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Abstract: Magneto Plasma Sail (MPS) is a propulsion system making use of the solar
wind. This propulsion system creates a strong magnetic field using a super-conducting coil
and plasma jets, and the magnetic field works as a “sail” catching the solar wind to generate
thrust. However, the feasibility of MPS is now under discussion because the momentum
transfer process from the solar wind to the spacecraft is a complicated electromagnetic
process and so the process has not been clarified specifically. In this study, we studied
the process based on the ideal magnetohydrodynamic approximation. We simulated MPS
for various Alfven Mach numbers of the plasma jet at the nozzle exit, and the relation
between the thrust of MPS and the Alfven Mach number of the plasma jet was analyzed in
detail. As the result, when the plasma jet at the high Alfven Mach number is injected in all
direction and the termination shock forms all around the spacecraft, MPS can not produce
thrust. This means the magnetohydrodynamic waves play important roll to transfer the
momentum of the solar wind to the spacecraft as thrust. However, the plasma jet at a low
Alfven Mach number can not produce large thrust because the large magnetosphere can
not be created. Based on that result, the improved method for MPS was proposed; using
the high Alfven Mach number plasma jet in only one direction, MPS can generate not only
the large thrust by capturing the solar wind but also the thrust by the plasma jet.
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I.

Introduction

In the interplanetary space, a high speed plasma flow, called the solar wind, flows from the Sun. The
magnetic field of the Earth interacts with the solar wind to form the magnetosphere around the Earth. The
magnetosphere works as a barrier to the solar wind and it protects the Earth against the solar wind. The
solar wind flow is accompanied by the bow shock because of the super-sonic solar wind flow velocity, so that
the solar wind flows around the magnetosphere without entering into it. There are some propulsive concepts
making use of the artificial magnetosphere similar to the magnetosphere of the Earth (as shown in Fig.1)1,2 .
The artificial magnetosphere around the spacecraft works as a sail catching the solar wind momentum and
transfers the momentum of the solar wind to the spacecraft as thrust.
If the artificial magnetosphere of the several tens kilometers in radius can be created, the spacecraft can
produce a thrust level of a few newton. Because of that large thrust, such propulsion concepts making use of
the artificial magnetosphere are suitable for deep space explorations. However, it is difficult to create such
huge artificial magnetosphere by only coil currents on the spacecraft1 . To overcome this difficulty, Magneto
Plasma Sail (MPS), originally called M2P2, utilizes a plasma source onboard the spacecraft2 . The small
artificial magnetosphere by coil currents is expanded to the large one by the plasma jets from the spacecraft;
the plasma flow injected from the spacecraft can extend the magnetic field outward and inflate the magnetic
field, and as a result, the artificial magnetosphere expands (Fig.2).
MPS has been studied and the studies were mainly based on numerical approaches because of difficulties
of experimental approaches. Winglee, et al.2 , Khazanov, et al.3 and Nishida, et al.4 conduct magnetohydrodynamic (MHD) simulations and the feasibility of the magnetic field inflation was verified and the
performance of MPS was roughly estimated. Khazanov, et al.3 , Omidi, et al.5 , Saha, et al.6 and Kajimura,
et al.7 conducted hybrid simulations taking the kinetic effects of ions into account and the kinetic effects of
ions on the performance of MPS were discussed. In spite of the above researches, the feasibility of MPS is
still under discussion. This is because the momentum transfer process from the solar wind to the spacecraft
is a complicated electromagnetic process and hence the process has not been clarified apparently. The momentum transfer process has to be understood in detail to accurately estimate the thrust of MPS and to
figure out some improved methods for MPS.
The purpose of this study is clarifying the momentum transfer process of MPS. We adopt ideal magnetohydrodynamic simulations to study. In the physical phenomenon of MPS, the kinetic effects of ions and
finite electric conductivity can not be neglected. However, the momentum transfer process is not understood
exactly even in the ideal MHD limit, and the kinetic effects of ions and the finite electric conductivity make
2
The 30th International Electric Propulsion Conference, Florence, Italy
September 17-20, 2007

Figure 1. Magnetosphere in the solar wind.

Figure 2. Magnetic field inflation by plasma jets.

it harder to understand the process. Therefore, for the beginning of study, we study the process by the ideal
magnetohydrodynamic approach. Next, an improved method for MPS is proposed.

II.

