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What is the plasma?

Gaseous Plasma
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Plasma is created under energy deposition into gase  ous mixture. Gas turns
into plasma due to ionization, dissociation and exci tation of the bounded
states of atoms and molecules of the background gas.

So, PLASMA consists of gaseous mixture of charged p articles
(free electrons, ions) and neutral activated specie s including
gas molecules, free radicals, metastables and UV-ph  otons.

From practical point of view, plasma is bio-chemica lly and physically active
gaseous medium which can be used effectively for ma  ny applications
because Non-Thermal Plasma Technology offers an environment  ally friendly

e

{ Acteco alternative to the conventional wet chemical method S.

* %



General properties of the NTP

Non-thermal reactive plasma (NTP) is
created by electrical discharges fed by
stationary, pulsed or alternating electric
field.

The majority of the electrical energy
deposited in the NTP goes into heating
the electrons rather than heating the
background gas.

The typical electron temperature in an
NTP is around 30,000-50,000 K, but the
average temperature of the background
gas is around 300-500 K.

Energetic electrons generate intensively
numerous chemical active species due
to collisions with atoms and molecules.

In the case of gas mixtures containing
02 and H20, most of the primary
radicals are O and OH.

<

View of the NTP in humid airflow
at atmospheric pressure.
Steady-state DC discharge,
U=15 kV, I=1 mA
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Atmospheric pressure plasma sources
used for outside treatment

Plasma treaters
forming axisymmetric plasma jet

Atmospheric Pressure Plasma Jet (Herrmann et al.)

RF Plasma
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RF plasma jet Arc plasma jet

Ground Electrode




Atmospheric pressure plasma sources
used for outside treatment

Plasma treater forming
axisymmetric plasma jet

N2, DC power 100 W, Length of
the jet can be varied up to 10 cm.

Plasma treater forming
rectangular plasma jet .
Alr, DC power per cm of the jet

width is 20-30 W, the width can be
varied as it needed.
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Atmospheric pressure plasma sources
used for treatment In discharge zone

. Dielectric barrier discharge (DBD) in
different gases at atmospheric
pressure is widely used for surface
treatment in discharge zone.

. DBD is alternative current discharge
between two electrodes (parallel
plates, pin-to-plane, coaxial
cylinders, etc.) one of which is
covered with dielectric.

. There are two types of DBD: d
— Volume barrier discharge (VD); Surface barrier discharge

Volume barrier discharge

—  Surface barrier discharge (SD). —
. In VD, plasma exists in bulk between Tgpesioh ket dischang os
electrodes. A B Saveliev and G J Pietch, RWTH Aachen University
. In SD, plasma exists over dielectric
surface covering one of the
electrodes.

Depending on both the sort of plasma-forming gas and power deposited
In discharge, VD can be homogeneous or inhomogeneous

As arule, SD is inhomogeneous . Surface area occupied by SD over 740{_300
material to be treated depends on sort of plasma-forming gas. e




In situ surface treatment by DBD
In rare gases like He, Ar

 Volume and surface DBDs in rare DBD-Based Glow Discharge
gases generate homogeneous
NTP in the bulk and on the

surface to be treated. Voltage = 5 kV (RMS)
. . Frequency = 20 kHz
e These dlsch_arges provide low oy A
power density at the surface Heliom gas
(about 1 W/cm2) compared with Electron density: 10°-1010 ¢
DBD in dry air or mixtures with Pressure: One Atmosphere
O2.

« DBDs in rare gases generate a
great number of metastables He*,
Ar* but not radicals like O, OH or
ozone.

Top view of DBD surface discharge in
Ar at atmospheric pressure. Visual
diameter of the area occupied by thin
layer of the NTP tightly adjoining the
surface is 10 cm .




Commercial atmospheric pressure plasma
treaters

« Commercial atmospheric
pressure NTP
equipments treat
conducting/non-
conducting materials at
line speeds up to 400
m/min.

» Large-sized industrial ENERCON’s PLASMATREAT3 ™ SHERMAN TREATER’s PBS/12Cx1
installations treat the
web up to 10-13 m in f——*—x——
width.

VETAPHONE

» World-known suppliers
iInclude Enercon Inc., Tri-
Star Technologies, Pillar
Technologies, Sherman
Treaters, Vetaphone.

VETAPHONE'’s Treater
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Most important parameters of the NTP

E/N is the reduced electric field strength.

