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Abstract: Cold atmospheric plasma (CAP) applications in various fields, such as biology, medicine
and agriculture, have significantly grown during recent years. Many new types of plasma sources
operating at atmospheric pressure in open air were developed. In order to use such plasmas for the
treatment of biological systems, plasma properties should fulfil strong requirements. One of the most
important is the prevention from heating damage. That is why in many cases, the post-discharge
region is used for treatment, but the short living particles in the active discharge zone and reactions
with them are missed in that case. We use the active region of surface-wave-sustained argon plasma
for biological systems treatment. The previous investigations showed good bactericidal, virucidal,
seeds germination and decontamination effects at a short treatment time, but the discharge conditions
for bio-medical applications need specific adjustment. A detailed theoretical and experimental
investigation of the plasma characteristics and their possible optimization in order to meet the
requirements for bio-medical applications are presented in this paper. The length of the plasma torch,
the temperature at the treatment sample position and the microwave radiation there are estimated and
optimized by the appropriate choice of discharge tube size, argon flow rate and microwave power.

Keywords: bio-medical plasma applications; surface-wave-sustained discharge; microwave discharge;
cold atmospheric plasma; microwave plasma torch

1. Introduction

The low-temperature, non-equilibrium atmospheric pressure plasmas have attracted
increasing interest as simple and less expensive plasma sources operating in open space for
applications in biology, medicine, agriculture, and the food industry [1-10]. Various types
of atmospheric pressure plasma sources were developed for such applications. Initially, the
plasma produced at atmospheric pressure was with a temperature much higher than 40 °C,
and mainly the thermal effects of plasma were used, as in the argon plasma coagulation
device [11,12]. Later on, the investigations were focused on developing plasma sources
producing plasma at atmospheric pressure with a gas temperature low enough (below
40 °C, so-called cold atmospheric plasma—CAP) in order to avoid the destructive effects
and damaging of heat-sensitive materials and biological systems. Two main requirements
are formulated in [1] for the direct application of plasma “on or in the human (or animal)
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body” and they are the same for treatment in vivo or in vitro of any biological system,
including seeds, plants, fresh fruits, etc.: (i) good stability and reproducibility of the plasma
source operating at atmospheric pressure in the open space; and (ii) low temperature
(<40 °C) at the tissue (sample) contact zone to avoid thermal destruction.

Various types of plasma devices for these purposes were developed in recent years.
The most widely studied and used plasma sources for bio-medical applications in various
configurations and designs are based on the dielectric barrier discharge (DBD) and the
atmospheric pressure plasma jets (APP]) [13-15]. In [16], the plasma sources (assuming
that the plasma is produced between electrodes) are categorized in three types: (i) direct
plasma sources, when one of the electrodes is the sample (human body); (ii) indirect plasma
sources, when the plasma is produced between two electrodes and the active plasma
components are transported to the treated sample; and (iii) hybrid plasma sources—surface
micro discharge (SMD) technology. A detailed review of non-thermal atmospheric pressure
plasma sources for various applications and their plasma characteristics is presented in [17],
and in [18] the focus is on plasma sources for medical purposes.

The strategies for controlling the physical properties of the plasma for bio-medical
applications and for keeping the plasma parameters bellow the damaging limits at the
treatment area include the following: (i) using low electrical power; (ii) high frequency
(kHz to MHZz) or pulsed regime of operation; and (iii) appropriate choice of gas or gas
mixture and the gas flow rate for plasma production. One of the CE certified as a medical
device plasma source is the kINPen [19]. Various modifications exist under this name, and
they operate in different regimes (power from 1.9 W up to 120 W; frequency from 0.8 MHz
to 27.12 MHz; gases Ar, He + 2% molecular gas admixture, air with flow rates usually
3-5 slm) and one of them (the kINPen MED) is actually CE certified as a medical device. It
needs about 10 years to decrease the operating temperature from about 80 °C [20-22] to
35-38 °C. In [23], the kINPen is compared with another plasma source, MicroPlaSter, which
is also CE certified for medical use. The MicroPlaSter operates at 2.45 GHz and 80-110 W
electrical power. Both devices use plasma, which is transported out of the ignition region
by the gas flow. For MicroPlaSter, the gas flow rate is 2-5 L/min, and the distance between
the device nozzle and the treated sample is fixed to 2 cm by a plastic spacer. The diameter
of the treated area is 1 cm? with kINPen and 4-5 cm? with MicroPlaSter. The treatment
time is also a very important parameter, and it is shown in [23] that the treatment time with
KkINPen can vary from 20 s to 5 min, and with MicroPlaSter, it is usually 2-5 min.

