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SUMMARY: 
This protocol is presented to characterize the setup, handling, and application of the COST-Jet for the treatment of diverse surfaces such as solids and liquids.

ABSTRACT: 
In recent years, non-thermal atmospheric pressure plasmas have been used extensively for surface treatments, in particular, due to their potential in biological applications. However, the scientific results often suffer from reproducibility problems due to unreliable plasma conditions as well as complex treatment procedures. To address this issue and provide a stable and reproducible plasma source, the COST-Jet reference source was developed. 

In this work, we propose a detailed protocol to perform reliable and reproducible surface treatments using the COST reference microplasma jet (COST-Jet). Common issues and pitfalls are discussed, as well as the peculiarities of the COST-Jet compared to other devices and its advantageous remote character. A detailed description of both solid and liquid surface treatment is provided. The described methods are versatile and can be adapted for other types of atmospheric pressure plasma devices.

INTRODUCTION:  
[bookmark: _CTVP001717f57b144bc41cba64cb7b31e5e46cf][bookmark: _CTVP00134c806338d9d442b9891740849e1816b]Cold atmospheric pressure plasmas (CAPs) have attracted increased interest in recent years due to their potential for surface treatment applications. CAPs are characterized by their non-equilibrium properties, enabling complex plasma chemistry with a high density of reactive species while maintaining a low thermal impact on treated samples. Therefore, CAPs are considered in particular for the treatment of biological tissue1–4. Numerous concepts and designs of CAPs are successfully used for wound disinfection and healing, blood coagulation, and cancer treatment, among other biomedical applications. A large proportion of biological tissue contains liquids. Therefore, research is also increasingly focused on investigating the effects of CAPs on liquid surfaces such as cell medium or water5–7.

[bookmark: _CTVP00178b709dd845a4c439131ef4279c8b2e9]However, the scientific results often suffer from reliability and reproducibility problems8–10. On one hand, the treated biological substrates are subject to natural variations. On the other hand, biological mechanisms were seldom directly attributed to plasma processes (such as electric fields, UV radiation, and long- and short-lived species, etc.). Additionally, these plasma processes in turn depend strongly on the individual plasma source and the exact type of its application. 

Additionally, detailed protocols of treatment procedures are rarely available. This makes it difficult to isolate the influence of a particular plasma parameter on the outcome of the treatment, which renders the obtained results non-transferable.

Therefore recently, various attempts have been made to standardize the treatment of surfaces, tissues, and liquids using cold atmospheric pressure plasmas. Here we present only some selected examples. 

[bookmark: _CTVP0010e4d459f136c406f8f5ad4d4b410f87c]To simplify the direct comparison of different plasma sources, a reference source was developed. Inspired by the low-pressure plasma community, a reproducible and stable discharge design (COST-Jet) was developed in the framework of the COST action MP 1101 that can serve as a reference source for future biomedical research11.

[bookmark: _CTVP0014c0ca14f58a14b9a9b014ad6c88f3a7b]To enable comparability, reference protocols for individual applications were developed. To standardize the comparison of the antimicrobial properties of cold atmospheric pressure plasmas, for example, Mann et al. defined a reference protocol for microorganism treatment by normalizing the treatment time per area unit12.

[bookmark: _CTVP0010718a855eba24a619374ed8408587799][bookmark: _CTVP0016b63df09c4b84de1a57c0775b39d2ecf]For a more flexible approach, Kogelheide et al. developed a method to investigate plasma-induced chemical modifications on macromolecules13. Using tracer compounds such as cysteine and or cysteine-containing glutathione (GSH) in combination with FTIR and mass spectrometry, they tried to extrapolate the chemical modifications on biological substrates. Using this method, several plasma sources such as the COST-Jet, the kinPen, and the Cinogy DBD have already been compared14–16.

[bookmark: _CTVP0013e97a6d891864d1e9c6cf30515bb5eef][bookmark: _CTVP001c8f71b156d634408a8c2f1fc4e9e598d]To directly compare individual plasma sources, comparable control parameters must be established. Basic plasma parameters such as electron temperature, electron density, and the flux densities of reactive species are hard to measure in atmospheric pressure plasmas since such plasmas are often transient and their dimensions are small. Instead, external control parameters such as generator power, applied voltage or ignition, and arcing points are often used as a reference, especially when comparing results to simulations17,18. More recently, the measured electrical energy consumption has been used as a more reliable control parameter19–21.

