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Introduction
Very low earth orbits (VLEOs) have been an area of interest for a long time. Recently the 
research and development of air-breathing plasma propulsion devices in VLEOs (80 km 
to 260 km) have been surging [1–4]. To effectively counteract drag levels ranging from 
60 mN to 60 N within VLEOs, a minimum thrust level equivalent to or greater than the 
norm is necessary [1, 2]. Enhanced satellite mission capabilities, such as (i) earth imag-
ing, (ii) reduced atmospheric pollution, (iii) decoupled propellant storage (resulting in 
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The paper presents an enhanced version of an arc electron source designed for air ioni-
zation applications in a self-neutralizing air-breathing plasma thruster. The arc electron 
source is specifically suited for the air-breathing plasma thruster, as it allows precise 
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were utilized. It was demonstrated that the circular electron source leads to enhanced 
ionization of airflow by achieving plasma densities greater than  1018  m−3. By utiliz-
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to move azimuthally due to the magnetic field. Furthermore, scanning electron 
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arc electron source to examine the deposition and conductance of the electron extrac-
tion grid. While the grid underwent deposition of about 600 microns, the conduct-
ance was observed to increase/saturate with time and bias voltage, indicating an elec-
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lower launch costs), (iv) extended lifetime [5], and (iv) prevention of space debris forma-
tion [1], are among the advantages attributed to operating in low earth orbits. Generally, 
plasma thrusters that utilize air for propulsion include an air collimator, like a honey-
comb structure, to gather and compress incoming air particles. However, challenges 
arise from the inefficient collimator air inlet design and compression of incoming air 
leading to excessive drag that exceeds the thrust [2]. Additionally, the power require-
ments for the system are exorbitant [1], posing further difficulties. Moreover, there is a 
need to develop effective methods to enhance ionization for air-breathing plasma thrust-
ers, which is currently lacking.

Previously, we proposed a scramjet-type air collimation-less design [1, 2, 4] for an 
air-breathing plasma thruster. In a scramjet-type inlet design, the incoming air is at a 
high speed that is not de-accelerated. Commonly, a plasma thruster would be neutral-
ized using an external cathode electron injector downstream (to achieve neutralization 
with ion beam downstream) that would require a separate gas flow tank and increase the 
thruster weight. However, we hypothesize a simplified neutralizer-less design, i.e., a self-
neutralizing air-breathing plasma thruster (SABPT), which would utilize negative and 
positive ions of air plasma to achieve self-neutralization [1, 2]. Bi-polarity ions could be 
extracted using applied alternating electric fields between charge extraction electrodes, 
so charge densities would nullify to create a neutralized jet. The plasma generation in 
SABPT was previously suggested [2] using an arc electron source (AES) coaxial configu-
ration with eminent control over its mean electron energy for ion formation. Coaxial 
AES [2] comprises a coaxial vacuum arc-based source coupled with an electron extrac-
tion grid. The electrons generated in the arc plasma are extracted using a grid biased 
positively. The high and low energy modes of the AES would result in the creation of 
positive and negative ions subsequently. AES operation would require the production of 
high-density plasma in harsh air plasma environments. The axial plasma generated by 
coaxial AES requires multiple designs placed around its circumference to ionize incom-
ing air effectively (that would increase the required power). While AES produces arc 
plasma, electrons are extracted from the plasma and not through surface emission. As 
such this electron source is expected to have a longer lifetime. Consequently, we present 
an alternate improved version of a low-power AES as an electron source for air ioniza-
tion in a circular configuration for SABPT.

Substantial research has been done on vacuum arcs using various cathode materials 
since the nineteenth century [2,  6]. Researchers have used magnetic fields to enhance 
the vacuum arc’s plasma parameters such as density, electron temperature, and ion and 
electron current [1, 2, 6, 7]. For thruster applications [8, 9], vacuum arcs have shown 
multimodality [10] and promising results in terms of achieving over two million pulses 
[11] during their operation. Additionally, vacuum arcs for electron source applications 
have shown the formation of ions of both polarities [2] in an air plasma at a medium 
pressure range. Recently, researchers have reported the use of positive and negative ions 
for achieving neutralization [2, 12–16]. A grid RF thruster built by Aanesland et al. [12] 
created a high ion-ion plasma density downstream of a magnetic filter (due to low elec-
tron temperature) and individual charges were accelerated using a ± 400 V electric field 
in kHz frequency to achieve neutralization. To identify positive and negative ions down-
stream for neutralization, Gerst et al. [13] built an E × B probe for a sulfur hexafluoride 
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plasma. Additionally, the authors [12, 13] have emphasized that the high recombination 
rate of electronegative gas plasma downstream results in neutralization. The designs 
mentioned above were built and tested with electronegative gases, but not using air. Ear-
lier, we showed that a vacuum arc-based coaxial electron source can create both posi-
tive and negative ions in air plasma [2]. However multiple sources would be required for 
SABPT’s cylindrical geometry. Hence, we propose a circular arc electron source (CAES) 
for SABPT. CAES has innumerable advantages such as ease of manufacturing, long life-
time, operability in harsh plasma environments (vacuum-medium pressure range), not 
requiring a separate gas flow, utilization of its cathode as a plasma source, and stable 
operation in pulsed regime while utilizing less input power (about an average of 0.15 
W/A per pulse for discharge voltage and current as 1200 V and 33A). In summary, CAES 
air ionization with self-neutralization capabilities for SABPT can be incorporated to 
avoid propellant storage and complicated designs.

