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Abstract

:

Application desired functionality as well as operation expenses of cold atmospheric pressure plasma (CAP) devices scale with properties like gas selection. The present contribution provides a comparative investigation for a CAP system operated in argon or helium at different operation voltages and distance to the surface. Comparison of power dissipation, electrical field strength and optical emission spectroscopy from vacuum ultraviolet over visible up to near infrared ((V)UV-VIS-NIR) spectral range is carried out. This study is extended to safety relevant investigation of patient leakage current, induced surface temperature and species density for ozone (O   3  ) and nitrogen oxides (NO   x  ). It is found that in identical operation conditions (applied voltage, distance to surface and gas flow rate) the dissipated plasma power is about equal (up to 10 W), but the electrical field strength differs, having peak values of 320 kV/m for Ar and up to 300 kV/m for He. However, only for Ar CAP could we measure O   3   up to 2 ppm and NO   x   up to 7 ppm. The surface temperature and leakage values of both systems showed different slopes, with the biggest surprise being a constant leakage current over distance for argon. These findings may open a new direction in the plasma source development for Plasma Medicine.
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1. Introduction


Cold atmospheric pressure plasma (CAP) sources are rapidly gaining importance as tools for material processing worldwide, since they are easy to use, technologically simple and environmentally friendly. Applications of these plasmas include: surface modification and deposition, plasma-based synthesis of bio-medical surfaces, decontamination and sterilization, oncotherapy and wound healing. Depending on the application, the plasma source must be tuned as to fulfill the application requirements. This is why it is important to characterize and monitor plasma sources from electrical and optical point of view. CAP’s are nowadays versatile tools involved in many applications, starting from basic surface cleaning to Plasma Medicine (covering also plasma pharmaceutics, plasma oncotherapy, plasma bioengineering, etc.) [1,2,3,4,5,6,7,8,9,10,11,12,13,14,15,16]; plasma for environment, gas conversion and agriculture [17,18,19,20]; plasma for plastics and textiles [21]; plasma for optics and glass [22]; and the future for plasma science and technology [23,24,25]; plasma for aerospace and automotive [26,27,28].



The variety of fields of application for cold atmospheric pressure plasmas each has different implications on the application conditions. While a surface treatment in industry is more flexible with operation temperatures, the reproducibility and long term stability are important conditions. For plasma medicine, it was recently found that the treatment distance impacts the effectivity and the fundamental plasma development [29]. While a close contact treatment produces a conductive operation with the plasma visibly interacting with the surface, at higher distances, the interaction is separated and a non-conductive mode is established. While both modes produce a significant level of reactive species, the composition of species as well as the efficiency of the device change. Furthermore, the literature presents a variety of e.g., plasma jet devices, while some operate in argon and others in helium with no clear comparison between both.



In the past few years, new diagnostic techniques were developed and used for CAP’s characterization, from which few have a significant role, due to the importance of the information that it can bring upfront for better understanding of plasma properties in correlation to future applications. The usage of vacuum-ultra-violet spectroscopy [30,31,32,33,34,35,36,37,38,39] and of electrical field determination through electro-optical crystals (Pockels electro-optic effect based sensors) [40,41,42,43,44] are such diagnostics. While these diagnostics are of a rather complex nature, the measurement of mainly safety relevant and basic characterization plasma values is a necessity when discussing medical usability. In order to evaluate any potential plasma source for a biomedical application with a potential patient contact, an initiative generated a German industrial norm proposal called DIN-specification 91315 [45]. This approach summarizes potential physical, chemical and biological risk aspects as well as performance criteria from plasma devices in application, and it is frequently used for such testings [46,47,48,49,50]. These measurements allow a standard-compliant assessment of the medical potential.



In this study, we report the results obtained from the diagnosis of a cold atmospheric pressure plasma jet running both in helium and argon. Using sinusoidal high voltage excitation, the plasma is generated using the principle of a dielectric barrier discharge inside a capillary. After leaving the dielectric tube, in air, plasma has a jet shape, with a length of up to few centimeters. The combination of the results retrieved from power measurements, safety characterization (leakage current, temperature, toxic species generation), the electrical field determinations and optical studies revealed new insights on the plasma jets properties and its potential applications (from industrial to biomedical ones).