How to Study the Momentum Transfer Process

In this section, we discuss a momentum transfer process which should be clarified and how to clarify
that.
When the solar wind interacts with the magnetic field of the spacecraft, the solar wind deforms the
magnetic field and the magnetosphere is formed around the spacecraft. The deformed magnetic field exerts
the Lorentz force on the on-board coil currents as thrust8 . When the plasma jets are injected in all direction from the spacecraft and the plasma jets are super-sonic, the flow field and magnetic field around the
spacecraft are nearly same as those of the heliosphere (as shown in Fig. 3); the plasma jets decelerate to
the sub-sonic flow forming a shock wave called as the termination shock and conflict with the solar wind
at the magnetopause after passing the termination shock. In the magentohydrodynamics, the sonic wave
corresponds to the MHD wave; the slow wave (cs ), the Alfven wave (ca ) and the fast wave (cf ). Three MHD
waves satisfy the inequality cs < ca < cf and the supersonic flow means the superfast flow. If the force of
the solar wind is assumed to be transmitted by the MHD wave, the solar wind can not affect the magnetic
field inside of the termination shock because the fast wave can not propagate through the shock wave. In
this situation, as the magnetic field inside of the termination shock is not deformed by the solar wind, it
can be concluded that the spacecraft can not generate the thrust. However this theory has not been verified
specifically in past researches. In this paper, we will study this theory.
We simulate MPS with changing the Alfven Mach number of the plasma jets at the nozzle exit to study
the theory. The Alfven Mach number Malf is defined as follows;
v
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where v, ca , B, ρ and µ0 are the flow velocity, the Alfven wave velocity, the magnetic flux density, the plasma
density and the magnetic permeability respectively, and β is defined to be the ratio of the dynamic pressure
of a plasma flow to a magnetic pressure. In this study, the Malf at the plasma jet nozzle exit is changed by
changing only ρ. Here, the fast wave Mach number Mf is defined as follows;
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c is the sonic velocity, and then γ and p are the specific heat ratio and the plasma pressure, respectively.
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Figure 3. Flow field and magnetic field of the heliophere.

Malf is related to Mf by above equations, and these equations indicate that high Malf means high Mf when
M is fixed.
The plasma jets from the spacecraft accelerate with expanding outward and become the superfast flow
after sufficient expanding acceleration. When the Malf at the nozzle exit is sufficient high, the plasma jet
flow becomes the superfast flow immediately and the termination shock is formed all around the spacecraft.
When the Malf at the nozzle exit is getting lower, the subfast flow field around the spacecraft is getting
larger, and on the other hand, the magnetosphere is getting smaller because lower Malf means the smaller
dynamic pressure of the plasma jets (as shown in Fig. 4(A)). The shrinking magnetopause makes contact
with the expanding subfast flow field on a certain low Malf at the nozzle exit (as shown in Fig. 4(B)).
As a result, the plasma jet flow collides with the solar wind without forming the termination shock at the
contact area. Even if the termination shock vanishes partially, the solar wind can deform the magnetic
field around the spacecraft because the MHD wave can propagate to the spacecraft through the area where
the termination shock vanishes, hence it is expected that the spacecraft can generate the thrust. If above
phenomena is checked, we can verify whether the theory of the momentum transfer process from the solar
wind to the spacecraft is true or not. Therefore in this study, we simulate MPS with changing the Malf at
the nozzle exit from 1.0 to 0, and the relation between the Malf at the nozzle exit and the thrust of MPS is
analyzed.

III.

Governing Equations and Numerical Methods

We adopt one-fluid ideal magnetohydrodynamics (MHD) equations to simulate MPS. In this research,
a problem, in which a strong dipole magnetic field is present, has to be solved with high accuracy; for this
purpose, the deviation of the magnetic field from the dipole magnetic field is solved9 .
In our numerical simulation, the finite-volume method is used. The numerical fluxes are calculated by
TVD Lax-Friedrich scheme10 with MUSCL method. The TVD condition is achieved by MINMOD limiter.
The time integration is conducted by ADI-SGS scheme. The normalized 8-wave formulated MHD equations
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Figure 4. (A) The termination shock is formed where the superfast plasma jets from MPS spacecraft decelerate and
the shock surrounds the spacecraft. When the Malf at the nozzle exit of the plasma jet is low, the magnetosphere
is small. (B) The magnetopause contacts with the expanding subfast flow field for a very low Malf at the plasma jet
nozzle exit.

for solving the deviation of the magnetic field are as follows:
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Here, ρ, p, v and B are density, pressure, flow velocity vector and magnetic flux density vector, respectively. I is unit matrix, and the specific heat ratio, γ, is set to be 5/3. B0 is the dipole magnetic field
and B1 is the deviation of the magnetic field from the dipole magnetic field. The normalization quantities
in the governing equations are characteristic length Lc , characteristic magnetic flux density Bc and characteristic density ρc . The other normalization quantities are defined by these units; characteristic velocity
√
vc = Bc / µ0 ρc , characteristic time tc = Lc /vc , characteristic pressure pc = ρc vc2 and characteristic current
density Jc = Bc /(Lc µ0 ), where µ0 is magnetic permeability. In this study, the main discussion is conducted
using only normalized values and a discussion based on real physical values is not very important for our
reseach purpose. S1 is the source term called as the Powell’s source term9 and can suppress the error of
∇ · B. In addition to the Powell’s source term, the projection scheme11 is used every 10 time step to clean
the error of ∇ · B.
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IV.
IV.A.

