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Abstract

:

This paper describes the design and operation of a low-cost plasma applicator based on a patented, swirled-type dielectric barrier discharge configuration with a treatment width up to 300 mm. Differences from earlier plasma applicators include: blown cylindrical dielectric barrier discharge, combining the functional properties of the plasma jet systems, arc and corona discharge blown in a single type of universal applicator, and the possibility of treating large areas of samples with cold plasma generated in a certain type of specific process gas mixture chosen according to the type of desired effect. We tested the effect of the plasma on a few materials such as cotton and linen fabrics, glass wafers and printing cardboard, proving that the generated plasma can easily make hydrophilic or hydrophobic surfaces. We also tried the plasma’s sterilizing effect on Escherichia coli (E. coli) bacteria. The results suggest that our plasma system can be successfully applied to medical and biological fields as well, where the removal of bacteria and their fragments is required.
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1. Introduction


The world wide applications of atmospheric pressure plasmas present a growth boom in many domains, especially in the present times when there is an increasing need to obtain new materials which serve mankind and also to sterilize surfaces to offer bio-protection against new viruses and other contagious diseases [1,2,3,4].



There are already a series of plasma treatment systems commercially available and well known in the field; for example the plasma jet [5,6] and the corona treaters [7] both have advantages and disadvantages. The plasma jet has the great advantage of being able to work with almost any type of gas to produce the plasma discharge, the disadvantage being its small treated area of just about 1 cm2 at most [8]. A line of plasma jets can be arranged to cover a relatively wide surface [9], which is great for treating large samples in a single pass, but the homogeneity of the “continuous” plasma line is not very good as each plasma jet covers basically only a pin point, and also the entire system which feeds the line of plasma jets is very complex and expensive as one power supply for each plasma jet is needed, as are separate gas feed lines, flow regulators, pressure reducers, etc. The other option—the corona treater—is really great for the treatment of wide surfaces, as much as 3000 mm in some cases [10]. These systems have one disadvantage: usually they are designed for the industrial treatment of continuous rolls of textiles or other similar materials [7]. The corona treaters used in industry are usually fed by a low frequency drive signal (AC about on the order of a few tens of kHz) [11].



Many years of progress in this domain have resulted in a large number of well-established applicator designs [12]. For practical use of a large-area cold plasma applicator, a number of engineering considerations must be taken into account, including the rate of inert carrier gas consumption and the rate of coverage for decontamination/surface activation [13].



In this paper we describe the design and plasma parameters of a very low-cost plasma treatment system based on a new type of plasma applicator head, about which, to the best of our knowledge, there is no report until now. The effect of the plasma on a few materials such as cotton and linen fabrics, glass wafers, and printing cardboard was tested proving that the plasma can easily make hydrophilic or hydrophobic surfaces. We also tried the plasma’s sterilizing effect (E. coli) bacteria with excellent results. The purpose of this work was not directly to test our plasma model but to provide the possibility to build a high performance atmospheric pressure plasma treatment system with inexpensive and readily available components. Regarding the high voltage power supply which powers the plasma system, we share the full schematics and the printed circuit boards for anyone who wishes to build the exact circuit.




2. Materials and Methods


2.1. Configuration of the Plasma Applicator Head


Our plasma applicator contains an inner metallic electrode (1) covered by a quartz tube (or other insulating material) mounted coaxially in an outer shell (2) made from a good dielectric material (Figure 1a). This outer shell has the job to swirl the feed gas flow around the inner electrode (1) on its longitudinal axis. As the gas moves from the input ports (3) towards the end of the applicator’s outer shell, a part of it escapes through the linear nozzle (4), which is milled on the lower side of the outer shell (2). This escaping and sweeping gas curtain (or pellicle) forms the plasma column (5) which acts on the treated material’s surface [14].



The inner electrode (1) is connected to the high voltage power supply through the connector (7) and the signal closes towards the ground plane (6) through the generated plasma column (5). Figures S1 and S2 present three laboratory made plasma applicator heads built and tested by the authors.



