Analyzer
1.6 was used’.

To determine a rotational and vibrational temperature
the optical emission spectroscopy was applied. To acquire a
rotational temperature the molecular OH anion bend, QIl
branch for transition *£ — *IT, was used. To get a vibrational
temperature the molecular N, bend, heads 0-2, 1-3 and 24,
was used.

Rotational and vibrational temperature was measured in
plasma sterilization device configuration with plasma dis-
charge only and plasma discharge with Petri dish too.

During a sterilization process a plasma discharge was
applied. Plasma jet scanned the strip with an experimental
sample (in the various count for each experiment). Than the
strip was added into the Presence-Absence broth and was
cultivated at 35° C for 48 hours. The selective medium was
colored to yellow in presence of bacterium and stayed red in
the germfree.

3. Results and discussions

A measured data of plasma sterilization experiments and
its outgrowths are encapsulated in Table I. Two power output
readings were used. For every power output a several counts
of scans were executed.

It is shown the high frequency plasma discharge has a
positive sterilization effect to the experimental sample with a
bacterium Escherichia Coli for all conditions of plasma dis-
charge we used. It is shown the gas flow without a plasma
discharge has no sterilization effect to the experimental bacte-
rium sample.

Fig. 2 and Fig. 3 show that presences of reactive species,
which are one of several sterilization factor of plasma sterili-

N, 1, 0-0, 337,1300 nm

N, I, 0-1, 357,6900 nm

N, 1, 0-2, 380,4900 nm

306 308 310 312 330340350360370380
wavelength, nm

Fig. 2. N, and OH reactive species, power output 50 W, gas flow
(Ar) 2,5 slpm

| 12000

a. u.
10000 -

8000 -

N, 1, 2-0, 297,6800 nm

OH |, 1-0, 282,0900 nm, Q1

6000 -

NO |, 0-2,247,1100 nm
NO |, 0-1, 247,8700 nm
NO I, 0-3, 258,7500 nm
NO |, 0-1, 259,5700 nm

NO I, 0-1, 236,3300 nm
NO 1, 0-1, 237,0200 nm

NO |, 0-4,271,3200 nm
NO |, 0-4, 272,2200 nm

4000 |

2000 -

280 290 300
wavelength, nm

250 260 270

240

230

Fig. 3. NO, N, and OH reactive species, power output 50 W, gas
flow (Ar) 2,5 slpm

zation, were confirmed. To determine a character of reactive
species the software Spectrum Analyzer 1.6 was used'’. The
NO, N, and OH reactive species were located. It is recogniz-
able that plasma discharge we used for plasma sterilization
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Fig. 3. Rotational and vibrational temperature of plasma discharge with (a) power output 45 W, gas flow (Ar) 2,5 slpm, (b) power output
50 W, gas flow (Ar) 2,5 slpm, (C) power output 45 W, gas flow (Ar) 2,5 slpm, (d) power output 50 W, gas flow (Ar) 2,5 slpm

contains many reactive species in wide range of its wave
length.

Fig. 3 shows that plasma discharge sends out rays with
wave range of 260-290 nm. This wave range come in to the
UV wavelength, witch is a major sterilization effect of plasma
sterilization.

UV radiation is responsible for structural changes of
essential biomolecules in cells. Subsequently this changes
cause malfunction of these molecules'!. The range of 260-265
nm is absorbed by nuclear acids (DNA, RNA) and causes the
highest germicide effect of UV range of 240-280 nm and the
range of 280-290 nm is absorbed by enzymes which are an-
swerable for repairing of nuclear acids'>.

Fig. 4 shows a dependence of rotational and vibrational
temperature on the position of emission spectroscope probe.
Measuring of plasma discharge with Petri dish and discharge
only was taken.

It is shown the rotational temperature descends with
position of probe from electrode to mouth of silica glass tube.
The vibrational temperature is invariable in position of spec-
troscope probe from electrode to position 4 mm into the silica
glass tube.

For every power output we used it is shown that the
rotational and vibrational temperature is smaller for plasma
device configuration with plasma discharge and Petri dish
than for configuration with discharge only in position of spec-
troscope probe. This fall of temperature of plasma discharge
with Petri dish is recognizable from 4 mm into the glass tube
to out of this tube.
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Fig. 4 demonstrates curves of rotational temperature for
two power output we used for plasma sterilization experi-
ments. It is shown to get a lower rotational temperature rather
power output of 45 W than power output of 50 W is needed to
set.

4. Conclusions

The high frequency atmospheric pressure plasma dis-
charge was taken to test its potential sterilization effect ~ on
the experimental strip of filter paper with a bacterium Es-
cherichia Coli.
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Fig. 4. Rotational temperature, power output 45, 50 W, gas flow
(Ar) 2,5 slpm, plasma discharge with Petri dish
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The experimental samples were germfree for all plasma
sterilization conditions we used — different power output and
counts of scans were set. A control sample confirmed no ster-
ilization effect of gas flow (argon as a working gas) without a
plasma discharge.

By using optical emission spectroscopy presence of
major plasma sterilization effectors, reactive species and UV
rays, was confirmed.

Many reactive species in wide range of plasma dis-
charge wave length were recognized, mostly OH, NO and N,
reactive species. UV wavelength in wave range of plasma
discharge we used for plasma sterilization was detected.

From emission spectroscopy a dependence of rotational
and vibrational temperature of plasma discharge on position
of spectroscope probe was acquired.

These obtained results are very important to optimize
very promising alternative sterilization method, atmospheric
pressure plasma sterilization. This method could substitute
present-day used physical and chemical sterilization methods,
which stand up to new sterilized object with special features —
heat, pressure and chemical sensitivity.

This research has been supported by the grant 202/07/1207,
by the Czech Science Foundation and by the research intent
MSM: 0021622411 funding by the Ministry of Education of
the Czech Republic.
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Introduction

For many centuries, paper was the main recording me-
dium all over the world. Paper due to the influence of wide
range of agents (chemical composition, climatic conditions,
biological agents etc.) undergoes different degradation proc-
esses that result in alarming conditions of many historical
documents. One of the problem that has to be solved is the
paper biodeterioration by microbiological agents.

The microbial contamination of the paper materials is
a serious problem of many archives and libraries. Among the
microorganisms present in archives, the microscopic fungi,
commonly known as moulds, play the most important role'.
The Czech National Library in cooperation with Czech Na-
tional Archives studied the microbial contamination of old
prints originated from 16th — 17th century. The presence of 78
different fungi was prooved”. The most visible effect of the
paper biodeterioration due to the fungi are the colour stains
that originated either from the presence of the fungi itself
(fungi mycelium or spores) or as the result of the fungi me-
tabolites. Other important effects are both mechanical corro-
sion due to the growth of fungi and enzymatic degradation.
All of these processes result in the loss of the paper mass and
decrease of the paper strength’.

Generally, the material sterilization can be achieved by
chemical and/or physical means, such as heat, chemical solu-
tions, gases and radiation®. Majority of conventional steriliza-
tion techniques are associated with some level of damage to
the material or medium supporting the microorganisms. This
does not present any problem, in case where material preser-
vation is not an issue’. However, in case where the preserva-
tion of the material is the imperative duty, new techniques
have to be developed.

In past year many studies were done in the field of
plasma sterilization. For an extensive coverage on the sterili-
zation application in low-pressure plasmas, the reader is re-
ferred to reference®. An overview of sterilization application
in atmospheric pressure plasma was given in reference’ more-
over the influence of the UV on sterilization process is de-
cribed. In recent years, the influence of low-pressure plasma
on the biodeteriorated paper and on the paper mechanical and
chemical properties was studied®’.

Basically, the main inactivation factors for cells exposed
to plasma are heat, UV radiation and various reactive speci-
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es™!°. Each of the single mechanisms mentioned above is

germicidal, but they always occur in combinations in the gas
plasma and can enforce the sterilizing effect synergistically'’.
The extent of the influence of each factor depends on the
plasma operating parameters (applied electrical power, gas
mixture, the gas pressure, etc.)’.

This contribution presents results of the paper steriliza-
tion using atmospheric pressure DBD. Moreover the effect of
the plasma treatment on the paper morphology and colorimet-
ric properties were studied.

Experimental

The experiments were carried out in a Plexiglass dis-
charge reactor (Fig. 1) with the dimensions 120 x 118 x 120
mm’. The discharge burned between two plane metal elec-
trodes, both covered with Al,O; ceramics, 0.5 mm thick. Di-
mensions of metal electrodes were 40 x 40 mm and dimen-
sions of AlO; ceramics covering the electrodes were
100 x 100 mm. The distance between electrodes was 4 mm in
the case of nitrogen and argon plasmas and 10 mm when he-
lium plasma was used. The sample was fixed in the middle of
the discharge gap. The scheme of the experimental set-up is
shown in the Fig. 2. High voltage with the frequency of 6 kHz
was used for discharge generation. The plasma power density
was varied from 83 m W cm ° to 1080 m W ¢cm™. The work-
ing gas flow rate was 3 slm in all cases. The discharge pa-
rameters were studied by means of the optical emission spec-
troscopy. The spectra emitted by the discharge were recorded
with the Jobin-Yvon TRIAX 550 monochromator equipped
with 1200 grmm™ and 3600 grmm™ grattings and liquid
nitrogen cooled CCD detector. The spectras were recorded in
range 200-960 nm. From optical emission spectra, some
plasma parameters such as vibrational and rotational tempera-
tures were determined.

Aspergillus niger F8189, the fungi which is commonly
found in libraries and archives'?, has been chosen as a bio-
indicator to evaluate the plasma microbial inactivation. The
fungi was obtained in Czech collection of microorganisms
(Masaryk University Brno — Faculty of Science). The culture
of Aspergillus niger was cultivated on wort agar (wort + agar
powder Himedia RM 026). The spore suspension was pre-
pared by pouring 5 ml sterile water with Tween 80 into the
Aspergillus culture and the surface was gently scraped with
a wire. The obtained spore suspension was centrifuged three
times and the supernatant was discarded. The spore suspen-

Power input

Al,O; Plate

2 2

=i =
Gas < Gas
outlet inlet

Electrode

Fig. 1. Scheme of DBD reactor
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DBD reactor

Fig. 2. Scheme of the experimental set-up

sion was diluted in sterile water with Tween 80 in order to
obtain suspension containing roughly 10° spores/ml (Biirker
cell was used for spore counting). Afterward the sterilized
Whatman paper no. 1 was placed on wort agar in Petri dish
and 100 pl of the prepared spore suspension was inoculated
on the paper samples. The samples were incubated for seven
days at 25 °C. Before the plasma treatment, the paper samples
were reached from agar medium and dried for 24 hours at 25 °©
C. After the plasma treatment the samples were immersed into
10 ml of sterile water with Tween 80 and placed overnight on
the Horizontal Receptable Shaker in order to wash away the
spores from the samples. The spore suspension was diluted
and dispersed on wort agar plates. After 72 hours of incuba-
tion the number of colony forming units (cfu) was counted
(Fig. 3). Quantification of the plasma treatment effect was
carried out via the survival factor S = N; cpu/Neo (Nt cru —
number of colony forming units/ Ny — concetration of the
spore suspension placed on wort agar).

Fig. 3. Re-cultivated samples after 3 days: A/ non-treated sample,
70 cfu; B/ sample treated in Argon for 40 s, plasma power density
305.6 m W cm”, 41 cfu; C/ sample treated in Ar for 240 s, plasma
power density 305.6 m W cm™, 0 cfu

Results

The plasma was studied by optical emission spectros-
copy in order to understand the processes, which are present
during the plasma sterilization. The OES spectra were taken
through the Pyrex glass window, therefore the radiation below
300 nm was absorbed.

The rotational temperature was calculated from the in-
tensities of rotational lines of OH 0-0 system in case of rare
gasses discharges and from the structure of rotationally unre-
solved 0—2 vibrational band of 2™ possitive system of nitro-
gen in the case of nitrogen discharge''. The rotational tem-
perature corresponds to temperature of neutral gas. Rotational
temperatures of Ar, He and nitrogen plasmas (given in Tab. I)

II Central European Symposium on Plasma Chemistry 2008

Table I
Examples of rotation and vibration temperatures
Gas/power Trot [K] Tyir [K]

N,/ 1083 m W em™ 400 + 100 2220 +20
He/ 889 m W cm™ 290 + 30 2900 + 160
He/516.7m W cm™ 310+ 20 3600 + 400
Ar/83.33m W cm™ 310+ 10 1700 + 200
Ar/305,6 m W cm™ 320+ 10 2300 + 400

are low enough to ensure the treatment of temperature sensi-
tive samples by means of this plasmas. Vibrational tempera-
ture was calculated from the 2™ pos. system of nitrogen (C*T1,
- B31'Ig,, Av = =2 sequence). The vibrational temperature
gives us information about excitation level of plasma. The
thermal non-equilibrium of plasma can be seen from the val-
ues of the rotational and vibrational temperature given in Tab.
L

The effectiveness of the plasma treatment was reported
as the survival factor. The effect of the plasma power input
and treatment time using nitrogen plasma has been evaluated
from the data shown in Fig. 4. Plasma power density was
varied from 262 m W em ™ to 1083 m W cm >, As it can be
seen in the Fig. 4, survival factor decreases with increasing
the treatment time. The most significant reduction of the
survival factor was obtained within 20 s regardless of the used
plasma power density or procces gas (Fig. 5). Further increas-
ing of the treatment time leads only to very slight decrease of
the survival factor. This may be due to the ,,shadowing® ef-
fects by spores protecting the underlying layers'*'">. More-
over, the porosity of the paper has to be considered. The
spores may penetrate into the paper material and embed in
pits and cavities'®. Such penetration could preclude the inter-
action of plasma with the spores, thereby decreasing the effi-
ciency of spore inactivation. Therefore further study has to be
done in order to evaluate the contribution of spore concentra-
tion and material porosity to the inactivation process. The
total removal of the fungi was observed using treatment time
of 180s and plasma power input 1083 m W cm . When
working with the lower plasma densities longer exposition
time is necessary.

Similar results were obtained for all process gases. To
compare the inactivation efficiency of nitrogen, argon and
helium the plasma power density approximately 300 m W cm™
was used (Fig. 5). The best results were obtained for argon
plasma. When operating plasma discharge with plasma densi-
ties of 300 m W cm™ the nitrogen plasma seems to be more
effective in microorganism inactivation than the helium
plasma. For the higher plasma power input, the helium plasma
gives much better results, this can be explained by increase of
the intensity of O and OH peaks. In order to obtain the same
results in nitrogen/ helium as in argon approximately three
times (1083 m W cm )/ two times higher plasma power input
(516 m W cm™) is required.

Possible inactivation processes were provided and com-
mented in the review paper by Moisan®, which included: (a)
direct destruction of the genetic material of microorganism by
UV radiation; (b) erosion of microorganisms, atom by atom,
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Fig. 4. Survival factor of Aspergillus niger vs. treatment time,
nitrogen was used as a working gas, plasma power input was varied
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Fig. 5. Comparison of the inactivation efficiency of nitrogen, ar-
gon and helium plasma, plasma power density approximately
300 m W cm

by intrinsic photodesorption; (¢) erosion of microorganisms,
atom by atom, through etching. Taking into account more
recent work on low-temperature plasma inactivation at atmos-
pheric pressure, following inactivation mechanisms should be
added’: (d) diffusion of oxygenated species (e.g. OH) through
the spore material with ensuing local damage; (e) lyses of the
bacterium as a results of the rupture of its membrane due to
the electrostatic forces exerted on it by accumulation of
charged particles coming from the plasma (proved only
Gram-negative vegetative spores).

According to Laroussi’, the UV radiation does not play
the prominent inactivation role in atmospheric plasmas. Con-
trary to this statement, Boudam’ proved that spore inactiva-
tion, depending on operating conditions, can be achieved
either under dominant UV radiation or, on the contrary, under
the sole action of the reactive species.

Generally, the most efficient microbial DNA destruction
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is obtained with the UV radiation in interval 220-270 nm
(ref.'®). Since the significant light intensity losses in our OES
occurred in the wavelengths below 300 nm, we are limited to
the wavelengths above 300 nm, and thus we are not able to
evaluate the influence of the UV radiation on the fungi de-
struction.

However, the higher inactivation efficiency of argon and
helium plasma could result from the presence of impurities in
our process gases. The OES spectroscopy prooved the pres-
ence of OH radical and atomic oxygen (Fig. 6). These species
can contribute to the higher sterilization efficiency as men-
tioned above. Further the second possitive system of molecu-
lar nitrogen was presented in both argon and helium plasma
and molecular bands of ionized nitrogen in helium plasma. In
nitrogen plasma, only the second positive system of nitrogen
was observed in the spectra mainly due to the strong absorp-
tion of Pyrex glas below the 300 nm.

Besides the UV radiation and presence of the reactive
species, the temperature can play important role during micro-
organism inactivation. Sterilization by heat is one of the con-
ventional methods used for thermally resistant material sterili-
zation®. The contribution of this effect could be low because
of low value of rotation temperature (see Tab. I). Except for
the nitrogen plasma, the rotation temperature of argon and
helium plasma is more or less the same. In the case of nitro-
gen plasma the temperature can contribute to the plasma ster-
ilization process.

Furthermore the interaction of the DBD with the plain
paper material was studied. The paper samples were treated
under the same conditions as the samples containing Aspergil-
lus niger spores. Treatment time up to 240 s was used and the
total plasma power density was according to the working gas
varied in the range 83.33 m W cm > to 1083 m W cm . After-
wards, the colorimetric measurements (colorimeter X-Rite
918) were done to evaluate the changes in paper whiteness
and yellowness due to the plasma treatment. The whiteness of
the paper decreases with increasing of both the treatment time
and/or the plasma power density. Table II. compares the influ-
ence of varying plasma power density on the paper colour.

The yellowness of treated paper increased after the
plasma treatment, however for argon and helium treated paper
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Fig. 6. OES spectrum of Argon plasma, plasma power density
83 m W cm™ and 1080 m W cm’

s1447



Chem. Listy 102, s1445-s1449 (2008)

Table II

Changes of the paper whiteness (A WHT) and yellownes
(A YEL). Paper was treated in Argon for 240s, mi-
nus = decrease, plus = increase

Power [m W cm™] A WHT AYEL
83.3 -3.87 +1.85
180.6 —4.53 +2.03
305.6 -7.24 +2.34
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Fig. 7. The whiteness of the paper after the plasma treatment.
Different plasma power input for each gas is used, in order to com-
pare the samples treated under conditions when the sterilization effi-
ciency was same for all gases

this change was not eye-visible. Fig. 7 compares the influence
of different plasma gases on the paper whiteness. The plasma
power input, when the same sterilization efficiency was ob-
tained is used for each gas (Ar — 305.6m Wcem >, He —
516 m W cm >, N, — 1083 m W cm ). The highest change in
the paper whiteness was observed for the argon plasma. Ac-
cording to the literature'® the paper yellowing and lost of pa-
per strength results from the oxidation of the cellulose fibers.
The presence of the atomic oxygen was proved using OES
(Fig. 6). The presence of oxygen and nitrogen in OES can
give us the assumption on the presence of NOy species in the
discharge, but this statement cannot be proved due to the Py-
rex glas spectral cutoff below 300 nm.

Furthermore the structure of the paper was investigated
using SEM microscopy. No significant changes were ob-
served after the plasma treatment in the used range of operat-
ing conditions.

Conclusion

The DBD discharge generated at atmospheric pressure
could be used as the efficient technique for the paper steriliza-
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tion. The efficiency of the plasma sterilization increases with
increasing treatment time and plasma power density. Mini-
mum treatment time over 150 s is required in order to achieve
satisfactory sterilization in all used plasmas. The interaction
of the plasma discharge with the paper substrate causes the
slight decrease of the paper whiteness and yellowness of the
paper samples.

Further studies will be done in order to study the sterili-
zation efficiency of DBD on wide spectrum of microorgan-
isms, moreover the influence of the plasma treatment on the
chemical and mechanical properties of the paper materials
will be studied.

This work was supported by the Czech Science Foundation
contracts No. 202/03/H162, by Grant Agency of Academy of
Science of Czech Republic contract No. KAN101630651 and
by the Research Intent from Ministry of Education, Youth and
Sports of Czech Republic No. MSM0021622411.
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and P. Stahel” (“ Institute of Physical and Applied Chemistry,
Faculty of Chemistry, Brno University of Technology, Brno,
b Department of Physical Electronics, Faculty of Science,
Masaryk University, Brno, Czech Republic): Paper Steriliza-
tion by Atmospheric Pressure DBD Discharge

In this paper, the removal of the microbial contamina-
tion from paper material using the plasma treatment at atmos-
pheric pressure is investigated. The Aspergillus niger has
been chosen as a bio-indicator enabling to evaluate the effect
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of plasma assisted microbial inactivation. Dielectric barrier
discharge (DBD) operated at atmospheric pressure was used
for the paper sterilization. The working gas (nitrogen, argon
and helium), plasma exposition time and the plasma power
density were varied in order to see the effect of the plasma
treatment on the fungi removal. After the treatment, the mi-
crobial abatement was evaluated by the standard plate count
method. This proved a positive effect of the DBD plasma
treatment on fungi removal. Morphological and colorimetric
changes of paper substrate after plasma treatment were also
investigated.
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Introduction

Progress in life sciences is increasingly caused by utili-
zation of unrelated technologies and knowledge. Microelec-
tronics, optics, or material sciences as well as nanotechnology
nowadays are key technologies in modern medicine. A similar
trend can be expected concerning plasma technology. Plasma
medicine as an independent medical field is emerging world-
wide — comparable to the development of laser technology
years ago. Plasma medicine can be subdivided into three main
components: plasma surface modification, plasma bio-
decontamination, and — as the central field — therapeutic
plasma application. The scientific basis of plasma medicine is
a fundamental knowledge of the mechanisms of plasma inter-
action with living cells and tissue (Fig. 1).

In the areas of plasma surface modification and plasma
bio-decontamination, plasma is used to treat surfaces and
products to improve their bio-applicability and bio-
performance, respectively, to use it for therapeutic purposes.
Whereas in these fields, both low-pressure and atmospheric
pressure plasmas can be used, for direct therapeutic plasma
applications only atmospheric pressure plasma sources can be
used.

Plasma surface modification

Plasma surface modification is a state-of-the-art tech-
nique to optimize medical implants and biological diagnostic
tools™?. Own experiences include the alteration of surface
energy to increase the wettability of polymer surfaces by
plasma treatment®, plasma-induced chemical micropatterning
for cell culture control* as well as plasma-based polymer coat-
ing of implant surfaces to optimize its biocompatibility as

Plasma Medicine

Surface Biological

Modification

Therapeutic
Applications

Deconta-
mination

Plasma Cell/Tissue Interaction

Fig. 1. Plasma medicine: scientific basis and main components
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well as bio-functionality®. A new and very promising applica-
tion is the plasma-assisted coating of surfaces to realize the
controlled delivery of active substances as antibiotics or cells
for therapeutic use®.

Plasma bio-decontamination

Plasma based antimicrobial treatments of sensitive prod-
ucts are in the focus of scientific research and development
for several years. The technological potential of non-thermal
plasmas for the antimicrobial treatment of heat sensitive mate-
rials is well known’®, One of the main advantages of proc-
esses using atmospheric pressure plasmas is the possibility to
adapt it to a great extent to special product requirements”.
There is a huge chance to use atmospheric pressure plasma
sources for effective antimicrobial treatment of sensitive as
well as intricate medical products like medical catheters
(Fig. 2) and diagnostic devices as well as pharmaceutical
packaging materials'®™,

Fig. 2. Modular arrangement of Rf-driven plasma jets for cathe-
ter treatment™*

Therapeutic plasma application

The use of physical plasmas for bio-decontamination
just as first surgical plasma applications like argon-plasma
coagulation (APC)** are mainly based on lethal plasma
effects on living systems. However, there is an additional
huge potential of low temperature plasma application for
therapeutic fields, which will be based on non-lethal, stimulat-
ing plasma effects on living cells and tissue™*,

An extremely promising field will be the plasma-based
treatment of chronic wounds. A selective antimicrobial
(antiseptic) activity without damaging surrounding tissue,
combined with a controlled stimulation of tissue regeneration
could revolutionize wound care. Other fields are the treatment
of skin diseases, tissue engineering, or tumour treatment
based on specific induction of apoptotic processes. First prac-
tical applications of plasmas for wound healing have been
interpreted to be very promising, but are only empirical indi-
vidual case reports™. Own present studies are focussed on the
verification of a selective antiseptic effect of an atmospheric
pressure plasma source, i.e. the inactivation of infectious mi-
cro-organisms on living tissue like wounds without damaging
side effects. Second step of this work is to investigate the
chance of plasma-based stimulation of cell proliferation and
tissue regeneration. This is investigated using in-vitro cell
culture models to establish a scientific basis for following
systematic clinical application studies. The aim of this work is
to develop a plasma-based device for effective wound antisep-
tics combined with stimulation of wound healing (Fig. 3).
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In viva antiseptic efficacy + inactivation
of endatoxi
Plasma debridement: necrosis + peeling
of cell debris including microorganisms

Fig. 3. Concept of multi-stage selective plasma-application for
wound healing

Outlook

The main challenge to open up systematically new and
promising fields of plasma application in life sciences is to
understand the basic physiological and biochemical mecha-
nisms of plasma interaction with living cells and tissue. This
includes the systematic investigation of direct plasma effects
on growth and vitality of cells just as indirect plasma effects
on the vital environment of cells and tissue. On a solid scien-
tific basis, new therapeutic plasma applications e.g. in derma-
tology, surgery, or dentistry, will be opened during the next
years'’.
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Introduction

Non-thermal plasmas have recently received increased
attention because of their use in ,,clean technology* industrial
applications'. The fact that these plasmas can be generated in
large volumes and at atmospheric pressure makes them very
attractive for various industrial applications'. However, if
ambient air is used as the background gas, several serious
difficulties are encountered in the plasma generation process.
Amongst these are prohibitive power requirements, high gas
temperatures, and disrupting instabilities. For the mentioned
industrial applications the so-called ,,Diffuse coplanar surface
barrier discharge” (DSCBD), enabling to generate macro-
scopically homogeneous plasma in ambient air*’ appears to
be to be a very efficient solution. This novel type of discharge
has already been successfully used for the treatment of the
nonwoven fabrics, foils, wood, paper and glass®.

Also in the industry producing metallic films and sheets
the treatment of surfaces by non-equilibrium plasma could be
solution for environmentally safe and low-cost in-line proc-
essing. For temporary corrosion protection or lubrication
sheet metals are coated by organic oils. This coatings need to
be removed in advance of further metal manufacturing proc-
esses. Usually, the cleaning is performed in wet alkaline or
acid baths; however, these chemical treatments are problem-
atic from environmental point of view. Therefore the non-
equilibrium atmospheric-pressure plasma treatment seems to
be a suitable alternative to the above-mentioned methods'®"".
Another advantage of such a cleaning could be better per-
formance concerning the activation of the treated surface what
is useful for further coating of the surface. The aim of our
experimental study was to investigate the possibility of the
use of DCSBD discharge for the surface cleaning of alumin-
ium and to evaluate the durability (ageing effect) of such
a treatment.

Experimental apparatus and method

The simple scheme of experimental apparatus is shown
in the figure 1. Surface modification was carried out using the
Diffuse Coplanar Surface Barrier Discharge (DCSBD) gener-
ated in air at atmospheric pressure.

The DCSBD electrode geometry consists of 38 parallel
stripline silver electrodes embedded 0.5 mm below the sur-
face of 96 % Al,O; ceramics (see Fig. 2). The discharge was
powered by 14 kHz sinusoidal voltage, supplied by HV gen-
erator LIFETECH VF 700. The active plasma area has the
dimensions 200 x 80 mm. The thickness of the plasma layer
generated on the surface of the Al,O; ceramics is approxi-
mately 0.5 mm. The power supplied to the reactor was ap-
proximately 332 W. The 1 x 20 x 70 mm size samples were
cut from 99.5 % aluminium metal sheet. The samples were
sonicated for 6 minutes in acetone prior to the plasma clean-
ing. By the treatment they were attached to a plastic cart. The
cart was moving trough the discharge area at a constant speed
carrying the sample. The distance between sample surface and
the surface of the Al,O5 ceramics was 0.3 mm. By changing
the cart speed it is possible to change the treatment time.

In general, a good wettability of metal surface is consid-
ered a good indication that organic contamination was virtu-
ally absent from the cleaned surfaces. As a consequence, the
following surface energy measurement was used as an indica-
tione of the plasma surface cleaning effciency.

After the plasma cleaning the contact angle of one drop
of distilled water (2 pl) on the treated surface was measured
by the means of the Surface Energy Evaluation System (SEE
System'?; Advex Instruments s. r. 0., Czech republic). Sup-
plied See Software 6.0 firmware was used to process the
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Fig. 1. Simple block scheme of experimental apparatus
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Fig. 2. Schematic drawing of the DCSBD electrode arrangement
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droplet images and calculate the contact angle. Each resulting
contact angle is an average of 20 measured values.

The ageing effect of the treatment was also studied. The
contact angle measurement of the samples treated for a period
of 3 s was done at several selected times (every hour in the
interval form O to 8 hours and then at 24, 48 and 72 hours
after the treatment). During the ageing study the samples were
stored under ambient conditions. The results were compared
to the untreated samples and to the treated samples stored in
vacuum.

The possible changes in the morphology of the plasma-
treated aluminium surfaces were investigated by the means of
AFM microscopy using the Solver P47-PRO (NT-MDT Co.,
Russia) AFM setup. As a well defined aluminium surface the
surface of Al-coated Si-wafers was used. The DCSBD plasma
treatment was done in ambient air at the discharge power of
332 W. The treatment time was 3 s, the distance between the
sample and the electrode surface was 0.3 mm during
the treatment. By the means of AFM measurements the root
mean square (RMS) roughness of the aluminium surfaces has
been evaluated.

Experimental results and discussion

In the fig. 3a and 3b the shapes of water drops placed on
untreated and plasma-treated sample, respectively, are shown.
The discharge power was 332 W, the distance between sam-
ple and the surface of the dielectrics was 0.3 mm and the
treatment time was 3 s.

In the fig. 4 the dependence of contact angle on the
treatment time is shown. From the figure it is clear that after
the treatment lasting for 1 s the contact angle changes dra-
matically. 3 s lasting treatment causes almost maximum wet-
tability of the surface. The observed effect can be explained
through the plasma induced removal of organic contamination
from the treated aluminium surface'' with possible increase in
surface —OH groups density, which are responsible for the
wettable properties of oxide surfaces.