As previously proposed, CAES requires eminent control over mean electron 
energy to be used as a suitable electron source to ionize air inside SABPT. Conse-
quently, CAES is equipped with an electron extraction grid (Fig. 1). The positive bias 
on the grid results in the radial direction extraction of electrons from the vacuum 
arc plasma, unlike AES [2]. The increment of mean electron energy is directly pro-
portional to the increase in the bias. The high and low energy operation would form 
positive and negative ions (dissociative electron attachment [17]). Although the 

Fig. 1 a and b Schematics of a CAES show the vacuum arc plasma source comprising the cathode, anode, 
permanent magnets, grid holder, aluminum grid, magnet casing, and Teflon insulators. A highly concentrated 
electric field forms between the gaps to initiate a cathode spot [2, 19]. b The image shows the placement of 
a cylindrical electron extraction aluminum grid in the vicinity of the source. The flexible cylindrical grid can 
be seen. The grid was placed inside the central aperture of the CAES. The direction of air inflow and electron 
flux is depicted in Fig. 1. The mean electron energy of the extracted electrons is controlled by varying the 
electric potential of the grid. The electrons are removed radially due to the electric field formed between 
the vacuum arc source and the grid. The permanent magnets are used to generate an axial magnetic field 
for CAES. Although direct observation of the actual arc spot is not feasible, a schematic is used to determine 
the location of the arc spot (shown in purple), which is positioned between the two anodes at the cathode 
interface
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electron current depends on electron drift velocity (direct proportionality), electron 
extraction can be disrupted (by arcing) due to operational proximity with the Pas-
chen curve [18] at very high voltages and pressures. The increment in mean electron 
energy results in intensified collisions with neutral air atoms, thereby causing ioni-
zation. The ionization rate (electron density/neutral density) improves with the grid 
voltage (mean electron energy) according to the observation in [1]. Simultaneously, 
at lower energies (less than 4  V),  O− ion density is more substantial than positive 
charge density as the attachment reaction dominates the ionization rate coefficient 
[1]. The chemistry model outlined in [1] originates from 0-D simulations. Its pri-
mary objective involved examining plasma chemistry within extremely low Earth 
orbits (80–110 km) and evaluating the feasibility of SABPT for potential flight. As 
energy levels escalated, notable elevations in ionization densities were identified, 
akin to the outcomes seen in plasma generated utilizing an arc electron source. Fur-
thermore, simulation outcomes also illustrated that lower energy levels (1–5 eV) led 
to the generation of heightened negative ion densities, whereas higher energy levels 
(> 5 eV) resulted in elevated positive ion densities. These outcomes were confirmed 
by experimental observations [2].

The schematics of CAES are shown in Fig. 1. The design (Fig. 1) shows the magnet 
casing, two anodes, one cathode, four Teflon insulators, an aluminum grid, a grid 
holder, and four permanent magnets oriented at 90 ̊ from each other. The cathode 
spot is generated between two anodes and two Teflon insulators (for electric field 
symmetry) on the interface of the cathode. The spot generation mechanism con-
sists of electron emission, ionization, and charge diffusion. A small portion of ions 
returns to the surface after ionization, causing heating and generation of cathode 
spots. Traditionally, ion current amounts to less than 10% of the arc, whereas the 
remaining is the electron current [20]. Therefore, CAES is built to utilize the unused 
electrons from the arc. Later, we prove that the CAES can also generate greater 
plasma densities as compared to coaxial AES [2].

This paper characterizes CAES and coaxial AES [2] for air ionization applications 
in SABPT. The experimental data presented here describe the generation of ions, 
the compression effect of pressure, the range of CAES operational parameters on 
the cathode spot, and studies deposition on the aluminum grid material. Diagnostics 
tools used to characterize the CAES, and the air plasma include the current probe, 
magnetic filter, intensified charged coupled device (ICCD) camera analysis, scan-
ning electron microscope (SEM), and conductance measurement system (CMS). The 
current probe was used to obtain positive ion current density and electron density as 
a function of pressure and mean electron energy. The magnetic filter was utilized to 
obtain the peak negative ion current density. The ICCD camera analysis was used to 
visualize the effect of external parameters such as operating frequency, arc voltage, 
the pulse width of the power-providing unit (PPU), and the pressure on the cathode 
spot of the CAES (without any electron extraction). Lastly, SEM and CMS were used 
to study deposition on the electron extraction grid and measure its conductance, as 
a function of grid voltage and plasma treatment time.
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Experimental setup and diagnostics
The primary focus of this paper is to characterize CAES for air ionization. Figure  1 
shows a vacuum arc source, copper electrodes, and Teflon insulator rings. The cathode 
spot is formed on the cathode and insulator between the two anodes. This cathode spot 
can rotate under the influence of an axial magnetic field in J (current density) × B (mag-
netic field) motion [2, 8]. Additionally, to prevent surface barrier discharge between the 
anode and grid at higher voltages, Teflon rings were added (Fig. 1) between the anode 
and grid holder. The arcing over the surface disrupted the electron extraction.

A complete electron source comprising a circular vacuum arc source and the electron 
extraction grid can be observed in Fig. 1. The extraction grid is positively biased with 
respect to the ground [2]. The unsheathed electron current and energy are functions 
of the applied grid potential. The electron current extracted saturates at some applied 
voltage. While a typical electron source (hollow cathode) would require a vacuum back-
ground, a thermionic emitter heating system, and a separate propellant tank for its appli-
cation, it is interesting to point out that CAES does not require those systems. Most 
importantly, CAES can efficiently operate in the medium pressure range  (10–4  Torr – 
 10–1 Torr) like coaxial AES [2]. The primary goal is to utilize negative ions and positive 
ions generated through the air ionization process with CAES to achieve an extracted 
neutralized beam (due to charge cancellation) at the exit of the SABPT [1, 2]. Both nega-
tive and positive ions will be accelerated by appropriate electric field arrangements and 
by switching the electrodes’ polarity [1, 2].