If we look at the axial view (Figure 1b), the gas inlet ports (3) are mounted on the body of the outer shell (2) in a position which helps the rushing feed gas to enter the chamber in a tangential pattern. The two inlet gas ports are mounted at an angle towards each other, with the idea to obtain an opposite rotation direction of the two inlet gasses which greatly helps in the mixing of the two in the plasma chamber.




2.2. Plasma Characterization


For the plasma optical emission studies, we used an Ocean Optics HR4000 fiber optics type USB spectrometer (200–1100 nm spectral region) and its dedicated software, Spectra Suite. The fiber optics capture lens-end was directed towards the area where the plasma volume touches the ground plane (where the material to be plasma treated is placed). The distance from the lens to the plasma column was set to 30 mm.



For the identification of the emitting atomic and molecular species and also for their labeling and relative intensity measurements, we used the software application “Spectrum Analyzer” version 1.6. The same software was used to find the excitation temperature of the vibrational states of the nitrogen molecules (Tvibr) using the molecular nitrogen bands from the second positive system    C 3    Π  μ  →  B 3    Π  g    with the band ends at 371.05 nm, 375.54 nm, and 380.41 nm. We estimated the rotational temperature (Trot) of the N2+ radical (at 391.44 nm,    B 2    Σ  u +  →  X 2    Σ  g +   ) by comparing the experimentally recorded spectra with a synthetic (theoretical) spectra generated by the LIFBASE (ver. 2.0.6) spectral simulation application.



The plasma’s kinetic temperature (also called “gas” temperature) was measured with a Pyrex glass covered thermocouple connected to a Fluke-179 digital multimeter, and we found it to be approx. 50 °C for a measured input power of 43 W (“full power” for our 50 mm wide applicator head) and a gas flow rate of 5 L/min (this being the normal functioning regime of our 50 mm wide plasma applicator). We measured the plasma input power using a commercially available AC wattmeter with the following equation:


   P  p l a s m a   =  P  w p   −  P  w o p   −  P  v a r   −  P  i t    



(1)




where:



   P  p l a s m a    —the plasma absorbed power.



   P  w p    —the total absorbed power of the entire circuit from Figure S3 when the plasma discharge is on (full power, normal gas flow rate).



   P  w o p    —the total absorbed power of the entire circuit from Figure S3 when the plasma is off (full power, gas flow rate = 0).



   P  v a r    —the power lost in the variable transformer (variac) (1) on Figure S3 (this power is consumed by the magnetization losses in the variac’s iron core).



   P  i t    —the power lost in the isolation transformer (2) on Figure S3 (this power is consumed by the magnetization losses in the isolation transformer’s iron core).



The voltage measurements were performed using a Phillips PM9100 1000:1 probe and for the current waveform measurements we used a Tektronix P6022-type inductive pickup. Both were connected to a Rigol DS1054-type digital oscilloscope, set to a 1:10 attenuation.




2.3. Water Contact Angle Analysis


We tried out our newly designed plasma applicators on cotton and linen, industrial high-density fabric samples, sourced from the National Institute for Development Research for Textiles and Leather Bucharest, with the idea of obtaining hydrophilic/hydrophobic properties (Figure S4). The plasma parameters were: 50 W input powerat5/min He flow.



The next materials on which we tested our plasma were glass and cardboard (1 mm thick printing cardboard). Tested surfaces were degreased and cleaned by consequent washing with alcohol and distilled water, then dried; 3μLof deionized water droplets as test liquid were deposited on the surfaces using a micropipette. The photos of each droplet deposited on the untreated and treated surfaces were taken using a commercial digital camera (Nikon P80, Nikon, Tokyo, Japan).




2.4. Preparation of the E. coli Samples


The E. coli cultures were grown in standard conditions (agar gel, 24 h at 37 °C) before the experiment. Afterwards, the E. coli cultures were transferred, under sterile conditions, to a buffer solution with pH = 7.0 and diluted to the correct concentration range. From this solution we deposited 100 µL droplets on microscope glass plates and let them dry. After drying, the test glass plates were exposed to the plasma discharge. After the plasma treatment, the exposed biofilms were washed with 5 mL of double-distilled water. Then, a volume of 100 µL from the obtained solution was again transferred to Petri dishes with nutrient agar gel. These dishes were kept at 37 °C for 24 h before counting the surviving number of CFU’s. As a reference lot, a series of Petri dishes with E. coli cultures were treated in the exact same way as described above, except for the plasma treatment. The inactivation of E. coli cells was assessed via CFU (colony forming units) counts on Petri dishes.





