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Abstract: A two-stage magnetic field with cusp and divergent-nozzle shapes was 
applied in a magneto-plasma-dynamic (MPD) thruster discharge chamber.  The thrust 
efficiency intensively increased with enhanced thrust and unchanged discharge voltage 
because of more effective ionization/heating and swirl acceleration due to the magnetic field.  
When the magnetic field became much stronger and the arc current became much higher, 
the thrust approached the self-magnetic thrust.  As a result, an optimum magnetic field 
strength existed.  The plasma flow was observed by a high-speed camera, and plasma density, 
temperature and velocity were measured with electrostatic probes.  Through the magnetic 
nozzle the exhausted plasma rotated and spread radially-outward, and the plasma density 
decreased near the central axis.  Accordingly, the plasma characteristics agreed with the 
measured thrust performance, considering intensive plasma heating due to Hall current and 
swirl acceleration, i.e., conversion from rotating energy to axial translating energy. 

I. Introduction 

T he magnetoplasmadynamic (MPD) arcjet is a promising thruster for exploration to deep space and for 
raising orbits of large space structures, recently for manned Mars missions.  The MPD thruster utilizes 

principally electromagnetic force, i.e., Lorentz force, which is generated by electromagnetic interaction between 
discharge current and magnetic field azimuthally induced by the discharge current.  The thrust depends only on the 
discharge current and does not basically on propellant species because of electromagnetic acceleration.  However, in 
an MPD discharge chamber, complicated chemical reactions involving dissociation and ionization are expected to 
occur together with the acceleration processes.1-3  Consequently, it has been recognized that the performance 
characteristics on the discharge voltage, thrust, thrust efficiency and electrode erosion depend on propellant species 
and electrode geometry. 

In this study, the effects of external magnetic fields on thruster performance and discharge feature are examined.  
The application of external magnetic fields has been expected to cause an azimuthal current and additional 
electromagnetic forces in the discharge chamber.1-4  In other words, the discharge feature and the acceleration 
mechanism are considered to change with the applied magnetic field. 

When MPD thrusters were operated in a steady-state mode at low current levels below 3 kA in the 1960s, axial 
magnetic fields were applied in the discharge chamber with heavy solenoidal coils for improvement of the 
performance characteristics.  In previous papers, we proposed a practical application of axial magnetic fields in 
space to quasisteady self-field MPD thrusters in such a way that a few-turn coil, which was located outside the 
annular anode, was connected in series with a pulse-forming network (PFN) supplying main discharge powers, 
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considering coil weight, extra power to the coil circuit, and thruster system integration.1,3  In this scheme, the 
applied-field strength increased linearly with the discharge current.  Then, we reported the effects of axial magnetic 
fields in series on the thruster performance, electrode erosion, and discharge stability.  It was concluded that an 
axial-field application to self-field MPD thrusters caused the following merits: 1) an increase in thrust and thrust 
efficiency, 2) a decrease in electrode erosion, and 3) the achievement of stable operation at higher specific impulses.  
However, it generally has disadvantages of an increase in discharge voltage resulting in suppressing an increase in 
thrust efficiency even with enhanced thrust. 

In this experiment, external magnetic fields are applied in a self-field MPD thruster with a few-turn coil, which 
is connected with a PFN independent of the main discharge circuit; thus the magnetic field strength can be varied at 
a constant discharge current.  The discharge voltage and thrust characteristics are examined for variations of 
magnetic field strength at a same discharge current.  In external magnetic field, a two-stage magnetic field with cusp 
and divergent-nozzle shapes is applied to aim at both enhancement of thrust and suppression of increase in discharge 
voltage.  Performance comparisons between a normal divergent-nozzle magnetic field and a cusp and divergent-
nozzle magnetic field are carried out.  In addition, the plasma flow is observed by a high-speed camera, and electron 
temperature, plasma number density, and plasma velocity are measured with electrostatic probes in order to examine 
the effects of the applied magnetic fields on discharge feature and acceleration mechanism. 

 
 

II. Experimental Apparatus 
Figure 1 shows a cross sectional view of the quasisteady MPD thruster used for this study.  The thruster, which 

is called the MY-IIIA thruster, is provided with a straight-diverging anode made of copper.  The anode divergent-
nozzle part is 95 mm in exit diameter and 86 mm in axial length and has a 20-deg half-angle, and the anode straight 
part is 25mm in diameter and 38 mm in length.  A cylindrical cathode 17.5 mm in length and 9.5 mm in diameter is 
made of thoriated tungsten.  

