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I. INTRODUCTION
Recently there are a lot of designs for spacecraft engines based on electric propulsion. Capabilities of the pulsed arc 

discharge, which has several advantages to create thrust in small and ultra-small spacecraft, have not been fully studied. 
Important advantages include the possibility of using a condensed working medium (including one with a significant 
atomic mass), high supersonic plasma flow rates, and an ability to adjust the thrust in the ~ 1–10 µN range with a 
sufficiently high accuracy by several independent parameters: frequency, duration and power of ignition pulses.
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As a rule, disadvantages of the vacuum arc plasma source 
include erosion of electrodes, which reduces engine lifetime. 
However this problem can be solved by means of a liquid-phase 
metal propellant automatically fed to the discharge zone through a 
steel capillary.

The principal disadvantage of the high-current vacuum arc 
plasma is its wide spray pattern resulting in large momentum 
losses in radial direction and, consequently, to low propulsion 
efficiency. This disadvantage can be eliminated by plasma 
compression by an external magnetic field. Considering the pulsed 
mode of vacuum-arc plasma generation, it is more appropriate in 
this case to use the inductive interaction between the plasma and 
the magnetic field. Such interaction is realized, for example, in 
pulsed gas-plasma engines. However, taking into account the 
initially high plasma expansion rate, it is not so much about its 
inductive acceleration, but rather about correction the angular 
diagram of its expansion. In addition to search for the optimal 
spatial configuration of the magnetic field, the problem of 
optimizing the delay of the magnetic field pulse relative to the arc 
ignition pulse also is of high importance.

In this paper, based on numerical simulation, estimates of 
configurations and parameters of the magnetic field pulse are 
given, providing significant changes in the traction force of the 
vacuum arc plasma source. These estimates may also be applicable
to a plasma source based on pulsed overheating of a material by a 
laser beam.
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II. CALCULATION METHODS 
AND MATHEMATICAL MODEL

The simulation was performed using the Comsol Multiphysics (CM) version 5.4 computing 
environment. Given that the basis of the “Plasma” module in CM is a drift-diffusion model, 
which is more suitable for describing properties of low-gradient technological plasma with a 
high background of neutrals, the “Computation fluid dynamics” (CFD) module and the 
magneto-hydrodynamic (MHD) theoretical model of the plasma were used in the work. In this 
model, the plasma is considered as an unitary quasi-neutral liquid with some effective volume 
density ρ, directed velocity V, pressure P, and effective temperature T. First pair of values is 
determined mainly by the concentration of ions and their average flow rate. The second pair of 
values is determined by parameters of the electronic plasma subsystem.

We will neglect the inter-electrode component of the current density, which is almost all 
concentrated in the small spark zone. Therefore, we‘re going to assume that the current density 
J and the electric field strength E in the main part of the device’s volume are determined by the 
induced vortex components. Based on two blocks: “Non-Isothermal Flow” from the CFD 
module and “Magnetic Fields”, we obtain a system of equations that corresponds to the quasi-
stationary MHD model of simplest plasma .
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Continuity (1), Navier-Stokes (2), and heat balance (3) equations describe the dynamics and the heat function of 
each unit of the medium volume in time t. In this case, the “external” Lorentz force is also added in the right-hand side 
of equation (2) to the pressure and viscosity forces (µ is the viscosity coefficient) acting on a unit element of the plasma 
volume:
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Equation of state (4) describes plasma as an ideal neutral gas in which the pressure P is proportional to the 
temperature: P = nekT, where k is the Boltzmann's constant; ne = Zni = Zρ/M is the electron concentration; ni is the ion 
concentration, Z and M are the average values of the charge number and the mass of the plasma ion, respectively.



The heat balance equation (3) accounts Joule heat

, (10)

where σ is the plasma conductivity, it is mainly determined by scattering of electrons by ions in the magnetic 
field:

. (11)

As far as the azimuthal component of the current was considered dominant in the model, the conductivity 
component orthogonal to magnetic field lines was taken into account. In expression (11), the term enclosed in 
brackets is an amendment, including action of the magnetic field, to the Spitzer conductivity and the value x = 
(eB/m)/νei is the ratio of the Larmor frequency of electrons to the average frequency of their scattering at 
Coulomb centers:

. (12)

Coefficients α'1= 5.523; α'0= 0.5956; δ1= 10.8; δ0=1.0465 correspond to the case Z = 2. The Coulomb 
logarithm Λei can be expressed as

. (13)

The system of equations describing the magnetic field includes Ampere's law (5), generalized Ohm's law (6)
and Faraday's law (7)–(8). In CM, these equations are solved with respect to the components of the vector 
potential A. The value Je in the “Magnetic Fields” interface describes external currents. It is convenient to 
associate the current component due to the plasma pressure gradient with this quantity Je in the combined model 
and put

