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MPD arcjet techniques may reveal a new knowledge of Mars’s atmosphere dynamics 

research. Planetary scientists in Japan are proposing to launch a Mars orbiter in late 

2010’s. It is studying to equip a plasma injector onboard the Mars orbiter. About 3 to 9 

km of various plasma injection velocities, which corresponds to Martian orbital 

velocities, will be required to the plasma injector. Ba, Fe, Mg
 
and Li are preferred to the 

plasma species rather than Ar or Xe. In this paper, feasibility studies of MPD arcjet and 

other electric propulsion techniques for Martian plasma injector are described. 

I. � Introduction 

LANETARY scientists are interesting about to observe Mars’s characteristics such as, temperature, the 

composition of Martian air, existence of water/ice, biological research, geological and topographical studies. 

Since in 1964, many spacecrafts have been launched and reached on the planet Mars. These are, NASA’s 

Mariner spacecrafts,  Soviet Union’s Mars 2 spacecraft in 1971,  Viking 1 and 2 in 1975,  Mars Global Surveyor 

(MGS)  and Mars Pathfinder in 1996, Japanese spacecraft Nozomi, Mars Express, Spirit and Opportunity in 

2003, and many others. These spacecrafts, landers and rovers have been making a great deal of new knowledge 

in planetary science. For examples, the results from the Viking experiments give views of Mars, such as, 

volcanoes, lava plains, Valles Marineris that is a system of immense canyons near the equator, cratered areas, 

wind-formed features, and evidence of surface water are apparent in the orbiter images. Measured temperature$
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at  the  landing  sites  ranged  from  -120  to  -20 &.   Seasonal dust storms,   pressure changes,  and transport of 

between the polar caps were observed. The biology experiment produced no evidence of life at either landing 

site. From the Mars Global Surveyor mission, some interesting results were obtained. The scientific objectives 

of the MGS mission were to obtain high resolution imaging of the surface, studies of the topography and gravity, 

the role of water and dust on the surface and in the atmosphere of Mars, the weather and climate of Mars, the 

composition of the surface and atmosphere, and the existence and evolution of the Martian magnetic field. 

Especially, MGS has found the Martian atmosphere extended four hundreds km where it’s ionized by Sun’s 

Extreme Ultra Violet (EUV) and solar wind fluxes. Also the MGS found mushroom shaped local magnetic 

fields on Mars’s southern hemisphere. Planetary scientists are interesting about to observe Martian ionosphere 

and magnetic field 
1
. The NASA scientists resulted as, Mars does not presently have a global magnetic field but 

had one early in its life, similar to that of Earth. However, Mars does have very strong crusted magnetic fields, 

more than 30 times stronger than those of Earth. The absence of magnetization in large impact basins allowed 

for the first time to establish the time of cessation of the Martian dynamo, more than 3.5 billion years ago. The 

absence of a global magnetic field for billions of years has contributed to the erosion of Mars atmosphere by the 

solar wind and the loss of water. 

Then, Japanese planetary scientists and worldwide planetary science community has proposed to observe 

the Martian atmosphere dynamics research.  

II. � Objectives 

In order to observe the Martian atmosphere dynamics, such as convection velocity, magnitude of turbulence, 

shape and magnitude of Martian magnetic field, metal plasma injector will be proposed. The MPD arcjet 

techniques and other methods are studied as the plasma injector.  

III. � Atmosphere Dynamics Researches on Planet Earth 

In this section, passed experiments for atmosphere dynamics researches on the earth are introduced.  

A. Space Experiments with Particle Accelerators in Space (EBA and MPD) 

In 1983, NASA and ISAS have made a space experiment, the Space Experiments with Particle Accelerators 

(SEPAC) onboard STS-9 (Space Shuttle or Space Transportation System flight number nine)/Spacelab-1. The 

major scientific objectives of SEPAC are, vehicle charging neutralization, artificial airglow excitation or 

artificial aurora, plasma dynamic experiments and so on
2
. The SEPAC instrument consisted of a 2 kJ 

quasi-steady MPD arcjet, a 10 kW (7.5 kV, 1.3 A) electron beam accelerator (EBA), a diagnostic probe package, 

and a control and data management subsystem. Before the shuttle flight experiment, ground tests have been 

made at NASA Johnson Space Center (JSC) in late 1970’s. Figure 1 shows an electron beam from EBA twined 

around earth magnetic field and light emitting cloud in a large space chamber at JSC. (Photo by NASA/JSC) 

Figure 2 shows a photograph of argon plasma plume from the MPD arcjet of the SEPAC onboard STS-9 

that taken by a shuttle crew. MPD arcjet was successfully operated in space and observed plasma illumination. 