2. Materials and Methods


2.1. Plasma Source Configuration


The cold atmospheric pressure plasma jet (CAP) is generated using a 100 mm long quartz tube (inner diameter 4 mm, outer diameter 6.1 mm), having two copper tape electrodes (10 mm width, a power (HV) and a grounded (G1) electrode) wrapped on the external surface, with 10 mm gap, and 6 mm till the tube exit nozzle. Depending on the intended measurement, either a metallic (copper plate) or dielectric (alumina covered probe, quartz glass or magnesium fluoride MF   2   window) surface act as the second electrode (G2) placed at distance d and connected to the ground (Figure 1).



Two types of working gas were supplied through the discharge tube: pure helium (He 4.6) or a pure argon (Ar 4.8). The constant gas flow rate of 2 slm (ensuring a laminar flow regime) was regulated through a mass flow controller (MKS Multi Gas Controller 647C or Bronkhorst E-8412 with a F-201CV). In this way, an atmospheric pressure helium or argon plasma jet is generated and operates freely in air. For the comparative nature of the paper, the following abbreviations will be used: He-CAP for the helium jet and Ar-CAP for the argon jet. Long exposure photos were captured using a Nikon D80 camera (CCD: 23.6 × 15.8 mm, 10.2 Mpx, ISO: 100–3200, shutter speed: 30–1/4000 s, 3 fps) equipped with Tamron SP 180 mm f/3.5 Di LD Macro lenses.



The discharge was driven by a high voltage fly-back transformer (SAXAR MC-FB-001) fed by an amplifier (Amplifier T&C Power Conversion, Inc. AG Amplifier, Rochester, NY, USA) which was controlled by a function generator (Tektronix AFG 3101). The applied sinusoidal voltage U   a   (up to 20 kVpp, frequency 18 kHz) and the total current of the discharge I   d   were monitored using voltage and current probes (Tektronix 6015A and CT2, Pearson 6585 current monitor) and a 4-channel digital oscilloscope (Tektronix TDS 5104—1 GHz with 5 Gs/s, and Lecroy Waverunner 640 Zi—4 GHz with 40 Gs/s).




2.2. Characterization of Plasma Source: E-Field Measurement Set-Up


For the electrical field (E-field) measurements, we used a 1 transverse electrical field component optical probe (Kapteos, EoProbe ET5-air, low permittivity ∼3.6, sensitivity 250 mV/m, up to 10 MV    r m s   /m, bandwidth 10–12 GHz, spatial resolution of 1 mm, 5 m optical fiber cord) coupled to an electromagnetic field measurement system (Kapteos, EoSense LF 100U-1). The ET5-air is an electrooptic (EO) probe based on an isotropic EO crystal that acts as a transducer (due to the Pockels effect) converting the E-field to be determined into an optical modulation of a laser beam that can be measured via a polarizer and a photodiode [40,44,52,53,54,55].



The EO probe was moved axially to the CAP tube and measurements were made at the nozzle exit (marked as ‘b’, 0 mm), at 5 mm away from nozzle (‘c’), at 10 mm away from nozzle (‘d’) and near the ground electrode, on the tube at −5 mm from the nozzle exit (positioned instead of the letter ‘a’), exactly as in Figure 1 and further on presented in the electrical field characterization paragraph.




2.3. Characterization of Plasma Source: Power Measurement Setup


The power dissipation at different locations inside the discharge were determined from the area underneath the voltage-charge plot according to [56,57]. A dielectric quartz plate was placed at a distance d from 0 mm to 20 mm towards the tube edge. Behind the quartz, a copper electrode was connected via a capacity of 4.7 nF towards ground. The capacity was determined by measuring the setup capacity as being between 0.2 pF and 0.6 pF with a LCR meter (GW Instek LCR-8110G), rounded towards 1 pF to correct for uncertainty and multiplying with 1000 (“rule of thumb”) [58]. An identical capacity was connected between the second ring electrode and ground. A voltage probe (PP023, Teledyne Lecroy) was placed each to determine the charge accumulation. Together with the high voltage measurement (P 6015A, Tektronix) and an oscilloscope (Waverunner 640 Zi, Teledyne Lecroy), a setup for power determination at different settings of working gas, distance and applied voltage was realized. Data acquisition was set on 50 averages to account for variances due to the wide range of operation voltage. The evaluation of the acquired data sets was performed via a Matlab script (R2012a Matlab, Mathworks Inc., Carlsbad, CA, USA) performing the polyarea function. A comparison with our previous Python scripts [57] were consistent.




