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Abstract

Atmospheric pressure plasma jets (APPJs) can enable large fluxes of reactive species impinging on treated
substrates in many applications. The relative importance of ionic versus neutral reactive species fluxes
produced by APPJs is to date mainly deduced from modeling due to the challenge of measuring absolute
ion densities/fluxes. In this study, a calibration was performed to determine the absolute densities of cold
ions in the afterglow region of an RF-driven atmospheric pressure plasma jet (APPJ) in Ar + 1% O, by
molecular beam mass spectrometry. Positive ion densities were found to be about 3-4 orders of magnitudes
lower than the densities of the dominant reactive neutral species (O, Ox(a'Ag), Os3) in the afterglow region
of the APPJ at a distance larger than 2 mm from the visible plasma plume. The results illustrate the ability
of molecular beam mass spectrometry to enable a quantitative evaluation of both neutral and ionic species

in many applications using APPJs.
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1. Introduction

Atmospheric pressure plasma jets (APPJs) are widely used in a broad range of plasma-enabled applications
such as plasma medicine [1],[2], plasma decontamination [3], environmental remediation [4], and materials
processing [5]. A key distinctive feature of APPJs is that it enables the treatment of substrates both with
and without the plasma in direct contact with the substrate [6]. When the substrate is not in direct contact
with the plasma, the treatment is enabled by reactive species including neutral and ionic species produced
by APPIJs that are convectively transported to the substrate. The high collisionality of ions at atmospheric
pressure does not lead to large ion energies near substrates as in low-pressure plasmas [7]. Nonetheless,
many ions have ionization energies in excess of typical bond energies of molecules [8] and hence ions can,

in addition to charging, still induce chemical reactions on substrates.

In spite that the absolute densities of ions were predicted to be significantly lower than neutral radicals in
the effluents of APPJs by models for indirect treatments [9],[10], ion-induced effects can a priori not always

be neglected. For example, the mass accommodation coefficient of an ion which describes the probability
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of species entering the liquid is often assumed to be close to 1 [11], while neutral species have typical mass
accommodation coefficients between 0.01 and 0.3 [12]. In this case, the ion flux across the gas-liquid
interface might be comparable to neutral fluxes despite a 2 orders of magnitude lower impinging flux. In
addition, the energy released by the exothermic charge recombination reaction can be significantly larger

than that from radicals and accelerate surface reactions.

To quantitatively evaluate the role of different species in plasma-surface interactions, the absolute densities
of neutral reactive species in the afterglow region of APPJs have been extensively characterized by a variety
of diagnostics [13]-[17]. Nevertheless, the equivalent measurement of ionic species in atmospheric pressure
plasmas is to date largely not quantitative [18]. It remains however extremely valuable to be able to measure
the ratio of neutral reactive species and ion fluxes/densities for mechanistic studies of plasma-surface
interactions. Molecular beam mass spectrometry is able to detect both neutral and ions at atmospheric
pressure plasma [17]. While an extensive list of calibration approaches have been reported for neutral

species [19]-[22], an equivalent effort for ion fluxes/densities remains subject of further investigation.

At low pressures and when the mean free path is larger than the sampling orifice, molecular beam mass
spectrometer (MBMS) signals represent a measurement of species fluxes [23]. At atmospheric pressure,
the mean free path is typically much smaller than the MBMS sampling orifice and hence in this collisional
environment the velocity component of species is random and the MBMS signal is representative of the
species density [24]. While this will be also applicable for ionic species, the presence of (strong) electric
fields can impact the sampling and complicate a quantitative analysis of the mass spectrometer

measurements.

In the field of combustion, the ion concentrations in a flame were previously calibrated using MBMS by
adding metal salt solutions with known concentrations to the flame. As the temperature of the flame was
over 2300 K, the metal was completely ionized and hence the resulting mass spectrum could be quantified
[25]. This approach cannot be applied to low-temperature plasmas because the ionization degree of the
added salt might significantly vary with plasma conditions in addition to have a huge impact on plasma
properties. GroBe-Kreul et al. [18] investigated the sampling of ions at atmospheric pressure by MBMS
through simulations of the MBMS system. A relation between the measured ion signal and the ion density
was achieved via the theoretical determination of the ion transmission function of the mass spectrometer
system. This led to an estimation of the ion density in the afterglow of RF He-APPJ of approximately 5x10'
m~. While this approach provides a valuable estimate of the ion density, it does not replace an absolute
calibration of the MBMS that also inherently considers the impact of instrument imperfections on the

measurement.



