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Bare Wire Anodes for Electrodynamic Tethers
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The collection of electrons from the ionosphere is the major problem facing high-power electrodynamic tethers.
This article discusses a simple electron-collection concept which is free of most of the physical uncertainties
.associated with plasina contactors in the rarefied, magnetized environment of an orbiting tether. The idea is to
leave exposed a fraction of the tether length near its anodic end, such that, when a positive bias develops locally
with respect to the ambient plasma, and for a tether radius small compared with both thermal gyroradius and
Debye length, electrons are collected in an orbi'tal-motiyon-limited regime. It is shown that large currents can
be drawn in this way with only moderate voltage drops. The concept is illustrated through a discussion of
performance characteristics for generators and thrusters.
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Subscripts

anode or anodic end

point B

background

cathode or cathodic end
plasma

tether

unperturbed plasma conditions
characteristic value

* 8 =3 OZ

i

Superscript

s = equivalent standard tether

1. Introduction

LECTRODYNAMIC tethers appear as promising de-

vices for both high-power probing of the ionosphere and
technical applications. Effective and reliable anodic contac-
tors remain the principal difficulty facing such tethers,' al-
though the ongoing theoretical and experimental work on
plasma contactor physics may lead to a viable technology. In
the interim, and also in any case as a long-term alternative,
other contactor implementations are still necessary. -

The generic problem is the need for a very large collecting
area, since the ambient electron density is so low that the
random current density may be of the order of 1 mA/m>.
Although the voltage bias of a typical anode strives to enlarge
the “contact” area, Debye-sheath shielding makes this inef-
fective. An additional obstacle is the channeling of electrons
by the geomagnetic field, which restricts collection to essen-
tially one dimension. Plasma contactors®® might overcome
these problems by 1) emitting ions to provide quasineutrality,
and 2) scattering electrons away from their guiding magnetic
lines. The open mesh concept® uses the enlarged capture area
of wire mesh to present a large apparent area with a small
mass and neutral gas blockage.

In this article we present a concept which exploits the ef-
fectiveness of a thin cylinder as an-electron collector, and
further simplifies implementation by using the tether itself for
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the purpose. Section II explains the physical basis of the de-
vice and gives some estimates of performance for current
generation and thrust. A more rigorous analysis of a tether
generator based on a bare-wire anode is given in Sec. III, and
the application to a tether thruster is analyzed in Sec. IV.
Section V summarizes the results. ‘

II. Principle of Operation and Performance Potential

Consider the standard tether: a straight, metallic, insulated
cable in a low-latitude orbit. In a reference frame tied to the
tether, the ionospheric plasma is subject to the motional elec-
tric field —v,, X B, its projection E,, along the cable

generating a current J across any interposed useful load. This
current, which will be some fraction i of its short circuit value

I. = iclJsA, J.=0E,

must be drawn by the anode from the ionosphere. From this
point of view it can always be written as the product of the
electron random current density; J, = ien.(8kyT../mm,)"2,
and an appropriate “effective” area for the anode A

Ie = J.A4
Equating both expressions one has

AulA, = icTll., (1)

Characteristic values for field, E,, = 200 V/km, conductivity,
o =3.5x10"Q " 'm~! (aluminum), and plasma temperature,
kgT., = 0.1 eV, give A/A, = 8ic x 10° atn, = 10" m~3,
and J, = 7 A/mm?. For efficient generation i should clearly
be moderately small (typically, i ~ 0.1-0.2, as later shown).
A current I. ~ 10 A would thus require a cable cross section
A, ~ 10 mm?, and the anodic effective area would be ex-
tremely large (~10* m?).

