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ABSTRACT

The Electrodynamic Tether technology for PAssive
Consumable-less deorbit Kit (E.T.PACK) is a FET-OPEN
project running from March 2019 to November 2022.
Its main goal is developing up to technology readiness
level equal to 4 an ElectroDynamic Tether Device (EDT-
D) for deorbit applications. E.T.PACK’s consortium has
recently finished the design phase of an EDT-D that is
able to carry out autonomously the detumbling, pointing,
tether deployment, and deorbit phases. It also includes
autonomous navigation and collision avoidance capabil-
ities. The critical scientific and technological activities
carried out in E.T.PACK include the development of a
deployer mechanism for tape-like tethers, minituarized
avionics system, three types of active electron emitters,
a low-work-function coating for passive electron emis-
sion by the tether itself (the so-called low-work-function
tether), a hollow cathode thruster, and a photon-enhanced
thermionic emission device. These last two space devices
are unrelated to the EDT-D but maintain strong synergies
with the main stream of the project. Simulation software
on EDT mission analysis have been upgraded to incor-
porate latest results on tether technology and modelling.
The software was used to support the design of the EDT-
D and define requirements of critical elements for the
avionic system and the tether in-line damper among oth-
ers. The E.T.PACK consortium’s roadmap considers a
follow-up 2-year project to increase the maturity of the
device and make a demonstration flight by the end of
2024 from an initial orbit of altitude equal to 600 km
at medium inclination. Its main goals are testing criti-
cal EDT technologies and show that they can reduce the
natural deorbit time two order of magnitudes from that
orbit. The EDT-D may be the precursor of a full-scale
commercial deorbiting device to be used for end of life
disposal.

Keywords: Space Tethers, Deorbit Technologies, Elec-
tron Emitters.

1. INTRODUCTION

Electrodynamic tethers (EDTs), considered since a long
time ago a promising technology for deorbiting space de-
bris from Low Earth Orbit (LEO) [4, 2, 30, 15], recently
passed some important milestones. Firstly, several mis-
sions have been carried out within the last few years like
the Tether Electrodynamics Propulsion CubeSat Exper-
iment (TEPCE, 2019)[3], the demonstration of the Ter-
minator Tape Module (2019)[25], the DEorbiting Space-
Craft using ElectrodyNamic Tethers (DESCENT, 2020)
[31], and the Miniature Tether Electrodynamics Experi-
ment (MiTEE, 2021)[1], led by the Naval Research Labo-
ratory, Tether Unlimited, York University, and University
of Michigan, respectively. These experiments are differ-
ent to the ones carried out in the 1990s in the sense that
set the actual trend towards miniaturization and compact-
ness in EDT technology. Secondly, after a hiatus of 21
years since the fourth International Conference on Teth-
ers in Space (TiS) in 1995, tether community organized
again the TiS conferences in 2016 (Michigan) and 2019
(Madrid), and scheduled the next one in 2022 (Toronto).
Thirdly, and after the disruption produced by the bare
tether concept in 1993 [19], the robustness, simplicity,
and performances of EDT were improved by substitut-
ing old wires and multi-strand tether designs by tape-
like tethers [8] and introducing new concepts like the
Low-Work-Function Tether (LWT) [27, 16] and the bare-
photovoltaic tether [22].

Unquestionably, the raising of the international aware-
ness about the space debris problem is also contributing
to the development of EDT technology. The sustainable



use of the LEO environment requires, in addition to active
debris removal mission to clean actual congested orbits,
the deorbiting of the satellites at the end of mission [21].
Conventional propulsion technologies, like chemical and
electric thrusters, can deorbit satellites with a high reli-
ability, but their need for propellant, or propellant and
power, are major drawbacks. In principle, EDTs are ex-
cellent candidates for S/C deorbiting because they fulfill
all critical requirements [15]: (i) be a small fraction of the
S/C mass, (ii) deorbit fast (typically well below 1 year),
(iii) be passive, (iv) prevent collisions, (v) decrease the
area-time product, (v) allow scalable design, and (vi) be
effective in the LEO congested orbits. Furthermore, sev-
eral missions demonstrated the basic principles of EDTs,
including the generation of drag and thrust in the Plasma
Motor Generator mission in 1993 [6]. However, it is nec-
essary to raise their Technology Readiness Level (TRL),
and prove that tethers can be used routinely in space mis-
sions with a high reliability and in a safe manner.

