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ABSTRACT 

 
By using electrodynamic drag to greatly increase the orbital decay rate, an electrodynamic space tether can remove 
spent or dysfunctional spacecraft from low Earth orbit rapidly and safely. Moreover, the low mass requirements of 
such tether devices make them highly advantageous compared to conventional rocket-based de-orbit systems. 
However, a tether system is much more vulnerable to space debris impacts than a typical spacecraft and its design 
must prove to be safe to a certain confidence level before being adopted for potential applications. To assess the 
space debris related concerns, a new task (Action Item 19.1) on the “Potential Benefits and Risks of Using 
Electrodynamic Tethers for End-of-life De-orbit of LEO Spacecraft” was defined by the Inter-Agency Space Debris 
Coordination Committee (IADC), in March 2001. Two tests were proposed to compute the fatal impact rate of 
meteoroids and orbital debris on space tethers in circular orbits, at different altitudes and inclinations, as a function 
of the tether diameter, and to assess the survival probability of an electrodynamic tether system during typical de-
orbiting missions. IADC members of three agencies, the Italian Space Agency (ASI), the Japan Aerospace 
Exploration Agency (JAXA) and the US National Aeronautics and Space Administration (NASA), participated in 
the study and different computational approaches were specifically developed in the framework of this IADC task. 
This paper summarizes the content of the IADC AI 19.1 Final Report. In  particular, it introduces the potential 
benefits and risks of using tethers in space, it describes the assumptions made in the study plan, it compares and 
discusses the results obtained by ASI, JAXA and NASA for the two tests proposed. Some general conclusions and 
recommendations are eventually highlighted as a result of a massive and intensive study.      
 
 

DE-ORBITING SPACECRAFT WITH 
ELECTRODYNAMIC TETHERS 

 
Over nine thousand satellites and other trackable 
objects are currently in orbit around the Earth, along 
with many smaller particles. As the low Earth orbit 
(LEO) is not a limitless resource, some sort of debris 
mitigation measures are needed to solve the problem 
of unusable satellites and spent upper stages.  
 
Despite a small number of full-scale experiments  
made so far using space tethers1, the possibility of 
de-orbiting spacecraft by means of electrodynamic 
tethers has been on the drawing board of theorists for 
almost a decade. Various conducting tether 
configurations    have been  studied and their de-
orbiting performances have been extensively 
assessed   by several authors2-12. 

 
 
The electrodynamic drag concept is based on the 
exploitation of the Lorentz force due to the 
interaction between the electric current flowing in a 
conductive tether and the geomagnetic field. The 
decelerating Lorentz force F

r
(electrodynamic drag) 

depends in a complex way on the design parameters 
of the system, the orbit and the characteristics of the 
local ionosphere3,13: 
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where I(l) is the current flowing in the tether, ld

r
 is 

the differential element of tether length L and B
r

 is 
the local geomagnetic field. The electric current in 
the tether is self-sustained by the induced voltage Φ, 
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generated by the relative motion of the system across 
the magnetic field13: 
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where  is the relative velocity vector of the tether 
with respect to the magnetic field. The mechanical 
power P dissipated by the drag force can be 
expressed as

vr

13: 
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while the time Δt needed to lower a satellite in 
circular orbit from the radius a2 to the radius a1 (with 
a1 < a2) is given by3,13: 
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where μ⊕ is the Earth’s gravitational parameter, m is 
the satellite mass including the tether system and a is 
the orbital radius. 
 
The decay rate is greater at relatively low altitudes, 
due to the larger currents sustained by the higher 
density of the ionospheric plasma. The maximum 
efficiency is possible for equatorial orbits, due to a 
combination of larger induced voltages and 
ionospheric densities. At high inclinations, the 
relative geometry of orbital motion and geomagnetic 
field is much less favourable, the density of 
ionospheric ions is relatively low and the 
electrodynamic drag, if any, is significantly less 
effective.  
 
Another important parameter to be considered is the 
tether length L, whose value determines the induced 
voltage and, therefore, together with the impedance, 
the current flowing in the system. Typically, shorter 
tethers imply significantly longer de-orbit times, due 
to smaller induced voltages and currents. However, 
although the performances of long tethers are 
attractive, the price to pay in terms of mass penalty, 
risk of arching and space debris impact might be too 
high for reliable operations. 
 
Prototypes of Electrodynamic Tether Devices 
 
Following the Loftus’ seminal idea, in June 1996, of 
using electrodynamic drag to remove unusable 
spacecraft from low Earth orbit, the American Tether  
Unlimited Inc. (TUI) company, founded in 1994 by 
Robert P. Hoyt and Robert L. Forward to develop 

products based on space tether technologies, took up 
developing a lightweight and reliable space tether 
system, called the Terminator TetherTM. The design 
of the conducting tether will depend on the mass and 
orbit of the host satellite. For typical LEO satellites, 
the tether will have a length of 5-7.5 km and a mass 
of 1-2% of the host spacecraft. The de-orbit times 
computed by Hoyt and Forward14 for a 7.5 km 
electrodynamic tether, with a mass of 1% of the host 
spacecraft, to decrease the altitude of a 1500 kg 
spacecraft to 250 km, are given in Table 1. 
 

 
Orbit Inclination 

0° 25° 50° 75° 

Initial 
Height 
[km] 

DE-ORBIT TIME [days] 
1400 170 220 325 
1300 140 185 280 
1200 120 155 230 
1100 95 125 185 

EDT 
not 

used 

1000 70 95 140 375 
900 55 70 110 280 
800 45 55 80 200 
700 30 40 55 140 
600 20 30 40 80 
500 15 20 25 40 
400 10 15 15 20 

  
Table 1: Time to de-orbit a 1500 kg spacecraft from 

a given initial altitude to 250 km with a 7.5 km 
Terminator TetherTM with a mass of 1% of the S/C. 

 
 
The concept of the Electrodynamic De-Orbiting And 
Re-entry Device (EDOARD) has been also jointly 
developed in Italy by Alenia Spazio and the 
University “La Sapienza” in view of potential 
commercial exploitations15. The EDOARD system is 
based on a 4-5 km long conductive tether, and its 
mass is envisaged to be less than 30-35 kg, that is 
between 1% and 5% of the host satellite at launch. 
EDOARD is conceived to be applicable to vehicles 
in the 600 to 4000 kg mass range, orbit altitude 
between 600 and 2000 km and orbital inclination up 
to 65°. It is intended to provide the carrier spacecraft 
with an electrodynamic device able to de-orbit it 
within a few months.   
 
Prototypes of electrodynamic tether systems (EDTS) 
to de-orbit spacecraft have been also investigated by 
the Dutch Delta-Utec Space Research & Consultancy 
company4.  
 
As a matter of fact, for typical electrodynamic tether 
lengths of 5-10 km, the Lorentz force reduces the 
mean altitude of the tethered system orbit at rates 
from 2 to 50 km per day, decreasing with increasing 
the payload mass, inclination and altitude.  
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POTENTIAL BENEFITS AND RISKS OF 
USING ELECTRODYNAMIC TETHERS TO 

DE-ORBIT SPACECRAFT
 
Benefits: Saving the Mass 
 
The major advantage of the tether technology 
compared to other propulsion systems is that it does 
not require any propellant. While conventional 
chemical thrusters need a mass allocation that is a 
significant fraction (10-20%) of the total mass to be 
disposed of, a typical electrodynamic tether system, 
weighting about 30-50 kg, can achieve de-orbit of 
spacecraft requiring only a few percent (1-5%) of the 
carrier vehicle mass at launch. Moreover, chemical 
thrusters should be able to reliably operate for 
mission times longer than the usual applications they 
were designed for. A tethered system, instead, would 
be inactive during the mission, while waiting for a 
command to de-orbit the spacecraft at the end-of-life. 
Therefore, by eliminating the need to launch and 
store in orbit for many years a large amount of 
propellant, electrodynamic tethers can greatly reduce 
the cost and improve the reliability of in-space 
propulsion and operations. 
 
Benefits: Reducing the De-orbit Times 
 
Another benefit of using electrodynamic tethers is 
that the time to de-orbit spacecraft from LEO can be 
many order of magnitude faster than the decay under 
the influence of the atmospheric drag alone. For a 
typical satellite above 500 km, affected by the sole 
natural orbit perturbations, the orbital lifetime can be 
tens to thousands of years. On the other hand, the 
Terminator TetherTM or the EDOARD system might 
de-orbit a satellite from various LEO orbits within a 
few weeks to a few months.  
 
Benefits: Increasing the Effectiveness in Terms of 
the Area-Time-Product 
 
The main objective of a de-orbit technology is to 
remove dead and unwanted spacecraft from orbit so 
that they cannot pose a collision threat to other 
operational spacecraft. Of course, the use of a long 
tether will greatly increase the cross-sectional area of 
the spacecraft system, raising, in turn, the probability 
that the system will suffer an accidental collision 
during the mission. However, this probability 
depends not only on the cross-sectional area, but also 
upon the amount of time the satellite spends in orbit. 
For a satellite left to de-orbit by aerodynamic drag 
only, the cross-sectional area is relatively small, but 
the amount of time needed to re-enter the Earth’s 
atmosphere can be many hundreds or thousands of 

years. Nonetheless, even if an electrodynamic tether 
increases the satellite system cross-sectional area, the 
orbital decay rate is large enough to compensate the 
first effect and to greatly reduce the risk for the 
tethered system to collide with other spacecraft.  
 
Therefore, according to Forward and Hoyt16, the 
criterion to evaluate the effectiveness of a de-orbit 
technique is not just whether it reduces the orbital 
lifetime compared to the atmospheric drag decay, but 
whether it reduces the product of the orbital lifetime 
and collision cross-sectional area of the spacecraft, 
namely the Area-Time-Product: ATP. As a matter of 
fact, they also demonstrated that the Terminator 
TetherTM can significantly reduce the ATP value for 
most LEO orbits16. 
 
Risks: Space Debris Related Concerns
 
Tethers are usually very long and thin, providing 
increased opportunities for something to go wrong.  
 
The accidental tether severing may be due to a 
number of causes including manufacturing defects, 
system malfunctions, material degradation, 
vibrations, and contact with other spacecraft 
elements. Most of these causes can be prevented 
through design, quality check and active control of 
the tether dynamics and stability during the mission.   
 
However, due to their peculiar characteristics, tethers 
in space introduce unusual problems when viewed 
from the space debris perspective. They present a 
much greater risk to operating satellites due to their 
considerably large collision cross-sectional area. 
Because of their small diameter, tethers of normal 
design may have a high probability of being severed 
by impacts with relatively small  meteoroids and 
orbital debris. The resulting tether remnants may 
pose additional risks to operating spacecraft.   
 
Therefore, before electrodynamic tethers can be used 
to mitigate the problem of orbital debris, various 
problems have to be investigated:  
 

1. to evaluate the impact of tethers on the 
space environment, i.e. to determine the 
tether collision risk with operating 
spacecraft, the risk posed by the tether 
remnants after severing, the chance of 
collision among the tethers themselves; 

 
2. to assess the tether survivability, i.e. to 

evaluate the risk for a tether of being cut 
during the mission by orbital debris and 
meteoroids. 
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     Impact of Tethers on the Space Environment 
  
     Collision Risk with Large Space Objects 
 
The potential risk for collisions or close encounters 
with other space objects is a critical aspect for many 
space tether applications, representing a likely risk 
both to the tether system integrity and to the safety of 
operational  spacecraft. The risk of impact with the 
largest space objects, typically spacecraft and upper 
stages, cannot be reduced by modifying the tether 
design or increasing the tether diameter17. Anselmo 
and Pardini18 estimated the expected average impact 
rates, per km of tether per year, as a function of the 
average size of the large space objects at different 
orbit altitudes (H) and inclinations (I) (see Table 2). 
The value of 2.80 m corresponds to the average size 
of objects larger than 1 m, computed with the 
CNUCE Orbital Debris Reference model 199719, 
assuming a spherical approximation of debris 
particles. The values for smaller (1 m) and larger (5 
m, 10 m) characteristic sizes are provided as well to 
take into account the possible deviation of typical 
objects from the spherical or box-like shape. 
 