Certainly, since the anode may sustain some voltage drop
AV ,, it will exhibit some area gain, i.e., the actual area of its
collecting surface need not be as large as A_,. The Debye
length, A, = (gokzT../e?n.,)"2, is small, however; for k;T,, =
0.1 eV and n, = 10" m~3 we have A, = 7.4 mm. Thus, a
typical passive anode is effectively shielded by space-charge;
it takes too large a potential AV, to produce a thick sheath
or large gain. For instance, in the case of a sphere of radius
r, >> Ap, well-known results from probe théory for an un-
magnetized plasma with equal temperatures give*

AV, [ A * F(reg/ra) 2
kzT.. 4% (4m)* )

where r2; = A /4w, F is a function given by Lam, and here
Ae/dmA} = 1.7 X 105 X A, (mimn?). To be definite, consider
an area gain A /4wry = 50, giving A, > 5000 m? for r, =
3 m. We then have r.; = 7r, and F = 10, and obtain an
extremely high voltage drop AV, = 6125V X [A, (mm?)]?>.
Although a future contactor, an active anode that emits ions
(and electrons) might be effective against shielding,’ it would
yet have to face the strong magnetic guiding of electrons from
the effective to the anodic surface. This is because /, for B ~
0.3 x 10-*T, is also small; at the particular speed (7k;T../
2m,)"? we have [, = 30 mm.

Our bare-tether generator is based on a two-fold concept
that avoids both A, and [, effects. First, we claim that a good
passive anode for the conditions of interest should have two
(disparate) characteristic lengths, instead of just one as in the
case of a sphere. The simplest example would be a cylinder
of length much greater than its radius. Clearly, electron col-
lection would be governed by the stronger gradients, and
therefore, would be a two-dimensional process. If the radius
is small enough, there is neither space-charge nor magnetic-

guiding effects; the current is orbital-motion-limited (OML)
and takes the largest possible value for given geometry and
potential bias. If, in addition, the cylinder is long enough, the
anodic area could take any desired value, e.g., 10> m2.

A collecting area of 10> m* can be obtained with a length
under 10 km if the radius is 2 mm or over. Note that the
radius-to-Debye length ratio is then not very small. Fortu-
nately, for cylindrical geometry, and in the absence of a mag-
netic field, the OML regime covers the entire range for this
ratio, from zero to values of order unity (in three-dimensional
geometry, and because the electric field is then steeper, the
OML regime is attained, on the contrary, only in the limit
ra/Ap — 0).% Again, because of the two-dimensional geom-
etry, we do expect here negligible magnetic effects. Although
the current in the presence of a field B is not generally known,
there exists a (“canonical”’) upper-bound to the current.” For
a sphere, and even if r,/l, is small, the OML current exceeds
that bound when eAV ,/k,T, is large enough—the condition
of interest for the tether. The opposite holds, however, in the
case of a cylinder. Since its radius would be here aound 0.1/,,
magnetic forces might indeed be dropped against electric forces.

Secondly, we can actually do away with the cylinder, be-
cause the tether itself, if uninsulated, may serve as anode.
There are potential differences between points in the wire
and the surrounding plasma; electrons will be collected by
those bare segments that are biased positive to the local plasma.
For a normal W-E orbit, the promising configuration for a
generator is shown in Fig. 1, with the cable deployed upwards.
The slope of the plasma potential line V, arises from the
motional field, while that of the tether potential line V, is due
to the ohmic loss. The local bias, AV =V, — V,, takes some
peak value AV, > 0 at the anodic end, and remains positive
over a segment AB (Fig. 1). This segment, if directly exposed
to the plasma, will collect electrons as an OML cylindrical
probe. For eAV >> k;T.., the OML current per unit length
is given by® '

_d_I _ 12
ol en,.d(2eAVim,) 3)

where d is the diameter (4A4,/7)'2. Electrons are ejected at
the cathodic end C by some device such as a thermionic emit-
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Lcls =

A
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Fig. 1 Upward-deployed (partially or fully) bare tether operating in
the generator mode. The segment AB, where AV = V, — V, > 0, acts
as an electron-collecting anode, while the segment BC is negatively
biased, AV < 0, and, if bare, collects ions. Rl is the load voltage
drop. A cathodic device placed at the bottom end C ejects an electron
current I at a cost AV, < 0, here neglected.
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ter, or a hollow cathode, at a cost of a (negative) voltage drop
AV,

The anodic current J., A, may now be written as the av-
erage dI/dy times L. At small i we have dAV/dy = const
and the average is } of the peak value; thus, we find

