Modeling and Performance of Electrodynamic Low-Work-Function Tethers with
Photoemission Effects
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A Low-Work-Function Tether (LWT) is a long conductor, coated with a low work function mate-
rial, which orbits around a planet with both magnetic field and ionosphere. Depending on the work
function W of the coating and the tether temperature 7', photoelectron emission can be relevant
within the cathodic tether segment. Thus this mechanism needs to be added to the thermionic emis-
sion considered in previous works. An emission model for LWTs, including a typical solar photon
spectrum, a Fowler-DuBridge law for the photoelectron yield of the coating, and a Richardson-
Dushman law for the thermionic emission, is presented, and used to organize the thermionic and
photoelectric dominated regimes of LWTs within the W — T plane. This emission model is com-
bined with Orbital-Motion Theory for all the plasma and emitted particles, and the longitudinal
bias and current profiles throughout a LW'T are determined for typical Low-Earth-Orbit environ-
mental values. Results for the normalized average current, which gauges the efficiency of LWTs, are
presented. The study highlights the main electrical, mechanical, and optical properties that should
be considered in the design of LWTSs, and discusses briefly some promising materials.
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tether cross-sectional area, m
B = ambient magnetic field, T'
E,, = motional electric field along the tether, V/m

e = elementary charge, C'

F1 = Lorentz force, N

fo = distribution function of particle o, s?/m?
h, = Planck constant, m?kg/s

1 = current along the tether, A

J = current density, A4/m?

kg = Boltzmann constant, m?kg/s?K

L* = length characterizing ohmic effects, m
My = spacecraft mass, kg

me = electron mass, kg

my = tether mass, kg

No = ambient plasma density, 1/m?

Dt = tether perimeter, m

R = tether radius, m

Ts = orbital radius of the spacecraft, m
S = Solar energy spectrum, ph/sm?eV
Ssun = Solar constant, W/m?
T,

T;

electron temperature, K

ion temperature, K

T.q = tether equilibrium temperature, K
melting temperature, K

unit vector along the straight tether
v = tether-to-plasma relative velocity, m/s
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W = work function, eV

x = distance along tether from its anodic end, m
Y = tether photoelectron yield, el/ph

aqps = tether solar absorption

€em = tether emissivity



Ape = electron Debye length, m

u = standard gravitational parameter, m3 /s>
®, = tether-to-plasma bias, V

p: = tether density, kg/m?

op = Stefan-Boltzmann constant, W/m?K
ot = tether conductivity, 1/Qm
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I. INTRODUCTION

The space debris population near the Earth will in-
crease in the future due to new launches, on-orbit ex-
plosions, and accidental collisions. FEven without fu-
ture launches, studies showed that the Low-Earth-Orbit
(LEO) debris population will remain relatively constant
for the next four decades and will increase noticeably be-
yond that [1, 2]. Effective means to protect the environ-
ment include the deorbit of satellites, payload adapters,
and rocket stages at their end-of-life and the active de-
bris removal of the most dangerous objects. Both ac-
tions require an active deorbit technology, like chemical
and electrical thrusters, or a passive technology, like drag
augmentation devices and electrodynamic tethers [3-5].

Bare electrodynamic tethers equipped with plasma
contactors, introduced in 1993 [6], can provide a rela-
tively simple and effective solution within a wide range
of orbits and spacecraft masses [7][8]. As compared with
other technologies, this device has important advantages,
which would be enhanced even more if the plasma contac-
tor and its expellant are eliminated. Pursuing this idea,
the bare thermionic tether was introduced in 2012 [9]. If
the tether is coated with a low-work-function material,
then the cathodic contact with the ambient plasma is ac-
complished by thermionic emission from the tether itself.
The operation of the tether is thus fully passive and there
is no need for consumable and power supply in deorbit
scenarios from LEO. One of the main advantage of us-
ing the tether itself for anodic and cathodic contacts is
to allow a large collecting/emitting area (even for small
tether radius or width) and the reduction of space-charge
effects. Preliminary analysis showed that the thermionic
tether is a promising device for deorbit payload adapter
from Geostationary Transfer Orbits [10].

