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Abstract: To propel a deep-space explorer in the direction leaving the sun, magnetic 
sail (MagSail) produce an artificial magnetic cavity around a spacecraft. Because the solar 
wind plasma flow is blocked by the magnetic cavity, the corresponding repulsive force will 
exert on the MagSail spacecraft. A scale-model experiment of 1-N-class MagSail was 
conducted using a quasi-steady magnetoplasmadynamic solar wind simulator to obtain the 
thrust characteristics of the MagSail in ion scale. Direct thrust measurement of a MagSail 
scale-model, consisting of only a solenoidal coil, showed that thrust was increased when the 
magnetic cavity size was increased by increasing the coil current. The maximum magnetic 
cavity size was 0.16 m in radius in the scale-model experiment, which corresponds to a 
MagSail with 308-km-radius magnetic cavity in space. In addition, the effect of tilt angle (the 
angle of the dipole axis of the coil to the solar wind plasma flow) was evaluated and 90-deg 
tilt-angle showed the largest thrust. 

Nomenclature 
B = magnetic flux density, T 
B0 = magnetic flux density at the center of coil, T 
Cd = thrust coefficient 
c = light velocity (3.0x108m/s) 
e = elementary charge (1.6x10-19C) 
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F = thrust, N 
L = standoff distance of magnetic cavity, m 
Md = magnetic moment, Tm3 
M = ion Mach number 
mi = mass of proton (1.67 x 10-27 kg) 
n = number density, m-3 
rLi = ion Larmor radius, m 
Rm = magnetic Reynold’s number 
S = representative area of magnetic cavity, m2 
u = velocity, m/s 
 = skin depth, m 
0 = permeability in vacuum (1.26x10-6 H/m) 
 = electric conductivity, 1/ m 
p = plasma frequency, Hz 

 
Subscripts 
 
i = ion 
mp = magnetopause 
sw = solar wind 

I. Introduction 
agnetic sail (MagSail) is a deep space propulsion system, which uses the energy of the solar wind. The 
original MagSail proposed by Zubrin is depicted in Fig. 1.1 The MagSail has a large hoop coil, and it produces 

an artificial magnetic field to reflect the solar wind particles approaching the coil by using the Lorentz force, and the 
corresponding repulsive force exerts on the coil to accelerate the spacecraft in the solar wind direction. One can 
easily imagine that a large blocking area enhances the interaction, and Zubrin proposed 20-N-class MagSail by 
making a 100-km-diameter blocking area, which is usually called a magnetosphere. This kind of MagSail is called 
as ‘pure MagSail’ in this paper.  

To evaluate the thrust performance of pure MagSail experimentally, we have been working on the scale model 
experiment of pure MagSail.2

 A high-power magnetoplasmadynamic (MPD) arcjet was selected to produce a high-
velocity and high-density plasma flow simulating the solar wind. When a 19-mm-diameter coil was immersed into 
the plasma flow, it was found that the magnetic cavity (~ 8 cm) was formed around the coil to block the plasma 
flow.3 From the probe diagnostics of the 
plasma flow and dimensional analysis 
based on the plasma data, it was 
confirmed that the laboratory experiment 
of the plasma flow around the 19-mm-
diameter coil corresponded to a sub-
Newton-class magnetic sail. However, 
direct thrust measurement was not 
conducted, yet. Hence, our next step is to 
survey the thrust characteristics of pure 
MagSail using a thrust stand. In this 
paper, after briefly reviewing the design 
and operational characteristics of our 
experimental facility, the feature of the 
plasma flow field, and then, thrust 
measurement of the scale model pure 
MagSail are discussed. 

M

 
Fig. 1 Schematics of Magnetic Sail (pure MagSail). 
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II. Thrust and Scaling Parameters of Pure MagSail  

A. Thrust Exerting on pure MagSail 
The force on the current loop depends on the area that blocks the solar wind. By increasing this blocking area, a 

larger thrust is obtained. Therefore, the force exerting on the coil of the MagSail, F, can be formulated as3, 

 F Cd
1
2

usw
2 S  (1) 

where Cd is thrust coefficient, 1/2 usw
2 the dynamic pressure of the solar wind, and S= L2 the characteristic area of 

the magnetosphere. 