. (14)
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III. TASK PARAMETERS
The task was solved in the axial-isotropic approximation, taking into 

account the occurrence of azimuthal components of vector quantities. The 

calculated domain was a cylinder of the radius R0 = 30 mm and the height Z0 = 

60 mm (Fig. 1). Boundaries of the area, except for the part of the cylinder’s 

base (z = 0, r < 10 mm) adjacent to the plasma source, were as considered 

remote. The condition of free outflow of the plasma liquid and fixation of the 

plasma temperature at the low level T0=600 K (which is by over an order of 

magnitude lower than the temperature of the plasma source) was formulated at 

these boundaries. The plasma source with ignition on the dielectric surface was 

simulated by a thin ring with a diameter of 2 mm and located at a height of 0.5

mm above the base surface (Fig. 1).

Calculations simulated a pulse-periodic mode within three periods. The 

initial condition of absolute emptiness is unacceptable, so at time t = 0 the 

volume of the computational area was considered as cold plasma filled with the 

uniform pressure of 1 Pa at temperature of 600 K. By the time of beginning of 

the second and subsequent periods, this problem had been disappeared, because 

the area had been filled with the residual plasma generated during the previous 

period. During the initial period of 0 <t < 50 µs of the first cycle, the plasma 

source temperature was also gradually set at 8000 K and a pulsed plasma 

source was switched on with the pressure level of the order of tens kilo-pascals.

Fig. 1. The computational domain with the 
point plasma source and the electromagnetic 
coil located on the side surface of the 
accelerator. The arrows schematically show 
directions of plasma expansion, and dashed 
lines show magnetic field lines.
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IV. RESULTS
Configurations of electromagnetic systems were considered in 

the form of the surface azimuth current with varying distribution 

that circulated 1) along the lower part of the cylindrical wall within 

(r = R0; z < Z1) and 2) along the cylinder base within (r > 10 mm; 

z = 0), as well as 3) the azimuthal current uniformly distributed 

within certain variable volume inside the device (r > 10 mm; 

z < Z1).

Calculations have shown that for all of these magnetic field 

sources, the maximum of the traction pulse is reached at the limit 

“concentration of the electromagnetic coil turns” to the angular 

point of the computational domain (r = R0; z = 0). Herewith the 

optimal delay of the magnetic field pulse ∆t relative to the plasma 

source pulse is approximately equal to the time of plasma boundary 

propagation to the region of localization of the magnetic coil.

This result is natural due to high gradients of the expanding 

plasma. The magnetic field with reasonable values of magnetic flux 

density and frequency can penetrate only into peripheral layers of 

the plasma, providing the corrective effect on the particle flow. 

With that the maximum steepness of magnetic flux density rise 

dB/dt should correspond to the time moment at which near the wall 

the maximum plasma density is reached. The important condition 

for the optimum is to switch off the plasma source until the 

magnetic field disappears, as, for example, shown in Fig. 2. 

Fig. 2. Normalized pulses of the plasma source and the magnetic 
field source. The numbers in the figure indicate the order of 
amplitudes in the vicinity of which thrust parameters were 
optimized.

In fact, the removal of the magnetic field under conditions of a
continuously functioning plasma source leads to the appearance of 
inductive currents of the opposite direction with respect to those that 
occurred during the rise front. As a result, the part of the thrust 
impulse “won” at the stage of field growth will be compensated, and 
in general the effect will be close to zero. These considerations are 
also confirmed by calculation of the traction force (15) as a function 
of time FT (t).
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The thrust was characterized by the force FT, with which the plasma flow acts in the direction of the source axis on an imaginary 
surface surrounding the computational domain. It was accepted

, (15)
where S1 is upper part of the boundary surface (r ≤ R0, z = Z0) U (r = R0, Z1 ≤ z ≤ Z0); Vz is the projection of the flow velocity on z

axis.

The plane z = Z1 = 30 mm determined the conventional geometric boundary of the accelerating device, in which electromagnet’s 
coils are situated, so the region (z < Z1) was not taken into account in calculating of the traction force. Determination of the thrust force 
depending on time was carried out during the entire simulation procedure, as a result of which it was possible to calculate the recoil 
momentum and estimative optimize parameters of pulsed sources of the plasma and the magnetic field by this value

Fig. 3. Dependences of traction force on time at various values of 
I0 of short coil z0 = 0.5 mm (values are indicated on the graph in 
mega-amperes per meter).