This paper describes CAES using intrusive and non-intrusive plasma diagnostics 
methods. Figure  2a and b shows the system design configuration starting with a PPU 
inductive energy storage circuit [2, 21] to power the AES. The inductance, capacitance, 
switch, input DC voltage, PWM (pulse width modulation) width, frequency, and coil 
magnetic field values at the arc interface were 550 µH, 6800 µF, IXYH50N120C3D1 
IGBT, 18–30 V, 610–1020 µs, 1–10 Hz, and 0.035 T, respectively. The input 5 V pulse 
to the gate was provided using an Agilent Waveform generator model 33220A [22]. The 
resistance between the two anodes and the cathode was approximately 100–200 Ω. Dur-
ing stage 1, the IGBT gate was closed, and a high emf was generated in the inductor as it 
charged.

The gate was unlatched in the second stage, and the stored inductor energy was dis-
pensed into the vacuum arc source. With the addition of a capacitor, the overall dis-
charge current was increased. The inner and outer diameter, and height dimensions 
for the cylindrical electrodes (anode and cathode) and Teflon are (40 mm, 90 mm, and 
6 mm) and (40 mm, 76 mm, and 1.5 mm), respectively. These dimensions were chosen 
tentatively as our primary focus is studying ionization and optimization. The ceramic 
was thin enough to create a good conduction gap and required a thin carbon paint layer 
[10, 23] (100 Ω—200 Ω resistance between cathode and anodes for triggerless arcing) to 
ignite the arc. The electron extraction grid is an aluminum grid aperture (diameter 4 mm 
for each opening) placed in a 3D printed grid holder with inner and outer diameters and 
heights of 13 mm, 90 mm, and 3 mm, respectively. The aperture was 14.5 mm away from 
the source to avoid arcing. The chamber was pumped down using a roughing pump to 
reach a base pressure of 0.05 Torr. An air leak allowed for a small air flow rate into the 
chamber. A current probe with a 37 mm wire length was placed inside the plasma area 
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(Fig.  2b) for positive ion current density and electron density probe experiments. The 
measurement circuit for the probe is shown in Fig.  2b. Simultaneously, Fig.  2b shows 
a schematic of the magnetic filter for negative ion current density measurements. A 
combination of axial magnetic field (N42 bar magnets with maximum remanent mag-
netic flux 1.35 T), charge extraction grid (diameter 10 cm), and Langmuir probe (2 mm 
wire length) were utilized. For ICCD camera analysis, an Andor iSTAR 334 T [24] was 
placed with a zoom lens close to the quartz viewing port of the chamber to focus on the 

Fig. 2 Schematics of the plasma diagnostics for CAES. a The diagnostics method for ICCD camera analysis 
is displayed. The distance between the electron extraction grid and the vacuum arc source was 13 mm. b 
Simultaneously, ion current density was measured using a current probe, and negative ion current density 
(blue region) was measured using a magnetic filter (similar concept as described previously [2]), as shown. 
To measure positive ion current density, the current probe was biased to –50 V. The current probe was at the 
center of the AES (20 mm from the cathode and 7 mm from the grid). Additionally, to measure negative ion 
current density, the Langmuir probe and the charge extraction grid were biased to + 85 V. Four permanent 
magnets were used to axially confine electrons. Probe voltages were set up to measure saturated current. The 
signals were obtained through oscilloscopes. The plasma chamber was grounded for all experiments. The 
PPU circuit is an inductive energy storage circuit that is the same as described in Fig. 2 of [2]
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CAES. The camera was covered with a black cloth to cancel out the background opti-
cal noise. The vendor provided Andor Solis software, which was used on a PC to obtain 
high-speed images of the arc spot. The details about SEM and CMS are mentioned in 
Sect. "SEM and conductance measurements".

Addition of axial magnetic field

To improve the performance of the source, we added an integrated air-cored coil axial 
magnetic field of 0.15 T [2] for a coaxial AES configuration, to create cathode spot rota-
tion [2, 8] and uniform cathode erosion at the cathode insulator. Additionally, the direc-
tion of the current was parallel to the axial magnetic field. In contrast, in CAES we have 
created an axial magnetic field parallel to the axial current direction using four Neo-
dymium N42 permanent magnets, as shown in Figs.  1, 2 and 3. Figure  3b shows that 
around 0.035 T of the magnetic field was applied at the arc interface annotated as the 
“inner circle”.

The magnetic field generated by permanent magnets was simulated in COMSOL 
[25], as shown in Fig.  3a and b. A 3D time-invariant field equations model was simu-
lated with input conditions of N42 magnet dimensions and distance from the center 
as 12.7 mm × 12.7 mm and 46 mm, respectively. For the simulation, the magnetization 
input was assigned to the model as a B-H demagnetization curve data, obtained from 
K&J Magnetics for an N42 grade permanent magnet [26]. Figure 3b shows the magnetic 
flux density profile between two magnets shown by the blue and black line in Fig. 3a. 
A peak magnetic field of around 0.035 T can be seen at the interface of the arc spot in 
Fig. 3b. The magnified plot shows the magnetic flux density in the inner circle region (arc 
/plasma area). The difference in the magnetic field leads to an increase in electron trans-
port to the center of the CAES. Consequently, because of increased collisions, the addi-
tion of the proposed magnetic field configuration would potentially lead to an improved 
CAES in comparison with coaxial AES [2]. In this work, the effect of the magnetic field 
applied on the cathode, as well as the corresponding spot dynamics was studied using an 
ICCD camera.

