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The application of a recent concept, a thermionic bare tether (that is, a long conductor coated with a thermionic
material), to a practical engineering problem (deorbit space debris from geostationary transfer orbit) is presented.
Lorentz drag on a thermionic bare tether, during each pass through an arc close to the perigee, lowers the apogee
progressively and produces the object reentry. The performance of a spacecraft equipped with a thermionic bare
tether is studied at two different levels, using models that couple thermal and electrical effects. In first place, a simple
formula for the eccentricity decrement produced during each perigee pass as a function of TBT properties is derived
and used to select TBT optimal dimensions. For a given tether mass, the formula shows that long tethers with small
cross-section areas, but large enough to accomplish mechanical constraints, yield the best performance. Second, full
numerical simulations of the deorbit maneuver including Lorentz force, air drag, and ./, perturbations are carried
out. A spinning thermionic bare tether with a mass of about 16 kg, as well as a length, width, and thickness equal to
6 km, 2 cm, and 50 pgm, respectively, passively deorbits a half-ton spacecraft (with a natural deorbit time of about 50
years) in less than six months, without using propellant, expellant, or power supply. The important roles played by the

eclipses and the Earth’s oblateness on thermionic bare tether performance are highlighted.

Nomenclature

tether cross-section area, m?
geomagnetic field, T’

tether drag coefficient

tether specific heat, J /kg - K
' motional electric field, V/m
eccentricity

J2 perturbation force, N
Lorentz force, N

» perigee altitude, m

tether thickness, m

Planck constant, J - s

tether current, A

inclination, rad

Boltzmann constant, J /K
tether length, m

» electron mass, kg

s spacecraft mass, kg

tether mass, kg
plasma density, m™
tether perimeter, m
electron charge, ¢
spacecraft position vector, m
perigee radius, m

Solar constant, W /m?

= tether arc-length, m
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T = tether temperature, K

T, = electron temperature, K

t time, s

tp = deorbit time, s

v = spacecraft velocity vector, m/s

w = work-function, J
w = tether width, m
s =  tether absorptivity
= spacecraft frontal area-to-mass ratio
AV = tether-to-plasma bias, V
€em = tether emissivity
u = Earth’s gravitational constant, m> /s>
po = air density, kg/m?
op = Stefan—Boltzmann constant, W/m? - K*
7 = tether conductivity, 1/Q - m

1. Introduction

bjects left in geostationary transfer orbit (GTO), including

upper stages, fuel tanks, and payload adapters, periodically
cross the two protected regions, i.e., geostationary Earth orbits
(GEOs) and low Earth orbits (LEOs). According to the guidelines of
the Inter-Agency Space Debris Coordination Committee, their
presence shall be limited to a maximum of 25 years. However, an
interesting study by Fisher and David [1] showed that the 185 GTO
launches during 2004-2012 (210 in total, but 25 without available
data) generated 294 mission-related objects in GTO, of which only 43
reentered. The 43 launches of Ariane5 released in GTO 43 upper
stages and 40 payload adapters for dual-launch configuration (named
SYLDA)[1]. Only five SYLDAsS, of which all had low initial perigees
(229-268 km), reentered between one and seven years after launch.
And, none of the upper stages decayed. These figures were in
agreement with theoretical models [2]. Seventy-five of these leftover
objects crossed both LEO and GEO, thus posing a threat to
operational satellites.

Several measures were taken to deorbit space debris from GTO in
less than (or about) 25 years. For instance, although the optimal
perigee for Ariane 5 is close to 290 km, Arianespace selected a
significantly lower value of 250 km to reduce the lifetime of the upper
stage to be only slightly higher than 25 years [2]. This produces a loss
of performance: more than 60 kg below the optimum. Ariane 6,
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expected in 2021, will incorporate a restartable upper stage that
will deorbit in compliance with mitigation guidelines. But, this will
not help (in principle) the payload adapter SYLDA. Another
mitigation action is a launch planning with favorable sun-
synchronous resonance conditions. This can limit the lifetime below
25 years, even for a perigee altitude of about 350 km [3]. Sun-
synchronous resonance, which is a result of the interplay of the J2 and
the third-body perturbations, increases or decreases the orbit perigee
altitude significantly, depending on the orbital elements. However,
determining whether an object left in GTO will reenter or not in less
than 25 years is difficult because the dynamics is affected by several
perturbations. One of the most important (the air drag) that dissipates
orbital energy during each pass through the perigee is highly
dependent on solar activity. Guidelines will be accomplished
confidently if the perigee is placed at 200 km, but this typically
penalizes the launcher performance (about 200 kg below optimum
for Ariane 5 [2]). As explained in this work, an alternatively effective
solution may be the use of a thermionic bare tether (TBT) [4] that can
deorbit passively from GTO without propellant, expellant, attitude
control, or power supply.