B. Definition of Magnetospheric Size, Ion Larmor Radius, and Skin Depth 
Because the density of the solar wind plasma flow 

around a Magsail is very small, the charged particles are 
collision-less and their movement separates the plasma 
region outside the magnetic cavity and the region inside 
the magnetic cavity. Simplified picture of this boundary 
is depicted in Fig. 2. When a magnetic dipole Md is 
located at the center, there is a balance between the total 
internal (magnetic) and the external (plasma) pressures 
at the boundary: 

0

2
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where n is the plasma number density, mi ion mass, usw 
the velocity of the solar wind, 2Bmp the magnetic flux 
density at the boundary, 0 the permeability in vacuum. 
The magnetic flux density Bmp at a distance L from the 
dipole center is expressed as, 

 3
0

4 L
MB d

mp  (3) 

hence the detachment distance of the boundary from the dipole center, L, is derived as follows. 

 L 0M d
2

8 2 n mi usw
2

 

 
  

 

 
  

1/ 6

 (4) 

This boundary is usually called a magnetopause, on which the charged particles, ions and electrons, impinge. 
The external space is considered as magnetic field-free. In the idealized situation, it is found that the thickness of the 
magnetopause is the order of the plasma skin depth  as 

 c p  (5) 

where c is the light velocity, and p  the plasma frequency. The thickness of the magnetopause, however, is 

considered larger than  ; it is about the ion gyration radius at the magnetopause4: 

 
Fig. 2 Schematics of plasma flow around MagSail. 
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  rLi
miusw
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   (6) 

Because of their heavier mass, the ions tend to penetrate more deeply into the magnetic field than electrons. This 
sets up a charge separation, thus the outward pointing polarization field restrains the ions. Before the ions can be 
deflected by the magnetic field, they are returned by this polarization field The electrons, however, experience the 
Lorentz force and gain energy in the polarization field. The transverse velocity component of the electrons accounts 
essentially for the electric current in the interface, which in case of the magnetopause is usually referred to as 
Chapman-Ferraro current. From eqs.(5) and (6),  ~1 km and rLi =71 km for the solar wind flow in Table. 1. 

 
Table. 1 Scaling Parameters of Pure MagSail. 

 Laboratory 
 

MagSail in space 
Design target 

Size of magnetic cavity (stand-off distance), L ~ 200 km ~ 0.1 m 
Thrust of MagSail, F, N < 200 ~ 1 
Ratio of ion Larmor radius to L, rLi/L 0.1-1 0.1-1 
Ratio of thickness of magnetopause to L, δ/L < 0.01 < 0.3 
Magnetic Reynolds number, Rm > 108 3-15 
Mach number 8 1-5 

C. Non-dimensional Parameters 
The solar wind is a super sonic plasma flow which consists of collisionless particles. These features are 

described by the Mach number, M > 1 as well as the magnetic Reynolds number, Rm=  0 uswL >>1. Incorporating 
typical plasma velocity and temperatures of the solar wind, M~8. In addition to these two scaling parameters, we 
defined rLi/L, and /L, hence four non-dimensional parameters in total are introduced. Among them, the parameters 
Rm , rLi/L, and /L, are dominated by the size of the magnetosphere, which was selected as L < 200 km in our 
preliminary study (see Table. 1). Corresponding non-dimensional parameters are 0.1 <rLi/L < 1 (the ion gyration 
radius is comparable to or larger than L, which is in contrast to the MHD scale requireing rLi/L<<1 in the scaling 
parameters of geophysics5 , 6 ) and  < 0.03 (the skin depth is much smaller than L). If the thickness of the 
magnetopause is small enough in comparison to L, almost all of the incident ions are reflected at the magnetospheric 
boundary, hence large thrust on the coil of the MagSail is expected. Vice versa, if the thickness of the magnetopause 
is much larger than L, no interaction between the plasma flow and the magnetic field is anticipated. We treat a 
transitional region from the MHD scale (thin magnetopause mode) to the ion kinetic scale (thick magnetopause 
mode) in this experiment. 

III. Experimental Setup 

A. Solar Wind Simulator and MagSail Simulator 
Our simulator, shown in Fig. 3, consists of a high-power magnetoplasmadynamic (MPD) solar wind simulator 

and a coil simulating MagSail’s coil, both of which are operated in a pulse mode of about 1 ms duration. Quasi-
steady operation is required to evaluate thrust from the ballistic pendulum method, hence a pulse forming network is 
arranged for the MPD arcjet in spite of using a plasma gun. Although the plasma gun was frequently used to 
simulate geomagnetospheric physics5,6, it is usually operated in a pulse discharge without any steady period.  The 
details of thrust measurement are explained afterwards. In our experiment (Fig. 3), a coil of 50 mm in diameter was 
located in a downstream position of the MPD arcjet to produce up to 1.5 T magnetic fields at the center of the coil. 
Into this magnetic field, a plasma jet from the MPD arcjet was introduced. 
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Fig. 3 Experimental Setup for Pure MagSail. 