The charge exchange between the tether and the am-
bient plasma, and the longitudinal current and voltage
profiles along the tether are the main components of the
electrical model of the thermionic tether. For an orbital
velocity v, the magnetic field B induces, in the tether ref-
erence frame, a motional electric field v x B, which drives
an electric current along the tether if a closed-circuit elec-
tric contact with the environmental plasma is provided.
Cathodic and anodic segments develop along such an
electrically floating thermionic tether. The tether collects
electron along the anodic segment as a giant Langmuir
probe and the cathodic segment emits electrons as a gi-
ant emissive probe. However, the modeling of the latter
is more complex and involves the physical properties of
the coating and the ambient plasma.

The first work on thermionic tethers ignored ohmic ef-
fects and showed that, in general, the cathodic tether
segment has two regions [9]: (i) a segment with space-
charge-limited (SCL) emission that extends from the zero
bias point B up to an intermediate point B*, and (ii)
a segment between B* and the tether cathodic end C
with full Richardson-Dushman (RD) thermionic emis-
sion. The device is said to operate in the short tether
regime when the full cathodic segment is SCL and in the
long tether regime if both SCL and RD segments exist.
Preliminary models for the precise location of B* and the
plasma/tether charge exchange within BB* were used in
Ref. [9]. Later analysis included ohmic effects [11]. In
Ref. [12] a more refined model based on Orbital-Motion
Theory (OMT) [13] for the location of B* was used and
the organization of the short and long tether operational
regimes were discussed in terms of two key dimensionless
parameters.

All the previous works on bare tethers coated with low-
work-function materials considered thermionic emission
at the cathodic segment. However, our analysis shows
that, thanks to the coating, the tether can also act as
a photocathode under the natural illumination of the
Sun. To the best of our knowledge, this is the first time
that a bare electrodynamic tether with photoemission at
the cathodic segment is analyzed. Whether photoelec-
tron emission is negligible, comparable, or dominant to
thermionic emission, basically depend on tether proper-
ties like work function, photoelectric yield, and temper-
ature. For this reason, we will refer to the device as
Low-Work-Function Tether, or Low-W Tether (LWT),
instead of thermionic or photoelectric tether. The second
novelty of the work is related with the tether/plasma cur-
rent exchange model, which incorporates full numerical
solutions of the Vlasov-Poisson system. This contribu-
tion allows to make an assessment of the approximate
analytical model used in previous works [9, 11].

The work is organized as following. Section II A in-
troduces a photoemission model for LWT and discusses
the operational regimes as a function of the work func-
tion and the tether temperature. In Section IIB, we
modify a recent model for emissive and Langmuir probes
[14] to incorporate photoelectric effects. For both an-
odic and cathodic segments, the current density versus
tether bias characteristics, J(®,), are found by solving
self-consistently the Vlasov-Poisson system, considering
both thermionic and photoelectric effects. The relations
J(®p) obtained numerically are used to determine the
efficiency of LWTs in deorbit scenarios, and to make a
critical comparison with previous works [9, 11]. Promis-
ing materials for LWT applications are discussed in Sec.
IV. The conclusions are summarized in Sec. V.

II. LOW WORK-FUNCTION TETHERS MODEL

For a tether of length L;, conductivity oy, cross-
sectional area A;, and perimeter p;, the longitudinal



profiles of the current intensity I(x) and the tether-to-
plasma bias ®,(z) are governed by [6]
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where J(®,) is the collected/emitted current density
(positively defined for electron collection), = € [0, L,]
is the distance along tether from its anodic tip, and
E., = ut - (v x B) is the motional electric field projec-
tion along ug, which is the tangent unit vector along the
straight tether pointing in the direction of the electric
current (I = I(x)ug). Given the law J(®,), the inte-
gration of Egs. (1)-(2) with the boundary conditions
I1(0) = I(Ly) = 0 provides the current intensity and bias
profiles. From them, one finds the Lorentz force

Ly L,
F, = / w, X BI(z)dx ~ u; x B/ I(z)dz, (3)
0 0

which mainly governs the deorbit performance of the de-
vice.