Study for Clarifying the Momentum Transfer Process

Computational Settings

The configuration of MPS adopted in this study is shown in Fig. 5; a super-conducting coil surrounds the
spacecraft and two plasma jets are injected from two nozzles. Figure 6 shows the computational grid system

Figure 5. Configuration of MPS.

and computational settings. MPS is simulated in the axisymmetric two-dimensional domain; X-axis is the
axis of symmetry. A sphere is located at the origin as the spacecraft and the radius is one in normalized
value. The dipole magnetic field is also located at the origin in the initial state, and the magnetic moment
vector has only the X component which is 500 in normalized value. The initial dipole magnetic field is filled
with a uniform plasma which has constant density (ρinitial ) and pressure (pinitial );
ρinitial = 0.1, pinitial = 0.0024.

(7)

At the beginning of the simulation, the solar wind is introduced through the outer boundary and flows in
the X direction. The physical values of the solar wind are as follows;
ρsw = 1.0, Tsw = 0.024, Bsw = 0, Msw = 10.0,

(8)

where ρsw , Tsw and Bsw are the density, temperature and magnetic field of the solar wind, respectively. Msw
is the Mach number of the solar wind and defined as follows;
Msw = p

vsw
γpsw /ρsw

,

(9)

here vsw is the velocity of the solar wind. The interaction between the solar wind and the dipole magnetic
field is simulated until a steady state is achieved. After the steady state is achieved, two plasma jets start
to be injected from the spacecraft in −X and X directions. The physical values of the plasma jets at the
nozzle exit are set as follows in normalized values;
∗
Malf

T ∗ = 0.0048, v ∗ = 0.089(M = 1.0),
= 1.0, 0.3, 0.1, 0.03, 0.027, 0.02, 0.00025, 0.016, 0.01, 0.003,

(10)

∗
where T ∗ , v ∗ and Malf
are the temperature, the velocity and the Alfven Mach number of the plasma jet
∗
at the nozzle exit. The density ρ∗ is defined by Malf
. The plasma jet nozzles are defined to be the area
on the spacecraft surface where Y coordinate is less than 0.5 in normalized value as shown in Fig. 6. The
spacecraft surface except the plasma jet nozzle area is assumed to be the perfect-conductive solid wall. The
interaction between the solar wind and the magnetic field inflated by the plasma jets is simulated and the
simulation ends when the steady state is achieved.
Boundary conditions are implemented by using ghost cells. At the Y = 0 boundary, the axis symmetric
boundary condition is implemented. The solar wind inflow boundary is implemented by fixing the physical
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Figure 6. Computational grids and computational settings.

values of the solar wind, and at the outflow boundary the physical variables of the ghost cells are extrapolated
linearly with the last physical cells. At the spacecraft surface boundary, the radial components of the
magnetic field (B⊥ ) are fixed and the circumferential components of the magnetic field (Bk ) are updated by
the numerical fluxes through the spacecraft surface. At the perfect-conductive solid wall, ideal symmetric
condition is implemented by copying the physical variables, except for the magnetic fields, of the last physical
cell into the ghost cell with the velocity field mirrored relative to the boundary. At the nozzle area, the
physical values except for the magnetic field are fixed at the physical values of the plasma jet at the nozzle
exit with the velocity vector aligned with the magnetic field lines. The boundary conditions are summarized
in Table 1.
p
Solar wind inflow boundary
Outflow boundary
Symmetric axis
Jet inflow boundary (nozzle)
Perfect-conductive solid wall

ρ

B⊥

Bk

v

Dirichlet condition (fixed)
Neumann condition (not fixed)
Symmetry condition (not fixed)
Dirichlet Dirichlet Neumann Neumann
Neumann Dirichlet Neumann Symmetry

Table 1. Boundary conditions

IV.B.
IV.B.1.