The TBT s the result of more than two decades of intense research
on electrodynamic tethers, i.e., long conductors that exchange
momentum with the planet magnetosphere. Pioneer electrodynamic
tethers in the 1990s, like the Tethered Satellite System-1 and IR
(TSS-1 and TSS-1R) missions, were insulated. They captured
electrons from the plasma (anodic contact) using a big conductive
sphere and emitted electrons with an electron gun (cathodic contact).
A groundbreaking change occurred in 1993, when the bare tether
concept was introduced [5]. This type of tether, without insulation,
naturally captured electrons as a giant Langmuir probe and achieved
cathodic contact with the plasma using an active hollow cathode
(HC). The substitution of round bare tethers with tapelike tethers was
a second milestone. A tape tether is more robust against cuts by small
debris [6] and, for a given mass and length, it collects more current
than a round tether due to its larger perimeter.

In 2012, the TBT brought the bare tether concept to its full
completion. Instead of using a HC, a TBT is coated with a material of
low-work function that emits electrons to the plasma naturally at a
relatively low temperature. If the plasma-to-tether bias is large
enough, then the thermionic-emission current is limited by
temperature effects and follows the Richardson—Dushman law:

. 4ﬂmeqek123 2 w
JRD hf, exp kT (D

where h, and kj are Planck and Boltzmann constants, ¢, and m, are
the electron charge and mass, 7' is the temperature of the tether, and W
is the work function of the thermionic material. Although HCs are
light and used routinely in many space missions, TBTSs represent an
important progress with respect to bare tethers equipped with HCs.
Besides the HC itself, TBT also eliminates the bottle of Xenon
(expellant), the flow control unit, and the piping. The TBT is an inert
device that works without any active elements and consumables. As
shown in this work, their simplicity and robustness make TBTs ideal
for deorbiting scenarios.

Important theoretical difficulties arise when describing the current
and voltage profiles along a TBT. A complex double layer is formed
by the emitted electrons and the collected ions. Kinetic analyses for
cylindrical probes in the small-Debye-length (R > Apg) [7] and the
high-bias (e|AV|/kT, > 1) [8] limits were carried out in the past.
However, a solid model capturing the full dependence of the emitted
current as a functionof R /Ay, T; /T, T/T,,eAV /kT,,and W /kT is
not available yet. Here, R is the probe radius, AV is the tether-to-
plasma bias, Ap, is the electron Debye length, and T, and T'; are the
electron and ion temperatures. The seminal work [4], and a later
analysis with ohmic effects [9], introduced relatively simple round-
tether models that might be accurate enough to find preliminary
performance. Our work extends the model in [9] to incorporate
thermal effects. Tape geometry is also considered by just setting the
tether perimeter accordingly. This was shown to be a good

assumption for conventional Langmuir probes [10] but, to the best of
our knowledge, the case of an emissive Langmuir probe with tape
geometry has not been investigated yet. More elaborated codes, like
the one presented in [11], or extensions of the codes in [12-14] to
include electron emission could be used in future works to refine this
basic model.

This work extends the previous TBT current/voltage profile model
to include thermal effects and studies, for the first time, the
performance of this device in deorbiting scenarios. Section II
explains concisely how to compute the Lorentz force for a TBT and
introduces the critical parameters that control its performance
(adetailed algorithm to compute tether current and voltage profiles is
given in the Appendix). Using a simplified version of the model
introduced in Secs. Il and I1I finds a compact formula to estimate TBT
performance and selects optimal geometry for a given mission.
Numerical simulations of spacecraft dynamics in GTO deorbiting
scenarios are presented in Sec. IV, and the conclusions are presented
in Sec. V.

II. TBT Model

The most promising thermionic material for TBT applications is
the C12A7:e” electride, which might present a probable work
function as low as W = 0.6 eV and exceptional stability properties
[15]. However, manufacturing effective TBTs has to face at least
three important challenges. The first one is to develop an economical
process to coat kilometer-long conductive tapes with C12A7:e”. A
good electric contact between the electride and the substrate is also a
nontrivial cornerstone. In this respect, a composite of C12A7:e~ and
metallic titanium can improve the ohmic contact while keeping the
intrinsic work function value of C12A7:e” [16]. Finally, the
properties of the TBT have to be stable under tough space conditions,
which include impacts from highly energetic ions along the cathodic
segment and the atomic oxygen attack. These are all open issues that
require significant research work in material science. Since it is not
possible to anticipate the work function of future TBTs, our work
assumes a nominal value of W = 1 eV and shows how deorbiting
performance varies as W is increased. Moreover, tether dimensions
can be selected to increase the operational temperature, thus
achieving the same electron-emission level while allowing higher
work function values (see Sec. III).