The European Commission took a step towards increas-
ing the TRL of EDTs and funded with 3M€ the FET-
OPEN project entitled Electrodynamic Tether technology
for PAssive Consumable-less deorbit Kit (E.T.PACK).
Running from March 2019 to Novemeber 2022, its main
objective is to develop a deorbit device and related soft-
ware based on EDT technology with TRL 4 by the end
of 2022. Its status and main achievements are explained
in Sec. 3. However, since many recent progresses are not
well-known outside the specialized tether community, we
first discuss briefly in Sec. 2 the state-of-the-art of EDT
technology. The conclusions and roadmap of the consor-
tium are summarized in Sec. 4.

2. STATE-OF-THE ART OF ELECTRODY-
NAMIC TETHERS

Understanding the potential impact on space debris mit-
igation and remediation of EDTs requires updated infor-
mation on tether capabilities. An example is our cur-
rent knowledge on the vulnerability of EDTs against im-
pacts by small debris, an important issue pointed out for
cylindrical tethers and multi-strand tethers in 2006 [12].
Nowadays, we known that an EDT with a tape-like cross
sections offers better performance (for instance lower de-
orbit times) due to its larger perimeter and has a survival
probability of about one and a half orders of magnitude
higher than a round tether of equal mass and length[8].
Consequently, typical lengths, widths and thicknesses of
state-of-the-art EDTs are in the order of a few kilometers,
a few centimeters and several tens of microns. This is
very different from the 20 km-long and round (a few mm
of diameter) tethers used in the Tethered Satellite System
1 and 1R, and Small Expendable Deployer System 1 and
2 flown in the 1990s. Therefore, it is recommended to
incorporate such an important progress on EDT technol-
ogy to international guidelines, that still defined EDTs as
objects with several thousand meters in length and a few
millimeters in diameter in 2019 [7].

Regarding the electric contact with the ambient plasma,
state-of-the-art EDTs reach a steady current by captur-
ing electrons passively (bare tether concept [19]) and emit
them back to the plasma by using active electron emitters.
However, it has been recently proposed to coat a tether
segment with a low work-function (low-W) material that
emits the electrons passively by using the thermionic [27]
and the photoelectric effects [16]. Similarly to a drag
augmentation device, a LWT would deorbit spacecraft in
a totally passive manner and without using any consum-
able. Instead of the aerodynamic drag, which is ineffi-
cient at LEO orbits congested with space debris (above
800 km of altitude), the LWT takes advantage of the
magnetic drag and reduces drastically the area-time prod-
uct. Although it is unclear whether a coating with a low
enough work function (W) is feasible with actual ceramic
materials (see Sec. 3), the historical evolution of low-W
materials suggest that such achievement may not be far
(see Fig. 2 in Ref. [17]).

Interestingly, EDTs can also benefit from photovoltaic
technologies. From several decades ago, it has been pro-
posed to use a power supply to reverse the natural direc-
tion of the electric current and produce thrust instead of
drag in LEO (see for instance Ref. [19] and references
therein). Another example is the ElectroDynamic De-
bris Eliminator (EDDE) [10, 13] that involves two satel-
lite end bodies connected by multiple 1-km long tether
segments and thin-film solar arrays distributed along the
length. In LEO, such a power supply allows to drive a
higher current during the deorbiting maneuver or even to
produce re-boost. Recently, the combination of bare EDT
and photovoltaic technology was revisited by proposing
a bare-photovoltaic tether. Instead of solar arrays inter-
calated along the tether length or a power supply on-
board the satellite, a segment of the tether itself is man-
ufactured with thin film solar cells and current and volt-
age profiles were computed self-consistently throughout
the full tether length [22]. The detailed analysis along
such a bare-pv tether showed that the tether-to-plasma
bias induced by the pv-segment makes possible to have
simultaneously a compact and autonomous deorbit de-
vice based on a consumable-less active electron emit-
ter, like a thermionic emitter (TE) or an electron field
emitter (EFE), while reaching moderate current levels.
Therefore, there are good perspectives for the next devel-
opment of a free of consumables and fully autonomous
EDT-based system.