Therefore, the key aspect in the modeling of the tether
is the law J(®,) that is inserted in Egs. (1)-(2). For the
anodic segment, previous works [6, 9] used the orbital-
motion-limited (OML) current law. Analytical formulas
in the classical [16] and the relativistic [17] (if the probe
bias is extremely high like in Jupiter) regimes can be used
for tether radius R below a threshold [18]. In the high
bias limit (e®,/kpTe >> 1, with T, the plasma electron
temperature and kp the Boltzmann constant), it reads

6N0

Jomr = —
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where m, is the electron mass, e is the electron charge,
and Ny is the unperturbed plasma density. For the ca-
thodic segment, two issues should be discussed: (i) the
emission mechanisms and (ii) the amount of emitted cur-
rent. Regarding issue (i), previous works considered ion
collection and thermionic electron emission [9, 11, 15].
They showed that the thermionic emission dominates
against the ion collection, and used the Richardson-
Dushman (RD) law

Jip = —A x T? exp (—%) , (5)
B

with A = % ~ 1.20x 10 Am 2K 2, h, the Planck
constant, and T and W the temperature and work func-
tion of tether, respectively. However, emitted electrons
result in negative space charge, which suppresses the elec-
tric field that accelerates the emitted electrons outwards,
or even reverses it at the segment BB*. As advanced by
issue (ii), currents emitted by the points at this segment
are space-charge-limited (SCL), with a current density
|Jscr| < |Jen]. Previous works [9, 15] used a crude model
for Jecr and Ref. [15] presented an asymptotic analysis
to predict the position of B* using OML Theory.

A. Photoelectric emission by LWTs

A coating with low-W materials does not only ease
the thermionic electron emission, but can also yield to
a relevant photoemission level. The cathodic tether seg-
ment, with a negative bias with respect to the ambient
plasma, can act as a passive photocathode under the nat-
ural illumination of the Sun. However, the modeling of
the photocurrent for metal surfaces coated with low-W
materials is a difficult and complex task. The photon ab-
sorption, the transport of the electrons to the surface and
the emission are affected by several factors, including the
band structure of the metal, the thickness of the coat-
ing, and the angle of incidence and polarization of the
light, among others [19, 20]. A reliable determination
of the photocurrent, which is highly dependent on the
chosen metal/coating combination and the surface treat-
ment, typically requires experiments. In this work, we
used a relatively simple but general model and verified
that the results are in agreement with previous experi-
ments for specific materials.

The current density of photoelectrons (A/m?) is given
by

Toh = —f x (1 —14) e/ooo S(E)Y(E)dE,  (6)

where 7y is the LWT reflectivity, S(E) is the energy spec-
trum of the solar photons (ph/sm?eV), and Y (E) is the
photoelectric yield of the LWT, i.e. the number of emit-
ted electrons per incoming photon (el/ph) for a given
photon energy E. The factor f takes into account that
only a fraction of the total perimeter is illuminated by
the Sun. Panel (a) in Fig. 1 shows the energy spectrum
S(FE), including the continuous spectrum (solid line) and
the discrete lines (triangles), versus the photon energy
in electron volts. For energies below and above 4.8eV
we used the ASTM G173 reference spectra and the data
from Ref. [21], respectively.

Regarding the photoelectric yield Y (F) in Eq. 6, we
adopted the Fowler-DuBridge law [22, 23]

E-WwW
Y(E) =ax AxT?x ¢( ), (7)
kgT
where ¢ is the Fowler function
e””—e;;+%i;+... z<0
¢)(ac) = 22 2 —z e 2% e~ 3 >0
7+f—(€ -z +3—2—---) *2
(8)

with a a constant that depends on the material. For
metals, a ~ 5x 10719 —~5x 107 8¢l /ph x m? /A. Hereafter
we will (conservatively) assume o ~ 5 x 1079l /ph x
m?2/A.