Ay = mdLp3(4eAV, /wky T.)"? @)

For an area gain A 4/mdLy = 50 one obtains AV, = 442 V,
a reasonable potential. For i small we also have AV, nearly
equal to E,, L. Ignoring collection in the remainder of the
tether (segment BC), we may use Eqs. (1) and (4) to write

AV4IE,, = Ly = (2ic)**L (5)

where the length

L. = (97m,0°E,,A,/128¢n%)" (6)

was introduced for later convenience. For E,, = 200 V/km
and aluminum

L, (km) = 10.6[A, (mm?2)]*3(10'* m~3/n,)2

Note that an oxidation-resistant conducting coating might be
needed to avoid an oxyde layer caused by atomic oxygen if
an Al tether is used.

Ton current into the segment BC could be suppressed by
insulating this segment. A secondary problem with standard
tethers is that insulating high voltages may place a bound on
the tether length and, indirectly, on the power generated. A
similar bound might exist for our partially bare tether. An
interesting variant of our concept would be to let the wire go
fully bare, doing away with insulation problems. Ion collection
into BC follows the same law [Eq. (3)], using m, instead of
m,, as long as e|AV] is large compared with both kT, and
imuty, (~10 eV). For O+ ions, the current per unit length,
at a given bias, would be smaller than the corresponding value
for electrons by a factor (m,/m,;)"”> = 3. The bias, however,
is roughly proportional to the length so that the current varies
as (length)*2. Thus, there should be some upper bound to the
efficiency: a ratio L,/L, if too low, would produce a large

Ity) I
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i

Fig. 2 Downward-deployed partially bare tether operating in the
thruster - mode. The segment AB is bare and operates as an electron-
collecting anode; the segment BC is insulated. The potential bias AV
is positive along the entire tether.

ionic current; if too high, would reduce the voltage available
at the load. Surface effects due to ion impacts on BC are
discussed in the next section.

For a bare thruster, the promising configuration is that of
a downward-deployed tether (Fig. 2). Its full length will be
electron collecting unless sections of it are insulated. Because
of this, a fully bare cable in the thruster mode will, on the
one hand, have a much higher current-collection capability
than a similarly sized generator tether, but on the other hand,
will also have a lower efficiency, as the electrons collected
near the emitting cathode at the top will do very little push
work, but will still be accelerated through the cathodic voltage
drop. For most applications, then, it will be advantageous to
insulate the larger portion of the cable, leaving only a fixed
section AB at the bottom intentionally exposed.

A detailed analysis of the above concepts, allowing for the
spatial distribution of current and voltage bias, is presented
in the next two sections. We obtain simple analytical results
and complete dimensionless performance charts. We also make
a detailed comparison to the standard tether. We shall con-
sider in our analysis that the tether works in a limited density
range (either by day, n.. ~ 102 m 3, or by night, n, ~ 10"
m~3).

III. Generator Mode

A. Standard Tether
The circuit equation for a standard tether is

E,L = (R + LigA). + AV, (7)

where AV (I.) is the unknown anode characteristic, which
will depend on a number of parameters (.., 7., B, anodic
geometry . . .). In Eq. (7) we neglected the ionospheric clo-
sure impedance due to both Alfven and whistler band radia-
tion; applying the algorithm of Ref. 9 to our case, it has been
estimated to be typically less than 1 (). We also neglected the
cathode potential drop AV, which, for the same current,
should be much less than AV,.! Given the characteristic AV , (1)
and both E,, and J.. (or o), Eq. (7) determines I for selected
values of three free parameters: A,, L, and R. The mechanical
power extracted from the orbital motion W, , the generated
power W,, and the mass M of the conducting wire of density
p are determined by simple expressions

W, = E, LI, (8)

W, = RIZ, M = pA,L (9)
We also introduce the generator efficiency, n = W, /W, , and
a (dimensionless) useful power per unit mass of wire, w =
pW,IE, J. M.

