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Inductively coupled radio-frequency (RF-ICP) plasma sources are widely used in 

semiconductor processing, mass spectrometry, nanomaterial synthesis, and also in space 

propulsion, where they operate across pressures from mTorr to atmospheric and power levels 

from tens of watts to tens of kilowatts. RF-ICPs offer an electrode-free, magnetic-field-free 

design that is simpler and lighter than helicon or electron-cyclotron-resonance sources, while 

advanced configurations with ferrite cores can achieve competitive ionization efficiency. This 

work develops and characterizes a low-pressure (≤10 mTorr), low-power (up to 250 W) RF-

ICP source to maximize ionization of molecular gases with potential application to space 

propulsion such as plasma thrusters and cathodes with molecular propellant. 

I. Nomenclature 

𝑉𝑝 = plasma potential 

𝑛𝑒 = electron density 

𝑇𝑒  = electron temperature 

𝑉𝑓 = floating potential 

𝑆𝑝 = probe surface area 

𝑓(𝜀) = electron energy probability function 

𝐹(𝜀) = electron energy distribution function 

Papp. = applied RF power 

Pfor. = forward RF power 

Pref. = reflected power 

Pcoup. = coupled RF power 

< 𝜀 > = mean electron energy 

𝜀T  =  ionization cost 

Γi  = ion Bohm flux 

Sloss  =  surface loss area 

 

II. Introduction 

The Inductively Coupled radio frequency plasma sources (RF-ICP) have been extensively studied and used for 

industrial applications ranging from semiconductor nanofabrication at low pressures (a few mTorr to hundreds mTorr) 

to mass-spectroscopy at moderate pressures, and the synthesis of nanomaterials and plasma chemical decomposition 

of gases at sub-atmospheric (100’s torr) and atmospheric pressure1,2. For space propulsion, moderate (0.01-1 Torr) to 

atmospheric pressure ICPs were proposed and used as miniaturized low power (10’s W) and scaled up (0.1-10’s kW) 

electrothermal plasma thrusters3,4. A number of studies have explored the use of low pressure (a few mTorr to 10’s 

mTorr) 100 W-class ICP plasma sources as cathode-neutralizers for ion and Hall thrusters5. Additionally, there is a 
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strong need in electrodeless plasma and multimodal propulsion solutions for space applications. In this regard, RF-

ICP are a reasonable choice as they are electrodeless and can, in principle, generate plasma from various relevant 

molecular gases including air, hydrogen, nitrogen, oxygen, NHx, CxHx,, Cox. Unlike their magnetically enhanced 

RF-ICP plasma counterparts, including helicon and electron-cyclotron resonance (ECR) plasma sources, RF-ICP 

operation does not require DC or additional AC magnetic fields, making its design simpler and lighter. Furthermore, 

advanced ICPs with improved RF coupling to plasma (e.g., ICP with ferrite core5) can achieve comparable or even 

better energy per ion-electron pair created (ion cost) as helicon and ECR plasma sources. 

A majority of ICP studies for propulsion applications have involved the use of argon or argon-based gas mixtures 

as the propellant for RF thrusters or as working gas for RF cathodes. Advanced ICPs demonstrated efficient ionization 

of argon gas measured as the energy lost per electron–ion created. For example, in5, this so-called ionization cost for 

a 100 W ICP was ~40 eV at 0.5 mTorr of Ar. For molecular propellants such as nitrogen and oxygen, the ionization 

cost can increase 3-5 times compared to argon leading to inefficiency of the ICP plasma.  This inefficiency is usually 

associated with losses due to the excitation and dissociation of molecular species and their ionization, which can be 

especially prominent in low-power and low-pressure operation of ICPs. For instance, the same advanced 100 W ICP 

described in5 was not able to sustain operation with nitrogen gas even at 20 times higher pressure (10 mTorr) than that 

required for argon operation. Thus, studying the ionization kinetics of molecular gases in RF-ICP at low pressures is 

crucial for further improving the application of ICP sources in electric propulsion. This includes their use in low-orbit 

air-breathing electric thrusters.   