Panel (b) in Fig. 1 shows the photoelectric yield per
incoming photon versus photon energy using Fowler-
DuBridge law and for work function values W = 1.5,2.5
and 3.9 eV. The lines with stars and with circles cor-
respond to experimental data of Copper with a mono-
layer of Cesium on the surface and Aluminum Oxide,



adapted from Ref. [24] and [25], respectively. For these
materials, the authors found work function values equal
to 1.55 and 3.9 eV. As shown in the figure, the Fowler-
DuBridge law gives a first approximation of Y (F), but
accurate and reliable values of Y (E) require experimental
tests with the specific metal, coating and surface treat-
ment. For W = 1.5eV, our model is very conservative,
i.e., it predicts a low value of photoelectrons, because
the experimental curve of Y (FE) is more than one or-
der of magnitude above the theoretical one. For 3.9¢V,
the model is optimistic (conservative) for energies below
(above) about 8eV.
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FIG. 1: (a) Solar photon spectrum and (b) photoelectric yield.

Unfortunately, experimental data of the photoelectric
yields for the most promising materials with applications
to LWTs (see Sec. IV) are not available yet. This issue
introduces uncertainties in the results, that we mitigated
by presenting parametric studies that vary the LWT tem-
perature and its work function. Figure 2 shows the sum
of the photoelectric and the thermionic density currents
in logarithm scale versus these two design parameters.
The calculation was carried out with Eqgs. 5, 6, and 7,
f =m = 1/2 and the solar flux shown in Fig. 1. The
W — T relation that gives .Jip, = Jpp is shown with a
dashed black curve. It separates the parametric domains
where the current emission is dominated by photoemis-
sion or thermionic emission.

For typical plasma and LWT conditions in LEO, Ny =
101'm=3 and E,, = 150V/km, Eq. 4 shows that the
maximum collected electron current density for a 1km-
length anodic segment is about Joar, =~ 3.6 x 10724 /m?
(¢, ~ E,L). Curiously, according to Fig. 2, a LWT
with emission level about this order of magnitude, i.e.,
| Joh + Jin |~ 10724 /m?, has similar contributions from
thermionic and photoelectric emissions. Figure 2 also re-
veals the high sensitivity of the LWT performance with
the temperature and the work function. Regarding the
former, a balance between radiative cooling and solar ab-
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Temperature (K)
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Work Function (eV)

FIG. 2: logio (| Jpn + Jen |) versus temperature and work
function, with J in A/m?.

sorption gives the LWT equilibrium temperature

1/4
T., = <M) (9)

TT€emOB

with gps and €q,, the tether absorptivity and emissiv-
ity, Sgun ~ 1.37kW/m? the solar constant, and op ~
5.67x1078W/m?2K* the Stefan-Boltzmann constant. For
ogps = 0.5 and €., = 0.06, one finds T, ~ 500K. Joule
heating, ignored by this first balance, would increase the
equilibrium temperature even more.

B. Plasma/LWT contact

Since the typical length of the LWT is several km and
its radius R is about few mm, condition L; >> R holds.
For tapes, the width w; does also satisfy w; << L;. This
simplifies the LWT /plasma contact model notably be-
cause the current density J of a LWT cross section at a
particular bias ®, can be analyzed as a two-dimensional
uniformly-biased Langmuir probe. It is well-known from
probe theory that J in Eq. 1 does not generally coin-
cide with Jopr and the sum J,p + Jy, in the anodic
and the cathodic segments, respectively. Depending on
LWT properties and environmental parameters, a tether
cross section could collect electrons beyond the OML
regime (J < Jopr) or emit current under SCL condi-
tions (1] < [Ty + Jpn)-

A rigorous determination of J(®,) requires OMT,
which corresponds to self-consistent solutions of the sta-
tionary Vlasov-Poisson system in cylindrical coordinates.
In a recent work, this problem was written as an or-
dinary integro-differential equation and J(®),) relations
were computed numerically for both positive and nega-
tive bias [14]. As explained below (see also Appendix A),
minor modifications are required to adapt this theory to
LWT applications with photoelectric effects.

