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Abstract: The Japan Aerospace Exploration Agency (JAXA) is investigating an active 
space debris removal system that employs highly-efficient electrodynamic tether (EDT) 
technology. As for an electron collector of the EDT for debris de-orbiting, a multiple bare 
tethers are to be used. In order to simulate the EDT operation, current-voltage (I-V) 
characteristics of the multiple bare tethers need to be investigated on conditions that a 
theoretical formula cannot be applied. Therefore, numerical simulations and ground 
experiments have been conducted to obtain the I-V characteristics. A result of the ground 
experiments and the numerical simulations showed a different tendency because of an end-
effect of the tether in case of the ground experiments. When a correction of the end-effect of 
the tether and a plane-probe were applied, each value agreed both qualitatively and 
quantitatively. It was also shown that a double-line bare tethers which is one of the multiple 
bare tethers can collect larger current than a single-line bare tether if they have the same 
sectional area.  

Nomenclature 
rt = Radius of tether 
λd = Debye length 
Ne = Electron density 
Te = Electron temperature 
 

I.    Introduction 
As space debris is steadily on the increase, effective and reasonable mitigation measures are indispensable to 

ensure safe space development in future. Space debris left in orbit is dangerous, since it can pose a serious collision 
risk to operating space systems, and moreover a huge number of smaller bits of debris could be generated by mutual 
collisions between large objects. In some crowded regions such as around 1,000 km and 1,500 km in altitude, the 
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debris density is quite high and a "cascade" effect could cause the amount of debris to grow drastically, thereby 
further degrading the near-Earth space environment. To prevent this unpleasant scenario from occurring, the active 
removal of large space debris, that is, defunct or malfunctioning satellites and rockets, is one of the most proactive 
strategies. JAXA is now investigating a capture, repair and removal system for satellites that have ended their 
missions, or have malfunctioned.1 A service satellite dedicated to debris removal would rendezvous with a debris 
object, and capture it for de-orbit into a disposal orbit. However, it is unfeasible to transfer large debris objects from 
useful, crowded regions (800-1,500 km alt.) to a disposal orbit (e.g., 650 km alt.) using a conventional propulsion 
system, owing to the large propellant requirement. In this respect, electrodynamic tether (EDT) systems are very 
promising, since they are able to generate a large enough thrust to conduct orbit transfers within a realistic time 
period without the need for much propellant – by utilizing interactions with the Earth's magnetic field. 

In order to flows current through a conductive tether to obtain a thrust, a current loop must be formed between 
the tether and ambient plasma, and plasma contactors which exchanges electrons with ambient plasma are needed 
for at both ends of the tether; one to emit electrons and the other to collect them. For an electron collector, a bare 
tether, that is, a conductive wire without an insulating coating is promising because it can collect thermal electrons 
directly from ambient plasma. In order to estimate EDT thrust, I-V characteristics of the bare tether with positive 
voltage applied is necessary. In predicting a current collection to the bare tether, a 2D Orbital-Motion-Limit (OML) 
theory is often used to estimate an upper limit current under steady plasma condition if a Debye ratio  (rt/λd)  is 
small. However, this theory cannot be applied if the Debye ratio is large.2 It cannot be used for the multiple bare 
tethers either. Thus, I-V characteristics are investigated by numerical simulations (Particle-In-Cell method) and 
ground experiments.  
 In this paper, I-V characteristics of a single-line bare tether under condition where the 2D OML theory can be 
applied are investigated first. A result of a ground experiment, a numerical simulation and a 2D OML theory are 
compared to validate the numerical simulation. Next, it is demonstrated that the 2D OML theory cannot applied in 
some condition. Then, I-V characteristics of a double-line bare tethers are also investigated and compared with that 
of a single-line tether to show the efficiency of the double-line bare tethers. Although the final target of this study is 
to estimate I-V characteristics in space plasma under an effects of a magnetic field and a spacecraft's relative motion, 
numerical simulations in this paper are conducted in an environment of a space chamber in which the ground 
experiments are performed.  
 