In this work, we adopted the MBMS to measure the ionic species in the afterglow region of an RF-driven
APPJ in Ar +1 % O,. A calibration approach for ion measurements by MBMS was implemented using a
corona discharge. Absolute densities of positive ions were compared with densities of the dominant neutral
reactive species (O, Ox(a'Ag), O3). We limit ourselves in this work to corona discharges and the effluent of
APPJs and exclude sampling through a sheath structure in the presence of a high electric field with possible

large electric field gradients on the length scales of the sampling orifice diameter.
2. Experimental setup
2.1 Molecular beam mass spectrometer

Figure 1(a) shows the MBMS system used to measure ionic and neutral species in the APPJ effluent in this
work. The MBMS consists of three vacuum stages, separated by skimmers, which enable to reduce the
pressure from atmospheric pressure to ~10” Torr commensurate with the pressure required for the operation
of the mass spectrometer (MS). The diameter of the sampling orifice of the MBMS at the atmospheric
pressure side is 30 um and is embedded in a grounded stainless-steel sampling plate. The MS used was an

EPIC 300 (Hiden Analytical Ltd). More details about the MBMS system can be found in [26].

The secondary ion mass spectrometry (SIMS) mode of the mass spectrometer was used to detect the ionic
species, and bias voltages were applied on the two skimmers (-11 V and -41 V, respectively) separating the
different pressure stages to guide the ions into the entrance of the mass spectrometer. The charged species
in the molecular beam were focused by the ion optics (electrostatic lens) installed in front of the ionizer and
pass through the energy filter (Bessel box) before reaching the mass analyzer and the detector. In addition,

the measurement and calibration methods of O, Ox(a'A,) and O; were previously reported [22],[26].

2.2 Plasma source
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Figure 1. (a) Schematic of the MBMS system and the APPJ; (b) Schematic of the pin-to-plate corona
discharge setup used for the absolute calibration of the ion measurement; (c) Illustration of the ion
trajectory from the sampling at atmospheric pressure to the detector. The parameters in the figure are

defined in the text.

The plasma jet used in this study is shown in Figure 1(a) and is identical to the APPJ described in [22]. The
APP]J consists of a tungsten needle electrode, a cylindrical quartz tube, and a copper ring ground electrode.
The inner and outer diameters of the quartz tube were 1.6 mm and 3 mm, respectively. The distance between
the ring electrode to the nozzle of the quartz tube was fixed at 2.7 mm in this study. The plasma jet was
driven by a radiofrequency (RF) sinusoidal wave at a frequency of 11.8 MHz modulated by 20% duty cycle

(on — off modulation) at a frequency of 20 kHz. The modulation of the RF waveform enables a reduction



of the gas temperature while maintaining large radical densities [27]. The plasma dissipated power was
obtained by multiplying the measured current and voltage waveforms as described in detail elsewhere [28].
The gas flow rate through the APPJ was kept constant at 0.2 standard liters per minute throughout the work.
The gas temperature at the sampling plate was measured to be ~330 K by time-resolved measurements of

Ar with electron energy of the ionizer set at 70 eV [29].

In this study, the plasma jet was placed in a vacuum chamber, operating in a homogenous Ar+1% O-
environment. The controlled environment was obtained by pumping down the chamber to 0.1 Torr twice
and refilling it each time up to atmospheric pressure. The nitrogen impurity of the controlled gas
environment was measured to be ~12 ppm using the residual gas analysis (RGA) mode of the mass
spectrometry. In this manuscript, all the results of ionic species associated with APPJs were obtained in the

far afterglow region (at least 2 mm from the visible tip of the plasma plume) of the plasma jet.
3. Absolute ion density calibration