Another type of plasma source operating at atmospheric pressure and a microwave
frequency of 2.45 GHz, the surface-wave-sustained discharge (SWD) was investigated for
possible applications in biology, medicine, agriculture, and the food industry [24-30]. The
specific way of plasma produced and sustained by an electromagnetic wave traveling along
the plasma-dielectric interface (surface wave) determines the features of these discharges.

Surface-wave-sustained discharges operating at low and intermediate pressure have
already a successful history after several types of wave launcher were introduced by Moisan
in 1974 [31-35]. The good stability and reproducibility of these electrodeless discharges in a
wide range of discharge conditions are very important characteristics for applications and
the reason for intensive investigation during the past decades. A detailed review of these
investigations can be found in [36,37]. For these discharges, the operating frequency can
vary from MHz to GHz. The discharge tube diameter, thickness and dielectric permittivity
play a very important role for the characteristics of the plasma sustained inside it because
the tube is not only a container for sustaining the plasma, but is an important part of the
waveguide structure for the electromagnetic wave propagation. The plasma itself is also
a part of the same waveguide, and its properties can be easily controlled by appropriate
selection of the discharge tube geometric parameters and permittivity. The plasma density
(electron number density) decreases almost linearly from the wave launcher to the plasma
column end. The plasma can be much longer that the size of the wave launcher, and its
length depends on the wave power. The theoretical and experimental investigations of
SWD at this period are at low and intermediate gas pressure [37,38]. It is shown that at these



Appl. Sci. 2022,12, 969

30f15

discharge conditions, the plasma is a strongly non-equilibrium one: the electron energy
distribution function (EEDF) is non-Maxwellian; because of this, the electron temperature
Te is defined as 2/3 of the mean electron energy <u> obtained from the calculated EEDF
(Te = 2<u>/3); and the electron temperature is much higher than the gas temperature (the
temperature of the heavy particles in the plasma), Te >> Tg.

The situation is more complicated for SWD operating at atmospheric pressure. A sta-
ble atmospheric pressure plasma inside the discharge tube or going outside it (plasma
torch) can be sustained by high wave power, which leads to high gas temperature. In [39],
stable argon plasma with an electron density of about 3 x 10° m~2 and gas temperature of
2500 K is produced by 70 W wave power at 915 MHz and gas flow from 0.2 to 17 L/min. It
is mentioned there that at a wave power above 200 W, the surfatron wave exciter needs
external water cooling. The further surface wave plasma torch development is directed
toward devices operating at high power and with high gas temperature (4000-8000 K) for
applications in cutting, welding, material processing [40], carbon dioxide elimination [41]
and many others [42]. Being electrodeless, the corrosion of electrodes and plasma contami-
nation is avoided, and a precise, clean composition of working gases and gas mixtures can
be achieved.

Producing a stable and well-reproducible surface-wave plasma torch at low wave
power with low gas temperature is a tricky challenge. The filamentation in pure argon
is one of the problems at atmospheric pressure SWD [43]. By adding a small amount of
nitrogen, the filamentation can be eliminated [25,44] but the gas temperature of the Ar + N
plasma is much higher than is appropriate for bio-medical applications. It is possible
to obtain a single filament discharge in pure argon when the discharge tube is with a
small radius, but this requires a higher wave frequency in the microwave range, e.g.,
2.45 GHz. The electromagnetic waves in the microwave region may also have unacceptable
biological effects, which need further investigation. For the direct treatment of biological
samples, the plasma must come out of the discharge tube, i.e., we need a plasma torch
(Figure 1). The surface-wave argon plasma torch can be produced in a gas flow regime
by increasing of the wave power so that the electromagnetic surface wave propagation
along the plasma—dielectric interface continues along the plasma-air boundary. The part of
the plasma outside the tube is not an afterglow, but an active discharge region with high
enough wave power for sustaining plasma, which leads to a higher temperature. At the
same time, for bio-medical application, it is important to keep the gas temperature of the
sustained plasma below 40 °C.

Figure 1. Plasma torch produced by a surfatron wave launcher.