3. STATUS OF THE E.T.PACK PROJECT

Since the development of an EDT-D represents an impor-
tant technological challenge, the E.T.PACK project has
diversified its activities to mitigate the risk. As shown
in Table 1, E.T.PACK’s team is working on three differ-
ent types of electron emitters to be combined with a bare
electrodynamic tether (BET). In parallel, a scalable coat-
ing based on the C'12A7 : e~ electride [24] for an LWT
is in progress. Functionalities and performance of the
EDT-D have been analyzed through simulations, which



Table 1. E.T.PACK activities on electron emission.
Acronyms: Bare Electrodynamic Tether (BET), Low-W
tether (LWT), Hollow Cathode Emitter (HCE), Electron
Field Emitter (EFE), Thermionic Emitter (TE), Design
(D), Manufacturing (M), and Testing (T)..

Tether Cathodic Expellant Power E.T.PACK

Type  Contact Activity

HCE Yes Low DM, T

BET EFE No High DM, T
TE No High T

LWT  Coating No No DM, T

required an important effort on software development.
Dedicated software was also produced to study the cur-
rent exchange (electron collection and emission) between
cylindrical and tape-like EDTs and the ambient plasma.
Synergies among partners and cross-fertilization of ideas
have been also promoted by including two activities that
are not related to the EDT-D but with the C12A7 : e~
electride: the development of an electrothermal thruster
and a Photon-Enhanced Thermionic Emission (PETE)
device. The next sections summarize the status of these
activities and the most important results achieved since
March 2019.

3.1. The deorbit device

The flagship result of E.T.PACK is the EDT-D, a deorbit
device with TRL 4 for a future demonstration mission.
As shown in Figs. 1 and 2 the EDT-D has two modules.
The electron emitter module host a hollow cathode emit-
ter (HCE) and related expellant system (see Sec. 3.3),
whereas the deployment mechanism module includes all
the elements that are necessary to extract the tether dur-
ing the deployment phase. The team has completed re-
cently the design phase [23], the detailed model of the
system has been generated, and the functionalities and
performances have been validated via simulations. The
manufacturing plans have been generated and the me-
chanical parts are currently under production. The main
avionics components have been procured and the electri-
cal integration have started. The basic software has been
implemented in the on-board computer and the team is
currently developing the unit drivers. First version of the
breadboard is foreseen by mid summer 2021.

The designed EDT-DD is fully representative of a future
commercial product. It includes all the elements that are
needed for detumbling the S/C, deploy the tape-tether
along the local vertical, and complete the deorbit maneu-
ver by using the Lorentz drag. Key elements of the EDT-
DD are a tape-tether with a total length of 500 m, the HCE
and its expellant system, the avionics system that includes
the on-board computer, torque rods, coarse Sun sensors,

Figure 1. Sketch of E.T.PACK’s deorbit device.

Figure 2. Detail of E.T.PACK’s deorbit device.

and GNSS receivers, and the deployer mechanism. The
EDT-DD operates autonomously and can send telemetry
and receive telecommands from the ground. The lateral
faces of the two modules incorporate small solar panels
that provide power to the electronics. Another impor-
tant feature is that both modules incorporate GNSS re-
ceivers and IMUs. Such a design solution, together with
the known length of the tether that acts as a geometric
constraint, will provide very valuable information on the
position of the two modules and the tether during the de-
orbit maneuver. In case a collision warning is triggered, a
collision avoidance maneuver will be possible by switch-
ing on/off the tether current. On the other hand, the to-
tal volume and mass of the EDT-D are 12 U and 24 kg,
respectively. Although the tether length of a future com-
mercial product will be larger (a few km), we expect that
the mass and volume of the deorbit device will be sim-
ilar because most of the elements will remain the same.
Tether mass and volume represent a 5% and 3% of the
total mass and volume of the EDT-D.