 

AVERAGE CHARACTERISTIC SIZE OF 
LARGE SPACE OBJECTS 

Tether 
Orbit 

 
1 m 

 
2.8 m 

 
5 m 

 
10 m 

H: 600 km 
 

I: 30° 
I: 50° 

 

 
7.02·10-4

3.90·10-4

 

 
1.97·10-3

1.09·10-3

 

 
3.51·10-3

1.95·10-3

 
7.02·10-3

3.90·10-3

 
H: 800 km 

 
I: 30° 
I: 50° 

 

 
8.96·10-4

1.22·10-3

 

 
2.51·10-3

3.42·10-3

 

 
4.48·10-3

6.08·10-3

 

 
8.96·10-3

1.22·10-2

 
H: 1000 km 

 
I: 30° 
I: 50° 

 

 
1.24·10-3

1.24·10-3

 

 
3.47·10-3

3.47·10-3

 

 
6.22·10-3

6.21·10-3

 

 
1.24·10-2

1.24·10-2

 
 

Table 2: Impact rate [yr-1 km-1] of  
large space objects with tethers. 

 
 
With reference to Table 2, Anselmo and Pardini 

concluded that if tens, or hundreds, of such systems 
(several kilometers long) were employed at the same 
time, the situation in low Earth orbit could become 
critical, even limiting the concern to operational 
satellites (in that case, the impact rates given in Table 
2 should be reduced by an order of magnitude). 
 

Analytical and statistical approaches were also 
developed and used by other authors to determine the 
probability for a tether to collide with tracked 
objects20-23.  
 
All studies carried out so far confirm that the  
probability of impact of long tethers with spacecraft 
and upper stages is still small, but not negligible. 
Therefore, an active control of the tether during the 
mission is needed to prevent possible impacts with 
operating spacecraft. 
 
     Tether-tether Collisions 
 
If many long tethers were put in space at the same 
time, another area of concern would be represented 
by the possibility of collision between them.  
 
The collision probability among tethers was not 
estimated by the US Tether Unlimited Inc. company 
when conceiving the Terminator Tether de-orbiting 
device. This, in fact, will not be a concern until a 
number of tethers will be in orbit at the same time24.  
 
In the same way, the Dutch Delta-Utec Space 
Research & Consultancy company concluded that if 
40 de-orbiting per year are assumed, i.e. an average 
of 4 tethers are in orbit at the same time, it should be 
possible to coordinate de-orbiting to avoid inter-
tether collisions4. 
 
Therefore, only if many uncontrolled tethers are in 
orbit at the same time the collision probability among 
them may be far from negligible. To evaluate this 
likelihood, Anselmo and Pardini17 estimated the 
mutual collision rate among one hundred 5-km 
tethers randomly distributed around the Earth, 
between 500 km and 1500 km, and based on the 
Italian EDOARD system concept. They found an  
average mutual collision rate of the order of 10-1 per 
year for the Italian system under study. Such a value 
would be far from negligible, adding further more 
weight to the need, for future tether systems, of the 
capability to control their internal and trajectory 
dynamics.  
 
     Tethers Survivability Concerns  
 
Tethers are particularly vulnerable to small artificial 
and natural debris impacts, because – at the very 
high relative velocities characterizing the collisions – 
even a particle smaller than one half of the tether 
diameter may cut a single strand wire. A single hit by 
a very small particle may therefore produce a critical 
failure of the tether, while reducing its lifetime to 
times much shorter than the mission duration. Of 
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course, although single line tethers lifetimes can be 
improved by increasing the tether diameter, this 
incurs a prohibitive mass penalty as well as 
additional operational problems. Therefore, strands 
with ultra high strength characteristics, together with 
more creative tether designs, like multi-strand 
structures25, should be realized to reduce the tether 
vulnerability to space debris impacts.  
 
The critical size of a particle able to sever the tether 
is affected by the tether material as well as by the 
tether design, and it can only be determined by the 
hypervelocity impact test results. However, many 
new resistant materials and combinations of these 
have not been thoroughly characterized yet for the 
effects of hypervelocity impacts by either meteoroids 
or orbital debris particles. On the other hand, only a 
few laboratory experiments have been carried out 
using aluminium tethers of normal design, proving 
that an aluminium, single strand, tether may be cut 
by a particle 1/3 of its diameter, while one of woven 
aluminium could be severed by particles 1/2 of its 
diameter1,26. Moreover, an adequately large space 
debris may sever a tether provided its edge passes 
within 0.20-0.35 DT (tether diameter) of the tether’s 
centre of axial symmetry1.  
 
     Proposals to Reduce the Tether Vulnerability 
 
An innovative configuration to reduce the EDOARD 
system vulnerability to space debris impacts was 
proposed by Alenia Spazio, in Italy27. The new 
design envisaged a two bare metallic strands, 0.7 mm 
in diameter each, forming N loops tied together in 
N+1 equidistant knots along the tether (Figure 1). 
   
 

 
 

 
Fig. 1: Conceptual illustration of the double strand 

solution like that proposed by Alenia Spazio. 

A similar structure was also investigated at the 
Department of Aeronautics and Astronautics of the 
Kyushu University in Japan28. The double tether 
solution was also taken into account and analysed to 
increase the survival probability of the Kyushu 
University Tether Experiment (QTEX)29.     
 
The US Tether Unlimited Inc. company proposed the 
long-life, damage-resistant tether design called 
HoytetherTM. The Hoytether is a structure composed 
of multiple lines with redundant interlinking that is 
able to withstand many impacts25. Through analytical 
and numerical simulations, the Hoytether’s designers 
proved that this is a fail safe long-lived structure that 
can replace a single strand tether imposing a minimal 
mass penalty. 
 
     The Probability of Severing a Single Line Tether 
 
Due to their peculiar structure and geometry, space 
tethers cannot be treated as a conventional 
spacecraft. In fact, the thinness and orientation 
(practically gravity-gradient) of tethers introduce a 
few differences in the calculation of the flux and 
effective cross-sectional area. Therefore, the number 
of impacts to be expected (NT) on a single line tether 
can be expressed in terms of the differential (with 
respect to size d) flux of particles (dϕ) as follows:      
 

                           (5)                           ∫
∞

⋅Δ=
CdT dddAtN )()( ϕ

 
where A(d) is the tether effective cross-sectional 
area, also a function of particle size, and Δt is the 
tether orbit lifetime. Whether dC  is the minimum size 
of particles able to sever the tether, NT is the number 
of fatal impacts to be expected. Defining the fatal 
impact rate, RF, as the number of impacts able to cut 
a single line tether in a given time (for instance one 
year): 
 

                                     (6)                          ∫
∞

=
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Eq. 5 can be rewritten as: 
 

                         tRN FT Δ⋅=                    (7)                          
 
The probability (Pn) of n fatal impacts occurring in 
an elapsed time Δt can be expressed by the Poisson’s 
distribution as follows: 
 

!n
eNP

TNn
T

n

−

=                     (8) 
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thus, the probability of no random particle impacts 
occurrences (n = 0) is: 
 

TNeP −=0                          (9) 
 
and the probability for at least one collision to occur 
(P1) is given by: 
 
                                       (10)                             TNePP −−=−= 11 01             
 
Substituting Eq. 7 into Eq. 10, the probability P of 
severing a single filament tether in a certain time 
interval Δt is then computed as: 
 
                                              (11) tRFeP Δ−−= 1
 
The relationships to compute the probability of 
severing specific tether structures, other than the 
single line, during typical de-orbiting missions have 
been developed in the framework of the IADC AI 
19.1 and have been described in detail in Section 5 of 
the Action Item Final Report30. A summary of the 
techniques developed is also presented in this paper 
in the section on “Mathematical Approaches”. 
  
 

STUDY PLAN FOR THE IADC AI 19.1
 

The electrodynamic tether drag may actually provide 
a cost effective method for de-orbiting low Earth 
satellites in order to mitigate the growth of orbital 
debris.  
 
However, a tether system is much more vulnerable to 
space debris impacts than a typical spacecraft and its 
design must prove to be safe to a certain confidence 
level before being adopted for potential applications. 
As a matter of fact, a de-orbiting mission will be 
possible provided the tether will maintain its 
integrity. Therefore, since the tether-tether collision 
chance does not currently present a threat, the impact 
with operating spacecraft can be avoided by an active 
control of the tether during the mission, the 
accidental tether severing can be prevented through 
design, quality check and active control of the tether 
dynamics and stability, thus the main threat to tethers 
in space is from collisions with meteoroids and 
orbital debris too small to be detected and avoided.    
 
For the above mentioned reasons, the study plan of 
the IADC Action Item 19.1 was formulated with the 
main objective of investigating the potential risk to 
the tether system integrity due to impacts with 
meteoroids and orbital debris.  

Two tests were proposed: 
 

1) to compute the fatal impact rate of 
meteoroids and orbital debris on space 
tethers in circular orbit, at different altitudes 
and inclinations, as a function of the tether 
diameter; 

 
2) to assess the survival probability of a 

specific electrodynamic tether system 
during typical de-orbiting missions.  

 
The fatal impact rate (see Eq. 6), in (yr-1km-1), was 
computed at different orbit altitudes and inclinations, 
as a function of the tether diameter, according to 
Table 3.  
 

Orbit 
Altitudes  

[km] 

Orbit 
Inclinations  

[deg] 

 
Tether Diameter 

[mm] 
 

 
1400 

 

 
25, 50, 75 

 
0.50, 0.75, 1, 2.5, 5, 

10, 25, 50 
 

1000 
 

 
25, 50, 75 

 
0.50, 0.75, 1, 2.5, 5, 

10, 25, 50 
 

800 
 

 
25, 50, 75 

 
0.50, 0.75, 1, 2.5, 5, 

10, 25, 50 
 

Table 3: Tether orbits and diameters considered in 
the first IADC AI 19.1 test. 

 
Realistic de-orbiting scenarios based on the concept 
of the Terminator Tether, from Tether Unlimited 
Inc.14, were simulated in the second AI 19.1 test. 
Detailed computations were carried out for typical 
de-orbiting missions (see Table 1) of a 1500 kg 
spacecraft, with initial altitudes of 800 km, 1000 km 
and 1400 km and orbital inclinations of 0˚, 25˚, 50˚ 
and 75˚.  
 
Main Study Assumptions 
 
    Space Debris Flux Models 
 
The environment model used for the first AI 19.1 test 
was the NASA’s ORDEM2000 model31, coupled 
with the Grün meteoroids model32. Figure 2 
represents the total debris flux, obtained by summing 
the contributions of ORDEM2000 and Grün at epoch 
January 2003 .  
 
For the second AI 19.1 test on the survivability 
analysis, two different representations of the 
environment were assumed: 
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I. ORDEM200031 (orbital debris) coupled with 
Grün32 (meteoroids) at epoch January 2001; 

II. MASTER-200133 (orbital debris and 
meteoroids). The analyst application was 
used to obtain more accurate debris fluxes at 
the reference epoch of the model, i.e. May 
5th, 2001. 

 
Fig.2: Cumulative flux of orbital debris 

(ORDEM2000) and meteoroids (Grün) at 800, 1000, 
1400 km, i = 25°, 50°, 75°, versus debris diameter. 

Reference epoch: January 2003. 
 

 
Fig. 3: MASTER-2001, ORDEM2000 & Grün 

cumulative flux versus debris diameter  
at 1350 km, i = 0°, 25°, 50°, 75°. 