B. Thrust Measurement of Pure MagSail 
Thrust measurements are carried out by the parallelogram-pendulum method. The coil simulating pure MagSail 

was mounted on a thrust stand suspended with four steel wires (Fig. 4). In this experiment, two different coils are 
used (Table. 2) The impulse was found from the maximum amplitude of its swing; after subtracting cold impulse bit, 
it was transformed into thrust by dividing the quasi-steady duration. The displacement of the pendulum was 
measured with a laser position sensor. For the calibration of the pendulum and position sensor combination, 
impulses of known magnitude were applied to the target of the thruster.  A simple pendulum consisting of a steel 
ball and a string was used in an atmospheric pressure environment, and the impulses of the ball were calculated from 
its mass and striking velocity evaluated from the energy conservation for the calibration pendulum. Due to 
uncertainty of the estimated velocity, the impulse measurement was accurate to within 1%.  Major errors in the 
thrust comes from electromagnetic noise while starting up the discharge of the coil, however, they were less than 
20% of the averaged value. 

 

 
Fig. 4 Schematics of Thrust Stand for Pure MagSail. 
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Table. 2 Specifications of Two Coils for Thrust Measurement. 
 Coil-1 Coil-2 

Figure 

  
Number of turns 20 turns 20 turns 
Inner/Outer diameter, mm 50 / 58 50 / 54 

IV. Results and Discussion 

A. Plasma Flow around Pure MagSail Simulator 
Close-up views near the coil are shown in Fig. 5. The solar wind plasma is from the left, and the dipole axis are 

a) perpendicular (0 degree), b) 45 degree, c) palallel (90 degree) to the plasma flow. In these figures, you can see the 
characteristic field of the MagSail. For example, a plasma trapped in the magnetic field line and a cusp where the B-
filed concentrates are observed. Also, about 10-11 cm away from the coil, a dark region in comparison with the 
outer region exists, hence the dashed lines may correspond to the magnetospheric boundary or the bow shock. At the 
inner boundary, the incoming plasma flow from outside is expected to be partly reflected by the magnetospheric 
boundary. The expected flows are similar to the image of the geomagnetic field, hence it is concluded that a fluid-
like interaction is also expected for the MagSail in this moderate rLi/L range. Detailed measurement of the plasma 
and magnetic field is off course necessary to characterize and to understand the MagSail in the scale model 
experiment. 

 

 
a) perpendicular (0 degree)   b) 45 degree        c) parallel (90 degree) 

Fig. 5 Plasma flow around Pure MagSail (Coil-1) for Various Tilt Angles 
(Simulated solar wind plasma is from the left, usw=45 km/s, n=1.8x1019 m-3, B0=1.5 T). 

B. Thrust of Pure MagSail 
Using the thrust stand described above, the impulse of pure MagSail is evaluated by the following equation: 

 F t MagSail F t total F t SWS  (7) 

When only the solar wind simulator is operated, the pressure on the coil surface produces thrust; this impulse 
corresponds to (F t)SWS in eq.(1). If the coil current is initiated during the solar wind operation, the impulse, 
(F t)total, becomes larger than (F t)SWS. Thrust of pure MagSail is defined as the difference between the two 
impulses divided by the SWS operation duration ( t=0.8 ms) as: 
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 FMagSail

F t MagSail

t
 (8) 

To derive eq. (8), a rectangular waveform is assumed for 
thrust, which seems reasonable approximation because 
nearly rectangular waveforms were confirmed for the 
discharge current and the probe current profiles (Fig. 6). 
Quasi-steady operation of our experimental system is hence 
very important to measure the thrust characteristics of 
MagSail. 

Figure 7 shows thrust data of pure MagSail (tilt angle = 0 
degree) for various coil currents. In order to see some 
influences of the coil area faced to the plasma flow, the 2-
difference-types of the coil are used for the measurement. By 
increasing the coil current, thrusts of both coils are also 
increased as a result of enlarged magnetic cavity size. Up to 
1500 A of the coil current, there is difference between the 
thrust of Coil-1 and Coil-2. 