The absolute calibration of ion densities measured from the APPJ requires a reference ion source with a
known absolute ion density or flux. We used a pin-to-plate corona discharge setup powered by a positive
DC high-voltage sources (0-10 kV) for this purpose. Figure 1 (b) shows the schematic of the pin-to-plate
corona discharge installed inside the vacuum chamber. The grounded stainless-steel sampling plate of the
MBMS served as the plate electrode of the corona discharge. A 5 MQ ballast resistor was inserted between
the power supply and the corona needle and high-voltages probes (Tektronix P6015A) were used to measure
the mean voltage drop across this resistor to obtain the mean discharge current. The maximum impact of
the current pulses to dc corona discharge current was at most 10%, confirmed by operating the corona
discharge with a different grounded electrode that allowed measuring the current pulses at the low voltage
side using a voltage probe (Teledyne Lecroy PP016) with a large frequency bandwidth. Warburg’s law [30]
represents the spatial distribution of the current density in a corona discharge and hence the (undisturbed)
local current density at the sampling orifice can be determined. As we focus in this study on the positive
ions in the far afterglow of an APPJ operating in Ar + 1% O», the corona discharge was operated in the

same gas.

Figure 1(c) illustrates the ion motion from the atmospheric pressure side to the MBMS. The suction region
marked in Figure 1(c) represents the distorted sampling region due to the existence of the sampling orifice.
Knuth [31] previously reported that an MBMS measures an undistorted neutral density at a certain distance
o0 in front of the substrate. The distance ¢ for neutrals was previously reported to be about 2-5 orifice
diameters [32],[33] and can be calculated as follows [31]:

% = 0.19vRe- S, (1)
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with Re the Reynolds number, Sc the Schmidt number, and d the diameter of the sampling orifice. In the
case of ions, the presence of an electric field near the substrate can impact the motion of ions as the drift
velocity (V) can be different than the gas velocity. Therefore, the suction region of ions might differ from

that of neutral species.

The total mass spectrometer signal (S) can be related to the undistorted ion flux at the edge of the suction

region (1) can be written as follows (see also Figure 1(c)):
S = LiBAGTer (M) Tz (M) Toma (M) Tea (E)nsem (M, Ei), 2)

B is defined as a sampling geometrical factor equal to the ratio of I,/I;, in which I, denotes the ion flux at
the sampling orifice. A, is the area of the sampling orifice [34]. The total number of an ionic species being
sampled can be given by the flux I, multiplied with the sampling orifice area A,. T and T, are the ion
transmission efficiencies between the sampling orifice to the quitting surface (collisional zone), and
between the quitting surface to the entrance of the MS (free-collision zone), respectively. The total ion
transmission efficiency inside the MS is the product of the ion transmission efficiency inside the energy
analyzer (Tga), the ion transmission efficiency inside the mass analyzer (Toma), and the efficiency of the
detector (nsgym) determined by the secondary electron generation at the multiplier. Equation 2 is valid for
both the corona discharge and the APPJ although some factors in the right hand side of the equation are

different for both cases as will be described below.

Considering that we measure the ions in the far afterglow region (>2 mm from the tip of plasma plume) of
the APPJ, the majority of the electrons will have recombined before the effluent reaches the sampling
location and no sheath is present between the plasma plume and the sampling plate [29]. Hence, the space
charge and electric field are small in the plasma jet effluent and the electric field near the substrate is small
and ion motion is mainly due to convection in the jet effluent. In this casethe ion density relates to the ion

flux at the sampling orifice as follows (I; = nyv

sound?

n, the ion number density at the orifice) as the velocity
at the orifice is in good approximation equal to the sound velocity because the pressure ratio of atmospheric
pressure and the pressure in the first pressure reduction stage exceeds the critical pressure ratio and satisfies
the sonic nozzle condition [17]. In addition, when the gas composition is not altered between the boundary
of the suction zone and the sampling orifice in APPJs, the ion number density at the orifice 7, scales with
the gas density p and can be linked to the undisturbed density 7. using the properties of an isentropic

expansion [35]:

d d
L=y (3)



where p denotes the gas pressure , and y the specific heat ratio of the gas. The conservation of momentum

provides the relationship between p and p [35]:
pvdv = —dp, “4)

Assuming that the velocity at the boundary of the suction zone is negligible compared to the sound velocity,
niAr = 1.6n8" is obtained after integrating eq. (3) and (4). The undisturbed ion density in APPJs can thus

be obtained through the calibration as follows:

f, frref —ref ref

ptar — 1.6prefrrefgtar (Tcrf Tes ToMaTEA nSEM)

a - tarptarptar tar.,tar J-
Ter Tez ToMaTEA MSEM

(5)

Usoundsref

with the superscripts ‘ref” and ‘tar’ the calibration measurement with the corona discharge and the targeted

ion measurement in the APPJ, respectively.