 
 
The debris flux was estimated in the middle of each 
altitude shell crossed during the de-orbiting mission, 
i.e. 1350, 1250, 1150, 1050, 950, 850, 750, 650, 550, 
450, 325 km, and inclinations of 0°, 25°, 50° and 
75°. Figures 3 and 4 exemplify some differences 
between the environmental models at the altitudes of 
1350 km and 325 km, respectively.  
 

Large differences exist in the flux versus particle 
diameter distribution computed by the ESA and  
NASA models, with ORDEM2000 predicting fluxes 
up to one order of magnitude higher than MASTER-
2001 in the significant diameter region of less than 1 
mm34. 

 
Fig. 4: MASTER-2001, ORDEM2000 & Grün 

cumulative flux versus debris diameter  
at 325 km, i = 0°, 25°, 50°, 75°. 

 
 
    Tether Orbital Configurations and Designs 
 
The tethers orbital configurations and designs 
assumed in the AI 19.1 study plan were very simple. 
Tethers were supposed to be in circular orbit and 
aligned along the gravity gradient. Two basically 
different and very simple designs were considered 
(see Figure 5): 
 

1) Single tether, with a single wire or a 
compact cylindrical multi-line structure; 

 
2) Double tethers, in which two cables are 

separated from each other by a distance 
significantly larger than their diameter and 
form N loops, tied together in N+1 
equidistant knots. 

 
Tethers with a length of  5 km, 7.5 km and 10 km, of 
single line design, were considered in the first AI 
19.1 test, adopting wires with diameters of 0.50 mm, 
0.75 mm, 1 mm, 2.5 mm, 5 mm, 1 cm, 2.5 cm and 5 
cm. 
 
Tethers of  length 7.5 km, with both single and 
double line designs, were considered in the second 
AI 19.1 test, adopting conducting wires with 
diameter of 0.5 mm and 1 mm. With regards to the 
double line solution, three configurations, where the 
length of each tether loop was 5 m, 10 m and 100 m, 
were simulated. 
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Fig. 5: Single and double line tether designs. 
 
     Tether Vulnerability to Space Debris Impacts 
 
A single tether was assumed to be severed by a space 
debris with a diameter d larger than a certain fraction 
f of the tether diameter DT
 
                             d ≥ dC = f·DT                            (12)                                         
 
where dC is defined as the minimum fatal debris 
diameter, provided that the debris edge passes within 
a critical distance DTC /2 from the longitudinal axis of 
symmetry of the tether (see Figure 6). 
 

 
 

Fig. 6: Definition of the tether effective cross-
sectional area with respect to the fatal debris impacts. 

 
The following conjecture on the tether vulnerability 
was considered in the first test of AI 19.1: 
 
        dC  = 0.25·DT  and DTC  = 0.7·DT          (13) 

 
The following two conjectures were adopted in the 
second AI 19.1 test: 

 
         1.    dC  = 0.25·DT  and DTC  = 0.7·DT      (14)                          

 
         2.     dC  = 0.33·DT  and DTC  = 0.7·DT      (15)                          
 
Moreover, it was assumed that each strand in a loop 
of a double line system is so separated from the other 
that there is no chance for one piece of debris to 
sever both. A negligible cross-sectional area of the 
knots was supposed as well. 
  

MATHEMATICAL APPROACHES 
 

Different computational approaches were specifically 
developed in the framework of the IADC Action 
Item 19.1; other techniques, coming from past 
research and experience in the field, were instead 
revised and improved. A detailed description of the 
mathematical approaches developed at ISTI, Kyushu 
University  (KU) and NASA/JSC is given in the AI 
19.1 Final Report30

. Some basic elements are 
provided in this paper. 
 
 The ISTI/CNR Approach 
 
     Survivability of a Single Tether 
 
For a single line tether, the fatal impact rate is 
obtained using Eq. 6, expressing the tether effective 
cross-sectional area A(d) as: 
 

                        )()( dDLdA TC +=                  (16) 
 
where L is the tether length, d is the debris diameter 
and DTC  is the critical tether diameter  (see Figure 6). 
Thus, the probability P that the tether is severed in a 
certain time interval Δt is determined according to 
Eq. 11.  
 
Concerning the overall survival/sever probability 
during a full de-orbiting mission that follows a 
certain orbital decay profile, the same approach 
described at the end of the next subsection is adopted 
(see Eqs. 21 and 22). 
 
     Survivability of a Double Strand Tether 
 
A numerical multi-step algorithm was developed at 
ISTI35 to assess the survivability of double line 
tethers with the basic design outlined in Figure 5. It 
is based on the simplifying hypotheses of  a distance 
between the two cables significantly larger than their 
diameter and a negligible volume of the knots along 
the tether. 
For each relatively small altitude interval in which 
the decay profile is subdivided, it computes: 
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1. the sever probability of a single cable of length 
L/N;  

2. the sever and survival probability of both lines of 
the same tether loop; 

3. the survival and sever probability of the whole 
tether. 

 
The fatal impact rate is estimated in the middle of 
every ith height interval, characterized by a decay 
time Δt(i). If P(n, i) is the sever probability of a 
single wire in the nth tether loop and ith altitude 
interval, computed using Eq. 11, the sever 
probability of both wires in the same tether loop 
(PSE) is given by: 
         
                      [ ] 2),(),( inPinPSE =                 (17)                                               
 
while the corresponding survival probability (PSU) is: 
 

                     ),(1),( inPinP SESU −=          (18)                                        
                   

The tether is severed if both wires of at least one of 
its loops are cut. On the other hand, the tether 
survives if all loops maintain at least one intact line. 
Therefore, the survival probability of the whole 
tether (PSU_T) in the ith altitude interval can be 
expressed as: 
 

      (19)              [ N
SU

N

n
SUTSU inPinPiP ),(),()(

1
_ ==∏

=

]                   

where N is the number of loops along the tether, 
while the corresponding sever probability (PSE_T) is 
given by: 
 

                               (20)              )(1)( __ iPiP TSUTSE −=                    
 
The altitude of an electrodynamic tether for satellite 
de-orbiting changes during the mission, and with it 
also the debris fatal impact rate. In order to take into 
account the orbital debris and meteoroids flux 
variation, as a function of the decreasing altitude, the 
overall altitude range traversed by the tether is 
subdivided in H relatively small altitude intervals, in 
which the space debris flux can be assumed constant. 
Because the tether – single or double line – survives 
during the de-orbiting mission only if it survives in 
each altitude interval, the overall survival probability 
during the mission (PSU_M) is given by:  
 

                                 (21)              )(
1

__ iPP
H

i
TSUMSU ∏

=

=                            

 
while the total sever probability during the mission 
(PSE_M) may be expressed as follows: 

 

                      MSUMSE PP __ 1−=                (22)                          
 
The Kyushu University Method 
 
     Single Tether 
 
Kyushu University uses the same ISTI relationships 
to express the tether effective cross-sectional area 
(see Eq. 16) and the fatal impact rate (see Eq. 6). 
However, KU introduces a probability state variable 
X(t) to describe the survival probability. Thus, the 
probability that the tether survives after a certain 
time t is expressed as: 
 
                      ( ) ( ) [ tRXtX F− ]= exp0            (23)                         
 
where X 0( ) denotes the initial condition. Details to 
numerically estimate the fatal impact rate, RF, are 
provided in Ref. 30. 
 
     Double Tether 
 
Unlike ISTI/CNR, Kyushu University assumes a 
finite distance between the two wires of a loop, so 
that they might be severed simultaneously by a single 
impact. In addition, the knots have a finite volume 
and they also might be severed by a single impact. 
Therefore, the double tether considered herein (see 
Figure 7) may be severed when:  
 
1. a knot is severed by a single impact; 
2. both wires of a same loop are severed together by 

a single impact; 
3. both wires of a same loop are severed 

independently by two impacts. 

As shown in Figure 7, a knot is simplified by a 
circular cylinder with a length of 3.0 DT and a 
diameter of 2.5 DT  so that the sever probability for a 
knot can be estimated as for a single tether.                                          

The status of a loop of the double tether considered 
herein can be characterized in three different ways 
depending on the number of wires that survive in the 
loop itself (see Figure 8), namely: 
  
Status 2: both two wires survive;    
Status 1: one wire survives but the other is severed; 
Status 0: both two wires are severed. 

At the beginning of a mission, the status of the loop 
may be “Status 2.”  The status may transit from 
“Status 2” to “Status 0” through “Status 1,” or 
directly from “Status 2” to “Status 0.”  The former 
transition process means that two wires of the loop 
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are severed independently by two impacts, whereas 
the latter transition process means that both two 
wires of the loop are severed together by a single 
impact. The aforementioned status transition 
progressions are herein treated as a stochastic 
process.  

Let status variables X2(t),  X1(t) and X0(t) represent 
the probability that the status will be, respectively, 
“Status 2”, “Status 1”, and “Status 0” at the time t. 
Thus, the sum of the probabilistic status variables is 
unity. Denoting the transition rate from “Status i” to 
“Status j” by RFij  (here the subscripts i and j refer, 
respectively, to the initial number of wires and the 
number of wires survived after a single impact), then 
the relationships among the probabilistic status 
variables can be expressed as a set of simultaneous 
differential equations30:  

dX2 t( )
dt

= − RF 20 + RF 21( )X2 t( )          (24) 

       ( ) ( ) ( )tXRtXR
dt

tdX
FF 110221

1 −=       (25) 

 

 
 

Fig. 7: Double tether design considered at  
Kyushu University. 

 
Eqs. 24 and 25 are solved assuming constant 
transition rates30. Thus, the probability that the loop 
survives after a certain time t is computed by the sum 
of  X2(t)+X1(t). 
 
Finally, if Xknot(t) denotes the survival probability for 
a knot, the survival probability of the entire double 
line tether system, , is expressed by the 
following relationship:  

XT t( )

 

         XT t( )= X1 t( )+ X2 t( )( )N Xknot t( )( )N +1
       (26)                          

 
where N is the number of loops along the tether. 
 
Eq. 26 is solved after evaluating the transition rates, 
RFij , as described in the AI 19.1 Final Report30. In 
order to estimate the transition rates from “Status 2” 
to “Status 1” and from “Status 2” to “Status 0,” the 
in-coming direction of orbital debris was taken into 
account as well30.  
                               

 
 

Figure 8.  Status of a loop of the double tether 
characterized in three different ways depending on 
the number of wires that survive in the loop itself. 

                                  
Modifications of the KU Method According to 
the AI 19.1 Requirements 
 

To fulfil the AI 19.1 requirements for the double line 
tether design, i.e. the two cables are separated from 
each other by a distance significantly larger than 
their diameter and the knots have a negligible cross-
sectional area, Kyushu University may assume an 
infinite distance between the two wires and ignore 
the volume of the knots. With these assumptions, the 
survival probability of the entire double line tether 
system at a given altitude becomes:              

XT t( )= X1 t( )+ X2 t( )( )N               (27)                        
 
The Kyushu University method can also be applied, 
with some specific additions, to the survivability 
assessment of an electrodynamic tether during de-
orbiting missions. To make this, the altitude range 
traversed by the tether is split into a number of 
relatively small altitude bins where the space debris 
flux may be assumed constant.  
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Denoting the transition rates at the h-th altitude bin 
by , the total time to descend the h-th altitude 

bin from the initial altitude by , and the duration 
necessary to descend the h-th altitude bin by , 
then the probability that each loop survives after the 
completion of the mission is expressed by:  

h
FijR

ht

htΔ

 

⎥
⎦

⎤
⎢
⎣

⎡
Δ−

⋅⎟⎟
⎠

⎞
⎜⎜
⎝

⎛
⎥
⎦

⎤
⎢
⎣

⎡
Δ−−=+

∑

∑

=

=

H

h
h

h
F

H

h
h

h
FHH

t

ttXtX

R

R

1
10

1
1012

exp

exp2)()(
    (28) 

 
where H is the total number of altitudes intervals 
crossed during the mission. Eventually, the overall 
survival probability of the entire double line tether 
system is computed as follows:  
 

( ) ( )( N
HH tXtX 12 + )                     (29) 

 
 
The NASA/JSC Method 
 
The JSC method has been developed starting from 
the interim geometric model proposed by Anz-
Meador36 to evaluate the probability of severing a 
tether once it is struck by a meteoroids or orbital 
debris particle. This model combined with the AI 
19.1 specified test conditions results in a NASA/JSC 
methodology that is essentially the same as that of 
ISTI/CNR. 
 
