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Abstract: George Washington University in collaboration with PIC consulting is working on 
multi-mode low-power electric propulsion. In particular we are focusing on achieving high thrust 
to power ratio and efficiency in low power regimes (< 30W). This is an important issue in 
micropropulsion since most microthrusters have low efficiency limiting their applications. This 
work resulted in development a new device for CubeSatellite propulsion called two-stage micro-
cathode arc thruster. Being magnetized by an axially symmetric dc magnetic field, the vacuum arc 
discharge demonstrates a threshold behavior: parameters such as thrust and the thrust-to-power 
ratio rapidly jump after a certain dc voltage. It is demonstrated that such an effect improves the 
thrust (over 200 μN), efficiency (about 50%), and thrust-to-power ratio (about 20 μN/W).  
 
1.High-thrust to power ratio microthruster 
Further progress in space satellites technologies is highly associated with a decrease of satellites 
launch cost, which is directly proportional to satellite mass and size. This has led to the 
miniaturization of satellites as a design trend in the space industry (1). Minute electric propulsion 
subsystems seem to be the most perspective since they use electromagnetic plasma acceleration to 
create high exhaust speed (therefore, high efficiency with less propellant storage onboard), and 
they also provide a convenient way to control the thruster parameters over a wide-range by varying 
the electrical power level (2). One of the most mature and widely-used electric propulsion 
technologies is the Hall thruster which uses xenon as a propellant. Even operating at low (60 – 270 
W) power suitable for propulsion of small satellites, such thrusters provide sufficient range of 
thrusts (from 5 to 25 mN) at a specific impulse of about 400 – 1800 s and high thrust-to-power 
ratio (TPR) of about 65 µN/W (3). However, xenon is very expensive rare noble gas with a 
worldwide production limited only about 50-60 tons (4), and therefore xenon-based electric 
propulsion has to compete with other fields of industry (imaging & lighting, electronics & 
semiconductor industry (5), medicine (6) etc.) for xenon consumption. A promising new electric 
propulsion design for small satellites is the micro-cathode vacuum arc thrusters (µCATs). Their 
key advantage is that they use a propellant stored as a solid – a state of matter with the highest 
atomic density, which can be stored much more efficiently than liquid or gaseous propellant. Its 
solid electrodes can be made of widespread and relatively cheap metals as copper or titanium. 
During the µCAT thruster firing, a solid converts into plasma which can be further accelerated by 
electromagnetic fields. Despite the other miniature electrical thrusters with solid propellant (such 
as an iodine thruster (7)), µCATs do not use toxic propellants, and they do not have a warm-up 
time, i.e. they can be ignited instantly after providing the respective control signal. The µCATs 
performance has been successfully demonstrated in flight tests during BRICSat, CANYVAL-X, 



and BRICSat-P missions (8-10). Typical thrust T and specific impulse Isp levels for μCATs are 
within 50 μN and 3000 s, with a TPR of less than 4 μN/W at 1-15 W power (10). The challenge 
for this design is that for some applications such as orbit raising maneuvers, a much higher thrust 
value is needed. Also, the power and propellant storage limitations on small satellites require 
higher values of TPR and energetic efficiency. Recent tests on design modifications of this thruster 
(11) demonstrated that adding a second MPD stage to µCAT allows the thruster to simultaneously 
achieve higher levels of thrust (~210 μN), TPR (~18 μN/W) and efficiency (~50 %). Although it 
was found (11) that after the onset of the magnetized vacuum arc the performance of the two-stage 
µCAT-MPD thruster rapidly jumps, it was still unclear how will the performance behave with the 
further increase of the power delivered to the second stage. Effect of the increased mass flow rate 
due to much more intense ions generation in a powerful second-stage discharge with simultaneous 
ion acceleration by the Lorentz force, on the specific impulse of the device was also remained 
unexplored. Therefore, the question regarding accessibility of higher thrust, TPR and efficiency, 
as well as the relationships between Isp and TPR for this two-stage µCAT-MPD thruster was left 
beyond the scope of the previous research. We address these critical issues in the present paper. 
Materials and Methods: Schematic view of the developed thruster is given in the Fig. 1. The first 
stage (a single µCAT) had a planar configuration, with a central disc-shape Ti cathode and an outer 
ring-shape Cu anode, which were both placed on a disc-shape ceramic washer. A ring-shaped (1.27 
cm ID, 2.54 mm OD, 1.27 cm length) permanent axially-magnetized magnet with induction of 
~0.1 T on its axis was placed behind the ceramic washer providing thermal isolation from the first 
stage. The ceramic washer surface of the first-stage anode-cathode gap was covered by weakly-
conductive carbon paint ensuring initiation trigger-less (12) arc discharge with the first-stage pulse 
duration τ1, current I1(t), voltage U1(t) and the average power P1. As a second stage, a conical 
frustum (made of thin molybdenum foil with narrow opening separated by the gap d from the 
cathode surface) was used. Preliminary plasma from the first stage, due to the dc voltage UMPD 
between the cathode and the second-stage electrode, initiated more powerful arc discharge in the 
second stage with the second-stage pulse duration τ2, current I2(t), voltage U2(t) and the average 
power P2. The interaction of azimuthal electronic current jθ, flowing in plasma, with the radial 
component of the external magnetic field Br resulted in the formation of the Lorentz force 