The first change is related with the boundary condi-
tions of the distribution functions, which should include



the photoelectrons. At the faraway plasma, r — oo, the
electron and ion plasma distribution functions are as-
sumed to be Maxwellian

Nome Me.i (V2 + V2
fe,z' (7’ — OO,’UT,UQ) — M exp [_M

o 27T]€BT672' ’ 2kBTe,z'

(10)
with v, and vy the radial and azimuthal velocities and
r the radial distance from the probe axis. At the LWT,
r = R, the distribution functions of the emitted electrons
are assumed to be half-Maxwellian

Noph,thMe me (V2 + v3)
fonin (Ryvy, > 0,vg) = —L=t € _Me (v T V)
o ( ) 7'r]'fBCZ—’;uh,th 2kBTph,th
(11)

where subscripts ph and th denote electrons emitted
through photoelectric and thermionic effects, respec-
tively. For thermionic emission, we will take T3, = T in
Eq. 11, as commonly done in emissive Langmuir probe
studies. Regarding photoemission, an isotropic distri-
bution is realistic for amorphous materials but would
not necessarily hold for finely powdered substances [25].
For materials with W ~ 4 — 5eV, like Al oxide, the
mean kinetic energy is about kgT,, ~ leV [25]. How-
ever, experimental results for copper coated with ce-
sium (W = 1.55eV) indicates that the mean kinetic en-
ergy could be lower [24]. Our calculations will consider
kpTpn =~ 0.25€V.

Taking into account Ref. [14] and Eqgs. 10-11, one finds
that the OMT for a probe with thermionic and photo-
electric emissions depends on the following dimensionless
parameters

Ti Tth Tph P(PID
0i=—, Op=—., Opp = = 12
i Te 5 th Te 5 ph Te , Pp kBTe ) ( )
R Ngth NOph
Po = Y . ) ﬁth = N, ) ﬂph N() (13)

with Ap. the electron Debye length. From Eq. 11, one
finds the relation

[ee] +oo 2%k T
Jph = —e/ / Uy fprdvrdvg = —Noppey ZMBph
0 —00 TMe

(14)
and a similar equation holds if subscript ph is changed
by th. Since Jy, and Jp, are given by Eqgs. 5 and 6, the
ratios By, and Bpp, are related with LW'T properties - W,
T, and Y(E).

Given the set of parameters in Eqs. 12-13, the current
density J(®,) appearing in Eq. 1 is computed as follows.
First, the normalized potential profile p(p) = e®/kT, is
found by solving Poisson equation

1d [ d
o dp <Pd—9;> = 5 (ni — ne — Bpnnph — Bennen)  (15)

with p = r/R. The stationary Vlasov equation with axil-
symmetric geometry (round LWT) conserves the energy,

the angular momentum and the distribution function,
and this can be used to write the normalized particle
densities n,(p) as integrals involving ¢(p) (see details
in the Appendix A) and Ref. [14]). Equation 15, with
the boundary conditions ¢(p = 1) = ¢, and ¢ — 0
as r — o0, is an integro-differential equation that is
solved with an iterative numerical algorithm. Once the
potential profile p(p) is known, the normalized current
density jrwr = J/Jo is computed from Eq. A7, with
Jo = eNo\/kpTe/2mm, the random electron thermal cur-
rent.

As an example, we now consider typical environmental
values in LEO kgT, = kgT; = 0.15¢V, E,, = 150V /km,
Oxygen ions, and LWT properties R = 1lmm, r; = f =
1/2, T = 500K, kBTth = kBT, and /CBTph = 0.25¢V.
These values give the dimensionless parameters §; = 1,
O = 0.29, dpp, = 1.7, and p; ~ 29378. Three relevant
cases of plasma densities and coating work function are
studied: (i) Ng = 10"'m =2 and W = 1.4eV (po =~ 0.11,
Bun &~ 2.1, and B, = 1.4), (ii) Nog = 102m=3, and W =
1.4eV (po =~ 0.35, By, = 0.21 and By, ~ 0.14), and (iii)
No = 1012m=2, and W = 1.2eV (pg ~ 0.35, B, ~ 21.6,
and Bpp, =~ 0.19). In cases (i) and (ii) thermionic and pho-
toelectric effects are comparable whereas in case (iii), the
one with the higher emission level, thermionic emission
is dominant.