  This work reports the development of a laboratory RF-ICP source and its preliminary characterization. The goal 

is to explore the limits and strategies for maximizing the ionization of molecular gases in RF-ICP plasma sources 

operating at low pressures and low power levels (up to hundred watts). These efforts support applications in low-

power plasma propulsion technologies for space, including air-breathing plasma thrusters, RF cathodes, and RF 

plasma thrusters. The remainder of this paper is structured as follows: Section III describes the experimental setup and 

diagnostic methods employed; Section IV presents and discusses the experimental results; and Section V summarizes 

the main conclusions 

 

 

III. Experimental setup 

The general scheme of the RF-ICP plasma source shown in Figure 1. It has cylindrical shape and designed 

following the sources in6,7. The main discharge zone of the RF-ICP plasma consists of an Al2O3 ceramic tube with a 

90 mm inner diameter, 203 mm height, and 10 mm wall thickness. Three turns of copper tubing (0.635 mm in diameter) 

are wrapped around the ceramic tube, serving as the induction coils for the ICP plasma. Beneath the copper coils, 

several turns of plastic tubing are tightly wrapped on the ceramic surface, with deionized (DI) water supplied to both 

the copper and plastic tubing for effective cooling during plasma operation. The downstream vacuum chamber, with 

an octagonal shape and an inner diameter of 120 mm, is made of aluminum. The main discharge chamber is attached 

to this downstream section and can be disassembled and mounted into a larger vacuum chamber if needed. The ICP-

RF plasma is ignited using an RF power supply (13.56 MHz, max 1 kW), connected to the discharge coils via an L-

type matching network. Forward and reflected power are monitored directly on the RF power supply display, with a 

resolution of approximately ~1 W. Power coupling efficiency is estimated by calculating Ohmic losses in the ICP 

coils, determined from the ICP current measured using a Pearson current probe (model 3972) attached to the grounded 

side of the RF coil. Molecular gas synthetic (dry) Air (Linde Gas, 99.9999%), and reference gas Ar (Linde Gas, 

99.999%) are introduced by the gas injection ports on the top of the main discharge chamber. Their flow rates are 

regulated by Alicat mass-flow controllers (MC series) and the gas flow typically kept at 2 sccm. The pumping system 

contains turbomolecular pump (ATH 500M, Pfeiffer) and dry scroll pump (Pfeiffer, ACP 40G) connected in series to 

the chamber. Gas pressure within the vacuum chamber is monitored using ion (KJLC 392 Series) and convectron 

gauges (Granville-Philips 275 series) and controlled by adjusting a throttling gate valve at fixed incoming gas flow 

rate. The base vacuum pressure was ~4x10-6 Torr for all the experiments. 
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Fig. 1 The general scheme of the RF-ICP plasma source. 

 

 

Plasma parameters are measured with an automated cylindrical RF-compensated Langmuir probe (PlasmaSensors) 

with a tungsten tip of 0.228 mm diameter and 7 mm length. The probe has RF pick-up electrode and two pairs of self-

resonant chokes designed to filter out the RF signal at fundamental 13.56 MHz and higher harmonics. The probe is 

inserted radially from one of side vacuum ports of the downstream chamber, with the tip positioned at the central axis 

of the chamber. The electron energy probability function (EEPF) obtained from the second derivative of the probe 

characteristics following expression8: 

𝑓(𝜀) =
2√2𝑚

𝑆𝑝𝑒3 ×
𝑑2𝐼𝑝

𝑑𝑉2  ,              (1) 

where 
𝑑2𝐼𝑝

𝑑𝑉2   second derivative of the probe IV curve, which is related to the electron energy distribution function 

(EEDF) through the relation 𝐹(𝜀) = 𝜀1/2𝑓(𝜀). Effective electron temperature and electron density are: 

 

𝑇𝑒 =
2

3
< 𝜀 >  =

2

3𝑛
∫ 𝜀3/2𝑓(𝜀)𝑑𝜀

∞

0
,            (2) 

 

𝑛𝑒 = ∫ 𝜀1/2𝑓(𝜀)
∞

0
.               (3) 

 

𝑉𝑝 is defined with respect to the grounded chamber wall and determined from the zero crossing of the second derivative 

of the Langmuir probe current. Note that all plasma parameters from the Langmuir probe were measured at the center 

of the downstream discharge zone.  