Total MPD subsystem of SEPAC experiment was 55.4 kg. It came from the safety reason for manned system 

requirements. Figure 3 shows a photograph of natural aurora and artificial aurora on Earth
 3

. EBA of SEPAC, 

onboard STS-45/ATLAS-1 in 1992, generated the artificial aurora in this figure. This image has been obtained 

by the Atmospheric Emissions Photometric Imager (AEPI).  

 

 

   Fig. 1 Electron beam from Fig. 2 SEPAC MPD plasma plume    Fig. 3 Artificial Aurora and natural  

             EBA  at NASA JSC.            in STS-9/Spacelab-1.                         Aurora in STS-45/ATLAS-1. 
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B.  MPD arcjet 

ISAS was launched a pair of MPD thrusters onboard an engineering satellite, Tansei-4, in 1980
 4

. Figure 4 

shows a photograph of the thrusters and power supply system for Tansei-4 spacecraft. Ammonia was used as a 

propellant. Total number of pulse operation in space was about 460. Total weight of the MPD thruster system 

including power supply system and wire harness was 13.5 kg. In 1995, a 1 kW class of MPD arcjet has been 

integrated onboard a small space platform, which called Space Flyer Unit (SFU)
 5

. Liquid Hydrazine was used 

as a propellant. Total weight of the MPD thruster system was about 43 kg. Total number of shot was about 

43,400. Figure 5 shows a picture of plasma plume from the MPD arcjet onboard SFU spacecraft. All those space 

experiments were successfully accomplished. ISAS now has great deal of space experiences about MPD arcjet. 

Those engineering techniques may use to the Martian plasma injector.  

 

 

    Fig. 4 MPD arcjet system for Tansei-4 satellite. Fig. 5 MPD firing test at SFU post flight test. 

 

 

In additionally, ISAS has studied metal plasma thrusters since late 1970’s
  6

. Two types of metal plasma 

accelerator systems were studied. One is a rail type accelerator with exploding metal wire between the 

electrodes and the other is a co-axial MPD type accelerator with a metal foil at the cathode tip. Pulsed electric 

power was given to the accelerators. In the rail gun type accelerator, the metal wire was spanned between the 

nipples plugged in the rails. In this experiment, wire materials were copper and barium. The behavior of the 

wire was identified by the CO2 laser shadowgraph as shown in Fig. 6. As shown in this figure, two half cup 

shaped in top and bottom are the wire fixtures, and in a middle a metal wire is set between these fixtures. 

About the accelerator with foil metal electrode, the accelerator consists of an annular anode and a square tip 

cathode. In this experiment, aluminum and tin foils were attempted. Figure 7 shows a foil electrode snapshot. 

Those metal plasma accelerators will bring a new concept to the metal plasma injector system. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 6 Instantaneous photograph of metal wire exploding.       Fig. 7 Metal foil accelerator after discharge.  
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C. Illuminating Flares 

Although, it is not for planetary science use, illuminating flares generate strong illumination. The 

illuminating flares consisted with magnesium powder and liquid sodium nitrate (NaNO3). Principle of the 

illuminating flares is chemical reaction. When magnesium and sodium nitrate is mixed, strong illumination is 

generated. The illumination will be kept in 70 seconds in general. Typical illuminating flare weight is 16.6 kg. 

That is, the illuminant weight is about 1.6 kg and it is stored in 15 kg canister, for example. 

D. Illumination Clouds Experiments by Sounding Rockets 

In order to observe the upper atmospheric wind around the ionosphere E-layer, Institute of Space and 

Aeronautical Science of University of Tokyo (Origin of Today’s ISAS/JAXA) launched four sounding rockets, 

K-8L-2, K-8L-5, K-8L-7 and K-8-12, in 1960’s. These rockets installed sodium illuminators
7
. The sodium 

illuminant has been vaporized by the termite cartridge consisted with mixed aluminum, Ferric oxide and 

magnesium. When the termite process has started, the sodium was quickly vaporized by process thermal energy. 

Typical termite process is show in equation (1) as follows, 

2Fe203 + 2Al + 3Mg ' Al2O3 + 3MgO + 4Fe +Q  (1) 

where, Q is 223 Kcal/mol. 

In the case of K-8L-7 sounding rocket experiment, 400 g sodium has been ejected in 90 seconds period. 