In fig. 5 the ageing effect of the 3 s treatment is shown.
The contact angles on the sample stored in ambient air are
compared to the contact angle of sample stored under vacuum
and the contact angle of an untreated sample. From the figure
it is clear that the wettability of the treated surface decreases
with the storage time. This can be assigned to the adsorption
of organic compounds from the surrounding ambient on the

a b

Fig. 3. Photographs (a) and (b) showing the shapes of water drops
placed on an untreated alumium surface and on the air plasma-
treated aluminium surface, respectively. The discharge power was
332 W, the treatment time was 3 s
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Fig. 4. Contact angle measurements on aluminium surfaces
treated by the plasma generated at the discharge power of 332 W
in ambient air
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Fig. 5. Ageing effect of the ambient air plasma surface treatment.
Treatment time 3 s, discharge power 332 W, stored under ambient
conditions and vacuum

treated surface, which leads to the decrease in the free surface
energy of the treated surface. This conclusion is supported by
the result of the vacuum storage of the treated surface, where,
due to the considerably lower content of the organic com-
pounds in the surrounding ambient, the contact angle retained
at lower value when compared with the surface stored in am-
bient air.

In the fig. 6 the AFM images of the untreated as well as
the plasma-treated aluminium surfaces are shown. The com-
parison of the RMS values for the untreated and the plasma-
treated aluminium surface revealed, that the 3 s lasting plasma
treatment, which time is optimal to achieve the hydrophilisa-
tion of the surface, led to the slight increase in the roughness
of the treated aluminium surface. The obtained value of the
RMS roughness in the case of the untreated aluminium sur-
face was 1.533 nm, whereas it’s value in the case of the
plasma-treated aluminium surface was 1.866 nm.
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Fig. 6. AFM images of (a) untreated sample and (b) ambient air
plasma treated aluminium surface. Scanned area: 2 x 2 pm

Conclusions

Presented results of the plasma activation of aluminium
surface demonstrate that the DCSBD plasma is an effective
tool in enhancing the wettability (Fig. 4) of the treated sur-
face. Treatment time of 3 s is sufficient enough to turn the
treated aluminium surface hydrophilic. The observed effect
was assigned to the removal of the organic contamination
from the treated surface with possible increase in the surface
hydroxyl groups density. The ageing effect of the treatment
was observed, the wettability of the treated surface decreases
with the storage time. This was assigned to the adsorption of
the organic compounds from the surrounding ambient on the
treated surface, which assumption was supported by the result
of the vacuum storage experiment.

The AFM measurements showed slight increase in the
surface roughness of the aluminium surface treated by the
plasma at the treatment time of 3 s.

The preliminary results indicate that this novel atmos-
pheric-pressure plasma source may be useful for the activa-
tion of the aluminium surface.

II Central European Symposium on Plasma Chemistry 2008
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A novel type of barrier discharge, the so called Diffuse
Coplanar Surface Barrier Discharge (DCSBD) operating in air
at atmospheric pressure, has been used to clean the surface of
aluminium. The effect of plasma treatment was studied by the
means of the contact angle measurements on water droplets
dropped on the treated aluminium surface. The presented
experimental results show an efficient cleaning of the alumin-
ium surface even after short plasma exposure (1-3 sec). The
durability of the treatment (ageing effect) was also investi-
gated. The atomic force microscopy AFM was used for more
detailed evaluation of the surface topolygy changes.
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Introduction

Many critical systems in spacecraft or vacuum technol-
ogy involve relative motion of contacting surfaces. Most of
the applications require the use of low friction rate lubricants,
taking into account the need for low power consumption and
extreme reliability in a wide range of environments'.

The increased interest in MEMS has raised the request
for long-term stable micro actuators. However, the require-
ments on reliability, durability and local pressure will be com-
parable to macroscopic applications. One major problem is
the lack of tribological optimized surfaces for micro parts. As
a solution, microtribological coatings are used* ™.

The plasma deposition of thin films with low friction
coefficient have been intensively investigated in recent years® .
The most known examples are the plasma deposited DLC
diamond-like coatings® "%,

An increasing interest in plasma deposition of thin films
under atmospheric pressure, with the use of alkylsiloxanes
compounds as the precursors'™'*' is observed. The interest
stems not only from economic reasons, as compared with the
low pressure methods used up to now, but also from the stead-
ily increasing role of surface and demand of new utility prop-

Table I
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erties of materials, as well as from the exhaustion of possibili-
ties of the traditional technologies'>™"”.

The goal of the investigations was to study the process
of thin film deposition from decamethyltetrasiloxane
(DMTOS) mixtures with argon and oxygen, which can be
applied in MEMS (micro electro mechanical systems).

Experimental

The aim of the work was to determine the optimal con-
ditions of depositing films in DBD (dielectric barrier dis-
charge) under atmospheric pressure'?. The process was car-
ried out for 15 minutes at 1.5 kV voltage and 3—4 kHz fre-
quency. Decamethyltetrasiloxane (DMTOS) of C;oH30Si40;
formula was the precursor. The films were deposited on
monocrystalline silicon <100> surfaces, at 100-400 °C from
0.04 % DMTOS + O, +Ar mixtures at overall gas flow of
12dm’h™ and oxygen concentration in the range of
0-1.42 %.

The obtained films were studied by:

—  Composition: Infrared Spectroscopy with Fourier Trans-
formation (FT-IR).

—  Friction coefficient: Linear tribometer (designed at 1.6dZ
University, with a %4” ball of ZrO, modified with Y,0;,
under the loads of 30-90 mN. Rate of ball shift with
respect to the surface studied — 10 mm min™', number of
repetitions 4.

—  Composition: Auger Electron Spectroscopy (AES) using
a MICROLAB-350, produced by Thermo Fischer, using
electron energy of 10 kV.

—  Surface topography: Atomic Force Microscopy (AFM)
produced by Park Scientific Instruments.

—  Film thickness was measured by ellipsometry at
632.8 nm wavelength using Ellipsometr II (Applied
Materials).

Results and discussion

In the studies carried out attention has been put on the
effect of the surface temperature and oxygen content in the
mixture on the properties of films.

On the basis of IR studies, for mixtures 0.04 % DMTOS
+ O, + Ar comprising 0-0.18 % of oxygen it was found that
with an increase in the surface temperature a decrease in the
intensity of absorption bands characteristic of Si-CHj, Si-

Characteristics of thin films deposited from the mixture of 0.04% DMTOS +Ar

Sample Temperature [°C] Thickness [nm] Composition Fiction coefficient
C [%] O [%] Si [%]

29 KR 100 85.5 42.4 18.9 38.7 0.048 £ 0,006

30KR 200 55.8 36.4 22.1 41.5 0.123 £0,014

32KR 300 37.0 26.7 27.3 46.0 0.262 + 0,028

31KR 400 41.8 304 27.2 42.4 0.442 + 0,044

Si 0.072£0,014
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Table II
Topography of the surface of films deposited at various tem-
peratures form the 0.04 % DMTOS + 1.42 % O, + Ar mixture

40KR 43KR

689nm
I S75nm 15000nm I "

‘/]500(]1:11

15000 nm

temp.100°C ~ RMS=32.4 nm temp.200°C  RMS=16.6 nm
42KR 41KR
15000nm §7omm 270nm
/ 15000nm I
15000 nm %‘;
temp.300°C RMS=16.5 [ temp.400°C RMS=2.3 nm
nm

(CHj3)3, Si-O-Si, Si-O and Si-O-C groups occurs, as well as
that of the CHy group decays. The results of FTIR studies of
films deposited from mixtures containing from 0.72 % to
1,42 % of oxygen show a decrease in the intensity of bands
characteristic of Si-CH; and Si-(CH;); groups, as well as an
increase in that of Si-O-Si linkages with an increase in the
surface temperature. XPS studies of thin films deposited from
the mixture of 0.04 % DMTOS +Ar (films deposited from the
mixture of 0.04 % DMTOS +Ar) revealed that with an in-
crease in the surface temperature the carbon content in the
layer decreases from 42 % to about 27 % (tab. I).

Topographic studies of the surface of films showed that
with a rise of the surface temperature, the roughness (RMS)
of films deposited from the 0.04 % DMTOS + 1.42 % O, +
Ar mixture decreases (tab. II).

In the case of films deposited from other mixtures no
such relation was found. The value of the friction coefficient
for layers deposited from 0.04 % DMTOS + Ar mixtures
shows a clear increasing tendency with a rise of the surface
temperature. The lowest friction coefficient of 0.048 was
obtained at 100 °C. It was also found that an increase in the

Table III
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Fig. 1. FTIR spectra of films deposited at 100 °C from the 0.04 %
DMTOS + O,+ Ar mixture with different oxygen content

surface temperature as well as increase in the oxygen content
in the mixture caused a decrease in the rate of the deposition
of films.

Studies carried out by means of infrared spectroscopy
showed differences in the composition of films deposited at
100 °C from the 0.04 % DMTOS + (0-1.42 %) O, + Ar mix-
tures (Fig. 1).

With an increase in the oxygen concentration in the
mixtures, a decrease in intensity of the absorption bands char-
acteristic of Si-O-Si and Si-O-C groups (800 cm™') as well as
of Si-CHj and Si-(CHs); ones (1260 cm™) has been observed.
For films deposited at 200 °C no relationship between the
films’ composition and oxygen content in the mixture was
found.

XPS studies revealed that an increase in the oxygen
content in the gas mixture caused a decrease in the carbon
content of the film from 42 % to about 23 % and an increase
in the silicon content from 39 % to 47 % (tab. III). The silicon
to oxygen ratio in the films was 2:1 and was analogous as in
Si-O-Si linkages, despite an increase in the oxygen concentra-
tion in the mixture from 0 % to 0.72 %. For oxygen concen-
tration of 1.42, the Si : O ratio decreases and is equal to 1.57.
The friction coefficient of these films is equal to 0.225 and is
larger than that for films deposited from mixtures with
(0.72 %) oxygen (0.082) and without oxygen (0.048).

In coatings 29KR and 44KR the presence of CH(CH3)
OCH(CH3)OCH(CH3)O- linkages was observed. The pres-

Characteristics of thin films deposited from the 0.04 %DMTOS + O, + Ar mixture with different oxygen content

Sample O, content [%] Thickness [nm] Composition Fiction coefficient
C [%] O [%] Si [%]

29 KR 0 85.5 42.4 18.9 38.7 0.048 + 0,006

34KR 0.18 176.6 36.5 21.2 423 0.251 £ 0,007

44KR 0.72 74.8 36.9 20.1 43.0 0.085+ 0,010

40KR 1.42 35.8 22.6 30.1 473 0.225+0,016

Si 0.072+£0,014
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Table IV
Concentration of carbon linkages in coatings with small friction coefficients
Sample O, content Binding energy Content Assigned group
[%] [eV] [at. %]
286.64 9.5 (CH;CH,),0
29KR 0 287.60 30.2 CH(CH;)OCH(CH3)OCH(CH3)O-
288.92 2.7 (-CH,C(0)O-),
283.73 7.9 C
44KR 0.72 284.69 16.1 C
285.84 9.3 C
287.06 3.6 CH(CH3)OCH(CH;)OCH(CH3)O-
Table V

Friction coefficient of layers deposited on various surfaces at 100°C, from 0.04 % DMTOS +Ar and 0.04 % DMTOS + 0.72 % O,
+ Ar mixtures

Friction coefficients

Type of surface Film deposited from mixture

Pure surface

0.04 % DMTOS +Ar 0,04 % DMTOS 0.72 % O+ Ar

Polycrystalline silicon 0.580 +0.031 0.160 +0.016 0.162+0.018
Aluminum 0.499 £ 0.054 0.237 +£0.024 0.206 +0.013
Silicon nitride 0.203 £0.016 0.181 £0.011 0.241 £0.019
Polisiloxane 0.4-0.75 1.151 £ 0.097 0.263 £0.011
Parilene 0.450 +0.013 0.058 + 0.006 0.310 +0.022
ence of these groups the film is probably REFERENCES
responsible for the low friction coefficient value (Tab. IV). 1. Gangopadhyay A. K., Vessel W. C., Tamor M. A,

Topographic studies of the films surface carried out by
means of an atomic forces microscope did not show a rela-
tionship between the addition of oxygen and surface structure
and roughness of the deposited films. Tribologic studies did
not show a correlation between the addition of oxygen, sub-
strate temperature and the friction coefficient value. In order
to check the tribologic properties of films of selected parame-
ters, they were deposited on other surfaces, such as polycrys-
talline silicon, aluminum, silicon nitride, polysiloxane and
parilene (tab. V).

Conclusions

The films deposited at 100 °C from a 0.04 % DMTOS +
Ar mixture had a from 2 to 8 times smaller friction coefficient
than that of the surfaces used. A two-fold smaller friction
coefficient was also obtained for films deposited at 100 °C
from a 0.04 % DMTOS + 0.72 % O,+ Ar mixture on an alu-
minum bed and from polysiloxane.

Films deposited from these mixtures have promising
tribologic  properties and can be utilized in micromechanics
as films decreasing the friction coefficient.

This work was financially supported by Warsaw University of
Technology, Poland
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Z. Rzanek-Boroch?, K. Gradkowska®, A.Ilik", and
A. Kosinski® (“ Faculty of Chemistry, Warsaw University of
Technology, Warsaw, °Faculty of Physics and Chemistry,
University of £6dz, £6dZ, € Institute of Physical Chemistry
Polish Academy of Sciences, Warsaw, Poland): Effect of the
Decamethyltetrasiloxane Films Deposition Parameters On
Their Properties

In the barrier discharge under atmospheric pressure, thin
surface films were obtained from decamethyltetrasiloxane
(DMTOS) as a precursor. The experiments were carried
out in a laboratory reactor of controlled surface tempera-
ture (100-400 °C), at 3.3 kHz frequency. The films were
deposited on surfaces of monocrystalline silicon <100> from
mixtures of 0.04 % DMTOS + O, +Ar; oxygen concentration
in the range of 0—1.42 %. The films obtained at 100 °C from
mixtures of 0.04 % DMTOS + Ar, 0.04 % DMTOS + 0.72 %
O, + Ar showed a smaller friction coefficient than that of
silicon, and, therefore, they were applied as self-lubricating
films on other surfaces used in MEMS .
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Introduction

Glass surface plays important role in nowadays techno-
logical practice concerning, for example, automotive and
structural glass manufacturing, hard disk manufacturing' and
applications in the field of microbiology. In the mentioned
applications sufficient cleanliness of the glass surface is re-
quested. At ambient conditions the glass surface is contami-
nated by adsorbed hydrocarbons and, for example, dust parti-
cles™®. Such a contamination may result, for example, in
lesser adhesion between bulk glass and the material bonded to
it. This can result in delamination of various functional films
created on the glass surface. Therefore it is important to en-
sure certain level of glass surface cleanliness according to
specifications of the corresponding technological process.
There are several cleaning methods available: dust particles
can be blown, rubbed or washed away, for example by soni-
cating in organic solvents as acetone and various alcohols’.
To remove organic contamination various wet cleaning proce-
dures can be chosen, UV and ozone cleaning® and heating of
the glass surface to high temperature®. Most often the wet
cleaning procedures are used which comprise cleaning by the
use of organic solvents and/or strong acids and bases’. How-
ever, large volumes of aggressive and toxic chemicals used in
this case are disadvantageous®. Environmental, safety and
economical issues promote new method of glass surface
cleaning — the plasma cleaning®®. Advantages of the plasma
cleaning are the lower production of hazardous waste and the
shorter treatment times. Results of the glass surface plasma
cleaning are furthermore, to some extent, applicable in the
area of silicon surface treatment due to the fact, that the glass
surface and the native/thermal silicon oxide surfaces are prac-
tically the same?. In this paper results of plasma cleaning of
glass surface by a novel type of barrier discharge, Diffuse
Coplanar Surface Barrier Discharge (DCSBD), are presented.
Treated glass surfaces were characterised by the means of
contact angle measurements, AFM, SIMS and MALDI TOF
MS analyses.
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Experimental part

As the plasma source, the so called Diffuse Coplanar
Surface Barrier Discharge (DCSBD) was used. This type of
discharge produces a thin layer (~0.5 mm) of atmospheric-
pressure non-equilibrium plasma even in strongly electro-
negative gases (e.g. pure oxygen) without any admixture of
helium”'’. The plasma layer is produced on the surface of flat
alumina slab, which serves as the dielectric barrier in the
DCSBD electrode system. Samples to be treated are attached
on a movable sample holder, which moves them over the
surface of the alumina slab during the treatment to ensure
homogeneity of the treatment (Fig. 1). The distance between
the surface of the sample and the surface of the slab was set to
0.3 mm. The whole setup is installed in a plexiglass reactor
which allows to perform the treatments in various working
gas mixtures.

Contact angle measurements were carried out on See
System surface energy evaluation system (Advex Instruments
s. 1. 0., Czech republic). Distilled water was used as the meas-
uring liquid. Microscope slides with dimensions 76 x 26 mm
were used as the glass substrates. They were pre-cleaned by
sonicating for 5 min in acetone prior to the plasma treatment.
The treatment has been carried out in three various working
gases — ambient air, pure nitrogen and pure oxygen — at the
discharge power of 300 W, at various treatment times. To
investigate the ageing effect of the surface treatment, air
plasma treated samples (355 W, treatment time 3 s, samples
weren’t moved during the treatment) were stored under ambi-
ent conditions and the water contact angle has been periodi-
cally measured.

In order to get the information about the surface con-
tamination changes, SIMS and MALDI TOF MS analyses
have been carried out on the treated substrates. SIMS analysis
was carried out on TOF SIMS 1V setup (ION-TOF, Ger-
many). The samples with dimensions 1 x 1 cm were cut from
microscope slides. The analysis was carried out on as-
received samples, samples sonicated for 5 min in acetone and
samples sonicated for 5 min in acetone and subsequently air
plasma treated at 290 W discharge power for 5 s. The parame-
ters of the SIMS analysis were as follows: static SIMS; pri-
mary ions: Ga; mode: He-bunched; primary ion dose density:
5102 cm™%; analysed area: 200 x 200 mm?>.

MALDI TOF MS analysis was carried out on AXIMA —
CFR setup (Kratos Analytical, UK). Microscope cover slides
with dimensions 15 x 15 mm were used as the samples. The
samples were sonicated for 5 min in acetone and subsequently
dried out by a stream of air at ambient temperature. Plasma
treated sample was subsequently treated for 30 s by DCSBD

SAMPLE HOLDER

DIRECTION OF THE MOVEMENT / BAIL

T@ - [

i
PLASMA
SAMPLE
LAYER
<€—— DCSBD
ELECTRODE

Fig. 1. The sample treatment scheme
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plasma generated in ambient air at the discharge power of
524 W. The parameters of the MALDI TOF MS analysis were
as follows: nitrogen laser with A=337 nm was used; laser
power: 170; mode: linear, positive; matrix: 3-hydroxy-
picolinic acid (OHP).

In order to analyse topographical changes in the plasma
treated glass surfaces, AFM measurements using Solver P47-
PRO setup (NT-MDT Co., Russia) have been carried out. The
samples with dimensions 1 x 1 cm were cut from microscope
slides. They were subsequently sonicated for 12 min in ace-
tone, 12 min in isopropylalcohol and 12 min in distilled water
and finally dried off by the stream of pure nitrogen. The
plasma treatment was done at the discharge power of 390 W
in ambient air, at various treatment times. Overall topography
and the RMS roughness were investigated.

Results and discussion

In Fig. 2 results of the contact angle measurements are
shown. From the figure it is clear it was possible to make the
samples hydrophilic, even at the 1 s treatment time. Gener-
ally, the contact angle values decrease with increasing treat-
ment time. The increase in the wettability of the plasma
treated glass surfaces is, probably, due to the removing of the
organic contamination from these surfaces. The better per-
formance of the ambient air plasma could be a combination of
the above mentioned process and a possible increase in the
surface hydroxyl —OH groups density, which are responsible
for the hydrophilic properties of the glass surface"', due to the
presence of water vapour in the working gas®.

The energy consumption to achieve such a result was
estimated to ~ 5-10° W s m ™ of the glass activated; compared
to the performance of the so called plasma jet systems with
energy consumption estimated'? to ~5-10°W s m™ there is
two-order difference in the energy consumption in favor of
the DCSBD system.

In Fig. 3 the ageing effect of the air plasma treatment is

35+
30

254

Contact angle, °

20

i =N

o -
-
N
w
IS
(3}
=

Treatment time, s

Fig. 2. Contact angle measurements on glass samples treated by
the plasma generated at the discharge power of 300 W in various
working gases: ® —ambient air, © — pure nitrogen, m — pure oxygen
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Fig. 3. Ageing effect of the air plasma surface treatment. Treat-
ment time 3 s, discharge power 355 W, stored under ambient condi-
tions

shown. It is clear, that values of the contact angles increase
with the increasing storage time, which could be subscribed to
the deposition of organic contamination on the glass surface
from the surrounding ambient.

The SIMS analysis of air plasma treated glass surfaces
showed overall decrease of organic surface contamination,
which is indicated by the increase of the intensity of the Si
peak, as the basic substance of the glass, and decrease of the
peaks of organic fragments 413u’, 441u’, 763u’, 255u, 283u”
and 405u” (Tab. I). On the other hand, however, increase in
the intensity of the peaks 149u”, 430u” and 446u” was de-
tected, probably due to the polymerization of shorter organic
fragments (Tab. I). Generally, washing of the samples with
acetone greatly reduced the overall contamination of the sur-
faces, while subsequent plasma treatment led to further reduc-
tion of the contamination, which is in good agreement with
the results of the contact angle measurements.

Table I
Intensity values (in cts) of ionic peaks measured by SIMS
(u denotes atomic mass unit)

Tonic specie

Sampl,
ampre sit 1490°  413u" 441’ 7630’
asreceived 1278935 20648 12765 1033 -
acetone 2612296 85859 1725 183 58
washed
flasma 3041832 254390 355 - 25
reated
Ionic specie

Sample

255u 283u 405u” 430u” 446y
asreceived 23586 4944 426 - 141
acetone 2229 596 71 - -
washed
plasma 188 365 - 561 403
reated
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Fig. 4. MALDI TOF MS spectra acquired on untreated (black
one) and plasma treated (ambient air, 30 s treatment time, 524 W
discharge power — red one) glass surfaces. Note the spectrum for the
plasma treated surface has been shifted for better clarity

Results of the MALDI TOF MS analysis are shown in
Fig. 4. From the figure it is clear, that air plasma treatment led
to the decrease of the organic contamination on the glass sur-
face, as indicated by the 13-fold decrease in the amplitude of
the signal for the plasma treated sample in comparison with
the untreated sample (note the spectrum for the plasma treated
sample has been shifted for better clarity, i.e. it’s zero was set
over 200 000 in the figure). This result is again in good agree-
ment with the results of the contact angle measurements and
the SIMS analysis.

In Tab.II are listed the results of the RMS surface
roughness AFM measurements conducted on the plasma
treated glass surfaces. From the data it is clear, that a distinct
change in the RMS roughness appears at the treatment times
longer than 20 s. As for the hydrophilic surface treatment of
glass the treatment times less than 5 s are sufficient (Fig. 2),
the changes in surface roughness play no role in this case. In
Fig. 5 are depicted the AFM images of the glass surface un-
treated, plasma treated for 20 s and plasma treated for 60 s.

Conclusions

A novel type of barrier discharge, the so called Diffuse
Coplanar Surface Barrier Discharge (DCSBD), was used for
the surface treatment of glass. Even short treatment times, on

Table 11
RMS roughnesses of the plasma treated glass surfaces

Treatment time [s]
0 2 5 10 20 60

RMS 1.065 079 1.729 0809 1.13 11.63
rough-
ness
[nm]
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Fig. 5. AFM images of the air plasma treated glass surfaces. The
discharge power was 390 W, the treatment time was: a) 0 s, b) 20 s
and ¢) 60 s

the order of seconds, were sufficient to make treated glass
surfaces hydrophilic. By the means of the SIMS and MALDI
TOF MS analyses it was shown, that the removing of the
organic contamination from the treated surfaces by the action
of DCSBD plasma plays important role in the improvement of
the wettability of the glass surface. The AFM measurements
showed no significant changes in the surface roughness of the
glass substrates treated by the plasma at the treatment times of
20 s and less. The energy consumption of the DCSBD system
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was estimated to ~ 5-10° W s m™ of the glass activated, which
is 2 order less than the energy consumption of the competing
plasma jet systems.

This research has been supported by the Slovak Scientific
Grant Agency, Project No. VEGA 1/4014/07, by the Slovak
Research and Development Agency, Project No. APVV-0491-
07, by the research project MSM0021622411 of the Ministry
of Education of the Czech Republic and by the research pro-
ject KAN 101630651 of the Czech Academy of Science.
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1. Introduction

Wetting of solid substrates by liquids is a fundamental
phenomenon with relevance to both the technological and
natural worlds. Applications include the spreading behaviour
of liquids on coatings, as well as flows in oil reservoirs and
chemical reactors.

For solid surfaces, the concept of wettability is defined
by mean of surface energy. The surface free energy is the
extra energy needed to form a material surface exposed to gas
or vacuum. The surface energy of the films is an important
factor due to the fact that it can give some clues to the surface
properties of the thin film could be crucial for applications of
various branches of industry.

Surface modification can change surface chemical com-
position and structure and the surface free energy. The exact
knowledge of the surface free energy of films is essential for
optimizing deposition parameters and coatings processes.

A common way of estimating solid surface energies is to
measure the contact angle that a liquid makes with its surface.
The contact angle measurements can be performed by estab-
lishing the tangent angle of a liquid drop with a solid surface.
An imaging system (SEE SYSTEM) was used to measure
contact angle of testing liquids droplets on the deposited
films.

This measurement is considered to be a relatively sim-
ple, useful and sensitive tool for assessing hydrophobicity or
hydrophilicity of a surface'.

This technique is generally applied only to low energy
solid surfaces, as most available liquids as water and ethylene
glycol have relatively low surface tensions and wet solids
with higher surface energy. In the contact angle measurement
process, the selection of appropriate test liquids is sometimes
sophisticated?.

If the energy required to create the solid-liquid (yy) in-
terface is greater than that required for creation of a solid-
vapour (ys) interface, then the critical angle will be greater
than 90°. In other words, the liquid will bead up on the sur-
face to minimize the solid-liquid interfacial area.

For DLC films deposited on different substrates the
evaluation of the surface energy with contact angle measure-
ment using different liquids represents an optimum method®.
The diversity of methods used for the deposition of diamond-
like carbon films provides the flexibility to tailor their proper-
ties according to specific needs and potential applications.

The aim of this paper is to analyse the surface free en-

II Central European Symposium on Plasma Chemistry 2008

ergy by meaning of the contact angle of the nanostructred
carbon thin films deposited by an original method:
Thermionic Vacuum Arc (TVA). By variations of plasma
treatment conditions it is possible either to increase or de-
crease the wettability of the surface

2. Experimental set-up

The deposition of the DLC thin films was carried out by
the Thermionic Vacuum Arc (TVA) method. Because this
system can heat any material at relevant temperature it is one
of the most adequate deposition technologies for evaporate
and condensate on a substrate high melting point materials.
Moreover, it has been already reported to be a very suitable
method for deposition of high purity carbon thin films with
compact structure and extremely smooth, just convenient for
nanostructured film synthesis®.

Thermionic Vacuum Arc (TVA) deposition method
consists from an externally heated cathode surrounded by a
Wehnelt cylinder. The vapors are obtained by heating the
material with thermo electrons generated by the externally
heated filament of a circular form placed above the anode.
The anode used was a graphite rod’.

The cathode and the vacuum chamber are grounded, so
the carbon plasma has a potential against the chamber wall
equal with the cathode potential fall. On the substrate are
deposited, with the evaporated neutral atoms, the incident
energetic ions.

The cathode can be mounted in various positions against
the anode. The highest density of plasma vapors is obtained
above the anode. Due to the potential differences between the
plasma potential and the walls, the ions are accelerated to the
chamber walls.

Practically, the deposition takes part in the vapors of the
anode materials, the deposited film containing only the ions of
this material and therefore the energy of ions could achieve
values up to 500 V. In this way the carbon film is bombarded
during its deposition by carbon ions with established value of

energy.
In Fig. 1 is presented the experimental setup. The sym-
metry of the cathode anode arrangement allows
3 « Electrons
= .
Support e MNeutral atoms
e *® ® Samples @ lonized atoms
.0®°
o+ @ @
- @c ,
o *®

Mabile carbonrod * 0. -

\ @®
(anodej-. Y /;/,k
N5
| ! Wehnelt Cylinder

i I (grounded)

4

Fig. 1. Experimental setup of the Thermionic Vacuum Arc (TVA)
system
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Table I
Experimental parameters for the deposition of the DLC films
on samples

Sample B3 B5 B7 B8 B10 Bll1 BI2
no.

d [em] 20 29 28 30 31 35 35
It [A] 50 50 51 50 45 53 45

a perpendicular bombardment of the electron beam on the
anode surface.

Due to the high energy dissipated in the unit volume
plasma, the material is strongly dispersed and completely
droplets free. The obtained thin film was very smooth and in
some experimental conditions had a nano-scale structure.

In Table 1 are presented the main experimental parame-
ters involved in this study: the distance between samples and
the point of the ignition of the discharge (d) and the intensity
of the heating current of the filament (lf). The voltage ap-
plied ranged between 2 kV to 4 kV.

The variation of the contact angle measurements with
ion energy is believed to be correlated to the topography of
the films’™.

An imaging system (SEE SYSTEM) was used to meas-
ure contact angle and shape of testing liquids droplets for the
prepared samples. This system mainly consist of a device with
a adjustable view-station sample support and a CCD camera,
which observe a liquid drop on the studied surface and
a computer software that calculates the contact angle, the total
free surface energy and her components'’.

For making the measurements, samples were placed on
the top of a miniature height adjustable view-station in front
of the CCD camera. Static contact angles were measured in
the horizontal direction.

The drops of 0.5 pl volumes was released on the thin
film surface in 10—15 locations and the data were averaged.
Small droplets of constant volume were used for the measure-
ments in order to minimize gravitational effects.

During the measurements the room temperature was
22-25 °C and the contact angle for spread liquid droplets was
determined from the side view.

For determination of the free surface energy some
mathematical formulas were used, for equations of states
models (Kwok-Neumann model, Li-Neumann model, Wu
model) and for OWENS-WENDT method.