We found some regimes of operation allowing a microwave plasma torch to be applied
for the treatment of biological systems without thermal damage. The investigations show
high bactericidal [24] and virucidal [26] effects at very short treatment time (5-30 s). This
treatment time is much shorter than the typical 2-5 min of MicroPlaSter [23]. Promising
results are also obtained for the decontamination of seeds, plants, and fruits at a similarly
short treatment time by a microwave plasma torch [28-30]. Some preliminary experiments
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on wound treatment on mice [27] also stimulate the investigations in these directions. The
reactive oxygen and nitrogen (RONS) species important for bio-medical plasma effects are
produced, even when the working gas is pure argon as a result of the interaction of the
plasma torch with ambient air [25].

The biggest problem of the microwave plasma torches sustained by a traveling wave
that needs systematic investigation is that by using the same (low) wave power and gas
flow, in some cases, the temperature at the plasma torch tip is low enough to be touched
(Figure 1) and in other cases, can be above 100 °C [25]. In some conditions, only one
stable filament exists, while at the same wave power and gas flow, a second filament can
appear. Another important difference between the surface wave plasma torch and the
MicroPlaSter device [23] is connected with the microwave field used for the plasma ignition.
The microwave electric field in MicroPlaSter is applied between electrodes inside a metal
container, and the plasma is transported outside the active region by the gas flow. In this
way, the treated sample is prevented from the microwave radiation, but only long-living
active plasma particles can be used for the treatment process. The surface wave plasma
torch is produced by an electromagnetic wave traveling along the plasma with the wave
power decreasing along the torch. At low and intermediate pressures, the end of the
plasma column is at a position where the wave power becomes zero and the wave cannot
propagate anymore. At high and atmospheric pressures, the wave power for sustaining
plasma is much higher, and the plasma column ends when the wave power is not enough
for sustaining plasma, but usually is not zero. The plasma used for the samples treatment
is a part of the active discharge region with all short- and long-living particles produced
in the plasma (which can be the reason for obtaining good results at very short treatment
time), but also the microwave field there may be too high. It is important to investigate the
microwave radiation at the position of the treated sample in order to avoid any possible
damage during the treatment.

The purpose of this work is to investigate the parameters of the surface-wave-sustained
plasma torch and to find the well-reproducible discharge conditions at which the plasma
is appropriate for bio-medical applications. The dependance of the plasma torch length,
the temperature of the treated samples, the microwave radiation at the samples on the
wave power and discharge tube geometrical parameters are investigated and presented
in the paper.

2. Materials and Methods
2.1. Experimental

The experimental set-up is schematically presented in Figure 2a. A simple surfatron-
type wave launcher is used for plasma sustaining. The surfatron (Sairem, SURFATRON 80)
is connected with a solid-state microwave generator at 2.45 GHz (Sairem, GMS 200 W) by a
coaxial cable. The plasma is produced inside the discharge tube situated at the surfatron
axis. Various quarts tubes with different outer and inner diameters (Table 1) are used. For
all of them, the real and imaginary parts of the dielectric permittivity are & = 5.58 and
& = 0.036, respectively. The discharge tubes end is fixed at 2 mm out of the surfatron, and
the plasma torch is formed out of the discharge tube in the air. The working gas is argon
5.0 (purity of 99.999%), and its mass flow is controlled by Omega FMA-A2408 mass flow
controller. The system is vertically installed with the gas flow from top to down.

Table 1. Outer and inner diameters of quarts tubes used.

Tube Notation Outer Diameter Inner Diameter
8/2 8 mm 2 mm
8/3 8 mm 3 mm

8/4 8 mm 4 mm
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Figure 2. Experimental set-up: (a) surface-wave sustained argon plasma torch; (b) Mica Plate and
infrared thermo camera system.

As it was mentioned above, the propagating surface wave produces strongly non-
equilibrium plasma not only at low and intermediate, but also at atmospheric pressure.
Under such conditions, the assumption that the translational (gas) temperature is equal to
the rotational temperature cannot be used a priori. This is shown for other types of non-
equilibrium discharges in [45] and discussed in detail in [46]. Approaching carefully this
problem, it is shown in [25] that the rotational temperatures calculated from the nitrogen
second positive 0-2 band is in the interval 1500-3000 K, while it is between 600 K and
1000 K when using the OH (A — X) 0-0 band. No information about the gas temperature
of the plasma torch is obtained in this way. In [25], the maximum temperature on the
treated sample (fresh pork skin, 10 s treatment) measured by a thermo camera when the
plasma torch tip touches the sample is about 110-120 °C. Although the area on the sample
surface with such a temperature is very small and the average temperature is lower, such
conditions are not acceptable for bio-medical applications.