We may now consider A,, L, and one among the dimen-
sionless quantities n, w, and i, as our free parameters. The
two other dimensionless quantities could then be obtained
from equations

n =1 —ic~ AV (icJ+A)E,L (10)

w =i (11)

which follow from Egs. (7-9). Finally, useful power, power
per unit mass, load impedance, and current, would be directly
determined by the expressions

W, = J.E, A Lw, WJ/M = J.Ewp  (12)

R = E Lwil,Aiz, I = J.Aic (13)

For aluminum (p = 2.7 X 10° kg/m?®) and E,, = 200 V/km,
we have (in addition to J, = 7 A/mm?) J.E,, = 1.4 kW/km
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X mm?, JLE,/p = 0.52 kW/kg and E, /], = 28.6 O X mm?
km. Note that, according to Eq. (12), the power per unit mass
fixes w, and then W, determines the volume A, L.

For AV, negligible (ideal tether), Egs. (10) and (11) read

n=1-1i, w =il — i)
and describe the well-known power-efficiency tradeoff com-
mon to most electrical generators. Although w is maximum
at i. = n = 0.5, reducing i, to improve the efficiency has
little effect at first on w. However, the trend reverses at lower
ic. Thus, in a sense, best values for i, 1 — 7, and w are
centered at 0.25 or 0.2.

Equations (10) and (11) for the real tether modify this
result. Both AV, and dAV,/dI. will be positive; thus, the
maximum of w(i.), at given A, and L, occurs at certain i, <
0.5. For a tether not far from ideal, the best i--range will be
centered at, i.e., 0.15 or 0.2. Note, further, that for given w
and A,L (or W, and W,/ M), the efficiency grows with growing
L (or decreasing A,) because both E, L increases and AV,
decreases (again, dAV,/dI. > 0).

B. Partially Bare Tether

Equations (7) and (8) take new forms for a bare tether. If
segment BC is insulated, the circuit equation may be written
from Fig. 1 as

E,.L ={R +[(L — Lg)oA} . + E,Lg (14)

To find W, note that the faraway plasma potential is given
bydV,/dy = E,,, while current and potential inside the tether
satisfy Ohm’s law, I(y) = 0A,dV,/dy. The equation for the
local bias voltage is

dAV 1

o oA E, (15)
Using AV, = Oand W,, = [§ E, I(y) dy, we find

W, =E,(L — Lg)lc + J.A(E,L; — AV,) (16)

|

Expressions for both Ly and AV, are now required.
Introducing dimensionless variables ¢ = y/L., ¢ = AV(y)/
E,L.,andi = I(y)J.A,, Eqgs. (3) and (15) become

di 3
aé_ = Z ‘PI/Z (17)
d

d—‘g =i-1 (18)

An immediate first integral is i2 — 2i — ¢¥? = const. Using
boundary conditions ¢ = ¢,,i = Oand ¢ = 0, i = i, yields

¢4 = (2c — 1) (19)

Also, taking i from Eq. (18) gives a relation between deo/dé
and ¢. With boundary conditions ¢ = ¢, at ¢ = O and ¢ =
0 at £ = &,, we obtain the potential profile o(¢), and in
particular

b= [Tael — e v er Qo)

at small i we find &; = (2i.)*?, recovering Eq. (5). We finally
have

AV, = EmL*‘PA(iC)a Ly = L*fB(iC) (21)
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Fig. 3 Partially bare generator tether: dimensionless useful power w
vs a) efficiency 7, and b) fraction i, of the short circuit current, for
several values of the length parameter L/L,. The line L/L, = « cor-
responds to the ideal tether limit.

Equations (9), (14), (16), and (19-21) yield

&) — 0. Ly -
ich(iC) L - LB:l (22)

w=idl — i1 = Ly/L),  Ly/L = &(ic)L/L  (23)

Instead of the detailed characteristic AV ,(iJA,; Ao, T.., B,
... required in Eqs. (10) and (11), the new Egs. (22) and
(23) just add n.., appearing in Eq. (6) for L., to the input
data E,,, p, J«. As was the case for the standard tether, one
may prove that w(i., L./L) presents a maximum, for given
L./L, at certain i < 3, the best i. range being centered at,
say, 0.15. Figures 3a and 3b show w(n, L./L) and w(ic, L./
L). Also shown are ideal results w = n(1 — #n) = il —
ic). They are recovered from Egs. (22) and (23) in the limit
L./L — 0; as in the standard case, the efficiency is higher at
fixed W, and W,/M (fixed A,L and w), the higher L and the
lower A, (lower L.). The approximation