Following the Anz-Meador model, the probability, 
PC(d), of the tether being cut by a particle with 
diameter d may be expressed as: 
 

[ ]( ) )(0.120.1)( 1 αββα −Θ⋅+⋅⋅−= −dPC    (30) 
 
where α can be considered as a “gouging factor”, and 
is defined as the decimal percentage of the tether’s 
width, or diameter (DT) for a cylindrical wire, which 
must be removed from the edge to sever a tether 
under tension, and β is the ratio between the debris 
diameter (d) and the tether diameter (DT).  

                                 
Herein, the parameter α is obtained as a corollary of 
the critical tether diameter (DTC) defined in the AI 
19.1 study plan (see Fig. 6 and Eqs. 14, 15) and it is 
computed as follows: 
 

( )
T

TCT

D
DD

⋅
−

=
2

α                     (31)                                                 

 

In Eq. 30, Θ is the Heaviside function defined as 
being zero (0) for negative arguments and one (1) for 
positive arguments. The tether cross-sectional area, 
AT(d), is expressed in terms of the tether’s length (L), 
the tether’s diameter, (DT) and the debris diameter 
(d) as follows: 

( dDLdA TT +⋅ )=)(                 (32)                          
 

Thus, the effective cross-sectional area for severing 
the tether, ATS(d), is given by: 
 

)()()( dAdPdA TCTS ⋅=             (33)                          
 
with PC(d) computed by Eq. 30.  
 
The impact rate of space debris on a tether at a given 
orbit altitude and inclination is computed for each 
size bin of the debris flux file generated with the 
environmental model. Thus, if Δφi is the differential 
debris flux corresponding to the i-th debris size bin 
(Δdi), the impact rate per diameter bin, RI (Δdi), in the 
interval of time Δt can be expressed as: 
 

tdAdR iTiiI Δ⋅⋅Δ=Δ )()( ϕ         (34)                          
 
where di is assumed to be the debris diameter at the 
beginning the i-th size bin. The fatal impact rate, 
RIF(Δdi),  in the same debris size bin is computed as 
follows: 
 

)()()( iIiCiIF dRdPdR Δ⋅=Δ        (35)                          
 
     Single line tether 
 
The sever probability of a single line tether at a given 
altitude and inclination is computed for each debris 
size bin using the Poisson’s distribution (see Eq. 8) 
for a single severing collision event (i.e. n = 1). 
Herein, the number of fatal impacts to be expected 
(N) is computed as: 
 

)()( iIiC dRdPN Δ⋅=                 (36)                          
 
So, the probability of a single severing event for 
diameter bin (Δdi), is PSEV(Δdi): 

                         

[ )()(exp
)()()(

iIiC

iIiCiSEV

dRdP
dRdPdP

Δ⋅−
⋅Δ⋅

]
=Δ

        (37)                  

 
The survival probability of the tether in the same size 
bin, PSUR(Δdi), is then computed as: 

 

)(1)( iSEViSUR dPdP Δ−=Δ             (38)                          
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At this point, the JSC’s model assumes that if the 
tether survives the impact of debris in each size bin, 
then it survives the impact of all debris. Therefore, 
the total survival probability of a single line tether at 
a given altitude and inclination, PSUR_ST (h) may be 
expressed as: 

∏
=

Δ=
I

i
iSURSTSUR dPhP

1
_ )()(            (39)                                   

 
The variable I is the total number of debris size bins 
considered, from the first one to the last within the 
debris flux file.   
 
The survival probability of a single line tether during 
a de-orbiting mission (PSUR_STM) is evaluated using 
the same ISTI/CNR approach, i.e., the tether is 
supposed to survive during the mission if it survives 
in each altitude interval. Using the JSC symbols, Eq. 
21 can be rewritten as: 

)(
1

__ hPP
H

h
STSURSTMSUR ∏

=

=          (40)                                      

 
with H as the total number of altitude intervals 
crossed during the mission. 
 
     Double line tether 
 
Like ISTI, JSC assumes that each strand in a loop 
(see Figure 5) is so separated from the other that 
there is no chance for one piece of debris to sever 
both. Moreover, the sever events for each strand are 
independent of any other strand and the tether is 
supposed to be severed if one loop (two adjacent 
strands) is cut.    
 
For a double line tether with N loops, each strand of 
each loop is considered in turn. Thus, Eqs. 32, 33, are 
applied to compute the effective cross-sectional area 
of each loop’s strand with length L = LS, and Eqs. 37, 
38, 39 are used to compute the sever/survival 
probability of a strand at a given orbit altitude and 
inclination. Afterwards, if PSUR_Strand1 (h,l) and 
PSUR_Strand2(h,l) are, respectively, the survival 
probabilities of the first and second strand of a loop l, 
computed according to Eq. 39, the survival 
probability of a loop, PSUR_Loop (h,l),  can be 
expressed as: 
 

),(

),(),(

2_

1__

lhP

lhPlhP

StrandSUR

StrandSURLoopSUR ⋅=
      (41)                         

 
The survival probability of the whole double line 
tether, PSUR_DT(h), at a given altitude and inclination 
is then computed by multiplying the survival 

probabilities for each tether loop considered along 
the tether itself, i.e.: 

),()( _
1

_ lhPhP LoopSUR

N

l
DTSUR ∏

=

=       (42)                          

 
Eventually, the survival probability of a double line 
tether during a de-orbiting mission, PSUR_DTM, is 
evaluated as in the case of a single tether (see Eq. 40) 
as follows: 

∏
=

=
H

h
DTSURDTMSUR hPP

1
__ )(          (43)                          

 
 

 RESULTS OF THE FIRST IADC AI 19.1 TEST 
 
The approaches developed at ISTI, KU and JSC for a 
single line tether were applied to compute the fatal 
impact rate of meteoroids and orbital debris on space 
tethers in accordance with the first AI 19.1 test 
requirements.  

 
Using the ORDEM2000+Grün model to represent 
the meteoroids and orbital debris fluxes, and 
adopting the tether vulnerability conjecture described 
by Eq. 13, the fatal impact rate, in (yr-1km-1), was 
computed for each selected orbit altitude and 
inclination, as a function of the tether diameter, 
according to Table 3. Thus, the severing rates and the 
orbital lifetimes of a 5 km, 7.5 km and 10 km long 
single line tether were evaluated for all the orbital 
configurations and tether diameters proposed. A 
detailed description of the results obtained is given in 
the AI 19.1 Final Report30. Herein, the main 
outcomes are summarized.  
 
A general good agreement was found among the 
ISTI, JSC and KU results, leading to the following  
conclusions: 
 

 single line tethers with diameter smaller 
than 1 mm may survive intact for less than 
10 days for all orbital configurations and 
tether lengths assumed in the study; 

 
 increasing the tether diameter to 2.5 mm 

results in an average lifetime of nearly 40-
50 days for a 5 km tether at 800 km, 
reducing to less than one month at 1000 km 
and 1400 km. Of course, the longer is the 
tether, the shorter its lifetime; 

 
 diameters larger than 5 mm may cause a 

reduction of the tether vulnerability to space 
debris impacts. However, a 5 mm single line 
tether may survive intact for less than 1 year 

 12



in all orbital and tether scenarios 
hypothesized; 

 
 above 1 cm, the impact with space debris 

could not be longer a threat for a number of 
potential missions using tethers. At 1 cm, a 
5 km tether may survive intact for a long 
while, ranging from a minimum of 3.5 
years, at 1000 km and inclination of 75˚, to 
a maximum of 7.2 years at 1400 km and 
inclination of 25˚. The lifetime of a 7.5 km 
tether may vary between 2.3 and 4.8 years 
in correspondence of the previous orbital 
conditions, while the expected survivability 
time of a 10 km tether may range from 1.7 
to 3.6 years; 

 
 much more massive tethers with diameters 

of 2.5 cm and 5 cm may operate for 
relatively long times, ranging from a few 
decades to more than a century, depending 
on the orbital scenario and tether length. 

 
In conclusion, provided the tether vulnerability 
conjecture and the space debris flux model 
considered in this study are reasonable, a single line 
tether with a diameter of 2.5 cm, or larger, may 
certainly survive the space debris environment for a 
moderately long time to assure the feasibility of a 
number of missions.  
 
 

RESULTS OF THE SECOND  
IADC AI 19.1 TEST 

 
The survival probability of tethers during typical de-
orbiting missions was assessed for the second AI 
19.1 test. Tethers of length 7.5 km, with both single 
and double line designs, were considered, adopting 
conducting wires with diameters of 0.5 and 1 mm. 
With regards to the double line solution, three 
configurations, where the length of each tether 
segment was 5, 10 and 100 meters, were simulated. 
Moreover, two different conjectures on the tether 
vulnerability were considered, that of limiting the 
minimum fatal debris diameter to 1/4 and 1/3 of the 
tether diameter. Two different environmental models 
were adopted to compute the meteoroids and orbital 
debris flux: MASTER-2001 and ORDEM2000 
coupled with the Grün’s meteoroids flux. Realistic 
de-orbiting scenarios, based on the concept of the 
Terminator Tether14 from the US Tether Unlimited 
Inc. company, were simulated. In particular, detailed 
computations and thorough comparisons were carried 
out for de-orbiting missions of a 1500 kg spacecraft, 
with initial altitudes of 800 km, 1000 km and 1400 
km, and orbital inclinations of 0°, 25°, 50° and 75°. 

Very similar conclusions were obtained by ISTI, JSC 
and KU for all the single line tether solutions herein 
analyzed. They state that30, 37: 
 

 independently of the space debris flux 
model adopted, the single line 
electrodynamic tethers prescribed for this 
study (Length = 7.5 km, Diameters = 0.5 
mm and 1 mm) cannot be safely used for 
de-orbiting from the altitudes and 
inclinations considered. 

 
Therefore, trying to increase the probability that the 
tether will survive the meteoroids and orbital debris 
environment for the de-orbiting mission duration, the 
double line solution was considered as well. The 
ISTI double line results were very close to those 
obtained by JSC for both the MASTER-2001 and 
ORDEM2000+Grün environments. On the other 
hand, the KU outcomes showed a much lower 
survival probability in general, which was justified 
by the different approach used to estimate the overall 
survival probability of the mission30. However, 
according to  ISTI, JSC and KU it resulted that: 
 

 the survival probability grows considerably 
for a double line design with a sufficiently 
high number of knots and loops; 

 
 the survival probability increases in the 

double loop configurations with number of 
loops and minimum fatal debris diameter; 

 
 survival is also more likely from lower 

initial altitudes and inclinations. 
 
Moreover: 
 

 all results are strongly dependent on the 
orbital debris/meteoroids model adopted, 
with much higher survival probabilities 
obtained overall from the lower MASTER-
2001 fluxes. 

 
 
CONCLUSIONS AND RECOMMENDATIONS 

 
De-orbiting devices based on the use of conducting 
tethers have been recently proposed as innovative 
solutions to mitigate the growth of orbital debris. 
However, tethers in space introduce unusual 
problems when viewed from the space debris 
perspective. To assess the space debris related 
concerns, a new task (Action Item 19.1) on the 
“Potential Benefits and Risks of using 
Electrodynamic Tethers for End-of-life De-orbit of 
LEO Spacecraft” was defined by the Inter-Agency 
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Space Debris Coordination Committee at the 19th 
IADC plenary meeting, in March 2001. The task was 
assigned to the IADC Working Group 2, on 
“Environment and Data Base”, and a study plan was 
successively formulated  with the main objective of 
investigating the potential risk to the tether system 
integrity due to impacts with space debris.  
 
