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The results of study of the plasma parameters of radio frequency capacitive discharge with isolated electrodes in
atmospheric-pressure argon by means of bremsstrahlung photometry in wavelength range 400...600 nm are
presented. Time-averaged spatial distributions of the plasma electron temperature are experimentally obtained for
low-current a-and high-current y-modes of the discharge glow. The comparison of the experimental results with the
preliminary data of the discharge computer modeling by a particle-in-cell method is presented.
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INTRODUCTION

Capacitive radio-frequency (RF) atmospheric-
pressure discharges are widely used in different
technological processes such as plasma sterilization of
medical instruments [1, 2], surface treatment of various
materials [3, 4], creation of layers for liquid crystal
alignment [5], plasma-chemical processes etc. Such
discharge is one of the most attractive ones due to low
breakdown voltage, ability to create uniform plasma
with high concentration of active species in relatively
large volume, and low gas temperature.

One of the most important plasma parameters is the
electron temperature since it defines the rates of many
plasma-chemical reactions and,  consequently,
concentrations of active species in the plasma. Efficient
non-perturbing method of determining the plasma
parameters is based on optical emission spectroscopy.

In the non-thermal weakly ionized plasma of
atmospheric-pressure  RF discharge, main source of
continuum emission in visible spectrum range is one
originated from electron bremsstrahlung at neutral atom.
Intensity of such plasma emission in approximation of
maxwellian electron energy distribution function
(EEDF) is defined by the expression:
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where ne is the electron concentration, ny is the

concentration of working gas atoms, A is the emission

wavelength, k — is the Boltzmann constant, T is the

electron temperature, Qea is the neutral bremsstrahlung
cross section, E is the electron energy.

Photometric method of non-perturbing study of Te
spatial distribution was proposed in [6] and used in [7]
for determining this distribution in atmospheric-pressure
RF discharge plasma by measurement of its neutral
bremsstrahlung emission. At that, the discharge cross
section images were obtained by DSLR camera with
spectrum selection performed by sequentially used two
narrow band (1.5 nm FWHM) interference filters having

transmission maxima at 514.5 and 632.8 nm, and Te
distribution across the discharge was determined from
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respective ratios of neutral bremsstrahlung intensities at
two selected wavelengths for each point of the discharge
image. In spite of the averaging data of multiple
discharge images in [7], the authors did not succeed in
obtaining good signal-to-noise ratio and presented only

rough noisy Te spatial distribution.

In the present paper, the method proposed in [6, 7] is
essentially improved due to the bremsstrahlung
emission spectrum selection performed by inherent
color separation of DSLR camera sensor in broad blue
and green spectrum bands (about 100 nm FWHM each).
At that, no additional spectrum filtering elements are
required, and single image of the discharge plasma

emission is sufficient for determining Te spatial
distribution with good signal-to-noise ratio.

The present paper continues our previous studies [8]
utilizing photometric methods for space-resolved
characterization of plasma parameters of RF
atmospheric  pressure  discharges. Time-averaged
electron temperature distributions are determined
experimentally for different regimes of the discharge
glow. These results are compared with the preliminary
data of the discharge numerical simulation performed
by a particle-in-cell (PIC) method.

1. EXPERIMENTAL SETUP AND METHODS

Scheme of the experimental setup is shown in Fig. 1.
Capacitive RF (13.56 MHz) discharge glowed between
two flat electrodes covered by 1 mm thick alumina
plates 5. The dimensions of each electrode were
1 x5 cm and the gas gap between the plates was 1 mm.
Industrial RF generator 7 (MV-1.5, JSC “Selmi”)
operating at 13.56 MHz frequency was used for
powering the discharge. Voltage after matching unit 6
was varied in the range 0 to 1600 V RMS during our
experiments. The discharge electrodes were powered
via capacitive dividers (C1-C2, C3-C4). Volumetric
consumption of the working gas argon was controlled
by means of the gas feeding system and comprised 3
liters per minute.