(éz — @a)licks = 3 ic <04 (24)
is valid to within 1%; this considerably simplifies Eq. (22).

n=ﬂ-®b+
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Consider standard and bare tethers with common values of
L,W,, and W,/M, i.e., same w, A,, and L. By also requiring
a common efficiency in Egs. (10) and (11), and (22) and (23),
we determine the equivalent characteristic AVS,(I%) of the
bare tether; superscript s refers to values in the standard one,
if different. Figure 4 shows i$. = I$./J A, vs %, = AVS/E, L,
and L./L. The standard cable will be more efficient whenever
its contactor operates at a point above the curve i5.(¢3,) cor-
responding to some specific L./L. Clearly, the longer the
cable, the more attractive is a bare tether, although, if long
enough, both tethers approach the ideal behavior. For i{. (and
ic) small, we find

o3 = Qi1 + QLBLIQI® ~ (/24) + ]

For purposes of comparison we set the bracket equal to unity,
the error being typically 10%, to get

Rmete]” <d*)2’3

I: me(l%)z :l AVA d (25>
here d,. = (3)*? X 6me,E,,/en., or di (mm) = 0.96 x 10"
m~%n, at E,, = 200 V/km. For the passive spherical anode
of Sec. II, use of A,y = I/, in Eq. (2), which ignored
magnetic effects, yields Eq. (25) with F instead of (d./d)?>.
A large area gain implies a large value of F. Since we usually
have d./d small, the impedance of the sphere is substantially
higher. The bare tether appears as an effective passive anode

which, in addition, is unaffected by the magnetic field.
Consider now the condition for a tether to be near ideal
(L+/L small). There is no thermal obstacle to choosing a cable
with small cross section. Assume the cable temperature 7,
governed by a local balance of Ohmic heating, 1%2/0A,, and

radiation loss, mdeoy(T? — T§,), with a background tem-
perature T, ~ 250 K. This yields a value

T, = Tofl + (J4E, i A2/ 20 ea, TV

which, at given i, is a weakly decreasing function of A, [R is
taken in Eq. (12) accordingly to maintain the appropriate
current]. Length limitations arising from material strength
(the maximum stress in the cable increases as L?) or possible
collisions with orbital debris (the frontal area increases as
L2 for given volume) would appear to allow values L ~ 100

AT T T e
3_
2 T
Jehe
1_.
‘c_l'llllljllxlljllllllllll
0 1 2 s.3 4 5
AVR
EmbLa

Fig. 4 Partially bare generator tether: equivalent contactor char-
acteristic for different values of L/L..

km.! For a standard tether, the most stringent limitation on
length would arise from the high-voltage insulation; a maxi-
mum voltage around 5 kV has been suggested.! The same
would apply to a partially bare tether.

This will limit somehow the power available at the load.
To determine a bound on W,, we use Eq. (12), as well as
expressions Egs. (6) and (21) for L. and L. For aluminum,
E, = 200 V/km, and a maximum insulated length L — L,
= 25 km (peak bias 5 kV), we find

459(Ly/Ly ( n. \'w
(1 - Ly/Ly \10"m—>) &

Wimas (kW) =

A low value of Lgz/L, though convenient in Egs. (22) and
(23), would make W= too small. A compromise choice could .
be Ly/L = 3. Then we have w = $i(1 — i), n = B(1 -
ic): at w = 0.10, the efficiency is n = 0.74 (&5 = 0.46). Also,
we obtain W7** = 10 kW at night, Wy= = 1 MW by day.