Despite these efforts, comparing the results of different studies may still be impossible, simply due to the challenge of correctly applying a plasma source onto a surface. There are a vast number of prevalent pitfalls that have to be tackled when working with atmospheric pressure plasma applications such as the influence of external electric fields (compensation circuits), feedback loops between plasma and surrounding environment (shielded atmosphere), species transport (ionic wind) and control parameters (voltage, current, power). 

[bookmark: _CTVP0013e028af7fcbd464386fb106174612d2d]The main objective of this work is to provide a thorough, detailed protocol on the application of the COST-Jet for surface treatments. The COST-Jet is a reliable plasma source that was developed for scientific reference purposes rather than for industrial or medical use. It provides reproducible discharge conditions and a broad database of available studies 22,23. The COST-Jet is based on a homogeneous, capacitively coupled RF-plasma. Because the electric field is confined perpendicular to the gas flow, charged species are mostly kept in the discharge region and do not interact with the target or the surrounding atmosphere. Additionally, the laminar gas flow ensures reproducible plasma chemical conditions in the plasma effluent.

[bookmark: _Hlk48653904]In this paper, we will address the most common challenges and introduce possible solutions that have been used in the literature. These include proper gas supply, discharge control, ambient atmosphere influence, and surface preparation. Compliance with the protocol presented here should ensure the reproducibility and comparability of the measurements.

The protocol might also serve as an example for other atmospheric pressure sources. It must be refined for other jet plasma sources according to the individual gas flow and electric field configuration. Where applicable, we will try to point out possible adjustments to the protocol. The described steps should be considered and reported on when publishing studies applying atmospheric pressure plasmas to treated samples.

PROTOCOL:

1 Feed gas supply and controlled atmosphere

1.1 [bookmark: _CTVP0019145b4a00f5f4162a6d7fa727d00e8f5]Set up the gas supply consisting of all-metal gas lines, avoiding any TPFE or similar plastics tubing24. Keep gas supply lines as short as possible to avoid any impurities and facilitate pumping of the gas supply system.

1.2 Choose the mass flow controllers used to provide the feed gas according to the typical gas flow rates of the COST-Jet. Use working gas with a purity of at least 99.999%. 

NOTE: The COST-Jet’s primary working gas is helium. Operation can be realized at flow rates between 100 sccm and about 5000 sccm, with 1000 sccm being the most common value.

1.3 [bookmark: _CTVP0018bb0130bbbe24e1a8ccd188ac6f4671b]Realize the admixture of reactive gases by a system consisting of multiple mass flow controllers. For smaller admixtures, use a counter-mixing unit to reduce the time needed for the mixing to complete25.

NOTE: Common admixtures are oxygen and nitrogen with a flow rate in the order of 5 sccm (0.5% of the working gas). 

1.4 Add a valve between the gas supply lines and the jet to prevent moist air entering the gas supply when the device is not in use as water is the most common and most problematic impurity in atmospheric pressure plasmas, critically influencing the plasma chemistry.

1.5 Clean the gas supply lines before the surface treatment, to reduce impurities in the tubing. To do so, either simply set a moderate gas flow of about 1000 sccm helium and flush the supply lines or, preferably, repeatedly pump and refill the supply lines (about three times). 

NOTE: When simply flushing the gas supply lines, multiple hours might be needed to clean the system, depending on the state of contamination.

1.6 Add a molecular sieve trap or cold trap (e.g., using liquid nitrogen) to the gas supply lines to further reduce the humidity in the feed gas.

1.7 [bookmark: _CTVP001beec753e9cb4478594c1228eb53df43f]If, instead, a controlled amount of water is desired as a reagent, add a bubbler to the system26,27.

1.8 Consider setting up a controlled atmosphere for your experiment as changes in the composition of the ambient atmosphere might influence chemical reactions in the plasma effluent.