Emission of the RF discharge plasma was registered
by means of the digital reflex camera Canon-EOS-350D
used at low sensitivity setting of 200 international
standardization organization (ISO) units for reducing
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camera sensor noise. Experimentally optimized
exposure time of 1/15s provided time-averaged
detection of the discharge plasma emission. Discharge
space image at the camera sensor scaled 1:1 was formed
by quartz achromatic lens with 150 mm focal length and
15 mm diameter. Special attention was devoted to
obtaining depth of field (DOF) distance of 1cm
required for correct (non-overlapped) observation of the
plasma emission from the whole discharge thickness.
Taking into account the uniform discharge glow over
the whole square of the electrodes, the above condition
should be fulfilled only in the direction perpendicular to
the discharge plane. For that purpose, the lens aperture
in this direction was reduced to 5 mm by means of
slit2. Such arrangement enabled 1cm diffraction
limited DOF, and corresponding resolution in the image
plane was about 50 um FWHM.
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Fig. 1. A scheme of the experimental setup.
1 - DSLR camera; 2 — aperture; 3 — lens;
4 — plasma in the discharge space; 5 — dielectric
barriers; 6 — impedance matching unit;
7 — RF generator (13.56 MHz)

The camera sensor pixels responsible for red, green
and blue color channels are known to be arranged by
means of the Bayer color filter array so that each
elementary cell of the array consists of one blue, two
green and one red pixels. For enabling photometric
studies, the sensor readout should be done without any
post-processing. In our experiments, it was performed
by UFRaw software which linearly converted camera
RAW files to 16 bit per color channel TIFF images used
for subsequent consideration. In our experiments, only
blue and green color channels embracing about
400...600 nm  spectrum range were used for
bremsstrahlung emission measurements because red
channel was affected by the presence of atomic argon
emission lines.

For precise photometric  spectrum-integrated
measurements for particular color channel, one should
exactly know the spectrum sensitivity of each channel.
This calibration procedure was performed by MDR-23
monochromator ~ combined  with  the  standard
spectroscopic tungsten incandescent lamp (2850 K color
temperature). This system provided spectrum selection
with about 1 nm bandwidth tunable with 10 nm steps
over the spectrum range of interest. At each step, the
RAW image was taken and subsequently converted by
mentioned above procedure with UFRaw software use.
At that, all settings of the conversion were the same as
ones used later for bremsstrahlung emission study. The
spectrum sensitivity curves for particular camera
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obtained by the calibration procedure are shown in
Fig. 2. Almost two times lower sensitivity of green
channel is due to the fact that digital readout of the
sensor in green channel is done from twice bigger
number of green pixels in Bayer array of the camera
sensor.
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Fig. 2. Color channel spectral sensitivity of DSLR
camera Canon-EOS-350D. Solid line — for blue
channel, dash line — for green channel

As it was already noted, the discharge glows
uniformly over the whole square of the electrodes, so
that it could be characterized only by the spatial profile
measurements of blue to green readout ratio across the
electrode plane. Mentioned profile was obtained by
means of ImageJ software which performed data
averaging for about 3000 image pixels along the
electrode plane. This allowed us to obtain good signal-
to-noise ratio from the data of single discharge image
thus making the described approach attractive for
express consideration of the discharge plasma features.

For determining Te spatial distribution, one should
define the relation between the data of photometric
experiment and the electron temperature. Such
procedure has been done earlier in [6, 7] for the case of
the bremsstrahlung intensity measurements at two
spectrum points. We modified mentioned procedure for
the case of spectrum-integrated intensity measurements.
For that purpose, the ratios of blue to green values of
convolution between the bremsstrahlung plasma
emission spectrum calculated using (1) and wavelength
dependence of the camera sensor sensitivity for
respective color channel on wavelength q(A) were

calculated for different Te. It should be noted that the
calculated ratio (gea(A) Oblue(})) / (€ea(X) Qgreen(})) is a
function of the electron temperature Te and does not
depend on the electron concentration. Calculated in such
a way dependence for particular Canon EOS-350D
digital camera used in our experiments is presented in
Fig. 3. One can easily see from the dependence shape
that it can be used for unambiguous solving the inverse
problem, that is determining Te spatial distribution by

measured blue-to-green readout ratios from the
discharge image.
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Fig. 3. Calculated relation between RF discharge

plasma electron temperature Te and blue-to-green
readout ratio of Canon EOS-350D camera sensor