Simulation Results
Flow Field and Magnetic Field around Magneto Plasma Sail

Flow fields and magnetic fields around MPS are shown using simulation results. First of all, we show the
∗
simulation results in the case that the spacecraft does not inject the plasma jets (Malf
= 0). The upper-half
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of Fig. 7 shows the streamlines and the pressure contours, and the lower-half of Fig. 7 shows the magnetic
field lines and the fast wave Mach number (Mf ) contours. The solar wind decelerates and is deflected forming
the bow shock in front of the spacecraft, and the shock stand-off distance is about 10.0. The dipole magnetic
field is deformed and forms the magnetosphere around the spacecraft, and the solar wind flows along the
magnetopause without entering into the magnetosphere. Next, Fig. 8 shows the flow field and magnetic field
∗
in the case of Malf
= 1.0. The magnetosphere is drastically inflated by the plasma jets from the spacecraft
and the shock stand-off distance of the bow shock is about 1000.0. In this case, the plasma jets from the
spacecraft become a superfast flow expanding in all direction immediately, and the termination shock is
formed all around the spacecraft. The magnetopause is formed between the bow shock and the termination
shock, and the plasma flow from the spacecraft conflicts with the solar wind at the magnetopause after
∗
passing the termination shock . Figure 9 and 10 show the simulation results in the case of Malf
= 0.1 and

Figure 7. Simulation results in the case of no plasma jets
from the spacecraft. The upper-half of this figure shows
the streamlines and the pressure contours, and the lowerhalf of this figure shows the magnetic field lines and the
fast wave Mach number contours.

∗
Figure 8. Simulation results in the case of Malf
= 1.0.
The upper-half of this figure shows the streamlines and the
pressure contours, and the lower-half of this figure shows
the magnetic field lines and the fast wave Mach number
contours.

∗
Malf
= 0.02, respectively. The upper-half of Fig. 9 and 10 shows the pressure contours, and the lower-half
∗
of Fig. 9 and 10 shows the Mf contours. The size of the magnetosphere in the case of Malf
= 0.1 is much
∗
smaller than that in the case of Malf
= 1.0 and the shock stand-off distance is about 85.0. On the other
hand, the subfast flow field exists around the spacecraft; the white line in Fig. 9 shows the line where Mf
of the plasma jets exceeds unity, that means the area inside of the white line is the subfast flow area. When
∗
the Malf
gets lower, the magnetosphere gets smaller and the subfast flow area gets larger, then part of the
magnetopause enters into the subfast flow area as shown in Fig. 10. In this case, the termination shock
vanishes in the area where the magnetopause contacts the subfast flow area.

IV.B.2.

Thrust of MPS

The thrust of MPS is calculated by the following three approaches.
1. Thrust of MPS can be calculated by numerically integrating the momentum flux over the whole outer
boundary of the computational domain as follows;
µ
µ
¶
¶
Z
B·B
F =−
ρvv + p +
I − BB · ds,
(11)
2
outer
where, F is the thrust vector and s is the area vector of the outer boundary.
2. The solar wind momentum is tranferred to MPS spacecraft by the electromagnetic force. The electromagnetic force exerting on the spacecraft can be calculated by integrating the Maxwell stress tensor
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∗
Figure 9. Simulation results in the case of Malf
= 0.1. The
upper-half and the lower-half of this figure show the pressure contours and Mf contours, respectively. The white
line shows the line where Mf is unity, and the white dashed
line shows the magnetopause.

on the spacecraft surface.

Z
F =
inner

µ

∗
Figure 10. Simulation results in the case of Malf
= 0.02.
The upper-half and the lower-half of this figure show the
pressure contours and Mf contours, respectively. The
white line shows the line where Mf is unity, and the white
dashed line shows the magnetopause.

B·B
I − BB
2

¶
· ds.

(12)