[bookmark: _CTVP00155fbda1e39fe4f95948b8caccdc95f11]NOTE: This effect is likely not very pronounced for the COST-Jet28, since the electric field configuration confines the plasma to the inside of the discharge channel but might play an important role for other CAP devices where the active plasma is partly outside the device.

2 Assembly and setup of the device

2.1 Connect the COST-Jet device to a gas supply. Directly connect the device to ¼ inch stainless steel Swagelok tubing. Use adapters for different tubing standards.

2.2 Connect the COST-Jet to the power supply using a shielded BNC cable equipped with an SMC connector.

2.3 Connect the integrated electrical probes to an oscilloscope to monitor voltage and current using a 50 Ohm resistor as termination.

2.4 Open the COST-Jet housing and connect a properly compensated commercial voltage probe to the powered copper line as well as a grounded part of the jet (e.g., the Swagelok gas tube) and the oscilloscope.

2.5 Perform a probe calibration routine: Apply a small voltage to the COST-Jet and tune the variable capacitor of the LC-circuit using a screwdriver to reach the optimum coupling (maximize measured voltage). Perform a voltage calibration by comparing the actual voltage (commercial probe) to the measured voltage (implemented probe) using linear regression and calculate a calibration constant. Remove the commercial voltage probe and close the COST-Jet housing.

2.6 Again, apply a small voltage to the COST-Jet and tune the variable capacitor of the LC-circuit using a screwdriver to reach the optimum coupling.

2.7 Ignite a plasma in the COST-Jet device: Firstly, set up a gas flow rate of approximately 1 slpm of helium using mass flow controllers (MFCs). Open the valve between the gas supply system and the COST-Jet last. Then, apply a low voltage to the electrodes and increase the amplitude until the plasma ignites. 

2.8 If, upon the first ignition, the electrodes are unclean and impeding the ignition, apply a high initial voltage and quickly reduce it after ignition. Alternatively, use a spark gun to facilitate an easier first ignition.

2.9 Set the operation control parameters (gas flow, applied voltage) to the desired values.

2.10 Give the setup a little warm-up time to allow for thermal stabilization (approx. 20 minutes) to ensure stable and reproducible operation conditions. 

2.11 To change the gas composition during the experiments, allow for an approximate 2 minute equilibration time depending on the gas supply setup.

NOTE: The COST-Jet is now ready for application.

3 Power measurement

3.1 Connect the oscilloscope monitoring the voltage and current applied to the COST-Jet to a computer.

3.2 [bookmark: _CTVP001014a3a51cc8f4a2fb1916b19d65fb1ea][bookmark: _CTVP001dd738d88964246758df558b137e80379]Install the ‘COST power monitor’ software to the computer29 which allows real-time power monitoring11,19.

3.3 Adjust the communication between the software and oscilloscope by implementing the required commands for controlling the specific oscilloscope. 

3.4 Start the COST power monitor software and switch to the Settings panel. Fill in the correct channels connected to the oscilloscope and the calibration constant determined in step 2.4. 

NOTE: The Find button can be used to automatically calculate the calibration factor if the commercial voltage probe is attached to the COST-Jet. 

3.5 Change to the Sweep panel. Take a reference phase while the plasma is still off by pressing the Find button. Switch off the gas flow before this measurement and apply a voltage that is in the typical range of voltages used for the actual operation of the discharge as the plasma will not ignite in air due to much higher ignition voltage compared to noble gas dominated gas mixtures. Use this measurement to automatically correct for the relative phase shift between voltage and current probes, assuming a 90° phase of the perfect capacitor here.

3.6 Press the Start and Pause button to start or pause the electrical measurements.

3.7 Operate the COST-Jet as desired. Use the actual electrical power calculated from voltage and current amplitudes as well as their phase shift, which are continuously displayed in the software for monitoring and as a control parameter.

4 (Solid) surface treatment

4.1 Set up a controlled atmosphere for your experiment. 

NOTE: In the case of the COST-Jet, the controlled atmosphere is less important than for sources with active plasma chemistry outside of the confined discharge channel.