Figure 8 shows a photograph of a sodium illumination clouds by K-8L-7 experiment. In April 1966, K-8-13, 

which equipped a Tri-Methyl Aluminum (TMA: Al(CH3) 3) illuminator has launched. TMA has been ejected 

from the nozzle of illuminator device during 90 seconds period. After the ejection, TMA has reacted with 

oxygen in the earth atmosphere, and has made about 100 km long illuminated clouds in the sky. From the 

analysis of those experiments, earth ionosphere wind behavior has been measured. As a result, wind speed was 

80 m/s at 108 km altitude, for instance. In January 1979, a modified sounding rocket, K-9M-66, has been 

launched. K-9M-66 has installed a barium jet injector. The injector consisted with a corn shaped barium liner, a 

Type B composition as a vaporizer 
8
. 

 

 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

     Fig. 8 Sodium illumination clouds by K-8L-7.      Fig. 9 TMA illumination cloud by S-310-32. 

 

A new experiment called Sporadic-E Experiment over Kyushu (SEEK) campaign has made by using 

S-310-26 sounding rocket, in August 1996. S-310-32 (SEEK-2) has also made in 2003. Both rockets have 

equipped a TMA illuminator for measuring the wind data. Weight of 2.5 kg TMA illuminant has been injected 

by pressurized dry nitrogen gas. As a result, a strong wind of 150 m/s in the lower E region was observed
 9

. 

Figure 9 shows an illumination cloud photograph obtained by ISAS and Touhoku-University observation team 

at rocket launch site. 

The biggest sounding rocket in Japan, S-520-23 has just launched on September 2, 2007. The rocket 

installed a Lithium Ejection System (LES) for observing high altitude wind behavior. The illuminant material, 

that is lithium, has been vaporized by the termite cartridge as like a K-8L experiments. The LES has consisted 
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of three injectors. Each injector is consisted of 0.13 kg lithium and 3.2 kg termite material. Total weight of the 

LES is 33.0 kg for three illumination experiments.  

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 10 Sounding rocket S-520-23 at Uchinoura 

           Space Center. 

 

IV. � Plasma Injector Candidates in Mars Orbit 

Planetary scientists in Japan are proposing to launch a Mars orbiter in late 2010’s. It is studying to equip a 

plasma injector onboard the Mars orbiter. The Mars orbiter will be injected into the Mars orbit of 150 km 

periapsis altitude and about 1,500 km apoapsis altitude. Then the orbiter will inject traceable material into the 

Martian atmosphere.  Then traceable material behavior will be observed for Martian atmosphere dynamics 

researches. This active experiment is simply to trace the luminescence plasma. This shining plasma may be 

flown by Martian atmospheric airflow or by solar wind.  

 

Required characteristics to the traceable material are,  

(1) any traceable material with strong illumination will be acceptable,  

(2) about 1 to 9 km of various injection velocities, which considering with Martian orbital velocities, and 

ionosphere plasma velocity,  

(3) long illumination time (about 10 - 60 sec), 

(4) a shot in each Martian orbital revolution at least, 

(5) a hundred or more shots will be expected, 

(6) light weight equipment will be suitable, 

and so on. 

 

In the case of Mars atmospheric research, metal plasma will be preferable as a propellant for MPD arcjet. 

Metal materials, such as Ba
+
, Fe

+
, Mg

+ 
in ionized state and Li, Fe and Mg in neutral state, generate strong 

luminescence. So, those materials are preferred to the plasma species rather than Ar or Xe. Once plasma plume 

will be injected into the Mars atmosphere, onboard instrument(s) such as a high gain CCD camera and/or a 

spectrometer will observe plasma plume behavior. The plasma plume will be swept by Mars atmosphere and/or 

be affected by local Mars magnetic field.  

 

A. MPD arcjet 

As mentioned in section III, ISAS has a great deal of MPD arcjet technical experiences in space and ground 

experiments. In generally, electrodes in MPD arcjet thruster have been eroded by strong discharge current. In 

our experience of three million shots endurance test 
10-11

, electrodes, especially on cathode, has been eroded to 

be about half shorter in length. We have developed barium-impregnated electrodes for less erosion to SFU 

experiment. 

In the case of Martian plasma injector, we are going to use this erosion phenomenon to be in advance. That 

is, electrodes will be made by traceable material and will be a propellant itself. Photographs of the eroded 

cathode for 3 million shots endurance test are shown in Fig. 11a – 11c. Difficulty problems, such as ignition 

technique, may arise. A very small gas puff supply system and/or PPT techniques will solve arising difficulties 

Metal wire accelerator device will be a candidate of plasma injector. The key technology of the wire 

accelerator device is a propellant wire supply system. A wire refill or change mechanism has to develop. 