3. Results and Discussion


3.1. The Plasma Generating Circuit


The design rules for our plasma generating circuit were the following ones:




	(1)

	
To generate a variable high voltage output signal which initiates the plasma.




	(2)

	
To be built using only easily available and inexpensive electronic components.




	(3)

	
To be very reliable and easy to service in case of any faults.









Based on the aforementioned initial design rules, we came up with a very basic capacitive discharge high voltage circuit, which works very well for plasma generation (Figure 2):



The circuit has three parts: a low voltage power supply module, a drive signal generating module, and a high voltage generating module (for more complex plasma generator circuits please see our other models [15,16]). The complete description of the circuit from Figure 2 is given in the Supporting Information (SI) file (the entire setup—Figure S3; the printed circuit boards (PCB)—Figures S5 and S6). For our experiments, we built the plasma system described above in two variants: a light and portable version (demonstration unit) which has only a single plasma applicator head with an activation width of 50 mm (Figure S7) and a larger version which is intended for laboratory use for the plasma treatment of larger surfaces, with an activation width of 300 mm (Figure S8).




3.2. Plasma Operational Stability Diagram


Figure 3 presents the stability diagram for the plasma discharge generated with our 50 mm width cold plasma applicator. For drawing this plasma stability diagram, we used pure heliumas plasma gas because of its low ionization potential.



Detailed information about what a plasma stability diagram is and how it is drawn are given in the SI file.



The region on the diagram defined by gas flow rates lower than 1 L/min and for any supply voltages is called a no plasma zone because under these operational parameters we cannot initiate the plasma discharge. For the supply voltage levels over approximately 100 V and gas flow rates higher than 1–1.3 L/min, the plasma starts to initiate and has the appearance of thin breakdown of unstable filaments (Figure 3a). This initial plasma regime is marked on the stability diagram with the hollow white circles.



For the voltage level a bit higher than the breakdown value (~100 V), if we slightly increase the gas flow rate, we get a filamentary, thin curtain-type appearance of the plasma discharge, which is somewhat unstable, but it covers almost the entire exit nozzle of the applicator (Figure 3b). Further increase in the gas flow rate makes the plasma discharge expand in volume and also become much more stable (Figure 3c). This effect happens at flowrates between 2–3 L/min, and we call this the developing stage of the plasma.



The big area on the stability diagram colored in dark purple represents the fully developed stage of our plasma discharge. This is the domain of the gas flow rates higher than 3.7–4 L/min and supply voltages higher than 110 V. In this evolution stage the plasma discharge fills up the entire space of the applicator’s exit nozzle and has the appearance of a nice, thick and homogeneous plasma column (Figure 3d). For high supply voltages, above 160–170 V and high gas flow rates (above 10 L/min), strong, thick, well defined and bright filaments appear in the volume of the discharge (Figure 3e).



We believe that this effect happens due to the fact that at higher voltage levels (and implicitly higher power levels which in turn means higher plasma density) the ionization of the plasma particles during each impulse cycle happens more easily and higher current paths form in the plasma volume, which look very much like the initial filaments, but they are much brighter and thicker in this case.




3.3. Optical Emission Spectroscopy (OES) and Plasma Temperature


The recorded emission spectrum of the generated plasma, using helium as feed gas, is presented in Figure 4.



The following emission lines were observed:




	(i)

	
Atomic He from the plasma feed gas at the wavelengths 587.56 nm, 667.81 nm, 706.51 nm, and also 728.23 nm;




	(ii)

	
Atomic emission lines of oxygen at 615.82 nm, 777.41 nm, and 844.52 nm;




	(iii)

	
(Atomic emission line of hydrogen at 656.27 nm;




	(iv)

	
(Molecular band of OH, N2, and N2+.