Some critical elements of the EDT-D has been already in-
vestigated in more detail by developing breadboards. An
example is an in-line damper that helps to keep bounded
the amplitudes of the tether oscillations around the local
vertical. With size around 50mm x 35mm x 10mm,
it works passively and in similar fashion to a dog leash.
Breadboards of key elements of the deployer mechanism
has been also manufactured and tested (see Sec. 3.2). Re-



garding the attitude control equipment, simulation soft-
ware were developed to verify through Monte Carlo anal-
ysis that the selected components of the EDT-D accom-
plish the requirements of the mission. Due to its impor-
tance, the attitude dynamics of the EDT-D before the de-
ployment (detumbling and pointing phases), the deploy-
ment, and the deorbit maneuver, has been investigated
deeply through simulations. These phases have differ-
ent time scales covering from seconds (pointing before
deployment) and minutes (tether deployment) to several
days (detumbling) and around a month (deorbit maneu-
ver). The applied forces for each phase have also dis-
parate magnitudes because they include the typical per-
turbation forces at LEO, the thrust provided by a cold gas
during the tether extraction, and the Lorentz drag during
the deorbit. It was found that besides magnetic actua-
tors, additional elements should be added to the EDT-D
to guarantee the robust and reliable operation of the de-
vice during its full mission.

3.2. Deployment mechanism

Two different architectures of the deployer mechanism
(DM), here named #1 and #2!, were designed and ana-
lyzed. Breadboards were also constructed to test the abil-
ity of the mechanical system to extract the tape-like EDT
and handle different thicknesses of the tape. The 500-m
long tether of the 12U EDT-D is indeed made of differ-
ent segments that serve various functions: a few-meters
of insulated tape is followed by a 400m x 40um bare
Aluminum tape and by a ~90m x 50um non-conductive
tape. After carrying out trade-off analyses, configuration
#2 was selected for the EDT-D because the tether spool is
stationary and it yields a cubic-like shape for the EDT-D
that is more suitable for potential customers.

A key element of the DM is the motorized drive pulleys
assembly that extracts the tape from its spool and force
it to follow a prescribed deployment profile, i.e. tether
length versus time (see Fig. 3). In fact, an important
simulation effort was carried out to find optimal deploy-
ment maneuver in terms of initial pointing direction of
the EDT-D and tether length profile determination. One
of the target was to leave the tether aligned with the local
vertical at the end of the deployment. Regarding exper-
imental activity, it has focused thus far on constructing
two different configurations of spring-loaded, motorized
drive pulleys assembly and improving a 3D printed labo-
ratory breadboard of the whole DM.

The 3D printed breadboard was at first manually oper-
ated to prove the validity of the DM design and is now
being motorized to operate in a computer-controlled de-
ployment mode. The design of the deployer mecha-
nism was also completed and the construction has already
started. Short-distance deployment maneuvers have also
been conducted by using the friction-less table (i.e., the
SPARTANS facility at the University of Padova) [26].
Figure 4 shows a snapshot of a deployment test carried

Due to IP-related issues, details about the DM cannot be disclosed

Figure 3. Drive pulleys assembly breadboards. (a)
larger-diameter configuration and (b) smaller-diameter
configuration.

out over the 2m x 3m glass table with the spacecraft
mockup suspended by air-pads, propelled by gas thrusters
and with the tape deployment controlled by the drive pul-
leys in configuration #1 [11].

|

Figure 4. Snapshot of the short-range deployment test
conducted on the friction-less table (i.e., SPARTANS fa-
cility at the University of Padova) with configuration #1
of the drive pulleys assembly.