4.2 Clean the gas supply lines as described in step 1.5.

4.3 Set the desired operating parameters and wait for approximately 20 minutes until the COST-jet to reach a stable temperature. 

4.4 [bookmark: _CTVP0010df104ef91d64c1fa65695c0c6483e2c]Choose the distance between the COST-Jet and the treated surface as the distance determines the amount of reactive species impinging on the treated surface30. Use an xyz-stage to mount the substrate for easy manipulation.

NOTE: For the COST-Jet, the safety gap adds one extra millimeter to the distance between the plasma discharge and the treated surface.

4.5 Start the treatment time: Either simply switch on the plasma or use a mechanical shutter. Be aware of a possible voltage overshoot during the switching event leading to a constricted discharge. For better control in the ms range, use a rotatable shutter.

4.6 Treat the sample for the desired amount of time and end the treatment time by switching off the plasma or by use of a shutter.

4.7 If necessary, check the gas flow pattern in front of the target using Schlieren imaging when treating a substrate as effects of surface charging, ion drag forces, or ambient air mixing due to buoyancy can influence the amount of reactive species reaching a surface.

5 Liquid treatment

5.1 Set up a controlled atmosphere for the experiment.

5.2 Clean the gas supply lines as described in step 1.5.

5.3 Set the desired operating parameters and wait approximately 20 minutes for the COST-jet to reach a stable temperature.

5.4 Choose the distance between the COST-Jet and the treated liquid.

5.5 Pour the liquid to be treated into an adequate container. Use inert material to avoid reactions of potentially generated reactive species in the liquid with the container. Choose the size of the container according to the volume of liquid that is treated.

5.6 Consider the influence of the gas flow on the liquid surface: Depending on the gas flow rate, be aware of a concave meniscus that may form, thus changing the distance between plasma and liquid surface. 

5.7 Start the treatment. Avoid pressure surges on the surface of the liquid caused by a sudden change in gas flow as this could cause liquid splashes into the discharge geometry, possibly causing a short circuit and certainly contaminating the plasma. Instead, use a mechanical shutter or slowly increase the gas flow.

5.8 Take into account mixing/stirring of the liquid due to friction between neutral gas flow and liquid surface as this influences transport processes and concentration profiles in the liquid. Additionally, depending on the treatment time, correct for the evaporation of liquid during the treatment (e.g., when calculating reaction constants). Depending on the plasma source, be aware of this evaporation possibly causing back coupling to the discharge, thus changing the plasma chemistry.

5.9 Please also consider that the reactivity with possible reagents in liquids is also affected by the surface activity of this agent. Thus, in some cases, surfactants might play an important role in the interaction between short-lived species and liquids.

REPRESENTATIVE RESULTS: 
Using the methods and equipment described above, we exemplary applied the COST-Jet to different surfaces and liquids. Figure 1 shows the experimental setup used for the treatment including the power supply, gas supply system, voltage and current probes as well as a controlled atmosphere and a mechanical shutter.

[Place Figure 1 here]

[bookmark: _CTVP00165a23c7daac94e438c59315e4ebe1421]Using the voltage and current probe implemented in the COST-Jet, the dissipated electrical power can be calculated. Figure 2 shows the measured electrical power in a helium plasma generated in five different COST-Jet devices using a gas flow of 1 slpm. All devices show similar behavior. The deviation between the different devices originates from the uncertainty of the power measurement as well as microscopic differences in the setups such as the electrode distance. More detailed measurements of reactive species (e.g., atomic oxygen and ozone), temperature and power as well as bactericidal activity measurements have been performed by Riedel22.

[Place Figure 2 here]

[bookmark: _CTVP00145371a4f4413449b8d88a9d2eb3cd474]Figure 3 shows the etch profile of an a:C-H film for a 3 min treatment with the COST-Jet using a gas flow of 1.4 slpm helium with an admixture of 0.5% oxygen measured using an imaging spectroscopic reflectometer31. The etch pattern shows a circular structure representing the cylindrical symmetry of the plasma effluent. Based on etch profiles in combination with numerical simulations, the surface loss probability of atomic oxygen could be estimated.