2.4. Characterization of Plasma Source: Basic Safety Properties Setup According to DIN SPEC 91315


The temperature of the plasma source was measured at a distance d from 0 mm to 20 mm towards the tube edge. A 10 × 10 mm² copper disc acted as the surface with an extension to host a fiber optic temperature sensor (FOT Labor Kit, LumaSense Technologies, Inc. GmbH, Santa Clara, CA, USA). To simultaneously determine the patient leakage current (PLC), an RC-circuit according to DIN 60601-1-6 [51] via UNIMET® 800ST (Bender GmbH & Co. KG, Gruenberg, Germany) was connected to the copper surface [50]. The combined setup was mounted via an x-y-z-linear stage system (Qioptiq Photonics GmbH & Co. KG, Gö ttingen, Germany) with 10 µm precision for ideal placement. Data acquisition was performed with a home made Python software PlaDinSpec (made with Python 3.8, Python Software Foundation, Wilmington, DE, USA) [59], measuring and averaging 100 values.



Densities of reactive oxygen and nitrogen species (ROS and RNS) in ambient air were further measured at practical distances (50 mm to 500 mm) along a copper surface with a focus on long living species, namely by using ozone and nitrogen oxides monitors (O   3  : APOA-360, NO   x  : APNA-370, Horiba Europe GmbH, Oberursel, Germany).




2.5. Characterization of Plasma Source: Spectroscopic VUV to UV-VIS-NIR Measurement Set-Up


The spectral emission of the discharge in the ultra-violet, visible and near infrared spectral range (UV-VIS-NIR) was analyzed by using a fiber optic monochromator (Avantes, AvaSpec 3648, 200–1100 nm range, ∼2 nm resolution, 300 lines/mm grating, blazed at 300 nm, deep-UV-detector coated CCD linear array) with a 0.4 mm diameter orifice and a 0.5 m long optical fiber placed at 5 mm from the plasma. The optical emission spectroscopy (OES) of the discharge in the vacuum ultra-violet (V-UV) range was measured by using a calibrated 0.5 m VUV-monochromator (Acton Research Corp., VM-505, 110–280 nm range, ∼0.1 nm accuracy, 1200 lines/mm grating, Thorn/EMI 9635 QB detector), described also in [31,48,60]. For these measurements, the CAP was placed in front of the MgF   2   entrance window (cut off wavelength of 115 nm) of the monochromator, at a distance d = 4 mm, as depicted in Figure 1.





3. Results and Discussion


3.1. Basic Electrical and E-Field Characterization of Plasma Source


The voltage and current curves for helium and argon operation show a periodic signal with a dominant symmetry between the positive and negative voltage period (Figure 2). For identical applied voltage, the current shape under argon generates a main discharge current up to 4.2 mA with a duration of about 6  μ s and a second discharge current of 4.5 mA and a duration of 3 to 6  μ s. The helium cap shows discharge conditions of 2 mA amplitudes and a discharge duration of 12  μ s. The estimated electrical power for the Ar-CAP, using the traditional applied voltage multiply by discharge current, revealed a mean value of 0.7 to 1 W, while for He-CAP 0.4 to 0.96 W.



While the geometry is rather simple, the operation in argon especially is scarce in literature and comparison hence not easy. Considering the works in a similar frequency range for argon, an investigation on argon metastable density distribution with a capillary wrapped by the grounded electrode and an internal powered electrode correlated phase resolved imaging with the main current peak with the discharge inside the capillary between both electrodes and the second peak with the generation of the guided streamer exiting the capillary [61,62]. Another recent work with a close geometry focused on the atomic auroral oxygen line emission rather than the discharge current [63]. The described phase should be similar, while the geometric properties and the flow range differ. However, the current was only measured on the input line and an overall high displacement current is included.