A. Dynamical and Thermal Model

We consider a spacecraft orbiting in GTO, equipped with a TBT of
mass m,, perimeter p, cross-section area A, and length L. The TBT-
spacecraft system is considered as a rigid dumbbell that spins at a
constant rate inside the orbital plane. The coupling that exists
between the attitude and the orbital motion of tethered systems in
high eccentric orbits [17-19] can be used to build up a spin for
stabilizing the system through angular momentum and providing a
sufficient tether tension. Here, we are interested in the dynamics of
the spacecraft that will be considered as a point mass affected by the
gravitational force, the Lorentz force on the TBT F;, the J, effect
F,,, and the air drag on the TBT—spacecraft system. A self-consistent
description of the TBT dynamics is beyond the scope of this work.
The dynamics of the spacecraft is governed by

d’r u  Cp pL F;, F,

dtz__r3r_ 2 po(ﬁ—’_ﬂms)w—'—ms +ms @
where my is the total mass, u is the Earth standard gravitational
parameter, Cp, = 2.2 is the drag coefficient, p, is the air density,
f = 0.01 m?/kg is the spacecraft frontal-area-to-mass ratio, and
v = dr/dt is the spacecraft velocity. Our analysis assumes m, < m;
and, for computing the air and Lorentz drags, neglects both the TBT-
spin and ionospheric-plasma velocities as compared with v.

In preliminary analyses for missions using conventional bare
tethers with a HC, tether temperature effects are normally neglected
because they just correct tether conductivity o, moderately. However,
for a TBT, a self-consistent solution of Eq. (2), coupled with the
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Fig.1 Operation scheme of the bare-thermionic tether.

evolution of tether temperature 7', is essential because, as shown in
the following, the emitted current heavily depends on 7. A local
balance reads [20]

dT (s C 12 3
PAC, ) =2 AapsS + L2 pov’ = € o T +—+W,
dr T 2 c,A

3)

where p = 2700 kg/m? and ¢, = 910 J/kg - K are the tether density
and specific heat, respectively; and s is the distance from the anodic
end (0 <s <L, see Fig. 1). This thermal balance, with thermal
diffusivity neglected, includes the effects of solar radiation, air drag
heating, radiative cooling, ohmic heating, and plasma heating. In our
calculations, we use the solar constant S~ 1.37 kW /m? and the
Stefan—Boltzmann constant oy ~ 5.67 x 1078 W/m?K*. Tether
absorptivity of a,,; = 0.5 and tether emissivity of €, = 0.06 are
chosen according to past tether works [20] and the measurements on
Al1100-H19 in the The Bare Electrodynamic Tethers Project (BETs
Project) under the EU’s Seventh Framework Programme for
Research (FP7). The third term in Eq. (3), which involves the current
intensity along the tether [I(s) and its conductivity
6, = 3.546 x 107 Q' m™!, is due to Ohmic dissipation. The fourth
term is given by

2q.AV

W, =Lg.Noav @)

e

where N is the plasma density. It represents the energy brought up to
a tether element by the impact of electrons collected at a tether-to-
plasma bias AV. This term only applies to the tether anodic segment
with AV > 0.

B. Lorentz Force

To close Egs. (2) and (3), it is necessary to find the Lorentz force
F; exerted by the geomagnetic field B on the tether current intensity
I(s) = I(s)u,.Inthis respect, a central role is played by the averaged
current intensity

1 [L
m=zllmm 5)

that naturally appears in the Lorentz force as

L
FL=/ I(s)u,x Bds=LI,,u, X B (6)
0

The projection of the motional electric field E = v X B along the
tether is

E,=E, -u, =vBcosg @)

where ¢ is the angle between B and the unit vector u,, which lies
along the straight tether and points in the direction of the tether
current (see Fig. 1). Since the TBT is coated entirely with the
thermionic material, an electric current circulates independently of
the sign of E,,,. A thorough explanation about the computation of /,,
is given in the Appendix. It was an extension of [4] that assumed
a constant temperature along the TBT. Now, we discuss briefly
the main properties of the dimensionless average current i,, =
I,,/0,AE,, and how it is affected by tether design.