Two tests were proposed:  

1. to compute the fatal impact rate of 
meteoroids and orbital debris on space 
tethers in circular orbit, at different altitudes 
and inclinations, as a function of the tether 
diameter;  

2. to assess the survival probability of an 
electrodynamic tether system during typical 
de-orbiting missions.  

 
IADC members of three agencies (ASI, JAXA and 
NASA) volunteered to participate in the study and 
different computational approaches were specifically 
developed in the framework of this IADC task.  
 
In both tests, 

 very simple tether orbital configurations and 
designs were assumed. Tethers were 
supposed to be in circular orbit and aligned 
along the gravity gradient; 

 specific tethers vulnerability conjectures 
were adopted. 

 
The results of both tests prove that:  

 the lifetimes of conventional single line 
tethers may be limited, by damage due to 
meteoroids and orbital debris impacts, to 
times much shorter than the mission 
duration; 

 single line tethers lifetimes can be improved 
by increasing the tether diameter. However, 
this might incur a prohibitive mass penalty 
as well as additional operational problems 
for many missions; 

 resorting to different and creative designs is 
necessary to reduce the tether vulnerability 
to space debris; 

 the double line solution actually reduces the 
tether vulnerability, but the survival 
probability decreases with the distance 
between the two strands in each single 
loop30. However, an upper limit of such 
distance exists above which the result do not 
change any more. For the specific case 
analysed in the Final Report30, this limit 
corresponds to a distance between strands of 
about 5 cm. 

 

In conclusion, electrodynamic tethers have strong 
potential to become effective mitigation measures, 
but various problems are still to be solved before this 
technique can be practically adopted. From the space 
debris perspective, resorting to creative tether 
designs is necessary to increase the tethers 
survivability, but: 
 

 considerable differences are still existing in 
the flux of small particles predicted by the 
environment models, e.g. MASTER-2001 
and ORDEM2000. Thus, additional efforts 
should be done to possibly define a common 
standard model;  

 
 the diameter of a space debris which can cut 

a tether is affected by the tether material as 
well as by the tether design. As a 
consequence, vulnerability conjectures other 
than those considered might result. Thus, 
new hypervelocity impact experiments, 
using tethers of different material and 
design, should be necessary to identify 
appropriate ballistic equations. 

 
It must be stressed that the mathematical approaches 
developed for this study can be applied to any 
available environmental model and tether 
vulnerability condition, thus allowing more precise 
evaluations as the accuracy of the environment and 
tether models improves. Moreover, the Kyushu 
University method can also be applied to real tether 
designs, like that of the Japanese QTEX experiment, 
where the volume of knots cannot be neglected any 
longer and the two cables in a loop may be separated 
by a  distance varying with the tether’s construction 
details. But these mathematical methods can only be 
applied to tethers which are in circular orbit and are 
aligned along the gravity gradient. However, these 
simplifying hypotheses should be in general 
applicable to electrodynamic tethers used for de-
orbiting, which need an active libration control to 
avoid dynamic instability. An active control during 
the mission should be also guaranteed to prevent the 
tether from impacting with large space objects. In 
fact, while the danger represented by particles 
smaller than 1 cm may be overcome by increasing 
the tether diameter and/or resorting to creative 
designs, the risk of impact with spacecraft and upper 
stages cannot be reduced by modifying the tether 
design.  
 
In highly eccentric orbits, like GTO, a tether system 
is not longer stable or librating, but will start to rotate 
at pass of perigee. Thus, the mathematical 
approaches developed for this study should be 
revised and modified, while major challenges of the 
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current electrodynamic tether designs, like the 
Terminator TetherTM and the EDOARD systems, 
should be introduced. 
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ABSTRACT


By using electrodynamic drag to greatly increase the orbital decay rate, an electrodynamic space tether can remove spent or dysfunctional spacecraft from low Earth orbit rapidly and safely. Moreover, the low mass requirements of such tether devices make them highly advantageous compared to conventional rocket-based de-orbit systems. However, a tether system is much more vulnerable to space debris impacts than a typical spacecraft and its design must prove to be safe to a certain confidence level before being adopted for potential applications. To assess the space debris related concerns, a new task (Action Item 19.1) on the “Potential Benefits and Risks of Using Electrodynamic Tethers for End-of-life De-orbit of LEO Spacecraft” was defined by the Inter-Agency Space Debris Coordination Committee (IADC), in March 2001. Two tests were proposed to compute the fatal impact rate of meteoroids and orbital debris on space tethers in circular orbits, at different altitudes and inclinations, as a function of the tether diameter, and to assess the survival probability of an electrodynamic tether system during typical de-orbiting missions. IADC members of three agencies, the Italian Space Agency (ASI), the Japan Aerospace Exploration Agency (JAXA) and the US National Aeronautics and Space Administration (NASA), participated in the study and different computational approaches were specifically developed in the framework of this IADC task. This paper summarizes the content of the IADC AI 19.1 Final Report. In  particular, it introduces the potential benefits and risks of using tethers in space, it describes the assumptions made in the study plan, it compares and discusses the results obtained by ASI, JAXA and NASA for the two tests proposed. Some general conclusions and recommendations are eventually highlighted as a result of a massive and intensive study.     

DE-ORBITING SPACECRAFT WITH ELECTRODYNAMIC TETHERS

Over nine thousand satellites and other trackable objects are currently in orbit around the Earth, along with many smaller particles. As the low Earth orbit (LEO) is not a limitless resource, some sort of debris mitigation measures are needed to solve the problem of unusable satellites and spent upper stages. 

Despite a small number of full-scale experiments  made so far using space tethers1, the possibility of de-orbiting spacecraft by means of electrodynamic tethers has been on the drawing board of theorists for almost a decade. Various conducting tether configurations    have been  studied and their de-orbiting performances have been extensively assessed   by several authors2-12.


The electrodynamic drag concept is based on the exploitation of the Lorentz force due to the interaction between the electric current flowing in a conductive tether and the geomagnetic field. The decelerating Lorentz force 
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(electrodynamic drag) depends in a complex way on the design parameters of the system, the orbit and the characteristics of the local ionosphere3,13:
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where I(l) is the current flowing in the tether, 
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 is the local geomagnetic field. The electric current in the tether is self-sustained by the induced voltage (, generated by the relative motion of the system across the magnetic field13:
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where 
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 is the relative velocity vector of the tether with respect to the magnetic field. The mechanical power P dissipated by the drag force can be expressed as13:
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while the time (t needed to lower a satellite in circular orbit from the radius a2 to the radius a1 (with a1 < a2) is given by3,13:
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where (( is the Earth’s gravitational parameter, m is the satellite mass including the tether system and a is the orbital radius.


The decay rate is greater at relatively low altitudes, due to the larger currents sustained by the higher density of the ionospheric plasma. The maximum efficiency is possible for equatorial orbits, due to a combination of larger induced voltages and ionospheric densities. At high inclinations, the relative geometry of orbital motion and geomagnetic field is much less favourable, the density of ionospheric ions is relatively low and the electrodynamic drag, if any, is significantly less effective. 

Another important parameter to be considered is the tether length L, whose value determines the induced voltage and, therefore, together with the impedance, the current flowing in the system. Typically, shorter tethers imply significantly longer de-orbit times, due to smaller induced voltages and currents. However, although the performances of long tethers are attractive, the price to pay in terms of mass penalty, risk of arching and space debris impact might be too high for reliable operations.


Prototypes of Electrodynamic Tether Devices

Following the Loftus’ seminal idea, in June 1996, of using electrodynamic drag to remove unusable spacecraft from low Earth orbit, the American Tether  Unlimited Inc. (TUI) company, founded in 1994 by Robert P. Hoyt and Robert L. Forward to develop products based on space tether technologies, took up developing a lightweight and reliable space tether system, called the Terminator TetherTM. The design of the conducting tether will depend on the mass and orbit of the host satellite. For typical LEO satellites, the tether will have a length of 5-7.5 km and a mass of 1-2% of the host spacecraft. The de-orbit times computed by Hoyt and Forward14 for a 7.5 km electrodynamic tether, with a mass of 1% of the host spacecraft, to decrease the altitude of a 1500 kg spacecraft to 250 km, are given in Table 1.


		Initial Height

[km]

		Orbit Inclination



		

		0°

		25°

		50°

		75°



		

		DE-ORBIT TIME [days]



		1400

		170

		220

		325

		EDT not used



		1300

		140

		185

		280

		



		1200

		120

		155

		230

		



		1100

		95

		125

		185

		



		1000

		70

		95

		140

		375



		900

		55

		70

		110

		280



		800

		45

		55

		80

		200



		700

		30

		40

		55

		140



		600

		20

		30

		40

		80



		500

		15

		20

		25

		40



		400

		10

		15

		15

		20





Table 1: Time to de-orbit a 1500 kg spacecraft from a given initial altitude to 250 km with a 7.5 km Terminator TetherTM with a mass of 1% of the S/C.

The concept of the Electrodynamic De-Orbiting And Re-entry Device (EDOARD) has been also jointly developed in Italy by Alenia Spazio and the University “La Sapienza” in view of potential commercial exploitations15. The EDOARD system is based on a 4-5 km long conductive tether, and its mass is envisaged to be less than 30-35 kg, that is between 1% and 5% of the host satellite at launch. EDOARD is conceived to be applicable to vehicles in the 600 to 4000 kg mass range, orbit altitude between 600 and 2000 km and orbital inclination up to 65°. It is intended to provide the carrier spacecraft with an electrodynamic device able to de-orbit it within a few months.  


Prototypes of electrodynamic tether systems (EDTS) to de-orbit spacecraft have been also investigated by the Dutch Delta-Utec Space Research & Consultancy company4. 

As a matter of fact, for typical electrodynamic tether lengths of 5-10 km, the Lorentz force reduces the mean altitude of the tethered system orbit at rates from 2 to 50 km per day, decreasing with increasing the payload mass, inclination and altitude. 


POTENTIAL BENEFITS AND RISKS OF USING ELECTRODYNAMIC TETHERS TO DE-ORBIT SPACECRAFT

Benefits: Saving the Mass


The major advantage of the tether technology compared to other propulsion systems is that it does not require any propellant. While conventional chemical thrusters need a mass allocation that is a significant fraction (10-20%) of the total mass to be disposed of, a typical electrodynamic tether system, weighting about 30-50 kg, can achieve de-orbit of spacecraft requiring only a few percent (1-5%) of the carrier vehicle mass at launch. Moreover, chemical thrusters should be able to reliably operate for mission times longer than the usual applications they were designed for. A tethered system, instead, would be inactive during the mission, while waiting for a command to de-orbit the spacecraft at the end-of-life. Therefore, by eliminating the need to launch and store in orbit for many years a large amount of propellant, electrodynamic tethers can greatly reduce the cost and improve the reliability of in-space propulsion and operations.


Benefits: Reducing the De-orbit Times

Another benefit of using electrodynamic tethers is that the time to de-orbit spacecraft from LEO can be many order of magnitude faster than the decay under the influence of the atmospheric drag alone. For a typical satellite above 500 km, affected by the sole natural orbit perturbations, the orbital lifetime can be tens to thousands of years. On the other hand, the Terminator TetherTM or the EDOARD system might de-orbit a satellite from various LEO orbits within a few weeks to a few months. 