It is also observed that around the plasma filament in the discharge tube, there exists
hot argon gas, which flows outside close to the plasma torch. Its temperature is usually
higher than that of the plasma torch, but it does not radiate in the visible region and is not
registered by optical emission spectroscopy.

Because of the above reasons, the plasma temperature is obtained by two independent
methods: contact thermometry at the plasma tip and via thermal emission measured
by Mica Plate and an infrared thermo camera system. (Figure 2b). The used contact
thermometer is a mercury thermometer with fused quartz with a range of up to 400 °C.
The temperature determined in this way is the average temperature of the plasma column
and of the gas surrounding the plasma at the position where the treated sample usually
is placed.

We used a Testo 865 thermal imager for the infrared thermography of a standard
Mica Plate inclined at 45 degrees to the plasma torch axis and the camera-to-plate center
direction. The distance between the plasma column end and Mica Plate was 29 cm and
distance of the camera—plate was 55 cm. The ambient temperature was 21 °C, and the
relative humidity was 48%. The method of infrared thermography determined the average
plasma jet temperature, ignoring the carrying gas temperature.

Microwave radiation measurements from the Surfatron device were done by half-wave
dipolar antenna attached to HF ANALYSER HF59B by Gigahertz Solutions® or wattmeter
AA2M-66. Measurements were done with use of 20 dB attenuator and antenna at the level of
the plasma column end.

2.2. Modeling

The surface-wave discharge plasma is sustained by an electromagnetic wave propa-
gating along the plasma—dielectric interface in a waveguide structure, including also the
sustained plasma. This requires a self-consistent model for describing the wave-plasma
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system. The self-consistent model includes a kinetic part describing the elementary pro-
cesses inside the plasma and an electrodynamic part for the wave propagation based on
Maxwell’s equations. These two parts are linked in a self-consistent way by the energy
balance equations of the electromagnetic wave and the electrons in each point along the
plasma torch because the plasma is axially inhomogeneous. The self-consistent approach
used in this paper is schematically presented in Figure 3.

ELECTRODYNAMICS KINETICS

Electron kinetics:

»Electron Boltzmann equation = EEDF =
transport and rate coefficients; v

Wave equation + Boundary conditions | | »Electron energy balance equation =

» Electron particle balance equation

Maxwell’s equations

. i . Heavy particles kinetics:
»Local dispersion relation »>Particle balance equations for excited atoms
Phase and attenuation diagrams »Particle balance equations for ions

Gas thermal balance

»Wave energy balance equation | | >Electron enerqgy balance equation

Wave power Mean power per
absorbed by electron-ion pair
electrons production

Q 7 0=nRnp

Figure 3. Schematic of self-consistent modeling approach.

The main equations in the electrodynamic part are the local dispersion equation and
the wave energy balance equation obtained from Maxwell’s equations. The kinetic part
is based on the electron Boltzmann equation together with the electron energy balance
equation and the particle balance equations for electrons, ions and excited atoms. The
kinetic model of the surface-wave-sustained argon plasma at atmospheric pressure is
presented in detail in [47].

3. Results

The modeling allows obtaining the plasma and wave characteristics by varying the
discharge condition parameters, such as the tube size, its dielectric permittivity and the
wave frequency. The plasma goes out of the discharge tube, forming the plasma torch
in the open space, where the electromagnetic wave continues its propagation along the
plasma-air interface. In this way, the region of the plasma torch is a region of active plasma
sustained by the electromagnetic field of the wave.

3.1. Effects of the Dielectric Tube Permittivity and the Wave Frequency

The dielectric permittivity is one of the important characteristics of the discharge
tube, which is a part of the waveguide structure for the wave propagation. Using different
materials for the discharge tube, one can obtain higher or lower plasma density and
temperature at the same geometry parameters and wave power. Figure 4 illustrates the
changes in the plasma density (electron number density) n. and the wave power axial
distributions at two different dielectric permittivity values (gq = 4 and 5.58) of the same size
discharge tube (8 mm/2 mm, see Table 1). For easily comparing the results, the end of the
plasma torch is at position z = 0, and the surfatron position is on the left side of the graph.
The well-known almost linear axial distribution of the plasma density is confirmed for all
discharge conditions. The effect of the dielectric permittivity increasing is in the increasing
in the plasma density, but it is not very significant.
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Figure 4. Theoretical axial distribution for the discharge tube 8 mm/2 mm at different discharge
conditions of (a) plasma density; (b) wave power.