As will be shown in the Appendix, the normalized tether current
iay = I (Ec, kg, k;) depends on three dimensionless parameters.
They are the ratios of characteristic lengths that involve TBT design
considerations and environmental properties. These three parameters
appear naturally when describing the TBT/plasma interaction along
the three segments shown in Fig. 1. The dimensionless parameter &
is given by £ = L/L* with

2A\2/3 97’m,6?E,,
L* = (—) xI\P EW ®)
p qeNp

and gauges ohmic effects in the anodic segment AB. The cathodic
part BC has a segment BB* where electron emission is space charge
limited (SCL). Its physics is controlled by

3/5

A\ 1/6 272 T
k_vslzx(—) ’ 125«/5(3 "€y keﬁl) l?/s 9)

p \ph 90, m,

with vacuum permittivity €, and a constant o; = 0.24 [10,4]. Thisis a
good approximation for preliminary analysis; although, in principle,
it is only valid for a tether cross-section characteristic length equal to
its maximum for orbital-motion-limited (OML) current collection,
i.e., tether radius R = R, for round tethers and width w = 4R«
for tapes. For certain combinations of £, and k, one has B* = C and
the tether is said to operate in the short tether regime. Otherwise, there
is a segment B*C that operates under Richardson—Dushman
conditions, governed by the third parameter

1.\ 1/3
k = (Q) .
A

Unlike &¢ and k&, the parameter k, involves tether temperature [see
the definition of jip in Eq. (1)], and thus varies along the tether
length.

As shown in Egs. (8), (9), and (10), under the same environmental
conditions, tethers of identical work function, resistivity, and
temperature share the same values for [, /5, and /5. For a tape tether of
width w and thickness %, one has A/p = wh/2w = h/2. Therefore,
tape tethers of identical thicknesses and lengths also share the same
values for £ and k,. Parameter k; depends on the width; higher w
yields lower k; due to the factor I,/ p in Eq. (9). For typical ambient
parameters (Ng =3 x 10" m™3, E,, = 0.15 V/m, T, = 0.1 V),
TBT temperature (T = 500 K), and work function (W = 1 eV), one
finds &, ~ 175 and & = 6.5 for a tape TBT of 6 km length and a
50 um thickness. For different widths, w = 1,2; and 3 cm yields
ks ~ 5.89, 2.95, and 1.96, respectively. As compared with round
tethers of equal mass and length, where A/p = R/2 with R as the
tether radius, the tape tethers typically have larger £~ and k, values
and smaller k, values.

Figure 2 shows the normalized average current intensity versus &¢
for a TBT of constant temperature, with k; = 2, 3, 6 and k, = 0.5,
175. Solid (dashed) lines indicate operation within the short (long)

; 3
M®=4ﬂ?]h (10)
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Fig.2 Normalized average current intensity versus &, k; = 2, 3, 6; and
k, = 0.5 and 175.

tether regime. For k, = 175, the TBT always operates within the short
tether regime for all three k; values. However, for k, = 0.5, a
transition to the long tether regime occurs at certain critical &, values,
marked with crosses in the inset. These calculations highlight the
importance of designing and manufacturing TBTs with large &, k;,
and k, values.

III. First Estimation of TBT’s Performance

Before running simulations of Eqs. (2) and (3), we first find a
simple formula to estimate the performance of a TBT in GTO
scenarios. Following [21], the eccentricity decrement per orbit is
found. This result can be used for mission design and optimal tether
geometry selection. We momentarily ignore air drag and J, effects in
Eq. (2), and we assume the perigee radius r, to be constant
throughout the deorbit maneuver within the equatorial plane. The
eccentricity decrement is then given by [21]

N2r[, W,

pom

Ae (11)

where W is the Lorentz work per orbit, which is effective within an
arc close to the perigee because the plasma density and magnetic field
are negligible beyond a certain radius: say, r,,.,. In our calculations,
we consider a maximum value of P, =r/r, =1.17 that
corresponds to an altitude of 1400 km. The time elapsed through
such an arc, which is about 21 min, is obtained by integrating the
relation

dar v, ) I+e 2
ar 1+e\€ ( 7 1) 12
which is obtained from the angular momentum conservation
r’dv/dt = r,v, and the orbit equation 1 + ecosv = (1 + e)r,/r.
Here, v, e, and v, are the true anomaly, the eccentricity, and the
velocity at the perigee, respectively; and we have defined 7 = r/r,.
Writing the tether mass as m, = p,AL and using Eqs. (6) and (7),
the power dissipated by the Lorentz drag reads

Wo=Fpov=-Zmi B, (13)
p

t

For a high enough spin rate, we can average over angle ¢ at a fixed
spacecraft position and compute the averaged dissipated power as