3.3. Electron Emission

As shown in Table 1, E.TPACK’s team is working on
three electron emitter technologies to be combined with
a bare electrodynamic tether. The baseline design is a
heater-less hollow cathode with a C12A7 : e~ emitter



operated with krypton gas, which is being evaluated for
currents between 0.3 and 0.5 Amps, as required for the
EDT-D (see top panel in Fig. 5). The hollow cathode
is jointly developed with a custom propellant supply sys-
tem which includes all necessary components from fill-
ing valve to storage tanks to pressure reducer and passive
flow control and is small enough to be integrated into the
electron emitter module of the EDT-D shown in Fig. 2.
Another electron emitter that is being considered is a cold
Electron Field Emitter (EFE) based on carbon nanotubes
(see bottom panel in Fig. 5). This design was recently
evaluated within a 1400 h endurance test and has shown
good emission characteristics with acceleration voltages
below 1 kV, a power demand of roughly 1 W/mA and an
extractor efficiency of up to 90% [28]. Preliminary stud-
ies on a simple gridded Thermionic Emitter (TE) based
on a barium oxide dispenser cathode were also conducted
[29]. Although the EFE and TE currently seem not to
meet the requirements of the EDT-D due to power con-
straints, they could be valuable candidates for other types
of tether technologies using thin-film solar cells [22] or if
a potential customer of the EDT-D could provide power
and the actual autonomy requirement of the EDT-D is re-
laxed.

Figure 5. Hollow Cathode Emitter (top) and Electron
Field Emitter (bottom)[9].

After making trade-off analysis, the C'12A7 : e~ elec-
tride was identified as the most promising material for
LWT applications. This cage-structured material was
prepared in the E.T.PACK project by melting CaO and
Al203 in ratio of 12:7 followed by milling or by direct
synthesis as fine powder. For substitution of the O2-
ions in the cages a reductive heat treatment is needed.

The resulting electron concentration is influenced by the
temperature, dwell time and atmosphere during the heat
treatment. Finally, C12A7 powder with a specific sur-
face of 5.8 m?/g (< 2um particle size) was synthesized.
This powder was used to prepare screen printable pastes,
which were printed on Titanium substrates in combina-
tion with a metal braze. By optimizing the synthesis,
paste preparation and printing technique, a C12A7 coat-
ing of less than 30 um was achieved (see Fig. 6). Low-
ohmic contact between C12A7 particles and Ti substrate
is resulted by joining under vacuum at a temperature of
~1000 °C. The work function of the C12A7 coated Ti-
tanium was tested under vacuum up to a temperature of
900 °C. In this first test, a current density in the range
of A /cm? was measured. In the next year, it will be
improved by optimization of the metal contact between
C12A7 particles embedded in the metal filler on a thin
foil. This coating technique, which is different to the
pulsed laser deposition and magnetron sputtering tech-
niques already considered for LWT manufacturing [14],
is expected to be scalable to reach km-long LWT.

Figure 6. Sample of LWT

3.4. Software development and simulation

The hardware design and testing has been performed in
parallel to the generation of software packages special-
ized for the simulation of the dynamics of an EDT sys-
tem and its control. Due to its importance, three differ-
ent partners have developed and improved their numeri-
cal tools to simulate tether dynamic and performance as
well as the avionics system. Such a strategy allowed to
cross-verify the implementation of the software and also
study the future in-orbit demonstration of the EDT-D with
models of different complexity. Besides the activities on
the avionics summarized in Sec. 3.1, the software FLEX
and BETsMA, originally developed under the previous
EC FP7-SPACE project BETs [20], were used to investi-
gate tether performance and dynamics as well as the re-
quirements for related elements like the in-line damper
and the electron emitter, among others.

Additionally, a simplified version of BETsMA v2 has
been made available in a public website [18] (see Fig.
7), where EDT simulations results can be requested via



a friendly graphical user interface. The software can be
used to determine the performance of bare EDTs with
electron emitters and LWT in both deorbit and re-boost
scenarios. One of its goal is giving access to non-tether
experts to a tool for making preliminary analysis of mis-
sions using EDT technology. Users with access to the
service can define the mission (S/C mass and initial or-
bit) and the properties of the tether system (tether type
and geometry) by using the on-line interface. The sim-
ulations run remotely and the results are sent by email
together with some programmes to plot the results.