Because plenty of samples have to be analyzed for deter-
mination of the surface energy the results can differ from
sample to sample and in consequence the statistical free en-
ergy distributions could be undesirably distorted by the non-
uniformity of the samples. Therefore we snapped the drops of
various liquids on one sample only and we determinate the
contact angle from these snaps.

The operator selects the points of the interface with
a normal error distribution, being discredited due to the finite
resolution of the analyzed bitmap. The generated values of
contact angles were analyzed with the two-liquid equations of
states models and with OWENS-WENDT method and com-
pared'".

The accuracy of the values obtained is essentially in-
fluenced by the test liquids selected. On the one hand an in-
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fluence on the surface by the test liquid by partial etching or
dissolving must be ruled out. On the other hand, the surface
tension of the test liquid must not be changed by soluble sub-
stances possibly existing on the solid surface. If one or both of
the described processes take place, this manifests itself by
a strong variation of the measured contact angles in spite of
a visually homogeneous surface, and by a poor reproducibility
of the results.

3. Results and discussions

The contact angle method uses the ability of a liquid to
flow in response to the tension generated by the differences in
surface energies at the solid — liquid contact line.

Typical images frames acquired by the image analysis
system described above are displayed in Fig. 2. The figure
shows a printout of the sample of experimental measurement
for ethylene glycol and water spreading on polycarbonate
substrate. Selection of several points of solid-liquid and lig-
uid—vapor interface makes possible to fit the drop profile and
to calculate the tangent angle of the drop with the solid sur-
face. The contact angle for spreading of liquid droplets was
determined from the side view. These data were digitalised
and measured using the SEE SYSTEM software.

The equilibrium contact angle was given by Young
when a drop of liquid lies on a solid surface. Young’s equa-
tion is'>'%:

Ysv— Vs1= Y]VCOSG (1)
where ys1, Ysv, and yLy are solid-liquid, solid-vapour and
respectively liquid-vapour interfacial tensions which measure
the free energy, 6 is the equilibrium contact angle.

The OWENS-WENDT method requires the use of at
least two test liquids with known surface tension and its polar
and dispersive contributions. Each additional liquid will in-
crease the accuracy of the estimation'”.

Fig. 2. Pictures of the droplets on sample B3 (up) and samples
B12 (down)
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The formula for equation of states proposed by Kwok-
Neumann in combination with the Young’s equation gives:

cosh = — 1 +2 v/ 1) [1-0,0001057(vi, ~ v)*]  (2)

The equation derived by Li and Neumann combined
with Young’s equation yields:

€080 = 142 (v / 71) "2 exp(=0,0001057(viy — y5)>  (3)
Wu suggested for equation of state the following expres-

sion:
7 (1+cosoO) 4)

¢ 4

where vy, is function of interaction parameter on the surface
free energy.

The equation proposed by Owens and Wendt is an
extension of the equation give by Fowkes and propose a divi-
sion of the total surface energy in two components: the disper-
sive force component y* and hydrogen bonding component yP.

va=rotn 27t +Jrery) ©)

Combining this equation with Dupre’s formula the fol-
lowing term is obtained”:

2( Yo e riy? ) ©)

In Table II are presented the values obtained for the
contact angle in the case of the two liquids used for measure-
ments: water and ethylene glycol.

The data in the table shows clearly that there are differ-
ences in the contact angles between the treated films that were
closer of the ignition of plasma and the films obtained at
a biger distance from the plasma.

The obtained values of the contact angle, in the case of
water as testing liquid, vary from 77.44° to 90.34° and
a constant increase is observed for samples B8, B10, B11 and
B12.

Using ethylene glycol as liquid test the obtained values
are between 51.27° and 61.42° and the samples B11 and B12
present 5 respectively 6 degrees visible increased compared
with the previous samples.

In Fig. 3 the total film surface energy calculated with the

(1 +cos 0);/, =

Table IT
Contact angle values for DLC films

Sample Contact Error Contact angle Error
no. angle ethylene glycol
water [°] [°]

B3 80.67 0.40 53.93 1.46
B5 77.68 0.28 55.28 0.39
B7 79.46 0.34 51.53 0.32
B8 77.44 0.36 51.27 0.32
B10 83.25 0.20 54.62 0.18
Bl11 85.37 0.52 60.39 0.41
B12 90.34 0.27 61.42 0.33
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Fig. 3. Equations of states approaches

two liquids by mean of equations of states approaches are
presented.

As can be noticed in Fig. 4 the total free surface energy
of the thin film present, for Kwok-Neumann and Li-Neumann
methods, have the same increased linear pattern for the first
four samples with values of the surface energy from 33.23 to
34.86 mJ m* (K-N method) and 33.63 to 35.28 mJ m ™ (Li-N
method).

For the last three samples a decreased is observed from
32.28 to 28.53 mJ m > (KN method) and 32.67 to 28.89 mJ m™
(LiN method), the values of the surface energy for the two
equation of state mentioned above are almost the same.

A similar distribution is observed for the Wu approach,
with smaller values of the surface energy from 31.58 to 26.23
mJ m™.

In Fig. 4 are represented the variation of total surface
energy g, Of the dispersive component gpw and the polar
component gap obtained by mean of Owens Wendt model.

The total surface energy and LW component (g w) pre-
sent the same variation of the surface energy and values are
between 27.86-32.55 mJ m™ for g and 17.85-27.99 mJ m™
for LW component of the energy. The gag component de-
scribe a plot variation whit values from 26.23 to 31.71 mJ m™.

4, Conclusions

The SEE SYSTEM device and software offers an easy
way to determine the surface energy of thin films deposited
on different substrates.

The contact angle measurements of the samples depos-
ited by TVA method have shown reproducible results ranging
from 90.34 to 77.44 degrees for water and 51.27 to 61.42
degree for ethylene glycol which implies low ion energies of
surface energy values. In this way, it was proved a hydropho-
bic character of these films.
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Introduction

The performance and cycle life of each battery are sig-
nificantly affected by the type of separator used in these bat-
teries. The separator is placed between the positive and nega-
tive electrodes to prevent physical contact between them
while enabling free ion flow. There are many requirements for
a material to be a good separator, such as high chemical sta-
bility, small thickness, appropriate porosity and pore size,
mechanical strength, dimensional stability and wettability®.
Porous polypropylene membrane (i.e. Celgard) fulfills most
of these requirements except wettability. Polyolefines are
hydrophobic polymers and modification is necessary to gain
some hydrophilicity to make them suitable as separators.
Commonly used methods include applying surfactants or
priming the membranes with certain solvents. Such treatment
however improves the wettability only temporarily, since the
surfactant is subjected to washing away by the liquid electro-
lyte upon cycling and storage®. In the last decade application
of low-temperature plasma for hydrophilization of polymer
surfaces has grown rapidly. From all plasma techniques —
plasma modification, polymerization, etching and plasma-
induced grafting — the last-named seems to be the most suit-
able for it can give permanently hydrophilic surfaces. In the
literature one can find some remarks on the electrochemical
properties of polyolefin membranes grafted with poly(acrylic
acid)?. Published results are however scarce and give no infor-
mation on their usage in alkaline power sources. Our prelimi-
nary results* have clearly shown that this might be the way to
improve the properties of battery separators, hence also per-
formance and reliability of alkaline batteries. In the present
work, we covalently attached poly(acrylic acid) to the surface
of the porous polypropylene using two different types of
plasma apparatus. We have tried to learn how the plasma
parameters influence the degree of grafting and we have
checked the suitability of such material as an alkaline battery
separator.

I Central European Symposium on Plasma Chemistry 2008

Experimental
Materials and equipment

Celgard 2500 (Daicel Chemical Industries, Ltd) micro-
porous PP membrane was used as the substrate for grafting.
Its pore size was 0,05 x 20 um, porosity 45 % and thickness —
25.4 um. Acrylic acid (AAc, Aldrich Chem. Co.,Ltd) was
vacuum distilled prior to use.

Two different types of plasma apparatus were used:

— plasma generator of 75 kHz frequency (Dora, Wroclaw,
Poland), with modulation of 300 kHz, regulated power
and regulated distance between two electrodes; the sam-
ple could be attached to both electrodes.

— microwave plasma generator of 2.45 GHz frequency
with power regulated from 0 to 1000 W (Ertec, Wro-
claw, Poland). Plasma was generated in the quartz tube
at the top of a thick-walled glass reaction chamber and
the sample was put in the post-discharge area on a table
of which the distance from the lower edge of the
plasma could be regulated.

Grafting procedure

Before plasma treatment the reactors were evacuated to
a pressure below 10 mbar. Argon flow was adjusted to the
desired value and the plasma was ignited at the desired power
level for the predetermined time.

After two-sided plasma treatment, membranes were
immersed in the AAc solution (water : acetic acid : AAc =
1:1:0.5 volume ratio) and exposed to UV radiation for
a definite time. The sample was then intensively washed with
water to remove homopolymer and dried in air. The degree of
grafting (moles of AAc/PP weight) and the amount of ho-
mopolymer were determined gravimetrically.

Surface characterization

Measurement of contact angle

To get a nonporous sample of the same material as po-
rous examples pieces of porous membranes were put into
a laboratory press (190 °C, 50 kG, 2 min). The static contact
angles of water and diiodomethane were measured on the
nonporous samples by means of a goniometer PG-X (Fibro
System AB). At least 20 readings were made on each film.
The surface tension and its polar and dispersive components
were calculated according to harmonic averaging®. The polar
and dispersive components of surface tension for testing lig-
uids were taken according to Kuznietsov®. Sample polarity
was defined as a percent ratio of the polar component of sur-
face tension and total surface tension. The dynamic contact
angle of water was determined on the porous samples.

Fourier Transform Infrared Spectroscopy

Spectra were obtained using a Perkin-Elmer System
2000 spectrometer with horizontal ATR device (Ge, 45°).
Sixty four scans were taken with 4 cm™ resolution.

Scanning Electron Microscopy
The surface and cross-section of samples were observed
using a JSSM-5800 LV, JEOL device working at 25 kV.
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Measurement of ionic conductivity

The electrolytic resistance (area resistance) of the mem-
brane was determined by two successive measurements of
potential difference between the reference electrodes; the first
one without membrane (E), and the second one with the mem-
brane (E’). In all measurements concentrated KOH solution
(29 % solution, d = 1.28 g cm™) was used. The electrolytic
area resistance R of the membrane was determined from the
following equation®: R = (E’ - E)S / I, where S is the mem-
brane surface area exposed to the electric field.

Results and disscussion
Choice of materials and methods

The main goal of the present work was permanent hy-
drophilization of porous polypropylene to make it usable as a
battery separator. Polypropylene is very hydrophobic polymer
with surface tension about 30mNm™ and very low
(~ 2 mN m™) its polar component.

Plasma is known as a modern, clean, environmentaly
friendly and very efficacious technique of modification of
polymer surfaces. There are several ways of using plasma to
change surface characteristics — plasma polymerization,
plasma modification and plasma-initiated grafting. The first
technique creates a layer of polymer-like materials on the
surface. This however rarely resembles the compound taken
for the treatment. Plasma polymerization of acrylic acid on
the polypropylene surface did not give the expected results®.
Modification of the surface by plasma of such gases as air,
argon, nitrogen, oxygen increases the surface tension rapidly
but the attained results diminish or even disappear with time.
The third method uses plasma only to produce on the polymer
surface the radicals that are able to polymerize a monomer in
the conventional way. We applied the third technique and
decided to use the acrylic acid as a grafting monomer for it is
a low-boiling, water-soluble, very reactive compound which
provide the surface with many hydrophilic carboxylic groups.

The schematic path of the membrane modification proc-
ess is shown in Fig. 1.

Argon plasma is known to introduce on the surface a lot
of radicals that are rapidly modified by contact with air into
various functional groups, among others also peroxides and
hydroxyperoxides. These, decomposed by UV light in the
monomer solution, initiate its polymerization and hence create
grafting chains on the polymer surface.

HO\O
Ar ‘c oH /0
plasma c

e e air

acrylic acid
%{t««% :i T oruv

surface grafted polymer

OH

C=0

Fig. 1. The scheme of plasma initiated grafting of acrylic acid onto
the polymer surface
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Plasma devices and plasma parameters

Two types of plasma apparatus differing in plasma fre-
quency were accessible to modify the PP surface. The one

Table |
Grafting results for various parameters of KHz frequency
plasma

Grafting Amount of  Electrolytic
Parameter Value degree, homo- area resis-
mmol g™ polymer, %  tance, mQ
cm?
55 6.25 4.2 61
Plasma 75 4.26 10.0 20
power,
mw 88 2.89 - 27
105 2.12 10.5 142
Argon 0.09 4.58 7 152
pressure, 0.2 3.89 14 31
torr
0.5 2.12 - 142
Distance 28 4.44 8.4 49
bletV\t'eeg 35 5.69 5.6 40
electrodes
cm 45 10.7 4.1 48
0.5 7.64 4.0 53
Treatment 1 8.47 3.7 40
time, min 5.14 5.2 57
6.25 4.2 61
Table 1l

Grafting results for various parameters of GHz frequency
plasma

Grafting Amount of  Electrolytic
Parameter Value degree, homo-  area resistance,
mmol g polymer, % mQ cm?
260 10.1 8.1 77
Plasma 220 9.72 9 106
W 180 134 9.8 41
130 15.7 12.0 22
Argon 0.15 10.0 8.7 70
pressure, 0.24 11.2 8.1 64
torr 035  10.9 95 61
0.5 13.4 9.8 41
Sample-to- 9 11.1 9 53
g:gfamnze 11 10.0 8.7 70
cm ' 13 3.47 4.4 80
0.5 11.2 8.1 64
Treatment 1 6.39 85 59
tme.min- 45 108 121 67
2 12.2 7.6 46
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operated in the kiloherz range with regulation of the distance
between the electrodes while the other worked in the giga-
hertz frequency range and the sample was put in the afterglow
area. The parameters we have changed trying to optimize
plasma conditions were the argon pressure, the plasma power,
the distance between the electrodes (for KHz device) or sam-
ple-to-plasma edge distance (for GHz ) and the treatment
time. The experiments in each set of parameters were repeated
a few times and average values were taken. As the important
results the grafting degree and electrolytic area resistance of
the membrane were taken.

Some results obtained in KHz and GHz frequency plas-
mas are shown in Table I and Table Il respectively.

It is obvious that the plasma parameters influence the
grafting results but the correlations obtained are not straight-
forward. Optimization of plasma treatment conditions seems
to be very difficult in this case.

Comparing the results with the two kinds of plasma used
we can say that these obtained in the average conditions of
microwave plasma yielded a higher degree of grafting and a
higher amount of homopolymer in the solution. However both
plasmas created sufficient amounts of radicals to assure
a significant degree of grafting that decreases the area resis-
tance from 130 000 mQ cm? to as small a value as about
20 mQ cm?.

Most important for us was the correlation between the

a
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Fig. 2. Dependence of electrolytic resistance of modified porous
PP membrane on acrylic acid degree of grafting; both plasmas in
low grafting degree region (a) treatment with 75 kHz (b) and 2,45
GHz (c) plasmas
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degree of grafting and the ionic conductivity. At low degrees
of grafting the resistance decreases dramatically with the
amount of grafted AAc (Fig. 2a). The situation changes when
the degree of grafting becomes greater than 4 mmol g% In
that case for microwave plasma we observed slow continua-
tion of that process — lowering of the resistance with the pro-
gress of grafting (Fig. 2c), while for KHz-plasma — a slow
change of resistance for the worse was noticed (Fig. 2b).

The results obtained are highly scattered, which might
be due to uneven action of the plasma or the method of meas-
uring the resistance (in one point). Molecular weight of
grafted chains and change of pores size may also influence the
resistance results.

Characterization of AAc grafted membranes

The chosen modified membranes as well as the virgin
polypropylene membrane were investigated with the help of
accessible methods such as contact angle measurements,
FTIR-ATR and SEM.

Table 111 presents the values of contact angles of water
and methylene iodide, and the calculated values of surface
tension and polarity for PP and samples after argon plasma
treatment in average conditions.

As was expected, both plasmas cause a great increase of
polypropylene surface tension, especially its polar component.
KHz-plasma seems to affect the PP surface more but at this
same time the degree of grafting obtained in these conditions
is lower than for GHz plasma (~ 5 mmol g™ versus ~ 10
mmol g ™).

On the porous samples the dynamic contact angle of
water was detemined. Examples of observed curves are
shown in Fig. 3.

The straight line obtained for virgin, porous membrane
proves its highly hydrophobic character that prevents the hy-
drophobic liquid from soaking into the pores. For the sample
after plasma treatment we have observed small decrease of the
contact angle (usually 3-5 degrees) in the first two seconds
and then the contact angle kept a constant value. The shape of
the curve is always the same, however its position on the con-
tact angle scale is different (due to various contact angle val-
ues at the start). The reason might be uneven plasma treat-
ment on the whole sample surface.

For samples grafted with acrylic acid we have observed
two kinds of curves. The one (curve 1 in the Fig. 3) shows the
slow decrease of the water drop contact angle with time. This
change is bigger than in case of the plasma-modified surface

Table 111
Values of contact angle, surface tension and polarity of the
chosen samples

Sample Contact angle Surface  Polarity,

symbol H,0  CH,J,  tension, %
mN m™

PP 90 53 32.8 6.4

PP-KHz plasma 17 41 76.8 48.4

PP-GHz plasma 60 26 52.1 24.0
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Fig. 3. Dynamic contact angle of water on the surface of virgin PP
membrane (PP), PP after microwave plasma treatment (PP-
plasma) and PP grafted with acrylic acid (PP-g-AAC, degree of
grafting 9.4 mmol AAc/g)

and in the particular case shown in Fig. 3 equals 18 degrees
after 5 sec. The other drops (curve 2 in Fig. 3) put on the
grafted surface changed their volume very slowly at the be-
ginning and disappeared completely after 3 sec.

The presence of poly(acrylic acid) on the polypropylene
surface was confirmed by FTIR-ATR spectroscopy (Fig. 4).
The sample was washed with KOH before the experiment to
be sure that no homopolymer was left on the surface. Two
new bands characteristic for carboxylic ions — the strong one
from antisymmetric valence oscillation at 1554 cm™ and the
other, weaker, from symmetric valence oscillation at 1399 cm™
were observed in the spectrum. We can see also the small
band at 1705 cm™ characteristic for carboxylic acid, being the
proof that not all carboxylic groups were neutralized.

The macroscopic surface changes that have taken place
during the grafting process are seen in SEM pictures of sam-
ple surface (Fig. 5) and cross-section (Fig. 6).

With the increasing degree of grafting the layer of poly-
mer seems to cover the bigger sample area. For the sample
with the highest grafting degree (Fig. 5d) hardly any pores
structure is seen.

The cross-section pictures (Fig. 6) of the above samples
prove that grafting takes place not only on the surface but also
in the pores of the membrane. Membrane become signifi-
cantly thicker — estimated thickness increases from 25 um for
unmodified membrane to 29, 32 and 35.5 um for sample b,c

PP

PP-g-AAC \ ’

1750 1600 1450 1300
cmt

Fig. 4. FTIR-ATR spectra of the virgin (PP) and grafted (PP-g-
AAc) polypropylene membrane
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Fig. 5. SEM pictures of surface of virgin (a) and grafted (b,c,d) PP
membrane of grafting degree 2.3, 9.7 and 16.2 mmol g™ respec-
tively. Magnification - 6000

and d, respectively. For the sample with the highest grafting
degree the whole volume of pores is filled with grafted mate-
rial.

The nonuniform, mosaic structure of the surface and
various degrees of pore filling might also explain the various
shapes of the dynamic angle curves observed for modified
samples.

Usefulness of modified membranes as separators for
high-power Ni-Cd batteries

As was mentioned earlier the porous polypropylene
membranes fulfill all but one — wettability — requirements for
good separators in alkaline batteries. Plasma-initiated grafting
of acrylic acid appeared to be an excellent way to perma-
nently eliminate this disadvantage. From the figs. 2b and 2c
one can see that in spite of the wide range of parameters and
results obtained in our experiments we obtained membranes
of resistance values sufficient for use in alkaline batteries
(less than 100 QW cm?). In many cases they have better prop-
erties (lower resistance) than those commonly used, made of
regenerated cellulose.
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Fig. 6. SEM npictures of cross-section of virgin (a) and grafted
(b,c,d) PP membrane of degree of grafting 2.3, 9.7 and 16.2
mmol g~ respectively. Magnification - 5000

These membranes did not change their characteristics
with time (Fig. 7). After three months, the area resistance
(41 mQ cm?) is practically the same as at the beginning
(40 mQ cm?).

The stability of the tested membrane during charge-
discharge cycles was performed for high current density
(Fig. 8). The increase of electrolytic area resistance during
this operation is very low, from 20 to 33 mQ cm?, and proves
that the modified membrane is stable and its modification is
permanent.

The dependencies shown in Fig. 7 and 8 are typical for
all modified samples of low resistance. More detailed experi-
ments concerning this new kind of separators are described in
the paper’.
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Fig. 7. Dependence of electrolytic area resistance of AAc-grafted-
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Fig. 8. Dependence of electrolytic area resistance of AAc-grafted-
PP on the number of charge/discharge cycles. Current density:
150 mA cm™?

Conclusions

Argon plasma generated in the both kinds of apparatus
used (KHz, GHz) appeared to be a very efficient source of
radical polymerization initiator placed on the porous polypro-
pylene membrane. Graft polymerization of acrylic acid on
plasma-modified membrane gives a material suitable for use
as separators in high-power alkaline batteries. The grafted
poly(acrylic acid) is present both on the surface and inside the
pores of the membrane.

Though some properties of the material after modifica-
tion are not very well reproduced from one experiment to
another, even using the same parameters, one can easily ob-
tain a degree of grafting from 4 to 16 mmol g™ that assures
the desired electrochemical properties of the membrane over
a very wide range of plasma parameters.
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The commercial porous polypropylene Celgard 2500
was modified by plasma (KHz and GHz frequency) treatment
with subsequent grafting with acrylic acid. Dependence of
some plasma parameters on the membrane properties was
investigated. The results obtained are highly scattered and
choice of the best plasma parameters seems to be very diffi-
cult. Static and dynamic water contact angles were measured
to observe the changes in surface properties. The presence of
poly(acrylic acid) on the PP surface was confirmed by FTIR-
ATR. SEM analysis has shown that grafting takes place not
only on the membrane surface but also inside the pores. In
spite of the wide range of the degree of grafting we obtained
membranes of resistance values lower than 100 mQ cm?
which makes them acceptable for use in alkaline batteries.
The modified membranes do not change their electrolytic area
resistance with time and withstand severe charge-discharge
treatment.
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Introduction

The wool fibre exhibits a typical core — shell structure
consisting of an inner protein core, cortex, and surface
shell, cuticle (see Fig. 1). The cuticle consists of several lay-
ers (see Fig. 2).

The upper layer, epicuticle, contains lipoproteins. Lipoid
part of lipoproteins is bound by the sulfoester bond with pro-
teinous part (see Fig. 3). Covalent bonds of branched chain
fatty acids implicate hydrophobic character of wool fibres.
The lipoproteins are connected with upper layer of exocuticle.
Exocuticle is cross-linked by disulfide links (see Fig. 4).

cuticle, scales

\

3{?
= —S——

cortex cells

Fig. 1. Structure of wool fibres®
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Fig. 2. Schema of cuticle*
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Fig. 3. Lipoproteins in epicuticle
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Fig. 4. Stary's wool fiber model®

The hydrophobic nature of the cuticle and the high
cross-linking density in the outermost fibre surface creates
a nature diffusion barrier’, which influences sorption proper-
ties complicates wool finishing processes, such as printing,
dyeing or shrink-proofing. Surface modification plays an
important role for many chemical finishing processes in tex-
tile industry.

The required surface modification is mainly accom-
plished by wet chemical processes using special auxiliaries
which attack the cuticle by hard chemicals as for example
NaClo*".

Experiments

The effects of atmospheric pressure plasma treatment on
wool fabric were tested in this study.

A Diffuse Coplanar Surface
(DCSBD) has heen used (see Fig. 5).

The operating frequency was 15 kHz, the power input
300 W. Wool fabric has been exposed by different times. Pure
wool fabric has been exposed to different intensive plasma-
treatment (different exposure times at constant conditions).

A conventionally-finished, plain-weave pure wool fabric
(222 g m™2manufactured from yarn of 2x19 tex) was used.

Barrier Discharge

Plasma-chemical Ceramic ~ Moving
box electrode cart

Oil pump

Vacuum air

pump Ventilator

HV HV

Moving cart

convertor generator power supply

Fig. 5. Used equipment DCSBD
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Fig. 6. The chemical structure of acid dye with Colour Index
Acid Yellow 42

Dyeing of wool fabrics

Wool samples were pretreated by plasma for time 10,
20, 30, 50 and 100 seconds.

Untreated and plasma treated wool materials were dyed
isothermal by acid dye (Colour Index Acid Yellow 42 — see
Fig. 6) in weak acid solution (pH 6) at the temperature 60 °C
(respectively 80 °C) for 2, 10 and similarly for 60 minutes.
The dye bath contained 2 % dye of sample weight. After dye-
ing, the dyed fabrics were rinsed with cold water for 5 min-
utes.

Dry dyed materials were measured by spectrophotome-
ter Datacolor 3890 (Datacolor, Switzerland). As results of
measurement were achieved remission values. The remissions
R were by the using of well known Kubelka-Munk equation
recalculated to the K/S values.

Printing of wool fabrics

Wool fabrics (untreated and plasma treated for 10, 50,
100 seconds) were printed by a printing paste (pH 6) with
acid dye (C. I. Acid Yellow 42). Printed wool fabrics were
fixed for 1, 3, 6 and 10 minutes at 60 °C. Samples were by
this fixation wet — evaporation of water was eliminated.
Along the aftertreatment were realized the rinsing with cold
water for 5 minutes, the soaping at 40 °C with 2 g I™* Synta-

Fig. 7. Environmental scanning electron microscope Vega TS
5130
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pon ABA for 10 minutes and the last rinsing with cold water
for 5 minutes. The dyed wool materials were measured by
spectrophotometer Datacolor 3890.

Visualization of surface structure

The structure and the appearance of fibres surfaces were
observed with using of Scanning Electron Microscopy (SEM)
on device VEGA (see Fig. 7). All the samples were coating
by Gold before SEM testing.

The structure of surface was observed by the means
of microscopic method Atomic Force Microscopy (AFM).
AFM is the method used for characterization of prepared sub-
micron optical elements.

The method to describe changes of chemical bonds and
formation of new chemical groups after the plasma treatment
was used Fourier Transform Infrared Spectroscopy (FTIR)
Spectrometer One (Perkin Elmer — ATR technique on ZnSe
crystals).

Next it was used method X-ray Photoelectron Spectros-
copy (XPS). The XPS technique is highly surface specific due
to the short range of the photoelectrons that are excited from
the solid. The energy of the photoelectrons leaving the sample
gives a spectrum with a series of photoelectron peaks. The
binding energy of the peaks is characteristic of each element.
The measurements were preceded with the using apparatus
ESCA PROBE P (Omicron Nanotechnology Ltd) in ultra-
high vacuum (under pressure order 107° mbar). X-rays emit-
ter is aluminium electrode (used energy 1486.7eV). Measured
spectra were analysed by way of CasaXPS programme.

Results
Results of wool dyeing

The K/S values are the observed shade-area directly
proportional to dye concentration in fibres. In Fig. 8 there are
marked differences in sorption properties untreated and
plasma treated wool dyed at 60 °C. The dye concentration
increases with dye time and plasma treatment intensity. The
plasma treatment for 10 second is exactly insufficient. The
best dye sorption is obtained by plasma treated wool fabric
for longest time (100 second).

Dyeing of wool at 60°C

—O— plasma untreated
—O—plasma treated 10 s

plasma treated 20 s

K/S value [-]

—O—plasma treated 30 s

—O—plasma treated 50 s

—O— plasma treated 100 s
60 time of dyeing [min]

0 10 20 30 40 50

Fig. 8. The influence of dyeing time on K/S values. Dyed at 60 °C
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Dyeing of wool at 80°C

—O— plasma untreated

=
15}

) o plasma treated 10 s

~O— plasma treated 20 s

K/S value [-]

—O—plasma treated 30 s

—O—plasma treated 50 s

| O plasma treated 100 s
60 time of dyeing [min]

T T T T T
0 10 20 30 40 50

Fig. 9. The influence of dyeing time on K/S values. Dyed at 80 °C

Results of wool printing

Fig. 9 shows faster dye sorption and higher K/S values
for dyeing of wool at 80 °C. The plasma treatment time 10
seconds doesn’t return sufficient results. These K/S values are
the same as K/S values of untreated wool. The plasma treated
wool fabric for 100 seconds sorbs double more dye than un-
treated wool fabric. The similar results were stated in printing
experiments.

The untreated wool fabric absorbs double under dye
concentration than wool fabric which was plasma treated for

Printing of wool, fixation at 60°C

N

—O— plasma untreated

K/S value [-]

[

—O—plasma treated 10 s

Ve

—O— plasma treated 50 s

—O— plasma treated 100 s

0 1 2 3 4 5 6 7 8 9 10timeoffixation[min]

Fig. 10. The influence of fixation time on K/S values.
Fixed at 60 °C

100 second (see Fig. 10).

Visualization of surface structure — results

SEM was used for visualization of surface structure
wool fibers — epicuticle.

They were observed changes of surface wool scales. In
Fig. 11-14 we can see invasion of structure of wool scales
and breaking off their parts by the influence of plasma treat-
ment.

By the using of method AFM, it visualized disturbs
of epicuticle scales by plasma treatment.

In Fig. 15 and fig. 16 we can see evident differences
between surfaces untreated and plasma treated wool fibres.

By means of the FTIR were proved minor changes
of wool chemical structure (see Fig. 17).