(W1) = =2 m, B2v? (iyycos’p) (14)

t

The spacecraft velocity in Eq. (14) is given by vis viva equation
v =u/i-1+ e)/r,. For this simplified model, we will use a
dipole magnetic field B = By(Ry/r)3, with By ~ 3.12 x 10~ T and
R as the Earth radius. Integrating the Lorentz power over the time At
in the arc close to the perigee, we find the Lorentz work as

_ . _ T (W) dr
W, = /A;(WL)dt = 2[/) dr/dt (15)

Substituting these results into Eq. (11) yields a compact formula
for the eccentricity decrement:

Ae = -1 R2p, (16)

s

L /ﬁ(ﬁ)é a7
Pt HA\Tp

is a dimensionless constant, and

/Fmx (iayc08% )
Iy =
1

;:6

where

2= (1 - e)f]dF
V2i—(l—e)P —(1+e)

18)

The computation of i,, in the preceding equation, involving the
parameter k,, requires tether temperature. Instead of solving Eq. (3),
we will assume in this section that the TBT is in thermal equilibrium.
Then, ignoring the left-hand side of Eq. (3) yields

TON* | (Ti)*.
1-— — ) 2 =0 19
(F2) + (7) 7@ (19)
where
T, = [ s S (1 + CD/)()U3):|1/4’ T, = (GtEgn é)1/4
T€emOB 2aabsS O0p€em P
(20)

and i(£) and £ are the normalized current and arc length, respectively
[see their definitions in Eq. (A1) of the Appendix].

Equations (11) and (19) are simplified versions of Egs. (2) and (3).
They are coupled because i,, depends on tether temperature, which is
affected by Joule heating. Each 7 value in Eq. (18) involves the
averaged quantity

2 (/2
< iy costp >= ;/ iycos’p dg 21
0

where the tether temperature at a given ¢ is described by Eq. (19).

Figure 3 shows the product Ae X m,/m, versus orbit eccentricity
for three TBTs of equal mass but different dimensions. Equations (11)
and (19) are solved with parameter values W =1¢eV and
H, = 270 km. It suggests that, for a given mass ratio, a tapelike TBT
with a small thickness, small width, and large length is the most
effective configuration. A lower bound for the TBT’s width and
thickness of about 2 cm and 50 um, respectively, is a reasonable
choice to keep a high enough mechanical performance. The tape
cross section should be large enough to resist the centrifugal force due
to tether spinning. Regarding round TBTs (not shown), the
calculation indicates lower performance because, for equal mass,
their perimeters are smaller as compared with tapelike
configurations. They present lower values for the collected and
emitted currents, thus yielding lower values for eccentricity
decrement per orbit revolution.

Optimum TBT geometry selection in GTO is not obvious. In LEO,
tether cut probability by small debris poses a constraint that can be
used to find an optimum [22]. However, tether cut failure does not
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Fig. 3 Eccentricity decrement by mass ratio product versus orbit
eccentricity.

seem to be troublesome in GTO, where the space debris flux is very
low during most of the time along one orbit revolution. To find
optimal geometry in GTO, a maximum upper bound for the deorbit
time fp may come from guidelines or international regulations.
However, as shown in Sec. IV, the actual 25-year rule is too weak for
TBTs, which can deorbit more than one order of magnitude faster by
using a low m, /m, ratio. An alternative reason to impose a maximum
tp value is the possible degradation of the thermionic coating, i.e., W
increasing with time due to the tough space environment.
Unfortunately, TBTs have not been manufactured yet and it is not
possible to anticipate whether this issue will be important or not. For
these reasons, the next section shows detailed dynamical simulations
where no coating degradation happens but missions are designed to
deorbit the spacecraft in less than one year.