[Place Figure 3 here]

[bookmark: _CTVP001a02613fd2d6c40079ab0c01a9daf470d][bookmark: _CTVP001577519c4d9de49458eedd19797ebae48]Figure 4 shows the occurring vortices in liquid caused by the gas stream impinging on the liquid surface. A laser sheet illuminating tracer particles in the liquid makes it possible to observe the trajectory and velocity of these particles via particle image velocimetry and therefore study the fluid flow32. It is important to consider similar densities of the seeding particles and the fluid so that the trajectories of the particles represent the movement of fluid. With this visualization of the fluid flow measurements and numerical simulations can be compared33. The vortices are due to the surface friction between effluent gas flow and liquid surface. Figure 4 also shows the occurring depression of the liquid surface underneath the gas channel of the plasma jet, the so-called meniscus. It is visualized by a blue line.

[Place Figure 4 here]

FIGURE AND TABLE LEGENDS: 
Figure 1: Experimental setup used for the plasma treatment of surfaces and liquids using the COST-Jet. A cold trap is used to purify the feed gas. The controlled atmosphere is realized by a pumped vacuum chamber at atmospheric pressure. The mechanical shutter facilitates the time management of solid and liquid surface treatment. The flexible stage allows controlling the distance between the plasma jet and the surface.

[bookmark: _CTVP0019c46dd60c4cc4f7bbf6e9ac791dfe195][bookmark: _CTVP0013a4bf159bfca422887b8f7e6a5d2a681]Figure 2: Dissipated power as a function of applied voltage in a helium plasma. The data represents five identical COST-Jet devices34. The small deviations at high voltages are due to uncertainties of the measurement as well as small deviations in the gas discharge channel geometry22.

[bookmark: _CTVP0015f61e9782ac6480b80d7492d3e175655]Figure 3: Etch profile of a plasma-treated a:C-H film. The dip in the film was etched using a gas mixture of 1.4slm helium with an admixture of 0.6% oxygen at a voltage of 230 Vrms and a treatment time of 3 min.31

Figure 4: Photograph of illuminated cornstarch particles in 3 ml of water stirred by the gas flow. The vortices are due to the surface friction between effluent gas flow and liquid surface.

Figure 5: Schlieren images of the COST-Jet with and without applied voltage for two different gas flow rates. During plasma operation, the gas flow pattern exactly resembles the pattern with only the gas flow.

DISCUSSION: 
Here, we demonstrate the use of an atmospheric pressure plasma jet for surface treatments of different materials. The experimental setup for an atmospheric pressure plasma jet can have a tremendous effect on the plasma parameters, chemistry, and performance and consequently influences the outcome of plasma treatments and is a critical step in the protocol.

[bookmark: _CTVP0012fcbb501776a4eebaf0de865f0ad9613][bookmark: _CTVP001446bb45cd7604cae9e2413fce67509e4][bookmark: _CTVP0013d2e888ddeeb41fe9bdf4068c7427566]As an example, the gas supply lines play an important role regarding the most common impurity in the feed gas of the plasma which is humidity. In particular, the production of reactive nitrogen species in the plasma is reduced while the reactive oxygen species production is favored, due to the low ionization energy of oxygen compared to water molecules and nitrogen35. Winter24 found out that feed gas humidity originating from water molecules on the surface of the inner tube is an order of magnitude higher using polymeric tubes compared to metal tubes due to the higher porosity and storage capacity. It can be reduced by flushing the lines with feed gas. However, drying the line by flushing takes a couple of hours. Therefore, polymeric tubing should be avoided or at least kept as short as possible. These findings are underlined by studies from Große-Kreul25. They compared the effect of polyamide and stainless steel tubing on the plasma chemistry using mass spectrometry. Their measurements confirm water cluster ion formation in the plasma due to water outgassing from polymeric tubes and faster drying times with metal tubes. Additionally, they investigated the effect of gas purification methods such as a molecular sieve trap and a liquid nitrogen cold trap on the plasma chemistry which helped to reduce the amount of impurities by about two orders of magnitude.

Instead of trying to purify the feed gas, there is also the approach of adding a controlled amount of humidity. As this intentional impurity then dominates over the natural impurities and thus controls the plasma chemistry, reproducible conditions are ensured as long as the amount of added humidity is precisely known.