C. Fully Bare Tether

The above limitations on length and power disappear if the
tether goes uninsulated over its entire length. The analysis of
the segment AB in Fig. 1 may be taken from Sec. IIl.B;
however, only the relation [Eq. (20)] between &; = Lg/L.
and ¢, = AV,/E, L, is needed. The current here changes
from a value I, at point B to a value /- through the load, at
end C of the cable [we would write i, instead of i, in Egs.
(19) and (21)]. Along the ion-collecting segment BC we have

a_ _ en.d(—2eAVIm;)'2,

AV
d <0 (26)

Equations (15) and (26) read, in dimensionless form

where we defined ¢ = —AV/E, L, and € = (m,/m,)"?. Using
Eq. (20), and boundary conditions i = iz, ¢ = 0 at £ = &,
andi = i., ¢ = RI/E, L, = Y. at § = L/L,, we obtain

e = iz = ¥ = e @)

L _ fwA d‘P c d(l,
L h Grem—emr Tl Ura” o7
(8)

The mechanical power is now
L .
W, = [ EJ0) &y = LAE,L - Rl - AV,)
where we again write RI. = E, L.{.. Finally we arrive at
N = ic[(L/Ly) — e — ‘PA]._l (29

w = icheL4/L _ (30)

Figures 5a and 5b show w(n, L./L) and w(i., L./L), from
Egs. (27-30), for e = 5. As w decreases with L./L fixed,
7 exhibits a relative maximum. Furthermore, taking the limit
L./L — 0 does not recover the ideal laws, w(ideal) = (1 —
n) = i(1 = ic), also shown in the figures. As advanced in
Sec. II, this is a consequence of the decrease in current through
the load, caused by substantial ion collection. The envelope
of the family w(n, L./L), L./L parameter, gives an upper
bound w,,(7), also shown in Fig. 5a, which corresponds to
optimal conditions. For n = 0.75 we find w,, = 0.09 or, using
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Fig. 5 Fully bare generator tether: w vs a) 5, and b) i, for different
values of L/L. (solid lines). The dash-and-dot lines, w,, (1) and w,(i.),
correspond to the envelope of the family w(n, L/L,) and represent
optimal values. The ideal tether behavior (dashed line) is included for
comparison.

Egq. (12), 21 kg of cable mass per kW of useful power. {Note
that contrary to a standard tether, our fully bare generator
does not require the additional dead weight of insulating ma-
terial and an active anode.) Figure 5b exhibits the relation
ic(wy). Figure 6 presents L/Ly, Ly/L, and (Iz — I-)/I5 vs
W

One can now determine the geometry of the optimal tether
for given power and ambient conditions. From Eqs. (6) and
(12) for aluminum and E,, = 200 V/km, we can write

3/8 1/4
_ W, n.. (L./L)y*®
d (mm) = 0.41 <1 kW) (1011 m‘3> wip 31)

At m = 0.75 (w,, = 0.09) we obtain, from Fig. 6, L/L, =
2.9. For night densities then, d varies between 0.68—3.8 mm
for W, ranging from 1 to 100 kW; day values are increased
by a factor 104 = 1.8. For the length we find

L (km) =5.4< W, ) (10" md) L

1 kW A wlif

o o T
A ]
A _
3 _
2 ]
i Lg/L ]
a- 1-1c/1g ]
.c—lllllllll'lllllllllllll'-
00 05 10 15 20 25
WM

Fig. 6 Fully bare generator tether: length parameter L/L., anodic
fraction of the tether Ly/L, and fractional ion-current loss (I, — I.)/
I, for optimal values.

Note the weak dependence on power. At n = 0.75, for the
night, L varies from 21.9 to 69.3 km in the 1-100 kW range;
day lengths are smaller in the factor 10Y? = 3.2. Diameter
and length scale with inducting field and material conductivity
as E;78¢ 5% and (o/E,,)"*, respectively.

Since the length L, in Fig. 1 changes with ionospheric con-
ditions, a partially bare tether could attract ions over some
bare segment around point B; O* ion impacts, however, would
produce no surface effects because such segment would be
short and biased at low potentials. On the other hand, a fully
bare tether would be highly negative over most of its length.
We find that effects of the accelerated ions on the conductive
surface are, nonetheless, weak. Secondary electron emission
could affect results by 1% at most. Note first, that the ion
current is itself small, (I — I.)/Iy = const = 0.09 (Fig. 6).
Secondly, the yield of secondary electrons per ion should be
similarly small. For instance, the yield for bombardment of
extremely clean aluminum by keV energy protons (oxygen
and hydrogen having the same first ionization potentials) lies
in the 0.1-0.2 range.® Furthermore, the formation of a pro-
tective oxide layer in the surface of the cable along segment
BC would reduce both the ion current and its yield of sec-
ondary electrons.!!