Current probe and magnetic filter measurements

A current probe having an area of 5.89 ×  10–5  m2 was utilized. The current was calcu-
lated for a potential drop across a 500 Ω resistor. The current probe was built with tita-
nium wire for a thickness and length of 0.5 mm, and 37 mm, respectively, exposed to 
plasma (the remaining current probe was shielded using a non-porous alumina ceramic). 
The procedure involves obtaining the saturated ion current and using the ion saturation 
current equation. The electron density was obtained by keeping the electron tempera-
ture at around 1 eV which is typical for vacuum arc sources. Earlier we obtained elec-
tron temperature in the 1–2 eV range for coaxial AES described in [2]. It was obtained 
through an I-V curve using a Langmuir probe. Simultaneously, peak negative ion cur-
rent measurements were performed using a magnet filter using a charge extraction 
grid, N42 magnets for electron confinement using axial  magnetic field, and a Langmuir 
probe. This is a similar concept as previously described [2]. The Langmuir probe results 
reveal two distinct current peaks concerning the filter. The initial peak signifies the elec-
trons that have managed to evade the magnetic filter, whereas the subsequent peak is 
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Fig. 3 a COMSOL magnetic fields – no current module was solved for N42 permanent magnets, magnetic 
flux density (T) variation with the distance between two magnets annotated by the blue and black line. b 
An axial  magnetic field component profile can be seen where the inner ring is the area of arc and air plasma 
generation
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representative of the negative ion current. The function of the filter is to confine elec-
trons owing to their relatively small Larmor radius, whereas it permits negative ions to 
traverse through due to their Larmor radius surpassing the source length. Additionally, 
a grid was employed to extract negative ions from the air plasma. The results have been 
presented in Sect. "Plasma parameters".

ICCD high‑speed camera experiments

An ICCD camera operates based on intensification and light detection. In essence, an 
ICCD camera comprises a standard CCD sensor coupled with an image intensifier. The 
cathode spot generation in an arc source has been an area of interest. Consequently, 
researchers have also attempted to study this effect at the nano- to millisecond scale 
using ICCD high-speed imaging cameras. For instance, Methling et al. used the ICCD 
camera’s accumulation mode in a nanosecond regime [27] to achieve improved sensitiv-
ity and signal-to-noise ratio for recording data on the dynamics of spectral line radia-
tion generated by a Ga-In cathode-based vacuum discharge. For a copper cathode-based 
vacuum arc, Burkhard [28] used an ICCD camera consisting of framing and streak chan-
nels to achieve a spatial and temporal resolution of arc spots in the 200–800 nm spectral 
range. Subsequently, the effect on the cathode spot due to the magnetic field was studied 
using an ICCD camera for Argon plasmas. For instance, the rotation of cathode spots 
was observed by Dong et al. [29]. Additionally, Wang et. al. [30] investigated the varia-
tion of cathode spot rotation velocity, erosion rate, and qualitative spot diameter under 
the influence of the magnetic field, gas flow rate, and arc current. While most works 
were conducted for arc sources in vacuum conditions, the research lacked experimental 
camera data for medium pressure regimes (for air plasma). Generally, the addition of a 
magnetic field improves ionization and ion velocities for vacuum arc sources [2, 8].

To this end, we studied a magnetically enhanced CAES for air ionization in a medium-
pressure regime using an ICCD high-speed imaging camera. The ICCD camera tech-
nique gave an insight into arc spot behavior change as a function of PPU operation 
(frequency, pulse width, and applied voltage) and plasma chamber pressure under the 
influence of the axial magnetic field. The high-speed images were captured using Andor 
Solis software. The camera input pulse (5  V, 20  ns) waveform was synchronized with 
an Agilent waveform generator using a 50  MHz WAVETEK pulse generator [31]. The 
camera was set to an internal trigger with continuous wave (CW) mode. Initially, the 
ICCD camera was aligned in the plane with the front view of the circular arc source 
(without the grid holder and the aluminum grid) focused using a Nikon Micro-NIK-
KOR 55  mm f/2.8 lens [32]. Once aligned, the trigger was set to external (input from 
WAVETEK waveform generator) and the acquisition mode to kinetic. The input for the 
pixels, delay, TTL/exposure time width, step, and the number of accumulations were 
set as 1024 × 1024, CAES’s pulse width (620–1020 µs), 1–30 µs, 1 ps, and 30. Lastly, the 
peak intensities from the images were obtained and processed using an in-house Python 
script created for this purpose.

SEM and conductance measurements

SEM and CMS were used to study the deposition thickness and conductance of the 
aluminum electron extraction grid. To evaluate the surface topography of deposits on 
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the aluminum grid used in this study, we performed SEM of the samples using an FEI 
Teneo LV SEM instrument (GWNIC, George Washington University [33]) as seen in 
Fig. 4b. The results have been presented in "Deposition thickness and conductance anal-
ysis " section. To study the conductance of the grid, an experiment was built using the 
previously proposed coaxial AES [2]. It consists of a vacuum arc-based plasma source 
coupled with an electron extraction grid. The coaxial AES was used instead of CAES 
to establish a straightforward quick and simple experimental setup for observing the 
effects of air plasma or harsh plasma conditions on the electron extraction grid. The 
objective was to study the variation of conductance of the electron extraction aluminum 