In accordance with a reference 12, a powder propellant PPT is now developing. Powder barium or Lithium 

Hydrogen (LiH) accelerator will be a candidate of plasma injector. LiH is a safer material than pure metal 
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lithium. The electrodes of PPT accelerator will be made by metal barium same as in MPD above. Conceptual 

drawing of the MPD plasma injector is shown in Fig. 12.  

 

 

       (a)              (b)    (c) 

Fig. 11 (a) MPD arcjet electrodes before 3 million endurance tests The cathode was made by barium                                                                                             

impregnated porous tungsten. 

 (b) After 1 million shots operation, 

 (c) After 3 million shots operation. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 12 Conceptual drawing of the MPD plasma injector. 

B. Ion Engine 

Metal materials, such as Ba
+
, Fe

+
, Mg

+ 
in ionized state and Li, Fe and Mg in neutral state, generate strong 

luminescence. So, those materials are preferred to the plasma species rather than Ar or Xe. And from the reason 

of plasma density, an ion engine will not be a candidate for the plasma injector. 

C. Electron Beam Accelerator 

In order to excite the Martian atmosphere gas to be observable, a very powerful electric power supply 

system will required for EBA. Then it will be heavy equipment. From the weight reason, EBA will not be a 

candidate.  

D. Tri-Methyl Aluminum 

Although Tri-Methyl Aluminum (TMA) illuminator generates a strong illumination, it needs oxygen for 

chemical reaction. There is little oxygen in the Martian atmosphere. The composition of the neutral atmosphere 

on Mars is about 95% CO2, nitrogen, water vapor and carbon monoxide. So, TMA will not be a candidate.  

E. Alkali metal injector with Termite process   

Alkali metal injector with termite process material also generates a strong illumination cloud. If it would be 

made lighter in weight, this method could be a candidate for a Martian plasma injector. 

 

Those characteristics of Martian plasma injector candidates are summarized in Table-1.  

 

Anode: Iron or Metal barium in 

thin Iron capsule. 

Cathod: Metal barium or 

LiH in thin Iron capsule. 

 Insulator 

Ignition electrode 
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Table 1 Characteristics table for Plasma Injector candidates 

 

Candidate MPD/PPT 

Metal Accel. 

EBA Ion Engine TMA Alkali w/Termite 

Typical 

Flight System 

Tansei-4, 

SFU 

Spacelab-1, 

Atlas-1 

DS-1, 

Hayabusa 

S-310-26, 

S-310-32 

K-8L, 

S-520-23 

Total Shots  

or 

Time 

 

40,000 shots 

 

1 sec 

 

30,000 hrs 

 

140 sec 

 

15 sec 

Typical Weight 

(Dry) 

 

43 kg 

 

60 kg 

 

63 kg 

 

5 kg 

 

33 kg 

Specific Weight 

(kg/1shot) 

 

1.1 g 

 

N/A 

 

N/A 

 

5 kg 

 

11 kg 

Expected 

Illuminant species 

 

Ba, Li, Na, Fe, 

 

N/A 

 

Xe, Kr, Ar 

 

N/A 

 

Ba, Li, Na, Fe 

Magnitude of 

illumination 

 

Weak 

 

Poor 

 

Poor 

 

Excellent 

 

Excellent 

Typical Plasma 

velocity 

 

15 km/s 

 

N/A 

 

30 km/s 

 

N/A 
 

N/A 

Velocity variation 1-30 km/s N/A 25-40 km/s N/A N/A 

 

V. Future Plan 

Required future development items for MPD plasma injector are as follows, 

(1) manufacturing alkali metal electrodes, such as Ba, LiH, Na, etc. 

(2) illumination cloud control, meaning plasma density, life, velocity, by discharge voltage, current 

and discharge period, 

(3) establishment of reliable ignition system and insulating method, and so on. 

 

In a future, trial experiment will be planed and experimented. Plasma illumination method will be also 

experimented with MPD metal plasma injector discharge test. 

 

VI. � Summary 

Plasma injector candidates for Mars atmosphere dynamic researches are discussed. As a plasma injector, 

MPD arcjet, metal plasma accelerators, PPT, EBA, Ion engine, TMA, and alkali metal with termite process are 

studied. The MPD arcjet techniques may reveal a new knowledge of the planet Mars’s atmosphere dynamics 

research.  
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