Propellants are injected from a cathode base into the discharge chamber through a fast acting valve (FAV) fed 
from a high-pressure reservoir.  The rise time and width of the gas pulse, measured with a fast ionization gauge, are 
0.5 and 6 msec, respectively.  Nitrogen is used as the propellant.  Although the mass flow rate could be controlled by 
adjustment of the reservoir pressure and the orifice diameter of the FAV, it was fixed to 2.7 g/s in this study. 

As shown in Fig.2, the main power-supplying pulse forming network, which is capable of storing 62 kJ at 8 kV, 
delivers a single nonreversing quasisteady current of a maximum of 27 kA with a pulse width of 0.6 msec.  A 
vacuum tank 5.75 m in length and 0.6 m in diameter, where the thruster is fired, is evacuated to some 10-3 Pa prior to 
each discharge. 
 

igure 1.  Cross-sectional view of cusp and divergent-nozzle applied-magnetic-field MPD thruster MY-IIIA. 
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Figure 2.  Schematic of MPD thruster operational system. 
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D
asurement is performed with a current probe (Iwatsu CP-502), which detects the small current bled through a 

known resistor (10 kΩ) between the electrodes. 
Thrusts are measured by a pendulum metho
pended with a brass bar, and the position of the thrust stand is detected by a linear differential transformer.  The 

thrusts are calibrated before and after a series of experiments by applying impulses of known magnitude using small 
steel balls in an atmospheric-pressure environment.  The thrust due to arc discharge alone is discussed; i.e., it is 
yielded by subtracting the thrust due to cold gas flow from the thrust measured in the arc operation. 

Pulsed external magnetic fields are applied with a few-turn coil, which is connected with a PFN
 main discharge circuit.  The PFN is capable of delivering a quasisteady current of 8.5 kA with a pulse width of 1 

msec at a charging voltage of 300 V.  The applied-field strength is proportional to the coil current, i.e., the charging 
voltage.  Hence, the applied-field strength can be varied at a constant discharge current.  The applied-field circuit is 
triggered before 0.35 msec of discharge start.  The rise time of the applied magnetic fields in the discharge chamber 
was confirmed to be the same as that of the coil current with a magnetic probe. 

Figure 3 shows the profile and strength of the cusp and divergent-noz
ergent-nozzle magnetic field is produced with two coils outside the anode.  The cusp magnetic region is located 

in the straight part of the anode, and then the magnetic field lines are parallel to the anode nozzle shape, located 
downstream of the anode straight part.  Accordingly, the plasma is expected to move through both the cusp magnetic 
region and divergent-nozzle magnetic region.  The maximum of axial magnetic field strength, as shown in Fig.3(b), 
exists at 25 mm downstream of the cathode tip on the central axis of the discharge chamber.  The radial distribution 
of axial magnetic field strength, as shown in Fig.3(c), is almost flat on the nozzle exit of the anode. 

Figure 4 shows the configuration of a divergent-nozzle-shape applied-magnetic-field MPD 
gnetic field shape and strength.  The thruster has the same discharge chamber of the cusp and divergent-nozzle 

applied-magnetic-field thruster shown in Fig.1.  The divergent-nozzle-shape magnetic field is generated with a coil 
outside the anode.  The magnetic field lines are parallel to the anode nozzle shape.  The radial distribution of axial 
magnetic field strength on the plane of the cathode tip, as shown in Fig.4(b), has a maximum at the central axis, and 
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(a) Magnetic field shape.                         

 
 
 
 
 
 
 
 
 

            

 

Figure 3.  Shape and strength of cusp and  
divergent-nozzle magnetic field. 
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(a) Cross-sectional view of divergent-nozzle    
applied-magnetic-field MPD thruster. 

 

     (b) Divergent-nozzle field profile. 