The increase in the wave frequency turns out to produce a much more visible result in
decreasing the plasma density combined with increasing the wave power necessary for its
sustaining. This is seen in comparison with the black and green curves in Figure 4.

3.2. Effects of the Dielectric Tube Inner Diameter on the Plasma Column Size

The axial distribution of the plasma density n. obtained theoretically for the three
discharge tubes 8/2, 8/3 and 8/4 (see Table 1) is presented in Figure 5a—solid lines.
The plasma torch where plasma is surrounded by air is presented by dashed lines. The
corresponding wave power can be seen in Figure 5b. The length of the plasma torch also
increases with the wave power. The torch length produced with the same wave power
(100 W) is marked by dots in Figure 5a. One can see that the theoretical prediction obtains
a longer plasma column with a higher plasma density at the same wave power in the
discharge tube with the smaller inner radius. Respectively, the plasma column with the
same length is produced in the discharge tube with a smaller inner radius by a lower wave
power. The plasma torch is longer, but with a lower electron density compared to the
plasma inside the dielectric tube with the same wave power. From Figure 5b, one can see
also that at the end of the plasma column inside the dielectric tube, the microwave power is
not completely absorbed, and the residual power is higher at a smaller internal tube radius.
At the end of the plasma torch (dashed lines), the residual microwave power is much lower.

g %1020 100 Ay A3
AN
—R, =0.1cm \\
——R _=0.15cm 80 \\
n

1.5 &

—R, =02cm \

s 3

60 N

= .
W 40
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n
20 t|—R;,=0.15¢cm
——R._=0.2cm
in
.04 i . 01 0
e e s e 9 0.04 0.03 0.02 0.01 0
z[m]
z[m]
(a) (b)

Figure 5. Theoretical axial distribution for three discharge tubes with different internal radii of
(a) plasma density; (b) wave power. The solid lines correspond to plasma inside dielectric tube and
the dashed lines are for plasma torch (plasma surrounded by air).

The experimentally measured plasma torch length produced by using the three dis-
charge tubes shows different behavior. In Figure 6a, the fast camera imaging of the plasma
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torches in the three tubes are presented. From such images, the plasma torch length is
measured at a different wave power, and the graphs are presented in Figure 6b. At the
same wave power, the longer plasma torch is obtained in the discharge tube with the bigger
internal radius, which is just the opposite to the theoretical results. There are two reasons
for such discrepancy: (i) in the modeling, the gas flow is neglected, while all experiments
are in the gas flow regime, and the gas glow varies from 2 L/min to 15 L/min. The ex-
perimental results presented in Figure 6b are at a gas flow rate of 5 L/min. (ii) The model
results are obtained under the assumptions that the discharge tube is completely filled
with plasma (or the plasma torch radius is equal to the discharge tube radius), while the
experiment shows that inside the tube, there exist one or more filaments. Initially, at a low
wave power, the filament is only one in each tube, but does not fill the tube completely
in the radial direction. With wave power, the increasing of the length of the filament is
almost linear, as it is theoretically predicted, but at some power, depending on the tube
inner radius, a second filament appears, and the length of the first one stops increasing.
This is illustrated in Figure 6¢ for the 8§ mm/3 mm discharge tube. Our investigation shows
that the appearance of the second filament happens at a lower wave power when the inner
diameter of the discharge tube is smaller. It is shown by experimental [48] and radial
modeling [49] investigations that the molecular argon ions play a critical role in the radial
contraction of argon microwave discharges at atmospheric pressure. Our modeling results
show the axial distribution of argon atomic (Ar*) and two molecular (Ar," and Ars™*) ions
along the plasma column in the three discharge tubes (Figure 7). As it can be seen, the
molecular Ar,* ion has a much higher concentration than the other two ions in all tubes,
which is in good agreement with the prediction in [48,49]. The highest concentration of
Ar,* ion is in the tube with the smaller inner diameter (8 mm/2 mm). This can be the
reason for the fast formation of the second filament at a lower wave power in this tube, but
further investigations would be needed to explain it.