 The ion energy distribution function (IEDF) was measured with a retarding potential analyzer (RPA) inserted from 

the bottom of the downstream chamber, with the collecting orifice plane located at the bottom edge (exit) of the 

downstream chamber (Figure 1). The RPA consists of four grids: the first grid was grounded, the second was biased 

to - 50 V to repel plasma electrons, the third was scanned from 0 to 150 V to discriminate ions by energy, and the 

fourth was biased to - 8 V to suppress secondary electron emission. The ion current was collected on a grounded 

collector and measured with an oscilloscope, and the first derivative of the current signal was normalized to compare 

IEDFs across different experimental conditions.  

 The general photo of the RF-ICP plasma source in operation is shown in Figure 1 in synthetic (dry) Air and Ar at 

Papp. = 150 W and 1 mTorr. 
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Fig. 2 RF-ICP plasma source (a)  in operation with dry Air (b) and Ar (c) at 150W and 1 mTorr. 

 

IV. Results and discussion 

The RF-ICP plasma sources usually operate in so called E and H modes9 depending on the power coupling 

mechanism from RF antenna to the plasma10.  The low-power E-mode is dominated by capacitive coupling, where 

power is mainly deposited through the electrostatic field between the antenna coil and the grounded chamber, and 

electrons are heated by oscillating sheaths at the plasma boundaries, resulting in relatively low plasma density in 

main discharge zone and strong bombardment of the walls that causes significant sputtering. In contrast, the high-

power H-mode relies on inductive coupling, with power transferred to plasma via the electromagnetic field induced 

by the RF current in the coil, so that azimuthal electric fields drive collisional (Joule) heating of electrons throughout 

the bulk, producing substantially higher electron and plasma densities while reducing sheath-related wall sputtering. 

The transition from E- to H-mode11 typically exhibits hysteresis, reflecting the nonlinear dependence of power 

absorption and plasma conductivity on electron density, so that the power level required to ignite H-mode is higher 

than the power at which it can be sustained when ramping down. A standard way to cut down unwanted E-mode 

coupling is to place a grounded Faraday shield between the coil and the plasma, but this makes low-power ignition 

harder and requires very careful mechanical design. Another option is to add a termination capacitor between the 

coil and ground, which reshapes the voltage along the coil and lowers its effective potential relative to the 

chamber12,13. Choosing the capacitor so its reactance is on the order of half the coil’s inductive reactance gives a 

low-impedance return for RF current, flattening the coil voltage profile and suppressing the capacitive field that 

drives E-mode. This reduces RF fluctuations of the plasma potential and makes Langmuir probe measurements 

much cleaner and less distorted. Thus, to reduce capacitive coupling of the RF field to the plasma, an additional 

termination capacitor 𝐶ter = 250 pF is connected in series between the lower end of the coil and ground. The plasma 

parameters are then evaluated in two regimes: with reduced capacitive coupling when 𝐶ter is included in the coil 

circuit, and with stronger capacitive coupling when the termination capacitor is absent. Note that adding the 

termination capacitor increases the likelihood of transitioning to H-mode coupling, but does not guarantee it, 

because the actual transition still depends on the working gas, plasma conditions, and applied RF power level. To 

evaluate the reduction of plasma RF fluctuations, the floating potential of a large cylindrical probe (6.35 mm in 

diameter and 70 mm in length) was measured with an oscilloscope. As an example, the peak amplitudes of the RF 

component at a given set of synthetic-air plasma parameters are summarized in Table 1. The data show that the RF 
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plasma fluctuations decrease by roughly a factor of ~20, from 𝑉peak = 30.0 V down to 1.6 V. This strong reduction 

indicates that adding the termination capacitor promotes a transition from E-mode to H-mode coupling. 