 

(c) On central axis.                   
igure 4.  Configuration of divergent-nozzle-shape 

                           (d) Nozzle exit plane. 
applied-magnetic-field MPD thruster and magnetic 
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Discharge features are observed with a high-speed camera (Photron: FASTCAM-APX RS 250KC) to infer 
plasma features inside the discharge chamber.  Electrostatic double probe measurement is carried out to examine 
ele

III. Experimental Results and Discussion 

A. Thruster Performance 
Figure 5 shows the discharge voltage vs discharge current characteristics for the cusp and divergent-nozzle 

ivergent-nozzle magnetic field, as shown in Figs.1 and 4(a), respectively, in which only 
“no

, respectively.  The thrust with the cusp 
and

ts the cases with only the self field.  At the high magnetic field 
stre

 

igure 5. Discharge voltage vergent-nozzle magnetic field 
nd for divergent-nozzl  cases with only divergent-nozzle 
agnetic field. 

ctron temperatures and plasma number densities.  The probe is located at 100 mm downstream of the thruster exit.  
Time-of-flight measurement is also conducted with two electrostatic probes to evaluate plasma velocities. 

 
 

magnetic field and only the d
zzle” represents the cases with the divergent-nozzle magnetic field.  In the figure, magnetic field strengths 

represent maxima with the cusp and divergent-nozzle magnetic field and peaks at the cathode tip with the divergent-
nozzle magnetic field.  When the thruster with only the divergent-nozzle magnetic field is operated, the discharge 
voltage increases with increasing magnetic field strength because the back electric field is induced.  However, the 
discharge voltage with the cusp and divergent-nozzle magnetic field does not increase; that is, it almost equals the 
discharge voltage with only the self field.  This is expected because of heating enhanced by Hall current induced in 
the cusp magnetic field region, resulting in increasing electric conductivity. 

Figures 6 and 7 show the thrust and thrust efficiency dependent on magnetic field strength for the cusp and 
divergent-nozzle magnetic field and only the divergent-nozzle magnetic field

 divergent-nozzle magnetic field gradually increases with increasing magnetic field strength; it has a peak at 
some magnetic field strength, and then it decreases.  At a constant magnetic field, a rate of increase in thrust 
increases with decreasing discharge current.  These characteristics agreed with those with only the divergent-nozzle 
magnetic field.  Increases in thrust with applied magnetic fields are expected to be due to conversion from rotating 
energy to axial translating energy, i.e., swirl acceleration.  The thrust efficiencies shown in Figs.6(b) and 7 also have 
peaks for magnetic field strength.  However, a rate of increase on thrust efficiency with the cusp and divergent-
nozzle magnetic field is higher than that with only the divergent-nozzle magnetic field because of difference in the 
discharge voltage characteristics shown in Fig.5. 

Figure 8 shows the thrust efficiency vs discharge current characteristics for the cusp and divergent-nozzle 
magnetic field, in which the dashed line represen

ngth of 0.22 Tesla, when the discharge current increases, the thrust efficiency becomes lower than that with only 
the self field.  In low discharge currents, the thrust efficiency is higher than that with only the self field regardless of 
magnetic field strength.  Accordingly, low current operations are effective with applied magnetic fields. 
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                       (b) Thrust efficiency vs field strength. 

igure 6.  Thrust and thrust efficiency dependent on magnetic field strength for cusp and divergent-nozzle 
magnetic field
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B. Discharge Features and Plasma Characteristics 
Figure 9 shows photographs of exhausted plasmas with the cusp and divergent-nozzle magnetic field at 0.22 

Tesla and with only the self field at a discharge current of 6 kA.  In the exhausted plasma with only the self field, a 
ed on the central axis; it looks like bird plume.  On the other 
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     Figure 8.  Thrust efficiency vs discharge cu
     characteristics   for  cusp  and  divergent-noz

Figure 7. Thrust efficiency dependent on magnetic  
field strength for divergent-nozzle magnetic field.  

 
 
 
 
 
 
 
 
 
 
 
 
 
 

cases with only self field. 

high-intensity feature, so-called a cathode jet, is observ
d, with the cusp and divergent-nozzle magnetic field the plasma flows through the divergent magnetic lines; that 

is, a cathode jet disappear, resulting in intensive radial expansion of plasma. 
 

The 30th International Electric Propulsion Conference, Florence, Italy  
September 17-20, 2007 

 
 

6



 

 

 

 
igure 9.  Photographs of exhausted plasmas with 

cusp an ld at 0.22 
esla and with only self field at discharge currents of 

ure 10 shows the radial distributions of plasma 
hysical properties in the exhausted plasmas with the 
usp and divergent-nozzle magnetic field.  The electron 

num

(a) Without applied magnetic field. 

(b) With applied magnetic field. 