Concerning sputtering, note that this is a very slow process
in ionospheric conditions because of the extremely low density
of the ambient plasma. From Eq. (26) the ion current density
at a point in segment BC, with local bias AV, is en..(2eAV/
72m;)'2. For O* ions, a mean bias AV = 2kV, and a daytime
density n,, = 10° cm—3, we get 0.79 X 10-% A/cm? or 4.93 X
102 ions/cm? s. Since there are 6.02 X 10?2 Al atoms/cm?, a
sputtering yield of one atom per ion gives an erosion speed
of 0.013 mm/yr (we assumed that half the time the density
takes night values, n, << 10° cm~3). For a cable with an
initial radius of 2 mm, that erosion amounts to 6.5% in 10
yr. A yield of one atom per ion is an estimate consistent with
experimental results on sputtering of Al by Hg*,'? and inert
gas ions,’® although again an oxyde layer would actually re-
duce the sputtering.! Note that the ambient plasma has vir-
tually no damaging multiply-charged ions.

IV. }Thruster Mode

A. Standard Tether
The circuit equation for a standard thruster is

% = E,L + (LIgA)l- + AV, (33)
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Given E,,, J., and the anode characteristic AV ,(I.), Eq. (33)
yields I for selected values of L, A,, and the supply electro-
motive force €; we shall assume € > E, L so as to have pos-
itive I and AV, in Eq. (33). The useful mechanical power W,
(f* Vo, where f is the thrust) is W, = E,LI.. We then
define both a thruster efficiency » = W, /€I and a dimen-
sionless useful power per unit mass w.= pW, /E, J. M, and
find

n=[1+ic + AV,(icJ+AYE, L], w=ic (34)

also

W, = J.E,ALw, W,IM=J.Ewp (35

€ = E,Lwlicm, Io = JAic (36)
For selected values of A,, L, and say, w, we can determine
all other quantities of interest. For AV, negligible (ideal
thruster) we have n = (1 + w)™!; best ranges would be
centered around w = i, = 0.25, n = 0.8. For a real tether
with given values of W,, and W,,/M, long, thin cables are
favored, as in the case of generators, because AV /E, L is
reduced on both counts; insulation problems would limit the
length L. The dimensionless current i should be somewhat
lowered to make w and 7 share the negative effects of the
anodic impedance.

B. Bare Tether

As will be seen below, a fully uninsulated tether working
as a thruster is inefficient. Consequently, we leave bare only
an anodic segment AB in Fig. 2. The circuit equation may
now be written as

€ = AVy + (E,, + I./lcA)L — Lp)

where L is given, and AV} is the highest anodic bias at the
beginning of the insulated part. Since the thruster is downward
deployed we have V, = —E,_y (Fig. 2), and the equation
governing the bias voltage is

dAV
— =E, +
O E, + lloA, 37)

Using Eq. (37) we find
L
+ J.A,(AVy — AV, ~ E, Ly)

Equations for both AV, and AV are now needed.

We shall consider AV, = 0 (an ion-attracting segment at
end A of the wire would have a negative, though insignificant,
effect on the circuit; it would just be dead weight). € then
must exceed some value if A, L, and L, are given. Intro-
ducing the dimensionless variables &, ¢, i of Sec. III, we
proceed similarly. Equations (3) and (37) become di/ld¢ =
1012, de/dé = 1 + i, from which, using boundary conditions
¢ = ¢4 i=0até=0and ¢ = @z,i = icat & = &, we
obtain

oF — 0¥ = 2ic + i (38)

gB — J¢B d(P(l + (P3/2 — (P‘34/2)—l/2 (39)
®A

AV, = E,L.¢,, AVy = E,Ls¢p, Ly = Li&s
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360 SANMARTIN, MARTINEZ-SANCHEZ, AND AHEDO: BARE WIRE ANODES FOR TETHERS

We then find

Ly o5 — @4 — §B>/
=11+ ;
K ( L-Lg ic€p

. Lg Pr
<1 + i+ T L. I, 53) (40)

. _& _‘PB_‘PA_gB
W=l [1 L (1 icks )] (1)

Use of Egs. (38).and (39) in Eqs. (40) and (41), determines
w and n as functions of i, for given L,/L and Lg/L,; alter-
natively, one can give L./L and x = ¢/¢p.