Table 1. Peak value Vpeak of the RF component of floating potential of the large probe at some discharge parameters 

Power, W Pressure, mTorr Vpeak (w/o Cter cap.) Vpeak(with 250 pF cap.) 

50 100 19.2 1.0 

100 10 29.0 1.6 

100 100 30.0 1.6 

 

One of the main characteristics of RF-ICP sources is power coupling efficiency. At interested operation parameters 

RF power coupling in ICP sources is inherently below 100%, because a fraction of the applied RF power is 

unavoidably lost in the coil, dielectric window, matching network, and other circuit elements rather than being 

absorbed by the plasma. The coupling efficiency is determined by the complex plasma impedance (e.g. by density, 

gas composition and pressure) and by the antenna and chamber geometry, which together control how well the RF 

power are matched to the time-varying plasma load. The efficiency was defined as: 

 

𝐶𝑜𝑢𝑝𝑙𝑖𝑛𝑔 𝑒𝑓𝑓𝑖𝑐𝑖𝑒𝑛𝑐𝑦 =  
Pcoup

Papp
× 100%,           (4) 

 

where Papp  = Pforw  −  Pref , and Pcoup  =  Papp  −  𝐼𝑐𝑜𝑖𝑙
2 × 𝑅𝑐𝑜𝑖𝑙 . The root mean square (rms) value of the coil current 

𝐼𝑐𝑜𝑖𝑙 measured during the discharge operation with Pearson current probe. The total resistance of the coil and network 

𝑅𝑐𝑜𝑖𝑙 estimated by applying the RF power to the coil without the plasma ignited (at base vacuum pressure ~10-6 Torr), 

by measuring the coil current 𝐼𝑐𝑜𝑖𝑙 respect to the different Papp. From the slope of the linear fit of the plot 𝐼𝑐𝑜𝑖𝑙
2  versus 

Papp the estimated value of 𝑅𝑐𝑜𝑖𝑙  = 0.17±0.02 Ω obtained, which is further used for calculation of the Ohmic losses 

during the discharge operation. 

The power coupling efficiency was determined for Ar and air over an applied RF power range 𝑃app up to 250 W at 

gas pressures of 0.3, 1, and 10 mTorr. For Ar, the results with and without the termination capacitor are presented in 

Figure 3(a) and 3(b), respectively. Increasing the pressure improves the coupling efficiency, reaching about 80% at 

10 mTorr and 30 - 50% at 1 mTorr, whereas at 0.3 mTorr the efficiency remains low. A gradual rise in efficiency is 

also observed as 𝑃app increases from 100 to 250 W. 

 

 
 

Fig. 3 Power coupling efficiency of the RF-ICP in Argon with (a) and without (b) termination capacitor. 

 

Similar trends were obtained for dry air, as shown in Figure 4. However, at comparable pressures and applied 

powers, the coupling efficiency in air is consistently lower than in argon. 
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Fig. 4 Power coupling efficiency of the RF-ICP in dry Air with (a) and without (b) termination capacitor. 

 

RF power coupling in ICPs is low at reduced gas pressure because both the electron - neutral collision frequency 

and the electron density are small, giving low plasma conductivity and weak induced RF currents, so most of the 

applied RF power is lost in the coil and hardware rather than as Ohmic heating in the plasma14. As the pressure 

increases, more frequent collisions and stepwise ionization raise the electron density and effective conductivity, the 

plasma load becomes better matched to the antenna, and a larger fraction of the RF power is absorbed in the plasma, 

so the coupling efficiency increases15,16. The lower coupling efficiency in dry air than in argon at similar discharge 

conditions is primarily due to the reduced plasma density in air: ionizing air is harder because its molecular 

components introduce additional inelastic energy - loss and electron‑loss channels, so more RF power goes into 

non‑ionizing processes. Furthermore, the electronegativity of O2 causes negative‑ion formation via electron 

attachment and molecular ions are efficiently removed by dissociative recombination, both of which deplete the 

free‑electron population and further limit the achievable plasma density. 