The helium signals for voltage and current are comparable to characteristics in other studies indicating the jet current signal relates to the guided streamer propagation [64,65]. Our previous works with a similar basic geometry showed discharge peaks of shorter duration [57,66,67]. When comparing images of the different systems, the effluent differs from the previous system with a filamented effluent and the present system with a rather diffuse discharge (as in discharge photos from Figure 1).



Electric field diagnosis



The presented voltage and current characteristics in Figure 2 are for the case without a surface. Meanwhile, the signals measured when placing the electrical field probe represent the operation with a dielectric target placed in front (Figure 3). As it is observed, the basic characteristics are similar, with comparable time scales and slightly increased amplitudes. The symmetry between negative and positive half phase of the voltage period remains as well. The main change is, however, the occurrence of more consecutive discharge peaks after the first, increasing in amplitude and number in accordance with the applied voltage. Operation in argon generates up to three peaks per half cycle while helium goes up to two peaks, respectively. Consecutive discharge peaks like these were already reported to correlate with weaker but dominantly repeating discharge dynamics [31].



In a previous study for an in principle identical electrode setting, we reported the generation of an inverse current pulse following the primary discharge pulse which correlated with the bullet propagation and charge exchange processes [66,67]. While voltage settings and electrode geometries equal the present setup, changes in capillary dimension, implying flow condition changes, dielectric properties and electrode dimensions are present.



The electrical field probe shows an increase of electrical field amplitudes with increasing applied voltage. The signal correlates with events observed on the current signal. An enhanced electrical field amplitude from 25 kV/m up to 320 kV/m in argon and from 50 kV/m up to 300 kV/m in helium is achieved (see Figure 4). For Ar-CAP and He-CAP operation, a plateau dominates each discharge cycle. While the discharge peak is still proven to result from the discharge between the two ring electrodes around the capillary, the guided streamers leaving the system follow shortly after [67]. This correlates with the observed peaks in the electrical field strength measurements that are delayed by few microseconds from the main discharge peak.



The probe is actively placed into the discharge channel and the dielectric surface acts as a third electrode, including charging and discharging through the plasma channel as measured previously [66]. While the maximal value correlates with measured and simulated values from other groups in helium or argon discharges [64,68,69,70], the high plateau is interpreted to result more from charge accumulation than from ongoing discharge dynamics.




3.2. Determination of Dissipated Power


The representative acquired voltage charge plots (Q-V plots) with a quartz substrate placed 5 mm away are shown in Figure 5. For the grounded ring electrode around the capillary, the voltage-charge curve does not resemble a parallelogram but is similar to the shape of another system [57]. The shape remains similar with increased applied voltage, but the charge amplitude increases for argon and helium operation. The quartz surface is placed on top of a grounded copper plate and the measured voltage-charge curve is mostly rounded with one more or less pronounced jump on the rising slope.



From the enclosed loop of the Q-V plot, one can determine the energy of a cycle and by multiplying with the frequency the determination of power is possible [71]. The respective energy values are 56  μ J (G1), 63  μ J (G2) for argon and 76  μ J (G1), 54  μ J (G2) for helium operation, representing a power dissipation of 1.00 W (G1), 1.15 W (G2) for argon and 1.38 W (G1), 0.97 W (G2) for helium. Previous investigation already states that plasma jet systems are not closed and energy is consumed by further reactions of the plasma inside as well as outside the capillary like light emission, heat production, and reactive species generation [56,72].



In Figure 6a–c, the determined power is presented at given applied voltage over different distances as well as for given distance over increased applied voltage. When changing the distance at constant voltage, a constant power is observed for helium and argon while an increase in power is found when the voltage amplitude is increased.



Between G1 and G2 in each case, a tendency is observed for an increase in power dissipation for G1 in exchange for a decrease in power dissipation for G2. Increasing the applied voltage at a fixed distance leads to a continuous increase of dissipated power in G1 and G2. For the highest investigated voltage settings, G2 surpasses G1 in dissipated power. The power range overall between helium and argon shows comparable values for G2, while G1 in helium surpasses argon by a total amount of 0.7 W with a final value around 2.1 W. The total power dissipation achieved within this measurements is 3.9 W for argon and 4.7 W for helium operation. For further investigations, the applied voltage was set to either 8 kV    p p    with identical power dissipation values or 14 kV    p p    with comparable G2 values yet already increased G1 value for helium.