Fig. 4 CMS and SEM experiment setup. a The figure on the left shows the coaxial AES [2] set up in the 
vacuum chamber for 20 min at each interval. The setup was removed, and IV characteristics were measured 
to obtain the conductance of the grid (the CMS setup is shown on the right). The grid for bias 0 and 300 V 
was treated in the plasma chamber while IV characteristics were measured simultaneously. b The figure on 
the right shows the FEI Teneo LV [33] SEM machine. The grid cut section sample was placed inside its vacuum 
imaging chamber for analysis. The pressure in the plasma chamber (on left), PPU voltage, pulse width, and 
frequency were 0.05 Torr, 20 V, 620 µs, and 5 Hz, respectively
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grid as a function of treatment time and grid voltage. Initially, we proposed the hypoth-
esis that the conductance of the grid would potentially rise with exposure to plasma, 
thereby making the grid an electrically “self-healing material”. Possibly the sputtering/
erosion of grids can occur over time due to ions from the high ionization degree vac-
uum arc plasma. Sputtering/erosion of an electron extraction grid reduces its conduct-
ance by decreasing the effective surface area for electron flow, increasing resistance. This 
compromises the efficiency of electron extraction and can lead to a shorter grid lifetime 
due to degradation and potential failure caused by erosion-induced structural damage. 
Hence, the conductance and lifetime of the grid are affected.

Additionally, atomic oxygen present in the atmosphere could also lead to oxidation/
erosion. While the erosion/drop in conductance is difficult to control, it is interesting to 
study the parameters responsible for it. We have utilized an experimental approach to 
study the conductance behavior of the grid in AES using a CMS method (as a function 
of voltage and treatment time), as described in Fig. 4a. AES [2] in a plasma chamber has 
been used to simulate VLEO harsh plasma environments. To obtain the conductance, 
the grid was connected to an arbitrary function generator (Model 33220A KEYSIGHT, 
Santa Rosa, CA [22]), with a DLPCA-200 variable-gain, low-noise current amplifier 
(FEMTO, Berlin, Germany [34]) connected in series to the grid assembly (see Fig. 4a). 
A voltage ramp with an amplitude of 5 V and a frequency of 1 kHz was applied for 30 s 
to each sample. The variable-gain current amplifier was set to 103 V

A
 . The output from 

the current amplifier was then recorded by an SDS 1052DL + oscilloscope (SIGLENT, 
Solon, OH [35]). Each sample was measured five times to ensure measurement accuracy. 
The conductance results have been described in "Deposition thickness and conductance 
analysis " section. 

Results
In this section, the results of CAES characterization are presented. Firstly, plasma 
parameters are presented based on probe measurements, and results are compared 
with coaxial AES [2]. We show that both positive and negative ions can be formed by 
varying the grid voltage (mean electron energy) using CAES. Secondly, the effect of the 
axial magnetic field on the cathode spot was studied as a function of pressure, discharge 
voltage, discharge frequency, pulse width, and exposure time, using an ICCD camera. 
Finally, the deposition and fluctuations in conductance resulting from the interaction of 
the air plasma with the electron extraction grid were examined through the utilization of 
SEM and CMS. The results are presented below.

Plasma parameters

The maximum positive ion and negative current density as a function of grid voltage/
energy are presented in Fig. 5. The experiments indicated that by varying the grid volt-
age, both positive and negative ions can be created in CAES. A maximum positive and 
negative ion current density of 810 and 180  Am−2, respectively, (1000 times greater than 
coaxial AES [2]) at a grid voltage of 300 V and 0 V were obtained, as seen in Fig. 5.

The influence of the arc on both the arc source and the grid had minimal impact on 
electron extraction, as observed through an average over the pulsed duration. To quan-
tify this effect, the electron current relative to grid voltage and pressure was analyzed 
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to identify any potential decline or variance in readings over time. Our measurements 
revealed that electron extraction remained consistent at lower pressures and grid volt-
ages below 300 V. Moreover, we found that increasing the spacing between the grid and 
the arc source could effectively prevent arcing and secondary electron emission at higher 
pressure and voltage levels. It’s indeed accurate to acknowledge the substantial uncer-
tainty associated with the thin sheath approach in estimating electron density. The values 
observed in the oscilloscope averaged over 128 values and experiments were repeated 3 
times with measurement accuracy greater than 95%. Error bars were intentionally omit-
ted from the electron density plots due to their negligible magnitude, rendering them 
visually indistinguishable as dots. The radial motion of the electrons enhanced the effec-
tive electron impact collisions with the incoming neutral molecules to produce higher 
positive ion current and lower negative ion current density. For the results presented 
in this section, the current probe experiments were performed without the presence of 
external magnetic fields as obtaining the optimum field is currently out of the scope of 
this research. Nevertheless, the addition of an optimized magnetic field would result in 
an increase in the ionization degree and effective erosion of the cathode material. Later 
we also describe the effect of an external  magnetic field on the cathode spot.

The current probe was used to obtain positive ion current density as a function of 
grid voltage and pressure. Consequently, electron density was calculated (procedure 
described in [2]) using electron temperature  (Te) of 1 eV (1–2 eV is typical for vacuum 
arc sources [2]). Figure  6b shows the variation of electron density with pressure. The 
CAES produced 100–1000 times higher electron densities as compared to coaxial AES. 
The downfall in electron density with pressure for CAES was 10–100 times, whereas 
for coaxial AES it was 1000–10,000 times. The reduction in electron density indicated 