From results of the XPS it is obvious that it achieved

I Central European Symposium on Plasma Chemistry 2008

Fig. 12. Plasma treated wool
for 10 s

Fig. 11. Untreated wool

Fig. 13. Plasma treated wool
for50s

Fig. 14. Plasma treated wool
for 100 s

Fig. 15. Unterated wool fibres Fig. 16. Plasma treated wool

fibres for 100 s
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Fig. 17. FT-IR spectrum of wool fibers
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Table |
Relative chemical composition ratios determined by XPS for
wool fabric

Condition Chemical composition [%]

Cls Ols N1s
Untreated wool 76,2 13,7 8,0
Plasma treated 10 s 67,6 19,3 9,4
Plasma treated 100 s 57,6 32,1 8,1
Table 11

Relative atomic ratios determined by XPS for wool fabric

Condition Atomic ratio [%]

o/C N/C
Untreated wool 18,0 10,5
Plasma treated 10 s 28,5 14,0
Plasma treated 100 s 55,6 14,1

changes of chemical structure on surface epicuticle. The con-
centrations of oxygen increased after plasma treatment of
wool fabric. The concentrations of nitrogen increased for 10
second plasma treatment and decreased for 100 seconds
plasma treated wool fabric (see Table I).

There were stated the relative atomic ratios O/C and N/
C. It was found the increasing the relative atomic ratios O/C
and N/C.

Surface oxidation is possible due to the existence
of reactive species from the plasma. In Fig. 16-18 are showed
surveillance spectrums untreated and plasma treated wool
fibres.

Hame  Pos. FWHM &%
Cls 284771 300517 7615
Ols 531271 304500 1368
Hle 200771 254031 803
KO S2p 163771 258632 212

Ck

ip

T T
00 600 00 400 00 200 100 n
Einding Brerzy (2 V)

Fig. 18. Surveillance spectrum of untreated wool
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Hame  Pos. FWHM A%

Cls 284967 297032 6763
50 0ls 531067 220611 1928
Wl 309067 228014 045
S2p  loz467 210047 236
Silp 100467 344128 137

T T
600 400 200 a

T T
1200 1000 200
Binding Burgy {+7)

Fig. 19. Surveillance spectrum of plasma treated wool for 10 s

14 Hame Pos. FWHLM At
©le 294707 388588 5750
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01 532297 3.58615 32.09
12 Sizp 102297 197091 108

S2p 166297 202442 133

0ls
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Einding Energy (¢ 7]

Fig. 20. Surveillance spectrum of plasma treated wool for 100 s

Conclusion

Experiments showed invasion of surface layer of cuticle
by plasma. Plasma treatment wool adsorbs dye more intensive
at lower temperature. Plasma treatment of wool can in future
replace wet pre-treatment processes for wool dyeing and wool
printing. The pre-treatment of wool with atmospheric plasma
give an appropriate environmentally acceptable alternative to
conventional treatments.

This research has been supported by KAN 101630651.
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R. Chvalinova and J. Wiener (Department of Textile
Chemistry, Textile Faculty, Technical University of Liberec,
Liberec, Czech Republic): Sorption Properties of Wool Fi-
bres after Plasma Treatment

The effects of atmospheric pressure plasma treatment on
wool fabric were tested in this study. A Diffuse Coplanar
Surface Barrier Discharge (DCSBD) has been used.
The operating frequency was 15 kHz, the power input 300 W.
Wool fabric has been exposed by different times.

Changes of fibres surface were characterized by means
of XPS, FTIR spectroscopy and AFM methods. With the
maximal experimental attention was observed dye sorption.
Wool fabrics were dyed in dye bath by common used acid
hydrophilic dyestuffs. As criterions dye sorption on wool
were stated dyeing rate and dye uptake on wool fibres. Print-
ing of wool by acid dyestuffs was carried out as well.
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1. Introduction

Recently, there is a great industrial interest in the devel-
opment of thin film deposition techniques improving the wear
and scratch — resistance of plastics such as polycarbonate.
Polycarbonate (PC) substrates in contrary to glasses offer the
additional advantages of lower cost, less chance of damage
due to breakage, longer durability, manufacturing of light-
weight products suitable for many applications in the growing
market of large area displays, as well as a number of new
product opportunities, such as compact disks, pagers, cell
phones and plastic electronics. PC is thermally stable in tem-
perature range from —100 °C to +120 °C. However, its use is
limited to relatively non-abrasive and chemical free environ-
ments, because of its low hardness, low scratch resistance and
high susceptibility to aggressive chemical environments.

There are a rather limited number of methods for im-
proving the scratch — resistance of plastics such as polycar-
bonate. Plasma-chemical methods are generally using radio-
frequency discharges in mixture of hard-coating precursors
for deposition of a very thin film directly on a PC substrate.
However, hard-coatings such as amorphous diamond-like
carbon (a-C:H or DLC) deposited directly onto plastics such
as polycarbonate have performance problems when the sys-
tem is subjected to stresses produced by mechanical or ther-
mal effects. These problems are due to the difference in prop-
erty characteristics of inorganic and plastic materials. There is
a continuing interest in improving methods for forming hard-
coatings having still greater abrasion resistance while also ex-
hibiting improvements in various other physical properties' . It
is therefore an object of the present work to provide a method
for deposition of smooth, hard, optically transparent thin films
over the polycarbonate substrates having a high level of abra-
sion resistance, with improved resistance to cracking under
exposure to thermal and mechanical stresses. DLC films have
all the properties needed for excellent barrier coatings includ-
ing high hardness, low friction coefficient, excellent chemical
and thermal stability and transparency in the visible spectrum.
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The intense ion bombardment of the surface of the growing
film results in increased film hardness, however also in high
intrinsic residual stress between the substrate and the film.
Unfortunately, the high internal stress of these films limits
their adhesion and thickness. Silicon and nitrogen incorpo-
rated diamond-like carbon films have a great potential for
solving some of the major drawbacks of pure DLC films,
because they present reduced residual internal stress, high
hardness, high deposition rates and good adhesion to PC*’. In
the present work hexamethyldisilazane (HMDSZ) was used to
modify the properties of DLC coatings.

2. Experiment

The deposition reactor used consisted of glass cylinder
310 mm in diameter, 210 mm height, closed by two stainless
steel flanges™®. The diameter of the graphite electrodes was
150 mm and distance between them was 55 mm. Bottom elec-
trode was capacitively coupled to the r.f. generator working
on frequency 13.56 MHz. The vacuum system consisted of
rotary pump and diffusion pump. The working pressure de-
pended on the gas mixture used and was kept around 17 Pa.
Minimum pressure achieved by diffusion pump was 0.1 Pa.
The flow rate of the hydrogen was kept at 0.7 sccm, the flow
rate of the HMDSZ ranged from 0 to 0.4 sccm. The applied
power was 50 W. The negative self-bias voltage changed
from —100 to —250 V.

The samples were prepared onto crystalline silicon,
glass and polycarbonate (Marlon FX) substrates placed on the
cathode of the reactor.

A Fischercope H100 depth sensing indentation (DSI)
tester was used to study the indentation response of DLC
films on PC substrates. Several different testing conditions
were used in order to find the optimum procedure allowing
the suppression of the influence of the time dependent inden-
tation response of PC substrate. The loading period of 20 s
was followed by a hold time of 5 s, an unloading period of 5 s
and finished after holding the minimum load for 5 s. The tests
were made for several different indentation loads in order to
study the composite mechanical properties of the film/
substrate system from near surface up to film-substrate inter-
face. The applied load varied from 1 to 100 mN. Each test
was repeated at least 9 times in order to minimize the experi-
mental errors.

The optical measurements were done with Horiba Jobin
Yvon ellipsometer in the spectral range from 190 to 2100 nm
at the incidence angles from 55° to 75°.

The internal stress was calculated from measurements of
a bending curvature of single crystal silicon (111) strips
coated with the studied films using the Stoney formula. The
samples were subjected to heating with heating rate of
2K min™'. The temperature dependence of the bending cur-
vature was determined using X-ray diffraction technique for
both heating and cooling process.

The films on silicon substrates were annealed in the
laboratory furnace Classic Clare 4.0. The furnace chamber
was evacuated by turbomolecular pump down to minimum
pressure of about 107 Pa. The studied samples were subjected
to heating with constant heating rates in the rage from 2 to
10 K min™'. The mass spectrometer Pfeiffer Vacuum Prisma
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80 was set in order to follow the evolution in time of
8 specific masses. These specific masses are associated to the
ions originated from desorbed gas mixture.

3. Results and discussion

A large set of films was prepared in order to find the
optimum amount of HMDSZ in CH4/H, deposition mixture
enabling to prepare hard film with enhanced adhesion and
minimised compressive stress. The dependence of the deposi-
tion rate on HMDSZ flow rate is shown in Fig. 1.

The film prepared in optimum conditions (0,4 sccm
HMDSZ, 0,7 sccm H, 2,7 sccm CHy, 17 Pa, 50 W, Upjss =
—215 V) exhibited very interesting properties on PC substrate.
The bulk concentrations of carbon, hydrogen, silicon and
oxygen atoms, composing the prepared films were obtained
by combination RBS and ERDA. The film with optimum
mechanical properties consisted 65 at% of carbon, 18 at% of
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Fig. 1. The dependence of the deposition rate on the HMDSZ flow
rate obtained in case of films on silicon substrates
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Fig. 2. Dependence of the universal hardness HU on the indenta-
tion depth for sample LD2
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Fig. 3. Indentation loading and unloading curves obtained on
sample LD2 for three different loads

hydrogen, 8 at% of silicon, 5 at% of silicon and 4 at% of
oxygen.

The mechanical behaviour was studied by DSI method
enabling the determination of the so-called universal hardness
HU, which is the measure of the indentation resistance against
plastic and elastic deformation. The comparison of the univer-
sal dependence on the indentation depth for uncoated and
coated PC in Fig. 2 shows, that HU at the surface was in-
creased of one order of magnitude by the help of the protec-
tive film.

There are some specific problems with interpretation of
nanoindentation dates related to system of viscoelastoplastic
substrate and hard film. Except elastic and plastic response
these types of film/substrate systems exhibit a considerable
time dependent plastic deformation, and may show also time
dependent reversible (anelastic) behaviour. The prints done
with low loads can heal out.

10
—u—15mN

A —o—15mN

— —a— 17 mN

& 1 ——17mN

O 'l :

4= -‘"‘uq

2 e

0.1}

00 03 06 09
Indentation depth [um]

Fig. 4. Dependence of the differential hardness Hgir on the inden-
tation depth obtained on sample LD2 for two different maximum
loads. The cracking of the film at the film-substrate interface was not
observed up to 17 mN of testing loads and indentation depths of
0.9 mm. The sample showed high resistance against indentation in-
duced cracking and delamination
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Fig. 5. Results obtained on study of indentation creep (time de-
pendent plastic deformation at constant load) at several different
loads. The creep deformation was minimum at low loads when the
creep behaviour of the film was dominant. With increasing load the
effect of PC substrate became significant and the creep deformation
increased

This effect was observed also in the case of our hard and
elastic film on polycarbonate substrate, with prevalent vis-
coplastic properties.

It is illustrated in Fig. 3, where the loading and unload-
ing hysteresis obtained on the studied LD2 sample shows
almost complete elastic deformation for loads up to 17 mN
and indentation depths up to 900 nm. This depth almost corre-
sponds with the thickness of the prepared film. Hence the
system of HMDSZ modified DLC film on PC substrate exhib-
ited the so-called “plate-bending model”®’, i.e. the hard film
on plastic substrate acted as a hard, elastic membrane with
extremely high fracture toughness. Due to anelastic behaviour
of sample LD2 the indentation prints made with loads lower

Fig. 6. SEM image illustrating the high indentation resistance of
the film against indentation induced cracking and delamination.
The image shows indentation print after test with maximum load of
500 mN. The indentation depth several times exceeded the film thick-
ness
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than 30 mN disappeared after a short time, i.e. they were
healed out.

The DSI method is a very powerful technique. It enables
also the determination of the film fracture toughness and the
interfacial fracture toughness*™®. If the studied sample under-
goes some fracture events, part of the irreversibly dissipated
energy is related to the creation and propagation of cracks and
may be used for calculation of the fracture toughness.

Moreover, the differential hardness Hyy (Hyr = kOL/O
(h?), here L is the load, k is a constant value dependent on the
indenter geometry and / is the indentation depth) dependence
on the indentation depth may be used to visualise the crack
creation or the penetration through film/substrate interface.
The differential hardness Hgy represents the ratio of the in-
stantaneous load increase to the corresponding change in the
square of the indentation depth (i.e. change in contact area of
the indenter and the tested material). Therefore, the abrupt
changes appear on the depth dependence of Hyy as abrupt
jumps. In Fig. 5 the depth dependence of Hy for studied film/
substrate system is shown. According to this graph the inden-
tation induced failures at the interface begun to create mostly
at maximum load of 17 mN and at indentation depth of ap-
proximately 900 nm. Achieving this depth, which corre-
sponded with the film thickness, the strong influence of the
PC substrate on measured values started.

The maximum load may be kept constant during a cer-
tain time period and from the time dependence of the indenta-
tion depth it is possible to evaluate the indentation creep resis-
tance of the tested material. In Fig. 6 the results of indenta-
tion creep are shown for three different indentation loads. The
increase in creep strain for higher loads was caused by the
increasing influence of the PC substrate. In Fig. 6 the SEM
image of the indentation print made with load of 500 mN is
shown. The SEM image demonstrates the high resistance of
the sample against indentation induced cracking and delami-
nation.

The thermal stability of films deposited on single crystal
silicon substrate was studied using thermal desorption spec-
troscopy and X-ray diffraction technique.
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Fig. 7. Comparison of the thermal desorption spectroscopy results
with the intrinsic stress dependence on the temperature for sam-
ple prepared from HMDSZ/methane/nitrogen mixture
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The compressive stress of the as-deposited films was
relatively low, it was around —0.3 GPa. The compressive
stress decreased during heating and reached the zero value for
temperatures around 300 °C. The decrease in compressive
stress with temperature was accompanied with desorption of
water, OH, CO and CO,. The maximum in water desorption at
around 300 °C corresponds to the start of the decrease in com-
pressive stress. Further heating caused increase in tensile
stress (see Fig. 7). The tensile stress of o = 0.1 GPa remained
in films even after cooling down to room temperature. The
films were not deteriorated after heating, however during
indentation testing showed less resistance against indentation
induced cracking, than as-deposited films or films heated up
to 300 °C.

4. Conclusion

We have deposited a large set of diamond like carbon
films with incorporation of silicon, oxygen and nitrogen. The
optimum deposition condition for deposition of smooth, hard,
wear resistant thin films suitable for protection of the polycar-
bonate substrates were found. The film prepared under opti-
mum conditions exhibited excellent fracture resistance and
low intrinsic stress. The prepared films have all the proper-
ties needed for excellent protective coatings including high
hardness, low friction coefficient, excellent chemical and
thermal stability and transparency in the visible spectrum.
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Introduction

Composed of alternating layers of two different materi-
als as thin as a few atoms, multilayers — an unique class of
materials — offer extraordinary strength, hardness, heat-
resistance, and unexpected new properties.

Multilayers are part of a larger, established scientific
field of so-called designer or ,,nanostructured” materials that
represent the current limits of materials engineering and that
are currently impacting numerous research programs.

Nanostructured materials may be defined as those mate-
rials whose structural elements — clusters, crystallites or mole-
cules — have dimensions in the 1 to 100 nm range. The explo-
sion in both academic and industrial interest in these materials
over the past decade arises from the remarkable variations in
fundamental electrical, optical and magnetic properties that
occur as one progresses from an ,,infinitely extended solid to
a particle of material consisting of a countable number of
atoms'.

The continuous development of technology is based on
new materials with improved properties used in highly per-
forming devices. One of the most interesting materials nowa-
days is metal-carbon film?.

In recent years, multilayers composed of C coating with
very thin buffer layers metals like Ag or Cu become a major
area of interest, especially for tribological applications. An
important amount of work is presently dedicated to studying
synthesis of high quality carbon films using different methods
like: magnetron sputtering, Thermionic Vacuum Arc (TVA)
chemical and plasma vapor deposition (CVD and PACVD,
respectively), electron cyclotron resonance (ECR), filtered
cathodic vacuum arc (FCVA), ion beam sputtering, pulsed
laser deposition (PLD), ion Beam sputtering etc’.

Among them, thin film deposition process by
Thermionic Vacuum Arc (TVA) might become one of the
most suitable technologies to significantly improve the quality
of the surfaces covered with films in which the coating is
boansbarded by high energy ions of even depositing materi-
als™.

The aim of this paper is to analyze the nanostructured
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carbon-metal bilayers deposited by Thermionic Vacuum Arc
(TVA) technology in a special two electron gun configura-
tion®’.

Experimental setup

The two electron gun TVA configuration consists of two
independent systems that generate incident electron beams on
the specific anode material (carbon and metal), each gun be-
ing connected to a high power supply. By using the TVA
method, the metal deposition takes place in high or ultrahigh
vacuum conditions, without the presence of any gas, except-
ing the vapors of the material evaporated at the anode. This
method allows the simultaneous deposition of different mate-
rials, providing the possibility of obtaining multi-component
thin films, in this particular case the C-Ar or C-Cu compos-
ites. (Fig. 1) The electron guns are symmetrically arranged
with respect to the substrate — glass and stainless steel —
mounted at a distance of 400 mm on the central line.

The intensity of the heating current of the filament was
I; = 48 A. at a deposition rate of 3 A s™'. The pressure during
the discharge process was about 1.5-107°~ 7.5-10™° Torr.

In the case of C-Ag experimental arrangement were
used as anodes a carbon rod of 12 mm diameter and TiB,
crucible containing Ag pebbles, respectively. On sample
holder was set 5 discs of smooth stainless steel (255 mm di-
ameter, 3 mm lengths), 8 samples of lima glass and 5 samples
of optical glass discs (25 mm diameter, Imm length). The
sample holder was heated at a temperature of 200 °C, without
being rotated.

The thickness of the film during deposition was per-
formed by a FTM 7 device.

First, an intermediate layer of 300 nm Ag thickness was
deposited and after, the process was continued with C and Ag
deposited simultaneously. After the deposition FTM 7 indi-
cated a thickness of the film around 2 um C/Ag + 300 nm Ag.
For Ag deposition we used a Heizenger power supply pro-
vided with a balast resistance of R =272 Q.

In Table I are presented the values of working parame-
ters used during deposition of C-Ag.

Fig. 2 presents the distribution of the samples on the

dC-FTM7=410 mm

dAg-FTM7=400 mm
X dC-sample=365 mm
dAg-sample=345 mm

2

400 mm

36
5'71177
W B>

I—\/ c 400 mm Ag Q

Source 1 Source 2

Fig. 1. Experimental set-up of the sample
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Table I
Working parameters for C-Ag composites
Itag=37.6 A Ic=49.5A

L. [A] U[V] L. [A] U[V]
0.732 510 1.3 977
0.668 610 1.4 697
0.810 460 1.2 1966
0.812 770 1.4 913
0.808 720 1.4 169
0.813 700 1.4 1302

%

C Front side

Back side
Inox 1 C _Inox 2 ﬂoxS Inox 4 mxscu
GLASS) ((GLASS) (GLASS) (GLASS) (GLASS
disc 1C disc 2 disc 3 disc4 J Idisc 5Cu
<
o o i (PSP i
U A
o o o & & O o

holder.

In the case of C-Cu deposition we used for anode
a carbon rod and a crucible containing Cu. Deposition was
made on different substrates of various materials (5 pieces of
stainless steel discs, 5 pieces of optical glass and 8 pieces of
lima glass) as it is shown in Fig. 3 the distance between the
FTM device and carbon rod was dcy.rrv7= 410 mm, the same
as the value for distance to the crucible with Cu.

Other distances maintained in this experimental arrange-
ment were: dc.sampie =350 mm (between the sample and C
source); dcu-sample = 330 mm (between the sample and Cu

Table III
Working parameters for C-Cu nanocomposites

[c=3315=45A Ica=42 A
Pera= 1.5-107 Torr Pluera=7.5-107 Torr
L[A] U [V] L[A] U[V]

1 1299 0.506 1130
1.2 347 0.749 1030
1.2 340 0.753 900
1.2 335 0.753 870
1.3 574 0.902 950

Back side

[ GLASS
disc 1C

@O

GLASS
disc 5 A

®O

GLASS 1C
GLASS 2

GLASS 6

@

Fro

nt side

>
«Q

Fig. 2. Sample position on holder for C-Ag discharge

(:O GLASS8 Ag

—

Fig. 3. Sample position on holder for C-Cu discharge

source) and dc.c,= 140 mm (the distance between the an-
odes).

In Table III are listed the working parameters for C-Cu
obtained during the deposition time.

The holder sample was heated at 200 °C and it was not
rotated.

As in the previous case, we have deposited first an inter-
mediate layer of 300 nm Cu thickness, and after that we
started the simultaneous process of deposition for C and Cu.

After the total time of deposition 3500 seconds FTM
device indicated a thickness of the film around 2 pm C/Cu +
300 nm Cu.

Surface free energy of films was analyzed by meaning
of the contact angle measurement, using performed analysis
software See System and Optical Emission Spectroscopy
(OES) has been also carried out. Tribological behavior of the
C-Ag and C-Cu films was investigated by CSM Ball-on—Disc
Tribometer with 10 cm s~ sliding speed at 1N Load.

Results and discussion

The elementary composition of the obtained carbon
multilayers were investigated by mean of Optical emission
spectroscopy (OES) and by mean of Surface Energy Evalua-
tion System (See System).

In Fig. 4 there are presented the OES investigation for
C- Ag and C-Cu bilayers.

Fig. 5a shows the frictional behavior of the C-Ag films
prepared by TVA method. On can observe a maximum coeffi-
cient of friction when the Ag concentration ion the carbon
matrix was in the range of 15 %. Lower content of Ag leads to
a decreasing of the coefficient of friction, but the adherence of
the film was low. Higher adherence of the C-Ag films was
obtained at higher concentration of the Ag, a minimum coeffi-
cient of friction being achieved at about 35 % atomic percent
concentration of Ag in C matrix. In the case of C-Cu compos-
ite the Cu concentration was 25 % for higher value of friction
coefficients (Fig. 5b) (ref.®).

The determination of surface free energy of solid is of
a great importance in a wide range of problems in applied
science. Usually the evaluation of the surface free energy is
performed by mean of the contact angle. The contact angle of
a liquid drop on a solid surface is defined by mechanical equi-
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Fig. 4. a) Optical emission spectroscopy (OES) for C-Ag and
b) C-Cu layers at different interelectrodic distance

librium of the drop under the action of three interfacial ten-
sions solid/vapour, solid/liquid and liquid/vapour.

The contact angles and free surface energy were deter-
mined by means of Surface Energy Evaluation System (See
System). It is based on the usage of a CCD camera, which
observes a liquid drop on the studied surface. Recorded pic-
tures are analyzed manually by the user, which is substantial
for the full control of the contact angle determination. Selec-
tion of several points of solid-liquid and liquid—vapor inter-
face makes possible to fit the drop profile and to calculate the
tangent angle of the drop with the solid surface. In order to
obtain as precise results as possible, the profile of the drop
should be fitted with more than three basic points: two on the
liquid — solid interface — the base line — and one on the drop
contour. In this way the errors can be minimized’.

The surface energy evaluation system was made on the
basis of state equations Kwok-Neumann equation (Table V),
Li-Neumann equation (Table VI), Wu equation (Table VII).
Analyses obtained by contact angle measurements method,
showed for C-Cu low values for surface free energy, and for
C-Ag double surface free energy values, in both cases proving
the hydrophobic character of these films.

As it can be noticed from Fig. 6, the comparison re-
vealed that in the case of samples obtained for C-Cu the con-
tact angle has lower values than in the case of sample ob-
tained for C-Ag for ethylene glycol as testing liquid, while for
water the values are the same.
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Fig. 5. a) Tribological behaviour of the C-Ag films; b) tribological

behaviour of the C-Cu films

Table V
Kwok-Neumann Equation of State model

Sample no. g g Kwok-
water ethylene Neumann
[mJ m™] glycol model Mean
[mJ m™]
C-Cu 6,32 15,21 10,77
C-Ag 17,00 24,59 20,79
Table VI

Li-Neumann Equation of State model

Sample g g Li-Neumann
no. water ethylene glycol ~ model Mean
[mJ m™] [mJ m™]
C-Cu 5,55 15,56 10,55
C-Ag 16,78 24,94 20,86
Table VII

Wu-Equation of State model

Sample no. water [mI m™?]  ethylene glycol [mJ m™]
C-Cu 1,79 11,96
C-Ag 7,66 21,83
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Fig. 6. Comparative view of free surface energy obtained for
Kwok-Neumann Equation of State model (a); Li-Neumann Equa-
tion of State model (b) and Wu-Equation of State model (c)

Fig. 7 presents the feature of the drops as photos captured
during the measurements with two testing liquids: water and
ethylene glycol for C-Cu and in the Fig. 8 for C-Ag bilayers.

Fig. 7. Pictures of the drops captured during the free surface
determination for C-Cu bilayers

Ethylene glycol

Fig. 8. Pictures of the drops captured during the free surface
energy measurement for C-Ag bilayers
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Conclusions

Thermionic Vacuum Arc (TVA) method represents
a very suitable procedure for obtaining multilayers films of
a controlled quality. The carbon — metal bilayers deposited by
TVA in two electron gun configuration was investigated in
terms of tribological behavior, surface free energy and OES.
The higher coefficient of friction has been obtained for 15 %
Ag in C-Ag films and for 25 % Cu in the case of C-Cu films.

The surface free energies obtained for C-Cu sample
were lower that in the case of C-Ag sample in all studied
models. These results proved a good hydrophobic character
for these bilayers.

This work was supported by Romanian Ministry of Education
and Research, under project CEx 62/2006 and project CEx
237/2006.
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Introduction

Plasma modification of textiles represents great opportu-
nity for improvement of older, energetically demanding, slow
and sometimes not very eco-friendly treatment technologies.
Application of plasma is ecological and friendly for produc-
tion costs due to energy savings and reduction of processing
times. Compared to other scientific works describing increase
of hydrophilicity of hemp, wool or polypropylene textiles or
decrease of felting shrinkage of wool*?, our activities were
focused mainly on effects important for manufacturers and
their interest in plasma applications as a new advantageous
technology.

In this work we present possibilities of utilizing plasma
pre-treatment in three different textile-processing areas. At
first, the possibility of dyeing of plasma pre-treated cotton at
temperatures lower as usual was tested. In the second experi-
ment, the recent method of textile printing — inkjet print, nor-
mally suitable mainly for cotton substrates, was tested on very
hard-to-print polypropylene with plasma pre-treatment. Fi-
nally the last experiment proved that plasma is capable to
photo catalytically activate TiO,, applied on textile substrate,
which is subsequently able to inhibit bacteria growth on sur-
face.

The main reason for using plasma pre-treatment is sav-
ing of quite considerable amounts of energy during dyeing
process. Normally, cellulose textiles like cotton have to be
heated to 100 °C and this level has to be held for ca 30 min.
Hydrophilicity increased by plasma should lead to good re-
sults using lower dyeing temperatures and/or shorter process-
ing times. Therefore interesting power savings are possible.

Polypropylene is known as very hard-to-print and hard-
to-dye material. Use of conventional printing technologies is
difficult and limited.

Inkjet printing is novel method of textile printing, utiliz-
ing printers similar to office inkjet ones. In the present, these
types of printers are capable to print only onto hydrophilic
substrates, i.e. textiles with high content of cotton. Plasma
pre-treatment of polypropylene should increase colourfastness
of inks and their better fixation on polypropylene fibres.

Photocatalytic properties of TiO, activated by UVA
irradiation or by visible light are well known®. In presented
experiment, the activation of TiO, by plasma is studied and
expressed in unconventional manner — by antibacterial activ-
ity of textile sample with colloidal TiO, application. Antibac-
terial attributes were tested according to ASTM E2149-1 stan-
dard.

In all experiments the comparison between plasma
treated and untreated samples was made in order to show
effect of plasma modification.
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Experimental

All experiments were carried on using laboratory copla-
nar low temperature atmospheric plasma discharge with
power of 400 W. Exposition time was in all cases 5s. Sam-
ples were processed immediately after plasma pre-treatment
(except of inkjet printing experiments, where transport to
printer took approximately 30 minutes).

For experiments with dyeing white woven cotton fabric
was used. As a dye, industrial saturn navy blue was used.
Samples were processed in laboratory dyeing device AHIBA.
Washing of samples was performed in laboratory washing
machine.

Inkjet prints were performed on knitted, 100% polypro-
pylene white t-shirt (producer Klimatex, Czech Republic),
utilizing standard small inkjet printer and commercial inks,
used in external graphic studio. Washing of samples was per-
formed in laboratory washing machine Wascator FOM71MP-
Lab.

TiO, (anatase) nanoform colloidal solution (containing
0,8 % of TiO,) was purchased from TitanPE Ltd., China.
Klebsiella Pneumoniae (Czech Collection of Microorganisms
strain) was used for antibacterial testing.

For determination of colour differences between plasma-
treated and untreated samples EN ISO 105-A02 was used.
Domestic laundering was carried-on according to standard EN
1SO 6330.

Differences between inkjet-printed samples before/after
home laundering were specified by eye observation.

Determination of antibacterial activities of plasma-
treated/untreated samples was carried on according to
ASTM E2149-1 standard.

1.) Dyeing of plasma pre-treated cotton woven fabrics:

Three different temperature modes were used for dyeing
process (see Fig. 1):

—  mode A: maximal temperature of 100 °C
—  mode B: maximal temperature of 80 °C
—  mode C: maximal temperature of 60 °C

Two samples (woven cotton fabric, weight 10 g, dimen-
sion ca 28 x 23 cm) were prepared for every temperature

100
/ \
80 : -

0 20 40 60 80 100 120 140
A seeeres B o = time [min]

Fig. 1. Temperature modes of dyeing
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mode; first one without plasma pre-treatment, second one
with plasma pre-treatment (in Fig. 3-6 marked with *). Dye-
ing bath (distilled water) volume for every sample was 400
ml, with 0,05 g of Saturn navy blue dye itself. Dyeing was
carried out using laboratory dyeing apparatus AHIBA NU-
ANCE Top Speed II.

Plasma pre-treated samples were inserted into dyeing
bath and dyed immediately after plasma surface modification
(400 W, exposition time 5 s). After dyeing, all samples were
dried at room temperature.

Colour fastness of samples was evaluated after five
washing cycles using standard washing machine WASCA-
TOR FOM71MP-Lab (30 °C, 3 g I"* of ECE detergent).

2.) Inkjet print on plasma pre-treated polypropylene knitted
fabric:

For this experiment two samples were prepared; with
and without plasma pre-treatment. Plasma modified sample
was exposed to plasma ca 30 minutes prior to the main print.
The same test picture (see Fig.2.), consisting of different
print elements like photo, text, vector graphic etc. was printed
on both samples.