3.3. Basic Safety Properties


When considering dissipated power values of up to 5 W in the system, the range of safety relevant parameters should be considered to qualify potential application relevant settings. The results on patient leakage current and temperature of a treated copper surface are shown in Figure 7. According to DIN SPEC 91315 [45] and the norms within the leakage current, the safety threshold is set to 0.1 mA in AC and 0.01 mA in DC mode. Temperature should not cross 40    ∘  C to avoid denaturation of proteins.



Results within a certain range of these thresholds can be adjusted by further adjustment of system parameters, while significant overvalues cast doubts on a direct medical application. In addition, these values are correlated with efficacy parameters, so that a device is always both safe and effective and not just either. Here, that value is accessed via reactive oxygen and nitrogen species (ROS and RNS) measurements. While intuitively a higher power value implies an improved effectivity, the present system will show for the first time that this correlation is not that simple. Concerning the AC patient leakage current at different voltage amplitudes, the overall range for helium and argon are comparable, with no DC leakage current detectable in either He-CAP and Ar-CAP. While the He-CAP delivers AC leakage current values of 10  μ A at 7 kV    p p   , the Ar-CAP delivers 80  μ A at identical settings.



In the Ar-CAP, the values rise continuously with increased voltage up to 250  μ A. In contrast, the He-CAP provides a constant leakage current up to 11 kV    p p    and a jump with a further on increase up to 200  μ A. The surface temperature rises in dependence on the leakage current curve for He-CAP with values from 35    ∘  C up to 130    ∘  C. For Ar-CAP, the temperature ranges between 40    ∘  C and 60    ∘  C. In case of Ar-CAP, the temperature could be reduced by increasing the gas flow to optimize for a potential medical setting with compliant leakage current values at lower amplitudes. For the He-CAP, the range of operation voltage with a compliant set of leakage current and temperature is increased with a more pronounced threshold transgression.



A variation of the distance for these measurements considers application relevant uncertainties since a fixed treatment distance in complex geometries is neither possible in hand-held operation nor in case of complex geometries with robotic operation. For the temperature values in He-CAP, a drop is observed for longer distance of over 10 mm, while prior to it a mostly constant value is detected (Figure 7b). In Ar-CAP, interestingly, the value rises slightly over the whole distance for both investigated voltages. On the contrary, for Ar-CAP, the cooling effect of the working gas is reduced the further away the treated surface is moved. Hence, here again an adjustment of gas flow range could impact the temperature amplitude. For He-CAP, it seems that most of the heat is produced inside the capillary with a volume discharge while outside mainly diffusion and buoyancy cools the output gas from the capillary [72,73].



When the temperature drops for the He-CAP, a correlating drop in leakage current is observed in Figure 7c as described previously for the voltage variation (Figure 7a). For the Ar-CAP, however, a constant leakage current is measured over the whole investigated range of 20 mm with a filament reaching the surface continuously. A constant leakage value over the whole range is not reported in literature yet and could neutralize distance uncertainties in applications caused by user errors or complex geometries.



The correlation of He-CAP and Ar-CAP operation at different applied voltage amplitudes and ROS and RNS density production is presented in Figure 8 with ozone and nitrogen oxides as semi stable products from the chemistry between plasma and neutral gas [74].



For Ar-CAP, the density is exponentially increasing with the increased voltage and hence scales with the dissipated power. He-CAP, on the other hand, is not affected by the increased applied voltage or the correlating increase in dissipated power. The measurements for He-CAP were within range of the environmental offset and hence the species density could not be detected. A further investigation considered the ROS and RNS species density over the distance to the device. For He-CAP, the densities remained below the detection limit and the results are hence not shown. For Ar-CAP, a strong decrease over distance with a local maximum at about 20 cm is measured and in accordance with previous measurements before the values drop below the thresholds [46,50]. For both cases, He-CAP and Ar-CAP, the ROS and RNS content will be further evaluated qualitatively with OES in the next chapter.