The ratio E/N determines value of  Te and distribution of energy
deposited in the NTP in between different channels| ike gas heating,
vibration and electronic state excitation, dissociati on, ionization, etc.

Ne, Nn, Np are number densities of the charged particles: electron S,
negative ions and positive ions. These parameters de  termine the
Intensity of electron and ion collisions providing a transfer of electrical
energy to NTP.

Tg, Tv are translation and vibration temperatures of the proce SS gas.
As arule, Tg<<Tv<<Te. Polymers are temperature sensitive materials.
A magnitude of Tg determines applicability of the N TP for surface
treatment. In contrast, high magnitude of Tv~3000-50 00 K promotes
iIntensively plasma-surface interaction without therma | destruction.

Radicals and metastables like O, OH, CH, He*, N2*, etc are chemical
reactive species in the NTP responsible eventually for modification of
the surface to be treated.
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Methods used for characterization of the NTP

e Spectroscopic methods are commonly used to measure the parameters of
the NTP mentioned before.

* Widely used methods can be classified into several prime groups:

— emissive spectroscopy thatis based on recording the intensity of
spectral lines emitted spontaneously by plasma spec les to be detected,;

— absorptive spectroscopy thatis based on recording the attenuation of
monochromatic light passed through the NTP;

wavelength of the probing light must correspond to one of the absorbing
lines of the species to be detected,

— active spectroscopy like LIF, TALIF, etc ; these methods are based on
laser excitation of some electronic states of the s pecies to be detected and

recording the fluorescence from excited states (  see, for instance, K Niemi, V Schulz-von
der Gathen, H F Deobele, J. Phys. D: Appl. Phys. 34  (2001) 2330-2335);

— actinometry thatis based on a dilution of the NTP with small @  uantity of
gaseous additives radiation of which can be easily detected by
spectroscopic measurements;

the recorded light intensity of the admixture corre lates unambiguously with
plasma parameters.
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Laser Thomson Scattering (LTS) studies of the NTP

LTS allows to determine the electron temperature Te and number density Ne.

Te. Assuming a Maxwell distribution for the velocity of free electrons, the Thomson-
scattered light (from an external, pulsed, high-power laser) by the plasma has a
Gaussian broadened profile caused by a double Doppler effect, of which the full-width at
half-maximum is givenby D =7.1x 107 0(Te/me)l/2, where 0 is the wavelength
of the laser used. The electron temperature can be directly obtained from this equation.

Ne. The Thomson scattered photon number registered, Ns, correlates linearly with
electron density Ne . For a typical experimental situation one can obtain an estimation:
Ns =2 x 10 17 Ne. It means in practice that single-pulse LTS can be applied to various

DC and pulse NTP in which electron densities are high, i.e. above ne > 10+12 cm 3.
In the case of using data accumulation process technique, taking advantage of the DC
or repetitive operation of some discharges (ECR, ICP), and, combined with photon
counting, a minimum detectable electron density can be achieved of 5 x 10+9cm 3 .

In total it should be note, LTS is very difficulta  nd expensive experimental method.

*
:740{—300 K Muraoka et al, Laser Thomson scattering studies of glow discharge plasmas,
et Plasma Sources Sci. Technol. 11 (2002) A143—-A149



Determining Ne and Te by using Stark broadening of spectral lines

One can obtain the plasma parameters ne and Te by using simpler, low-cost
spectroscopic tools.

The approach is based on studying of Stark broadening of the H and H lines (
nm and nm) of the hydrogen Balmer series.

These lines come from water impurities existing in the plasmogenic gas, or as a
consequence of the introduction of small amounts of H2 in the discharge (0.5% in
volume).

These lines are well known and studied from the Stark broadening point of view, and a

few theories exist that link both ne and Te in the discharge with the broadening of these

two lines: ) 0 - 2/
e — [gx-Stark x 10 -"'IE-}E}:NE]L )

where Stark broadening D stark is measured in nm when ne is expressed in cm 3.
The 1/2 parameter (or fractional semi-half-width) is tabulated for different Te and ne.

™ J Torres, et al, An easy way to determine simultaneously the electron density
* - - - -
= 45{? CO and temperature in high-pressure plasmas by using Stark broadening,
et J. Phys. D: Appl. Phys. 36 (2003) L55-L59.