BETsMA 02.0

Figure 7. The BETsMA v2.0 software. On-line service of
the software is available at [18]

Regarding tether modelling, two Vlasov-Poisson solvers
to study the current exchange between LWT and the am-
bient plasma have been developed. The first solver is re-
stricted to EDTs with cylindrical cross-sections. It has
been used to generate a broad database with current-
voltage characteristic curves as a function of five dimen-
sionless parameters that involves tether design consid-
erations (like work function and size), tether operation
conditions (temperature), and ambient-related variables
(plasma density and temperature). The database has a di-
rect application to both LWT modelling and plasma diag-
nostics (Langmuir and emissive probes). It will be made
available at the website of the project by the end of May
2021. The second Vlasov-Poisson solver, which can han-
dle any tether cross-section geometry, has been used to
study the electron collection and emission of tape-like
LWTs.

3.5. Lateral activities on the C12A7 : e~

Two devices based on the C12A7 : e~ electride, which
are not part of the EDT-D, are currently under devel-
opment in the project: an electrothermal thruster and a
PETE device. The electrothermal thruster has been de-

signed and manufactured during the project, and some
preliminary testing activities have been recently started
(find more details at Ref. [5]). Regarding the PETE de-
vice, one of the most important achievements has been
the development and fine-tuning of the sputtering deposi-
tion technique for the deposition of C12A7:e- electride
thin films, which has paved the way for the develop-
ment and manufacturing of a first PETE prototypes in the
project. Rutherford Backscattering Spectrometry analy-
sis of the deposition confirmed the C12A7:e- electride
structure of the deposited thin layer. The Ca/Al ratio
measured for the thin film ranges between 0.80 and 0.83,
while pure C12A7:e- electride Ca/Al ratio is 0.86. Addi-
tionally, preliminary testing activities on these PETE de-
vice prototypes have shown electron emission under both
temperature and photon excitation.

4. CONCLUSIONS

After a 6-month rescheduling due to the COVID-19 situ-
ation, the work plan of the E.T.PACK project is progress-
ing as expected. The team is focused on the development
of an EDT device (EDT-D) to be tested in a future in-orbit
demonstration (IOD). One of the most important achieve-
ments of the project has been the design of a full device
that is compatible with demanding volume, mass, and
power constraints, together with being autonomous and
able to perform collision avoidance maneuver. The base-
line configuration is a bare EDT with a hollow cathode
emitter. Whether a segment of LWT will be part or not
of the EDT-D will depend on the electron emission capa-
bilities of the coating to be improved and tested until the
end of 2022. The 10D is conceived as an experiment and
its main goal will be to test tether-related technologies.
For this reason, the incorporation of several cathodic con-
tactors is an open possibility. Since the deployer mech-
anism can handle different tether thicknesses, adding a
photovoltaic tether segment is a possibility under inves-
tigation. In this respect, E.T.PACK team is promoting a
parallel action to manufacture and test a tether segment
made of thin film solar cells. This would be a corner-
stone for the EDT-D because electron field emitters and
thermionic emitters, which are expellant-less, would be
compatible with the power envelope while preserving the
autonomy requirement.

Independently on the result of high-risk activities, like the
development of the C12A7 : e~ coating for LWTs, the
EDT-D will reach TRL 4 by the end of 2021 equipped
with a hollow cathode emitter. The roadmap of the con-
sortium considers a follow-up project of 2 years of dura-
tion to increase its maturity and test the system with an
IOD. It is also remarkable that the European Commis-
sion funded recently the Innovation Launchpad Project
with acronym BMOM, a 1-year project starting in May
2021 dedicated to carry out market analysis and prepare
a business model for the EDT deorbit device. As part
of this activity, the consortium will interact with poten-
tial customers to align the performance and design of the
deorbit device to their needs.



ACKNOWLEDGMENTS

This work has received funding from the European
Union’s Horizon 2020 research and innovation pro-
gramme under grant agreement No 828902 (E.T.PACK
project). The authors would like to acknowledge the
following members of E.T.PACK team L. Chiabd, S.
Shahsavani, G. Borderes-Motta, A. Rost, S. Mosch, J.-P.
Waulfkiihler, C. Drobny, W. Stark, L. Olivieri, A. Valmor-
bida, G. Sarego, A. Brunello, E. Urgoiti, S. Garcia, A.
Ortega, R. Nerger, J. F Plaza and J. Toledo.