3.4. Optical Diagnosis of the Plasma Source


Using OES on the He-CAP and Ar-CAP allows a relative access to the generation and excitation of reactive oxygen and nitrogen species within the plasma. If OES is used in the UV, VIS to NIR spectral range, the existence of atomic lines from hydrogen, nitrogen and oxygen as well as molecular bands of nitrogen oxide NO, hydroxyl OH, molecular nitrogen (N   2  ) and molecular nitrogen ion (N   2 +  ) can be detected [31,75]. The measurement of radiation in the VUV further provides information on atomic lines from nitrogen, hydrogen and oxygen as well as the molecular argon excimer continuum and even ozone [30,76,77].



3.4.1. VUV-Radiance Measurements


The emission spectra in the 110–200 nm range using a VUV scanning monochromator are presented in Figure 9. A set of atomic lines of hydrogen (121.5 nm), oxygen (130.5 nm) and nitrogen (149.5 nm and 174.5 nm) is detected, emitting powerful VUV radiation with energies from 7 eV to 9.5 eV. In addition, the continuous profile of the molecular argon excimer is detected for the Ar-CAP from 110 nm up to 140 nm. These species are of interest due to their energy that can be transferred to the surface under treatment. These values of dissociation energies under consideration are between 4.3 eV (for atomic H and Ar) to 9.8 eV (for atomic N and O) [78,79]. It has to be noted that the helium excimer is located below the detection limit of the applied system and hence no information on it can be stated here [37].



When comparing the intensities of He-CAP and Ar-CAP, a much more intense VUV emission in argon could be found. While Ar-CAP radiance could be quantified to reach up to 350 mW/(nm mm   2   sr), no radiance level could be determined for He-CAP. The VUV radiance results present another indication that the RONS production is better observed for the Ar-CAP.




3.4.2. OES Measurements


Emission spectra in the 200–900 nm spectral range of the plasma jets show signatures of molecular and atomic excited species (Figure 10). The molecular bands are assigned to nitrogen oxide (NO   γ   system), hydroxyl radicals (OH), neutral nitrogen molecules (  N 2  ) and nitrogen molecular ion (  N 2 +  ). The NO   γ   system is observed in the 200–280 nm region with characteristic bands, as for the OH radical, their signature is between 306–310 nm. Bands of   N 2   are observable in the spectral range of 315–380 nm and 399–405.9 nm. The   N 2 +   have bands at 391.4 nm, 427.8 nm and 470.0 nm. The atomic lines form the emitted spectra are assigned to helium atoms (lines at 588.8 nm, 668.5 nm, 706.6 nm and 727.5 nm) or to argon atoms (lines between 680 to 850 nm) as working gas, but also to oxygen atoms (lines at 777.8 nm and 845.5 nm) as products of ambient O   2   and H   2  O dissociation [31,65,67,80,81,82].



In the 220–280 nm spectral region (the UV-C), we observed only for the Ar-CAP the emission signatures of the nitric oxide molecular band (NO   γ  , in Figure 10), well known for their role as signaling molecules involved in wound healing [83]. The OH and O lines are observed for He-CAP and Ar-CAP, while the line intensity was higher in Ar-CAP. This observation supplements the data acquired from VUV measurements as well as the species density measurements. Another characteristic of the OES spectra of the He-CAP is that the presence of excited nitrogen species is dominantly observed for both   N 2   and   N 2 +   compared to Ar-CAP due to the discharge mechanisms, mainly based on penning effect for helium. In particular, the nitrogen molecular ion is observed in helium CAP as the most intense line. Nonetheless, in the Ar discharge, the NO bands are observed at a lower temperature than in He discharges.



Variations of the atomic lines and bands emitted intensities for the plasma jet operating in air, depending on the working gas, can be easily observed in Figure 10. Moreover, the importance of such plasma active/reactive species is to be considered also from the energetic point of view of these species. Thus, energy values from 4 eV up to 23 eV are attributed to OH radicals,   N 2   and   N 2 +   molecules, hydrogen He, Ar and O atoms, as reported by [78,84].