Benefits: Increasing the Effectiveness in Terms of the Area-Time-Product

The main objective of a de-orbit technology is to remove dead and unwanted spacecraft from orbit so that they cannot pose a collision threat to other operational spacecraft. Of course, the use of a long tether will greatly increase the cross-sectional area of the spacecraft system, raising, in turn, the probability that the system will suffer an accidental collision during the mission. However, this probability depends not only on the cross-sectional area, but also upon the amount of time the satellite spends in orbit. For a satellite left to de-orbit by aerodynamic drag only, the cross-sectional area is relatively small, but the amount of time needed to re-enter the Earth’s atmosphere can be many hundreds or thousands of years. Nonetheless, even if an electrodynamic tether increases the satellite system cross-sectional area, the orbital decay rate is large enough to compensate the first effect and to greatly reduce the risk for the tethered system to collide with other spacecraft. 

Therefore, according to Forward and Hoyt16, the criterion to evaluate the effectiveness of a de-orbit technique is not just whether it reduces the orbital lifetime compared to the atmospheric drag decay, but whether it reduces the product of the orbital lifetime and collision cross-sectional area of the spacecraft, namely the Area-Time-Product: ATP. As a matter of fact, they also demonstrated that the Terminator TetherTM can significantly reduce the ATP value for most LEO orbits16.


Risks: Space Debris Related Concerns

Tethers are usually very long and thin, providing increased opportunities for something to go wrong. 

The accidental tether severing may be due to a number of causes including manufacturing defects, system malfunctions, material degradation, vibrations, and contact with other spacecraft elements. Most of these causes can be prevented through design, quality check and active control of the tether dynamics and stability during the mission.  

However, due to their peculiar characteristics, tethers in space introduce unusual problems when viewed from the space debris perspective. They present a much greater risk to operating satellites due to their considerably large collision cross-sectional area. Because of their small diameter, tethers of normal design may have a high probability of being severed by impacts with relatively small  meteoroids and orbital debris. The resulting tether remnants may pose additional risks to operating spacecraft.  


Therefore, before electrodynamic tethers can be used to mitigate the problem of orbital debris, various problems have to be investigated: 


1. to evaluate the impact of tethers on the space environment, i.e. to determine the tether collision risk with operating spacecraft, the risk posed by the tether remnants after severing, the chance of collision among the tethers themselves;

2. to assess the tether survivability, i.e. to evaluate the risk for a tether of being cut during the mission by orbital debris and meteoroids.

     Impact of Tethers on the Space Environment

     Collision Risk with Large Space Objects


The potential risk for collisions or close encounters with other space objects is a critical aspect for many space tether applications, representing a likely risk both to the tether system integrity and to the safety of operational  spacecraft. The risk of impact with the largest space objects, typically spacecraft and upper stages, cannot be reduced by modifying the tether design or increasing the tether diameter17. Anselmo and Pardini18 estimated the expected average impact rates, per km of tether per year, as a function of the average size of the large space objects at different orbit altitudes (H) and inclinations (I) (see Table 2). The value of 2.80 m corresponds to the average size of objects larger than 1 m, computed with the CNUCE Orbital Debris Reference model 199719, assuming a spherical approximation of debris particles. The values for smaller (1 m) and larger (5 m, 10 m) characteristic sizes are provided as well to take into account the possible deviation of typical objects from the spherical or box-like shape.


		Tether


Orbit

		AVERAGE CHARACTERISTIC SIZE OF LARGE SPACE OBJECTS



		

		1 m

		2.8 m

		5 m

		10 m



		H: 600 km



		I: 30(

I: 50(



		7.02·10-4

3.90·10-4



		1.97·10-3

1.09·10-3



		3.51·10-3

1.95·10-3

		7.02·10-3

3.90·10-3





		H: 800 km



		I: 30(

I: 50(



		8.96·10-4

1.22·10-3



		2.51·10-3

3.42·10-3



		4.48·10-3

6.08·10-3



		8.96·10-3

1.22·10-2





		H: 1000 km



		I: 30(

I: 50(



		1.24·10-3

1.24·10-3



		3.47·10-3

3.47·10-3



		6.22·10-3

6.21·10-3



		1.24·10-2

1.24·10-2







Table 2: Impact rate [yr-1 km-1] of 


large space objects with tethers.

With reference to Table 2, Anselmo and Pardini concluded that if tens, or hundreds, of such systems (several kilometers long) were employed at the same time, the situation in low Earth orbit could become critical, even limiting the concern to operational satellites (in that case, the impact rates given in Table 2 should be reduced by an order of magnitude).

Analytical and statistical approaches were also developed and used by other authors to determine the probability for a tether to collide with tracked objects20-23. 

All studies carried out so far confirm that the  probability of impact of long tethers with spacecraft and upper stages is still small, but not negligible. Therefore, an active control of the tether during the mission is needed to prevent possible impacts with operating spacecraft.

     Tether-tether Collisions

If many long tethers were put in space at the same time, another area of concern would be represented by the possibility of collision between them. 


The collision probability among tethers was not estimated by the US Tether Unlimited Inc. company when conceiving the Terminator Tether de-orbiting device. This, in fact, will not be a concern until a number of tethers will be in orbit at the same time24. 


In the same way, the Dutch Delta-Utec Space Research & Consultancy company concluded that if 40 de-orbiting per year are assumed, i.e. an average of 4 tethers are in orbit at the same time, it should be possible to coordinate de-orbiting to avoid inter-tether collisions4.

Therefore, only if many uncontrolled tethers are in orbit at the same time the collision probability among them may be far from negligible. To evaluate this likelihood, Anselmo and Pardini17 estimated the mutual collision rate among one hundred 5-km tethers randomly distributed around the Earth, between 500 km and 1500 km, and based on the Italian EDOARD system concept. They found an  average mutual collision rate of the order of 10-1 per year for the Italian system under study. Such a value would be far from negligible, adding further more weight to the need, for future tether systems, of the capability to control their internal and trajectory dynamics. 

     Tethers Survivability Concerns 


Tethers are particularly vulnerable to small artificial and natural debris impacts, because – at the very high relative velocities characterizing the collisions – even a particle smaller than one half of the tether diameter may cut a single strand wire. A single hit by a very small particle may therefore produce a critical failure of the tether, while reducing its lifetime to times much shorter than the mission duration. Of course, although single line tethers lifetimes can be improved by increasing the tether diameter, this incurs a prohibitive mass penalty as well as additional operational problems. Therefore, strands with ultra high strength characteristics, together with more creative tether designs, like multi-strand structures25, should be realized to reduce the tether vulnerability to space debris impacts. 

The critical size of a particle able to sever the tether is affected by the tether material as well as by the tether design, and it can only be determined by the hypervelocity impact test results. However, many new resistant materials and combinations of these have not been thoroughly characterized yet for the effects of hypervelocity impacts by either meteoroids or orbital debris particles. On the other hand, only a few laboratory experiments have been carried out using aluminium tethers of normal design, proving that an aluminium, single strand, tether may be cut by a particle 1/3 of its diameter, while one of woven aluminium could be severed by particles 1/2 of its diameter1,26. Moreover, an adequately large space debris may sever a tether provided its edge passes within 0.20-0.35 DT (tether diameter) of the tether’s centre of axial symmetry1. 


     Proposals to Reduce the Tether Vulnerability

An innovative configuration to reduce the EDOARD system vulnerability to space debris impacts was proposed by Alenia Spazio, in Italy27. The new design envisaged a two bare metallic strands, 0.7 mm in diameter each, forming N loops tied together in N+1 equidistant knots along the tether (Figure 1).
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Fig. 1: Conceptual illustration of the double strand solution like that proposed by Alenia Spazio.

A similar structure was also investigated at the Department of Aeronautics and Astronautics of the Kyushu University in Japan28. The double tether solution was also taken into account and analysed to increase the survival probability of the Kyushu University Tether Experiment (QTEX)29.    


The US Tether Unlimited Inc. company proposed the long-life, damage-resistant tether design called HoytetherTM. The Hoytether is a structure composed of multiple lines with redundant interlinking that is able to withstand many impacts25. Through analytical and numerical simulations, the Hoytether’s designers proved that this is a fail safe long-lived structure that can replace a single strand tether imposing a minimal mass penalty.


     The Probability of Severing a Single Line Tether

Due to their peculiar structure and geometry, space tethers cannot be treated as a conventional spacecraft. In fact, the thinness and orientation (practically gravity-gradient) of tethers introduce a few differences in the calculation of the flux and effective cross-sectional area. Therefore, the number of impacts to be expected (NT) on a single line tether can be expressed in terms of the differential (with respect to size d) flux of particles (d() as follows:     
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where A(d) is the tether effective cross-sectional area, also a function of particle size, and (t is the tether orbit lifetime. Whether dC  is the minimum size of particles able to sever the tether, NT is the number of fatal impacts to be expected. Defining the fatal impact rate, RF, as the number of impacts able to cut a single line tether in a given time (for instance one year):

                        

[image: image11.wmf]ò


¥


=


C


d


F


d


d


d


A


R


)


(


)


(


j


             (6)                                        


Eq. 5 can be rewritten as:
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The probability (Pn) of n fatal impacts occurring in an elapsed time (t can be expressed by the Poisson’s distribution as follows:
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thus, the probability of no random particle impacts occurrences (n = 0) is:
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and the probability for at least one collision to occur (P1) is given by:
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Substituting Eq. 7 into Eq. 10, the probability P of severing a single filament tether in a certain time interval (t is then computed as:
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The relationships to compute the probability of severing specific tether structures, other than the single line, during typical de-orbiting missions have been developed in the framework of the IADC AI 19.1 and have been described in detail in Section 5 of the Action Item Final Report30. A summary of the techniques developed is also presented in this paper in the section on “Mathematical Approaches”.

STUDY PLAN FOR THE IADC AI 19.1

The electrodynamic tether drag may actually provide a cost effective method for de-orbiting low Earth satellites in order to mitigate the growth of orbital debris. 

However, a tether system is much more vulnerable to space debris impacts than a typical spacecraft and its design must prove to be safe to a certain confidence level before being adopted for potential applications. As a matter of fact, a de-orbiting mission will be possible provided the tether will maintain its integrity. Therefore, since the tether-tether collision chance does not currently present a threat, the impact with operating spacecraft can be avoided by an active control of the tether during the mission, the accidental tether severing can be prevented through design, quality check and active control of the tether dynamics and stability, thus the main threat to tethers in space is from collisions with meteoroids and orbital debris too small to be detected and avoided.   


For the above mentioned reasons, the study plan of the IADC Action Item 19.1 was formulated with the main objective of investigating the potential risk to the tether system integrity due to impacts with meteoroids and orbital debris. 

Two tests were proposed:


1) to compute the fatal impact rate of meteoroids and orbital debris on space tethers in circular orbit, at different altitudes and inclinations, as a function of the tether diameter;


2) to assess the survival probability of a specific electrodynamic tether system during typical de-orbiting missions. 


The fatal impact rate (see Eq. 6), in (yr-1km-1), was computed at different orbit altitudes and inclinations, as a function of the tether diameter, according to Table 3. 


		Orbit Altitudes 


[km]

		Orbit Inclinations 


[deg]

		Tether Diameter


[mm]






		1400




		25, 50, 75

		0.50, 0.75, 1, 2.5, 5, 10, 25, 50



		1000




		25, 50, 75

		0.50, 0.75, 1, 2.5, 5, 10, 25, 50



		800




		25, 50, 75

		0.50, 0.75, 1, 2.5, 5, 10, 25, 50





Table 3: Tether orbits and diameters considered in the first IADC AI 19.1 test.

Realistic de-orbiting scenarios based on the concept of the Terminator Tether, from Tether Unlimited Inc.14, were simulated in the second AI 19.1 test. Detailed computations were carried out for typical de-orbiting missions (see Table 1) of a 1500 kg spacecraft, with initial altitudes of 800 km, 1000 km and 1400 km and orbital inclinations of 0˚, 25˚, 50˚ and 75˚. 