2. EXPERIMENTAL DATA AND
DISCUSSION

The described above procedure allowed us to obtain
the time-averaged spatial distribution of the electron

temperature TSP across the discharge gap as the
function of the discharge current density j (Fig. 4). It
should be noted that no additional averaging of the
experimental data was done along the direction denoted
as L in (see Fig. 4), and all existing irregularities were
exactly reproducible for repeatedly taken discharge
images for each discharge glow mode.
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Fig. 4. Time-averaged spatial distribution of
experimentally determined electron temperature Te
for different discharge glow modes:
1—j =37 mAlcm?; 2 — j = 54 mAlcm?;
3 —j =75 mAlcm?; 4 —j = 147 mA/cm?

exp

One can see that the transition from the low-current
a - (j=37mAlcm?) to the high-current y-mode

(i = 147 mAJ/cm?) the electron temperature TP in the
bulk plasma gradually decreases from = 1.6 to ~ 1.2 eV.
The large-scale irregularities, that is, the asymmetry
with respect to the central plane of the discharge gap
(L =0.5mm), are most probably due to the technical
issues such as the influence of the electrically grounded
laboratory environment on horizontally placed
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discharge wunit. The small-scale irregularities are
definitely due to the discharge nature and could actually
have higher amplitude due to the imaging system
diffraction-limited optical resolution of about 50 um.
This fact could be also responsible for the absence of

Te™P maxima near the electrodes (L <0.1 mm and
L > 0.9 mm) which might be expectable in high-current
discharge glow modes.

Here it is worth to clarify some peculiarities of the
method. Actually, electrons with the energies

corresponding to the experimentally determined TP
(E<2eV) do not contribute to the studied
bremsstrahlung emission because their energy is
insufficient for light radiation in the visible spectrum
range. On another side, high energy electrons
(E >>2eV) also do not make essential contribution to
the plasma emission due to the rapid decrease of their
concentration ~eE/KT® Thus, obtained data make
direct characterization the discharge plasma only in the
limited range of the electron energy. Experimentally

obtained Te®*® is essentially based on the assumption of
the Maxwellian EEDF. It is commonly accepted that the
actual EEDF in the intermediate a-y and high-current vy-
mode of RF discharge can deviate from the Maxwellian
one. Actual influence of this circumstance on the
accuracy of the obtained results is a subject of future
investigations.

As the initial step of the validation of the obtained
experimental data, preliminary numerical simulation of
the RF discharge was carried out by PIC code [9] for the
simulation parameters close to the experimental data.
The spatial distribution of the time-averaged effective

electron temperature Tec‘""Ic in the discharge gap is

shown in Fig. 5. This Tecalc was defined as 2/3 of the

mean electron energy determined from the simulated
EEDF.
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Fig. 5. Time-averaged spatial distribution of electron
temperature TecalC calculated by numerical simulation
of RF discharge plasma: 1 — a-y-mode; 2 — y-mode

It was found that simulated electron temperature

TeCallc in the plasma bulk decreases for increasing

discharge current which is in qualitative agreement with
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the results of our experimental studies. The modeling
has shown essential EEDF modulation during RF
oscillation cycle due to the fast relaxation of the
electron energy.