 accelerating the plasma towards the wide opening of the MPD electrode and 
enhancing the thrust. More information on thruster performance, characterization and thrust 
measurements can be found in the Supplementary Materials and Methods section. 
Results and Discussion: The aforementioned design of the µCAT-MPD thruster allowed 
achieving the performance parameters that are superior to many known propulsion devices 
operating at comparable power levels (Fig. 2). Figure 2 (a) demonstrates that the gap between the 
first and second stages impacts the thrust level: a lower gap generates higher thrust values, while 
a zero gap (when the second-stage electrode becomes the part of the anode and acquires its 
potential) generates a fixed value of ~15 µN and cannot be throttled. At the optimal (short) gap, 
the thrust incrementally grows (within three orders of magnitude!) with the total power P = P1 + 
P2 determined by UMPD, and finally reaches 1.7 mN. Note that the thrust growth rate with UMPD 
doesn’t show any saturation at high UMPD: thus it appears physically possible to have higher thrust 
values if the second-stage voltage is increased further. Also note that the thrust grows faster than 
the power, so TPR also grows incrementally and reaches 37.4 μN/W (for the case of a short gap). 
The power dissipated in both stages of the thruster is given in the Fig. 2 (b, c). Extraction of high 
ionic currents with activated second stage leads to only moderate increase of the power dissipated 
in the first stage, while the first-stage discharge burning voltage grows mainly to the magnetization 
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of the plasma electrons (11). We can see from Fig. 2 (b) that both – the first and the second stage 
– powers grow with UMPD, however, this trend is much stronger for P2 rather than for P1. Despite 
this growth, the total power P still remains relatively low – below 50 W (Fig. 2, c), which indicates 
that such thruster still can be considered as a low-power device. Figure 2(d) demonstrates that for 
any non-zero gap between the thruster stages, the exhausting ion velocity does not change 
significantly with the increase of the UMPD voltage. This indicates that the specific impulse Isp of 
the thruster doesn’t degrade significantly with a proportional growth in thrust with the UMPD. Since 
the thruster demonstrates the highest performance with short gap (Fig. 2, a), the experimental 
results below are given for the ‘short gap’ case only. The photos obtained by an ICCD camera 
demonstrate that plasma plume during the discharge firing is directed from the first-stage cathode 
toward the thruster exhaust mostly inside the volume of the cone, not from its side. 

The fractions of pulse-average total current  and charge  of ions expelled by the 
thruster (Fig. 4, a) demonstrate that the thruster produces and expels more ions for the same amount 
of discharge currents in both stages with the increase of UMPD. Images of the cathodes with the 
traces of the cathodic spots (Fig. 4, b, c) demonstrate that the activation of discharge in the second 
stage leads to significant expansion of the erosion area in comparison with the case when the 
plasma is produced by the first stage only. 