The results until now show that both devices operated at comparable power values, identical flow and voltage settings generate species with a different efficiency. One way to explain this tendency is via the basic plasma properties of rotational temperature and by considering the given temperatures involved in the chemistry. The ratio between O   3   and NO   x   is known to depend on the temperature [85]. However, our measurement of the surface temperature, via a temperature optical fiber, in Figure 7 shows a temperature range from 35    ∘  C up to 135    ∘  C for the He-CAP and a more or less constant temperature for the Ar-CAP in between the helium range. According to neutral gas temperature alone, this effect of species densities can not be explained. Since the studied plasma source is at atmospheric pressure, a non-thermal plasma is assumed. Therefore, the temperature of the electrons is significantly higher than the temperature of the ions and of the neutrals. A frequently used assumption considers the rotational temperature of neutral molecules to be close to the neutral temperature. Therefore, a further investigation of the rotational and vibrational temperatures in He-CAP and Ar-CAP will be performed. Moreover, using simulation software like Lifbase [86] and Spectrum Analyzer [87], we determined from the acquired plasma emission spectra the characteristic plasma temperatures, such as the rotational temperature of OH radicals (T    r o t   (OH)), the rotational temperature of nitrogen molecular ions N   2 +   (T    r o t   (N   2 +  )) and the vibrational temperature of nitrogen molecules N   2   (T   v  (N   2  )).



As a result, we estimated for Ar-CAP a T    r o t   (OH) around 420 ± 25 K (∼146    ∘  C), T    r o t   (N   2 +  ) 450 ± 50 K (∼176    ∘  C), and T   v  (N   2  ) 1766 ± 167 K. Moreover, for He-CAP, the T    r o t   (OH) around 420 ± 20 K (∼146    ∘  C), T    r o t   (N   2 +  ) 425 ± 25 K (∼151    ∘  C), and T   v  (N   2  ) 2381 ± 603 K. In most cases, cold atmospheric pressure plasmas are considered non-thermal plasmas, and thus the rotational temperatures are often equivalent to those of the working gas. These estimated values of the rotational temperatures of OH radicals and molecular ions of N   2 +   are slightly higher than those measured using FOT optical fiber. No significant rotational temperature difference was to be observed between the Ar and He-CAP, this leading to the idea that these two plasmas are at the same temperature, when ignited at the same parameters.



However, it must be borne in mind that these values correspond to ‘spectroscopic temperatures’ referring to the energies that those plasma species (OH, N   2   and N   2 +  ) can be achieved by various processes (dissociation, Penning, etc.) and can be further used in the plasma environment to initiate various physico-chemical processes that can take place on the surface or in the plasma volume. The noticeable difference is within the vibration temperature, when He-CAP T   v   is almost 35% higher than that estimated for Ar-CAP. In addition, it might be that a higher T   v  (N   2  ) found for He-CAP to be to blamed for the small or even non-existent production of NO   x   and O   3  .






4. Conclusions


The present study shows for the first time a direct comparison of an identical setup within an identical range of operation settings with helium and argon operation. The range of applied voltage ranged from 8 kV    p p    up to 20 kV    p p    for both He-CAP and Ar-CAP, while the resulting dissipated power rises linearly up to 5 W for both systems. An investigation of the electrical field amplitude for He-CAP and Ar-CAP showed peak values of 300 kV/m and 320 kV/m, respectively.



As expected of such high power consumption, the temperature induced on a conductive surface ranges from 40    ∘  C up to 130    ∘  C for He-CAP and from 50    ∘  C up to 85    ∘  C for Ar-CAP. The temperature slope over distance is constant and further reduction can be achieved by parameter adjustment of e.g., gas flow. The patient leakage current for He-CAP ranges from 10  μ A up to 200  μ A over applied voltage and drops over distance. The leakage current measurement for Ar-CAP, however, shows a unique slope with a linear increase over applied voltage and a constant slope over distance. This was never observed in literature before and offers unique conditions for surface treatments with constant temperature and leakage values at changing treatment distance over a range of up to the investigated 20 mm.



The production of reactive species was investigated by emission spectroscopy in the (V)UV-VIS-NIR range. Atomic nitrogen and oxygen could be detected in VUV for both systems; however, Ar-CAP showed much stronger signals in all spectral ranges. In addition, the nitrogen oxide emission in the UV range was only measured for argon operation. In accordance with the OES results, species densities of O   3   and NO   x   could only be measured for Ar-CAP, while, for He-CAP, they were below the detection limits.