With the exception of the helium, the presence in the plasma discharge of the other atomic and/or molecular species is explained by the back diffusion of the ambient air in the plasma volume, which is inevitable when working in open air. This is especially true in the case of our plasma applicator head design, because as the feed gas is swirled from the input ports towards the other end of the applicator, at the exit nozzle we get a “carburetor” type effect when the surrounding air interacts with the exiting plasma gas—it actually produces a mixing of the air with the plasma gas. This is the reason why in the emission spectrum you can see so many strong nitrogen lines.



While performing the OES spectrum capturing, we moved the fiber optics lens horizontally in the width of the plasma column and we noticed that the recorded spectra are very similar and uniform. This proves once again the nice homogeneity of the generated plasma and also the fact that the distribution of the most energetic electrons is quite uniform. This conclusion is also based on the fact that the ratio of the nitrogen ionic molecule (391.44 nm) and neutral nitrogen molecule (337.13 nm) emissions [17] is a measure of the electron temperature, as the nitrogen ionic molecules are generated and excited to high energy states by the Penning type collisions with helium meta-stable molecules, which requires electrons with higher energy than those which produce the excitation of the neutral nitrogen molecules. In our discharge, and for the considered working parameters, the aforementioned ratio is about 1.35.



Figure S9 presents the variation of the nitrogen ionic vibrational temperature as a function of the input voltage, for a constant gas flow rate of 5 L/min. The conclusion from Figure S9 is that the vibrational temperature of the nitrogen molecules decreases with the increase of the supply voltage because as we go up in power level, more and more nitrogen molecules become dissociated, and thus their emission decreases. Starting from this conclusion, we further investigated the effect of the decrease of the vibrational temperature with the increase of the input power, and we studied the evolution of the emission of the molecular and atomic species generated in the plasma discharge as a function of the input voltage/power (Figure 5a) and also the dependence of the emission intensities as a function of the feed gas flow rate (Figure 5b). Figure S10 presents the variation of the plasma absorbed power as a function of the input supply voltage for two feed gas flow rates (2 L/min and 5 L/min).



The data obtained here were also useful for finding the optimum working parameters of the plasma from the point of view of its practical applications.



The emission intensities from the atomic and molecular species with the same origin have almost the same evolution as a function of the input supply voltage. The helium’s emission (the main plasma gas) increases with the supply voltage due to the increase of the energy which is transferred to the plasma discharge.



The oxygen and the hydrogen atoms which are the direct result of the dissociation of the H2O vapors from the humid air present a saturation tendency in their emission when increasing the input voltage above around 200 V (Figure 5a).



The nitrogen active molecular species which have their origin in the back diffused air show emission peaks in the supply voltage region of approx. 220 V. This is just perfect as it is exactly the line voltage, so that we do not need to use any voltage multiplying in the plasma generation circuit (Figure 2).



The plasma discharge generated with this supply input voltage (220 V) makes its optimum number of active species necessary for the maximum efficiency in the surface treatment applications.



The data obtained from Figure 5b helped us to find the optimum feed gas flow rate so that the emission intensities of the active species generated in the plasma was at its maximum. For this study we kept a constant supply voltage of 220 V and we varied the gas flow rate, noting down the emission intensities. For helium flow rates lower than 2–2.5 L/min the electron number density is low, and even though the volume of the back diffused air into the plasma column is quite high, the dissociation degree of the molecules and the excitation degree of the atoms and molecules which originate from the surrounding air (N, O, H, N2+) is low. This is what happens in the regions noted with a and b on the plasma stability diagram from Figure 3. When we bring the plasma into its “developing stage” (Figure 3c) and then further into its “fully developed stage” (Figure 3d,e), the electron density increases. As we increase the gas flow rates to about 5 L/min, due to the “swirling effect” of the plasma applicator’s exit nozzle, the plasma column “scoops” up more surrounding air (Figure 1a), and in the graph we see a peak in the emission of the molecular species which originate from the air. This means that the dissociation and excitation degree is at its maximum, for the given conditions. If we further increase the gas flow rate (5–10 L/min), the emission of the excited helium atoms increases ever so slightly (Figure 5b), because we keep the input voltage (and the power) fixed at 220 V (38 W). As we go even higher with the flow rates (>15 L/min), the emission intensities start to decrease because the input power to the plasma remained fixed, meaning that for this regime we do not give the plasma enough power (or electrons) to keep increasing the dissociation of the molecules which arrive with higher gas flow rates. Knowing that the nitrogen and oxygen active species generated in the plasma have a major importance in many treatment processes we concluded that the optimum gas flow rate (helium) for our 50 mm wide plasma applicator head is right around 5 L/min (Figure 5b).