After printing, dyes were thermally fixed on both sam-
ples for 30 seconds under 100 °C.

Colour fastness of samples was evaluated after five
washing cycles using standard washing machine WASCA-
TOR FOM71MP-Lab (30 °C, 3 g I™* of ECE detergent).

3.) Photocatalytic activation of TiO, on textile by means of
plasma:

Two cotton woven samples were prepared; first without
plasma activation and second by plasma pre-treated. Colloidal
TiO, was applied on samples using laboratory dyeing device
AHIBA NUANCE Top Speed Il. Samples were rinsed and
then for 1 minute dried using 160 °C iron. Afterwards, first
sample was exposed to plasma (exposition time 5s), while
second wasn’t. Both samples were tested for antibacterial
activity according to ASTM E2149-1 standard. Difference in
antibacterial activity of plasma-treated and untreated sample
as well as duration of antibacterial effect over time were

Jxa) |

Fig. 2. Test picture for inkjet print

I Central European Symposium on Plasma Chemistry 2008

checked.

According this standard nutrient broth with specified
concentration of selected bacteria (Klebsiella Pneumoniae)
was prepared. Then the specified weight of sample was in-
serted into broth solution and agitated. After desired times
small amount of solution was taken and poured into agar
plates. On the plate, colonies of microorganisms were grown
after specified time and then counted (CFU — colony forming
unit). High number of CFU represents small antibacterial
effect of sample. For comparison, the “blank” broth solution
without any sample (represents untreated textile sample) was
processed in the same way. Results are expressed as propor-
tional reduction of bacteria on tested sample against this blank
sample.

Results and discussions
1.) Dyeing of plasma pre-treated cotton woven fabrics

Experimental results of dyeing are in Fig. 3. After all
three dyeing modes the plasma pre-treated samples show
brighter and deeper colour shade. Fig. 4-6 show appearance
of samples after first, third and fifth washing cycle, respec-
tively.

Difference between treated an untreated samples is
clearly visible. Plasma pre-treated samples show deeper col-
our shade than untreated samples. Biggest differences can be
seen after dyeing. After several washing cycles the difference
decreases. It means that used plasma helps the textile to ab-
sorb more dye from dyeing bath, but has only small impact on
colourfastness of textile material (colourfastness is in this case
more significant than dyeing technology).

Samples with plasma treatment are marked “ * .

2.) Inkjet print on plasma pre-treated polypropylene woven
fabric

Results before and after two washing cycles are pre-
sented in Fig. 7 and 8, respectively.

Fig. 3. Samples after dyeing

Fig. 4. Samples after first washing cycle
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Fig. 5. Samples after third washing cycle

Fig. 6. Samples after fifth washing cycle

no plasma

plasma pre-treatment

Fig. 7. Inkjet prints on PP before washing

Even before washing, the plasma pre-treated sample
show much brighter colour shades. After two washing cycles
the difference between treated and untreated sample is obvi-
ous. It means that plasma is able to bring added value to inkjet
printing on polypropylene so that it participates on hydrophili-
zation of substrate and partially in sorption of inks on sam-
ples. Results are very positive and this topic will be subject of
further research.

Table | summarizes numerical expression of colour fast-
ness results according to EN ISO 105-A02 standard, meas-
ured on colour rectangles, positioned above the photograph in
tested picture. In four from six measurements treated sample
exhibits better colourfastness than untreated.

I Central European Symposium on Plasma Chemistry 2008

no plasma

plasma pre-treatment

Fig. 8. Inkjet prints on PP after two washing cycles

Table |
Colourfastness level of samples (1- bad colourfastness, 5-
very good colourfastness)

Colour in sample Treated sample Untreated sample

black 4 2
violet 3 4
yellow 2-3 1-2
blue 2 1-2
red 4 1
green 2-3 2-3

Table Il
Antibacterial activity of TiO, doped sample in time

Time Tested sample  “Blank” sample  Reduction
[hours] [CFU] [CFU] [%]
0 86 262 67
1 4 148 97
2 6 172 96
3 38 237 84
5 153 400 62

3.) Photo catalytic activation of TiO, on textile by means of
plasma

Results of antibacterial tests are summarized in Table II.
Time dependence of proportional reduction is shown in
Fig. 9.

Results show good antibacterial effect and confirm that
plasma is able to activate TiO, (note: TiO, without activation
has no antibacterial, nor photocatalytical properties) for anti-
bacterial effectiveness. Activated TiO, can inhibit bacteria
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Fig. 9. Reduction of Klebsiella Pneumoniae in time

growth more then 5 hours after activation, even if it’s placed
in dark.

Conclusion

All three experiments showed more or less positive re-
sults, proving effect of plasma treatment on processes of dye-
ing and printing as well as ability to photo catalytically acti-
vate TiO;, on textile substrate in very short time. All those
effects should lead to innovative and energy-saving modifica-
tions of traditional textile processing. Novel technologies
mainly for inkjet textile printing and photo catalytic activation
of TiO, can extend nowadays possibilities and help producers
to offer new or innovative products. All three reported themes
are subject to further research.

This work is supported by The Academy of Sciences of The
Czech Republic under project number KAN101630651.
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P. Nasadil* and P. BeneSovsky (Textile Testing Insti-
tute, Brno, Czech Republic): Plasma in Textile Treatment

The paper deals with three different initial experiments
focused on treatment of different textile materials
(polypropylene and cotton) by low temperature atmospheric
air plasma and its effects. Main idea was to prove positive
influence of plasma applications to manufacturers and in-
crease of market value of textile articles by improved dyeing,
affinity to prints and antimicrobial effect.

Modified parameters of textiles were tested according to
EN standards as standardized tests are important and known
by textile producers and also by end-users of textile products.
Change of colour characteristics and dyeing effects after
plasma pre-treatment, effects of plasma on appearance of
inkjet prints and photo activation effect of plasma on TiO,
treated cotton — as ecological antibacterial activity are re-
ported.
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Introduction

Plasma treatment has an explosive increase in interest
and use in industrial applications as for example in medical,
biomedical, automobile, electronics, semiconductor and tex-
tile industry. A lot of intensive basic research has been per-
formed in the last years, also in the field of textiles and tech-
nical textiles. This has resulted in an increasing knowledge of
the possibilities of this process regarding demands as wet-
tability, dyeability, printability, coating and washability of
conventional and technical textile. All day problems of wet-
tability and adhesion, together with the environmental driven
forces have increased the interest of industry today. This de-
livers new materials with new possibilities, which opens per-
spectives to resolve production or even develop complete new
applications.

Production problems are mainly caused by the substitu-
tion of the base material to new materials for example poly-
mers, which have not the correct surface behavior for further
processing.

Plasma treatment of textiles is becoming more and more
popular as a surface modification technique. Plasma treatment
changes the outermost layer of a material without interfering
with the bulk properties. Textiles are several millimeters thick
and need to be treated homogeneously throughout the entire
thickness. It is known that hydroxyl radicals generated in low-
pressure H,O plasma may be used to incorporate hydroxyl
functionality onto a polymer surface to increase their surface
energy and reactivity. Underwater pulse diaphragm discharge
is an effective tool in the production of hydrated electrons and
hydroxyl radicals, which can be used for material surface
modification (bondability, hydrophilicity, surface energy).

Preliminary results on physical characteristics of pulsed
underwater diaphragm electrical discharge'” have shown that
the discharges burning in tap water, water-chelaton solutions,
and some other water based solutions can be used as a poten-
tial atmospheric-pressure H,O — plasma source for surface
activation of various materials in the form of fabrics, films,
fibers, etc. The discharge burning at atmospheric pressure can
substitute low-pressure plasma sources®® when atmospheric
pressure on-line surface treatments of polymer products with
the low added value in large amounts are required.
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Fig. 1. Experimental arrangement (left) for underwater dia-
phragm discharge: 1 — electrodes; 2 — diaphragm; 3 — polypropylene
nonwoven fabric; 4 — water-based solution. A detail of the discharge
treating the textile is also shown (right)

Underwater pulsed corona discharges generated in liquid
water matrix at atmospheric pressure have been demonstrated
to be effective in the production of hydrated electrons and
hydroxyl radicals’'""'*'*. Following the pioneering work of
Clements et al.” on pulsed streamer corona generated using
point-to-plane geometry of electrodes in water, various types
of underwater electrical discharges producing hydrated elec-
trons and hydroxyl radicals in liquid water-based media have
been tested for the removal of low levels of non biodegrad-
able organic pollutants from ground water and industrial
waste water'*. Very few results, however, have been pub-
lished on interactions of the active species generated in pulsed
electrical discharges in water with polymer materials"!'>'S,
Few applications are helpful for fixing metallic atoms on the
polypropylene (PP) surface for metal coating.

In contrast to other types of underwater electrical dis-
charges, in diaphragm electrical discharge the discharged
plasma is in a direct contact with the metallic electrodes.

While in ref.! and ref.? the common features and chemi-
cal effects including promising application of this discharge
for surface treatment of polymer materials are presented and
discussed, the main object of the present paper is to report
amore detailed study of the discharge physical properties.
Using optical emission spectroscopy the electron number
densities have been determined from broadening of hydrogen
lines (H,) vs. solution conductivity, frequency of high voltage
pulses, speed of fiber movement for fixed applied voltage,
length of the slit in dielectric diaphragm, and the diaphragm
thickness.

Experiment

The H,O-plasma treatment was performed using a dia-
phragm discharge apparatus illustrated by Fig. 1. The dis-
charge was generated in a narrow slit of 0.1x1 mm positioned
between two metallic electrodes at 2 cm mutual distance.
Both electrodes and the slit (diaphragm) were immersed in
water medium. Polypropylene nonwoven fabrics of 50 gsm
and 30 mm width was fed trough the slit with an adjustable
speed. The electrodes were connected to a pulsed HV power
supply based on the double rotating spark gap. The maximum
peak voltage was 40 kV DC. The maximum repetitive rate of
pulses was 60 Hz. The duration of the electrical pulses was
given by the water conductivity. Different water based media
were used in this study: deionized water, Cu®* solution with
the concentration C=0.0075M of Cu(NO;), . 3 H,O; and
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CO; saturated mineral water. Similar experiment was already

realized in ref.”.

Results and discussion

Initially the plasma starts within the air bubbles trapped
inside the porous structure of nonwovens. After the air voids

are filled with water a different discharge breakdown mecha

nism takes place. The high intensity electrical current flowing

through the narrow slit is capable of initiating the water va

porization. The discharge starts in the water vapour bubbles
created by that vaporization. The discharge manifests itself as
thin plasma filaments propagating along the textile surface up

to the distance where the metallic electrodes are positioned
The length of propagation is given by the conductivity o
water solution and amplitude of the applied voltage.

Typical profiles of H, are shown in Fig. 2a. To de

f

termine electron temperature and density the standard
Griem’s table (which takes into account the impact broaden-
ing by electron and quasi-static broadening by ions) of H, line
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Fig. 2a. The typical H, line profile fitted with a model based on
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Fig. 2b. The typical dependence of electron number density vs.
conductivity for different Cu®* solutions
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profile'” and the procedure for data processing presented in
ref.! were used. Note, that all profiles were symmetrical. In
our case (rectangular discharge slit) the electron density
changes from 1-10* m™ to 2-10* m while the electron tem-
perature was practically constant = 4-10* K in all experimental
conditions studied. The same results were obtained as in the
previous experiments (for diaphragm discharge). This is an
interesting phenomenon and it means that comparable high
density of electrons can be reached in the rectangular configu-
ration. The error of the measured electron density was less
than 5 %. The error of electron temperature was much higher,
which is due to the weak dependence of the line profile on the
electron temperature.

In Fig. 2b, the change of electron number density vs.
conductivity of Cu*" solution is presented. Taking into ac-
count the possible dispersion in the electron number density
(for example, the corresponding error is always about 5 %), it

1E18

n [cm?|

e

40 60
velocity [a.u.]

1171
0

20 80 100

Fig. 3a. The electron number density (n.) vs. speed of the polypro-
pylene nonwoven fabrics through the discharge for deionized
water
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Fig. 3b. Dispersion of n, for different solutions during time inter-
val of more than 1 hour is presented
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seems that the conductivity does not influence significantly
the electron number density in the specified conductivity
range.

In Fig. 3a, there is shown that the electron number den-
sity remains constant while the statistics presented in Fig. 3b
demonstrate an interesting effect of CO, bubbles — the unex-
pected decrease of n. in several cases. This phenomenon was
also manifested on character of the discharge (suddenly, the
intensity was higher, its colour became different). However,

el = B B
SEM MAG: 500 %
Hv: 200 kY
WAC: Hivac

DET. SE Detector
DATE: 08/1 1108 100 urrl
Device: TS5136MM

YegaETescan
Digital Microscopy Imaging

Fig. 4a. SEM micrographs of textile surface treated twice in water
solution of Cu®** without washing

Fig. 4b. SEM micrographs of textile surface. The textile was
washed with detergent in Ultrasonic Bath for 15 minutes after
double treatment
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in this moment this is only a stochastic effect.

A practical application of diaphragm plasma treatment
of PP is shown in Fig. 4a,b.

The textile was treated in water solution of Cu" in the
same conditions as described above. The treatment was re-
peated after 1 minute on the same sample. Furthermore, we
washed the sample in a detergent solution in Ultrasonic Bath
for 15 minutes to see how much of copper attached to the
textile material. The SEM photographs reveal a presence of
copper microcrystals attached to the PP fabrics (Fig. 4a).
More than 60 % of these crystals were still attached even after
intense washing (Fig. 4b). This implies a strong chemical
interaction between the crystals and PP. The chemical
(copper) nature of crystal was confirmed by the EDX analysis
of the sample. At this moment we are not able to confirm if
the crystals are made from Cu only.

Conclusion

The determination of n, in case of selected quantities at
optimized parameters show that their values do not influence
significantly electron density and its fluctuation is almost
covered with the confidence interval. It was found that the
effect of CO, bubbles as well as the role of Cu®" solution (or
other metallic atoms) can bring interesting application. Fur-
ther research is necessary in order to fully understand the
influence of the double treatment and washing on the PP fiber
and to compare these results with the case of single treatment
applied to the PP fiber. By performing diaphragm plasma in
the water solution of copper salt we were able to immobilize
copper crystals on the PP surface.

This research has been supported by the Czech Science Foun-
dation under the contract numbers KANI101630651 and
202/06/P337 and by the research intent MSM:0021622411
funding by the Ministry of Education of the Czech Republic.
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and M. Zahoran® (“ Dep. of Physical Electronics, Faculty of
Science, Masaryk University, Brno, Czech Republic, ® Dep. of
Experimental Physics, Comenius University, Bratislava, Slo-
vak Republic): Study of Polypropylene Nonwoven Fabrics
Treatment in Underwater Electrical Diaphragm Dis-
charge

During the last two decades functionalization of polymer
surfaces has been recognized as a valuable tool to improve
their adhesion properties. Underwater pulse diaphragm dis-
charge is an effective tool in the production of hydrated elec-
trons and hydroxyl radicals, which can be used for material
surface modification (bondability, hydrophilicity, surface
energy). For efficient material treatment it is necessary to
identify operational key parameters controlling the discharge
plasma characteristics and to establish some appropriate diag-
nostic methods and models for plasma characterization. The
plasma parameters — electron number density, temperature of
electrons, excitation temperature, have been measured by
optical emission spectroscopy completed by the voltage, and
current measurement. The sampling optical fiber was installed
directly in the slit to minimize the water absorption of light
emission. The electron number density will be estimated pref-
erable from spectral line profile of H,. Our contribution will
summarize the results of our experiments.
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Introduction

Nowadays, the processes where the interaction between
gas and liquid occurs are very popular in the chemical engi-
neering technology. Prevalence of them in the industry makes
even slight improving of parameters of work very desirable.
Foaming system was introduced a long time ago as the way of
increasing the efficacy. Presently, it can be one of options for
cleaning the large amounts of the polluted exhaust gas be-
cause the heat and mass exchange is especially efficient in the
two-phase systems like a dynamic foam environment.

Several kinds of foam, with totally different properties
and hydraulic parameters exist. The most famous are foams
created using surfactants, three-state foams and unstable
foams generated using only kinetic energy of the gas flow. It
must be emphasized that foams created without any surfac-
tants are the most desirable from the environmental point of
view. The experiments using this kind of foam, generated
from gases and pure water only were reported in the previous
works' ™,

On the further stages of the research the possibility of
foaming system application for the dusty, polluted gas or the
treatment of special kind of wastewater will be investigated.
Some of contaminants show the surface-active character, they
can change and extremely enhance the foaming properties of
the purified solution.

Foams

Foams are unstable colloidal mixtures, which contain
prevailing part of gas by volume. The initial distribution of
liquid in foam depends on the manner in which the foam was
produced. Foams can be divided into two categories, homoge-
nous and pneumatic forms, depending on the method of gen-
eration®. Static foams (also called homogenous, stable or
standing foams) are produced by vigorous agitation of solu-
tions. The initial distribution of liquid is homogenous. Pneu-
matic foams (also called dynamic foams) are produced by
bubbling of gas through the solution, as the bubbling pro-
ceeds, foam increases its length (until the gas supply is shut
off) and the profile of liquid fraction develops. Such foam is
drier at the top (liquid fraction is lower) and wetter in the
lower part. Pneumatic foams are always in contact with the
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foaming solution (in the static foams there is a time lag before
some liquid appears in the bottom of the column). They also
have some steady state height and the same amount of foam is
produced as destroyed.

Pure liquids cannot foam unless the foaming agent
(surfactant) is added in the case of typical static foams. The
shaking of the sample of the water can become its purity test.
Pneumatic foam can be created by a pure liquid using the
kinetic energy of flowing gas. Foam can be easily created
using dispersion technique — shaking or whipping the liquid
with gas, which is immiscible in that liquid. The general ways
to create foam are whipping, injection, sparging, shaking,
aspiration or compressed air foams generation™®.

Properties of foam depend on composition of the solu-
tion, eventual surfactant, eventual contaminants, foam forma-
tion, and foam maintenance (temperature, pressure, etc.).
General rules concerning the flow and apparatus-construction
limits for foam environment creation are: a) linear velocity of
substrate gas for whole apparatus cross-section (V¢): 0.1-4.0
ms™', b) gas velocity in the diffuser hole (Vp): 10-20 ms™, ¢)
diffuser's perforation level: 5-20 % of whole shelf area™®. Foam-
ing leads to the intensification of the processes between gas
and liquid phase, especially those, this proceed on the inter-
phase surfaces. The contact area is much larger than in typical
bubbling process’. The three zones above the diffuser’s
shelves in the apparatus can be distinguished:

—  the lowest one: bubbling in the thin liquid layer,
—  middle: foam zone,
—  upper: splash zone.

Experimental set-up

The main reactor vessel of the foaming system is de-
picted in Figs. 1. It consists of a cylindrical, polyacrylate col-
umn of 50 mm diameter. A ceramic diffuser made of Al,Os
was placed perpendicularly to the flow direction of media.

gas outlet

sampling

chamber

liquid level
control

ceramic
diffuser

bolts

gas inlet

Fig. 1. Scheme of foaming vessel and its photograph during the
foaming process
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Fig. 2. Experimental apparatus

The central high voltage (HV) electrode of 1.5 mm diameter
was placed inside the cylindrical, grounded electrode (40 mm
of diameter, 30 mm of height) in homogenous foam zone,
above the diffuser.

The electrical circuit is shown in Fig. 2. Blumlein type
pulsed power source consisted of coaxial cables (RG-8U) for
charging energy, triggered spark gap switch and switch trig-
gering system. The pulse width of output voltage depended on
the length of coaxial cable. In the performed experiments the
pulse width of voltage was 50 ns, which corresponded to the
cable length of 5 m. Surfactant-supported foam was uniform,
with 1-2 mm diameter bubbles.

Results and discussion

Many kinds of the surface-active foaming materials can
be distinguished. They can be particles of dust, liquid crystals,
polymers or specific cathions or anions from inorganic salts.
Some of them can cause foaming in very low concentrations,
even 107 M (ref.'%). Large-molecule, nonionic surfactants do
not dissociate into ions in aqueous solutions. They have
plenty domestic, medical and industrial applications as mild
and non-denaturing detergents. Showing excellent chemical
stability, are good solvents of moderate foaming properties
but they also have a tendency to bioaccumulation and can be
harmful for aquatic organisms.

Tween® 20 (polyoxyethylene sorbitan monolaurate),
which chemical structure is presented in Fig. 3, is yellow,
viscous liquid miscible with water and used in the biotechnol-
ogy, textile production and food industry.

Triton X-100 (polyoxyethylene octyl phenyl ether) is
very stable non-ionic detergent soluble in water, benzene,
toluene, xylene, trichloroethylene, ethylene glycol, ethyl
ether, ethanol, isopropanol, and ethylene dichloride. At 10 %
(v/v) in water, it gives a clear to slightly hazy solution, from
clear to slightly yellow in appearance''. It absorbs in UV re-
gion at 280 nm. Triton X-100 is relatively non-toxic and
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Fig. 3. Chemical structure of Tween® 20 (ref.'")
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Fig. 5. Chemical structure of Polyoxyethylene Nonylphenyl Ether
(PNSNPE)"

widely used in biochemical procedures. Its chemical structure
is presented in Fig. 4.

Polyoxyethylene (5) nonyl phenyl ether (PSNPE, NE),
(Fig. 5) is the large molecule nonionic surfactant playing im-
portant role in nanotechnology and biochemistry, but it also
occurs to be a skin sensitizer, sometimes causing allergies'”.

For the experiment, 0.025 % water solution of Tween®
20, PSNPE, and Triton X-100 were prepared. 50 ml of the
solutions were dosed into the foaming apparatus. Oxygen gas
flow rate was fixed to 1.0 I min™'. Change of COD (Chemical
Oxygen Demand) during the treatment by the electrical dis-
charge in foam was monitored for each pollutant. COD was
measured using HACH spectrometer and COD 2720 method
at 620 nm wavelength. The average energy per pulse ranged
from 2 to 4 mJ. After 20 minutes of treatment at 30 Hz and
17 kV discharge voltage, 53 %, 87 %, 58 % COD removal
efficiencies for Tween® 20, PSNPE, and Triton X-100 were
achieved, respectively. The experimental data are summarized
in Fig. 6.
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Fig. 6. Change of COD in dependence on the treatment time
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Fig. 7. Chemical structure of dodecyl sodium sulfate

Dodecyl sodium sulfate (SDS, Lauryl sulfate sodium
salt, Fig. 7) is a white powder soluble in water giving color-
less liquid. This anionic detergent is widely used in molecular
biology, drug and food industry, ceramics, and in methane
hydrate formation'*™'®.

In the experiment with SDS, 58 % reduction of COD
was observed after 30 min of treatment of 15 ml solution of
SDS surfactant (0.05 g 1" and residues of cationic dye: ethyl
violet (Fig. 8) at 0.3 I min™' oxygen flow. EV is highly pH-
sensitive dye, which reacts mostly via OH reaction route.

For the lower pulse energies after the COD reduction in
the first 10 minutes, the rapid increase of COD, sometimes
exceeding the primary untreated value was observed. For
instance, in the case of PSNPE solution, 30 minutes treatment
time led to 13 % increase in COD comparing the initial value
(Fig. 9).

After initial decrease in COD, what may suggest break-
ing the large molecule compound, further application of the
electrical discharge promoted the unwanted reaction paths and
formation of some other large-molecule species. In such con-
dition, attempt of SDS and EV residues solution treatment due
to complicated chemical structure of both compounds caused
rapid increase of COD even by 30times during the first
10 minutes and then slow decrease of this value, which after
30 minutes was still 15 times higher than untreated one.
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Fig. 8. Removal of COD in SDS solution and ethyl violet residues
in dependence on the substrate gas
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Fig. 9. COD in dependence on the treatment time at low pulse
energy (PSNPE)

In all observed cases, there was a visible decrease in the
foamability of the treated solutions and in the last 5 minutes
of treatment the bubbling prevailed over the foaming phe-
nomenon.

Conclusions

Various active species as ozone, hydrogen peroxide and
OH radicals were formed during the electrical discharge in the
foaming column.

Treatment of pollutants and oxidants’ formation was
performed in the same reaction zone in the apparatus.

53 %, 87 %, 58 %, 58 % COD removal efficiency was
achieved for Tween® 20, PSNPE, Triton X-100 and SDS,
respectively. However, decreasing of the pulse energy led to
the increase in COD of the solutions.
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1. Intoduction

Plasma is called the fourth state of the matter. Plasma
contains a certain portion of free electrons and the atoms are
partly ionized. The presence of negative and positive carriers
of the charge makes plasma' electrically conductive and dis-
tinguishes it from gaseous state.

The plasma that contains a very small part of the ionized
particles (approximately 1 %) is named cold (nonthermal)
plasma. The cold plasma is generated in a high-voltage elec-
tric field, and although the velocity of electrons is strongly
dependent to the temperature up to a few thousands degrees of
Celsius, their effect on the plasma temperature is low and
final plasma temperature is close to the temperature of the
surrounding.

Cold plasma plays an important role in a variety of tech-
nologies, i.e. particularly plasma activation serves to alter or
improve adhesion properties of surfaces prior to coating,
painting, etc. Cold plasma systems have become also a very
important tool for nanotechnology processing including semi-
conductors, thin films and the production of polymers and the
modification of the materials.

In this paper, the cold plasma has been used to initialize
an oxidation process of iron nanoparticles.

2. Materials and methods

Iron nanoparticles, used as a precursor, were prepared
by a spark discharge®. The carbon shell protects these iron
nanoparticles from spontaneous oxidation. The oxidation
process has been performed in a laboratory cold plasma-
chemical reactor. The iron nanoparticles were placed on an
electrode for 20 seconds of the exposition time and the reactor
was activated with maximal power. The iron nanoparticle
precursor and final iron oxide product were characterized by
TEM®*, BET®, XRD and Méssbauer spectroscopy6.

2.1. Transmission Electron Microscopy (TEM)
Transmission Electron Microscope JEOL 2010 F — type

high contrast (HC) was used to determine the size and mor-
phological properties of the initial iron nanoparticles and final
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nanoparticles. Accelerating voltage of 200 kV and magnifica-
tions from 100000 to 400000 times were used in these meas-
urements.

The preparation of the sample is the key moment in the
TEM application. The nanopowder was added into the ethanol
and exposed to ultrasonic waves. Then, one drop of the sus-
pension was placed on a 300 mesh copper grip, which was
coated with holey carbon film. Finally, the sample was dehy-
drated at room temperature.

The local electron diffraction was wused for
a determination of the phase composition of the nanoparticles.

2.2. BET method

A specific surface area of the dispersive or porous mate-
rials can be determined by the BET method. The BET
(Brunauer-Emmett-Teller) method is based on the measuring
the adsorbed gas quantity. The adsorption-desorption iso-
therm was obtained by nitrogen adsorption using a Sorpto-
matic 1990 (ThermoFinnigan) surface area analyzer. The
specific surface area of this sample was determined by the
multipoint BET3 method in the p/p, range between 0 and 0.5.
Sample was de-gassed at room temperature with a pressure of
107 for 24 h.

2.3. Moéssbauer Spectroscopy

Mossbauer spectroscopy was applied to determinate the
iron phase composition of initial and final materials. >'Fe
Mossbauer spectra were measured by a standard transmission
method in a constant acceleration mode with a *’Co (Rh) ra-
dioactive source. The spectra were collected at room tempera-
ture. The values of the isomer shift are related to a-Fe at room
temperature. For computer processing of the spectra, a NOR-
MOS package was used yielding the values of the relative
spectrum area RA and the values of the hyperfine parameters
including the hyperfine magnetic field B, isomer shift &,
quadrupole splitting A and quadrupole shift €.

2.4. X-ray powder diffraction (XRD)

XRD was also used for a determination of the phase
compositon of the samples. An X’Pert PRO instrument with a
Co Ka radiation was employed for the XRD analyses. The
phase composition of the samples was evaluated using an
X’Pert HighScorePlus software package (PANanalytical®)
and the JCPDS PDF-4 database.

3. Results and Discussion

At first, the initial iron nanoparticles were characterized.
TEM gave information about the size and morphology of the
iron nanoparticles as well as the thickness of the carbon pres-
ervation shell has been estimated.

We can see that the iron nanoparticles form agglomer-
ates (see Fig. 1). A more detailed Fig. 2 shows that they have
a ball-shaped profile and their sizes vary from 15 to 100 nm.
Individual particles are covered with a carbon preservation
envelope. Its thickness is estimated to 8 nm. The fact that the
core and the shell of the nanoparticles are composed of iron
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Fig. 1. TEM picture of the initial iron nanoparticles

Fig. 2. Detailed TEM picture of the iron nanoparticles covered by
a carbon preservation shell

and carbon, respectively, has been confirmed by local electron
diffraction.

From the adsorption-desorption isotherm (dependence of
the V45 on p/pg) (Fig. 3), it was determined, that this material
is nonporous with the surface area of 7.3 m*g ™.

RT Maossbauer spectrum (see Fig. 4) contains one sextet
with 8pe=0mm s, e=0mms™ and B=33T, well corre-
sponding to alpha iron.

XRD (Fig. 5) pattern confirms that the initial material
does not include any other iron-bearing phase.

The changes of the phase composition as well as
changes of the morphology particles were observed after oxi-
dation initialized by a cold plasma.

RT Mossbauer spectrum of the final product (see Fig. 6)
consists of a-Fe sextet (8p.=0 mm s’l, ¢ =0mm s’l, B =
33.0 T, RA =24 %), a-Fe,0; sextet (8p.=0.37 mms™',
e=—0.16mms", B=51.6T, RA=46%), two sextets of
Fe;04 (0pe=0.27 mm s e=0mms’, B=492T,
RA=14% and 8r.=0.66 mms', e=0mms', B=457T,
RA=12%) and FeO doublet (8p.=0.93 mms,
A=0.73mms", RA=4%).
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Fig. 5. XRD pattern of iron nanoparticles

The presence of all the iron phases identified by Moss-
bauer spectroscopy was confirmed also by XRD (see Fig. 7).
TEM shows that the sizes of the nanoparticles of final
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Fig. 7. XRD and pattern list of the final product

product are the same as the sizes of the nanoparticles of the
initial system, but some nanoparticles have changed the ball-
shaped form (see Fig. 8). At the same time, we can see that
the carbon preservation cover is disturbed and nanoparticles
form certain clusters (see Fig. 9). The local electron diffrac-
tion shows on one hand that the core of the carbon preserved
nanoparticles contains iron. On other hand, the core of the
nanoparticles with the disturbed carbon shell contains iron
oxide.