IV. Mission Performance

Tether flight simulator BETsMA [23], which integrates Eq. (2),
was updated to incorporate the TBT current and voltage profiles
given in the Appendix and the time-dependent temperature profile
described by Eq. (3). The code computes the temperature evolution of
20 points along the TBT. The tether is taken as a dumbbell straight bar
that spins within the orbital plane at a constant rate of 0.5 rpm. The
geomagnetic field, electron plasma density and temperature, and air
density are computed by the code with the International Geomagnetic
Reference Field, the 2012 International Reference Ionosphere, and
the COSPAR International Reference Atmosphere (CIRA) model
under moderate solar activity, respectively. BETSMA takes into
account the relative position between the Earth and the sun, and it sets
S = 0in Eq. (3) when the spacecraftis inside the Earth’s shadow. The
code estimates the tether cut probability during the deorbiting
maneuver. It computes the number of fatal impacts by small debris
using the algorithm from [6]. For an altitude less than 1500 km, the
debris flux is computed from a database obtained from the ESA
Meteoroid and Space Debris Terrestrial Environment (MASTER)
model, whereas for higher altitudes, BETsMA implements the
Griin’s micrometeoroid model. As initial conditions, we took a
500 kg spacecraft, with a TBT on board, in a GTO (i = 6 deg,
e =0.729, H, = 270 km) on 1 January 2004. Other tether values,
like density and conductivity, were equal to the ones given in Sec. II.
The coating work function was 1 eV and, according to the analysis in
Sec. 111, the tape dimensions were set to L = 6 km, w = 2 cm, and
h = 50 pm. Our simple analytical models, like Egs. (16) and (19),
were used to check the correct implementation of the code.

We first look at the thermal and electrical behavior of a TBT during
the first orbit revolution. Figure 4 shows the evolution of i,, and the
temperature at the half-tether length versus the true anomaly. Away
from the perigee, the current intensity vanishes, due to the low plasma
density, and the tether temperature is almost constant, being T ~

T0 =503.146 K
1.2 ‘ ‘
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Fig. 4 Tether temperature and i,, versus true anomaly.

503 K [see Eq. (20)]. Close to the perigee, where plasma density is
important, a current circulates along the TBT that becomes hotter due
to the ohmic heating. The oscillations exhibited by i,, in Fig. 4 are
due to the spinning motion. High efficiencies, with i,, ~ 0.9, can be
achieved. For this almost equatorial orbit, the current intensity is
maximum when the tether is aligned with the local vertical at the
perigee, where the motional electric field reaches a value close to
330 V/km. Another important feature is the role played by the
relative positions of the sun, the Earth, and the TBT. At each time that
the spacecraft enters inside the Earth’s shadow, marked with dashed
black lines in Fig. 4, the tether temperature decreases abruptly
(see Fig. 4 with true anomaly close to 200 deg). It increases rapidly as
soon as the sun illuminates it again. Therefore, tether deployment has
to be planned to place the perigee outside the Earth’s shadow.
Otherwise, the tether will be cold at the perigee and thermionic
emission will not be efficient. It will be shown later that J,
perturbation is beneficial by avoiding configurations with the perigee
inside the Earth shadow during a long period of time.

Figure 5 displays the relative lengths of the anodic (Lgz/L) and
cathodic (Lpc/L) tether segments and the normalized electron
plasma density versus altitude during one half-orbit revolution. In
this particular case, the full Lgc segment works under SCL
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Fig. 5 Normalized electron density (N,/Npay), as well as anodic
(Lg/L) and cathodic (Lgc /L) segments versus orbit altitude.
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conditions (short tether regime). Close to the perigee, where plasma
density is high, the OML current collection is very efficient and the
anodic segment is less than 40% of the full tether length. For an
altitude between 550 and 650 km, with plasma density in the range of
2-5x 10" m3, anodic and cathodic-segment lengths are similar.
Above 800 km of altitude, thermionic emission is much more
efficient than electron current collection due to the low plasma
density, and most of the tether length acts as a giant collecting
Langmuir probe. The periodic behavior exhibited by the lengths of
the anodic and cathodic segments (period equal to 1 min) is a direct
consequence of the 0.5 rpm spinning velocity of the TBT.

Figure 6a shows the evolution of the modulus of the resultant of the
perturbation forces during one orbit revolution. The maximum values
of the J, effect, the Lorentz force, and the aerodynamic drag are about
6.5, 2, and 0.6 N, respectively. Although the J, force is the largest,
this effect does not produce a variation of the semimajor axis over a
complete revolution. Only the Lorentz and aerodynamic drags
contribute directly to the spacecraft deorbiting. As shown in Fig. 6b,
the maximum average current intensity along the TBT through the
perigee pass can reach values close to 10 A. If the spacecraft is
placed at an intermediate point on the TBT, then this current intensity
can be used to feed an interposed load and to generate power for
onboard use.

We now discuss the performance of the system during a full deorbit
maneuver. First, we integrated Eq. (2) without a TBT under the
same initial conditions (i =6 deg, e =0.729, H, = 270 km).
The simulation showed that the aerodynamic drag acting on the
spacecraft needed about 50 years to complete the deorbiting
maneuver. The second simulation with a TBT of dimensions of
6 km X 2 cm X 50 pm, but switching off the Lorentz drag, yielded a
deorbit time of ¢;, = 3.17 years. This was equivalent to the use of a
drag augmentation device, like a sail or a balloon, with an area of
about L X w = 120 m?. The third simulation with the Lorentz force
activated gave t, ~ 170 days. Therefore, adding a TBT of 16.2 kg,
below 3.25% of the spacecraft mass, reduced the deorbit time from 50
years to less than six months.