For the ignition of the discharge, the applied voltage to the electrodes can usually simply be increased until the point of breakdown. However, depending on the surface conditions of the electrodes, sometimes a high voltage is necessary. To facilitate ignition, a high voltage spark gun can be used. This can also be useful when trying to ignite an argon discharge in the COST-Jet.

[bookmark: _CTVP0016bdb095a2a5841c0aaef78aa83513f13]Before applying the COST-Jet to any surfaces, sufficient time should be allocated for the device to equilibrate. When set to the desired control parameters, the COST-Jet needs approximately 20 minutes to reach stable conditions11. During this time, the temperature of the device, the gas temperature as well as the plasma chemistry are reaching a steady state.

[bookmark: _CTVP00155f867a123a346f1a3e368b814bdaca9][bookmark: _CTVP001036e3aa4f63a4ed1a447c54a235d5bb3]For comparison of scientific results, comparable plasma control parameters are necessary. For measuring the electrical input power, the COST power monitor can be used29. The software is open-source and compatible with a range of different types of oscilloscopes. The software operates according to the principle described by Golda19.

[bookmark: _CTVP001384bead0bd704340bf6744bc373043f0]In addition to the effect of feed gas humidity on the plasma chemistry, the transport of reactive species from the plasma to the substrate plays an important role in the effluent composition and is another critical step in the protocol. The surrounding atmosphere can influence the species created in the plasma on their way to the substrate. To minimize this influence, two different concepts are used: (i) Firstly, a controlled atmosphere can be set up that consists of the feed gas. Thus, the composition of the surrounding atmosphere can be kept constant. Depending on the purity level required for the treatment, the controlled atmosphere can be realized via protective housings equipped with a one-way valve to prevent overpressure. For higher purity levels, a vacuum chamber with a pump can be used. (ii) Secondly, a controlled atmosphere can be created by using a shielding gas curtain around the plasma effluent36,37. Usually, it consists of an inert gas, but it can also be varied according to the needs of the application.

[bookmark: _CTVP001252be868caab46dab072bcd61df07f99][bookmark: _CTVP00157dda9a470b040abb86a7a39b7ca0745]Fortunately, for the COST-Jet, the influence of the surrounding atmosphere is comparably low. Using isotopic labeling, Gorbanev have shown that for a parallel-field configuration plasma jet, the reactive oxygen and nitrogen species reaching a liquid surface were formed in the plasma gas phase as well as in the region between the plasma nozzle and the sample38,39. In contrast, using the same technique for the COST-Jet, they found out that RONS almost exclusively originated from the plasma phase instead of the surrounding environment28. This is probably due to the electric field being confined to the plasma channel of the COST-Jet discharge. This makes the plasma discharge largely independent of its environment and gives it a certain remote character. 

[bookmark: _CTVP0011ee9f60efaf5435185fa3222d956d0d5][bookmark: _CTVP001747e07d2ba45402ea2fa9359368e992b][bookmark: _CTVP001dd4dafe5e0b2430b8fe1013acb5b7de9]For a longitudinal electric field plasma jet, Darny et al.40 have shown that the polarity of the electric field modifies the gas flow pattern and thus also on the reactive species that reach a target due to ionic wind. The dependence of the reactive species density on the environment was confirmed by measurements by Stancampiano et al.7. They reported on the difference of the number of reactive species created in treated water depending on the electrical characteristics. To compensate for these differences, they had to create a compensating electrical circuit. This behavior is different for the COST-Jet: Figure 5 compares Schlieren images of the COST-Jet without an applied voltage and during operation for two different gas flow rates. The images were taken using a single mirror inline alignment as described by Kelly41. They show how the horizontally aligned COST-Jet effluent hits a flat glass substrate. Both images show the exact same gas flow pattern. This results from the lack of ionic wind due to the absence of charged species in the plasma effluent.