Results in the Fig. 4 (b, c) indicate that the preliminary plasma, produced by the first stage 
from a tiny area occupied by cathode spots, leads to the formation of the large-area cathode spots 
after supplying second-stage voltage. The cathode spot area shown on Fig. 4, b was produced by 
relatively short arc pulse (tens of micro-seconds), while the arc duration of the second-stage arc 
(shown in Fig. 4, c) is significantly larger (up to several milliseconds) at pulse-average current up 
to 9 A. Taking into account that the arc at the second stage was ignited already at background of 
the relatively dense plasma (~1020 m3) generated at the first stage, the observed change of the 
cathode spot areas can be understood as result of change in the dynamics of spot behavior and their 
types. Indeed, according to well-known investigations (13), the arc current, arc duration, 
surrounding plasma (gas) pressure and cathode surface state determine the different spot types, 
which are characterized by spot lifetime, velocity, spot current and cathode erosion. It was 
established that spot type changed from fast to slow moving spots with the arc time duration (13). 
At the arc beginning, the fast and short-lived (<10 µs) spots were observed. These cathode spots 
typically appear at a thin oxide or impurity films and lead to relatively low cathode erosion rate 
(14). On the other hand, the slow-moving spots appear during arc development (100 µs and more), 
when the cathode is heated locally, and in the near-cathode region a dense plasma exist impeding 
the cathode plasma flow. As a result, the cathode erosion rate significantly increases with respect 
to that rate produced by fast spots. The influence of the background plasma with density of ~1020m3 
on the time of development of the cathode plasma plume was also observed for much longer arc 
time – from one to few tens of seconds for different cathode materials (15). Kimblin (16) also 
demonstrated experimentally the relatively large fraction of ion current for long duration arcs in 
range of 0.1 – 3 s. These processes explain the increase of the cathode erosion (flow rate) and 
consequently the thrust-to-power ratio in the case of a two-stage thruster configuration. 
Aforementioned features of the cathodic spots in the single-stage and two-stage firing regimes 
manifest themselves also in the different waveforms of the first and second stage currents which 
finally results in the change of the total ion current waveform (Fig. 5). With the zero second-stage 
voltage (UMPD = 0 V, Fig. 5, a) no current is flowing in the second stage, the total ion current is 
short and mimics the waveform of the first-stage current. High second-stage voltage (UMPD = 180 
V, Fig. 5, a) initiates longer second-stage current pulse which results in high amplitude and 
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duration of the total ion current which waveform now looks like a superposition of the waveforms 
of both discharge currents.  

A more detailed study of the interconnection between TPR and Isp for the thruster with variable 
position of magnet with respect to the discharge area have revealed an interesting non-monotonous 
connections between these parameters (Fig. 6, a). One can see (Fig. 6, a) that the TPR vs. Isp trend 
has two characteristic regions: decreasing (blue region) and increasing (pink region). In the 
decreasing part, the highest TPR of 37 µN/W is observed for the highest values of voltage UMPD = 
180 V and the total power P = 48.8 W. This decreasing part of TPR vs. Isp trend can be called 
“traditional” since it is typical for most of the propulsion devices working within broad range of 
thrust, TPR and power levels (Fig. 6, b). The other (‘anomalous’) region at higher Isp, which has 
the growing TPR vs. Isp trend, has not been observed before for any other device in the literature 
(Fig. 6, b). Comparison of ‘TPR vs. Isp’ with ‘Mass flow rate vs. Isp’ trends provides additional 
argument to support the claim that the main physical reason for the growth of TPR is the increase 
of mass flow rate at the same power: these two trends match each other (Fig. 6, a). 

Although the problem of production of macroparticles in vacuum arc discharges is well-
known, we think that these particles do not contribute significantly to the generated thrust in our 
thruster due to the following reasons. Ion erosion rate Er, which we estimated as 
(where  is the normalized integral of total ion current, Mi is the atomic mass of 
cathode material, e is elementary charge and is the mean charge state of the ion) and plotted in 
the Fig. 6, a, was found to be lower or comparable with the erosion rates from the literature for Ti 
(22.4 µg/C) or Cu (33.4 µg/C) cathodes (17). Accounting for the microparticles may increase the 
cathode erosion rate; however, as follows from Daalder (18), their production becomes noticeable 
only after reaching the high values (about 1 C) of the discharge current integral at high current 
amplitudes (around hundreds of amperes) and pulse durations (around seconds), which is not the 
case of our thruster. Additionally, magnetic field causes the motion of the cathodic spot over the 
cathode surface which, in turn, decreases the local thermal loads on the cathode and finally 
minimizes the generation of macroparticles (19). Moreover, these macroparticles typically have 
much lower velocities (102-103 m/s, 20-22) than ions (several km/s). 