4. Conclusion

The initialization of oxidation process of iron nanoparti-
cles by the cold plasma was studied. It is obvious that the cold
plasma disturbs the carbon preservation shell of the nanoparti-
cles and these nanoparticles are continuously oxidizing. o-
Fe,0; (hematite), Fe;04 (magnetite) and FeO (wiistite) were
identified in the final product. On one hand, the nanoparticles
with disturbed carbon cover oxidize, but on other hand, they

II Central European Symposium on Plasma Chemistry 2008

Fig. 9. Clustering of the nanoparticles with the disturbed carbon
cover

arrange into irregular clusters in which iron and iron oxide
were observed. It thus seems that there exists a possibility to
control the process of oxidation of iron nanoparticles via us-
ing a different power of the cold plasma source and different
exposition time. This potentiality will be a subject of the next
study.
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Introduction

A number of experimental studies have been carried out
in order to improve the barrier properties of the packaging
materials, first of all, their tightness with respect to gases,
organic vapors, and water vapor. In the opinion of numerous
authors, plasma enhanced chemical vapor deposition (PE-CVD)
may be the most suitable technique for manufacturing of thin
tight coatings (e.g. from SiOy) reducing the polymer films
permeability' . Pulsed dielectric barrier discharges (PDBD)
at atmospheric pressure are one of the new ideas in this field’ '°.
Organic compounds of silicon, e.g. tetracthoxysilane (TEOS),
tetramethoxysilane (TMOS), hexamethyldisiloxane
(HMDSO) and some other, are known as advantageous start-
ing materials for PE-CVD of thin SiO, coatings. However,
because of the complex structure of these compounds, their
chemical transformations in plasmas are frequently not com-
plete, and thus, the coatings deposited from TEOS, TMOS,
HMDSO often contain some "organic" fragments
(Si-(CHj3),, Si-C, Si-CO, etc.), besides the SiOy structure. As
known, oxygen and other oxidants strongly influence the proc-
ess of the coating deposition. Oxygen and oxygen containing
radicals take part in the reactions proceeding in the plasma
zone resulting in acceleration of the gas reactions, as well as
the transformation of the solid organo-silicon product depos-
ited on the substrate surface. The coatings, when produced in
the presence of oxygen contain generally more distinct O-Si-O
structures and lower content of organic residues”"' ™.

Experimental set-up

For the present study of thin coating deposition on pack-
aging plastic films, pulsed dielectric-barrier discharges
(PDBD) were used. A new laboratory reactor was tested'*'*
with a rotating cylindrical internal electrode and the cylindri-
cal glass body playing the role of an dielectric barrier (Fig. 1).

A strip of aluminum sheet 0.05 mm thick and 15 mm
wide attached to the external surface of the glass body in par-
allel to the axis is used as the high voltage electrode. A sam-
ple of the examined plastic film adheres to the surface of the
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Fig. 1. The reactor: vertical section A-A and horizontal section B-
B. 1 — rotating electrode, 2 — glass body, 3 — PE film,
4 — HV electrode, 5 — discharge gap (1.5 mm), 6,7 — inlet and outlet
pipes
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Fig. 2. Pulse voltage and current courses

rotating electrode and the PDBD zone is located in the part of
the gap in the nearness of the metal foil being the external
electrode. The sample attached to the rotating electrode
moves through the discharge zone with a stable velocity (3 s
for one turn), and the real time of the discharge action may be
controlled by changing the HV electrode width, as well as the
overall discharge duration. The gap distance between the film
attached to the rotating electrode surface and the internal sur-
face of the glass body is about 1.5 mm. The plasma treating
and deposition were conducted at ambient temperature using
an electrical supplying system generating the voltage pulses
of about 60 ns duration up to 15 kV. The voltage and current
were registered by the Tektronix TDS 3032 oscilloscope and
the pulse power was computed from those measurements
(Fig. 2).

For example, when the pulse frequency was kept at the
level of 400 Hz the energy of the individual pulse was as-
sessed as 79 mJ with 6.5 pC load transferred.
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Coating deposition

Coatings were deposited on polyethylene (PE) films
19 pm thick keeping the stable pulsed discharges frequency of
400 Hz. Tetraethoxysilane (TEOS) was used as a precursor
being a component of the feed gas mixtures with helium or
with helium and oxygen. The flow rate of helium gas was
10 NI h™" and the residence time in the gap volume was about
18 s. The TEOS vapors were added to the gas stream at the
rate of 0.6 mmol h™' by evaporation of the liquid at constant
temperature and the concentration of TEOS was kept at
0.13 mol.%. Four kinds of the feed gases have been tested: (i)
He, (ii) TEOS + He, (iii) TEOS + He + 5 % O,, (iv)
TEOS + He + 10 % O, for the real durations of the plasma
action from 2.2 to 44 s. The mass of coatings was determined
gravimetrically for long duration of the deposition and the
rates were calculated basing on those measurements. The
maximum deposition rate (1.8 g cm™ min) was observed us-
ing the gas mixture (iii).
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Fig. 3. AFM image of the virgin PE film. a — 3D image,
b — Height deviation distribution (referred to the mean plane); Rq =
0.80 nm, Z =7.8 nm

Coating topography and elemental composition

The surface topography was studied using atomic force
microscope (AFM) NanoScope IIIA Digital Instruments
Veeco Group. The coating surface topography was character-
ized by R, — RMS average of height deviation from mean data
plane, and Z — maximum vertical distance between the highest
and lowest data points.

It was found that the roughness of the film surfaces in-
creased after plasma treatment in all of the gas mixtures

a b
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Fig. 4. AFM image of the PE film treated with helium plasma
during 2.2 s. a — 3D image, b — Height deviation distribution
(referred to the mean plane); Rq=6.15 nm, Z =55.9 nm
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Fig. 5. AFM image of the coating deposited from TEOS+He dur-
ing 2.2 s. a— 3D image, b — Height deviation distribution (referred to
the mean plane); Rq =3.26 nm, Z =27.5 nm
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mean plane);

tested, the maximum roughness, however, revealed the film
treated with helium plasma with Ry = 6.15 nm and
Z = 55.9 nm (Fig. 4). Minor roughness of the films was ob-
served after coating deposition from the mixtures (ii) TEOS +
He and (iii) TEOS + He + 5 % O,. For the latter one, Ry =
2.40 nm and Z = 20.9 nm, being, however, larger than those
of the virgin film.

The coating elemental composition was determined by
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Fig. 7. Element concentrations across the coating deposited from

TEOS + He during 22 s
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Fig. 9. Residual permeability R of PE films plasma treated in
different gases: (i), (ii), (iii), and (iv) during 2.2 to 44 s

X-ray photoelectron spectroscopy (XPS) using a VG Scien-
tific ESCALAB-210 spectrometer with a AlIKo X-ray source
(1486.6 eV). The changes in the content of individual ele-
ments across the layers could be observed due to the coating
sputtering with an argon ion gun AG-21 during 40 min
(Figs. 7 and 8).

Silicon, oxygen and carbon were found the main compo-
nents of the coatings and their contents changed with the coat-
ing depth (hydrogen was not determined). Various forms of
silicon bonds were recorded in the XPS spectra, mainly SiC
and SiO,.

The content of SiO, was in maximum at the surface
layer of the coatings (with the molar ratio O/Si nearly 2),
however, in the deeper layers, the O/Si ratio was lowered to
nearly 1. High carbon contents (exceeding 60 %) that was
found over the whole coatings could be assigned to the or-
ganic residues (from the precursor), however, the effect of the
penetration of substrate (PE) structure fragments into coatings
seems to be essential. The latter conclusion may be derived
from the carbon distribution across the coatings.
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Coating permeability

The permeability of oxygen through the foils was deter-
mined by measurement of the oxygen diffusion rate at 30°C
using an interferometer for the gas analysis. The residual per-
meability R of the films was defined as:

R= Ll 100%
0
where: P; — permeability after treatment, Py — permeability of
the original foil equal to 60-107° ecm® O,/cm* s cm Hg.

It was found that using helium gas, the residual perme-
ability R was near 50 % for the treatment times up to 22 s
(Fig. 9).

Testing the gases containing TEOS, the lowest R (35 %)
was observed for the feed gas (iii) with the shortest treatment
duration (2.2 s). When the deposition was prolonged, how-
ever, the permeability reduction tended to decrease. Different
circumstances may be responsible for that:

—  pinholes and other damages produced by the discharge
channels

—  micro-cracks occurring owing to low mechanical
strength and weak adhesion to the substrate

—  high porosity of the coating and high roughness (Figs.

4-6).

As can be seen from the Fig. 2, the discharge is rather of
homogeneous character with no traces of stronger individual
microdischarge channels being able to produce pinholes. On
the other hand, in microscopic images of the coatings only
few pinholes or other damages were found. The micro-cracks
may result in higher permeability of thick coatings (as was
seen in the SEM image). For the thin layers, however, the
probability of micro-cracks formation is rather low. Thus, the
probable reasons for the residue permeability of the coating
were their porosity and roughness. The low conversion of the
complex organo-silicon deposit on the surface into a continu-
ous and tight SiOy structure may facilitate the oxygen diffu-
sion across the coating. On the other hand, because of high
roughness of the deposit layer, there may be a great number of
local valleys and micro-caverns enabling the gas penetration.

This work was financially supported by the Warsaw Univer-
sity of Technology, Warszawa, Poland.
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J. Sentek, Z. Rzanek-Boroch, M. Brykala,
and K. Schmidt-Szalowski* (Faculty of Chemistry, Warsaw
University of Technology, Warszawa, Poland): Deposition of
Gas-Tight Coatings on Plastic Films by Pulsed Dielectric-
Barrier Discharges

Organosilicon coatings deposition from tetracthoxysi-
lane (TEOS) was conducted in pulsed dielectric barrier dis-
charges (PDBD) for packaging polyethylene (PE) films tight-
ening. A laboratory reactor was tested with a rotating cylindri-
cal internal electrode bearing the PE film and with the cylin-
drical glass body being a dielectric barrier. The oxygen per-
meability of the films was examined after plasma treatment
with different gases: (i) He, (ii) TEOS +He, (iii)
TEOS + He + 5% O,, (iv) TEOS +He + 10 % O,. For the
film surface topography observations, atomic force micros-
copy (AFM) was used. The coating composition was exam-
ined by X-ray photoelectron spectroscopy (XPS). It was
found that under PDBD conditions both the treatment in he-
lium plasma and the coating deposition from different
TEOS+carrier-gas mixtures reduce the oxygen permeability
of PE films.
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Introduction

Deposition of thin films by reactive magnetron sputter-
ing is nowadays largely used process to prepare wide range of
compound thin films'. Oxygen or nitrogen gas is routinely
added to the deposition process in order to let grow oxide or
nitride thin films. Recently a hybrid PVD-PECVD process
has been successfully used for preparation of n-TiC/a-C:H
thin films®>™. In this deposition process, a gaseous hydrocar-
bon is used as a source of carbon instead of its conventional
sputtering from the magnetron target. Generally, adding any
reactive gas to the deposition chamber may result in process-
ing stability problems”’. It is well known, that reactive mag-
netron sputtering using nitrogen or oxygen being controlled
by flow of the reactive gas exhibits hysteresis behavior. In-
creasing the flow of the reactive gas results firstly in an en-
hanced gettering of the reactive gas in the growing thin film
however the compound fraction on the target remains low —
the process runs in so called metallic mode™ When the grow-
ing thin film reaches its gettering capacity, the target erosion
rate steeply drops. In this case, it is told that the transition
from the metallic to the compound mode takes place. The
deposition rate generally increases with low amount of nitro-
gen or oxygen admixture due to the incorporation of the oxy-
gen and nitrogen into the growing thin film and decreases for
higher reactive gas supplies due to the progressive target poi-
soning resulting in reduced sputtering rate.

In principle the process using the admixture of the hy-
drocarbon should by very similar to the one which uses the
nitrogen or the oxygen gas. Instead of covering of the magne-
tron cathode by hardly sputtered compound (nitride or oxide),
it can get covered by a carbon film, which is hard to sputter
too. The very important question arises concerning the carbon
incorporation into the growing thin film because the situation
on the substrate plays an important role in determining of the
behavior of the whole deposition process. Moreover, it should
be very important to know whether the carbon incorporating
in the growing thin film originates from the gas phase or from
hardly sputtered thin film on the cathode. The first attempt to
answer these questions is to study the trends in the deposition
rate when nitrogen and/or hydrocarbon is added into the depo-
sition chamber followed by FTIR spectroscopy of prepared
thin films.
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Experimental set-up

The drawing of the experimental device is shown in
Fig. 1. The experiment is performed using the industrial sput-
tering deposition system Alcatel SCM 650. A cylindrical
vacuum chamber, 65 cm in diameter and 35 cm in height, is
equipped by a set of four well balanced magnetrons — two are
located on the top and two at the bottom of the deposition
chamber (see the sketch of the magnetic field in Fig. 2). Ro-
tating substrate holder is placed between them. The boron
target of 20 cm in diameter is mounted on the top magnetron.
RF power to the target is supplied by 1.2 kW 13,56 MHz RF
power generator, the substrate can be biased by 500 W of
13,56 MHz RF power resulting in a formation of non-
magnetized RF plasma near the substrate. Prior to each depo-
sition, the chamber is evacuated by a turbo molecular pump
backed by a rotary pump. The turbo molecular pump is throt-
tled during the experiment to obtain desired pumping speed.
Argon and reactive gases — nitrogen and methane — are dosed
using a thermal mass flow regulator; the pressure is registered
by a precise MKS baratron.

The deposition itself goes in several steps. After the
vacuum vessel gets sufficiently pumped during several hours,
Ar gas is introduced into the deposition chamber to the pres-
sure of 3.0 Pa, the shutter between the target and the substrate
is closed and the target gets cleaned by ion bombardment
induced by 1 kW of RF power applied on the target during
30 minutes. After that, the substrates is cleaned applying
0,5 kW during 30 minutes. Now, after setting the experimen-
tal conditions for the depositions (Ar is introduced into the
chamber to a pressure of 1.2 Pa simultaneously with reactive
gases, RF power is applied on the magnetron cathode and on
the substrate etc.), the deposition starts opening the shutter
between the target and the substrate. After desired time, the
RF powers are stopped, gas inlets are closed and the substrate
cool down under vacuum.

Shortly after the substrate is removed from the deposi-
tion chamber, the film thickness is determined from the re-
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Fig. 1. Experimental set-up
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Fig. 2. Sketch of the magnetic field configuration

flectometry measurement (UV-VIS Perkin Elmer Lambda 45
spectrophotometer) using the model from Franta et al'®. An
example of measured data and fitted curve is shown in Fig. 3.
The infra-red spectra of the deposited film are obtained using
FTIR spectrometer Bruker Vertex 80v.

Results and discussion

Table I shows the set of experimentally derived deposi-
tion rates of thin films prepared by the sputtering of the boron
target in the reactive atmosphere containing nitrogen and/or
methane. The experiment is performed either for the substrate
holder let at the floating potential (vy) or for the substrate
holder biased by the power of 500 W supplied by the
13,56 MHz generator (vgso0) resulting in non-magnetized
plasma formation near the substrate and self-bias on then
substrate of about —100 V.

Let’s discuss the results obtained with the substrate at
the floating potential now. Addition of the nitrogen gas into
the deposition chamber results first in an increase of the depo-
sition rate followed by a decrease. Precisely, adding 1,5 sccm
of N, increases deposition rate from 11 nm min”' to
24 nm min"'; subsequent increase of N, supply to 3 sccm
leads to the deposition rate of 11 nm min™'. Such behavior is
typical for reactive magnetron sputtering deposition process.
When methane is added into the deposition process, either
together with N, or only with Ar, deposition rate changes only
a little.

However different situation appears when 500 W of RF
is applied on the substrate (DC self-bias ~ —100 V, additional
plasma near the substrate). In these conditions, the re-
sputtering of the pure boron thin film exceeds the deposition
and no deposit is obtained without N, and/or CH4 admixture.
When 1.5 sccm of the N, is added, thin films grow with the
deposition rate of 19 nm min™', adding 3 sccm of N, results in
deposition rate of 9 nm min~'. Again, the typical behavior of
the reactive deposition process — an increase of the deposition
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Fig. 3. Example of measured spectral dependency of the reflectiv-
ity and the fit used to determine the film thickness

Table I

Deposition rate of boron based thin films prepared by the
sputtering of boron target in atmosphere containing nitrogen
and/or methane

Qnalscem]  Q cua[scem]  vgo [nm min™'] vgsgo [nm min™']
0 0 11 0
1.5 0 24 19
3 0 11
1.5 11 3
1.5 0.5 - 26
1.5 1.5 24 7

rate followed by a decrease — is obtained. Keeping all of the
experimental conditions which do not lead to deposition of
boron thin films the same and adding 1.5 sccm of the meth-
ane; a deposit is obtained. The deposition rate in this case was
3 nm min™'. For 1.5 sccm of nitrogen supplied simultaneously
with methane the significant increase of deposition rate —
from 19 nmmin~' (without CHj) to 26 nmmin" (with
0,5 sccm of CHy4) — is observed. Adding of 1.5 sccm of N,
together with 1.5 sccm of CHy results in deposition rate of
7 nm min~', which is significantly lower than 19 nm min™
obtained only by using 1.5 sccm of N,.

The presence of carbon in the deposits is proved by the
FTIR spectroscopy where peaks corresponding to h-BN, c-
BN, CC and CH are clearly identified (see Fig. 4) not only for
the samples prepared with biased substrate, but also in the
case of unbiased substrate, where the deposition rate does not
depend significantly on the methane supply. Adding the meth-
ane results is lowering of the BH peak indicating that the
boron content in the thin films prepared with methane admix-
ture is lowered. Surprisingly, no peak corresponding to BC or
CN is identified. The lack of CN peaks in the infra-red spectra
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shows that the nitrogen in the growing thin film is banded
mainly on boron. Previous results show that the carbon from
the gaseous hydrocarbon added into the deposition chamber
incorporates in the growing thin film.

When no RF power is applied on the substrate, the car-
bon detected in the growing thin film can originate from
methane partially or fully dissociated in the magnetized
plasma or from the sputtering of the carbon layer being very
probably formed on the magnetron target. From the infra-red
spectroscopy results, it can be deduced that peaks correspond-
ing to carbon rise in favor of peaks corresponding to boron.
However the reflectometry measurements show that the depo-
sition rate does not change significantly. It indicates that add-
ing methane, boron is in the thin film partially replaced by
carbon. Since the sputtering rate of carbon is twice lower than
the sputtering rate of boron, a certain amount of carbon being
incorporated into the growing thin film should originate from
the magnetized plasma too. The reduction of the boron in the
growing thin film indicates that there is a carbon thin film
being formed on the boron target. The carbon to boron ratio at
the magnetron target is given by the balance of the carbon
flux from the magnetized plasma to the target and from the
flux of carbon atoms, out sputtered from the target. The com-
position of the thin film on the substrate should be given by
the flux of carbon and boron atoms out sputtered from the
target and by the flux of carbon atoms origination from the
magnetized plasma.

Applying the 500 W of RF power on the substrate re-
sults in formation of the RF plasma near the substrate where
methane can be dissociated. It increases the flux of carbon
atoms on the substrate with respect to the previous case where
the substrate has been left floating. Moreover, the growing
thin film is bombarded by Ar ions accelerated to energy of
~ 100 eV sufficiently high to produce sputtering of the grow-
ing thin film. The boron to carbon ratio in the growing thin
film should be given not only by the flux of carbon and boron
atoms out sputtered from target and by the flux of carbon
originating from the magnetized plasma and from the non-

] h-BN ON: = 1.5 sccm
3 1 c-BN Qeys =15 sc/cm
P —— 1
e o] i —E h-BN CC Bne
2 3
-
- !
g r ' -~
s —Ce BC
5 4 CH !
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Fig. 4. Infra red spectra of thin films prepared with floating sub-
strate
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magnetized RF plasma near the substrate but also by the car-
bon and boron losses due to the sputtering of the growing thin
film.

The deposition process where methane is added simulta-
neously with nitrogen behaves very similarly to the reactive
magnetron sputtering with two reactive gases. Adding small
amount of methane increases the deposition rate of the grow-
ing thin film, however substantial increase of the methane
supply results in significant reduction of the deposition rate.
Adding small amount of methane, the carbon is incorporated
into the growing thin film but the boron target remains rela-
tively carbon free ensuring high boron sputtering and conse-
quently high nitrogen banding in the thin film. Increasing the
supply of the methane the target gets covered by a carbon
layer resulting in lower boron sputtering and consequently
lower fraction of boron and nitrogen in the growing thin film
and the depostition rate drops.

Conclusion

In this paper the preliminary results concerning proper-
ties and deposition rates of thin films prepared by hybrid
PVD-PECVD process. The infra red spectroscopy of deposits
obtained introducing methane into the deposition chamber
clearly proves the carbon incorporation into the growing thin
film. Trends in deposition rates indicate that there are proba-
bly three sources of carbon atoms incorporating the growing
thin film. It can originate from the methane partially or fully
dissociated either by the magnetized plasma or from the non-
magnetized plasma ignited near the substrate. Third source of
the carbon is the sputtering of the carbon layer being formed
on the magnetron target. Adding nitrogen and methane simul-
taneously, the process behaves very similarly to the reactive
sputtering deposition process with two reactive gases.

This research has been supported by the MSM contract
0021622411 and by GACR contract 202/08/P038.
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M. Elias, P. Soucek, and P. VaSina* (Department of
Physical Electronics, Faculty of Science, Masaryk University,
Brno, Czech Republic): Influence of N, and CH4 on Deposi-
ton Rate of Boron Based Thin Films Prepared by Magne-
tron Sputtering

The goal of this paper is to present preliminary results
concerning properties and deposition rates of thin films pre-
pared by hybrid PVD-PECVD process. In this hybrid deposi-
tion process a gaseous hydrocarbon is used as a source of
carbon instead of its conventional sputtering from the magne-
tron target. The influence of the reactive gas admixture on the
deposition rate of growing films is investigated. Comparative
study using two different gases — nitrogen and methane — is
performed. Both gases are added also simultaneously. Inter-
esting findings on carbon incorporation into the growing thin
film are obtained from FTIR spectroscopy of the deposits.
Moreover, from trends in the deposition rate, some statements
concerning behavior of the hybrid PVD-PECVD process are
derived.
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1. Introduction

Dielectric barrier discharge (DBD) can be used to
change properties of materials, such as adhesion, hardness,
etc. We can deposit thin films on the material in order to
achieve protective layers or to make some liquids more adhe-
sive to the material. The main disadvantage of DBD is that it
is in the filamentary state under normal conditions. It was
found, that under certain conditions DBD becomes homoge-
nous. This discharge is called atmospheric pressure glow
discharge (APGD). The deposition in the atmospheric pres-
sure has a great advantage in economy of the deposition, be-
cause we don't need expensive vacuum technologies and we
can make a lot of depositions in a short amount of time. One
of the disadvantages is, that it is quite difficult to achieve
depositions in large area'. Sawada® reported the organosilicon
thin films deposition in APGD in helium with the admixture
of tetraethoxysilane (TEOS) or hexamethyldisiloxane
(HMDSO) and oxygen. Prat’ reported the fluoro-polymer film
deposition in helium APGD with admixture of hexafluoropro-
pylene or tetrafluorethylene. Gherardi* used N,-SiH,;-N,O
APGD for SiO, deposition. F oest® used APGD in helium with
admixture of HMDSO for organosilicon thin film deposition.
The APGD can be easily generated in various pure gases®”’.
However we used nitrogen because it is the most suitable gas
from the technological point of view.

We studied the influence of hexamethyldisiloxane
(C¢H15Si,0 — HMDSO) and O, mixture on the discharge
properties, so we can achieve APGD. The properties of dis-
charge were studied by electric measurement. The properties
of films were studied by depth sensing indentation technique
using the Fischerscope H100 tester and AFM. We also studied
new ring-type of electrode, which has an unique exhaustion
pipe in the center, so we can have better control of the amount
of the HMDSO flowing under the electrode. As a deposition
substrate we used 350 mm thick silicon wafers with a diame-
ter of 10 cm and (dimensions 160%65 mm) glass plates with
thickness of 1 mm. The films had uniform thickness and un-
der optimum conditions exhibited higher hardness than the
material on which the films were deposited.
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2. Experiment

The experiments were carried out in a plasma reactor of
dimensions 500x500x500 mm. The schematic drawing of the
reactor is shown in the Fig. 1. Electrode system is created
from two metal electrodes. The bottom electrode was rectan-
gular with dimensions 150x60 mm; on this electrode the sub-
strates were placed. As an upper electrode two types of elec-
trode were used.  First type of electrode with dimensions
15%x30 mm was covered by Petri dish with diameter of 50
mm. The metal electrode was glued to Petri dish by the ce-
ramic glue. Second type of electrode (ring-type) created the
ring with diameter 30 mm with the hole of 15 mm diameter in
the middle of the electrode (see Fig. 2.). The ring metal elec-
trode was covered with 0,5 mm thick Pyrex® glass. The dis-
tance between the substrate and the upper electrode varied
from 0.6 to 1.2 mm. The upper electrode was movable in the
horizontal direction (see Fig. 1). The bottom electrode was
electrically heated up from 50 to 150 °C.

The DC laboratory source powered AC high voltage sin.
source Lifetech connected to the discharge electrodes. High
voltage source worked in the resonance mode with the fre-
quency around 6 kHz. Electric properties of the discharge
were measured using oscilloscope HP 54820A equipped with
high voltage probe and Rogowski coil. In the reactor there
were three gas bushings. First gas bushing was used for the
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Fig. 1. Schema of the reactor. 1 — bottom electrode, 2 — bottom
dielectric, 3 — substrate, 4 — discharge, 5 — upper dielectric, 6 — upper
electrode, 7 — heating, 8 — input of gases, 9 — vacuum pump, 10 — DC
source, 11 — AC source, 12 — transformer, 13 — Rogowski coil, 14 —
oscilloscope, 15 — tunable capacitor, 16 — exhaustion pipe

Fig. 2. The ring-type electrode. The darkest gray represents metal
ring
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input of nitrogen with/without monomer admixture, second
one was connected to pumping system and the last one was
connected to the exhaust pipe in the ring-type electrode.

In this work the influence of flow rate of buffer gas or
monomer and influence of the substrate temperature was in-
vestigated. We also studied influence of geometry and differ-
ent type of electrodes on the quality of deposited films.

In the case of first type of the electrode (Petri dish elec-
trode), it was problematic to achieve homogenous and as well
as controlled distribution of admixtures under the whole sur-
face of the electrode. Special ring-type electrode enabled us to
control easily the amount of the monomer and also buffer gas
in discharge space.

Using this type of the electrode the distribution of gas is
homogenous and deposited films had uniform thickness
(except for the little spot under the exhaustion pipe).

The monomer vapors (in our case HMDSO) were
carried with the carrier gas (in our case nitrogen or synthetic
air) with flow rate varying from 5 to 30 sccm bubbled through
the monomer. The relation between the amount of carrier gas
and amount of HMDSO is expressed:

HMDSO [g/h] =0.01752 + 0.02467 x CARRIER [slpm].

Use of the synthetic air as a carrier gas containing
mainly nitrogen (= 80 %) and oxygen (= 20 %) enabled us to
sensitively control oxygen content.

Before starting the experiment, the substrate was
cleaned in mixture of 50 % isopropylalcohol and 50 % cyclo-
hexane bath followed with the ethanol bath.

Before deposition the reactor was pumped down to
20 Pa to obtain the same before deposition conditions. Then
the reactor was filled with the nitrogen to the pressure
99.8 kPa. The flow rate of nitrogen was 6 slpm in all experi-
ments. After that the resonance frequency was set up
(generally about 6 kHz). Before the deposition the substrate
was cleaned and activated with plasma treatment in APGD
with power density 30 W cm™. After that the nitrogen was
mixed with the HMDSO + carrier gas and the reactor was run
through with this mixture for about 30 minutes to achieve
homogenous distribution of gases in the reactor. If the ring-
type electrode was used then the exhaustion rate was possible
to set up. Then the temperature was increased to the desired
value and the deposition started. In this paper only depositions
in static mode are presented. Upper electrode did not move
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Fig. 3. Typical APGD current-voltage characteristic. The dis-
charge current consists of two parts-the sinusoidal capacitive current
part and the small peak of APGD discharge current
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and deposition time was always 25 minutes. The difference
between filamentary DBD and APGD was determined from
the oscilloscope current-voltage measurement; the typical
current-voltage characteristic is shown in the Fig.3. The
power varied from 30 to 150 W em™, the peak-to-peak AC
voltage varied from 8 to 22 kV, the flow rate of synthetic air
from 5 to 30 sccm and the temperature from 50 to 200 °C.

3. Results and discussion

All experiments were performed in APGD mode. If
filamentary DBD appeared, the deposition conditions were
changed to obtain homogenous mode (e.g. lowering the
power, lowering the flow rate of admixtures, lowering the
exhaustion rate). Exhaustion rate higher than 500 sccm or
flow rate of synthetic air higher than 30 sccm can cause the
discharge to be filamentary. The films deposited with the
admixture of O, exhibited better hardness properties because
the oxygen works as an oxidation reagent. The films depos-
ited with Petri dish electrode showed good hardness proper-
ties but weren't homogenous under the whole surface of the
electrode. That is because the monomer vapors were able to
reach the center of the APGD and were consumed under the
edge of the electrode perimeter. In opposite the films depos-
ited with ring-type electrode were perfectly homogenous.