Plasma ’spectroscopic temperature’ values, rotational temperatures of OH and N   2  , were estimated to be the same for Ar-CAP and He-CAP, around 420 K (160    ∘  C), near the maximum values measured via FOT (130    ∘  C). The vibrational temperatures N   2 +   revealed different values (higher for He-CAP than Ar-CAP), mainly due to different plasma ignition mechanisms. In addition, the higher T   v   in the case of helium plasma might be associated with lower production of NO   x   and O   3  .



At identical CAP settings of geometry and operation conditions, overall, the Ar-CAP shows the more promising parameters, a constant leakage current over distance and a significant species production. Meanwhile, He-CAP generates comparable values in power, electrical field, temperature and leakage current with no detectable reactive species density. It is an interesting observation and further investigations are clearly required to trace the pathways of the helium power consumption leading to the presented observations. In the meantime, the Ar-CAP provides the interesting property of constant leakage current over distance that indicates a voltage dependent current limitation of the conductive channel that is generated by the discharge. The He-CAP might be an interesting approach for a high electrical field application with no toxic species as byproducts. These findings may open a new direction in the plasma source development for Plasma Medicine.



Nevertheless, more experiments should be made, like surface charge production, ultra-fast photography or mass spectrometry in order to have the whole understanding of the plasma source.
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Figure 1. Overview of the experimental arrangements: (top) CAP, E-field and VUV set-up with a photo of the CAP and E-field probe; (bottom) CAP facing the VUV MgF   2   window with a list of performed diagnostics throughout the manuscript and the description of w/o surface. Leakage current circuit in accordance with [51]. 
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Figure 2. The applied voltage and discharge current for the Ar (left) and He (right) CAP in mid air (no surface). 
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Figure 3. The applied voltage, discharge current and electrical field data for the Ar (left) or He (right) CAP facing a dielectric surface at a distance d = 10 mm (probe head). 
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Figure 4. Electrical field strength as function of applied voltage for Ar-CAP and He-CAP (left) and for He-CAP as function of distance from the G1 electrode to 10 mm in front of the exit nozzle (right). The EO-probe was moved axially to the CAP tube and measurements were made at the nozzle exit (‘b’= 0 mm), at 5 mm away from nozzle (‘c’), at 10 mm away from nozzle (‘d’) and near the ground electrode, on the tube at −5 mm from the nozzle exit (positioned instead of the letter ‘a’), exactly as in the right figure (orange circles = EO-probe). 
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Figure 5. Charge-voltage plot for device operation in argon (left) and helium (right), each for an applied voltage of 14 kV    p p    and a quartz plate at 5 mm distance. 
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Figure 6. Dissipated power as a function of (a,b) distance and (c) applied voltage (at d = 5 mm) for helium and argon operation. G1 and G2 describe the measurement position of either grounded ring electrode at the capillary (G1) and ground surface (G2). 
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Figure 7. Measured values of patient leakage current and temperature for different voltage and distance settings in helium and argon. (a) shows the AC-leakage current for various applied voltages and the temperature for d = 5 mm to a copper surface (the DC-leakage current is below the detection limit of 1  μ A for all conditions); (b) shows the temperature as a function of distance for two applied voltages (8 and 14 kV    p p   ); (c) shows the AC-leakage current for different distances for two investigated voltages (8 and 14 kV    p p   ). 
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Figure 8. Distribution of ROS and RNS production for argon and helium operation for a conductive surface at d = 5 mm for different (a) applied voltages and (b) different measurement positions of the gas inlet at 8 kV    p p   . 
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Figure 9. VUV spectra of the discharge in argon (left) and helium (right) for an applied voltage of 8 kV    p  p   and a distance to the MgF   2   window of 4 mm. Ar-CAP generated a spectral radiance of up to 350 mW/(nm mm   2   sr) at around 125 nm. 
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Figure 10. The emitted light in the UV-Vis-NIR from CAP in Ar (red line) and He (blue line), acquired at 5 mm from the nozzle exit, in mid air, 8 kV    p p    applied voltage. 
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