The presence of the “traditional” and “anomalous” ‘TPR vs. Isp’ trends can be explained by the 
fact that the exhausting ion velocity of the µCAT-MPD thruster depends on the magnetic field 
strength and configuration. In a case of permanent magnet, it can be regulated by the position z of 
the magnet with respect to the second stage (Fig. 7, a). Fig. 7 (a) demonstrates that when z is short, 
the radial component of the magnetic field Br reaches a value high enough for a significant 
contribution of Lorentz force to ion acceleration, and therefore the ion velocity grows with the 
second-stage voltage UMPD. However, increasing the distance between the magnet and the second 
stage results in a more moderate growth of ion velocities, and finally, when the magnet is far 
enough (z = 37 mm), the ions start to decelerate due to the positive second-stage potential, with 
the second-stage discharge attempting to switch into uncontrollable dc mode.  

One can see that generally ion velocities in the Fig. 7 (a) are lower than in the Fig. 2 (d). This 
difference comes from the cathode material: the ions ejected from the titanium cathode (Fig. 2, d) 
typically have narrow velocity distribution with a peak around 17 km/s and high-velocity tail up 
to 24 km/s (26), while the copper cathode (Fig. 7, a) expels heavier ions with quite broad 
distribution of initial ion velocities from 9 km/s with the peak around 13-15 km/s (26, 27). 
Nevertheless, the data in the Fig. 7 (a) allows notice the effect of the magnetic field on the ions 
acceleration: even at UMPD = 0, the ion velocity is higher when the magnet locates closer to the 
discharge area, justifying that the ions accelerate due to magnetic mirror effect (27, 28). Additional 
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source of ions acceleration comes from the Lorentz force  which makes contribution 
to thrust at higher values of the magnetic field in the vicinity of discharge region and discharge 
currents (and correspondingly, electron currents in plasma). Previous simulations of contribution 
of FL to thrust (11) showed us that the jθ×Br acceleration region has a typical length of within 1 
mm, so the contribution of Lorentz force to thrust can be comparable with the initial thrust (29) 
and strongly depends on the magnetic field strength and configuration defined by the position of 
the magnet with respect to the discharge area. 

These results demonstrate that such two-stage μCAT-MPD thruster has another independent 
“knob” for controlling its performance – namely, the position of the magnet with respect to the 
discharge region. For the on orbit application of the thruster, instead of moving the permanent 
magnet, more practical approach can be implemented for the change of the magnetic field strength 
and configuration – by varying the absolute values and relative ratios of the currents I1, I2 feeding 
two independent electromagnetic coils with cores (Fig. 7, b). 

Low-power vacuum arc thrusters have the known problem of a limited lifetime, which may 
vary from 103-104 pulses (30) to 105 pulses (31), while the special constructions with the cathode 
feeding mechanism allow achieve several million pulses (32). In our previous study (33) we found 
that the lifetime of the μCAT firing in the high-power regime can be extended to more than one 
million pulses by the optimizing the anode-cathode gap (extending it to around 1 mm) and 
providing the magnetic field causing the movement of cathodic spot along the cathode surface. So 
the configuration of the first-stage electrodes of the newly-designed μCAT-MPD thruster was 
chosen to provide the maximal lifetime even at the high-power performance. 

To conclude, the newly-designed configuration of μCAT-MPD thruster achieves a superior 
combination of performance parameters: thrust (up to 1.7 mN), together with TPR (up to 37 
µN/W), consuming electrical power below than 50 W and efficiency (up to 57 %). The TPR values 
achieved are superior for low-power devices used for electric propulsion on small satellites and 
even comparable to the values for more powerful and mature technologies (Fig. 6). Such 
advantages of vacuum arcs as the almost 100% degree of ionization in plasmas, as well as the very 
nature of the cathodic spot having almost infinite emission of the charged particles (34), speak to 
the expectation of even higher values of performance parameters of such devices that may be 
achieved with the future progress of their technology. 
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Fig. 1. Schematic of the μCAT-MPD thruster. Preliminary plasma, generated by an arc 
discharge between cathode and anode of the first stage, initiates a more powerful arc 
discharge between the second-stage conical MPD electrode and the cathode. Then, the 
interaction of azimuthal electronic current in the second-stage plasma and the radial 
component of magnetic field accelerates the plasma and generates the thrust. 



