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An lonospheric Experiment with a Low Work

Function Tether Loop

i3 manches Ardapnt amd 50 Nagheli-
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An entirely passive and [ree of consumable ionospheric experiment, based on a low work
function tether (LWT) loop with a control unit equipped with some basics sensors at
its center, is presented. The loop has a torus shape and a hollow cross-section. 1t is

nvde of an alnmidnom substrate coated with a low work function material to stimmlate

electron emission through thermionic and photoeleciric effects. The work presents an
electrody namic model for the experiment amd studies the corrent and vollage profiles
developed in the anodie and eathodie seginents of the LW due to the motional electric
field. Two modes of operation, with and without switches in the loop to interrupt the
clectrie current, are considered. It is shown that the loop is deorbited by the Lorentsz
force exerted by the ambient magnetic field on the electrie current. An analysis of
the attitude dynamices in the presence of the gravily gradient and the Lorents torgues
reveals that, for a cirenlar equatorial orbit, the position of the loop with its syonunetry
axis normal to the orbital plane can be spin-stabilized easily, The required instrinents

and the scientific information that would be provided by the experiment are discussed.
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L lotroduaetion

Fing=like aopl doaghont-shaped space strnctores have been proposed for several appheations
i the past and D inspived the imagination of accospace engineers and science ferion anrhors,
Soane esamples are the space settlement =stodied by NASA i 1975 [10], the space exploration
vihiele Nantilns X [7]. and the electrie sail [9]. which consists of o rotating central b with tens of
electrically cliarged hare alnmimm wives clan electrostatieally repel Tase protons fron the sola wined.
A electradviinnie strncture witl o cireular shape and clectron collectors and emitrers disposed an
the periphery has been progosed oo prodoee thrast and power [18]0 Several comple straetnres ased
o ethers have sl=o been considered Tor aowide range of applications sucl as anaceay ol tethers Toe
Che eneitation ol aowhistler wave-Tront [20]0 and alson ot her mnlti-tether steaetares v be applivd s
i laree antenna or to provide o phvsieal separation among several conneeted platforms | 150 The

dynamics of tethered satellite svstems received significant artention |1, 11, 280 A particular case s a

ving made of sarellives linked by tethers |2, 3], 8 problem char has its foandarion on the analvsis of a
cirg eotating aronnd anactvacting center, and considered a long time ago by Laplace and MMaxwell,

Tl evme of an clectrodvismde tether loop radsed some controversies inthe pasts Lo the staondard
straiglt bare tether concept. electrons are callected passively from the ambient plasma by an anodic
segrnent and the cirenit is elosed by oanaerive eleetron emitter ae o tether tip [24)0 Is performanee

patnrally depends oo ambicent plasne densice and magnetio feld, To ocder o cirenmeent the de

petcdenee with plasia densivy, o closed wive (loop] partially shielded by oo supercondoeror fromm the



onter maznetic Held was propesed [3]0 However, sinee the magnetie Held presents negligible spatial
viariations in the region of interest aod oo enrrent exclaoge ocenes with the sbient plsne 00 wis
later shown that no net foree appears oo the loop [25)].

A vecent coneept, naned Low work funetion tether (LWL b= Beve used to propose an experinent
Based one o vings-shapeed (loop) electrodyoamie cether, A TWT b= a0 concdector coated with o low
worle fnetion mwaderial that aperates passively and with oo oeed for consmmehble aond power: a

©f bie tether, ad the

tether sepment captures electrons frome the nbient plasma s o0 stands

complementary segment eloses the eleetric eireait by emitting clectrons throngh thermionice |27]
anil photoclecrvie [19]) effects. s compared with o steaight rether, the ving configuration vields
P pon dearbit pevformmanee, which s the standard ol more natoral application of TW s (=0
Lo instanee deoelat performanee in Geostationary Transler Oobit e Belo 21 However, o loop
olfers several advantages for o sclentilic experiment becase it wonld be possible to measare, inreal
i sincd thromghomt the tether, the curvent and voliage profiles indueed by che maotional eleciene
icld. Moreover, nnlile previons tether loop conlignrations, o ool foree appears hecase o onerent,
exchanpe bappens with the ambient plasma, Such s fovees which is a natoral consequence of 1he
velative mmaotion ol two conductors (LWT and plasma) with o pood electeical contact i the presenes
al aomagnetie Beld, prodhoces vhe deorbining of e loap, Stoee the LW 05 Tally passive and involves
ne constnable, a light soed simgpele experiment conld be condueted to abitain valuable sciendilie
infornuacion on tether dynimies, the plvsies of fonospherie plasns, and s interaction with low
work funetion marerials,