F
d divergent-nozzle magnetic fie

T
6 kA. 
 
 

Fig
p
c

ber density with only the self field has a peak on the 
central axis, and it linearly decreases radially-outward.  
When the external magnetic field is applied, the density 
on the axis decreases; a rate of decrease increases with 
increasing magnetic field strength.  As a result, with 
stronger magnetic field the distribution of number 
density radially becomes flat, but with above 0.165 Tesla 
a peak of number density appears at some radial position.  
Accordingly, the plasma is expected to expand radially-
outward with applied magnetic fields.  The electron 
temperature, as shown in Fig.10(b), increases both on 

en
sit

y,
 ×

10

3

4

 0T
 0.11T
 0.165T
 0.22T

Discharge Current 5kA 

Radial Position,  mm

El
ec

tro
n 

N
um

be
r D

0 20 40 60

1

2

 

N2 2.7g/s

20
m

-3

5(×1020)

0

(a) Plasma number density. 

 0T
T

 0.165T
 0.22T

N2 2.7g/s
Discharge Current 5kA

Radial Position,  mm

El
ec

tro
n 

Te
m

pe
ra

tu
re

,  
eV

0 20 40 60

1

2

3

 

 0.11

0

(b) Electron temperature. 

N2 2.7g/s
Axial Magnetic Field 0.22T

 2.5kA
 5kA
 8kA

Radial Position,  mm

Io
n 

V
el

oc
ity

,  
m

/s

0 10 20 30 400

4000

8000

12000

16000

 
(c) Axial ion velocity. 

Figure 10.  Radial distributions of plasma physical 
properties in exhaust plasmas with cusp and 
divergent-nozzle magnetic field. 
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IV. Conclusions 
External magnetic fields were applied in a quasisteady MPD thruster.  Performance comparis
mal divergent-nozzle magnetic field and a cusp and divergent-nozzle magnetic field were carried out.  In addition, 

the plasma flow was observed by a high-speed camera, and electron temperature, plasma number density, and 
plasma velocity were measured with electrostatic probes in order to examine the effects of the applied magnetic 

ds on discharge feature and acceleration mechanism.  The following results were obtained: 
1) When the thruster with only the divergent-nozzle magnetic field was operated, the discharge voltage increased 

with increasing magnetic field strength.  However, the discharge voltage with the cusp and divergent-nozzle 
magnetic field did not increase; that is, it almost equaled the discharge voltage with only the self field.  This is 
expected because of heating enhanced by Hall current induced in the cusp magnetic field region, resulting in 
increasing electric conductivity. 
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2) The thrust with the cusp and divergent-nozzle magnetic field gradually increased with increasing magnetic field 
strength; it had a peak at some magnetic field strength, and then it decreased.  At a constant magnetic field, a rate 
o  increase in thrust increased with decreasing discharge current.  These characteristics agreed with those with 
only the divergent-nozzle magnetic field.  Increases in thrust with applied magnetic fields are expected to be due 
to conversion from rotating energy to axial translating energy, i.e., swirl acceleration.  The thrust efficiencies also 
had peaks for magnetic field strength.  ase on thrust efficiency with the cusp and 
d

e central axis and near the radial edge when the external magnetic field was 
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However, a rate of incre
ivergent-nozzle magnetic field was higher than that with only the divergent-nozzle magnetic field because of 

difference in the discharge voltage characteristics. 
3) In the exhausted plasma with only the self field, a cathode jet was observed on the central axis.  On the other hand, 

with the cusp and divergent-nozzle magnetic field the rotating plasma flew through the divergent magnetic lines; 
that is, a cathode jet disappeared, resulting in intensive radial expansion of plasma.  The electron number density 
with only the self field had a peak on the central axis, and it linearly decreased radially-outward.  When the 
external magnetic field was applied, the density on the axis decreased; a rate of decrease increased with increasing 
magnetic field strength.  With strong magnetic fields the distribution of number density radially became flat.  
Accordingly, the plasma is expected to expand radially-outward with applied magnetic fields.  The electron 
temperature increased both on th
applied.  This is expected because electrons are intensively heated in low-density plasmas on the central axis with 
applied magnetic fields and because on the radial edge they are heated with Hall current induced by applied 
magnetic fields.  The axial ion velocity characteristic radially became flat with applied magnetic fields, resulting 
in producing a radially-uniform plasma flow. 
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