Many of the ion transmission efficiencies including T.i, Tc2, Toma, Tea, sgMm 10 €. (2) can have an ion
mass- or energy-dependence. The ion calibration should thus be performed with an ion with similar mass
and energy. In addition, the possible difference between the transmission functions for the case of ions
originating from the corona discharge and the APPJ needs to be assessed. The ion calibration procedure

is outlined in the following sections and a simplified version of the calibration equation is developed.
3.1. The selection of calibration ion

The most dominant positive ion in the afterglow of Ar+1% O, APPJs was found to be NO" (30 amu) with
arelative yield of more than 90%, as shown in Figure 2. This finding is consistent with the results published
in [29]. NO' formation is due to the presence of traces of N, in the feed gas. NO" can be produced in charge

transfer reactions between the primary ion O, with NO [36]:
0" +NO — O, +NO". (R1)

Hence NO' is the targeted positive ion that requires calibration.
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Figure 2. Relative positive ion yield in the Ar + 1% O, APPJ and corona discharge operating at 70 pA.
For the APPJ, the nozzle-to-substrate distance is 5 mm, the gas flow rate is 0.2 slm and the dissipated
plasma power is 2.3 W; for the corona discharge, the pin-to-plate distance is 15 mm. The error bars

represent the standard deviation of the MS signals of multiple measurements.

Ideally, calibration with NO" should be pursued, but unfortunately, it is challenging to control the ion
composition of the corona discharge. Figure 2 also shows an example of the relative ion yield in the Ar +
1% O, positive corona discharge detected at a pin-to-substrate distance of 15 mm. The dominant ion groups
are found to be H;O'(H>0),, and the most dominant ion with a relative yield ~70% is H;O'(H,O) and has a
similar mass (37 amu) as NO" (30 amu). The ion compositions of the corona discharge under other gas
environments were investigated, but the results were very similar to the Ar+1% O, case. This is because
the ion drift time in the corona discharge (~10 ms) is longer than compared to the gas residence time (~1
ms) for the jet and the ions in the corona are the terminal ions after numerous collisions. H3O"(H>O), ions
were also detected as the most abundant terminal ions in positive corona discharges in other studies [37],

and are more stable than the NO*(H,0), ions [10].

Hence, H;O'(H>0) was selected as the reference calibration ion. The validation of using H;O"(H,0) as a
referenced ion and the resulting uncertainty of the calibration caused by the mass difference between
H;0'(H>0) and NO" is analyzed in section 3.3 but first, the determination of the ion flux in the calibration

measurement 1s described.

3.2. Determination of the ion flux in the corona



In the positive corona discharge, the current at the surface of the plate is due to the positive ions. The current
density (jx) in the corona discharge for a pin-to-plate distance (d) at the plate electrode can be described by

Warburg’s law for a positive corona [30]:
j(x) = jocos*82(arctan %), arctan% < 60°, (6)

where the subscript 0 represents the centerline position and x is the radial distance from the axis of
symmetry. The current density for the position outside the validity zone of eq. (6) can be neglected as it
contributes less than 3% to the total current [38]. The total current at the surface of the metal plate can be

computed by integrating eq. (6):
I = [2mxj, dx . (7)

Combining equation (6) and (7), we can determine I,r*" = j,e ™! given the measured total current / and e
is the elementary charge. Figure 3(a) shows the relative radial distribution of the ion fluxes as measured
using the MBMS. The experimental ion fluxes match Warburg’s law, validating the use of eq. (6) for the

calibration.