Now, if we refer to the plasma’s kinetic temperature, for its filamentary stage (Figure 3b) we measured a temperature of about 25–26 °C (this was a very low power < 15 W) and then this temperature increases somewhat linearly to the upper limit (~50–51 °C) with the increase in supply voltage/input power. We deliberately used a 50 W current limiting power resistor in the circuit (connected to JP10 and JP11 on Figure 2) to avoid the excess heat input in the plasma applicator head itself. We noticed that the temperature values measured with the thermocouple were a bit higher than those estimated from the molecular emission spectra; for example, the rotational temperatures obtained by the simulation and comparison technique with the LIFBASE software application are about 20 °C lower.




3.4. Plasma Electron Concentration and Plasma Current Density


The next step in our plasma diagnostics phase was to find the plasma electron concentration and the plasma current density for the discharge generated by our applicator. In order to do this, we used a very simple numerical model of the plasma, combined with a few electrical measurements.



From the electrical point of view, in its developed stage (Figure 3d,e) the plasma column with the applicator head can be modeled as an equivalent series circuit which contains the following elements (Figure 6): two capacitors (Cd1, Cd2) introduced by the dielectric layer of the plasma applicator’s inner electrode and the dielectric layer which covers the ground plane, a series resistor (Rplasma) which corresponds to the electrical resistance of the plasma column generated by the applicator, and two more capacitors (Csh1, Csh2) which represent the two plasma sheaths (Debye sheaths) from the proximity of the plasma applicator’s inner electrode and the ground plane.



Using this electrical model and knowing the voltage on the plasma applicator’s high voltage connector and also the phase angle between the current and the voltage, we computed the plasma electron concentration and plasma current density using the method described in references [18,19] (Table 1).



For the calculation of the electron density of the generated plasma discharge, first we measured the phase angle between the voltage wave form and the current wave form for two conditions: without the ignited plasma (the generator working without a load) and with the plasma ignited (load regime).



Figure 7a presents the voltage and the current waveforms for no load regime and Figure 7b presents the voltage and the current waveforms for the ignited plasma regime.



The initial phase angle (88 deg.) (Figure 7a) between the voltage and the current waveforms shows that the plasma applicator head has a capacitive behavior when the plasma is not ignited. The phase angle shifts down to 73 deg. (Figure 7b) when the plasma ignition is produced by the power drop in the plasma column (as a resistive load) and also by the plasma’s own capacitive behavior.



The first step in the calculation of the electron concentration was to calculate the capacitive reactance of each of the capacitive elements in the equivalent circuit from Figure 6, using Equations (2) and (3):


  C =  ε 0   ε r   A d   



(2)






   X c  =  1  2 π f C    



(3)




where:    ε 0    is the relative permittivity of vacuum;      ε r    is the dielectric constant of the dielectric material used in the construction of the plasma applicator head;  A  is the common surface between the active electrode and the plasma column;  f  is the frequency of the drive signal. The thickness of the plasma sheaths (d = 0.08 mm) and the dielectric constant (   ε  r _ s h e a t h   = 1.52  ) values were taken from reference [20].



Knowing the output voltage of the generator (   V  p k − p k     = 15 kV) under load (Figure 7b) and the phase angle ( φ  = 73 deg.) we then calculated the resistance of the plasma column and the current intensity through the plasma, using Equations (4) and (5):


    R  p l a s m a   =    X  d 1   +  X  d 2   +  X  s 1   +  X  s 2      t a n   ( φ )      =    X  t o t a l     t a n  ( φ )      



(4)






   I  r m s   =    V  p k − p k        R  p l a s m a  2  +  X  t o t a l  2       



(5)




where:    X  d 1     and    X  d 2     are the capacitive reactances of the equivalent capacitors    C  d 1     and    C  d 2     from Figure 6.    X  s 1     and    X  s 2     are the capacitive reactances of the plasma sheaths equivalent capacitances    C  s h 1     and    C  s h 2     from Figure 6.