Determining Ne and Te by using Stark broadening of spectral lines
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Experimental set-up and arrangement for measurements in the experiments

Measured values of the electron density Ne and the electron temperature Te
in a MW (2.45 GHz) discharge at atmospheric pressure studied at 120 W

M starke (NM) I (K) ne (cm )
Msic(Hp)=0.1617 | 6.800 +3.600 | (6.6+ 8.0)x 10"
MStark(Hv):O 2012

e J Torres, et al, An easy way to determine simultaneously the electron density

» A ) .
740(—%0 and temperature in high-pressure plasmas by using Stark broadening,

*
0t J. Phys. D: Appl. Phys. 36 (2003) L55-L59.



Spectroscopic determination offgasbased on emission of
a CH rotational band (431.5 nm).
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The emission spectrum due to
the (0, 0) D 2P transition
of CH (431.5 nm). RH4 = 760 Torr.

CH emission due to the 2P (431.5 nmitransition is one of the common
and prominent spectra when a process gas contains hyd@arbon components.

The rather simple spectral structure of the CH rotatioral band can be utilized
for accurate temperature estimation.

Reliable spectral data can be readily obtained witla spectrometer of moderate

resolution.

***:t
rActeco

*

T Nozaki, Yu Miyazaki, Y Unno, K Okazaki, Energy di  stribution and heat transfer mechanisms
in atmospheric pressure non-equilibrium plasmas. J. Phys. D: Appl. Phys. 34 (2001) 3383-3390



Spectroscopic determination offgasbased on emission of
a CH rotational band (431.5 nm).

Rotational temperature reflects sufficiently gas temperature in the reactive NTP.
1. Rotational temperature can be determined from the relative intensity ratio of the
individual R line of the spectrum. When luL is emission intensity of a single spectrum
line of wave number , then a Evhc

Iy o Sypvyp exp (— T )
where subscripts u and L denote quantum numbers ot upper and lower electronic
states.
2. The gas temperature can be determined from fitting the modeling spectra of CH to
experimental one. An estimated error of such method equals about 20 K.

1,0

T=320K Experimental and simulated spectra of CH
0,81 experiment emitted from DBD surface streamers.
-------- modelling

Gas mixture Ar:CH4 at P=1 atm.

\

I, au

Fitting gas temperature equals 320 K.
There is partial overlap of two lines of Ar
with spectral lines of CH — these two peaks

—— %, are shown in this figure.
427 428 429 430 431 432

7b nm

2
740{—360' T Nozaki, Yu Miyazaki, Y Unno, K Okazaki, Energy distribution and heat transfer mechanisms
b in atmospheric pressure non-equilibrium plasmas. JPhys. D: Appl. Phys. 34 (2001) 3383-3390



Spectroscopic determination of the electric fielde

and relative electron densityNein the NTP

Quantitative estimates for both electric field strength E(x, t) and relative electron density

ne(X, t)/nmaxe can be derived from the experimentally determined spatio-temporal

distributions of the luminosity for the spectral bands of the 0—0 transitions of the second

positive system of N2(C) (337.1 nm) and the first negative system of N2+(B) (391.5 nm).
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Dependence of the intensity ratio Is/Ic
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upon the reduced field strength E/N.

s Acteco

*

This approach is based on analysis of the
elementary processes in the NTP relevant
to excitation of N2(C) and N2+(B)
electronic states of nitrogen.

This analysis allows to link the Is/Ic ratio
with reduced electric field strength E/N,

where N is number density of nitrogen.

K Kozlov, H-EWagner, R Brandenburg, P Michel, Spati  o-temporally resolved
spectroscopic diagnostics of the barrier discharge in air at atmospheric
pressure. J. Phys. D: Appl. Phys. 34 (2001) 3164-31 76



Spectroscopic measurement of the concentrations
of NO, NO2, NO3, N20s5, and O3

NO 0p Ny

Experimental set-up:

1—power supply; 2—discharge chamber; 3—
exhaust with smart valve; 4—gas supply with
gas flow controllers; 5—pump; 6—deozonizator;
7—Xe lamp; 8—spectrograph with CCD camera
and PC.

4
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Absorption spectroscopy  on the example of NO
First, the integrated NO absorption coefficient is
measured by using calibrated mixtures of N2 and NO
at a total pressure of 1 bar assuming the optical
densities D depend linearly on the NO patrtial
pressure: D =In(ly/1)
From the slope of this curve can obtain the integrated
NO absorption coefficient k by using the formula

1(1) = Iy exp (—Miﬁ)

po T

Here | is the absorption length, po is a pressure of 1
bar and To is 273 K, | is the intensity of the light
passed through the cell.
At a total pressure of 1 bar one can measure NO

concentrations down to 0.1 ppm.

| P Vinogradov and K Wiesemann, Classical absorpioth emission spectroscopy of barrier
¥ Discharges in N2/NO and O2/NOx mixtures, Plasmar&s Sci. Technob (1997) 307-316.