Figure 3(b) shows the relation between the current density jo (and I,F¢%) and the mass spectrometer signal.
The current density was changed by varying the applied voltage. A linear relationship between ion fluxes

and MS signals (I[F¢" = k - ST") was found and a linear fit yields a calibration factor (k) of (2.2+0.06)x 10"

cm? s (counts/s)”, which determines the ratio I;7f over ST in eq. (5).
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Figure 3. (a) Comparison of the radial distribution of the ion flux with Warburg's law for the positive

corona discharge in Ar + 1% O, operating at a current of 70 pA; (b) lon flux calibration curve obtained

in Ar + 1%0; corona discharge for varying the current between 22 pA and 70 pA. The error bar of the



normalized ion flux in (a) and the error bar of the MS signal in (b) represent the standard deviation of the
MS signals of multiple measurements; the error bar of the current density in (b) is determined by the

resolution of the measurement.
3.3 Determination of geometrical factor and transmission efficiencies in the MBMS
3.3.1 Sampling at atmospheric pressure

As discussed earlier, the NO" ions in the afterglow of APPJs are thermalized and the ion velocity and energy
are therefore the same as of neutral species. The energy and velocity of H;O'(H>O) in the corona discharge
used for calibration requires further analysis. The Laplacian electric field at the substrate in the pin-to-plate
corona discharge can be calculated from the formula available in [39]. However, the effect of space charge
on the electric field at the cathode substrate cannot be neglected. The difference between the measured and
Laplacian fields is particularly important for larger corona discharge current as used in this work [40]. In

this work, we adopted the formula provided in [41],[42] yielding for estimating the electric field at the

_ [
b= €oli’ (8)

where a is the focal distance, j the corona current density, u; the ion mobility and B a parameter that is

center point of cathode substrate:

determined by the applied voltages as described in [41],[42]. The calculated electric fields are in the range
0f 1.9-3.9 kV/cm for voltages between 2.85-6.0 kV. This is about twice as the Laplacian electric fields (0.9-
1.8 kV/cm). With typical ion mobilities in argon between 1.5 and 3.0 cm? V™' s™! [43], the ion drift velocity
near the substrate is between 20~100 ms™. This is significantly larger than the bulk gas velocity in the
corona discharge as no external gas flow was applied and typical reported ionic wind velocities are ~1 ms

"in corona discharges [44]. This underlines the need to include ion drift in the analysis.

In APPJs, the suction region of ions should be the same as that of neutral species because ions are
transported by convection. But for the corona discharge, the suction region of ions might be different from
neutrals due to the drift velocity of the ions in the electric fields near the substrate (~10° V/cm). A simulation
was performed in the boundary layer of the substrate (~1 mm) to estimate the value of B7¢f using the method
described in [45]. The Laplace equation was solved for the electric potential, and Navier—Stokes equations
for compressible and laminar flow were solved for the neutral gas flow. The migration of ions under the
electrical field and their convective and diffusive transport was described by the following steady-state

equation without considering reactions:

|7(—D|7ni - Z/.LL‘IIIVV + niﬁ) = 0, (9)
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where n; represents the ion density, D the diffusion coefficient, } the electrical potential, Z the charge, and
u the bulk gas velocity. The experimentally obtained current densities (ion fluxes) and zero diffusive ion
fluxes are set as boundary conditions for the edge of the boundary layer and cathode plate, respectively.
The estimated electric fields considering the effect of space charge and the ground potential were applied
as the boundary conditions for the Laplace equation. The boundary conditions for the neutral gas flow used
are identical as in [26]. Both cases with or without sampling through the orifice were investigated. The
position of the undistorted ion flux at the edge of the suction region (/%) can be found by comparing the
simulated ion flux distributions in these two cases. The ion flux at the orifice (/) was obtained by the
simulated result with sampling through the orifice. The simulated 7 varies with the applied electric
potentials of the corona discharge (2.85-6.0 kV), and the average B7¢' is 5.8 with a maximum variation of

20%. This value is a factor 4-5 smaller compared to the case assuming a Laplacian electric field.
3.3.2 MBMS ion transmission

The ion kinetic energy (KEion) can be expressed by [46]:

2 2
i k
KEjon = ™o 4 Z0%0 4 367, (10)

where mion is the mass of the ion, T'is the gas temperature, and M, is the mass of the gas (Ar). The first two
terms in eq. (10) represent the drift energy due to the ion drift velocity in the field direction and to the
random field energy due to ion velocity components randomized by elastic ion-neutral collisions [46]. The
first two terms of eq. (10) are almost negligible to the thermal energy of ions (the third term) even when vq
is 100 m/s. Hence, we can conclude that the kinetic energy of sampled NO™ in APPJs and its reference ion

H;0"(H>0) is in good approximation the same (~0.026 eV at 300 K).