Then using the numerical values obtained from Equations (4) and (5), we computed the plasma current density and the electron concentration, from Equations (6) and (7):


   j e  =    I  r m s    A   



(6)






   n e  =    j e    e ·  μ e   ·   E  p l a s m a      



(7)




where:  e  is the electron’s charge and      μ e    is the mobility value of the electrons (for helium,    μ e    = 1128 cm2/Vs)


   E  p l a s m a   =    I  r m s   ·  R  p l a s m a      d  p l a s m a      










   d  p l a s m a   =  d  g a p   − 2 ·  d  s h e a t h    












3.5. Water Contact Angle Study


We measured the contact angles using the methodology presented in [21] (Figure 8a). While cotton fabric is well known for its good hydrophilic properties, as a second test we also tried to make it hydrophobic. For this, we used a more aggressive plasma gas—a mixture of He and extra O2 (70:30%,) and after the plasma treatment we sprayed (using a pneumatic spray gun) commercial siloxane nanoparticles on the cotton fabric (Figure S4).



The next materials on which we tested our plasma were glass and cardboard (1 mm thick printing cardboard). In case of the glass we were also looking to obtain perfectly hydrophilic surfaces in order to clean laboratory glass wafers. For the cardboard surface we wanted to increase the hydrophilicity (Figure 8b). The conclusion of this test was that in a very short duration of just 4–5 s we can successfully clean the glass surfaces with our cold plasma applicator.



On Figure S11 we present a few AFM glass surface morphology pictures, before and after our plasma treatment. Picture (A) is the glass surface before the plasma treatment, picture (B) is the glass surface after 5 s of plasma treatment, and in picture (C) you can see how the surface of the glass wafer becomes perfectly flat with literally no irregularities after only 5 min of plasma treatment (the input power was set to 50 W in all the cases, Heat 5 L/min).




3.6. Microbiological Analysis


On the graph from Figure 9 we represent the survival CFUs as a function of the plasma treatment time. According to our literature study, the cold plasma’s sterilization performance ranks top notch, and there are just a few aggressive chemicals which can destroy the E. coli bacteria biofilms in such a short time [22,23].To compute the killing rates (CFU reduction speeds), the time necessary for complete sterilization, and the decimal reduction time (the treatment time required to destroy 90% of the original microorganism population) of the E. coli cultures, we used a linear fitting method on the data. The first observation was that there is no significant difference between the sterilization performances of the two sets of data (for two different plasma regimes). The E. coli inactivation process occurs with different rates, and thus the curves in Figure 9 show four slopes for the entire duration of the plasma treatment (60 s in this case). As you can see from the graph, in the first 10 s under the plasma discharge, the killing of the bacteria works very rapidly for both of the plasma operating conditions; the initial number of CFUs drops brutally from 5500 to approximately 300, giving an initial killing rate on the order of 500 CFU/s. For the rest of the treatment, the sterilization process becomes gradually slower as the killing rate is one order of magnitude lower after 20 s (20 CFU/s), and then, for the last part of the plasma treatment, the killing rate drops to only 1 CFU/s before the complete sterilization occurs after 60 s.



From the data plotted on the graph we can notice that the decimal reduction time is around 10 s in this case. It reveals that our plasma system is very effective for reducing CFU of bacteria if the exposure time is set in the proper way. The results are similar to those obtained by other authors with different plasma systems [24,25,26,27]. The performance of our plasma system towards the inactivation of E. coli bacteria was compared with those of other types of plasma systems found in the literature (see Table 2). One can see that the inactivation time as well as the power settings are comparable to those of other types of plasma systems previously reported.





4. Conclusions


This work reports on the design, construction, and operation of a low-cost plasma applicator based on a patented, swirled-type dielectric barrier discharge configuration with a treatment width up to 300 mm. We evidenced how the design of the plasma applicator head can lead to significant improvement of overall system performance. We shared all the electrical schematics of the high voltage generator, the printed circuit boards (PCBs), and also the construction details of our newly designed cold plasma applicator head. The design allows operation in simple air or in any other type of gas or gas mixtures. The important differences from the other existing designs include: blown cylindrical dielectric barrier discharge, combination of the functional properties of the plasma jet systems, arc and corona discharge blown in a single type of universal applicator, and the possibility of treating large areas of samples with cold plasma generated in a certain type of specific process gas mixture chosen according to the type of desired effect.