The wark is arganieed as foellows, Section I diseusses the seneral configuration aonl geametey
of the cxperiment, The electeodviaomie madel Tor vhe TWT Toop 35 presented in Sec, T where
the eepations governing the current aod voltage profiles along o eneved electrodyoamice tether aee
Foomed. As o bvproduet of the analvsis, previons models on char topie [140 18] are briety revisited.
Section IV sowdies the dyvnanies of the conter of mass ol the loop aod = ateiowde, The conehisions

ol the wark are surmnerized in See. Vo



1. Description of the experiment

Panels (al-(e) in Figo | display o sheteh of the experimental setupe We consider a LW oo
of radivs By made of aluminum and coated with a material of work funetion We. The loop defines
the =y plane of o fraone of veference vamed g thar moves with the tether, and s origin G
is at the center of the loop. A basis with unit vectors e and gy spanning the plane o the loop
and g normal o ie s introdneed . As shown noponel (L which s oo section byoa plane that
cantains wy and pass throngl poing Q0 the torher bas an annular crossosection of external radins By
and thickoess b Suehoa shape provides pood meclanical stabilite while keeping o o s, two
features that cannar be achieved T o simple tape o a solid vound tether s loop configiranion.
Topival ditensions Tor By, By and by oo the experiment are tens ol meters, few centimeiers, and
tens of wicrons, respectively, Therefore, the shape of the LW Loap = a0 toras with theee dispariee
dimensions, By == By == k. Moveover the radius of the loop s also meh larger sl the electron
Debve lenptl, By == Ape. whicl is tvpically o fraction of contimeter in Low Farth bt (LECY.

At point @ there 15 a control unit of mass mg tha s electrically conmected to some tetler point s

Ly rwilial wives. The unit s equipped with same basic sen=ors telemetey, aod telecommand, For

stnplicitvs we will assome thar all the elements of the experiment move as a0 vighld body and the
== of the pdial wives will be neglected, The center ol mass of the svstem coincides with poion O

aed the total mass of the experiment is m = me +my = me + 2oge ARy where gy ool Ay = 2oeReh,

are the terh

Codensity and crosseseerional sreas Since the cepical size of the contral unis s small as

compared to By, the Sp-component= of the sensor of inertia abont point @ reads

100
-_m;R? 1
1] P 010

o002

Tl axes of frame S oarve principal sxes of inertia of the loop abons poins O.

Lot us call 8 = Ry, . aned T(s) = I(s)ug 1o the arc-length, acimnth angle, and electeic current

of a weneric tether erosssection [see panel (o] in Fig. 10 The tether potential Ve(s) 1= soverned b



Figure 1 LWT loop configuration. The loop frame (Sg) is the one with the origin at the
center of Lhe loop and has unil veclors . iy and s,

CHon's law dWVfds = —T{e)/apde. with ey the tethier conduetivite, On the other ol the electeie
lieled o the highly conductive plasma Goaway Teom the tether, which i= a0 couilibrivnm, vanishes in
a frame loked v the plastn, Therefore, for an observer moving with the loop, a moetionasl elecieic
ficld B s v x B sppears i the Doswey plisis doe o che tether-to-plasma relative velocioey o aud
the sunbient magnetic field Be The plisma potential Va(s) at o faraway poine Pooie st distanes
Large coomghe fronn the oo toe recover plasma guasi-neutealicy, varcies ohe fo0 the wotional electrn
lield according 1o B = =WV, Writing the distance between @ and P oas B = Ry + krgn. where k
is o Lnetor of order unity and rey i the sheath vadions, and dotting B = V¥, with the azimohal

Uil verton ty vivld

Ry dV, 1 dV, _dv,

. e - __ - F P (o
Ve e = B T TR R ds © ds -

where we assumed thian the vacdins ol the loop b= moch leger than the cepical distance that s
pecessary Lo recover plasis guasi-nentralite, e By = krggy. Such neguality holds for the tepiceal
vialnes of ¥oconsidered o this work (also note that By =2 Ape - Aor decomposing the maotional

clectric field s B = B + Ei = —Ej(vosdu, —sinduy) + Eju.. E = =VV, then gives s

i



dVyfds = —Ej sin (§ + ) aml the local Lins V(s) = Vi(s) — Vp(s) i= coverned by

W__I[s} _— s i
E_ ﬂtt"l:-l_ﬂlm(ﬁ-l_ﬂt) [

Two important features ol Eoo (30 lnked 1o previons works abont cueved electivodynamie tethers
pay b Tnghthgboiead, Toest, anlike the approsimate analvsi= of Bel |l‘*f] Phiat ansertes] s constann
et i clecteie tield redoeaed by aocertain Tactor related to tetber curvatare, our systenn of ordinars
differential cqnations s non-antonomeons (the ndependent variable s appears explicitlyvi, Second,
E i= nor the motional electvie field ovalonated ar the techer (as elaimed in |]-1|]. Four the elecorie field
al the araway plasma in a frame linked 1o the tethers 5 the radins of corvatoee i= large enongl,

one Do By /R s 1 and the varis

o= of the plasmes potential along the tether are length 5 = Ry
and Ry practically coincide,
Fapuation (3} 15 conpled with the clecteie enveenr I(s). which s given by