II.    Principles 

A. EDT System 
 The principle of EDT thrust is as follows. An 

electromotive force is set up within a conductive tether 
deployed from a space system as it moves through the 
geomagnetic field in its orbit round the Earth. If a pair of 
plasma contactors at either end of the tether emits and 
collects electrons, electric current flows through the tether 
by closing the circuit via the ambient plasma. The tether 
then generates a Lorentz force via interaction between the 
current and the geomagnetic field (Fig. 1). Therefore, EDT 
systems can provide deceleration without the need for 
propellant, and show promise as a next-generation non-
chemical thruster.3  
 

B. Efficiency of Bare Tether 
 Bare tether is a conductive wire without a protective insulating coating. A tether potential to a plasma space 
potential is determined automatically depending on properties of ambient plasma, geomagnetic field, tether 
geometries, and contact impedance between the electron emitter and plasma. When thermal electrons are emitted at 
the negative potential end of the tether, thermal electrons in ambient plasma are collected at surface of positive side 
of the tether to maintain electrical equilibrium. Thus, the bare tether is very promising because it can collect thermal 
electrons directly from ambient plasma without any apparatus. An efficiency of thermal electron collection per unit 
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Fig. 1  Principle of electrodynamic tether. 
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mass of the bare tether is higher than those of other 
electron collectors such as a spherical collector, because 
the Debye ratio of the bare tether is small than those of 
other collectors (Fig. 2). 

C. Single-line Bare Tether and Multiple Bare Tether 
 Braided tethers and net type tethers have been 
manufactured to increase robustness of the tether against 
collisions with debris of micron or millimeter size (Fig. 
3).4 If a sectional area of a braided tether is equal to that of 
a net type tether, the Debye ratio of the latter will be 
smaller than that of the former. Thus, the net type tether is 
expected to have higher efficiency of thermal electron 
collection than the braided tether. 
 
 
 
 
 
 
 
 
 
 

III.    Method for Numerical Simulations 
To simulate plasma environment, a Particle-In-Cell (PIC) method is effective because it can calculate motion of 

electrons, and a PIC code for two-dimensional collisionless plasma was developed. Simulation area is shown in Fig. 
4. It should have enough space to prevent an influence of a sheath from reaching the boundary. A square area is used 
to calculate a current collection of a single-line bare tether, while it is expanded by a distance between tethers in case 
of a double-line bare tether as shown in Fig. 4. The numerical simulations are conducted in two-dimension, 
assuming that the tether has infinite length perpendicular to the plane. Plasma parameters are set to the values that 
were measured in space chamber environment of the ground experiments described in the next section. 
 

IV.    Method for Ground Experiments 
An experimental overview is shown in Fig. 5. A single-line or a double-line tether is set up in a space chamber 

which filled with plasma made by a hollow cathode. Plasma parameters are measured by a plane-probe in the space 
chamber.  

Sheath

Spherical Collector Bare Tether
Fig. 2  Efficiency of bare tether.  
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Fig. 3  Braided tether (top) and net tether 

(bottom). 
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Fig. 4  Calculating area.                                                     Fig. 5  Experimental overview. 
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Fig. 7  I-V Characteristics of the tether in case with 

three different lengths. 

V.    Result and Discussion 

A. Single-line Bare Tether 
 A test sample used for this experiment is 
aluminum wire 50 mm in length and 0.3 mm in 
diameter. A plasma parameter are the followings: 
Ne=6.82 × 1012[m-3], Te=1.20[eV] and λ
d=3.12[mm]. 
 Figure 6 shows I-V characteristics obtained by 
the experiments, the numerical simulations, and 
the 2D OML theory. They agree rather 
quantitatively but not qualitatively. It is thought 
that this difference is caused by an influence of an 
end-effect of the tether in the experiments thus the 
end-effect is discussed below. 
 
 Correction of End-effect of Bare Tether 

First, the influence of the end-effect is 
investigated by comparing I-V characteristics of 
tethers of three different lengths by the ground 
experiments. Table 1 shows specifications of 
three tethers. The results of the experiments are 
shown in Fig. 7. It shows that the influence of the 
end-effect of the bare tether is remarkable because 
a larger current per unit length is collected by a 
shorter tether. To estimate I-V characteristics of 
the tether with infinite length, I-V characteristics of the tether with finite length that are obtained by the experiments 
need to be corrected. A procedure of the correction is as follows. 