 
Fig. 2. Experimental results of the μCAT-MPD thruster performance characterization: 
thrust (a), power in both stages for the short gap (b), total power for the long and short 
gaps (c), and ion velocity (d) versus the second (MPD) stage voltage UMPD. 
 

 



Fig. 3. An image of the plasma plume captured at (a) the moment of the maximal current in the 
first stage, (b) 240 µs and (c) 370 µs later this maximum. Exposure time 10 μs, white dashed 
contour represents the approximate boundaries of the second-stage electrode. 

 
Fig. 4. (a) The ratios of pulse-averaged total current (left axis) and charge (right axis) of 
ions exhausting by the thruster, to the respective sums of pulse-averaged discharge 
currents and charges in both stages; Images of the side surfaces of the cathodes after firing 
of the first stage only (b), and together with the second stage (c) within single pulse. The 



image in the Fig. 4 (b) outside the dashed region was blurred in order to focus the attention 
on the significant details of the surface; original image can be seen in the Fig. S3. 

 
Fig. 5. Temporal characteristics of the first- and second-stage currents as well as the total 
current of exhausting ions for the two-stage µCAT-MPD thruster with zero (a) and maximal 
(UMPD = 180 V) voltage on the second stage. 

 
Fig. 6. a) The trends of TPR (left axis) and mass flow rate (right axis) versus the Isp, for the 
two-stage µCAT-MPD thruster with the planar electrodes, movable magnet and the short 
gap between the first and second stages; b) TPR vs. Isp trends for different approaches of 
the powerful thrusters [23-25]: HET – Hall effect thruster, GIE – gridded ion engine, MPD 
– magnetoplasmadynamic thruster, HEMPT – high efficiency multistage plasma thruster, 
PPT – pulsing plasma thruster, FEEP – field-emission electric propulsion, µCAT-MPD – 



micro-cathode arc thruster with MPD stage (this work). Black curves mean the trends for 
the fixed values of the efficiency (100 % – 30 %). 
 

 
Fig. 7. a) Ion velocity for the two-stage µCAT-MPD thruster with the cylindrical copper 
cathode and anode, versus the distance z between the magnet face and the opening of the 
second-stage MPD electrode; b) sketch demonstrating the possibility to control the modulus 
and direction of the magnetic field strength by the two independent electromagnetic coils 
with cores. 

 
2.Analysis of Ionization Processes in Air-Breathing Plasma Thruster 
         
Recently, there have been a keen interest in research and development of air-breathing plasma 
thruster (ABPT) for very low earth orbit applications, typically in range 80-250 km. ABPT uses 
incoming air as fuel that is ionized and then consequently is accelerated to produce thrust. 
Typically thrust level is required to cancel drag that is substantial at those low altitudes. There are 
many advantages but also design and operational challenges when dealing with an ABPT, that is 
to be addressed. An application of an air-breathing plasma thruster engine is for satellite propulsion 
and the ability to fly in very low earth orbits, using atmospheric gas molecules. This creates an 
extended service lifetime. The major challenge is to build an optimum design that can operate in a 
rarefied gaseous environment within an altitude range of 80-250 km.  
 
The primary focus of this work is to study the ionization in the scramjet-type air-breathing plasma   
thruster (ABPT) in low earth orbit applications. For a scramjet-type scheme to work, a high degree 
of ionization needs to be achieved.  This paper focuses on plasma chemistry simulation for air in 
the low earth orbits (80-110 km), to explore the possibility for high ionization of incoming air. The 
plasma chemistry simulation was performed for air and the variation of ionization degree and 
species densities were observed concerning the mean input energy that contributes to the chemical 
reactions. In addition, concept of ABPT without neutralizer has been considered. 
 