Main Study Assumptions


    Space Debris Flux Models

The environment model used for the first AI 19.1 test was the NASA’s ORDEM2000 model31, coupled with the Grün meteoroids model32. Figure 2 represents the total debris flux, obtained by summing the contributions of ORDEM2000 and Grün at epoch January 2003 . 

For the second AI 19.1 test on the survivability analysis, two different representations of the environment were assumed:

I. ORDEM200031 (orbital debris) coupled with Grün32 (meteoroids) at epoch January 2001;

II. MASTER-200133 (orbital debris and meteoroids). The analyst application was used to obtain more accurate debris fluxes at the reference epoch of the model, i.e. May 5th, 2001.
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Fig.2: Cumulative flux of orbital debris (ORDEM2000) and meteoroids (Grün) at 800, 1000, 1400 km, i = 25(, 50(, 75(, versus debris diameter. Reference epoch: January 2003.
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Fig. 3: MASTER-2001, ORDEM2000 & Grün cumulative flux versus debris diameter 


at 1350 km, i = 0(, 25(, 50(, 75(.


The debris flux was estimated in the middle of each altitude shell crossed during the de-orbiting mission, i.e. 1350, 1250, 1150, 1050, 950, 850, 750, 650, 550, 450, 325 km, and inclinations of 0(, 25(, 50( and 75(. Figures 3 and 4 exemplify some differences between the environmental models at the altitudes of 1350 km and 325 km, respectively. 


Large differences exist in the flux versus particle diameter distribution computed by the ESA and  NASA models, with ORDEM2000 predicting fluxes up to one order of magnitude higher than MASTER-2001 in the significant diameter region of less than 1 mm34.
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Fig. 4: MASTER-2001, ORDEM2000 & Grün cumulative flux versus debris diameter 


at 325 km, i = 0(, 25(, 50(, 75(.

    Tether Orbital Configurations and Designs


The tethers orbital configurations and designs assumed in the AI 19.1 study plan were very simple. Tethers were supposed to be in circular orbit and aligned along the gravity gradient. Two basically different and very simple designs were considered (see Figure 5):


1) Single tether, with a single wire or a compact cylindrical multi-line structure;

2) Double tethers, in which two cables are separated from each other by a distance significantly larger than their diameter and form N loops, tied together in N+1 equidistant knots.

Tethers with a length of  5 km, 7.5 km and 10 km, of single line design, were considered in the first AI 19.1 test, adopting wires with diameters of 0.50 mm, 0.75 mm, 1 mm, 2.5 mm, 5 mm, 1 cm, 2.5 cm and 5 cm.


Tethers of  length 7.5 km, with both single and double line designs, were considered in the second AI 19.1 test, adopting conducting wires with diameter of 0.5 mm and 1 mm. With regards to the double line solution, three configurations, where the length of each tether loop was 5 m, 10 m and 100 m, were simulated.
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Fig. 5: Single and double line tether designs.

     Tether Vulnerability to Space Debris Impacts


A single tether was assumed to be severed by a space debris with a diameter d larger than a certain fraction f of the tether diameter DT

                             d ( dC = f·DT                            (12)                                        


where dC is defined as the minimum fatal debris diameter, provided that the debris edge passes within a critical distance DTC /2 from the longitudinal axis of symmetry of the tether (see Figure 6).
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Fig. 6: Definition of the tether effective cross-sectional area with respect to the fatal debris impacts.

The following conjecture on the tether vulnerability was considered in the first test of AI 19.1:


        dC  = 0.25·DT  and DTC  = 0.7·DT          (13)

The following two conjectures were adopted in the second AI 19.1 test:

         1.    dC  = 0.25·DT  and DTC  = 0.7·DT      (14)                                    


         2.     dC  = 0.33·DT  and DTC  = 0.7·DT      (15)                                   

Moreover, it was assumed that each strand in a loop of a double line system is so separated from the other that there is no chance for one piece of debris to sever both. A negligible cross-sectional area of the knots was supposed as well.


MATHEMATICAL APPROACHES


Different computational approaches were specifically developed in the framework of the IADC Action Item 19.1; other techniques, coming from past research and experience in the field, were instead revised and improved. A detailed description of the mathematical approaches developed at ISTI, Kyushu University  (KU) and NASA/JSC is given in the AI 19.1 Final Report30. Some basic elements are provided in this paper.


 The ISTI/CNR Approach


     Survivability of a Single Tether


For a single line tether, the fatal impact rate is obtained using Eq. 6, expressing the tether effective cross-sectional area A(d) as:
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where L is the tether length, d is the debris diameter and DTC  is the critical tether diameter  (see Figure 6). Thus, the probability P that the tether is severed in a certain time interval (t is determined according to Eq. 11. 

Concerning the overall survival/sever probability during a full de-orbiting mission that follows a certain orbital decay profile, the same approach described at the end of the next subsection is adopted (see Eqs. 21 and 22).


     Survivability of a Double Strand Tether


A numerical multi-step algorithm was developed at ISTI35 to assess the survivability of double line tethers with the basic design outlined in Figure 5. It is based on the simplifying hypotheses of  a distance between the two cables significantly larger than their diameter and a negligible volume of the knots along the tether.


For each relatively small altitude interval in which the decay profile is subdivided, it computes:


1. the sever probability of a single cable of length L/N; 

2. the sever and survival probability of both lines of the same tether loop;

3. the survival and sever probability of the whole tether.


The fatal impact rate is estimated in the middle of every ith height interval, characterized by a decay time (t(i). If P(n, i) is the sever probability of a single wire in the nth tether loop and ith altitude interval, computed using Eq. 11, the sever probability of both wires in the same tether loop (PSE) is given by:
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while the corresponding survival probability (PSU) is:

                     

[image: image24.wmf])


,


(


1


)


,


(


i


n


P


i


n


P


SE


SU


-


=


         (18)                                       


The tether is severed if both wires of at least one of its loops are cut. On the other hand, the tether survives if all loops maintain at least one intact line. Therefore, the survival probability of the whole tether (PSU_T) in the ith altitude interval can be expressed as:
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where N is the number of loops along the tether, while the corresponding sever probability (PSE_T) is given by:
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The altitude of an electrodynamic tether for satellite de-orbiting changes during the mission, and with it also the debris fatal impact rate. In order to take into account the orbital debris and meteoroids flux variation, as a function of the decreasing altitude, the overall altitude range traversed by the tether is subdivided in H relatively small altitude intervals, in which the space debris flux can be assumed constant. Because the tether – single or double line – survives during the de-orbiting mission only if it survives in each altitude interval, the overall survival probability during the mission (PSU_M) is given by: 
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while the total sever probability during the mission (PSE_M) may be expressed as follows:
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The Kyushu University Method

     Single Tether

Kyushu University uses the same ISTI relationships to express the tether effective cross-sectional area (see Eq. 16) and the fatal impact rate (see Eq. 6). However, KU introduces a probability state variable X(t) to describe the survival probability. Thus, the probability that the tether survives after a certain time t is expressed as:
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where 
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 denotes the initial condition. Details to numerically estimate the fatal impact rate, RF, are provided in Ref. 30.

     Double Tether


Unlike ISTI/CNR, Kyushu University assumes a finite distance between the two wires of a loop, so that they might be severed simultaneously by a single impact. In addition, the knots have a finite volume and they also might be severed by a single impact. Therefore, the double tether considered herein (see Figure 7) may be severed when: 


1. a knot is severed by a single impact;

2. both wires of a same loop are severed together by a single impact;

3. both wires of a same loop are severed independently by two impacts.


As shown in Figure 7, a knot is simplified by a circular cylinder with a length of 3.0 DT and a diameter of 2.5 DT  so that the sever probability for a knot can be estimated as for a single tether.                                          


The status of a loop of the double tether considered herein can be characterized in three different ways depending on the number of wires that survive in the loop itself (see Figure 8), namely:


Status 2: both two wires survive;   


Status 1: one wire survives but the other is severed;


Status 0: both two wires are severed.

At the beginning of a mission, the status of the loop may be “Status 2.”  The status may transit from “Status 2” to “Status 0” through “Status 1,” or directly from “Status 2” to “Status 0.”  The former transition process means that two wires of the loop are severed independently by two impacts, whereas the latter transition process means that both two wires of the loop are severed together by a single impact. The aforementioned status transition progressions are herein treated as a stochastic process. 

Let status variables X2(t),  X1(t) and X0(t) represent the probability that the status will be, respectively, “Status 2”, “Status 1”, and “Status 0” at the time t. Thus, the sum of the probabilistic status variables is unity. Denoting the transition rate from “Status i” to “Status j” by 
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 (here the subscripts i and j refer, respectively, to the initial number of wires and the number of wires survived after a single impact), then the relationships among the probabilistic status variables can be expressed as a set of simultaneous differential equations30: 
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Fig. 7: Double tether design considered at 

Kyushu University.


Eqs. 24 and 25 are solved assuming constant transition rates30. Thus, the probability that the loop survives after a certain time t is computed by the sum of  X2(t)+X1(t).


Finally, if Xknot(t) denotes the survival probability for a knot, the survival probability of the entire double line tether system, 

[image: image35.wmf]  


X


T


t


(


)


, is expressed by the following relationship: 

         

[image: image36.wmf]  


X


T


t


(


)


=


X


1


t


(


)


+


X


2


t


(


)


(


)


N


X


knot


t


(


)


(


)


N


+


1


       (26)                                    


where N is the number of loops along the tether.


Eq. 26 is solved after evaluating the transition rates, 
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, as described in the AI 19.1 Final Report30. In order to estimate the transition rates from “Status 2” to “Status 1” and from “Status 2” to “Status 0,” the in-coming direction of orbital debris was taken into account as well30. 
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Figure 8.  Status of a loop of the double tether characterized in three different ways depending on the number of wires that survive in the loop itself.

Modifications of the KU Method According to the AI 19.1 Requirements


To fulfil the AI 19.1 requirements for the double line tether design, i.e. the two cables are separated from each other by a distance significantly larger than their diameter and the knots have a negligible cross-sectional area, Kyushu University may assume an infinite distance between the two wires and ignore the volume of the knots. With these assumptions, the survival probability of the entire double line tether system at a given altitude becomes:             




[image: image39.wmf]  


X


T


t


(


)


=


X


1


t


(


)


+


X


2


t


(


)


(


)


N


              (27)                                       


The Kyushu University method can also be applied, with some specific additions, to the survivability assessment of an electrodynamic tether during de-orbiting missions. To make this, the altitude range traversed by the tether is split into a number of relatively small altitude bins where the space debris flux may be assumed constant. 


Denoting the transition rates at the h-th altitude bin by 

[image: image40.wmf]h


Fij


R


, the total time to descend the h-th altitude bin from the initial altitude by 
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, and the duration necessary to descend the h-th altitude bin by 
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, then the probability that each loop survives after the completion of the mission is expressed by: 
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where H is the total number of altitudes intervals crossed during the mission. Eventually, the overall survival probability of the entire double line tether system is computed as follows: 
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The NASA/JSC Method


The JSC method has been developed starting from the interim geometric model proposed by Anz-Meador36 to evaluate the probability of severing a tether once it is struck by a meteoroids or orbital debris particle. This model combined with the AI 19.1 specified test conditions results in a NASA/JSC methodology that is essentially the same as that of ISTI/CNR.


Following the Anz-Meador model, the probability, PC(d), of the tether being cut by a particle with diameter d may be expressed as:
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where α can be considered as a “gouging factor”, and is defined as the decimal percentage of the tether’s width, or diameter (DT) for a cylindrical wire, which must be removed from the edge to sever a tether under tension, and β is the ratio between the debris diameter (d) and the tether diameter (DT). 