The EEPFs of Ar and dry air plasmas in the RF ICP, with and without the termination capacitor, were measured 

over 0–100 eV electron energy range and used to extract the corresponding plasma parameters at different pressures 

(Figure 5 and Table 2).  The measurements cover a wide electron density range of ~105 – 109 cm-3 with negligible 

noise. As expected, increasing the gas pressure reduces the electron temperature  𝑇𝑒 from ~10 eV down to ~2.5 eV for 

Ar and from ~16 eV down to ~4.3 eV in for dry Air for both discharge configurations. Meanwhile, the electron density 

rises from ~5.5 x 108 cm-3 up to ~1.6 x 1010 cm-3. The reduction in electron temperature and rise of the electron density 

with increase of the gas pressure is consistent with global discharge model. As the gas pressure increases, electron - 

neutral collision frequency rises, so electrons lose energy more efficiently to excitation, ionization, and gas heating, 

which cools the electron population and lowers the electron temperature. At the same time, at fixed input power and 

certain pressure ranges, these frequent collision events and the reduced diffusion losses at higher pressure produce 

more ionization and better particle confinement, so the electron density increases even though electron population is 

colder.  
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Fig. 5 EEPF in RF-ICP at 150W applied power in Ar (top) and dry Air (bottom) with (a,c) and without 

(b,d) termination capacitor. 

 

 

  

The EEPF comparison between the purely capacitive and reduced-capacitive configurations shows that, in the 

reduced-capacitive mode, the high-energy tail is more strongly populated. This behavior is consistent with enhanced 

stochastic heating of electrons in the capacitive sheaths at 0.3 and 1 mTorr, which efficiently generates energetic 

electrons. In most conditions the EEPFs are close to Maxwellian, but at 10 mTorr a clear two-temperature 

(bi-Maxwellian-like) structure appears for both Ar and air, in both coupling configurations, indicating the coexistence 

of cold and hot electron populations. While bi-Maxwellian EEDFs are often attributed to collisionless stochastic 

heating at low pressure17, here the 10 mTorr behavior is more plausibly linked to nonlocal electron kinetics and spatial 

separation between the main discharge and downstream regions and thus warrants more detailed future investigation. 

 

Table 2. Plasma parameters at 150W 

 
Argon C termination 

 

no termination 

 𝑻𝒆, eV 𝒏𝒆, cm-3 𝑽𝒑, V 𝑻𝒆, eV 𝒏𝒆, cm-3 𝑽𝒑, V 

Pressure, mTorr       

0.3 10.0±0.4 5.5e+08 71.5±3.01 8.2±0.4 4.5e+09 86.9±0.3 

1 5.4±0.3 3.43e+09 19.2±0.9 6.5±0.3 8.0e+09 77.1± 0.4 

10 2.5±0.3 9.50e+09 7.8± 0.3 3.8±0.4 1.6e+10 31.9± 1.3 

       

Air C termination no termination 

 𝑻𝒆, eV 𝒏𝒆, cm-3 𝑽𝒑, V 𝑻𝒆, eV 𝒏𝒆, cm-3 𝑽𝒑, V 

Pressure, mTorr       

0.3 14.4±0.2 5.2e+8 91.2±0.7 16.5±0.3 1.93e+09 116.4± 0.7 

1 8.4±0.1 8.06e+08 48.6±2.4 7.1±0.5 2.15e+09 67.9±0.1 

10 4.3 ±0.1 2.13e+09 20.7±1.1 4.3±0.5 4.03e+09 58.2±0.3 

 