In the applications section we have proven that this plasma is very useful for treating and disinfecting material surfaces. For example, plasma can successfully sterilize surfaces which contain E. coli, with a decimal time of 10 s and a complete sterilization in around 60 s. For surface activation application, it was found that for very short plasma treatment times (below 5 s) glass surfaces were successfully cleaned and the hydrophilicity/hydrophobicity of cotton, linen, and cardboard paper was enhanced.
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Figure 1. The schematic diagram of our plasma applicator design, (a) (left) transversal view and (b) (right) axial view. 
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Figure 2. The electronic schematic of our plasma generator circuit. 
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Figure 3. Plasma operational stability diagram for the plasma generated with our 50 mm wide cold plasma applicator head. This diagram shows four regions corresponding to the parameters which describe the different evolution stages of our plasma discharge: (a) No plasma; (b) Filamentary initial discharge; (c) Developing stage plasma; (d) Fully developed plasma. 
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Figure 4. Plasma emission spectrum for our 50 mm wide cold plasma applicator, working in pure helium, for an input power of 50 W. 
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Figure 5. (a) The evolution of the emission of the molecular and atomic species generated in the plasma discharge as a function of the input voltage/power. (b) The dependence of the emission intensities as a function of the feed gas flow rate. 
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Figure 6. The plasma electrical model we used in our calculations; (1)—the cold plasma applicator head assembly, (2)—the dielectric covering of the plasma applicator’s inner electrode, (3)—plasma discharge, (4)—the dielectric sheet which covers the ground plane (this element may be nonexistent in some application examples), (5)—ground plane, (6)—high voltage connector of the plasma applicator. 
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Figure 7. The voltage and the current waveforms for no load regime (a) and the voltage and the current waveforms for the ignited plasma regime (b). 
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Figure 8. (a) Contact angle variation on plasma-treated cotton and linen samples. (b) Plasma-treated glass wafers and cardboardat50 W input power, as a function of treatment time. 
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Figure 9. Inactivation of E. coli bacteria as a function of plasma treatment time. 
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Table 1. The obtained measured and computed parameters.






Table 1. The obtained measured and computed parameters.





	
Cold Plasma Applicator, 50 mm Wide Nozzle






	
Nominal input power

	
50 W




	
Max. output voltage

	
16 kV




	
Pulse repetition frequency

	
up to 10 kHz




	
Max. pulse energy

	
60 mJ




	
Plasma gas temperature

	
<50 °C at 50 W input




	
Plasma electron concentration

	
190 × 109 electrons/cm3 at 50 W input




	
Plasma current density

	
12 mA/cm2
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Table 2. The performance of several plasma systems towards E. coli bacteria inactivation.
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	Cold Atmospheric

Pressure Plasma System
	Power Settings
	Gas
	Inactivation Time (s)
	Ref.





	Dielectric Barrier Discharge
	Frequency: 43 kHz;

Peak voltage: 1 kV

Operating power: -
	N2
	20
	[28]



	Low-Temperature Plasma Jet
	Frequency: 5 kHz;

Voltage: up to 20 kV

Power consumption: 7.5–11 W
	He, O2
	30
	[29]



	Pin-to-Water Plasma
	Frequency: 2 kHz

Peak voltage: 22.5 kV

Operating power: 12 W
	air
	20
	[30]



	Plasma Jet
	Frequencies: 23 to 48 kHz;

Peak voltage: -

Power consumption: 522 to 549 W
	dried air
	15
	[31]



	Dielectric Barrier Discharge
	Frequency: 10 kHz

Voltage: 5.7 kV to 9.2 kV

Discharge power: 460 W
	humidified air
	10
	[32]



	Blown Cylindrical Dielectric Barrier Discharge
	Frequency: up to 10 kHz;

Max. output voltage: 16 kV

Nominal input power: 50 W
	He
	10
	This work
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