REFERENCES

1. Bell 1. C., Gilchrist B. E., McTernan J., Bilén,
S.G., (2017). Investigating Miniaturized Electrody-
namic Tethers for Picosatellites and Femtosatellites,
Journal of Spacecraft and Rockets, 54(1), 55-66.

2. Bombardelli C., Zanutto D., and Lorenzini, E.C.,
(2013). Deorbiting Performance of Bare Electrody-
namic Tethers in Inclined Orbits, Journal of Guidance,
Control, annd Dynamics, 36(5), 1550-1556.

3. Coffey, S., Kelm B., Hoskins A., Carroll J., and Levin
E., (2010). Tethered Electrodynamic Propulsion Cube-
Sat Experiment (TEPCE), Air Force Orbital Resources
Ionosphere Conference, Dayton, Ohio.

4. Forward R.L., Hoyt R.P.,, and Uphoff C.W., (2000).
Terminator Tether (TM): A spacecraft deorbit device,
Journal of Spacecraft and Rockets, 37(2), 187-196.

5. Gondol, N., and Tajmar, M., (2021), Design of a Hol-
low Cathode Thruster: Concepts, Parameter Study and
initial Test Results, in Proceedings of the 2021 Space
Propulsion Conference, March, 1-12.

6. Grossi, M. D., (1995). Plasma Motor Generator
(PMG) electrodynamic tether experiment, Smithsonian
Astrophysical Observatory Report.

7. Inter-Agency Space Debris Coordination Committee,
(2019). Support to the IADC Space Debris Mitigation
Guidelines, IADC-04-06, Rev 5.7..

8. Khan S.B., and Sanmartin J.R., (2013). Survival Prob-
ability of Round and Tape Tethers Against Debris Im-
pact, Journal of Spacecraft and Rockets, 50, 603—-608.

9. Laufer, P., and Tajmar, M., (2019),CNT-based cold
electron source for space applications on nanosatellites.
in Proceedings of the 6th International Electric Propul-
sion Conference , Viena, IEPC-2019-477.

10. Levin E., and Carroll J., (2005). Method and Appa-
ratus for Propulsion and Power Generation Using Spin-
ning Electrodynamic Tethers, US patent, US6942186.

11. Olivieri, L., Valmorbida, A., Lungavia, E., Vertu-
ani, D., and Lorenzini, E. C., (2020), Test of tethered
deorbiting of space debris, Advances in Astronautics
Science and Technology, Springer, Published on-line,
Open Access.

12. Pardini C., Hanada T., Krisko P. H., (2006). Poten-
tial benefits and risks of using electrodynamic tethers

to end-of-life de-orbit of LEO spacecraft, Final Report
of IADC Action Item 19.1, Document No. TADC-06-02.

13. Pearson J., Levin E., Oldson J., and Carroll J.,
(2010). ElectroDynamic Debris Eliminator (EDDE):
Design, Operation, and Ground Support, Advanced
Maui Optical and Space Surveillance Technologies
Conference, E61.

14. Plaza, J.F., Meiro, G., Post, A., Pérez-Casero, R.,
Palomares, FJ., Tejedor, P., Naghdi, S., Vérez, A.,
and Sanchez-Arriaga, G., (2020), Trade-off analysis of
C12A7 : e~ deposition techniques applied to Low
Work Function Tethers, Acta Astronautica, 177, 806-
812.

15. Sanchez-Arriaga G., Sanmartin J.R., and Lorenzini
E.C., (2017). Comparison of technologies for deorbit-
ing spacecraft from low-earth-orbit at end of mission,
Acta Astronautica, 138(1), 536-542.

16. Sanchez-Arriaga, G., and Chen X., (2018). Mod-
eling and Performance of Electrodynamic Low-Work-
Function Tethers with Photoemission Effects, Journal
of Propulsion and Power, 34(1), 213-220.