3. The electromagnetic force exerting on the spacecraft is the Lorentz force between the induced magnetic
field created by the induced currents on the magnetopause and the coil currents attached to the
spacecraft. We estimate the thrust by directly calculating the Lorentz force. The Lorentz force can be
calculated as follows;
F = ∇Bi (0) · md ,
(13)
here, Bi (0) is the induced magnetic field at the origin created by the induced currents and md is the
dipole magnetic moment vector. Bi (0) is calculated using the Viot-Savart law.
In this paper, the thrust calculated by the momentum flux, the Maxwell stress and the induced magnetic
field are described as Fmf , Fms and Fim , respectively.
∗
Figure 11 shows the relation between the thrust of MPS and the Malf
, here the thrust is normalized by
F0 which is the thrust in the case of no plasma jet (=905.0). As shown in Fig. 11, Fmf , Fms and Fim are
almost same, that means the momentum change of the solar wind is transmitted to the spacecraft as the
electromagnetic force (the Lorentz force) and the electromagnetic force is exerted by the induced magnetic
∗
field around the spacecraft. When the Malf
is higher than 0.03, the thrust is almost zero. In this case, the
plasma jets from the spacecraft become the superfast flow before conflicting with the solar wind, and the
termination shock is formed all around the spacecraft. The physical state inside of the termination shock
is not affected by the solar wind outside of the termination shock because the MHD wave can not pass the
termination shock, hence the spacecraft can not produce the thrust. From the point of view of the induced
magnetic field, the induced magnetic field around the spacecraft created by the induced currents on the
magnetopause is canceled by the induced currents on the termination shock. Even if the termination shock
partially vanishes, MPS can obtain the thrust.
∗
When Malf
is 0.016, MPS generate the maximum thrust. Here we compare following three forces;
1. the momentum flux of the solar wind through the cross-sectional surface of the magnetosphere, that
is defined as
2
Fsw = (ρsw vsw
+ psw ) · sms ,
(14)
here sms is the cross-sectional area of the magnetosphere.
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2. the momentum flux of the two plasma jets through the nozzles, that is defiend as
Fjet = (ρ∗ v 2∗ + p∗ ) · snz ,

(15)

here snz is the area of the nozzles.
3. the thrust of MPS; F = Fmf = Fms = Fim .
Fsw , Fnz and F are 5024, 4945 and 1750, respectively. F/Fsw is about 0.35, that means 35% of the momentum
of the solar wind is transformed to produce the thrust of MPS. In the other hand, F/Fjet is about 0.35, that
means when the same plasma jets are used for a plasma jet thruster, the plasma jet thruster can produce
larger thrust than MPS. In fact, there is no advantage of MPS in this case.

∗
Figure 11. Relation between thrust of MPS and Malf
.

V.
V.A.

Improved Method for Magneto Plasma Sail

Strategy to Improve the Thrust of MPS

In the simulations in the previous section, MPS can not obtain large thrust because plasma jets at low
∗
Malf
can not inflate the magnetosphere drastically. We have to enhance the thrust production by using the
∗
plasma jets at high Malf
to improve the thrust of MPS. We propose a following improved method; only one
plasma jet is injected in the −X direction instead of two plasma jets. It is expected that the magnetosphere
is inflated drastically by the plasma jet in the −X direction and the subfast flow field is formed in the X
direction. In addition, this method is expected to enable MPS to utilize not only the thrust by capturing
the solar wind but also the thrust by the plasma jet.
V.B.

Simulation Results

∗
of the plasma jet is set to be 1.0. In this case, the simulation results are shown in Fig. 12. The upperMalf
half of this figure shows the pressure contours and the streamlines of the solar wind, and the lower-half of
the figure shows the Mf contours and the streamlines of the plasma jet flow. As shown in Fig. 12, the
magnetosphere is inflated drastically and the shock stand-off distance of the bow shock is about 1000.0. The
downstream flow field is the subfast flow field, and the termination shock is not formed downstream.
Calculation results of the thrust are shown. Fmf and Fim are 1690 and 63 in the values normalized by
F0 , respectively. Fim expresses the thrust by capturing the solar wind, and the Fmf is sum of the thrust
by capturing the solar wind and the thrust by the plasma jet. In this case, Fim is smaller than the thrust
by the plasma jet, but mach larger than that in the case of no plasma jet. It is clarified that this method
can transform the momentum change of the solar wind into the thrust more efficiently. Above all, since this
method can also utilize the thrust by the plasma jet, the thrust of MPS is improved drastically.
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Figure 12. Simulation results of improved MPS. Upper-half of this figure shows the pressure contours and the streamlines of the solar wind, lower-half of this figure shows the Mf contours and the streamlines of the plasma jet flow.

VI.

Summary

In this study, we conducted the ideal MHD simulation of Magneto Plasma Sail to study the momentum
transfer process from the solar wind to the spacecraft (coil current). The process is explained as follows;
the deformed magnetic field by the solar wind exerts the Lorentz force on the coil currents onboard the
spacecraft and the Lorentz force corresponds to the thrust of the spacecraft. It is neccesary that the MHD
wave propagates from the interaction region between the solar wind and the magnetic field in order to deform
the magnetic field near the spacecraft, thus when the superfast plasma jets from the spacecraft expands in
all around direction and the termination shock is formed surrounding the spacecraft, the spacecraft can not
produce any thrust. Based on the momentum transfer process, we proposed an improved method which is
that the high Alfven Mach number plasma jet is injected in one direction. This method enables MPS to
utilize not only the thrust by capturing the solar wind but also the thrust by the plasma jet, and therefore
the performance of MPS can be improved drastically.
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