Herein, the parameter α is obtained as a corollary of the critical tether diameter (DTC) defined in the AI 19.1 study plan (see Fig. 6 and Eqs. 14, 15) and it is computed as follows:
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In Eq. 30, Θ is the Heaviside function defined as being zero (0) for negative arguments and one (1) for positive arguments. The tether cross-sectional area, AT(d), is expressed in terms of the tether’s length (L), the tether’s diameter, (DT) and the debris diameter (d) as follows:
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Thus, the effective cross-sectional area for severing the tether, ATS(d), is given by:
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with PC(d) computed by Eq. 30. 


The impact rate of space debris on a tether at a given orbit altitude and inclination is computed for each size bin of the debris flux file generated with the environmental model. Thus, if Δφi is the differential debris flux corresponding to the i-th debris size bin ((di), the impact rate per diameter bin, RI ((di), in the interval of time Δt can be expressed as:
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where di is assumed to be the debris diameter at the beginning the i-th size bin. The fatal impact rate, RIF((di),  in the same debris size bin is computed as follows:
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     Single line tether


The sever probability of a single line tether at a given altitude and inclination is computed for each debris size bin using the Poisson’s distribution (see Eq. 8) for a single severing collision event (i.e. n = 1). Herein, the number of fatal impacts to be expected (N) is computed as:
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So, the probability of a single severing event for diameter bin ((di), is PSEV((di):


                                       

[image: image52.wmf][


]


)


(


)


(


exp


)


(


)


(


)


(


i


I


i


C


i


I


i


C


i


SEV


d


R


d


P


d


R


d


P


d


P


D


×


-


×


D


×


=


D


        (37)                 


The survival probability of the tether in the same size bin, PSUR((di), is then computed as:




[image: image53.wmf])


(


1


)


(


i


SEV


i


SUR


d


P


d


P


D


-


=


D


            (38)                                  


At this point, the JSC’s model assumes that if the tether survives the impact of debris in each size bin, then it survives the impact of all debris. Therefore, the total survival probability of a single line tether at a given altitude and inclination, PSUR_ST (h) may be expressed as:
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The variable I is the total number of debris size bins considered, from the first one to the last within the debris flux file.  


The survival probability of a single line tether during a de-orbiting mission (PSUR_STM) is evaluated using the same ISTI/CNR approach, i.e., the tether is supposed to survive during the mission if it survives in each altitude interval. Using the JSC symbols, Eq. 21 can be rewritten as:
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with H as the total number of altitude intervals crossed during the mission.


     Double line tether


Like ISTI, JSC assumes that each strand in a loop (see Figure 5) is so separated from the other that there is no chance for one piece of debris to sever both. Moreover, the sever events for each strand are independent of any other strand and the tether is supposed to be severed if one loop (two adjacent strands) is cut.   

For a double line tether with N loops, each strand of each loop is considered in turn. Thus, Eqs. 32, 33, are applied to compute the effective cross-sectional area of each loop’s strand with length L = LS, and Eqs. 37, 38, 39 are used to compute the sever/survival probability of a strand at a given orbit altitude and inclination. Afterwards, if PSUR_Strand1 (h,l) and PSUR_Strand2(h,l) are, respectively, the survival probabilities of the first and second strand of a loop l, computed according to Eq. 39, the survival probability of a loop, PSUR_Loop (h,l),  can be expressed as:
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The survival probability of the whole double line tether, PSUR_DT(h), at a given altitude and inclination is then computed by multiplying the survival probabilities for each tether loop considered along the tether itself, i.e.:
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Eventually, the survival probability of a double line tether during a de-orbiting mission, PSUR_DTM, is evaluated as in the case of a single tether (see Eq. 40) as follows:
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 RESULTS OF THE FIRST IADC AI 19.1 TEST


The approaches developed at ISTI, KU and JSC for a single line tether were applied to compute the fatal impact rate of meteoroids and orbital debris on space tethers in accordance with the first AI 19.1 test requirements. 


Using the ORDEM2000+Grün model to represent the meteoroids and orbital debris fluxes, and adopting the tether vulnerability conjecture described by Eq. 13, the fatal impact rate, in (yr-1km-1), was computed for each selected orbit altitude and inclination, as a function of the tether diameter, according to Table 3. Thus, the severing rates and the orbital lifetimes of a 5 km, 7.5 km and 10 km long single line tether were evaluated for all the orbital configurations and tether diameters proposed. A detailed description of the results obtained is given in the AI 19.1 Final Report30. Herein, the main outcomes are summarized. 


A general good agreement was found among the ISTI, JSC and KU results, leading to the following  conclusions:


· single line tethers with diameter smaller than 1 mm may survive intact for less than 10 days for all orbital configurations and tether lengths assumed in the study;


· increasing the tether diameter to 2.5 mm results in an average lifetime of nearly 40-50 days for a 5 km tether at 800 km, reducing to less than one month at 1000 km and 1400 km. Of course, the longer is the tether, the shorter its lifetime;


· diameters larger than 5 mm may cause a reduction of the tether vulnerability to space debris impacts. However, a 5 mm single line tether may survive intact for less than 1 year in all orbital and tether scenarios hypothesized;


· above 1 cm, the impact with space debris could not be longer a threat for a number of potential missions using tethers. At 1 cm, a 5 km tether may survive intact for a long while, ranging from a minimum of 3.5 years, at 1000 km and inclination of 75˚, to a maximum of 7.2 years at 1400 km and inclination of 25˚. The lifetime of a 7.5 km tether may vary between 2.3 and 4.8 years in correspondence of the previous orbital conditions, while the expected survivability time of a 10 km tether may range from 1.7 to 3.6 years;

· much more massive tethers with diameters of 2.5 cm and 5 cm may operate for relatively long times, ranging from a few decades to more than a century, depending on the orbital scenario and tether length.


In conclusion, provided the tether vulnerability conjecture and the space debris flux model considered in this study are reasonable, a single line tether with a diameter of 2.5 cm, or larger, may certainly survive the space debris environment for a moderately long time to assure the feasibility of a number of missions. 


RESULTS OF THE SECOND 


IADC AI 19.1 TEST

The survival probability of tethers during typical de-orbiting missions was assessed for the second AI 19.1 test. Tethers of length 7.5 km, with both single and double line designs, were considered, adopting conducting wires with diameters of 0.5 and 1 mm. With regards to the double line solution, three configurations, where the length of each tether segment was 5, 10 and 100 meters, were simulated. Moreover, two different conjectures on the tether vulnerability were considered, that of limiting the minimum fatal debris diameter to 1/4 and 1/3 of the tether diameter. Two different environmental models were adopted to compute the meteoroids and orbital debris flux: MASTER-2001 and ORDEM2000 coupled with the Grün’s meteoroids flux. Realistic de-orbiting scenarios, based on the concept of the Terminator Tether14 from the US Tether Unlimited Inc. company, were simulated. In particular, detailed computations and thorough comparisons were carried out for de-orbiting missions of a 1500 kg spacecraft, with initial altitudes of 800 km, 1000 km and 1400 km, and orbital inclinations of 0°, 25(, 50( and 75°.

Very similar conclusions were obtained by ISTI, JSC and KU for all the single line tether solutions herein analyzed. They state that30, 37:


· independently of the space debris flux model adopted, the single line electrodynamic tethers prescribed for this study (Length = 7.5 km, Diameters = 0.5 mm and 1 mm) cannot be safely used for de-orbiting from the altitudes and inclinations considered.

Therefore, trying to increase the probability that the tether will survive the meteoroids and orbital debris environment for the de-orbiting mission duration, the double line solution was considered as well. The ISTI double line results were very close to those obtained by JSC for both the MASTER-2001 and ORDEM2000+Grün environments. On the other hand, the KU outcomes showed a much lower survival probability in general, which was justified by the different approach used to estimate the overall survival probability of the mission30. However, according to  ISTI, JSC and KU it resulted that:


· the survival probability grows considerably for a double line design with a sufficiently high number of knots and loops;


· the survival probability increases in the double loop configurations with number of loops and minimum fatal debris diameter;


· survival is also more likely from lower initial altitudes and inclinations.


Moreover:


· all results are strongly dependent on the orbital debris/meteoroids model adopted, with much higher survival probabilities obtained overall from the lower MASTER-2001 fluxes.


CONCLUSIONS AND RECOMMENDATIONS


De-orbiting devices based on the use of conducting tethers have been recently proposed as innovative solutions to mitigate the growth of orbital debris. However, tethers in space introduce unusual problems when viewed from the space debris perspective. To assess the space debris related concerns, a new task (Action Item 19.1) on the “Potential Benefits and Risks of using Electrodynamic Tethers for End-of-life De-orbit of LEO Spacecraft” was defined by the Inter-Agency Space Debris Coordination Committee at the 19th IADC plenary meeting, in March 2001. The task was assigned to the IADC Working Group 2, on “Environment and Data Base”, and a study plan was successively formulated  with the main objective of investigating the potential risk to the tether system integrity due to impacts with space debris. 

Two tests were proposed: 

1. to compute the fatal impact rate of meteoroids and orbital debris on space tethers in circular orbit, at different altitudes and inclinations, as a function of the tether diameter; 

2. to assess the survival probability of an electrodynamic tether system during typical de-orbiting missions. 


IADC members of three agencies (ASI, JAXA and NASA) volunteered to participate in the study and different computational approaches were specifically developed in the framework of this IADC task. 


In both tests,


· very simple tether orbital configurations and designs were assumed. Tethers were supposed to be in circular orbit and aligned along the gravity gradient;

· specific tethers vulnerability conjectures were adopted.

The results of both tests prove that: 


· the lifetimes of conventional single line tethers may be limited, by damage due to meteoroids and orbital debris impacts, to times much shorter than the mission duration;


· single line tethers lifetimes can be improved by increasing the tether diameter. However, this might incur a prohibitive mass penalty as well as additional operational problems for many missions;


· resorting to different and creative designs is necessary to reduce the tether vulnerability to space debris;


· the double line solution actually reduces the tether vulnerability, but the survival probability decreases with the distance between the two strands in each single loop30. However, an upper limit of such distance exists above which the result do not change any more. For the specific case analysed in the Final Report30, this limit corresponds to a distance between strands of about 5 cm.


In conclusion, electrodynamic tethers have strong potential to become effective mitigation measures, but various problems are still to be solved before this technique can be practically adopted. From the space debris perspective, resorting to creative tether designs is necessary to increase the tethers survivability, but:


· considerable differences are still existing in the flux of small particles predicted by the environment models, e.g. MASTER-2001 and ORDEM2000. Thus, additional efforts should be done to possibly define a common standard model; 


· the diameter of a space debris which can cut a tether is affected by the tether material as well as by the tether design. As a consequence, vulnerability conjectures other than those considered might result. Thus, new hypervelocity impact experiments, using tethers of different material and design, should be necessary to identify appropriate ballistic equations.


It must be stressed that the mathematical approaches developed for this study can be applied to any available environmental model and tether vulnerability condition, thus allowing more precise evaluations as the accuracy of the environment and tether models improves. Moreover, the Kyushu University method can also be applied to real tether designs, like that of the Japanese QTEX experiment, where the volume of knots cannot be neglected any longer and the two cables in a loop may be separated by a  distance varying with the tether’s construction details. But these mathematical methods can only be applied to tethers which are in circular orbit and are aligned along the gravity gradient. However, these simplifying hypotheses should be in general applicable to electrodynamic tethers used for de-orbiting, which need an active libration control to avoid dynamic instability. An active control during the mission should be also guaranteed to prevent the tether from impacting with large space objects. In fact, while the danger represented by particles smaller than 1 cm may be overcome by increasing the tether diameter and/or resorting to creative designs, the risk of impact with spacecraft and upper stages cannot be reduced by modifying the tether design. 


In highly eccentric orbits, like GTO, a tether system is not longer stable or librating, but will start to rotate at pass of perigee. Thus, the mathematical approaches developed for this study should be revised and modified, while major challenges of the current electrodynamic tether designs, like the Terminator TetherTM and the EDOARD systems, should be introduced.
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