Fig. 5 Variation of positive and negative ion current density with grid voltage at 0.05 Torr. The positive and 
negative current density measured was the saturated current in the air. The increase in the positive ion 
current density with grid voltage indicates air ionization, as previously seen [2]. A decrease in the negative ion 
current density with grid voltage indicates the detachment of electrons. The arc source was operated with 
PPU voltage, pulse width, and frequency of 20 V, 620 µs, and 5 Hz, respectively
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ionization of air by CAES over lower volume as compared to coaxial AES. Simultane-
ously, ion current density (Fig. 6a) can be seen to be 1000 times higher for CAES and 
increases with the grid voltage. The increase in ion current density can be 3.5 (0.05–
0.09  Torr range) times up to 300  V whereas for CAES it is 2.5 times. The maximum 
positive ion current densities and electron densities corresponding to 0.05, 0.07, and 
0.09  Torr pressure were 8.06 ×  102  Am−2 and 1.62 ×  1018   m−3, 6.25 ×  102  Am−2 and 
1.25 ×  1018  m−3, 5.93 ×  102  Am−2 and 1.2 ×  1018  m−3, respectively. These conditions were 
obtained at 300 V grid voltage. At 0.07 Torr and 0.09 Torr, there was airflow into the 
plasma chamber, whereas 0.05 Torr was the base pressure. The bias of the probe was – 
50 V as the saturated current was received. The increment in the electron density with 
grid voltage indicated air ionization. Our earlier results [1, 2] confirmed that the elec-
tron densities increased with the mean electron energy as the ionization reaction rate 

Fig. 6 a The ion current density along with computed electron densities as a function of the extraction grid 
voltage at pressures 0.05 Torr, 0.07 Torr, and 0.09 Torr, on the  Log10 scale for CAES can be seen. b Additionally, 
the computed electron density as a function of pressure (0.05–6 Torr) can be seen at a grid voltage of 0 V. The 
results were compared with earlier coaxial AES experiments [2]. CAES was operated with PPU voltage, pulse 
width, and frequency of 20 V, 620 µs, and 5 Hz, respectively
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coefficient is a function of electron temperature. With the increase in the PPU voltage or 
pulse width, higher plasma current and densities can be achieved as a function of pres-
sure and grid voltage. In the following section, the effects of external parameters on the 
cathode spot are described.

Arc rotation

ICCD imaging provided an insight into the effect of parameters such as external axial 
magnetic field, CAES’s operating frequency, PPU voltage, pulse width of PPU, and pres-
sure on the cathode spot. The external parameter effects on cathode spot have been 
imaged and peak emission intensities are presented in this section. 

Figure 7 shows the effect of PPU voltage on the cathode spot for various ICCD camera 
exposure times. The size of the cathode spot appears to be increasing with the camera’s 
exposure time as it allows more emitted photons to enter the detector. The circle shown 
in Fig. 7 shows the front view of the circular arc source. As observed, a dense plasma is 
created in the vicinity of the cathode as seen at higher camera exposure times (Fig. 7a). 
At lower exposure times, the cathode spots will appear to be moving rapidly, thus form-
ing an azimuthally uniform plasma. Although the spots were formed in the inner radius 
of CAES, the images were taken in the absence of the grid and the grid holder from the 
CAES assembly. The highest intensity/brightest region indicates the cumulative cathode 
spots forming a giant spot whereas the lighter area surrounding the spot is the region of 
air plasma generated by the interaction of the arc with neutral air molecules. In Fig. 7b, 
an increase in PPU voltage leads to an increment in discharge current. Simultaneously, 
the distance between cathode spots becomes shorter, which leads to an increment in the 
mean size/radius of the spot. Multiple spots may form when the arc current exceeds the 
current that a single spot normally carries. Although the physics of cathode spot for-
mation itself is a much more complicated [36] problem, it was observed that a higher 

Fig. 7 a ICCD camera images for bright cathode/arc spots can be seen at 0.05 Torr pressure, 1 Hz pulsing 
frequency, 620 µs pulse width, and 18 V PPU voltage for various camera exposure times. The grey circle 
represents a front view of the circular arc source. b The camera exposure time was fixed to 30 µs and 
snapshots were obtained at 18, 22, 26, and 30 V PPU voltage. The high-intensity region is the cathode spot 
whereas the lighter region surrounding the spot is the arc region (frequency and pressure were the same)
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current causes spots to be closer. Furthermore, strong coupling could lead to resistive 
heating in the presence of a magnetic field normal to the current direction. With fur-
ther increases in PPU voltage and pulse width, the spot size may increase and form a 
large plasma region. In Fig. 7a for 1 µs exposure time, the arc appears to be following the 
trajectory of the magnetic field contours (previously simulated in "Addition of axial mag-
netic field" section). While, for an ideal situation/vacuum, the magnetic field would lead 
to the rotation of the cathode spot [2], in this case, spots can occur predominantly in the 
low-resistance regions (between cathode and anodes). This phenomenon is also depend-
ent on the accuracy of part manufacturing for the CAES.

The effect of external parameters such as pulsing frequency and pressure is illustrated 
in Fig. 8. Additional spots can form by enlargement or division of the original cathode 
spot. The magnetic field at the cathode interface causes the separation distance between 
cathode spots to increase, as observed in Fig. 8a-c (especially at 10 Hz). The increase in 
gas flow (increase in pressure) squeezes the cathode spot towards the cathode interface 
due to the aerodynamic force generated by the incoming airflow. An instantaneous arc 
spot (di/dt) rate formation increases with frequency while an arc spot is not fully charged 
in one area. This leads to the formation of multiple spots, as observed in Fig. 8a-c for the 

Fig. 8 ICCD camera images for bright cathode/arc spot for 0.05 (a), 0.07 (b), and 0.09 (c) Torr pressure, 
respectively, for 1, 5, and 10 Hz pulsing frequency, 620 µs pulse width, and 30 V PPU voltage at 30 µs camera 
exposure time. The grey circle represents a front view of the circular arc source. The high-intensity region 
is the cathode spot whereas the lighter region surrounding the spot is the arc region. The spreading of the 
cathode arcs into multiple spots can be observed at 10 Hz in all cases
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10 Hz case, although discharge/arc current was not affected significantly by the change 
in frequency. The coupling between cathode spots can affect plasma conditions and 
plasma chemistry. Studying the effects of coupling between the cathode spots on plasma 
chemistry would require further in-depth analyses, which are beyond the scope of this 
research.