After several experiments with electrodes made from
Petri dish electrode we obtained the conditions for hard glass
like coatings (see Table I, sample 8081303). The deposition
rate in the edge of the electrode of the films was extremely
fast, so films were after 25 minutes of deposition so thick that
internal stress in film caused delamination from the substrate
as is shown in the Fig. 4-7. Deposited films exhibited high
hardness however in the case of Petri-dish electrode the depo-
sition proceeded only under the electrode edge and films were
not completely homogenous. With the ring-type electrode we
obtained films with similar mechanical properties but with

Table I
Deposition conditions

Sample no.  Synth. air Exh. Temp. Power dens.
[scem] [sccm] [°C] [Wem™]
8081303 6 0 100 134
8082601 6 0 100 41
8082602 6 0 100 24
8082805 6 250 100 59
8082807 15 50 100 53
8082701 10 200 100 36
8082702 6 100 100 53
8082703 10 100 100 53
8082704 10 200 100 53
8082705 6 500 100 25
8082706 6 200 100 25
8090101 30 500 150 53
8090102 30 500 150 62
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Table II
Some results from depth sensing indentation measuring
Sample  Max. HU HUpl Y Electrode
no. load  [GPa] [GPa] [GPa]
[mN]
8081303 15 3.36 7.08 74.49  petri dish
8081303 5 3.32 6.73 78.55  petri dish
8082602 5 3.23 6.67 72.98  ring-type
8082601 5 0.92 1.33 26.63  ring-type
8082807 7 1.16 1.80 30.75  ring-type
8082805 7 1.03 1.60 28.39  ring-type
8082701 10 1.76 2.98 4433  ring-type
8082702 10 1.82 3.05 45.55  ring-type
8082703 10 1.35 1.86 4227  ring-type
8082704 10 1.03 1.63 27.77  ring-type
8090101 50 3.02 6.07 68.20  ring-type
8090101 10 2.62 5.16 60.18  ring-type
8090101 7 2.47 4.83 57.09  ring-type
8090101 5 2.23 4.63 49.73  ring-type
8090102 50 3.34 6.95 74.72  ring-type
8090102 10 2.97 5.84 68.09  ring-type
8090102 7 2.84 5.49 6591  ring-type
8090102 5 273 5.30 63.25  ring-type
8082705 50 3.04 7.75 60.90  ring-type
8082705 10 3.37 8.39 69.61  ring-type
8082705 7 3.27 8.46 66.93  ring-type
8082705 5 3.65 10.55 74.70  ring-type
8082706 50 3.59 7.95 77.97  ring-type
8082706 10 3.56 8.23 76.45  ring-type
8082706 7 3.47 8.02 74.65  ring-type
8082706 5 3.31 7.57 71.51  ring-type

uniform thickness (see Table I, II, sample no. 8082602).

Film deposition conditions are shown in the Table 1.
Mechanical properties obtained from depth sensing indenta-
tion tests are summarized in Table II.

—  the sample 8081303 has Young’s module around 76
GPa, this value is nearly glass-like (glass is about 70
GPa),

—  the sample 8082602 has Young’s module around 73
GPa,

—  the sample 8090101 is quite weak, because Young’s
module much differs for load 5 and 7 mN,

—  the samples 80827[05-06] are really hard, nearly glass-
like, their Young modules are even higher then the
Young module of the substrate,

—  the other samples are quite thin, we can tell this from the
rising HU which corresponds to higher load, thus the
properties of the substrate are influencing the measured
characteristics,

—  the hardness of the prepared films was in the range from
1.3 to 10.5 GPa,
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Fig. 4. Delaminated film from sample 8082602 — tension stress

Fig. 5. Delaminated film from sample 8082602 — tensile stress

—  the samples 8082701-04 are quite thick but exhibit rela-
tively low HUy,

—  not only HUy, but also HU and Young module are im-
portant in the characterization of the films. If the film is
hard but not elastic, it would be fragile and if the system
film/substrate will be under stress, the film could easily
peel off.

From the pictures of delaminated films it is possible to
study internal stress of films. I will now concentrate on the
two films 8081303 and 8082602 which delaminated from the
substrate.

Delamination of film from the substrate is caused by the
internal stress. The sample 8082602 delaminated because of
the tensile stress (see Fig. 4, 5) and the sample 8081303 de-
laminated because of the compressive stress (see Fig. 6, 7).

The rolls on the Fig. 4, 5 are signalizing the tension
stress in the film with low adhesion. The film is trying to
shrink what leads to film cracking and thanks to the low adhe-
sion the film delaminateses from the substrate and creates
rolls.
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Fig. 7. Delaminated film from sample 8081303 — compressive stress

The corrugation on the Fig. 6, 7 shows the pressure
stress in the film with low adhesion. The film is trying to
stretch. If this film would be soft, then the film only corru-
gates. Since this film is really hard, then after corrugation it
cracks, after gaining enough curvature.

It is evident, that deposition conditions influence not
only hardness (both films 8081303 and 8082602 had at about
same hardness) but also different type of internal stress. By
this technique it is possible to prepare films either with ten-
sion or pressure stress. To obtain samples without cracks it is
necessary to optimize plasma treatment before deposition to
obtain better adhesion of the prepared films to the substrate.

On the Fig. 8 there are indentations with max. load
100 mN. The indentor was deep in the substrate at this load,
but it is obvious that there are no cracks or delamination
around the indentations. That means the films are not fragile
and the adhesion to the substrate is really good.

Fig. 8. Four indentation prints carried out with indentation load
of 100 mN and one with 50 mN on the sample 8090101

% 20 pm

Fig. 9. AFM picture of film from the APGD

The AFM picture of the film deposited in APGD is on
the Fig. 9. As you can see, the film is smooth and homoge-
nous except for some sharp objects, which occur seldom even
on APGD made films.

4. Conclusion

Deposition of thin glass-like films in atmospheric pres-
sure glow discharge from nitrogen + HMDSO + oxygen at-
mosphere is shown in this paper. The effect of different oxy-
gen and HMDSO flow rates, temperature, power density and
different type of electrodes on the film properties was investi-
gated. Under special conditions it is possible to deposit glass-
like films with HU, over 6 GPa, Young’s module over
70 GPa with tensile or compressive stress. We also presented
the new ring-type of electrode with exhaustion pipe in the
center enabling us to obtain homogenous film deposition.
With the ring-type electrode we were able to deposit glass-
like films with good adhesion to the substrate and uniform
thickness.
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Introduction

Aramids are a family of nylons, including Nomex and
Kevlar. Chemical structure of Nomex and Kevlar fibers can
be described by the common formula in Fig. 1 a 2.
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Fig. 1. Structure of Nomex fiber
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Fig. 2. Structure of Kevlar fiber

In Kevlar the aromatic groups are all linked into the
backbone chain through the 1 and 4 positions (called para-
linkage). Kevlar has high strength, high modulus (stiffness),
toughness and thermal stability. Also it is resistant to many of
the chemicals and solvents. It has high physical resistance,
like high break and tear resistance and also presents high du-
rability through for example high abrasion resistance.

Nomex has meta-phenyle groups, that is the amide
groups are attached to the phenyl ring at the 1 and 3 positions.
Nomex is inherently flame resistant and presents a high resis-
tance to chemicals and does not dissolve easily, but is prone
to hydrolysis. One way to prevent hydrolysis is using a diffu-
sion barrier discharge®. After this treatment, Nomex fiber is
absolutely resistant to 85 % H,SO,.

Their applications are focused on the technical sphere.
They are usually used in tyre reinforcement, ballistics applica-
tions, ropes and cables, and in protective apparel where high
strength, and thermal, puncture, and cut resistance are re-
quired?.

For some applications it is necessary to improve surface
properties. One of possible way is plasma treatment — subject
of this study.
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Plasma treatment is probably the most versatile sur-
face treatment technique. Different types of gases (argon,
oxygen, nitrogen) can produce the unique surface properties
required by various applications. The advantage of plasma
treatment is the fact that plasma treatment usually changes
surface properties of polymers without interfering the bulk
properties®.

To modify polymer surface it is possible to employ oxy-
gen or nitrogen-containing plasma. A variety of oxygen func-
tional groups (e.g. C-O, C=0, O-C=0, C-0-0) we can ob-
tain from oxygen-containing plasma. Due to plasma treatment
it can be improve wettability, printability and biocompatibility
of polymer surfaces®.

Experimental
Materials

The fibers used in this experiment were Kevlar and
Nomex. Before plasma treatment, all fibers were washed
twice with isopropyl alcohol for 2 min and dried in oven at
50 °C for 1 hour. Than samples were let in a fume chamber
for 24 hours.

Plasma treatment

An atmospheric pressure plasma source of Diffuse Co-
planar Surface Barrier Discharge (DCSBD) was employed for
the plasma treatment of samples. To initiate plasma, atmos-
pheric air and nitrogen were chosen as working gases. Model
of used equipment is DSCBD A4-LIN (Fig. 3), which means
that is device with linear displace. The discharge power was
300 W and frequency 15 kHz. Fibers of Kevlar and Nomex
were treated by plasma for 30 sec, 2 and 5 min.

SEM morphological study

Surface morphology of fibers was investigated using
scanning electron microscopy (SEM). It was performed in
TS5130 VEGA TESCAN at magnification of 1.5-10° and
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il pump
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HY Maving cart
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generator power supply

Fig. 3. The photo of plasma source of DCSBD
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a voltage of 30 kV.

Before SEM analysis, all the samples were coated by
platinum with model of PRONEN SCD 030. Conditions of
coating were 120 s, electric current 115 mA at vacuum.

FTIR analysis

A FTIR spectrophotometer (model One, Perkin Elmer —
ATR technique on ZnSe crystals) was used to analyze the
functional groups of the surface pure and plasma treated fi-
bers. Thickness of analysed surface layer is in the micron
range.

XPS surface chemical analysis

The X-ray photoelectron spectroscopy (XPS) experi-
ment was performed using ESCA PROBE P photoelectron
spectrometer (Omicron Nanotechnology Ltd) equipped with
Al anode (1486,7 eV) X-ray source. The base pressure in the
sample chamber was controlled in the range of 107™° mbar.
Thickness of analysed surface layer is in the range from 5 to
10 nm.

Measured spectra were analysed by way of CasaXPS
programme. Deconvolution analysis of the Cls peaks was
performed to determine changes of functional groups.

Results and discussion
SEM results

Fig. 4a-d show the SEM micrographs of untreated and
plasma-treated Kevlar fibers. It can be observed that no rip-
ple-like structure has been shown on fibers after the plasma
treatment neither in the air nor nitrogen.

Some irregularities on Nomex fiber can be proceed
from manufacturing process. After air-plasma or nitrogen
plasma treatment, no ripple-like structures can be obtained as
shown Fig. 5a-c. Plasma treated Nomex fiber has a rougher
surface than untreated fiber.

On these fibers the etching action of ions is weaker than
on other polymers. It is due to high crystallinity of fibers and
rigidity of polymer chains.

1N

Fig. 4. SEM micrographs of Kevlar fiber: a) untreated, b) air-
plasma treated after 5 min, c) nitrogen-plasma treated after 5 min
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L

Fig. 5. SEM micrographs of Nomex fiber: a) untreated, b) air-
plasma treated after 5 min, c) nitrogen-plasma treated after 5 min

FTIR analysis

No significant changes in IR spectra of Kevlar fibers
were observed for air-plasma and nitrogen-plasma treatment
(Fig. 6, 7).

We can observe on slight changes in IR spectra of
Nomex fiber after plasma treatment (Fig. 8, 9). These
changes were found in C=0 groups at 1740 cm™ and O=C-
O- groups at 1124 cm™,
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Fig. 6. FTIR spectra of Kevlar fiber after air-plasma
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Fig. 8. FTIR spectra of Nomex fiber after air-plasma

Time of plasma treatment of Nomex

Transmittance [%]

20
10

3700 3200 2700 2200 1700 1200 700

Wavenumber [cm™]

‘—pure—303—1205 3003‘

Fig. 9. FTIR spectra of Nomex fiber after nitrogen-plasma

XPS results

XPS analysis was performed to estimate changes in
chemical composition of the fiber surfaces. For chemical
analysis, where carbon bonds are determined by virtue of
curve-fitted spectra, we used these values of carbon energy C
1s obtained on account of literary references*®. The aramid
fiber surface after plasma treatments has potential carbon-
containg components with binding energies of 284,7 eV
(C-C), 2863eV (C-O/C-N), 287,5eV (C=0), 289eV
(C=0O0H).

Obtained results are summarized in Tab. | and Il. After
plasma treatment, the concentrations of oxygen significantly
increased for all plasma treated samples. Also we can see
a significant reduction in concentration of carbon. It is a typi-
cal effect for plasma treated polymers’. It is caused by the
active species in plasma due to the chain scission mecha-
nisms.

We can conclude that the air-plasma and nitrogen
plasma treatment of fibers of Kevlar and Nomex leads to
changes in chemical states of carbon and oxygen.

In order to examine changes of functional groups decon-
volution analysis of the Cls peaks was performed (tab. I,
V). We can find that ketone groups concentration at Kevlar
and Nomex fibers surfaces increased for almost all samples
after plasma treatment.
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Table |

Relative chemical composition and atomic ratios determined
by XPS for fiber of Kevlar and Nomex after air-plasma treat-
ment

Condition Chemical composition Atomic ratio

[%] [%]
Kevlar Cls O1s N1s o/C N/C
untreated 81,29 1369 502 16,84 6,18
plasma—30s 7220 23,71 409 32,84 5,66
plasma—120s 7125 22,89 585 3213 821
plasma — 300 s 7131 2455 4,15 3443 582
Nomex Cls O1s N1s o/C N/C
untreated 79,25 14,74 522 1860 6,59
plasma—30s 7121 22,87 436 3212 6,12
plasma—120s 66,23 27,61 6,15 4169 9,29
plasma—300 s 66,46 27,41 501 4124 754
Table Il

Relative chemical composition and atomic ratios determined
by XPS for fibers Kevlar and Nomex after nitrogen-plasma
treatment

Condition Chemical composition Atomic ratio

[%] [%]
Kevlar Cls O1ls N1s o/C N/C
untreated 81,29 13,69 502 16,84 6,18
plasma—30s 79,34 1576 490 19,86 6,18
plasma-120s 74,75 20,20 5,04 27,02 6,74
plasma — 300 s 72,10 2169 6,21 30,08 8,61
Nomex Cls O1ls N1s o/C N/C
untreated 79,25 14,74 522 18,60 6,59
plasma-30s 80,02 15,05 4,93 19,37 6,16
plasma-120s 75,72 17,23 7,06 22,75 9,32
plasma - 300 s 73,75 18,40 7,13 24,95 9,67
Table I

Results of analysis of C1s peaks for fibers of Kevlar and
Nomex after air-plasma treatment

Condition Relative area corresponding to different
chemical bonds [%]
Kevlar C-CH C=0 C-O0- C=OCH
untreated 74,92 7,46 15,37 2,26
plasma-30s 75,44 12,12 12,44 -
plasma—-120s 74,37 9,76 15,86 -
plasma —-300 s 78,19 12,70 9,11 -
Nomex C-CH C=0 C-O- C=0OCH
untreated 85,36 6,52 8,12 -
plasma-30s 77,76 9,71 12,53 -
plasma—120s 70,64 11,39 12,71 5,26
plasma — 300 s 67,25 14,78 15,35 2,63
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Table IV
Results of analysis of C1s peaks for fibers of Kevlar and
Nomex after nitrogen-plasma treatment

Condition Relative area corresponding to different
chemical bonds [%]
Kevlar C-CH Cc=0 C-O- C=OOH
untreated 74,92 7,46 15,37 2,26
plasma-30s 83,81 5,25 10,94 -
plasma—-120s 85,19 3,63 11,18 -
plasma - 300 s 84,97 5,08 9,95 —
Nomex C-CH C=0 C-O- C=OOH
untreated 85,36 6,52 8,12 —
plasma-30s 76,57 4,64 18,83 -
plasma—120s 82,59 9,23 8,18 -
plasma - 300 s 79,13 6,51 14,36 —

Carboxyl groups of Kevlar fiber disappear after air-
plasma and nitrogen plasma. It was found that content of car-
boxy! groups of Nomex fiber increased after longer times of
plasma treatment in the air.

Conclusion

There are presented results of surface properties of Kev-
lar and Nomex fibers before and after plasma treatment in the
air and in nitrogen.

No ripple-like structure is formed on surface of fibers of
Kevlar and Nomex due to weaker etching action of DCSBD
plasma in comparison with rigidity of polymer chains on
these fibers.

Plasma treatment causes changes in chemical state of
carbon and oxygen. While content of carbon decrease, content

I Central European Symposium on Plasma Chemistry 2008

of oxygen significantly increased after plasma treatment of
fibers of Kevlar and Nomex. This oxidation process was real-
ised only in the surface layers of fibers. According this theory
changes of surface were estimated only by XPS.

This research has been supported by KAN 101630651.
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Wiener® (*Department of Textile Chemistry, Textile Fac-
ulty, Technical University of Liberec, °Department of Chem-
istry, Faculty of Education, Technical University of Liberec):
Using of DSCBD Plasma for Treatment of Kevlar and
Nomex Fibers

In this study the influence of plasma treatment on fibers
of Kevlar and Nomex is discussed. These fibers were treated
by means of the plasma source of Diffuse Coplanar Surface
Barrier Discharge (DCSBD) at different conditions. The
change in chemical compositions of pure, air-plasma and
nitrogen-plasma treated Nomex and Kevlar fibers were ana-
lyzed by means of X-ray photoelectron spectroscopy and
Fourier transform infrared spectroscopy. The morphologies of
surface of the pure and air-plasma and nitrogen-plasma
treated Kevlar and nomex fibers were analyzed by means of
scanning electron microscopy.
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1. Introduction

Dielectric barrier discharge (DBD) can be used to
change properties of materials, such as adhesion, hardness,
etc. Thin films can be deposited on the material in order to
achieve protective layers or to make the surface of the mate-
rial more adhesive to some liquids. The main disadvantage of
DBD is that it is in the filamentary state under normal condi-
tions. It was found that under certain conditions DBD be-
comes homogenous. The deposition in the atmospheric pres-
sure has a great advantage in economy of the deposition, be-
cause there is no need for expensive vacuum technologies and
more depositions can be made in shorter time in comparison
to low pressure deposition. One of the disadvantages is that it
is quite difficult to achieve depositions in large area'. Sawada’
reported the organosilicon thin films deposition in atmos-
pheric pressure glow discharge in helium with the admixture
of tetracthoxysilane (TEOS) or hexamethyldisiloxane
(HMDSO) and oxygen. Prat® reported the fluoro-polymer film
deposition in helium APGD with admixture of hexafluoropro-
pylene or tetrafluorethylene. Gherardi* used N,-SiH4-N,O
discharge for SiO, deposition. Foest® used APGD in helium
with admixture of HMDSO for organosilicon thin film depo-
sition. The atmospheric pressure homogenous discharge can
be easily generated in various pure gases® . However we used
nitrogen because it is the most suitable gas from
the technological point of view.

We studied the influence of HMDSO and O, mixture on
the discharge properties, so we can achieve homogenous dis-
charge. The properties of discharge were studied by electric
measurement. The properties of films were studied by depth
sensing indentation technique using the Fischerscope H100
tester and AFM. We also studied new ring-type of electrode,
which has a special exhaustion pipe in the center, so we can
have better control of the amount of the HMDSO flowing
under the electrode. As a deposition substrate we used 350
mm thick silicon wafers with a diameter of 10 cm and glass
plates (dimensions 160%65 mm) with thickness of 1 mm. The
films had uniform thickness and under optimum conditions
exhibited higher hardness than the substrate.
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2. Experiment

The experiments were carried out in a plasma reactor of
dimensions 500 x 500 x 500 mm. The schematic drawing of
the reactor is shown in the Figure 1. Electrode system is cre-
ated from two metal electrodes. The bottom electrode was
rectangular with dimensions 150 x 60 mm; on this electrode
the substrates were placed. As an upper electrode two types of
electrode were used. First type of electrode with dimensions
15 x30 mm was covered by Petri dish with diameter of
50 mm. The metal electrode was glued to Petri dish by the
ceramic glue. Second type of electrode (ring-type) created the
ring with diameter 30 mm with the hole of 15 mm diameter in
the middle of the electrode (see Fig. 2). The ring metal elec-
trode was covered with 0.5 mm thick Pyrex® glass. The dis-
tance between the substrate and the upper electrode varied
from 0.6 to 1.2 mm. The upper electrode was movable in the
horizontal direction (see Fig. 1). The bottom electrode was
electrically heated up from 50 to 150 °C.

The DC laboratory source powered AC high voltage
sinusoidal source Lifetech connected to the discharge elec-
trodes. High voltage source worked in the resonance mode
with the frequency around 6 kHz. Electric properties of the
discharge were measured using oscilloscope HP 54820A
equipped with high voltage probe and Rogowski coil. One
gas inlet and two gas outlets were in the reactor. Gas inlet was
used for the input of nitrogen with/without monomer admix-
ture, first gas outlet was connected to pumping system and
second gas outlet was connected to the exhaust pipe in the
ring-type electrode.
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Fig. 1. Schema of the reactor. 1 — bottom electrode, 2 — bottom
dielectric, 3 — substrate, 4 — discharge, 5 — upper dielectric, 6 — upper
electrode, 7 — heating, 8 — input of gases, 9 — vacuum pump, 10 — DC
source, 11 — AC source, 12 — transformer, 13 — Rogowski coil, 14 —
oscilloscope, 15 — tunable capacitor, 16 — exhaustion pipe

Fig. 2. The ring-type electrode. The darkest gray represents metal
ring

s1519



Chem. Listy 102, s1519—s1523 (2008)

In this work the influence of flow rate of buffer gas or
monomer and influence of the substrate temperature was in-
vestigated. We also studied influence of geometry and differ-
ent type of electrodes on the quality of deposited films.

In the case of first type of the electrode (Petri dish elec-
trode), it was problematic to achieve homogenous and as well
as controlled distribution of admixtures under the whole sur-
face of the electrode. Second type of electrode, the ring-type
electrode, enabled us to control easily the amount of
the monomer and also buffer gas in discharge space.

Using this type of the electrode the distribution of gas is
homogenous and deposited films had uniform thickness
(except for the little spot under the exhaustion pipe).

The monomer vapors (in our case HMDSO) were car-
ried with the carrier gas (in our case nitrogen or synthetic air)
with flow rate varying from 5 to 30 sccm bubbled through
the monomer. The relation between the amount of carrier gas
and amount of HMDSO is expressed:

HMDSO [g/h] = 0.01752 + 0.02467 x CARRIER [slpm].

Use of the synthetic air as a carrier gas containing
mainly nitrogen (= 80 %) and oxygen (=20 %) enabled us to
control sensitively oxygen content.

Before starting the experiment, the substrate was
cleaned in mixture of 50 % isopropylalcohol and 50 % cyclo-
hexane bath followed with the ethanol bath.

Before deposition the reactor was pumped down to
20 Pa to obtain the identical conditions before deposition.
Then the reactor was filled with the nitrogen to the pressure
99.8 kPa. The flow rate of nitrogen was 6 slpm in all experi-
ments. After that the resonance frequency was set up
(generally about 6 kHz). Before the deposition the substrate
was cleaned and activated with plasma treatment in
the discharge with power density 30 W em™. After that
the nitrogen was mixed with the HMDSO + carrier gas and
the reactor was run through with this mixture for about
30 minutes to achieve homogenous distribution of gases in the
reactor. If the ring-type electrode was used then the exhaus-
tion rate was set up. Then the temperature was increased to
the desired value and the deposition started. In this paper only
depositions in static mode are presented. Upper electrode did
not move and deposition time was always 25 minutes. The
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Fig. 3. Typical APGD current-voltage characteristic. The dis-
charge current consists of two parts-the sinusoidal capacitive current
part and the small peak of APGD discharge current
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difference between filamentary DBD and homogenous dis-
charge was determined from the oscilloscope current-voltage
measurement.

The typical current-voltage characteristic is shown in the
Figure 3. The power varied from 30 to 150 W ¢cm™, the peak-
to-peak AC voltage varied from 8 to 22 kV, the flow rate of
synthetic air from 5 to 30 sccm and the temperature from 50
to 200 °C.

3. Results and discussion

All experiments were performed in APGD mode. If
filamentary DBD appeared, the deposition conditions were
changed to obtain homogenous mode (e.g. lowering the
power, lowering the flow rate of admixtures, lowering the
exhaustion rate). Exhaustion rate higher than 500 sccm or
flow rate of synthetic air higher than 30 sccm can cause the
discharge to be filamentary. The films deposited with the
admixture of O, exhibited higher hardness because the oxy-
gen works as an oxidation reagent. The films deposited with
Petri dish electrode showed good hardness properties but were
not homogenous under the whole surface of the electrode.
That is because the monomer vapors were able to reach the
center of the APGD and were consumed under the edge of the
electrode perimeter. In opposite the films deposited with ring-
type electrode were perfectly homogenous.

After several experiments with electrodes made from
Petri dish electrode we obtained the deposition conditions for
hard glass like coatings (see Table I, sample 8081303).
The deposition rate in the edge of the electrode of the films
was extremely fast, so films were after 25 minutes of deposi-
tion so thick that internal stress in film caused delamination
from the substrate as is shown in the Fig. 4-7. Deposited
films exhibited high hardness however in the case of Petri-
dish electrode the deposition proceeded only under the elec-
trode edge and films were not completely homogenous. With

Table I
Deposition conditions

Sample no.  Synth. air Exh. Temp. Power dens.
[scem] [sccm] [°C] [Wcm™]
8081303 6 0 100 134
8082601 6 0 100 41
8082602 6 0 100 24
8082805 6 250 100 59
8082807 15 50 100 53
8082701 10 200 100 36
8082702 6 100 100 53
8082703 10 100 100 53
8082704 10 200 100 53
8082705 6 500 100 25
8082706 6 200 100 25
8090101 30 500 150 53
8090102 30 500 150 62
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Table II
Some results from depth sensing indentation measuring

Sample  Max. HU HUpl Y Electrode
no. load  [GPa] [GPa] [GPa]
[mN]
8081303 15 3.36 7.08 74.49  petri dish
8081303 5 3.32 6.73 78.55  petri dish
8082602 5 3.23 6.67 72.98  ring-type
8082601 5 0.92 1.33 26.63  ring-type
8082807 7 1.16 1.80 30.75  ring-type
8082805 7 1.03 1.60 28.39  ring-type
8082701 10 1.76 2.98 4433 ring-type
8082702 10 1.82 3.05 45.55  ring-type
8082703 10 1.35 1.86 4227  ring-type
8082704 10 1.03 1.63 27.77  ring-type
8090101 50 3.02 6.07 68.20  ring-type
8090101 10 2.62 5.16 60.18  ring-type
8090101 7 247 4.83 57.09  ring-type
8090101 5 2.23 4.63 49.73  ring-type
8090102 50 3.34 6.95 74.72  ring-type
8090102 10 2.97 5.84 68.09  ring-type
8090102 7 2.84 5.49 6591  ring-type
8090102 5 2.73 5.30 63.25  ring-type
8082705 50 3.04 7.75 60.90  ring-type
8082705 10 3.37 8.39 69.61  ring-type
8082705 7 3.27 8.46 66.93  ring-type
8082705 5 3.65 10.55 74.70  ring-type
8082706 50 3.59 7.95 77.97  ring-type
8082706 10 3.56 8.23 76.45  ring-type
8082706 7 3.47 8.02 74.65  ring-type
8082706 5 3.31 7.57 71.51  ring-type

the ring-type electrode we obtained films with similar me-

chanical properties but with uniform thickness (see Table I, II,

sample no. 8082602).

Film deposition conditions are shown in the Table 1.
Mechanical properties obtained from depth sensing indenta-
tion tests are summarized in Table II.

— the sample 8081303 has Young’s module around 76 GPa,
this value is nearly glass-like (glass is about 70 GPa),

—  the sample 8082602 has Young’s module around 73 GPa,

— the sample 8090101 is quite weak, because Young’s
module much differs for load 5 and 7 mN,

—  the samples 80827[05-06] are really hard, nearly glass-
like, their Young modules are even higher then the
Young module of the substrate,

—  the other samples are quite thin, we can tell this from the
rising HU which corresponds to higher load, thus the
properties of the substrate are influencing the measured
characteristics,

— the hardness of the prepared films was in the range from
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1.3 to 10.5 GPa,

— the samples 8082701-04 are quite thick but exhibit rela-
tively low plastic hardness (HU,),

— not only HUy but also universal hardness (HU) and
Young module are important in the characterization of
the films. If the film is hard but not elastic, it would be
fragile and if the system film/substrate will be under
stress, the film could easily peel off.

It is possible to study internal stress of films from the
pictures of delaminated films. I will now concentrate on the
two films 8081303 and 8082602 which delaminated from the
substrate.

Delamination of film from the substrate is caused by
the internal stress. The sample 8082602 delaminated because
of the tensile stress (see Fig. 4, 5) and the sample 8081303
delaminated because of the compressive stress (see Fig. 6, 7).

The rolls on the Fig. 4, 5 are signalizing the tension
stress in the film with low adhesion. The film is trying
to shrink what leads to film cracking and thanks to the low

Fig. 4. Delaminated film from sample 8082602 — tensile stress

Fig. 5. Delaminated film from sample 8082602 — tensile stress
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Fig. 7. Delaminated film from sample 8081303 — compressive stress

Fig. 8. Four indentation prints carried out with indentation load
of 100 mN and one with 50 mN on the sample 8090101
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% 20 pm

Fig. 9. AFM picture of film from the atmospheric pressure ho-
mogenous discharge

adhesion the film delaminateses from the substrate and creates
rolls.

The corrugation on the Fig. 6, 7 shows the pressure
stress in the film with low adhesion. The film is trying
to stretch. If this film would be soft, then the film only corru-
gates. Since this film is really hard, then after corrugation it
cracks, after gaining enough curvature.

It is evident, that deposition conditions influence not
only hardness (both films 8081303 and 8082602 had at about
same hardness) but also different type of internal stress. By
this technique it is possible to prepare films either with ten-
sion or pressure stress. To obtain samples without cracks it is
necessary to optimize plasma treatment before deposition
to obtain better adhesion of the prepared films to the sub-
strate.

On the Fig. 8 there are indentations with max. load
100 mN. The indentor was deep in the substrate at this load,
but it is obvious that there are no cracks or delamination
around the indentations. That means the films are not fragile
and the adhesion to the substrate is really good.

The AFM picture of the film deposited in atmospheric
pressure homogenous discharge is on the Fig. 9. The film is
smooth and homogenous except for some sharp objects,
which occur seldom even on homogenous discharge made
films.

4. Conclusion

Deposition of thin glass-like films in atmospheric pres-
sure homogenous discharge from nitrogen + HMDSO + oxy-
gen atmosphere is shown in this paper. The effect of different
oxygen and HMDSO flow rates, temperature, power density
and different type of electrodes on the film properties was
investigated. Under special conditions it is possible to deposit
glass-like films with HU,, over 8 GPa, Young’s module over
70 GPa with tensile or compressive stress. The new ring-type
of electrode with exhaustion pipe in the center was presented.
The ring-type electrode enabled us to obtain homogenous film
deposition and it was possible to deposit glass-like films with
good adhesion to the substrate and uniform thickness.

s1522



Chem. Listy 102, s1519—s1523 (2008)

This research has been supported by the grant of Czech Sci-
ence Foundation no. 202/06/1473. I would also like to thank
Mpr. Milan Kunovsky for great technical support.