 
3.Discharge characteristics of two-stage micro-cathode arc MPD thrusters with permanent 

magnet and pulsed magnetic field 

 

Small, light-weight low-power micro-cathode arc thrusters (µCATs) with micro-newton thrust 
level are well-suitable for altitude control of small satellites like CubeSats. However, for some 
applications their thrust level needs to be improved which can be done by the adding a second 
acceleration stage. Recently, we proposed a possible approach for the two-staged thruster – a micro 
cathode thruster with magneto plasma dynamical (MPD) stage with external magnetic field created 
by permanent magnet or magnetic coil as shown in Fig 4. Such a two-stage µCAT-MPD concept 
implies the preliminary production of initial fully-ionized metal plasma by the first stage based on 
pulsed vacuum arc, and acceleration of this plasma by the j x B force created in the second stage. 
In this article we discuss some discharge features that such µCAT-MPD thruster experiences in 
the each configuration of the magnetic field – formed with either a permanent magnet, or a pulsed 
magnetic coil. 

 
Fig. 4. Schematics of µCAT-MPD thruster with permanent magnetic ring (a), and pulsing 
magnetic coil (b). 

 
4.DEM Modeling 
A DEM-like simulation was set up to simulate cathode erosion and insulator deposition on a 3D 
domain approximating the flat plates configuration studied previously. These simulations use 
spherical grains acting on each other with linear F=kx attractive and repulsive spring force. A 
Maxwellian ion source was included with ions particle impacting momentum onto the grains. Even 
with this simple setup, we actually get an interesting and realistically-looking behavior, see Figure 
5. We can see that some white grains, representing the conducting material, make it both on top 
of, and inside, the conductive layer. Our current effort involves tracking charge deposited from the 

b) a) 



ions and redistributing the charge to neighbor grains and adding a Poisson solver to model 
influence of the charge on ion trajectories.  
 
 
 
 
 
 
 

 

 
Figure 5. Several frames from an animation demonstrating the DEM  surface model 

 
5.CUDA Cathode Simulations 
We have also developed a 1D GPU-enabled code for modeling the vacuum arc breakdown. Results 
from this study were presented at the 2020 ICOPS conference, Figure 6. We are seeing interesting 
oscillatory patterns in the charge density in cases with full ionization, that seem to be indicative of 
two stream instability. This effect is under investigation but if found to be physical, could be 
responsible for energy transfer to the ions.  



 
Figure 6. Simulation of vacuum arc cathode spot formation 

 
6.Solenoid Field Simulation 
Simulations of electron dynamics in the MPD-like vacuum arc thruster were performed. Results 
with a configuration with a permanent magnet is shown in Figure 7.  In this configuration, electrons 
are strongly magnetized, leading to a JxB force at the separatrix. We have also considered a 
configuration with a solenoid field in which the magnetic field lines are aligned with the axis. For 
this configuration, we observe formation of coherent structures in the discharge electron velocity, 
see Figure 7 right. 
 

  
Figure 7. JxB force with a permanent magnet field (left), and coherent structures in electron 

velocity with axial field (right) 
 



7.Simulation of Facility Effects 
We have also investigated the effect of facility background pressure on the operation of Hall 
thrusters. Specifically, we are interested in studying the feasibility of running the device in a 
pulsed mode in facilities with limited pumping. The HET simulation code HPHall was modified 
to dynamically adjust neutral back flux according to a specified pumping speed and facility 
volume. By plotting the spectral response, see Figure 8, we can clearly see dampening of high 
frequency modes as the pressure increases. Interestingly, this behavior is similar to one observed 
previously by Hargus when studying chamber start up (we can expect localized high pressure 
due to boil off of surface-trapped water, for instance).  

 
Figure 8. Temporal evolution of Hall thruster discharge current oscillations for cases with 
constant background pressure, and two cases with linearly increasing pressure. 
 
We also added support for running the device in a pulsed mode in which the thruster runs for a 
specified number of seconds with nominal mass flow rate, followed by another period at a 
reduced injection. Figure 9 shows the frequency spectrum at two different pressures.  



 
Figure 9. Comparison of the effect of background pressure on frequency spectrum  

 
 

 
 

 
 
 
 

 
 