After the ions enter the sampling orifice, they undergo a free-jet expansion with falling temperature and
pressure and then enter the free-collision zone [18]. The chemical relaxation during the expansion in the
molecular beam is typically not an issue for atmospheric pressure afterglow measurements due to the large
collision frequency ~10° s at atmospheric pressure [24]. The electrostatic field generated by the cones in
the MBMS (see Figure 1 (a) and (c)) guide the ions during the expansion and reduce the ion losses
significantly. As the ions enter the MBMS at the speed of sound and they all cross the same potential
difference, the ions arriving at the mass spectrometer entrance have the same energy (but different
velocities). The applied electrostatic fields, by the cones in the experiments, lead to ion velocities at the
entrance of the MS that are 40 times higher than their initial velocity. lon motions are therefore dominated

by the electrostatic fields induced by the bias voltages on the skimmers. We confirmed this with an ion
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energy scan of the Bessel box showing that the ions entering the MS have all the same energy independent

of the ion mass.

Although ion motions are dominated by the electrostatic fields, the expansion can induce a radial velocity
component of the sampled ions, as schematically shown in Figure 1(c). According to the simulation by
GroBe-Kreul et al. [18], the expansion angle was within 5° immediately after the quitting surface. In the
MBMS system used in our work, the electrostatic field guides charged particles and helps to limit the
radial losses of ions in the supersonic expansion. A simulation was performed to capture the ion
trajectories under the electrostatic fields in vacuum neglecting any collisions using the particle tracking
module in COMSOL Multiphysics, which can help to evaluate the radial losses of ions. All geometric
dimensions and bias voltages applied to the skimmers are specific for the used MBMS system design. In
the model, charged particles were emitted at the sonic velocity from the orifice with a cone shape velocity
distribution and then accelerated by the electrostatic fields inside the vacuum. The cone angle o was set at
5¢ and 15°, respectively. The results showed that ions with larger mass had larger radial losses nonetheless
the radial losses between NO" and H;O"(H,O) were within 5% even for a cone angle of 15°. This means
that the difference of Tt for these two ions is within 5%. In addition, the total current in the circuit of the
corona discharge is carried by ions with different mass, and the contribution of H;O"(H,0) is ~70%.
Further assessing the T, for ions with different masses found in the corona discharge by the simulation,
the uncertainty of the MS signals of the total ions is estimated to be at most 10%. In summary, the use of
H;0"(H>0) as a calibration reference for NO" in our MBMS system will cause a total uncertainty of at

most 15% in Te.

As all the ions enter the MS with the same energies, Toma and Tea are the same for each ion. This was for
Toma experimentally confirmed in the ion mass range from 37 to 73 amu by showing that the optimized
MS conditions are ion independent. Toma Was estimated to be unity for the same mass analyzer as used in
this study by simulations reported in [18]. However, in the latter study, the optimized MS tuning parameters
were reported to be energy-dependent which is not an issue for our study but should be considered when

ions with a different mass entering the mass spectrometer have a different energy as in [15].

Additionally, nsgy is the efficiency of the detector determined by the secondary electron generation at the
multiplier. nggy is dependent on ion velocity and scales with m;,, "> [17]. With the same MS settings, nggm
might differ by 10% for NO" and H;O0"(H.O). An additional 10% uncertainty could be present in the
calibration due to the potential underestimation of ions with larger masses contributing to the current by
mass-dependent nsgv . However, this uncertainty will in good approximation be compensated by the

inverse effect of T¢,.
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In summary, the calibration of NO" in the afterglow of an APPJ using a known ion flux of H;O"(H,0) in a

positive corona discharge based on the above analysis can be obtained by:

.prefctar
ngar = LBTIT _ (63 +2.1) x 106 - 5, (1D

Vsound

4. Comparison of neutral and ionic species densities

The absolute density calibration of ions described in the previous section, allows us to compare the densities
of neutral and ionic species in the effluent of the Ar + 1% O, APPJ. Figure 4 shows the densities of different
reactive species in the afterglow region as a function of plasma dissipated power at a fixed nozzle-to-
substrate distance of 5 mm. Ox(a'A,) is the dominant reactive species in the afterglow region with densities
reaching 10'° cm™. O and Os are the other two main reactive species with densities between 10'* and 10"
cm™. The densities of the ions vary between ~10°-10'* cm™ in the power range of 1.4-2.6 W. A pseudo-1D
plug flow model for the Ar plasma jet showed that the positive ion density near the tip of the plasma plume
was on the order of ~10'' ¢cm™ [10], which is one order of magnitude smaller than our measurements. In
this plug flow model, the plasma was assumed to be homogenous leading to an underestimation of the ion
density. The electron densities near the tip of the visible plasma plume of the same RF-driven APPJs but in
Ar was experimentally measured to be ~10'2-10"* cm™[47]. This is similarly significantly larger than found

in the plug flow model [10].