REFERENCES

1. Trunec D., Navratil Z., Stahel P., Zajickova L., Bursi-
kova V. and Cech I.: J. Phys. D: Appl. Phys. 37, 2112
(2004).

2. Sawada Y., Ogawa S. and Kogoma M.: J. Phys. D: Appl.
Phys. 28, 1661 (1995).

3. Prat R., Koh Y. J., Babukutty Y., Kogoma M., Okazaki
S., Kodama M.: Polymer 417, 7355 (2000).

4. Gherardi N., Martin S., Massines F. : J. Phys. D: Appl.
Phys. 33, L104 (2000).

5. Foest R., Adler F., Sigeneger F., Schmidt M.: Surf. Coat.
Technol. 163-164, 323 (2003).

6. Kanazawa S., Kogoma M., Moriwaki T., Okazaki S.: J.
Phys. D: Appl. Phys. 21, 838 (1988).

7. Gherardi N., Gouda G., Gat E., Ricard A., Massines F.:
Plasma Sources Sci. Technol. 9, 340 (2000).

8. Trunec D., Brablec A., Buchta J.: J. Phys. D: Appl. Phys.
34,1697 (2001).

9. Brandenburg R., Kozlov K. V., Massines F., Michel P.,
Wagner H.-E.: Proc. HAKONE VII (Greifswald), 2000.

s1523

II Central European Symposium on Plasma Chemistry 2008



Chem. Listy 102, s1524—s1528 (2008)

ORGANIC POLLUTANTS TREATMENT IN
GAS PHASE BY USING ELECTRON BEAM
GENERATED NON-THERMAL PLASMA
REACTOR

YONGXIA SUN*, A.G.CHMIELEWSKI, S. BULKA,
and Z. ZIMEK

Institute of Nuclear Chemistry and Technology, Dorodna 16,
03-195 Warsaw, Poland
yongxia@ichtj.waw.pl

Key words: 4-chlorotoluene, 1,4-dichlorobenzene, gas phase
treatment, non-thermal plasma

Contents

1. Introduction
Experimental
2.1. Preparation model gas containing
4-chlorotoluene
2.2. An accelerator applied for generating plasma gen-
eration in the reactor
2.3. Analytical methods
2.4. Dose dependence of removal
or decomposition efficiency
3. Results and discussion
3.1. 4-Chlorotoluene decomposition
3.2. Gaseous products
3.3. Mechanism of 4-chlorotoluene decomposition
3.3.1. Positive charge and negative charge transfer
reaction pathways
3.3.2. OH radicals decomposition pathway
3.4. 4-chlorotoluene and 1,4-dichlorobenzene
decomposition comparison
4. Conclusions

efficiency

Introduction

Chlorinated organic compounds, which are emitted from
fossil-fuel power stations', waste incinerators’, chemical
factories, etc. are very harmful to the environment and human
health. Recent studies reported that chlorinated benzenes or
phenols are suspected as precursors for dioxins emission®. In
Poland*, dioxins emission from some medical waste incinera-
tors was very high, their concentration in stack gas was up to
32 ng TEQ/m’ [Total toxic equivalency (TEQ), it is a term
which describes all the products summed to give a single
2,3,7,8-TCDD equivalent]. Dioxins are relatively chemical
inert and demonstrate long life time in environment, therefore
they are called persistent organic pollutants (POPs). They are
transported by air and are deposited on the surfaces of the
soil, water and plants. They can accumulate in the fat of food-
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producing animals and are transferred into fish, meat, eggs,
and diary products’.

Chlorinated aromatic organic compounds (CI-AOCs)
removal from gas phase has been studied in the recent years.
In general, there are two ways to realize CI-AOCs removal,
one is reduction CI-AOCs to their parent hydrocarbons by
using metal catalysts®™®, the other is oxidation CI-AOCs to the
corresponding aldehydes and other oxidation products’. Elec-
tron beam (EB) process is a promising technology for re-
moval of trace low concentration organic compounds con-
tained in gas mixture by oxidation process. Decomposition of
aliphatic chlorinated compounds'® and aromatic hydrocar-
L2 such as benzene, toluene, xylene etc. , have been
extensively studied by using this technology and promising
results were achieved.

Dioxin’s treatment using EB technology was reported,
over 90% dioxins was removed from the waste off gases'*'*.

Decomposition of chlorobenzene'>'® in gas phase by
using electron beam technology have been studied, aliphatic
oxygenates were found as gaseous products of chlorobenzene
degradation'®.

No work has been reported concerning 4-chlorotoluene
(4-CTO) removal in gas phase. Dechlorination of chlorotolu-
ene in aqueous solution were studied, toluene'” and benzene'®
were reported as dechlorination products.

Since the Stockholm Convention on POPs entered into
force on 17 May 2004, dioxins emission from off-gases were
monitored and their concentration should be lower than
0,1ng-TEQ/m3, In this work, we studied destruction of 4-chlo-
rotoluene in air mixture under electron beam generated
plasma reactor, its decomposition efficiency was compared
with 1,4-dichlorobenzene(1,4-DCB), the decomposition
products of 4-chlorotoluene were identified in the aim of ob-
tain better knowledge to diminish dioxins formation in the
waste incineration process using this technology.

Experimental
2.1. Preparation model gas containing 4-chlorotoluene

The set up for preparation model gas of 4-chlorotoluene
was similar to that described in our previous work'®. 4-Chlo-
rotoluene model gas was prepared by bubbling synthesized air
(299.995 % purity; 21 % O,, N, as balance gas; CO, <
1 ppm, BOC gas company, Poland) into liquid 4-chlo-
rotoluene (4-chlorotoluene, Purity 98 % without further puri-
fication, provided by Sigma-Aldrich company, Germany).
A temperature of 4-chlorotoluene was set to be 21 °C with
a water bath (type LW, manufactured by WSL Bytom com-
pany, Poland). The concentration of 4-chlorotoluene in the
model gas was adjusted by controlling air flow rate by means
of valve and rotameters. The model gas of 4-chlorotoluene
was introduced into four connected Pyrex glass reactors by
parallel connection. When concentration in glass reactors
became constant, the glass reactors were sealed with the stop-
cocks. The water concentrations in the model gas mixture
were measured by a HM 141 humidity and temperature indica-
tor (Vaisala company, Finland). Water concentration in gas
mixture was 56 ppm. Experiments were carried out at ambient
temperature condition and 1 bar atmospheric pressure.
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2.2. An accelerator applied for generating plasma
generation in the reactor

A pulsed electron beam accelerator ILU-6 (2.0 MeV
max, 20 kW max) was used to generate plasma inside glass
reactors. Irradiation set up can be referred to our previous
work'®. Pyrex glass reactors were put under scan horn of the
accelerator for irradiation. Irradiation conditions were de-
scribed as follows: 2 Hz (pulse repetition rate), 2 MeV
(energy) and 60 mA (pulse current). The absorbed dose (kGy,
1kGy =1kl kg™") inside glass reactors was measured by
a cellulose triacetate film dosimeter.

2.3. Analytical methods

Concentrations of 4-chlorotoluene (4-CTO) before and
after irradiation contained in reaction vessels were measured by
a gas chromatography (GC-17A, Shimadzu Corporation, Japan)
equipped with a flame ionizing detector (GC-FID). A capillary
column (Supercowax™-10, 30 m x 0.32 mm x 0.25 pm, Supelco
Company, USA) was used. Stock solutions of 4-chlorotoluene
(200 pgml™ in methanol, AccuStandard company, USA)
were used for preparation calibration curve. Analytical condi-
tions of 4-chlorotoluene were given as follows: column tem-
perature was kept at 40 °C for 1 min, then increased to 160 °C
at 20 °C min™'; flow rate of He as carrier gas was 47 mL min~
' injector temperature was 100 °C and detector temperature
was 250 °C; Injection mode was split, split ratio was 40:1.
The injection volume of 4-chlorotoluene air mixture was
1 mL.

By-products analysis after electron beam irradiation was
carried out in this work. Organic compounds contained in
reaction vessels (before and after irradiation) were adsorbed
by coconut charcoal adsorbents (SKC Inc, USA) and then
were desorbed by 5 ml ethyl acetate (HPLC purity, provided
by J.K.Baker, USA). The solid-free extract solution was ob-
tained by using syringe filters and then was concentrated to
approximately 0.3 ml by using a micro-extractor under con-
tinuously blowing high purity N, (99.995 % purity, BOC gas
company, Poland). A Gas Chromatography equipped with
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Fig. 1. 4-Chlorotoluene decomposition in air mixture in an elec-
tron beam generated non-thermal reactor
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amass detector (GCMS-QP 5050A, Shimadzu Corporation,
Japan) was used to identify by-products, a HP-5MS column
(30 m x 0.25 mm x 0.25 um, Agilent technologies Incorpora-
tion, USA) was used. The oven was held at 40 °C for 1 min-
ute, then programmed at 20 °C min™' to 290 °C, held for
1 minute. Total flow rate of carrier gas helium was set to be
15 mL min™". Injector temperature was 280 °C and detector
temperature was 280 °C. The injection volume of the concen-
trated extract solution was 1 pL with split mode, split ratio
was 12:1. Electron impact ionization mode of MS was ap-
plied, 70 eV energy was used.

2.4. Dose dependence of removal efficiency
or decomposition efficiency

In electron beam process, it is very important to consider
energy consumption for degradation of pollutants, how much
energy (unit: kJ) is consumed/absorbed to decompose amount
of pollutants in the base gas (unit: kg). Energy absorbed by
per amount of gas is defined as a term of dose, unit is kGy.

1 kGy=1kI kg™,

Removal efficiency or decomposition efficiency of or-
ganic pollutants is defined as R: R = (Cy —C;) /C,

where C, is initial concentration of organic pollutants,
unit: ppm (v/v); C; is concentration of organic pollutants at
i kGy absorbed dose, unit: ppm (v/v).

Results and discussion
3.1. 4-Chlorotoluene decomposition

Decomposition of 4-chlorotoluene at different initial
concentrations versus dose in an air mixture was studied in
an electron beam generated non-thermal plasma reactor and
results are presented in fig. 1. Water vapor concentration in an
air mixture was 58 ppm (v/v). It can be seen that concentra-
tion of 4-chlorotoluene decreases with the absorbed energy
increasing for the initial concentration of 4-chlorotoluene
being 15.39 ppm, 51.93 ppm and 95.30 ppm, respectively.
About 46.8 % 4-chlorotoluene is decomposed at 15 kGy for
the initial concentration of 4-chlorotoluene being 95.30 ppm,
and 69.39 % 4-chlorotoluene is decomposed at 15 kGy for
the initial concentration of 4-chlorotoluene being 15.39 ppm.

3.2. Gaseous products

A GC-MS spectrum of gas mixture of 4-chlorotoluene
with air after electron beam irradiation is presented in fig. 2.
A compound eluted at retention time (RT) 7.590 min of the
GC-MS spectrum, which was eluted at the same retention
time of GC-MS spectrum obtained for 4-chlorotoluene/air
mixture before irradiation, was identified as 4-chlorotoluene,
its mass spectrum is shown in fig. 3. Two compounds eluted
at retention time 4.91 min and 12.502 min, respectively, were
identified by our carefully comparing their mass spectrums
with reference mass spectrums provided by WILEY7N2 li-
brary. The mass spectrums of these two compounds and their
reference mass spectrums are presented in fig. 4a, 4b & Sa,
S5b, respectively. They are chlorobenzene (CgHsCI,
RT =4.910 min) and 4-chlorobenzaldehyde (CIC¢H,CHO,
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Fig. 3. A mass spectrum of 4-chlorotoluene which eluted at 7.59
min retention time

RT = 12.502 min), respectively. There is one unkown com-
pound eluted at 8.9 min.

3.3. Mechanism of 4-chlorotoluene decomposition

When fast electrons from electron beams are absorbed in
the carrier gas, they cause ionization and excitation process of
nitrogen, oxygen and H,O molecules in the carrier gas and
generate non-thermal plasma reactor. Primary species and
secondary electrons are formed. The secondary electrons are
thermalized fast within 1 ns in air at 1 bar pressure. The G-
values (molecules /100eV) of main primary species are sim-
plified as follows™:
443N, — 0.29 No* + 0.885 N(°D) + 0.295 N(*P) + 1.87 N +
227N, +0.69 N" +2.96¢e

5377 0, = 0.077 O, * +2.25 O('D) + 2.8 O + 0.18 (O*) +
2.070," +1230"+33¢

7.33 H,O0 — 0.51 H, + 0.46 OCP) +4.25 OH +4.15 H + 1.99
(H,0") + 0.01 (H,") + 0.57 (OH") + 0.67 (H") + 0.06
(0 +33e

These primary species and thermalized secondary elec-
trons formed initiate and cause decomposition of 4-chloro-
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Fig. 4a. A mass spectrum of the compound which eluted at 4.910
min retention time
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Fig. 4b. A mass spectrum of the compound which eluted at 4.910
min retention time and its reference mass spectrum of chloroben-

zene (CsHsCl)

toluene. In our previous work we carried out computer simu-
lation of decomposition 1,4-dichlorobenzene in air mixture in
an electron beam generated non-thermal reactor” and learnt
that two reaction pathways are play main roles for 1,4-DCB
decomposition. Because chemical structure of 4-chlorotoluene
(CIC¢H4,CH3;) is very similar to 1,4-DCB(CIC¢H4Cl), de-
composition mechanism of 4-chlorotoluene can be referred to
1,4-DCB, two main reaction pathways are given below (3.3.1.
-3.3.2).

3.3.1. Positive charge and negative charge transfer reaction
pathways

As described above, when the carrier gas air is ionized
by electron beam, positive ions (such as N,", O," etc.) and
secondary electrons etc. are formed. These positives ions
transfer energy rapidly to the species with the lowest ioniza-
tion energy (IE)*%. The IE of 4-chlorotoluene is 8.69 + 0.03
eV, it is smaller than the IE of N,", O," etc.. Some important
positive charge transfer reactions causing 4-chlorotoluene
decomposition are proposed as follows (R1 ~R3):

02+ + C7H7Cl = [C7H7Cl] * + 02 (Rl)
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Fig. 5a. A mass spectrum of the compound which eluted at 12.502
min retention time
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Fig. 5b. A mass spectrum of the compound which eluted at 12.502
min retention time and its reference mass spectrum of 4-
chlorobenzaldehyde (CICcH,CHO)

0,(H,0)" + C;H,C1 = [C;H,CI]" + 0, + H,0 (R2)

1\124r + C7H7C1 = [C7I‘I7Cl]+ + N2 (R3)
where O,(H,0)" in reaction R2 might be formed by
a following reaction R4

02 + Hzo +M= Oz(HzO)Jr +M (R4)
M is any specie in the gas phase.

Negative charge transfer reactions causing 4-chloro-
toluene decomposition are given below (R5, R6):

et+0,+M=0, +M (R5)

027 + C7H7C1 = [C7H7C1]7 + 02 (R6)

[C;H,C1]" and [C;H,CI]” formed from above reactions
might go neutralization through ionic recombination reactions
(R7,R8)

[(:7}17(:1]4r +A"=CH,Cl+ A (R7)

[C7H7C1]_ + AJr = C7H7C1 +A (RS)
A~, A" are any negative ions and positives ions in the gas
phase, respectively.
3.3.2. OH radicals decomposition pathway

Based on our previous work?!, we learn that OH radical
decomposition reaction pathway plays main role for 1,4-DCB
decomposition. During irradiation of low-humidity air with
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4-chlorotoluene mixtures, OH radicals are formed. The reac-
tion of OH radicals with 4-chlorotoluene at room temperature,
1 bar pressure is possible H atom elimination reaction® from
—CH; group of 4-chlorotoluene based on by-products which
were identified by the GC-MS analysis. From information of
by-products identified, we learn only —CHj; function group of
4-chlorotoluene involving in reaction with OH radical. The
CIC¢H4CH," radical produced in reaction (R9) may be decom-
posed by the reaction with oxygen molecules in the carrier gas
as follows:

OH + C1C6H4CH3 = Hzo + C1C6H4CH2. (Rg)

CIC¢H;,CH," + O, = CIC¢H,CH,(0,)" (R10)
2 CIC4H,CH,(0,)" = 2 CIC¢H,CH,0" + O, (R11)
C1C6H4CH20. + 0, = CIC(H4CHO + HO, (RlZ)
CIC¢H4CH,0" = C¢H;Cl + HCO (R13)
HCO + 0,=CO + HO, k=5.0-10""2 (R14)
OH + CO=CO,+H k=2.4-10"" (R15)

4-chlorobenzaldehyde (CIC¢H4CHO) and chloroben-
zene (C¢HsCl), which were identified as by-products in the
experimental work, are might be formed from reactions R12
and R13, respectively.

In fact, mechanism of 4-chlorotoluene decomposition is
very complicated, many reactions are involved, we just listed
most important reactions we supposed.

3.4. 4-Chlorotoluene and 1,4-dichlorobenzene
decomposition comparison

In order to find out whether functional group has influ-
ence on decomposition efficiency of aromatic compounds or
not, we compared decomposition of 4-chlorotoluene
(CIC¢(H4CH3)  with decomposition of 1,4-dichlorobenzene
(CIC¢H4Cl) in air mixture in an electron beam generated non-
thermal plasma reactor. The experimental results are pre-
sented in fig. 6. It is found that decomposition efficiency of
these two compounds is almost same at the same absorbed
dose for the same range initial concentration of 4-chloro-
toluene and 1,4-dichlorobenzene. Here should mention that
water vapor concentration in 1,4-dichlorobenzene/air mixture
was 170 ppm, this value is higher than 58 ppm water vapor in
4-chlorotoluene/air mixture.

120

#52ppm(CTO)  ®95ppm (CTO)
©53ppm(DCB)  ©90 ppm (DCB)

100

Concentration(ppm)
[=2] o]
1<) )

N
o

N
o

0 5 10 15 20 25
Dose(kJ/kg)

Fig. 6. Decomposition efficiency comparison between 4-

chlorotoluene and 1,4-dichlorobenzene
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Conclusions

4-Chlorotoluene in air can be decomposed in an elec-
tron beam generated non-thermal plasma reactor, decomposi-
tion efficiency of 4-chlorotoluene is similar to 1,4-di-
chlorobenzene, about 46.8 % 4-chlorotoluene is decomposed
at 15 kGy for the initial concentration of 4-chlorotoluene
being 95.30 ppm. Chlorobenzene and 4-chlorobenzaldehyde
are identified as by-products.

This work is financed by Ministry of Science and Higher
Education under the program No. CHINY/250/2006.
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Introduction

Amorphous hydrocarbon thin films are still very attrac-
tive materials for many scientists. They are used in wide
range of applications like optical devices, integrated digital
circuits, micro-electromechanical devices, biomedical coat-
ings, etc. One of common techniques of preparation of such
films is the plasma enhanced chemical vapor deposition®
(PECVD). The properties of resulted thin films are strongly
dependent on deposition parameters. Usually, continuous
mode of operation is used in the deposition process, but run-
ning the deposition in pulsed mode offers another possibility
to vary the material properties?. One of the aspects of depos-
ited thin film is the surface morphology, which can play
a crucial role in industrial applications of the films. The aim
of this work is therefore the investigation of surface parame-
ters like roughness and autocorrelation length of films depos-
ited in pulsed discharge.

Experimental details

Thin films were deposited in pulsed radiofrequency
discharge by PECVD technique. The reactor consisted of
a horizontally mounted SIMAX glass tube and was closed by
two aluminum electrodes. Distance of the electrodes was 186
mm and inner diameter of the tube was 77 mm. Scheme of the
apparatus can be found in Fig. 1. Power was delivered via
matching unit from Dressler CESAR™ 133 generator operat-
ing at 13.56 MHz. Duty cycle and frequency of the cycles
were set to 10 % and 1 Hz, respectively. Delivered power
during the on-time was 10 W (generator was off during the
off-time). Films were deposited in argon-acetylene (C;H;) gas
mixture. Gases were led into the reactor through drilled pow-
ered electrode. Gas flows were controlled by Hastings flow-
meters. Flowrate of Ar and C,H, gas was 4 sccm and 1 sccm,
respectively. The reactor was pumped through drilled
grounded electrode with a rotary pump. Total pressure was
measured using Leybold CERAVAC diaphragm gauge.
Minimum pressure reached in the apparatus was in the range
1.5-1.8 Pa. Total pressure in the apparatus was in the range
from 38.8 Pa to 39.8 Pa (measured immediately before depo-
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Fig. 1. Schematic view of the apparatus. 1 — power source, 2 —
matching unit, 3 — samples, 4 — SIMAX glass tube, 5 — rotary pump,
6 — pressure gauge, 7 — glass sample holders, 8 — Al electrodes, 9 —
flowmeters, 10 — control unit, 11 — Ar cylinder, 12 — acetylene cylinder

sition started). Substrates were made from silicon single crys-
tal wafer and had a rectangular shape with dimensions
10 x 15 mm. Silicon substrates were located on a glass holder
in the middle of the reactor (see Fig. 1). Prior to every deposi-
tion a cleaning of substrate surface in Ar in continuous mode
was performed. During this procedure, the delivered power
was 5 W and the discharge runned for 5 minutes.

Surface properties were evaluated on a series of samples
where total deposition time (also the off-time of the period is
counted in) was varied while the rest of the deposition pa-
rameters remained fixed at values already mentioned. The
total deposition time was changed from 5 to 35 minutes with
step of 5 minutes. Thus, the change of surface morphology of
thin films with total deposition time was studied.

Film morphology was examined using Topometrix Ac-
curex IIL atomic force microscope (AFM) with silicon nitride
contact probes. Scan size was 20 x 20 um and the resolution
in both axes was 500 points. Data were analyzed with open-
source program Gwyddion®. Scans were taken in the center of
the sample as well as in the 3 mm distance from the shorter
edge of the sample.

Surface characterization

We will assume that the film surface is randomly
(statistically) rough and that the roughness is homogeneous.
Furthermore, we will assume that the surface height in a given
point x,y can be described by a random function {(x,y) that
has given statistical properties.

The heights of surface irregularities are characterized by
the root mean square (RMS) value (standard deviation) o
defined as follows:

ol = j[(sz)zw(z)dz, (])
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where z,z and w(z) denote a certain value, mean value and
one-dimensional distribution of the probability density of the
random function {(x,y), respectively (x and y are the Cartesian
coordinates in the mean plane of the rough surface. The quan-
tity o is called the RMS value of the heights.

Another significant statistical quantity is the autocorrela-
tion function G defined by this relation:

G(rx,ry): J-jzlzzw(zl,zz,rx,ry )dzldzz, (2

where symbols z, and/or z, and w(z1,2,,7« ,ty) denote certain
value of {(x,y) in the point [x;,y1] and/or the point [x,,y,] and
the two-dimensional distribution of probability density of ¢
(x,»), respectively. The symbols t, and t, are given as fol-
lows: =% ~—X and % ~)Y:")

In practice, however, the autocorrelation function is not
widely used. Instead of it the power spectral density function
(PSDF) is often calculated from the AFM scans. The two-
dimensional PSDF, W,(KKy), can be written in terms of
Fourier transform of the autocorrelation function

_T TG(‘[X,TY )eii(erXH(yry )drxdry, (3

—00—00

w,(k, K, )=

4r?

where K, and K, denote x- and y-component of the wave vec-
tor of harmonic component of the certain spatial frequency of
roughness. Within the AFM measurements we usually evalu-
ate the one-dimensional PSDF determined only from profiles
in the fast scanning axis because these are less affected by the
low frequency noise and thermal drift of the sample. This
function is defined in the following way

W(Kx): TWZ (KX’KY }jKY (4)

The one-dimensional autocorrelation function is often sup-
posed as being Gaussian, i.e. given by the following relation
G(r,) =0’ e T )

This results in one-dimensional PSDF given by relation

2J(x) ’

where T is the autocorrelation length and characterizes lateral
dimension of the irregularities of the randomly rough surface
in its mean plane.

The AFM data are usually represented as a two-
dimensional data field of size N x M, where N and/or M repre-
sents the number of rows and/or columns within the datafield.
Hence, the one-dimensional PSDF can be evaluated by means
of the Fast Fourier transform as follows:

. 7

27 &z
W) =3 2P )
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where 7 is the distance between two adjacent datapoints and
IA’_/(KX) is the Fourier coefficient of the j-th row, i.e.

~ h & Kk 8
E(Kx):_zzk/e ‘KXAh' ()
27 4=

For4r5nore details about statistical description of rough surfaces
see™”,

The surface properties of thin films were characterized
by two parameters — RMS value of the heights, o, and by the
autocorrelation length 7. These parameters were obtained by
fitting one-dimensional PSDF calculated according to egs. (7)
and (8) with theoretical dependence given by eq. (6). The data
in the procedure were treated by least-squares method (LSM).
The LGSM used was based on the Marquardt-Levenberg algo-
rithm®.

Results and discussion

As already mentioned in previous section, surface pa-
rameters of thin films were obtained by evaluating the one-
dimensional PSDF. In Fig. 2 can be found a comparison of
PSDF calculated from AFM data of a selected sample to-
gether with best fit. Note that sharp peak at cca 39 um™ was
filtered using one-dimensional FFT filtering. This peak (and
also peaks on other space frequencies) arises from the noise of
the electronics of the AFM microscope. The obtained values
of o and T in this case were as follows: ¢ = 5.50 + 0.05 nm
and 7= 137 £+ 3 nm. Note that theoretical dependence accord-
ing to eq. (6) fits very well with the experimental data. There-
fore, it can be concluded that the assumption of Gaussian
form of the autocorrelation function given by eq. (5) is sub-
stantiated.

The dependences of RMS values of heights ¢ and auto-
correlation length 7 on total deposition time are carried out in
Fig. 3 and 4. Note that data were collected in the center of the
sample (in graph denoted as center) as well as in the 3 mm
distance from the shorter edge of the sample (in graph de-
noted as edge).

1600
PSDF

fit
1400
1200
1000

800

W [nmd]

600

200

0 e
0 10 20 30 40 50 60 70 80

Ky [

Fig. 2. Comparison of 1D PSDF calculated from AFM data of a
selected sample with corresponding best fit
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Fig. 3. Root mean square values of the heights of sample surface

irregularities. The AFM data were taken in the center of the sample
and also in the 3 mm distance from the edge
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Fig. 4. Plot of the autocorrelation length resulted from best fits of
the AFM data collected in the center and near the edge of the
respective sample. On the abscissa is the total deposition time

It is worth to mention that the samples were oriented in
such a way that the side where “edge” data were collected was
headed towards powered electrode. Looking at Fig. 3, one can
immediately see that in the center of the sample the surface
roughness increases linearly, starting at 33.5 + 0,3 nm. If the
total deposition time reaches 35 minutes the roughness in-
creases even up to 125.6 = 0.9 nm. However, near the edge of
the respective sample the roughness remains nearly constant
and varies in the range from 5.50 + 0.05 nm to 8.63 + 0.04
nm. Increase of surface roughness of thin film with deposition
time was reported in work by Lue et al’, where also a tubular
type reactor was used for deposition. This would be in agree-
ment with the development of surface roughness in the center
of the sample. However, near the edge the surface roughness
exhibits behavior usually seen on films deposited in bell jar
type of reactors, i.e. roughness is only slightly dependent on
film thickness and values of the roughness are on the order of
units of nanometers®® or even on sub-nanometer scale™®. Nor-
mally, very good film uniformity over large area reactors is
reported™. Nevertheless, the film uniformity can be strongly
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affected by the design of electrode, gas inlet and pumping®.
Hence, non-uniformity of thin films deposited within this
work may come from reactor design and sample position
within the reactor. Of course, the deposition parameters play
also an important role in the deposition process. For instance
we observed that the roughness in the center of the sample is
significantly reduced by lowering the peak power to 5 W.

Different are also values of autocorrelation length 7 in
the center and near the edge of the sample as can be deduced
from Fig. 4. However, in this case there is no evident depend-
ency on the total deposition time. Mean value of the autocor-
relation length in the center of the sample is 359 nm and in
the 3 mm distance from the edge of the sample the respective
value is 145 nm.

In Figs. 5 and 6 can be seen AFM images of the thickest
sample, where total deposition time took 35 minutes. The
scans were taken again near the edge (Fig. 5) and in the center
(Fig. 6) of the sample. Note that there is a difference of one
order of magnitude in the z-scale. The resulting RMS values

96 nm

0 nm

Fig. 5. AFM image taken in the 3 mm distance from the edge of
the thickest sample (35 min). RMS roughness and autocorrelation
length are 0 = 7.72 £ 0.04 nm and 7 = 150 * 2 nm, respectively

Fig. 6. AFM image taken in the center of the thickest sample.
RMS value of roughness and autocorrelation length are as follows:
c=1256+09nmand 7=324+5nm
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of roughness differ accordingly. While near the edge of the
sample the respective value is only ¢ = 7.72 £+ 0,04 nm in the
center of the sample the value is more than 16 times higher,
i.e. 0 =125.6 £0,9 nm. A difference can be observed also in
the autocorrelation length. The value obtained near the edge
of the sample is 7= 150 + 2 nm. In the center the respective
value is 7= 324 + 5 nm. The autocorrelation length is a meas-
ure of lateral dimension of the irregularities of the rough sur-
face. Hence, the increase of this quantity reflects the increase
of the particle size deposited on the top of the sample.

Conclusion

We studied in this work surface morphology of thin
amorphous hydrocarbon films by means of atomic force mi-
croscope. The AFM data were collected in two regions on the
sample. We observed a significant difference in roughness
parameters between these regions with increasing total depo-
sition time. RMS values of the heights near the edge of the
sample did not exhibit any significant change with the total
deposition time and in the mean are equal to approximately
7 nm. However, RMS values of the heights in the center of
the sample increased linearly with the total deposition time
and reached values up to 125.6 nm. The values of autocorrela-
tion length were independent on total deposition time, but
there was a difference in absolute values. The mean value of
this parameter near the edge of the sample was 145 nm, while
in the center of the sample the respective value was 359 nm.
The suggested reason for this surface non-uniformity is the
reactor design. However, it is necessary to mention that the
deposition conditions also play an important role in the film
deposition process and that this difference could be at least
partially ascribed to particular deposition conditions.
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