 A sheath thickness is estimated by a Child-Langmuir Law. 
 A shape of the sheath is modeled by a cylinder with a hemisphere on the end whose radius is equal to the 

sheath thickness. 
 A ratio of electronic collection from the cylinder part to that from the hemisphere part is decided according 

to a ratio of their surface areas. 
 When a surface area of the cylinder is much larger than that of hemisphere, the influence of the end-effect 

can be ignored, and correct I-V characteristics of an infinite tether can be obtained. 
Corrected I-V characteristics of the tether with some lengths, including the infinite tether without the influence 

of end-effect are shown in Fig. 8. It shows that corrected I-V characteristics of the tether with each length agree very 
well and that this end-effect correction is appropriate. 
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Fig. 6  I-V characteristics of  single-line bare tether. 

Table 1  I-V  Specifications of three kinds of tethers. 
 Length 

[mm] 
Diameter 

 [mm] 
Material 

Sample 1 25 1.0 Aluminum
Sample 2 50 1.0 Aluminum
Sample 3 100 1.0 Aluminum
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Fig. 8  Corrected I-V characteristics of the tether 
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Figure 9 shows I-V characteristics obtained by the numerical simulations, the 2D OML theory, and the 
experiments with end-effect correction. Figure 10 shows a variation of surface area considering the influence of the 
end-effect. I-V characteristic obtained by the experiments showed the linear increase, but it shows a convex upward 
curve when the end-effect correction is applied. It is similar to the curve obtained by the numerical simulation and 
the 2D OML theory. However, there still exists quantitative difference between those obtained by the numerical 
simulations and the experiments. This difference can be arisen from an end-effect of a probe in the experiments; 
large plasma density is measured by the plane-probe with end-effect. To estimate correct plasma density, the end-
effect of the probe need to be corrected. A procedure of the correction is as follows. 
 
 Correction of Plane-Probe End-effect 

 A sheath thickness is estimated by  the Child-Langmuir Law. 
 A shape of the sheath is modeled by a cylinder with a toroidal shape whose thickness is equal to the sheath 

thickness. 
 A ratio of electronic collection from the cylinder part to that from the toroidal shape is decided according to 

a ratio of their surface areas. 
 When a surface area of the cylinder is much larger than that of toroidal’s, correct I-V characteristic of an 

infinite plane-probe can be obtained. 
Figure 11 shows a variation of the probe current when a radius of the probe is increased based on procedure of 

the correction until the influence of the end-effect can be ignored. A value where the graph became flat is a current 
value which the end-effect is removed. A radius of the probe used in this experiment is 20.0 mm, and measured 
value is about 1.7 times as larger as the correct value because of the influence of the end-effect. A plasma density is 
proportional to a probe current, thus, a correct plasma density is also about 1.7 times smaller than a measured value. 

Figure 12 shows I-V characteristics with the end-effect correction of both the tether and the probe. The results of 
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Fig. 9  I-V Characteristics with and without end-effect 
correction. 
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Fig. 10  Variation of superficial area tempered with 

influence of end-effect. 
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Fig. 11  Variation of the current when the radius of the 
probe is increased based on procedure of the 

correction. 

0.0E+00

5.0E-04

1.0E-03

1.5E-03

2.0E-03

2.5E-03

3.0E-03

0 100 200 300 400 500

Voltage [V]

C
u
rr

e
n
t 

[A
/
m

]

Experiment with Correction
Simulation with Correction
2D OML theory with Correction

Fig. 12  I-V characteristics  with end-effect correction 
of both tether and probe. 



 
The 30th International Electric Propulsion Conference, Florence, Italy, 

September 17 – 20, 2007 
 
 

6

 

the simulations agree very well with the results of the experiments both quantitatively and qualitatively, and so, the 
numerical simulation code is validated. 