Increasing the plasma dissipated power increases the visible plasma plume length (approximately in the
range of 1-3 mm in this study), hence the distance between the visible plasma region to the sampling orifice
changes accordingly. This allows to obtain an estimate of the ion flux for near touching plasma conditions.
Indeed, an extrapolation of the ion density with an exponential fitted line through the data points to 3 W,
which corresponds to the power at which the plasma is in direct contact with the substrate at 5 mm nozzle-
to-substrate distance, provides an estimation of the ion density at the visible plasma plume tip of ~3x10"
cm™, very similar to the measured electron densities near the tip of the visible plasma plume [47] and further
supporting the validity of the ion calibration approach. There is unfortunately limited reported information
on the densities of the charged species in the afterglow region of RF APPJs even from 2-dimensional fluid

models, not allowing for more detailed validation of the absolute calibration approach.

In addition, a change in 2 mm of plume length leads to a change in gas residence time from the tip of the
visible plasma plume to the sampling orifice of about ~1 ms. While species densities can vary with power
within the visibly plume, the lifetime of the species can provide insights in their measured trends. O3 is a
long-lived species and hence its density does not change significantly on this time scale (Figure 4). Based

on the dominant reactions reported in [22],[26], the lifetimes of O and Ox(a'A,) in Ar+1% O, environment

13



are estimated to be 2.5 ms and 13 ms, respectively. The obtained lifetimes are consistent with a much faster
drop in the density of O compared to Ox(a'A,) with decreasing plasma power. The dominant loss
mechanism of ions in the afterglow region, depleted from electrons, is the fast ion-ion recombination
reaction, with a reaction rate coefficient of ~107 cm™ s™' [48]. The negative ion densities for the same
experimental conditions are below the detection limit and their densities are assumed to be identical to those
of positive ions in the afterglow region. This is not an inconsistent assumption as the ion sampling for
positive and negative ions is optimal for different MBMS settings suggesting different sampling conditions
and transmission efficiencies. In addition, typically a much broader range of different negative ions
compared to positive is observed which reduces the individual negative ion signal [49]. The lifetime of ions
for a positive and negative ion density of 10'? cm™ is therefore two orders of magnitude smaller than the

gas residence time (~1 ms), consistent with the fast decrease in ion densities with decreasing plasma power.
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Figure 4. Densities of O, Ox(a'Ay), Os and ions as a function of plasma dissipated power in the afterglow
region of Ar + 1% O, APPJs. The nozzle-to-substrate distance is fixed at 5 mm. The ion density is the
density of NO" with the exception of the 2.6 W case, for which the sum of NO"and O," is shown because
of its higher relative yield. The error bars refer to the uncertainties of the MS signals in multiple

measurements.

In conclusion, the ion density is three orders of magnitude lower than the dominant reactive neutral species

(03, O and Ox(a'A,)) in an RF-driven plasma jet for non-touching plasma conditions.

5. Conclusion
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In this paper, a calibration approach was developed to enable the absolute density measurement of ionic
species in the afterglow of an RF-driven APPJ by MBMS. A corona discharge generated in the same gas
composition as the APPJ was used as the reference ion source. The sources of uncertainty in the calibration
were analyzed. The densities of ions in the afterglow region of the APPJ were found to be about 3 orders
of magnitudes lower than that of neutral species. The results illustrate the possibility to use MBMS to
measure absolute ionic species densities in the afterglow region of APPJs. This might be of great importance
for evaluating the role of ionic species in plasma-surface interactions. The complex processes in sampling
at atmospheric pressure could impede the direct use of this calibration approach for ion sampling in
atmospheric pressure plasma sheaths, requiring more complex modeling to illuminate and quantify ion

sampling in collisional sheaths.
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