For L, = L, the above equations yield results for a fully
bare thruster. At small i we obtain, in particular

m =3 = AL - DI - 1)

The maximum efficiency, 0.4, which occurs at x = 0, is too
low.

As in the case of the generator, we can determine the
equivalent characteristic AV (/%) of the bare thruster, by
comparing Eq. (34) and Eqs. (38-41) for common values of
w, A,, L, and efficiency. For small i., we find

(AVAE,Ly) = 221 - x2)/(1 — x2))

Again, the bare tether, as an anodic contactor, works most
efficiently at x = 0, when Eq. (25) is recovered.

Figures 7a—c show w(n), w(i.), and the ratio Ly/L vs w,
for several values of L./L and x. For given L./L and high
efficiency, w is maximum at x = 0, but as 7 decreases the
maximum moves to some positive x(7). For the moderately
high efficiencies of interest, however, there is no practical
advantage to considering nonzero values for x. For x = 0 and
i small, Egs. (39-41) become

~1
3. . 3L
§B=¢B<1+§lc) > W:lc<1‘§f> (42)

[i.2 L 4 Ls 2,
n-[HSL_LB]/[l+IC+L__LB(1+SIC)]

(43)
which are valid to within 1% for i < 0.27.

Taking the limit L4/L — 0 in Figs. 7a and 7b recovers ideal
laws w = (1 — m)/n = i, also shown in the figures. High-
voltage insulation problems, however, again limit the length
L. Now the peak bias is close to E, L; if this bias is not to
exceed 5kV, and for E,, = 200 V/km, we must have L = 25
km. From Egs. (6) and (12), and L = 25 km, we then obtain,
for aluminum, a maximum power

Wmax (KW) = 459(L,/L)(w/€3)(n./10" m~3)2

A low ratio Lg/L, although convenient in Egs. (42) and (43),
would produce too small a value WT**. A compromise choice,
Lg/L = 1, gives p = 17(20 + 17ic)~', w = 17i./20; at i =
0.14, we find n = 0.76, w = 0.12 (£&; = 0.42). For the max-
imum power we obtain Wmax = 12 kW at night, and Wmnax =
1.2 MW by day.

V. Conclusions

A simple approach to the problem of electron collection
by high-power electrodynamic tethers has been presented in
detail. The scheme requires no specialized hardware, and
relies solely on passive collection-by a multikilometer long,
uninsulated segment of the cable. With a radius less than both
Debye length and thermal gyroradius, effects due to electric

shielding or magnetic channeling are avoided, electrons being
collected in the OML regime. There are no major uncertain-
ties in the theory of operation, which we have developed for
both thrusting and generation in limited density ranges; simple
formulas and charts are presented for quick reference. Al-
together the fact that a complex contactor at the end of a wire
tens of kilometers long is not relied upon, and the simplicity
of our device, make it ideal for (early) implementation of
electrodynamic tether systems. Since the current is kept at a
small fraction of its short-circuit value, wire deflection caused
bythe magnetic force is small. , )

Efficient generation of current (and simultaneous electro-
dynamic braking) may be achieved with a fully bare cable;
the elimination of insulation problems allows using thinner,
longer cables that provide unlimited power. More efficient
generation and propulsion are achieved by using partially bare
tethers; maximum power is about 10 kW at night, and 1 MW
by day. Larger powers might be accommodated by wrapping
a metallized jacket on a nonconductive, light cable in the
uninsulated segment; the use of an auxiliary standard anode
to collect an additional fraction of the current has been just
studied. ’
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