dl
— = — J(V ()
ds b X {} I+

where pp = 28Ry = the cxternal perimeter of the cross-section and J(VY the carrent densiny, which
depends on the gquality of the electrie contact between the tether and the plasia. For potentinl bins
vielding clectron colleetion {electron emission ) one has J{V) = 00V} < 000 The disparate seales in
thee comfignration of the cxperiment simplife che calenloion of T notablv, As s fiest approsination,
electron collection and emission is a two-dinenstonal praldemr thar aceurs e the plane displaved in
panel (B of Figo 10 As previously mentioned, ane has By >3 gy anl interfrenee effeers (50 23]
Between the two annular sections in the plane can also be pnored inthe snalysis. Therelore, J(V)
can be fonened bee nsing plasma theory for emissive and infinitely long probes. As shown in Sec, T J
depends v tether propectios, such as riling By, work Tonetion Wi and photoelectric vield, and also
cn annbient paramerers like the nnperourbed plasma densicy {Ng oo oand she ratios of electron and lon
asses aned temperanees (mg Sy and T /T30 The integration of s (3-000 with the appropeiate
Bownlary conuditions gives the corrent and voltage profiles as a Tunetion of canbient parameters ancd

tether propertios,



From f(s). interesting quantities snchas the Lovente fovee and tovgoe abont @ are founed. As
conseguence, measuring the cnrrent and vollage profiles ot eacls instand daring the experiment, s
well ae e dearbiting decay rate aoud loop attitude, would provide abundant scientilic inlormation
abont LWT dyvpanies aned s intersetion with the ionospheric plasma, From this pecspective, the
lowaps comfignration = advantageons as compared with aosteaight cethers Fiesto the cwreent and tether
tenperatire profiles versas g conld Be measnred T acset of aonmeters aod thermovonpsles diserilned

along the loop, These sensors are represented schematieally s ved points inpanel () of Fig. 1]

Seconul, several rether points conld be elecrrically connected by radial wives o voltmeters o hoard
the cantral wmmt located ot the conrer ol The loop, thos providing the patential bias between thie
contral unit and the corresponding tether points, The nopedances of the valtmeters ave alwioisly
lete, and thee electrieal corrents Cheoage b Che racdial woires can be rpoored, Aadelitonadle, ol the conteal
unit is equipped with o Laogmuie probe, o GPS transponder, and magnetometers, then plasma
propecties loop position and veloeiny veetors, wod abient magoetico Geled conled slso be measared o
veal time. The information of these sensors conld e used rooestimate the motional electrie field and
Chee attitude of the loops This date together wich the coarrenr, voltage, and temperatare proliles,
conld Beosent o gronnd station for its Later analvsis,

The proposed experiment could be operated nuder two different modes i switches are placed at
several locations o the tethier loop to lnterrupt the electeie corvens T the foap-miode, the swiiches
ares elosed. and the carrene can cirenlate freely along the ol Toop. The bonnedary condicions Tor
Eos (31-01) ave periodics T(0) = HLy) and V(0) = V(Lg). with Ly = 20 Ry the tether leagth, In
che are-weode, one or more switches ave opened for Blocking the cirealation of the electeie carrent
at certain points. The analvsi= of Egso (3000 woulid then Be sphit into several ares (s b
depending oo the conliguration of the switehes). Inothis work, we will consider twa sawitches at

lovations @ = 0 swd e = . oand theldr corrent and voltage profiles wirhin the mnges 0 < p <7

and mo= w < 2w arve governed by Fos (31047 with the boondary eonditions II:D:I = I[':I'l'] = 0 and

I{-;rr} = I{Eﬂ'} =10, vespectively.



1. Electrodyonamic model of the LW loop

AL General considerations

Sorne simple b still clacifving poines can be obdained by making some manipulations of Feos,
(3)-04) for the Joep-wode. Setring the left-hand-side (Th=) of (3] mualtiplied By che vight-hand-=ide
(ehst ol Chegual rooche vhs of (30 ooaltiplied Tee che Ths o G0 aned integrating the vesaliing equation

fronn 0 to 29 vield

2
j; I{p) cospdp =0 (5)

Newt, Eo (30 s madtiplied b I Eoe (40 T W0oandd the vesults ave added, The resulving equation

i= inteprated Tram O to 290 000 fined

2 = IZ e o
f E“IBintpdq!:- = / +f P Vidyg G
i o oy i]

Asshown in See. HEC che cerm on the left is a0 foree dntegrad thar wavarally appears when computing,
the Lorente power, e the dot product of the Lovensz foree by the spacecraft velaciny (see Fo. (1067,
Such a magnitude s important hecause it contrels the decay rate of the loop according to Eq. (230,
Evuation (67 then reveals thar the Lovents poser supports the olinnice dissipation and the power
reguived to exchange curvent with the ionosplieric plaso.