[bookmark: _CTVP001096bb90b814f4bbe8075eaae0c483a59][bookmark: _CTVP001323714fb7a374f62a0c2ae5158194b5e]Additionally, the COST-Jet exhibits a very laminar flow pattern. Kelly41 showed Schlieren images similar to the ones presented in Figure 5, for various gas flow rates. Even at comparably high gas flow rates of 2 slpm, the plasma effluent shows no signs of turbulence. At very low gas flow rates of 0.25 slpm and below, the buoyancy of the helium effluent begins to play a role. However, up to 4 – 5 mm distance from the nozzle, the ambient atmosphere does not influence the gas composition reaching the surface as demonstrated by Ellerweg using mass spectrometry17.

All of the above-mentioned characteristics add to the remote character of the COST-Jet. This makes it an ideal candidate for the controlled, comparable treatment of surfaces.

[Place Figure 5 here]

[bookmark: _CTVP001827fde81650b49efbfbc58c56c0dc086][bookmark: _CTVP0018bcd685117054109bcfaf0032ccd0c20]Depending on the desired effect on the treated sample, the control parameters gas flow mixture, applied electrical power, and distance between plasma source and surface can be adjusted accordingly. For the COST-Jet, a broad literature database of studies investigating reactive species in the effluent exists. As an example, Willems30 measured the atomic oxygen density using mass spectrometry whereas Schneider42 measured atomic nitrogen densities in the effluent.

[bookmark: _CTVP00124cad237fd124c4498d45e216ea96454][bookmark: _CTVP00161ec36a94d7841b1b114b27ed632fe80][bookmark: _CTVP0014534bde1bbd1474bbe3628038cefa1c9]The treatment of liquids with atmospheric pressure plasma can cause a variety of possible reaction mechanisms driven by reactive species, ions, photons, or electric fields. Due to the previously described characteristics of the COST-Jet, the effect of the electric field, ions, and photons are negligible compared to plasma sources where the plasma is in direct contact with liquids. Therefore, for studying the effect of short-lived reactive species like atomic oxygen on a phenol solution the COST-jet was used by Hefny43 and Benedikt44. Furthermore, the COST-Jet provides a convenient possibility to compare experiments and numerical simulations of liquid treatment28. As the interaction between plasma and liquid is dominated by the gas flow of reactive species from plasma to the liquid surface, the model complexity can be reduced.

The gas flow induced stirring of the liquid increases the reaction rate between plasma generated reactive species and the liquid. In contrast to surface treatments of solids, the convection of the liquid constantly changes the local concentration of reactants. Additionally, the reaction rates between plasma generated species with reactants in liquid are also affected by the surface activity of these reactants. With increasing surface activity, the concentration of the reactant at the liquid surface increases. These surfactants might play an important role in the reactivity of short-lived species generated by the plasma. 

[bookmark: _CTVP0016b814d9def434e309d89fc95d3a2299e][bookmark: _CTVP0013c801ccfefca4a459003999347b48331]Next to stirring the gas flow impinging on the liquid surface also induces evaporation which must be considered. Using the COST-Jet with short treatment times the evaporation might play a minor role, although still has to be considered for calculating correct reaction rates. The discharge of the COST-Jet is not affected by the evaporation and therefore the plasma chemistry is also not affected. For different plasma sources, where e.g. the plasma is in direct contact with liquid, the plasma chemistry is changing significantly with evaporation as shown by Tian and Kushner45 for a dielectric barrier discharge. Also, for the kINPen, an effect of evaporations was determined46. 
[bookmark: _CTVP0017ec14794d043425297117c7573378475]Besides these mentioned differences in plasma chemistry that need to be considered for different plasma sources, also the topology of the meniscus induced by gas stream on liquid surface changes. The depth of this meniscus is usually depending on the gas velocity. For plasma sources where the electrode configuration induces a significant electrical field reaching the liquid or even with a plasma in contact with the liquid, this meniscus can be elevated47,48. As shown, several effects need to be considered according to the used plasma source.

In the future, this protocol can be used to conduct and describe surface and liquid treatments using the COST-Jet. It is a stable, reproducible plasma source exhibiting a unique remote character amongst the plethora of different plasma jet designs. The same methods are not limited to the COST-Jet source only and can be modified and adapted to use with any cold atmospheric pressure plasma source.
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