For example, we consider the first type magnetic field source (see 
above) characterized by distribution 

I =I0exp[–(z/z0)
2], (16)

where I = i·N is the linear azimuthal current density (A/m); i is the 
current in the coil (A); N is the density of turns (m–1), I0 is the 
maximum value of the current density at the point (z = 0; r = R0); z0 is 
the optimization parameter that determines the non-uniformity of the 
turns in  the coil (see Fig. 1).

Fig. 3 shows dependences FT (t) for various values of the current 
amplitude in the coil with the parameter z0 = 5 mm (that is, which is 
actually concentrated at the bottom of the computational domain). 
The first sharp peak at beginning of the first cycle is due to artificial 
initial conditions (see Section III): the formation of velocity field is 
attended with a density wave in the initially uniformly distributed 
rarefied plasma. The establishment of the constant level of pressure 
force of 70 mN corresponds the filling of volume by arc plasma. For 
a duration of the plasma source operation of 200 µs, this value 
corresponds to the momentum of 14⋅10–6 N⋅s.
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The shape of the impulse of the 

traction force becomes complex in 

proximity the stability threshold: to 

the main maximum, one more 

maximum is added, time-shifted by 

40µs relative to the maximum dI/dt. 

The cause for complicated influence 

of the magnetic field on traction 

device parameters can be 

understood based on the analysis of 

plasma characteristics during 

periods of the maximum dI/dt (or 

dB/dt). Fig. 4 shows the fields of ion 

velocity and concentration (from the 

calculation of the average mass of 

an atom In–Ga eutectic M = 

9.87⋅10–26 kg = 59 AM and the 

average charge number Z = 2) at the 

time of 450 µs at I0 = 1.2⋅106 A/m. 

The effect of the magnetic field becomes noticeable at the current amplitude in the magnetic field source of the order of 
103 ampere-turns. Against the background of stationary thrust, the bell-shaped pulse appears with a maximum shifted by 
20 µs relative to the maximum dI/dt (Fig.3). The shift is caused by the time of transfer of the perturbation to upper part of 
the boundary surface S1. With a current amplitude of i = 5.2⋅103 ampere-turns (respectively, I0 = 1.2⋅106 A/m), the effect 
becomes strong, passing to instability.

(a) (b)     
Fig. 4. Fields of velocities (a) and concentration (b) of plasma ions at the time 450 µs at 

coil current increase to the amplitude of 6/N kA. Numbers indicate speeds in km/s and 
concentrations in m–3.
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As follows from Fig. 4, there is a sharp deceleration of the plasma flow in the radial 
coordinate direction during this period, as a result the peripheral part of the plasma thickens 
(Fig. 4,b), keeping the magnitude of z-component of the velocity. Thus, the first maximum on 
the thrust force characteristic is more related to the correction of the angular diagram of 
plasma expansion. At the approach the critically high dB/dt value in addition to braking 
correction of the plasma flow direction, there is the focusing effect that forms the 
protuberance-like “sheet” of compacted plasma, bordering on the velocity local maximum. The 
peculiar domain of flux density arises, which moves to the upper boundary, reaching it within 
20 µs, where “pressure sensors” record another overshoot of the mechanical pulse. Due to 
appearance of the local maximum in the velocity field, this component of the thrust force can 
be conditionally related to the inductive plasma acceleration inz direction. As follows from 
Fig. 4, the efficiency of traction increasing due to inductive acceleration in z direction can be 
commensurate with the efficiency of increasing it due to braking in r direction.

As shown by calculations, when the parameter z0 increases (that is, when the coil of the 
magnetic field source stretches along the wall of the device), the inductive acceleration of the 
plasma in z direction is displayed on the dependence FT (t) less and less – second maximum is 
blurred and overlaps with the first. At the turns inhomogeneity parameter z0 = 20 mm, the 
effect of adjustment and focus becomes common.
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V. CONCLUSION

The calculations showed that it is possible in principle to achieve highly
effective magneto-inductive correction of high-gradientplasma expansion from a 
localized arc source and corresponding increase in the traction pulse by several
times. It can be achieved by a pulsed magnetic field with the amplitude of the Tesla
fraction order and a steepness of its rise on the order of 104 T/s. In this case, the
pulse-periodic operation mode with the delay of the front ofthe current pulse of the
magnetic field source relative to the ignition voltage pulse of the plasma source for
the time of plasma expansion within the device is required. The greatest gain in
traction is created by the magnetic field source, the turnsof which are laid as tightly
as possible at the level of the arc source along the maximum possible radius
determined by the design of the acceleration device. However, taking into account
the real geometry of the anode, functional objectives of the device, requirements for
reducing energy losses, the heat dissipation mode, etc. may lead to slightly different
estimates of optimal parameters of the magnetic system of accelerating devices with
electric traction on the short arc.

Thank you for your attention!
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