Another nteresting feature of Eoso (300401 1= its non-autonomens character due to the factor
sin(d + ) in Fo. (310 As a consequenee, the current-volrage profiles of the loop do nos admit rhe
well-known first integral of standard (straighs ) hare-tether, thus making the svstem more comples,
We finally mention that the motional electeie Geld, involving orbatal velocite and Earth magnetic
Lieled, i= che saone Tor straight and loop=like cethers, However, che tether Bigs comprises anadditional
lengzth Gaetor thiat is i the onder of Kilometers and tens ol mweters Tor straighn aod loop-like tethers,
For that veason, the standard Sigh-bins assimption ased i the past analvaes which assirmes claar
rether Bias enerpives attracted clectrons well above the thevmal enevgy, may be revisiced, Moreover,
the eacternal vadins of the Tollow Toop is tepically moch Tigher than the one of @ solid round tether,

Ao consequence, adetailed disecussion of the current exchange model, Le Tunetion JOV). s needid,



B. Current exchange model

TP EA

Funetion JIV). fee the model for the electron captore and eriss ary for the
iregration of Egs. (30-040). Tt encloses information abont the interaction between the LW anl the
amnbient plastma and, o general, o tongh Kinetie problem in plasma phyvsics {Langmoie and emissive
prodee theory ] shonld b solved, Pase works onsteadght tethers ased some nseful analyvtical formuolae
for Jlike the crbitsal-metion-Bmited (OML) Law l_’ for the electron capture along an anodie segment
with sufficiently small vading [22], and the Richardson-Doshman low [ 17] for o eathodie segment with
neglisible photoclectrie and space clorge effeers. However, the porsrnereie conaditions for the loop in
termns of Bias and radins, and al=c the existence of a space charge lmited sesiment, reguires s mone
peneral mmade],

This wirk horrows the model for J(V) froon a recent study that presented the Orbital Motion
Thesrw TOMT ) for infinirely long Langroair and cmdssive probes sith ovlndviesl cross-seetions [1]

voplastas with oo trapped electrons, Given the

Such a mode! = valid for collision-less and statiom

Colloving dinnensionless pararmeters

m T, R Tu Ty No Ny e
me T  Ape’ T’ T.' Ng' Ny " kgT,’ o

it provides the normalized current densite § = J/Jg by solving the Viasov-Poisson system numeri-

callv, Here

Jo = eNy —::i‘ (8]
L

i= the clectron thermal curvent and, in Eqo (71 T and Tpp cre the temperatures of the electrons
eritted thromeh thermionic amd plotoelecteie effecrs at the probe. respectively. Similaclv, Ny
anedl Ny are the enitted electron densites. that are divectly linked o tether work funetion W,
tespaeratore Ty photoeleerrie vield, and optical properties i a balf 3 Lsowellian disteibntion fanetion
is asstmed for the emitted electrons (fnd detailed medels in Refo [19]) We highlight that the §-
curves provided by the theory fully aceount for space charge offvets and ave valid Tor any RfApe

ratio.

1



Cables 1ol 2 show the parameters nsed in this work Tor borhe the electeival model i Sec. 111
ard the dvnianie analvais of Secs IV Thes corresponed to tvpieal siobdent aned desizn vidoes for o
wission in LEO at an altitude around 800km. Fig. 2 shows the § versus eVikgT, corve compntedd
for those: values using the kinetic model of Ref. [4]. For this particular set of parameters, the fioaring
potential, Leo the potential value giving § = 0. = eVp/kpT, = 194 The cmitted current for very
low Lo 1= §{eV/ kT, — —oo) == —6. Tor Ligh Bias, althoogh che elsen radins cxceeds the masinnm

rading for OML curren |'3'3|. ome slmest recovers the OML current J &= Journ = 21.,.-' EVfWkRTc-

Varialle Value Variable Value
Ny 10 3 R 20m
T, .15V Ry 1.5em
T; 0.15eV b 30pm
e 2700kg /m? oy 3.54 x 1071 /0m
W, 1.4eV T, 500K
Ton 0.25¢V Tin 500K
o T171km Jo 0.0014/m?
1y lkg Mg dkg

Table 1 Ambicnt and tether parameters used o Che analysis

Wariahle WVilue Variahle Value
T/T, 1 Ry /Ape 1.65
Ten/Te 0.29 Ton/Te 1.67
N;hjr"Nu 2.1 Nphlf"ﬂrn 1.4
g1 20378

Table 2 Dimensionless parameters found from Table 1

C. Current and voltage profiles

After introducing the dimensionless currens, T = I Ry Jdy cund Lins V= eVikgT, Fus 0-00

[ERn

=—af+E||51u(|5+tp]I [

=_.‘f'|:1?:| [ 1)

Bl

11
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Figure 2 Normalized current density § versus eV kgT..