 

With the known coupled plasma power Pcoup and 𝑛𝑒 and 𝑇𝑒, we can estimate the ionization cost 𝜀T ≈ Pcoup/ΓiSloss 

per ion-electron pairs, where Γi=0.6𝑛𝑒(kB𝑇𝑒/mi)1/2 ion Bohm flux at the sheath edge near the wall surface. Let us 

consider the 10 mTorr case, where high plasma density and the absorbed power efficiency observed. Assuming total 
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Sloss ≈ 0.1 m2, and Pcoup ≈ 120 𝑊, 𝑛𝑒 =1.6 x 1010 cm-3, 𝑇𝑒 = 3.8 𝑒𝑉, the ion energy cost for Ar is ~ 4 x 10-17J/ion or 

~ 250 eV/ion. Doing the same estimations for dry air (assuming the N2 as main gas) for 𝑛𝑒 =4.0 x 1019 cm-3, 𝑇𝑒 =
4.3 𝑒𝑉 we obtain 𝜀T~1.2 x 10-16J/ion or ~ 780 eV/ion, which is roughly three times higher than for Ar. These 𝜀T  values 

might be overestimated taking the fact that the plasma parameters measured at the downstream discharge zone, where 

the plasma density might be several times less than in the main upstream ICP discharge region. However, these results 

confirm that the ion energy cost is several times higher for the molecular gases (e.g, dry air) and ICP properties need 

to be further studied and optimized to enhance the energy efficiency of the discharge.  

The results of the Langmuir probe measurements show that the addition of the termination capacitor into the coil 

circuit has significant impact on the plasma potential. In general, plasma potential values follow the electron 

temperature trends and falls with increasing gas pressure. However, the result shows that in pure capacitive mode it 

can be significantly enhanced (Table 2). For instance, at 1 mTorr in Ar the 𝑉𝑝 is ~19 V in the reduced capacitive 

coupling mode (when 𝐶ter inserted into the coil circuit), while in pure capacitive mode it rises to  ~77V. The similar 

trend observed for dry Air and confirmed the rise of the 𝑉𝑝 from ~48V up to the ~68V in the capacitive coupling 

regime. In capacitive mode, the antenna - plasma coupling is dominated by the RF sheath, so most of the applied RF 

voltage drops across sheaths at the window and walls, driving the time-averaged plasma potential to high values and 

causing large RF swings that probes see as a strongly oscillating floating potential. When the discharge transitions to 

reduced capacitive coupling or H mode, bulk Joule heating in a plasma shields the antenna voltage, the edge sheaths 

thin, and both the DC plasma potential and its RF oscillation amplitude drop toward a few 𝑇𝑒 above ground. Reducing 

capacitive coupling with termination capacitor therefore directly lowers the RF plasma potential and stabilizes the 

floating potential, which then follows the smaller 𝑉𝑝(𝑡) excursions characteristic of H-mode operation.  

 

 
 

Fig. 6 IEDF measured by RPA at the exit of the downstream chamber in Ar and Air for different power 

coupling conditions. The vertical lines show the corresponding plasma potential Vp values in horizontal axis. 

A large plasma potential relative to the chamber wall can be exploited to extract more energetic ions from the 

bulk plasma, which is beneficial for electric propulsion applications18,19. For this reason, the IEDF was measured 

at the exit of the downstream chamber; the results for Ar and air at 1 mTorr are shown in Figure 6. In the capacitive 

coupling mode, the maximum ion energies reach about ~52 eV in Ar and ~70 eV in air, with the peak energies 

lying slightly below the plasma potential measured at the discharge center because of the different measurement 

locations and collisional energy losses during ion transport, yet still closely following the overall plasma-potential 

trend. In the reduced capacitive coupling mode, the IEDF exhibits two distinct peaks: a dominant low-energy peak 