17. Sénchez-Arriaga G., Naghdi S., Witzig K., Schilm
J., Lorenzini E. C., Tajmar M., Urgoiti E., Tara-
bini Castellani L., Plaza J.F., and Post A., (2020).
The E.T.PACK project: Towards a fully passive
and consumable-less deorbit kit based on low-work-
function tether technology, Acta Astronautica, 177,
821-827.

18. Sanchez-Arriaga, G. and Borderes-Motta, G.,
(2021), BETsMA v2.0, https://betsma.uc3m.es/.

19. Sanmartin J.R., Martinez-Sanchez M., and Ahedo,
E., (1993). Bare Wire Anodes for Electrodynamic Teth-
ers, Journal of Propulsion Power, 9, 353-360

20. Sanmartin, J. R., Charro, M., Chen, X., Lorenzini,
E.C., Colombatti, G., Zanutto, D., Roussel, J.-F., Sar-
railh, P., Williams, J. D., Xie, K., Metz, G. E., Car-
rasco, J. A., Garcia-de-Quiros, F., Olaf Kroemer, O.,
Rosta, R., van Zoest, T., Lasa, J., Marcos, J., (2012), A
Universal System to Deorbit Satellites at End of Life,
Journal of Space Technology and Science, 26 (1), 21-
32.

21. Somma G. L., Lewis H. G., and Colombo C., (2019).
Sensitivity analysis of launch activities in Low Earth
Orbit, Acta Astronautica, 158, 129—139.

22. Tajmar M., and Séanchez-Arriaga G., (2021). A
bare-photovoltaic tether for consumable-less and au-
tonomous space propulsion and power generation, Acta
Astronautica, 180, 350-360.

23. Tarabini Castellani, L., Ortega, A., Giménez, A.,
Urgoiti, E., Sdnchez-Arriaga, G., Borderes-Motta, G.,
Lorenzini, E.C., Tajmar, M., Waetzig, K., Post, A,
Plaza, J.F.,, (2020), Low work-function tether Deorbit
Kit, Journal of Space Safety Engineering, 7 (3), 332-
339.

24. Toda, Y., Matsuishi, S., Hayashi, K., Ueda,
K., Kamiya, T., Hirano, M., Hosono, H.,
(2004), Field Emission of Electron Anions
Clathrated in  Subnanometer-Sized Cages in



[Cagy AlagOps)|** (4e™), Advanced Materials, 16
(8), 685-689.

25. Tether Unlimited, https://www.tethers.com/news/.

26. Valmorbida, A., Mazzucato, M., Tronco, S., Debei,
S., and Lorenzini, E.C., (2015), SPARTANS - A co-
operating spacecraft testbed for autonomous proxim-
ity operations experiments, Conference Record - IEEE

Instrumentation and Measurement Technology Confer-
ence 2015 (12MTC), 7151360, pp. 739-744.

27. Williams J.D., Sanmartin J.R., and Rand L.P,
(2012). Low Work-Function Coating for an En-
tirely Propellantless Bare Electrodynamic Tether, IEEE
Transactions on Plasma Science, 40, 1441-1445.

28. Wulftkuehler, J.-P., Laufer, P., and Tajmar, M.,
(2021), Emission Characteristics and 1400 h Endurance
Test of a Cold Electron Field Emitter based on CNTs
for Space Applications, in Proceedings of the 2021
Space Propulsion Conference, March, 1-5.

29. Wulftkuehler, J.-P., Drobny, C., and Tajmar, M.,
(2021), Model of the Space Charge Limited Electron
Emission from Dispenser Cathodes, in Proceedings of
the 2021 Space Propulsion Conference, March, 1-5.

30. Zhong, R., and Zhu, Z.H., (2014). Optimal Control
of Nanosatellite Fast Deorbit Using Electrodynamic
Tether, Journal of Guidance Control and dynamics,
37(4), 1182-1194.

31. Zhu Z., (2017). Mission design of deorbiting space-
craft using electrodynamic tethers (DESCENT), The
International Conference on Aerospace System Science
and Engineering, ICASSE, Shanghai, China.