wher: g = EJgp*Rf{J,AtkH'L anid By = e By fkpgT,. The normalized average current for a generi

arc denoted by superseript € covering the range @ € 9 < :p} is

o
_B [cos(8 + b) —cos (§+ 9 )| + V(wb) -

]

= [ Tag -

o
o,

1G5
A
e —

where we nsed Moo (90, The loop-mide. which lus @ = 0 and :,p} = Zqr and the howndary conedition
V(0) = V (2x). has zora average carrent,

For the experiment considered o this work (see Tables 1 and 20, the tether = short enongh to
ke alunic elfects nepligible hecanse one linds @ = 0,0026. For b resson, we here ignore the

Frst term o the vight-loned s1cde of Feo (90 aned integrate the coquations to find the prodiles

V() = Vo + Ej [cos (8 + wp) — cos (6 + ¢)] i12)
I(g) = Iy + L (y) (13)

where Wy and Ty sre cwo constants thar should be found with the appropriate boundary conditions

ard we dlefines] the fanetion

=
=
f;
=
1

- fw f’j [V(¢")] a' (1)

12



Tow atet her sres the bonndaey condition fl[rpﬁ] =0 gives fp = 0. and f[tp}] = 0 bevones fll[rp_f] =1,
which can he solved to find Vg Resarding the loap-mede, the condition V(D) = V{(27) is alwiys
satisficd and I{0) = I(2#x) requires I(2w) = 0, that apain pives the value of Voo In principle,
constant Ig would be free for this ideal model (withour ohmic effect). However, for finite ohimie
effects, we know fram Eq. (11) that the average current in a loop vanishes and the physical solution

withour abinie offeers sarisfies

- 1 2w

In= o g nLip)dy L13)

Pancls {(a) and (b} in Fiz, 3 show sketches of the normalized currents and valtage profiles in
thie dosp-meode withowr ohie elfecrs, E” =30 and & = 0 and the F(W) curve of Fieo 20 The =olid
ihlack Tine vepresents the Toop and the dash-dotved fred ) e dashied (hiloe) Tines are Che cuarren
and voltage profiles. where their radial distanees to the origin ace leger aod smaller chan the raedins
of the Toop 3 they are positive or negative, respectivele. Electron collection and emission hagppen
avond the ranges 72 £ 0 < 3n/2 and —w/2 < w0 < w/2 vespectively. The current s pasitive

Palong el and negative (opposite 1o wg | e 0 S e S mand T S e S 2.

[ juy

4(’ - = -
- (c) Li 2 e e e H
3 Fig ., i 17
B - r_'"—----. it |
0 e I .. R " -
e -._._“_"___-_._t.:.-
200 _.-" B -
40 s s s
Q 0.5 1 1.5 2
g

Figure 3 Panels (a) and (B display sketches of the normalized current and voltage profiles

Foor a0 Doy with E_f" =30, § =0, and no ohmic effects. Panel (¢} shows the profiles versus g,

Figure 4 shows the current and voltage profiles for s loop with switehes intermpting the enrrent

al puints @ =0and @ =, B = 30. § = w/4 and no ohmiv effects. Therefore. it corresponds to



tecs inclependent tether ares with vadshing corrent aned discont ions bias af their eads,

{a)
a0 [ ERRE :
Pl T - e
e
g T
200 et
40 C : ; I
: iE 1 1.5 2
i

Figure 4 Panel (a) and (b) display sketches of the normalized current and voltage profiles

for two arcs of length wR, with .E.-‘| =30, § = w/d. and no ohmic effects. Panel (¢} shows the
profiles versus .

. Lorentz drag and torgue
Onee the voltege and corrent profiles are konowns nportant quantities Tor the analvsis of the

dyvnamics of the loop can be fooud, One of them is the component of the Lovente foree FY along

e aapposite divection to the Toop velociny

_ . ¢
EJE_FE'§=_@-_[ I(s)u, x Bdp =
@

v b
Ry [¥7 PRI E - |
— I(p)u, - Bydg = =217 (16)
v Sy v
o
where we nsed that w- (uy % B) = —u, - (v x B) = —u, - E| and introduced the funetion
. e
_bef ) sin (8 + @) dyp L
¥n
Simnilarly, we can lnd the electrodynamice torgue shout the conter of the loop
M; = fR:'Hr x dF} = Rip,JyBymy, (1%)

L



willl

i

. - L .

my = — B“f Teos (A + ) updp =

CH]

éuﬂ;
) 2

Bjuy
2

[mi cos A + (m} — I, ) sin .ﬂ.]
+ =2 [mi sin A — (mf + Tou) cos A (1)
where JEII = BII}BD- ] we nsed g X {'u.:p #* B) = (ty - By uy aoml introdueed angle & accarding

B=08B+B, = —B"{C.Oﬂﬁﬂz — sinﬁuy} + B In Fepo 0100 we also defined the funetion

o #
m;(E”,J}:f_ I sin 2ipdy (20

¥

and a similar definition for me but changing sin 2 by cos 2. The torgue his no component in the
diveerion normal fo the loop (along we -