CONCLUSIONS

The advanced photometric method to determine the
plasma electron temperature in the atmospheric-pressure
RF discharge was proposed and tested. In this method,
the digital camera imaging of the electron — neutral
atom bremsstrahlung emission from the discharge space
in 400...600 nm spectrum range is recorded and
analyzed. The experimentally determined time-
averaged spatial distributions of the plasma electron
temperature in the planar capacitive RF discharge in the
atmospheric-pressure  argon  demonstrate  gradual
temperature decrease from ~1.6 to 1.2eV at the
discharge glow mode transition from low-current o-
(i = 37 mA/cm?) to high-current y-mode
(j = 147 mAJcm?). Spatial distributions of the plasma
electron temperature derived from numerical modeling
by means of PIC method are in qualitative agreement
with obtained experimental data.

Proposed photometric method of determining
plasma electron temperature value and spatial
distribution can be used as express technique for
diagnostics of weakly ionized plasma of atmospheric
pressure RF discharges and their optimization for
different practical applications.
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OOTOMETPUYECKAS TNATHOCTHUKA IIJTIASMBI IINTAHAPHOTI'O EMKOCTHOTI'O
BY-PA3PSIJIA B APTOHE ITPU JABJIEHHUH 1 atm

B.I1O. basxcenos, C.H. I'yoapes, B.B. l{uoaxo, /I.C. Jleeko

[IpencraBneHsl pe3ynabTaThl MCCIEOBAHMS ITAPaMETPOB IUIA3Mbl BBICOKOYACTOTHOTO €MKOCTHOTO pa3psaa c
W30JIMPOBAaHHBIMHU DJIEKTPOAAMH B aproHe aTrMoc(EepHOTO MAaBIEHHS METOAOM (OTOMETPHH €€ TOPMO3HOTO
M3ITydeHus B crekTpaibHoM nuarnasoHe = 400...600 HM. DKCHeprUMEHTAIFHO MOTYYeHbl YCPEAHEHHBIE 110 BPEMEHH
MPOCTPAHCTBEHHBIE PACIPECNICHNSI TEMIEpaTyphl JICKTPOHOB IUIa3Mbl B CIA0OTOYHOM O- M CHIBHOTOYHOM Y-
peXuMax TopeHmsi paspsaa. IIpencraBieHO CpaBHEHHE SKCIIEPUMEHTAIBHBIX PE3YJIbTaToOB C NpeIBAapUTEIbHBIMHU
JTAaHHBIMH KOMITBIOTEPHOTO MOJICINPOBAHUS pa3psiia METOJIOM YacTHIL B TISHKE.

O®OTOMETPUYHA AIATHOCTUKA IIJIAZMHA IIJIAHAPHOT'O EMHICHOI'O
BY-PO3PALY B API'OHI ITPU TUCKY 1 atm

B.IO. basxcenos, C.M. I'yoapes, B.B. Ilionko, /1.C. Jleséxo

HaBeneHo pe3ynbTaTH JOCHIDKEHHS [apaMeTpiB IUIa3MH  BHCOKOYAaCTOTHOTO €MHICHOTO pO3psiay 3
130JIbOBAaHMMH €JIEKTPO/IaMH B aproHi aTMOC(EepHOT0 TUCKY METOJIOM (oToMeTpii 1i ralbMiBHOTO BUIIPOMiHIOBAHHS
B crekTpanbHoMy nianasoHi = 400...600 uM. ExcrniepuMeHTanbHO OTPHMaHO YCEPEIOHEHI 32 YacoM IpPOCTOPOBI
POBIIOJIIHN TEMIIEpaTypH €JIeKTPOHIB IUIa3MH B CJIA0KOCTPYMOBOMY (- T2 CHIIBHOCTPYMOBOMY Y-PEXHUMax TOPiHHS
pospsiny. [IpencraBiieHO MOPIBHAHHS €KCHEPUMEHTAIBHUX PE3YJIBTATIB 3 IMONEPEAHIMH JaHUMH KOMI IOTEPHOTO
MOJICITIOBAHHSI PO3PSY METOZOM YaCTOK Y KOMIpIIi.
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