Figure 8 shows thrust data of pure MagSail for various 
tilt angles (0, 45, 90 degree) to the plasma flow. By 
increasing the tilt angle, thrust is also increased. When the 
coil dipole axis is parallel to the plasma flow, tilt angle is 90 
degree, the maximum thrust is obtained; this large thrust was 
obtained when the plasma flow faced the cusp region.  

In Fig. 9, thrust values are plotted after normalized by 
the product of dynamic pressure of the plasma flow and the 
cross sectional area, as was defined in eq.(1). Judging from a 
few data points that are available at this stage, we see that the 
measured thrust is much smaller than the theoretical predictions.7 Nevertheless, from these results, it is concluded 
that the plasma flow and magnetic field interaction can effectively produce even in ion Larmor scale. However, we 
need to discuss the discrepancy between the theory and the experiment; a relatively large coil diameter that is 
different from the dipole approximation, or finite resistivity effect in the space chamber may cause such differences. 

 

 
Fig. 7 Thrust Characteristics vs. Coil Current  

(Tilt Angle = 0 deg, usw=45 km/s, n=1.8x1019 m-3, 
B0=1.5 T). 

 
Fig. 8 Thrust Characteristics vs. Tilt Angle 

 (Tilt Angle= 0 deg, usw=45 km/s, n=1.8x1019 m-3, 
B0=1.5 T). 

 
Fig. 6 Example Waveforms of a) MPD Discharge 
Current, b) Coil Current and c) Probe Current. 
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L(km) of MagSail in Space 
Fig. 9 Non-dimensional Thrust Characteristics of Pure MagSail 

(Tilt Angle = 0 deg, usw=45 km/s, n=1.8x1019 m-3, B0=1.5 T). 

C. Validity of scale model experiment 
To check the validity of our scale-model experiment, non-dimentional scaling parameters in space and laboratory 

experiments are summarized in Table. 3. Magnetic cavity size L, ratio of ion Lamor radius to L rLi/L, ratio of 
thickness of magnetopause to Lδ/L, magnetic Reynolds number Rm, Mach number are estimated from equations in 
section 2-B and thrust of MagSail F is the measured values. One can see that the non-dimentional scaling parameters 
of the current experiments using Coil-1 and 2 are similar to the design. Further tuning of Solar Wind Simulator-
MagSail Simulator (increasing Rm and set Mach number) can provide more suitable situation of plasma flow around 
MagSail 
 

Table. 3 Scaling Parameters of MagSail in experiments 
(Solar Wind Simulator was operated for H2 0.4 g/s and 14kA. 20-turns coils are positioned at z=0.6 m.). 

 Laboratory experiments 
 

MagSail in space 
Design target Coil-1 Coil-2 

Size of magnetic cavity (stand-off distance), L ~ 200 km ~ 0.1 m 0.16 m 0.15 m 
Thrust of MagSail, F, N < 200 ~ 17 1.22 1.64 
Ratio of ion Larmor radius to L, rLi/L 0.1-1 0.1-1 0.23 0.24 
Ratio of thickness of magnetopause to L, δ/L < 0.01 < 0.3 0.008 0.008 
Magnetic Reynolds number, Rm > 108 3-15 13.8 13.1 
Mach number, M 8 1-5 2.8 2.8 

V. Summary and Future works 
First thrust measurement of 1-N thrust class pure MagSail (scale-model) was conducted using MagSail Ground 

Simulator, consisting of an MPD Solar Wind Simulator and 25-mm-radius coil current simulating a pure MagSail 
spacecraft. As the results of thrust measurement, it was found that the thrust of pure MagSail (scale-model) was 
enlarged when the magnetic cavity size was increased. At the same time, when the dipole axis of coil is 
perpendicular to the plasma flow (tilt angle was 0 degree), the largest thrust of MagSail was measured for a tilt angle 
of 90 degree. In these experiments, it was confirmed that the MagSail scale-model mostly satisfies the similarity law.  

Our future plan in the scale model experiment includes: 1) improvement in scaling parameters, in particular, Rm 
and Mach number; 2) thrust measurement of the scale model MagSail for a variety of conditions; 3) detailed plasma 
and magnetic field diagnostic around the coil; and 4) extension of the experimental system to a plasma sail. The last 
item is important because the concept of plasma sails requires only a compact coil hence they are more attractive 
than the original MagSail from the viewpoint of spacecraft design. Preliminary results of the plasma sail are reported 
in our companion paper.8 

7100 710 7 71 
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