5 /min Ar flow

20+ outer/inner tube diameter 4= 5
18 4 —*—8mm/2 mm B oo 4
o= 8 mm/3 mm 2 PR
18- == 8mm/4A mm )1 1230 &

JEE
144 L 4

124 D 1

=,

Torch lenght, mm
=]

] N | L WL AN LY LR GO SN N |
6 8 10 12 14 16 18 20 22 24 26
MW power [W]

(@) (b)

()

Figure 6. (a) Fast camera images of the plasma torch in the three tubes. (b) Experimental results for

the plasma torch length in the three tubes. (c¢) Appearance of a second filament at higher wave power
for 8 mm/3 mm tube.



Appl. Sci. 2022,12, 969

9of 15

lon density [m'3]

o 102 Rout =04cmR._=0.1cm . <1020 Rout =04 cm'Rin =0.15cm
At Art
8 —Ar; m_‘ 8 —Ar;
—Ar 'E —Ar!
3 — 3
61 > 6
‘n
5
4t 3 4
c
oS
2 \\ il 2
0 0 ;
0.04 0.03 0.02 0.01 0 0.04 0.03 0.02 0.01 0
z [m] z[m]

(a) (b)

%1020 Rout =0.4cm Rin =0.2cm

10

lon density [m'3]

0.04 0.03 0.02 0.01 0
z[m]

(c)
Figure 7. Axial distribution of argon atomic ion Ar" (balck lines) and two molecular ions Arp* (red

lines) and Arz* (blue lines) along the plasma column in the three discharge tubes: (a) 8 mm/2 mm;
(b) 8 mm/3 mm; (c) 8 mm/4 mm. The dots correspond to the same wave power as in Figure 5a.

These experimental results show also that even at a low wave power, the length of the
plasma torches in all tubes is enough for the direct treatment of the samples. The important
question for bio-medical applications is what the temperature at the position of the samples
is so that thermal damage is avoided.

3.3. Temperature at the Sample Position

For this investigation, the argon flow rate is varied from 2 L/min to 15 L/min for
the three tubes. The temperature is measured by a contact thermometer and by the Mica
Plate and infrared thermo camera system. Figure 8 illustrates the latter experiments and
obtained images used for the temperature estimation at an argon flow rate of 10 L /min.
Similar images are obtained at all the other discharge conditions.
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Temperature, °C
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Figure 8. Images from Mica Plate and infrared thermo camera system.

Figure 9 demonstrates the effect of the discharge tube inner diameter on the tempera-
ture at fixed gas flow rate. In Figure 9a, the gas flow rate is 5 L/min and in Figure 9b it is
twice higher, 10 L/min. The temperature measured by the contact thermometer is always
higher than that obtained by the IR camera. We observe that the temperature of the plasma
is lower than the temperature of the not ionized Argon in the tube and ambient gas outside
it. By the contact thermometer, the average temperature of the plasma and ambient gas is
measured, while infrared thermography determines only the average plasma temperature,
ignoring the carrying gas temperature.
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Figure 9. Temperature measured at the position of the sample as function of the wave power for
three inner diameters of the discharge tubes. Solid symbols and lines are the results obtained by the
IR camera and the empty symbols and dot lines by contact thermometer. The argon flow rate is fixed
at (a) 5 L/min; (b) 10 L/min.

Both methods show that the lower temperature is obtained by using the discharge tube
with a bigger inner diameter, i.e., 8 mm/4 mm. For this tube, even at 20 W wave power, the
temperature does not exceed 45 °C, measured by the contact thermometer. Similar results
are obtained for all the other gas flow rates, i.e., the best performance is shown for the
8 mm/4 mm discharge tube. More detailed dependance of the temperature on the gas flow
rate for the 8/4 discharge tube is shown in Figure 10.
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At a higher gas flow rate, the temperature is lower, but this effect is less than 5 °C
at a low wave power and less than 10 °C at 30 W. Comparing the results presented in
Figures 9 and 10, one can conclude that for decreasing the temperature at the sample, it is
more important to choose a discharge tube with a bigger inner diameter than to increase
the gas flow and gas consumption. In addition, if the sample is solid, its surface is not much
affected by the high gas flow, but this is not the case when the treated sample is liquid. In
the latter case, the gas flow cannot be too high. For the discharge tube of 8 mm/4 mm, the
temperature below 45 °C can be achieved by a gas flow rate of 5 L/min or 8 L/min at a
wave power of up to 20 W, which could be the optimal operational regime.
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Figure 10. Effect of argon flow rate on the temperature for 8 mm/4 mm discharge tube.