The effect of parameters such as pulse width and pressure are presented in Fig.  9. 
Experiments were performed at PPU voltage, pulse frequency, and camera exposure 
time of 18 V, 1 Hz, and 30 µs, respectively. At 0.05 Torr pressure, the circular shape of 
the cathode spot remains similar for all pulse widths as no external gas is introduced 
into the chamber (base pressure). For pressures greater than 0.05 Torr, an increase in the 
PPU pulse width led to an increment in discharge current and an increase in spot size/
intensity. Like the conditions of Fig. 8, an increase in pressure leads to the splitting and 
compression of the cathode spot due to aerodynamic force. At higher pressures (beyond 
1 Torr), the plasma density is low (high recombination), causing the camera to mostly 
capture a small cathode spot (less area of arc/plasma region) of the circular arc source. 
Additionally, the intensities of emissions are presented in Fig. 10 below.

Interestingly, the cathode spot’s shape may depend on the ionization degree for the 
air + cathode-generated plasma. Although the quantitative analysis of cathode spot 
size can be challenging, the ICCD camera technique does provide qualitative insight. 
The effect of external parameters such as pulse width, frequency, and pressure can be 
observed in Fig. 10. Intensity appears to increase with PPU voltage (due to an increment 
in discharge current), as previously depicted in Fig. 7b. A high camera exposure window 
leads to a high density of photons entering from the arc into the ICCD camera, caus-
ing higher intensity spots. It was difficult to make observations for a frequency greater 

Fig. 9 ICCD camera images for bright cathode/arc spots at 620 (a), 820 (b), and 1020 µs (c) circular arc 
source’s pulse width in the pressure range 0.05–2 Torr for 1 Hz pulsing frequency, 18 V PPU voltage and 30 µs 
camera exposure time. The grey circle represents a front view of the circular arc source. The high-intensity 
region is the cathode spot whereas the lighter region surrounding the spot is the arc region. Compression of 
the cathode spot can be observed as the pressure is increased up to 1 Torr in all cases
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than 5 Hz due to instantaneous cathode spot generation at larger PPU voltages (higher 
arc currents). Maximum peak emission intensity was observed in the case of 26 V PPU 
voltage using the ICCD camera technique. The S pattern observed for 0.07–0.2 Torr is 
unknown but could be the result of a resonance effect occurring between arc plasma 
and the air plasma generated by it. This pattern is observed at different pulse widths and 
frequencies. In Fig. 10c, the peak intensity occurring near 0.1–0.2 Torr (620 µs, 5 and 
10 Hz) could be due to the arc voltage reaching close to the Paschen curve limit [18]. At 
a pulse width of 1020 µs, the plasma/arc current became unstable. The pressure range 
shown above (Fig. 10b) corresponds to an altitude range of 45–67 km. The CAES’s oper-
ation in high pressure creates opportunities for air-breathing plasma propulsion capa-
bilities in VLEOs. Earlier, we described CAES as consisting of a circular arc source and 
an electron extraction grid. The grid may undergo depositions and loss in conductance 
due to its operation in harsh plasma environments. In the next section, we studied the 
deposition and the conductance of the grid using SEM and CMS.

Deposition thickness and conductance analysis 

The CAES’s electron extraction grid would experience harsh plasma environments in 
VLEO. SEM images corresponding to before and after long operation of the CAES’s 
electron extraction grid are shown in Fig.  11. Here, SEM was used to study both the 
deposition quantity and quality. The procedure involved the creation of small sections of 
the aluminum grid sample. The grids were cut into smaller pieces using a pair of scissors. 
The sections were first carefully placed on a stub with carbon tape and left in the desic-
cator for two hours during the venting and purging process of the SEM. 

The grid samples that were exposed to an air plasma environment show a higher 
roughness of the surface and some deposition that is visible compared to the unexposed 
grid samples (Fig.  11), where about the same magnification is used. The images were 
taken at three magnifications 100x, 500x, 1000x, and 12000x, respectively, as shown in 
Fig. 11a and d. The grid thickness control vs. deposition was analyzed by using ImageJ 
[38]. The measurements were performed by calibrating the images in ImageJ concern-
ing its scale bar. The snapshots were acquired in a high vacuum with a voltage of 5.00 kV 
and a current of 0.2 nA using a secondary electron and back-scattered electron detector 
called the Everhart–Thornley detector (ETD) [39]. The electron extraction grid sample 
images at various magnifications were obtained using SEM. The image at 100x (Fig. 11a) 
shows significant deposition in the cross’s center and inner regions. Increments in the 
magnification at 500x (Fig. 11b), 1000x (Fig. 11c), and 12000x (Fig. 11d), revealed innu-
merable microgranular structures due to depositions. Figure 11b and c show (marked 
with a red circle) the control aluminum grid vs. exposed surface hiding under micro 

Fig. 11 Grid sample images with and without deposition obtained using SEM. The cut section top view 
control vs. deposition sample (a) at 100 × magnification were compared. Simultaneously, control vs. 
deposition samples at 500 (b), 1000 (c), and 12000x (d) magnification were compared. The red circle in the 
images is believed to be a region of major deposition, primarily from the cathode material of the CAES. 
Additionally, deposition is compared for a side view cut section (e) of the grid sample at 200 × magnification 
vs. control. (e) The red circle is believed to be a region of powdered deposition that chipped off from the 
sample during preparation

(See figure on next page.)
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Fig. 11 (See legend on previous page.)
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depositions. The inner sections (Fig. 11a) are sharp areas of high electric field regions 
where high-energy electrons from arc plasma would pass and lead to secondary electron 
emission. In contrast, on the top, there was an almost uniform deposition layer. The elec-
tron extraction grid had deposition on both sides, indicating that the grid was subjected 
to extreme air plasma environments. Indeed, it is also crucial to note that the deposition 
was amorphous/granular, as indicated by the red circle in Fig. 11e. Figure 11a and e show 
significant deposition on the grid material (control vs. treated). Six arbitrary positions 
in the material were selected to obtain the total accumulation thickness. For the region 
shown in Fig. 11a and e, the total accumulation (summation Ʃdeposited – Ʃcontrol) is esti-
mated to be 588.1 (~ 600) and 110 µm, respectively. With the increase in the deposition, 
the conductance of the grid was diminished.