For these three cases we computed the jrwr—¢), curve
with the Vlasov-Poisson solver (see solid curves in Fig. 3)
and with the analytical model presented in [11] but im-
proved with the photoelectric effect (dashed lines). The
segment of the jrwr — ¢, curve between the two crosses
shown in the inset, where we omitted case (iii) for clar-
ity, operates under SCL conditions (non-monotonic po-
tential). As expected, both models match very well, ex-
cept close to the origin due to space charge effects. Sec.
IIT discusses the importance of such a discrepancy on
tether performance and shows that the simplified model
of Ref. [9] is adequate for preliminary mission design
within a wide range of conditions.

Previous calculations are valid for round tethers at rest
and negligible trapped particles populations. Note that
the angular momentum of the particles is not conserved
for tape tethers or if the relative motion between the
plasma and the tether plasma is considered. Trapped
particles arise due to collisions or transient phenomena,
which would lead to the breakdown of the conservation of
fa or the energy, respectively. Accurate J(®,) relations
for these conditions require the extension of computa-
tionally demanding codes like the one presented in Refs.
[26-28].

III. ELECTRODYNAMIC PERFORMANCE

After introducing the dimensionless variables i =
I/En0As, ¢ = ®p/Ep Ly and € = ©/Ly, Egs. 1-2 be-
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FIG. 3: Normalized current jrwr versus normalized probe
bias ¢, for several emission levels
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di _ dp .

d_f = Mrwr(®), d—£ =i(§) —1, (16)
where A\ = L;/Lyp and Ly = E,o0.A;/preNy X

2mme/kpT.. The integration of this set of equa-
tions, with the boundary conditions i(0) = i(1) = 0
and jrwr(pp) given by Eq. A7, provides the current
and voltage profiles along the tether (note that ¢, =
¢ X el Ly /kT,). Once i(§) is known, one computes the
normalized average current

1
o = / i(€)de =1+ 0(1) —6(0)  (7)
0

that naturally appears in the Lorentz force (see Eq. 3)
FL ~ EmUtAtLtiav (llt X B) . (18)

The dot product of the spacecraft velocity v = dr,/dt
with its equation of motion dv/dt = —urs/r3 + Fr,/M;
yields [8]

drg r? M Ot o .

T 2# M. L i, (19)
where we assumed that the orbit evolves remaining al-
most circular v? &~ u/r, and the straight tether is per-
fectly aligned with the local vertical. In Eq. 19, 7, is the
radius of the orbit, u the Earth gravitational constant,
M, the spacecraft mass, and m; = p;A;L; and p; the
mass and the density of the LWT.

Equation 19 shows that the averaged current intensity
iy gauges the efficiency of the tether. Following previous
works on bare tethers [6, 29], it will be presented as a
function of the ratio L/L*, where

L (M7 (mtmeaiEn 1 (20)
T\ m 128e3Ng

is a characteristic dimension that gauges ohmic effects.

Figure 4 shows 44, versus L/L* for E,, = 150V /km,
and the parameters discussed in Sec. IIB [cases (i)-(iii)].
Similar to Fig. 3, solid lines corresponds to 4, values
computed with the jrwr — ¢, curves obtained from the
Vlasov-Poisson solver, and dashed lines with the model of
Ref. [9] extended with photoemission. For low emission
[case (1)], the differences are notably (above 20%). How-
ever, for high emission [case (ii)] the agreement is better
than 2% (except in the limit L/L* — 0, which is not
interesting for tether applications ). Although the nu-
merical and analytical jrwr — ¢p curves exhibit greater
differences for high emission because the SCL potential
range is broader (see Fig. 3), iy, curve show the worst
agreement for low emission. This result is explained by
the fact that 44, is obtained after an integration along
the tether. For high emission, OML electron collection
for ¢, > 0 and RD emission at monotonic potential for
¢p < 0 contribute most to the i,, integral and, among
such bias ranges, the agreement between both models is
good.