B. Influence of Debye ratio 
 In general, the 2D OML theory can be applied when the Debye ratio < 1. In this section, the numerical 
simulation and the 2D OML theory are compared with various Debye ratios. The numerical simulation is conducted 
for two cases (the Debye ratio is 0.5 and 0.05), and their results are compared with the 2D OML theory. Figure 13 
shows I-V characteristics. When the Debye ratio is 0.05 the numerical simulation and the 2D OML theory 
correspond well, while in case of the Debye ratio = 0.5, the numerical simulation result is larger than 2D OML 
theory. It shows that the 2D OML theory cannot to be applied when the Debye ratio is large. The Debye ratio is too 
large and the 2D OML theory cannot be applied if the tether is on orbit, and thus the numerical simulation approach 
is necessary to obtain I-V characteristics. 

C. Double-line Bare Tether 
I-V characteristics of a double-line bare tether are investigated when a distance between two bare tethers is 

changed. Test samples are aluminum wire 100 mm in length and 2.0 mm in diameter. A plasma parameter is 
Ne=6.20×1012 [m-3], Te=1.70[eV] and λd=3.89[mm], while, those used in the numerical simulations is Ne=6.0×
1012 [m-3], Te=2.0[eV] and λd=4.3[mm]. The results of the experiments are shown in Fig. 14 and the results of the 
numerical simulations are shown in Fig. 15. Although a quantitative comparison cannot be done because the 
condition is different, both current values is shown same tendency that has a peak and decreases afterwards. This 
shows that there is a distance that electrons collect easily by interfering with an electric field of two tethers. 
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Fig. 13  I-V characteristics when the Debye ratio is 1.2 or 11.8. 
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Fig. 14  Variation of current by experiment. 
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D. Comparison between Single-line Bare Tether and Double-line Bare Tether 
Comparison between a single-line bare tether and a 

double-line bare tethers is conducted by the numerical 
simulation. A plasma parameter are Ne=6.0×1012 [m-

3], Te=2.0[eV] and λd=4.3[mm]. Width of the single-
line bare tether is 2.83 mm, while each width of the 
double-line bare tether is 2.0 mm, thus sectional areas 
are set to be equal. 

Figure 16 shows the I-V characteristics of the 
single-line bare tether and those of the double-line 
bare tethers with different distances. If total sectional 
areas are the same, larger current are collected by the 
double-line tethers than the single-line tether. The 
maximum current is collected when the distance of the 
double-line bare tethers is 8 mm, and it is about 1.4 
times as large as that of the single-line bare tether. 
This ratio is almost equal to a ratio of a surface area of 
tethers. 
 

VI.    Conclusion 
 In this study, I-V characteristics of positive biased bare tethers in plasma environment were investigated by the 
numerical simulations based on the PIC method. The ground experiments were also conducted in the space chamber. 
First, the results of the ground experiment and the numerical simulation, and the 2D OML theory were compared for 
the case of the single-line bare tether.  

They showed different tendency because of the end-effect of the tether and the plane-probe, and the end-effect 
corrections were applied. The results of the simulations agreed very well with the results of the experiments both 
quantitatively and qualitatively, and so, the numerical simulation code was validated.  

Next, the comparison between the numerical simulation and the 2D OML theory was conducted with various 
Debye ratios. When the Debye ratio was small (= 0.05) the numerical simulation and the 2D OML theory 
correspond well, while when the Debye ratio was large (= 0.5) the numerical simulation was larger than the 2D 
OML theory. It was shown that the 2D OML theory cannot to be applied when the Debye ratio is large, and the 
numerical simulation approach is necessary to obtain I-V characteristics. 

I-V characteristics of the double-line bare tethers were investigated. If the distance between the double-line bare 
tethers is changed, there exists the peek where the maximum current is collected. Thus, it was shown that there is the 
distance that electrons are collected easily by interfering with the electric field of two tethers. 

Lastly, comparison between the single-line bare tether and the double-line bare tethers was conducted by the 
numerical simulation. It was shown that larger current were collected by the double-line tethers than the single-line 
tether if the total sectional area is the same. The maximum current was collected when the tether distance was 8 mm, 
and it was about 1.4 times as large as that of the single-line tether. This ratio is almost equivalent to the ratio of the 
surface area of tethers. 
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Fig. 16  I-V characteristics of the single-line bare tether 

and those of the double bare tether with different 
distances. 