Time-dependent gas density and temperature
spectroscopic measurements
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Time-dependent measurements of the temperature
and density of the Ar (3Po) metastable atoms
deduced from the evolution of the Doppler profile of
the 772.42 nm (2p2 3Po) absorption argon line
were done. A single-mode tuneable diode laser was
used for recording these profiles, and temperatures
up to 1000K were obtained.

n (10" m™

n, (10" m™)

Contour and three-dimensional plots
of the transmitted laser signal

B Clarenbach, B Lorenz, M Kramer, N Sadeghi, Time-dependent gas density and temperature

measurements in pulsed helicon discharges in Ar, Plasma Sources Sci. Technol. 12 (2003) 345-357



OH rotational temperature spectroscopic measuremedn

The rotational temperature of OH(A) in argon water gas mixtures (Ar:H20=1:0.02)
was spectroscopically measured. In mixtures mainly composed of atomic species,
the OH(A) rotational temperature is strongly correl ated with a gas temperature.

The rotational temperature was estimated by using f  luorescence of these transitions:
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Experimental spectrum. The underlined expressions
denote the lines used in the Boltzmann plot

Schematic diagram of the experimental set-up. to determine Tg.
*:l-"'* O Motret, C Hibert, S Pellerin and J M Pouvesle, Rotational temperature measurements
1740{'300- in atmospheric pulsed dielectric barrier discharge—gas temperature and molecular fraction

2 effects. J. Phys. D: Appl. Phys. 33 (2000) 1493-1498.



Spectroscopic measurement of electric field in DBD

The electric field strengths in H2 (P=2kPa) were obtained by measuring the characteristic
parameters of line profiles: the full half-width D and the peak-to-peak separation
D pp of the Stark components of the H line.

Balmer H line profiles Half-width O and peak-to-peak separation D pp
in different places of the gap of the H Stark profiles versus electric field strength

T Wujec, HW Janus and W Jelenski, Spectroscopic meas  urements of electric field

distributions in DBD in hydrogen, J. Phys. D: Appl . Phys. 36 (2003) 868-877



Numerical calculations on the composition
of reactive species in the NTP

In some cases, important plasma parameters can notb e determined by
experimentally.

In such a case , crucial role belongs to math modeling of both the
reactive plasma generation and plasma-surface intera  ction.

Plasma is formed due to numerous elementary collision processes in
the background gas stressed by any electro-magnetic fi eld. Thus,
elementary processes determine all basic plasma proper ties.

Vast diversity of collision processes provides, from on e side, a variety
of plasma properties, but from other side, the complex ity in modeling
the plasma and difficulty in controlling the plasma processing.



Example of numerical results related to
modeling cold plasma jet in ambient air

In some cases, important plasma parameters can not be determined by experimentally.
In such a case , crucial role belongs to math modeling of the NTP.
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Time-evolution of different sorts of
chemically active species in airflow
blowing through zone of glow discharge

Side view of glow discharge plasma jet in airflow



Teams dealing with modeling of the NTP

M. Kushner et al (lowa State University, USA, mjk@iastate.edu ).

The model-GLOBAL_KIN is developed allowing for descr  iption of
homogeneous plasma chemistry and heterogeneous surf ace chemistry.

Yu. Akishev et al (SRC RF TRINITI, Russia, akishev@triniti.ru ).

The package of numerical codes is developed allowin g for description of
chemical active species production in various types of atmospheric pressure
discharges and processing of PP surface by plasma p roducts. The model
allows to predict efficiency of active species prod uction of a discharge for
various feed gas compositions and for different pla sSma source types such as
the steady state glow discharge, the micro-streamer discharges including the
DBD.

B. Potapkin et al (Russia, info@kintech.ru )

Chimera O is a new joint KINTECH O and MOTOROLA O program product. It is
software for definition of unknown thermodynamic an d kinetic data and
simulation of the chemical processes based on the r esults of the quantum
chemical calculations. Chimera O is a unique tool, which has a user friendly
interface from quantum chemistry program packagest o individual rate
constants calculations and further to chemical reac tor modeling.




Conclusion

Spectroscopic methods are very powerful
Instruments widely used for characterization
of various parameters of the Non-Thermal Plasmas
at Low and High Pressures