It is remarkable that the LWT efficiencies obtained
from the numerical Jrwr — ¢p curves are above the one
obtained with the analytical model of Ref. [11]. There-
fore, such analytical model is appropriate to carry out
conservative analysis in preliminary studies. On the
other hand, tether efficiency is enhanced by increasing
the emission level (see Fig. 4). The normalized aver-
age current iq, increases with B, + Bpn and, therefore,
with currents Jyp, and J,, (see Eq. 14). LWTs should be
manufactured with the lowest achievable work function
coating and also with a high photoelectric yield.

FIG. 4: Normalized averaged current versus L/L"

Tape tethers exhibit much better performance and are
more robust against space debris impacts than round
tethers [30]. They are more efficient because, for equal
mass and length, tapes have larger perimeters and also
smaller L* due to the factor (At/pt)2/3 in Eq. 20. How-
ever, in order to find more accurate results, the relation
J(®,) for tapes is needed. This can be done by adapt-
ing the 2D stationary Vlasov-Poisson solver of Ref. [31]
to include electron emission. An approximate alterna-



TABLE I: Candidates for LWT substrate

TABLE II: Candidates for LWT coating

Material Dt o T

(kg/m?) Q@ 'm™Y (K)

Al 2700 3.54 x 107 920
(1100-H19)

BeCu 8600 2.61 x 107 1300
(C17500)

tive is to make the perimeter and cross-area replace-
ments 27R — 2w, and 7R? — wihe, with w, and hy
the width and the thickness of the tape. Note that in
the OML regime, the collected current just depends on
the perimeter [32], and the same approximation is accu-
rate for tether cathodic points with monotonic potential.
However, the limit of validity of OML[18], the emitted
current within the SCL regime, and the monotonic/non-
monotonic transition ¢,-value must be determined anew
for every cross section. As an example, we can make a
first estimation of the deorbit performance of a tape of
Aluminum with dimensions L; = 2km, w; = 2c¢m and
hy = 50pum, mass m; = pyLywh, = 5.4kg, and a space-
craft with mass M; = 500kg and orbiting at 800km of
altitude. For the parameters of cases (i)-(iii), one finds
L/L* = 1,4.8 and 4.8 and Fig. 4 gives i4, =~ 0.03,0.06
and 0.65. Equation 19 gives a decay rate of 2.3,4.2 and
46 km/day.

IV. LWT MATERIAL SELECTION

The LWT model presented in Sec. II-IIT highlights the
key design parameters that control the performance of
LWTs. This information can be used to select the most
promising materials for the tether substrate and its coat-
ing. Equation 19 shows that the substrate of the LWT
should have a high value of the ratio o;/p;. On the other
hand, since the electron emission is greatly enhanced by
the tether temperature (see Fig. 2), a high melting tem-
perature T, is also desirable. The properties of two pos-
sible materials, Al 1100-H19 and BeCu C17500, are pre-
sented in Table I. The decision between these two mate-
rials is linked to the properties of the thermionic coating.
If the work function is low enough and good emission
levels are possible at, say, T' =~ 500K, then Al is a better
choice (due to the larger o;/p; ratio ). However, if the
tether should operate at higher temperature to stimulate
the thermionic emission, then a BeCu tether is required
due to its higher melting point.

The requirements for the coating are quite demanding
because it involves the work function value, optical prop-
erties like absorptivity and emissivity and its stability in
tough space environment. Table II shows the work func-
tion of some thermionic materials. The most promising is
the electride C12A7 : e~ [33] which combines exceptional
characteristics. Although comprised of two insulating ox-

C12A7T : e™ BaO — W CeB6 LaB6
0.76, 2.1 2.1 2.5 2.7

Material
W(eV)

ides (CaO and Al;Og, it exhibits high electronic conduc-
tivity at room temperature, it is chemically inert and its
work function is extremely low. Two different values for
its work function, 0.76 €V [34] and 2.1 eV [35], have been
measured by different groups. Besides the work function,
the final optical properties of the coated tether surface
are also critical. In particular, as shown in Eq. 9, the ra-
ti0 Qgps/€em should be within certain range to guarantee
that the LWT operates at the required temperature.