The three panels of Fig. 5 show fp, me aud me versus E" for o loop with & = 0 amd an aece
with g = 0 and @p = 7 amd several values of & As shown o the top panel the normalised Toree
fn. which controls the deci rate doring the deorbiting, 15 positive aod fnereases with E‘| For a
lowps, such s quantity does pot depend o d and 0= rwice the one of the are when § =00 The sign
af g f.|l'j|i'lll'.- n E;'" Crniddle panel), whereas the valnes of myg for o loop with d =0 and an oare

with § = w/2 vanisl,

Io gt |——11, &) = (27, 0)

_ -0 '[“’F'll I-',-]' = |:!I'I'_.':|:|

0} e ey, 8) = ()
st ; --__-,__ _[{pin I!I-]- - |:!'F,'JTI.Ir2_]

(=]
\
\
]
1
I
1
|
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I
]
I
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I
]
I
]
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Figure 5 From the top to the bottom, the panels show fp. my and me versus By for several
wi and & values,



For o loop withont switches, Leo the experiment in the Joopewiode. it = more convenient to il
the components of the dimensionless torgue inoa frame spanned by wg = B f| By and vg = u, X uy.
Fromn Fego 1100, anee fineds

mh

My :T’ [(ﬂ" . Hz) Uz — (E" . 141) 1:4'-1] 121
where my = m,(ﬁ‘",& =0} aund we nsed it Iy =020l mc[E‘",J =0 =0

IV, A dyvnamie model of the LWT Loaop
Let s consider o LWT loop initially deploved in o cirealar and eouatorial orbic ol radins rg
aml 1ol eg, ey and @ b the unit veetors of an inertial friome Sgowith origin at the center of
the Eartl, and vectors eg anl ey sponning the cguatarial plane (see Fig, 610 For simplicity, the
prresent atalvsis just considers the effect of the gravitational and electeodyasnie Torces and ignores
otbier perturbations Later vefined soudics should fneorporate orler forees, sich as the aerodvnamie
lrag, that can e bmportant or even the dominant pertarbation fovee depending on the particnlar

praraneter al the selected arbin

A Dyvoamies of the cenler of mass

Afte t':t||ih:¢; f‘[t] T Tl prositon vector of the center of the Lo with respect to Sg |f[ﬂ)| =Tp!l.

hee ecpuat fon ol motion of the center of mass s

N,

d*r 1o

F = %r | ;EF_E.. I.!!_:l
i=1

where Ny is the mnmber of sres Torming the loop and g the Earth gravitacional parameter. For
instanee, o a loop with switches ot g = 00 and @ = w0 one has Ng = 20 Hereafter we will assune
Chiat the Lovente Toree b= oweak and 10 makes the orlan slowly cvolve throush a0 sequence of guasi-

cireular orbits with velocity » o= 3 fpfr. The evolution of the radius can then be found by taking



the dot produen of Fo. (220 with the velocity v = dre/dt

dr 272 = % B .
at ';Fﬁ = PR DB > Ib (23)

Suee fp = 00 the electrodyvoamie Toree dearbits the loops The reguived tle 1o decrbis from rg Lo

i final rardius vy is

Tp = o= fﬂ & (1)
D= = =)
ﬁptﬂf Ty r2J¢E|Z‘ﬂ‘}

The integral involves altitude proliles of Jo, By, andd fb which depends onsbient valoes aned loops
attitude. However, for the values of Table 1 and considering o characteristic value of By = .15V /.
oo (20 shows that the deorbin thme b= around one vear. Eelipses when the TWT s aor i ed

arl becomes colil, nereases =uch i deorbiv e due to Lk of edeeed electrons.

. Actitade Dynamics

Sinee the deorbic time is moch larger than the orbital period, we now analvee the attitude
dviamics of the loop in equatorial orbit woder the assomption of constant orbital radins, sav rg.
Tor sniuplicity, the analyvsis is resteicted tothe foop-miede and the geomagnetio feld 35 modeled as
a nontilted and centered dipoles The loop dyvnamies = stdied wich respeet oo the orbital frame
Sp with the ovigin at the conter of the loop and axes spanned T the unit wectiors oz, 0y, and oy
along the maotional electeie eld, the arbital veloeity, and the geomagnetic field, respectivels, L.
E = By+/p/re0:. v = /pfrgo,. snd B = Byo.. The angular velocity of Sg owith respect 1o the
inertial frame Sg s wogp = we0s. where we = /pfrd 1= the crbital angular velocity, Let us call
—m=f<r —w/2<¢< /2 and D<@ < 2 oto the three angles that orientate frames Sgo(the

loap ) with respeer 1o 8g o aceording o the following definition (see also Figo 6)