As discussed in Sec. III, TBT geometry selection is important to
achieve good performance. For instance, keeping the TBT mass
equal to 16.2 kg, but now taking the dimensions as 4 km X 3 cm X
50 ym and 3 km X 2 cm X 100 pm, yields 7, = 203 and 333 days,
respectively. The role played by the work function is even more
dramatic. For a 6 km X 2 cm X 50 gum TBT with W = 1.3 eV and
1.4 eV, one finds 1 = 233 and 684 days, respectively.

As shown in Fig. 7, although the J, effect does not produce
secular variation of the semimajor axis, it influences the
performance notably through secular variations of perigee
argument. For given tether dimensions, we find that the J, effect
typically helps to produce faster deorbiting maneuvers. In
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simulations without the J, effect, we observe that the perigee of the
orbit can spend long periods inside the Earth’s shadow. At this
configuration, the TBT is almost ineffective because it becomes
cold and the plasma density is smaller than in the day side. The
secular perigee drift produced by the J, effect is very helpful for
mitigating this unfavorable configuration.

V. Conclusions

This work shows that a spinning TBT, with dimensions of
6 km X 2 cm X 50 pm, deorbits a spacecraft of mass 500 kg in less
than six months without using propellant, expellant, or power supply.
The simulations indicate that this deorbit time is two orders of
magnitude smaller than its natural decay time and seven times faster
than the one given by a drag augmentation device with the same area
as the TBT. The very small TBT-to-spacecraft mass ratio, which is
about 0.032, shows that adding this passive deorbit technology will
have a low impact on launcher performance.

Long tethers with a small cross-section area, which has a lower
bound due to mechanical considerations, are the most effective
choice. Besides its geometry, tether optical properties also play a very
important role. The values used in this work (€., = 0.06 and
s = 0.5)yield a tether temperature close to 500 K throughout most
of the GTO. The tether temperature increases about 10% during the
perigee pass due to ohmic heating effects. Therefore, for the work
function value used, no active means are necessary to keep the tether
temperature high enough to make thermionic emission effective. As
shown by the simulations, it is essential to describe self-consistently
the thermal and the electrical behaviors of the TBT and to include
eclipse and J, effects. In this respect, deorbit missions have to be
designed to avoid placing the GTO perigee inside the Earth’s shadow.

Its fully passive character and the absence of propellant and
expellant suggest that a TBT can be a very reliable device. However,
there are three critical issues related with risk analysis: 1) a possible
failure during tether deployment, 2) the tether cut by small debris, and
3) degradation of the thermionic coating. Regarding tether cut, the
total number of fatal impacts given by BETsMA in a deorbiting
mission with a 6 km X 2 cm X 50 um tether is N, = 4.0 x 1073,
thus showing that tether sever probability may not be troublesome in
GTO scenarios. In the situation where the thermionic coating will be
degraded and the Lorentz drag is not efficient beyond a certain time,
the aerodynamic drag on the TBT and the spacecraft will complete the
deorbit maneuver in less than 3.2 years in the worst scenario (TBT
degradation soon after deployment). This 7, is well below the 25-year
guideline and shows a very low risk of implementing TBT missions.

A particular feature that distinguishes electrodynamic tethers
from other devices is their capability to probe space plasmas and
obtain interesting scientific data. This could change the actual view
of deorbiting technologies, which are now perceived by space
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companies as a cost that increases the launcher mass. A light deorbit
kitbased on TBT technology equipped with some simple instruments
can be doubly beneficial. For instance, theoretical models of current
collection and emission by conductors immersed in plasmas could be
tested, and active experiments on nonlinear plasma waves can be
carried out while deorbiting. The extra mass added to the deorbit kit,
which would slightly penalize its mass and simplicity, could be
largely compensated by the obtained scientific information.

Appendix A: TBT Current and Voltage Profiles

This Appendix discusses the computation of the average current
I,, in Eq. (6). It extends [9] to include the temperature variation along
the TBT. For convenience, we will use the normalized variables

s 1 AV
=— j=———— = Al
= =oaE B (AD
where
24\2/3
L =1"x (—) (A2)
p

is a characteristic length that gauges ohmic effects.