3.4. Microwave Radiation at the Sample Position

One of the reasons for not widely using the SWD at atmospheric pressure for bio-
medical purposes is its operation at 2.45 GHz and the possible residual microwave power
at the torch end and treatment sample position. The possible microwave radiation on the
biological systems can produce unwanted and unacceptable biological effects. Although
for SWD, the wave power is well absorbed by the plasma and usually the reflected power is
less than 1 W, this problem requires special attention. The microwave radiation distribution
around the sample position is illustrated in Figure 11 at typical discharge conditions.
The results show that at all discharge conditions, the microwave radiation at the sample
position is from 0.3 mW to 0.45 mW. Thus, we cannot expect any negative effect from the
MW radiation on the biological systems due to the plasma treatment. The highest level of
microwave radiation (4-5 mW) is at the connection of the surfatron antenna to the coaxial
cable. This problem can be easily solved by shielding this region, which will not disturb
the sample treatment.
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Figure 11. Microwave radiation distribution around the sample position at wave frequency 2.45 GHz,
wave power 9 W, reflected power less than 1 W, discharge tube 8/3, argon flow 7 L/min: (a) side
view; (b) top view.

4. Discussion

The results obtained show that the plasma characteristics of the surface-wave-sustained
argon plasma torch operating at 2.45 GHz can be easily optimized to meet the requirements
for bio-medical applications. For such applications, the operation regime is at a low wave
power. With increasing the wave power, the length of the plasma torch increases. It is
usually assumed for SWD that the increase in the wave power leads to the addition of a
new part of the plasma column close to the wave exciter but without changing the plasma
properties already produced by the lower power part near the plasma column end. This is
correct for SWD at low pressure, but this investigation shows that at atmospheric pressure,
the temperature at the same distance from the column end increases with the wave power.
In order to keep the temperature below 45 °C, it is necessary to work at a low wave power
(to about 30 W) regime of operation. It is good to keep the wave power as low as possible
in order to avoid thermal damage to the sample.

Another important parameter than can be varied for decreasing the temperature is
the discharge tube size. The temperature is lower when the inner diameter of the tube is
bigger. For our tubes with an outer diameter of 8 mm, the temperatures lower than 45 °C
are obtained at inner diameters of 4 mm and 3 mm at the wave power that can be increased
up to 30 W. The temperature at the same position of the plasma in the tube with an inner
diameter of 2 mm can be below 45 °C only at a wave power lower than 10 W.

The argon flow rate is another parameter that can be varied for decreasing the temper-
ature. With increasing the gas flow rate, the temperature decreases. However, this decrease
is not as significant as expected. Increasing the argon flow rate from 2 L/min to 15 L/min
leads to a decrease in the temperature of about 10 °C at high wave power and even less
at low wave power. Additional problems are the high gas consumption, affecting the soft
surfaces during the treatment by the high gas flow. That is why the optimal operational
regime is at a gas flow rate from 5 L/min to 8 L/min at the given discharge tubes of
8 mm/4 mm and 8 mm/3 mm.
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The measurements show that problem with microwave radiation on the treated sample
is not significant under the low wave power operational conditions. At the sample position,
the microwave 2.45 GHz radiation does not exceed 0.4 mW. The radiation up to 4 mW
that appears at the connection of the coaxial cable with the surfatron antenna can be easily
shielded without disturbing the sample treatment.

5. Conclusions

The results obtained show that the surface-wave-sustained argon plasma torch operat-
ing at atmospheric pressure can keep the temperature at the treated sample surface below
45 °C, which is one of the main requirements for using this plasma for in vivo and in vitro
treatment in biology, medicine and agriculture. By choosing a discharge tube with bigger in-
ner diameter, varying the working gas flow rate and keeping low enough microwave power,
the optimal regime of operation with low temperature can be achieved. At a low wave
power regime, the microwave radiation at the sample position does not exceed 0.4 mW and
does not affect the treated sample. All obtained results show that the microwave plasma
torch fulfills the requirements to be successfully used for bio-medical applications.
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