Besides manufacturing issues, there are three testing
activities that are required to improve the confidence
of the model. First, the curve J(®,) could be deter-
mined experimentally by studying the collected and emit-
ted currents of biased LWT samples in plasma chamber.
Second, the photoelectric yield Y (E) may be determined
experimentally to predict the response of a LWT irradi-
ated by the sunlight. In third place, testing of the opti-
cal properties agps and €y, is also needed. These are the
main elements that dictates whether the cathodic contact
of the LWT with the plasma is efficient and the feasibility
of the concept.

V. CONCLUSION

This work suggests the use of photoelectric effects to
achieve a good cathodic contact by bare electrodynamic
tethers without using active elements like hollow cath-
odes. If the tether is coated with a photosensitive com-
pound, then the cathodic segment of the tether would
work as a passive photocathode under the natural illu-
mination of the Sun. The extended geometry of Low-
Work-function Tethers (LWT), with an enormous dis-
parity between tether length and radius (or width), is
appropriate because shielding effects are mitigated while
providing quiet large areas. Whether this photoemission
is dominant, negligible or comparable with thermionic
emission, depends on tether temperature, work function
and photoelectric yield. The most important feature of
the coating is the work function, which should be low
enough to make efficient both emission mechanisms.

Current and voltage profiles along LWTs have been
computed with a model that incorporates Orbital-Motion
Theory (OMT) throughout the full tether. The calcu-
lations, which give a rigorous treatment of the current
emission within the space-charge-limited segment, show
that previous analytical models are slightly conservative.
Therefore, their implementations are fully justified for
preliminary mission design purposes. The model intro-
duced in this work could be used by tether flight simula-
tors, aimed at the performance determination of LWTs



with thermionic and photoelectric effects. However, such
application needs the development of a large data-base
with the current/voltage characteristics obtained from
OMT for a wide range of conditions, including tether ge-
ometry and environmental variables. Such a work, which
would also have applications to emissive and Langmuir
probes applied to plasma diagnostics, is in progress.

APPENDIX A: ORBITAL MOTION THEORY
RESULTS

For a cylindrical probe immersed at rest in a stationary
and collisionless plasma, Vlasov equation conserves the
angular momentum, the energy, and the particle distribu-
tion functions. These conservation laws are used to write
the normalized particle densities, n.;(p) = Ne,i(r)/No
and npp,h(P) = Nph,th (1) /Noph,ih, as a function of the
normalized radial distance p = /R and electrostatic po-
tential ¢(p) = e®(r)/kT, (see details in Ref. [14])

00 . I
N (p) =2Ha/ M arcsin (Za—p> deg,
uj;p ™

ap
- H, oxp(~¢a) arcsin ( la ) deo . (A1)
ug, T lCYP

In Eq. Al the subscript o denotes o = e, 7, ph, th and we
introduced the following functions: Hc; = 1, Hppn =
2, lgzp(pv 504) = P2 [Ea — Uap (P)], Uip = 99/52'» Uep = —P,
Uphp = —(p — ‘Pp)/(sphv Uthp = —(p = ¥p)/dths

U = maz {uy (p') 11 < p' < oo}, (A2)
la(€a) =min{lap (p'1€a) 1 1 < p' < o0}, (A3)

and
ugy (p) = maz {uq (p)} (A4)

l:m(p7 Ea) = min {lap (plv 601)} (AS)

with 1 < p/ <p for a = ph,th, and p < p’ < oo for a =
e,i. The substitution of Eq. Al in Poisson equation

1d d¢> 9
S (o= ) = —p2 (s
»dp (pdp P (

yields an integro-differential equation for ¢(p) that
should be solved with the boundary conditions ¢(1) = ¢,
and ¢ — 0 as p — oo. Once solved, for instance us-
ing a finite-element method combined with a Newton
algorithm[14], the total current J in Eq. 1 is

— MNe — ﬁphnph - 5thnth) (A6)

J 2G, [ .
o o) =3 / L) exp (e dea
(A7)

with Jo = eNog+/kpTe/2wm, the random electron ther-
mal current. The sum should be extended to the four
species (a = e,i,ph,th) and we defined the constants
G, = *\/52'/#@‘7 Ge = 1, Gi = 2B, Gph =

—2BphA/Oph, and p; = m;/me.
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