Uy Oy

— D (T
Uy = RL() ay | 2]
Uy Q;



with Rpg the rotation mstrix

cpey)  spefl + copsyisf sost — cpsbed
(26)

Rio = | —spcp cooh — spsipsh coshd + spswed | »
st —cilrsf eafefl

where, for Brrewvity, we s the notation s = sine and e = cosee. L horelore, the AT
the Tait-Bryan convention: starcing from che orbital frame, the loop frame = obrained after
Lheee canseciutive rolations of magnitudes 8, b and @ avonnd axes og. the resuliing v-asis ohitained

after the st roration, amnd wy (see Tig, 6]

Figure 6 Frame of refercoces aond definition of the Tait-Breyan angles,
For convenience. the set of equations that governs the attitude dyoamics of the loop under

the elfeet of the gravity gradient and che Lovente torgues hive beens fonnd by using Hiailtonian

formmlarion. Appendiz A shows that the normalized Hamilronian fonetion reads

o (e=sn0? B (v~ pesing)
2 4 2 cos?

il . Jeos?yr  cos?d -

(pesiny —pg) — 5 + > (27)

+ 08
COS i

where pg. py and pg ave the peneralized momenta given in Egse TATISCAS] as a0 Tnoetion ol the

covriinates @, and ¢ and their Sese derivarives, Appendiz A also contains o detailed calenbarion



af the fnormalized | generalized forees due to the clectrodynamie rorgue. These forees are given by

= 230y
= = em, cos 8 sin ¢ cos 25}
Qe pmy RE # yoosy
s _ 2r§Qy .
= ——- =¢m.sinf (20
L FmIR? & \
- D3
Qs = “Q’ﬂ =0 R
pmy Fj

and they involve de dimensionless parameter € = pRyJpBor? /pmy anid m;[E‘"] Pecinpnted in Ser.
T The larter s piven as a0 netion of E" By il solid blue Tine of the middle panel in Fig,
5 oaned depends onoangle b becanse E'" = eg|cos| with eg = eR By kT, = m iined derails
i Appendiz s Foe the povameters considerod o Tabide 1 a0 dipole magnetic field with intensicy
By = 2.2 % 1073T. andd rg = 800k, vme fineds € = 0.041 and eg = 21.75.

Using the notation g =8, ¢ = 4. ¢ = ¢. p1 = pe. pz = py- 2l pg = py. amilion's cqnations
ave dg; fdr = ﬁfﬂp, ant dpg fdr = —Eﬁfﬂqj -+ Q_f. where 7 = wt 15 8 nocalicoed tme, The anple
@ is cvelic variable beeanse it does not appear explicitly in H and Qi The generalized foree Qg

also vannslies aond we then have e conservalion law

f’é =10, (41

where the dot denotes derivative with respeet too 0 Therelore, the generalized momenium pg s

canstant and the dynamies of the loop are governed by

é_p.a—pd.siuw cos & sin o

P s (32)
1 =py — sinf (33)
g =p¢msﬂ+%[pg siny — py) +%m: cos f sin 24 P51
_ ipﬁwénsiw—fm (L+sin’) 3 00
cos? 2
- %m—p¢mwj +em®sind (33)

Given o value of pg, € and eg. Egs. (32020331 can be inregrated numerically to find the evolurion

19



ol anples @ and g Te is also wortl nodiog tha the Thoanilvonian does ol depend ex

ard 1 evelves aecerding to

% = Q;g¢’ =em [cos f tan ) (ps — pg sin )

+py sind 4+ cos? #sin® ¢ — sin’ IS"] B{

In the absenee of clectrodynamic rorgoe (e = 00 the Hamiltonian is also conserved.
Svaren (A20-0350 admits several couilibrinm states. The most important for the experiment is
0 =1 =py =py =0 Levanse it gives the maximum electric carrent and orbital decay, Tor such a
particular state, the loop is contained in the arbital plane, By = E. and, according 1o B, (A%,
thie rotation rate of the loop abons g = ¢ = 2—1 The stabilicy ol suels equilibring is stwdicd
= &
by linearizing Svs. (3200330 and taking solutions of the tvpe 8 ~ b ~ pg ~ py ~ €*™. The result is

a bomwogeneons svstern witls the compatibilioe condition

(B 4 4) /B + 487 — 123 + 16 + 4my?

2
A 2

with @ =pg — 1L For e =0 Foo 0370 recovers the well-Enown =stabilite vesule Toroa body with a
revoliution axis in eireular orbit |26 Sinee the term inside the square root 35 always positive, the

couilibrinm state is a saddle funstabde), e, there is a0 A with a positive real pare, it

A STET 14 o N
< P 350
2 2
Whibherwise, all the crgenvaloes aee pure comples numbers, and the cquilibriom is a conter (stabled.
Wi then eonelode that the dyvnamic state where the loop i conrained in the orbital (equatorial)
plane is stable iF rhe absolote valoe of the angolar veloeite compronent along wg 1= high cnonghe
Fon instanee, for sera electrodymamie tavgue, (e coguilibrinm state s stalile il dg/dt < —2uwg o
dbfedt = —wy [remember that & = pe/2 = 11 Although the electrodynamic torgne inereases the
parametric domain of instability due to the faetor 4e2m?2 20 i spre oot it i oot diffieuly o

spin-stabilivzed the equilibeinm state. oswever, the deplovioent maonenver will oot leave the loop at

i



thee exaet copilibring state ina veal cxperiment. For that reason, we now perform a briel noolinear
analvsis and study separately the cases withow and with electrodynamice torgune.