To study conductance, a clean aluminum grid (control) without any deposition was 
first measured using the CMS method. Then, the AES assembly (arc source and the grid 
[2]) was placed inside the plasma chamber with a bias of 0 V on the grid. The AES was 
then operated at 20-min intervals for 80 min total. Between each interval, the AES was 
taken out to obtain an I-V curve using CMS. The same method was repeated for another 
control grid but with a 300 V bias (on the grid) applied instead. An ordinary least squares 
regression was performed on each I-V curve to determine the value of the conductance 
as the slope of the line I ∼ σV (current ∼ conductancetimesvoltage) . By repeating this 
procedure for each voltage and time-point, the conductance data was obtained as a 
function of time, as shown in Fig.  12, where it is plotted for each grid sample. It was 
observed that each sample exhibited an initial increase in conductance, with the 0  V 

Fig. 12 Conductance values calculated from sets of I-V curves vs. time, color-coded according to voltage: 
red for 0 V and blue for 300 V. The values calculated at specific instants are shown as horizontal, rectangular 
markers. We fit a saturating exponential growth model to the data (solid lines) which indicates an interplay 
between an increasing conductance due to deposition and a potentially diminishing deposition layer 
thickness
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sample increasing the most drastically and in the shortest time. The 300 V sample fol-
lows a similar trend, with an increase in growth rate in the same order as the 0 V sample, 
but through a smaller range. A temporary carbon deposition due to carbon paint may 
have a transient effect on the conductance. Although the deposition on the grid may be 
due to carbon and the cathode material, we postulate that the increase in conductance 
is primarily due to the cathode material from the coaxial arc source [2]. However, more 
testing is needed to fully elucidate this process.

Furthermore, we observe that the data closely follow a saturating exponential, suggest-
ing an interesting competition between a driving force and a dissipating force. The satu-
ration in the thickness of the deposited layer could account for such dynamic behavior. 
We describe the data with a model of the form.

Here, σ0 is the base conductance of the grid assembly before the deposition, σ∞ is the 
value of the conductance achieved after saturation, and τ is the time constant of the tran-
sition between the two conductance values. The SABPT [1, 2] would operate by con-
trolling the mean electron energy (controlling bias on the grid) of the CAES to produce 
positive and negative ions in harsh plasma environments. The continuous operation of 
the thruster may prevent the conductance from dropping, thereby creating an electri-
cally “self-healing electron extraction grid material”. 

Concluding remarks 
This study aimed to characterize a magnetically enhanced CAES and coaxial AES [2] 
for air ionization applications inside an SABPT. It was designed using a circular vacuum 
arc plasma source coupled with an electron extraction grid like the previously proposed 
AES [2]. The grid-enabled the control of the mean electron energy. Experimentally, it 
was shown that the positive ion current density and electron density increased with an 
increment in the grid voltage, whereas the negative ion current density dropped as a 
function of grid voltage due to electron detachment. In comparison with AES [2], CAES 
produced higher electron density while exhibiting lower sensitivity to pressure. The 
ICCD camera technique provided a qualitative analysis of the cathode spot/air plasma 
region, revealing a peak emission intensity in the case of 26 V PPU voltage. Prolonged 
exposure to harsh plasma environments resulted in the deposition of approximately 600 
and 110 microns on the sample’s front and side cut sections, respectively (deposition 
could lower electrical conductance). Surprisingly, the conductance of the grid increased 
and eventually saturated, thereby making the grid electrically “self-healing”. The ability of 
the electron extraction grid to electrically “self-heal” over time would extend the lifetime 
of the SABPT-powered spacecraft/satellite. Furthermore, a combination of the current 
probe, ICCD camera technique, SEM, and CMS diagnostics facilitated the characteriza-
tion of the CAES and coaxial AES [2]. 

The mechanism of SABPT involves alternating the mean electron energy of an elec-
tron source to create positive and negative ions to achieve self-neutralization [1, 2]. The 
maximum ion current densities and electron densities were 8.06 ×  102  Am−2 (positive), 
1.8 ×  102  Am−2 (negative), and 1.62 ×  1018   m−3 for 0.05 Torr pressure. The experimen-
tal results suggest that conditions for the self-neutralizing air-breathing plasma thruster 

(1)σ(t) = σ0 + (σ∞ − σ0)(1− exp(−t/τ))



Page 22 of 23Taploo et al. Journal of Electric Propulsion            (2023) 2:21 

proposed theoretically can be achieved with the improved CAES. While the air inlet is 
positioned to align with the central hole of CAES, it has not been designed or tested 
since it is outside the current research’s focus. The potential to operate at a pressure of 
up to 6  Torr may also enable SABPT-built spacecraft/satellites to operate at very low 
altitudes, as hybrid air-breathing electric engines in the future. Additionally, machine 
learning-based system control algorithms [40, 41] could be used to have more precise 
control over plasma chemistry in the thruster. Further scaling up of the system in power 
and size is necessary to generate thrust for very low earth orbit applications.
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