below the local plasma potential and a secondary peak higher by roughly ~17–18 eV, attributed to ions originating 

from the main ICP (upstream) region and arriving at the downstream exit after partial collisional slowing. In 

capacitive mode, the plasma - and hence the plasma potential - is distributed relatively uniformly between the main 

discharge and downstream zones along the RF electric-field lines, whereas in the reduced-capacitive (H-mode–

like) configuration the plasma is primarily localized near the coil where the azimuthal electric field is strongest, 

leading to two spatially separated discharge regions whose ion populations are both sampled at the downstream 

exit. The lower intensity of the high-energy IEDF peak is consistent with collisional attenuation of upstream ions 

in transit, and similar double-peaked IEDFs have been reported previously in simple ICP20 sources and in helicon 

discharges21. Considering the peak ion energies Ei,Ar=52 eV and  Ei,Air=70 eV, the corresponding ion velocities are 
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Vi,Ar ≈ 1.6×104 m/s and Vi,Air
 ≈ 2.2×104 m/s. The ionization fraction α ≈  𝑛𝑖/𝑛𝑛 for Argon and dry air at 1 mTorr 

are ~2.5×10−4 and ~6.7×10−5, respectively. Assuming, for simplicity, that the neutral gas atoms have very low 

velocity, that the atomic and ionic masses are similar, and and that the exhaust cross-sectional area 𝐴 is the same, 

the specific impulse can be written as Isp ≈Veff/g0, where Veff  ≈ (𝑚𝑖
̇ /𝑚𝑛)̇ 𝑉𝑖 is the effective exhaust velocity, 𝑚𝑖 ̇ ~ 

𝑛𝑖𝑚𝑖𝐴Vi is ion mass flow rate and 𝑚𝑛̇  is total input mass flow rate. Under these assumptions, the resulting specific 

impulse Isp is expected to remain very low, primarily because only a small fraction of the supplied gas is converted 

into fast, directed ions under the present operating conditions. Consequently, improvements in ionization 

efficiency would be required before such an RF‑ICP source could serve as a competitive primary thruster in electric 

propulsion systems. However, even with a low specific impulse, an ICP discharge may still be acceptable - and 

even advantageous - as an RF cathode or plasma source, particularly when operating with air or other molecular 

gases where robust, electrode‑less plasma generation and reliable electron supply are more critical.  

V. Conclusion 

This work developed and characterized a low-pressure, low-power RF-ICP source aimed at efficient ionization of 

molecular gases for electric-propulsion applications such as RF cathodes and air-breathing thrusters. Using Langmuir 

probes, a retarding potential analyzer, and power/current measurements, the study quantified power-coupling 

efficiency, plasma parameters, and ion energy distributions in Ar and dry air over 0.3–10 mTorr and up to 250 W. 

Introducing a 250 pF termination capacitor strongly reduced capacitive coupling, lowered RF plasma-potential 

oscillations by about an order of magnitude, and modified the plasma potential in ways consistent with a transition 

toward inductive (H-mode-like) operation. The coupling efficiency increased with pressure and power, reaching ~80% 

in Ar at 10 mTorr but remaining systematically lower in air due to higher ionization cost and additional loss channels 

in molecular gases. EEPF and IEDF measurements showed pressure-driven electron cooling with rising density, 

occasional bi-Maxwellian-like electron populations, and the coexistence of low- and high-energy ion groups, 

indicating nonlocal electron kinetics and favorable conditions for energetic-ion extraction from the upstream 

discharge. In particular, the high ion energies observed in the capacitive coupling regime, if combined with improved 

ionization efficiency, could be leveraged to develop gridless, neutralizer-less RF-ICP propulsion concepts that directly 

exploit high plasma potential for efficient ion acceleration. Even with a low specific impulse, an ICP discharge can 

still be suitable as an RF cathode or plasma source, particularly in air or other molecular gases where robust 

electrode-less operation and reliable electron supply are more important than high thrust efficiency. 
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