In a frame attached to the tether, there is a motional electric field
E, =vXB in the highly conductive ambient plasma. The
projection of E,, along the straight tether, given by Eq. (7), will drive
a current intensity I = I(s)u, inside the tether with I - E,, > 0. A
normalized tether-to-plasma bias profile is governed by [5]

dep

d_fzi_l 0<¢é<ée=L/L” (A3)
Regarding current profile, there is a tether segment with A¢ > 0 that
captures electrons as a giant Langmuir probe (see Fig. 1). Assuming a
high-bias orbital-motion-limited regime, one has

di 3
G- 0si<k (A4)
where &g is the zero-biased point with ¢(Ez) =¢p = 0. The

integration of Eqgs. (A3) and (A4) with the boundary conditions
i(0) = 0 and ¢(¢) = 0 yields [A1]

PO = iy = PP @~ iy = i (a5)
i(v) =1-=(1—ig)coshv (A6)
£0) = 3 (1= i) PLf () = F0)] (A7)

with iz =i(£p) and

fx) = /Xsinhlﬂgdc, vozacosh( 1.) (A8)
0 I —ip

The auxiliary variable v takes values v, and zero at points A and B,
respectively. From Eq. (A7), one finds the length of the anodic
segment as a function of iy as

& =80 =0) =31 -i)f() (A9)

and, from Eq. (AS5), the bias at point A as ¢, =¢(0) =
[1— (1= ip)*P".

The complementary segment BC has ¢ < 0 and emits electrons
thanks to the thermionic coating. However, close to point B, the tether
cannot emit the full Richardson—Dushman (RD) current due to space-
charge-limited effects [A2]. The current profile within this segment is
described by [9]

di

— =k
=N
The integration of Eqs. (A3) and (A10) with ¢(£g) = O and i(&p) =
i}, yields

p<E<éy (A10)

(I—ip)
k

s

(&) = - sinh[k, (¢ — £p)] (A1D)

i(§) =1 - (1 — i) cosh[k, (£ — &p)] (A12)

Condition i(éc) = 0 in Eq. (A12) yields the following equation
for ip:

Fshon(iB) =1- (1 - lB) COSh[ks(fC - 58)] =0 (A13)

with &g given by Eq. (A9). This TBT configuration, where the
full cathodic segment operates under SCL conditions, is called
the short tether regime. In this case, the potential at point C
is po =~ [k,

As shown in [4], in the long tether regimes, the cathodic-segment
emission switches from SCL current to RD current at point B*. This is
the case shown in Fig. 1, where the RD segment is governed by

di

A =k (§), Sy €< (Al4)
A good approximation to determine point B* is found by equalizing
the right-hand sides of Eqs. (A10) and (A14). This approximation
gives ¢y = —k,(£5+)/k? that, after substituting in Eqs. (A11) and
(A12), yields

T kB
Epr = Ep + k—sarcsmh[m] (A15)

i = 1= (U —ip) + K(E)/k)? (AL6)

Current and voltage profiles in segment £z« < & < & are obtained by
solving Eqgs. (A3) and (A14), giving

¢
() = L ky(s) ds = g(&) (A17)
k .
0O =" e+ [ ewas A
s Epx

Condition i(£z+) = ig« provides an equation for ig in the long tether
regime:

Fiong (i) = 1= /(1 = i + (k (&) /K)* = (€)= 0 (A19)
and the cathode bias is

_ kr(fﬂ*)

e = k?

e
-+ f g©)ds  (A20)

B*
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Throughout the numerical integration of Egs. (2) and (3), the Lorentz
force and i,, should be computed at each time step. The latter is found
from

i=i/‘fci(5>df=1—i(m—¢c) (A21)
R ) ¢c

where we use Eq. (A3). Given tether parameters, temperature
distribution T'(s), and environmental parameters (plasma properties
and geomagnetic field), the values for &, kg, and k,(£) are found.
Then, an initial guess of i is corrected following a Newton method
thatinvolves two steps. First, the operation regime is determined. The
values of £ and £+ are found from Eqs. (30) and (36). The latteris a
nonlinear equation that should be solved numerically with an inner
Newton method. If g+ > &, then the tether operates within the short
tether regime and the algorithm goes to the second step. If &z« < &c,
then g = —k,(Ep+)/k2 and ¢ is computed from Eq. (A20). The
tether operates within the short (long) regime if ¢c > ¢p-
(¢c < ¢pp+). Once the regime is determined, the algorithm
implements step 2, where the value of i is updated according to

S F(ip)
- A22
T i, e
Here, F is equal to F o OF Fop,, depending on the regime found by
step 1. The procedure is repeated until the error is below a certain
prescribed tolerance (|F(ig)| < 10~'2 in our simulations).
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