For e =0 Eqs. (323-035) 15 a Hamiltonian svseean with twao degrees of freedom, The Toop s
spinning axisviunetrie object moving e clrealar orbit wnder the action of the graviey torgue, @
case that has been stodied o the pase [G] T s well-Rnown that peviodie, quasiperiodie, aml chaotie
arbits exist, amd they can be visualieed with & Podnearo section, For tnstance, we will consider e
intersections of the orbits with the surfoce @ = 0 =atishing i,& =00 Using Fo. (27). the mamentum

Py ot that surface is

py = sinf + \/2(H +1) +sin?  — p2/2 — p} + 2py cos 6 (30}

For piven values of W and pg. the Poincar’e section s computed as follows, After choosig an

arbitrary point in the 8 — pg plane. and taking @ = 0 and gy from Foo (300, Faso (32)-(35) are

fnl its interseition points with the 4 = 0 sueface ol plot theo in the @ = py plane
This procedore has Been implemented for several values of pg and initial conditions but Hxing
Hi=Ho+ 0.1 where Hy =p§f-i—p¢,—l is the value of the Hamilionian o the previonsly soudied

eopuilibrinm stare. For comvenience, we also plotred with sosolid Blue line the frontier

p}[ﬂ}=i\fﬁ+3—cnsﬂﬁ—§+ﬂp¢cnsﬂ, muy

which i= obtained By iposing that the argument of the sguare poot o Eag, 0390 shonld be positive,
T panels Gad, (b0 aned () o i 70 we shose the Polncare sections [or pg = 20 ps = 1.1, and
P = —3. For these parameter values, the eonilibrinm state is o center according to Eoo (35)0 The
Podneare sections indicate that the dynamices s vegulars For values of pg where the eoqnilibrinm is o
saddle, the phase space is o mix ol regular and chaotic dynammies [see panel (o) with pg = 0.9]. A
cletadled analvels revealed the v pacal appearanee ol regular i=lands and chains of i=lands saceonnded
b ssen ol cliaos,

T

Vecording 1o i (70, vegsular aned Bonned e cebies hagppea in che netghbonfiood of the eguilibieinm
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Figure T Polncare scctions with € = 0 and H = Hi. Panels (a)] to (d) correspond to py =
2,1.1,0.9, and =3, respectively.

Switching on the electrie coerens i the Toop does o seenn toomodife this conelnsion, as shown in
the Poincare sections presented in panels (a), (B and () in Fig. & Tl coarrespond o Poinears
sections of the orbits with the ¢ = 0 swface T e = 0041 and py = 2,11, =3, respectively,
Awain, panel (o} is the Poineare section with pg = 0.9 (regime with unstable equilibeium state),

Stnilar to Fige 7ooall che ioitial conditions of the trajectories I

vie o= 0 and Thuunilionian Hy

and, for convenience, the fronvier given by B (400 has also been plocresd wich oo selid Bhae line,
Homwever, sinee € # 0 and the Hamilronian funetion is not eonserved |[see Eag. (36)], there are orhic’s
interscetions ootside the region delimived Tae snele o framtier,

A comparison of Figso ¥ oand S veveal some imteresting effeers doe tooche Lovents taragoe i phase
space regions away [rom the origin, The most evident is for the case pg = =3 [panels (] all the
ohit= are regnlar in the absenee of Lovents tovgue (Fig s 700 Do cliaod e et ions appear and=ade the
arigin for finite clecteie corrent (Fige 810 The orbics also explore o brosder vegion of the phase spaee
for € £ 0. Pancls (L) in Figs. 7 and 8 also show that the Lovenre foree inereases the complesire of

the pliase space,

V.  Conclusions
This work considerod sn fo-orbit experiment with an electrodyvoamie tether loop conted with o

low worke Tonetion wederial, Thanks ve the tether-toeplasma relatibve medion and the peamagnet e

e



#fr

Figure & Poincare sections with € = 0041 and H = Hi. Panels (a) to (d) correspond to
Po=2,1.1,0.9, and =3, respectively.

ield, the tether b= polacieed with respect to the plasma, vielding 1o ano

woamd eathodie tether

seprnents that captare and emit electrons, respectively, The latter happens thanks 1o a caating

dedicared o emit electrons through chermionie and photeclecteie elfeers i the tether = laminated
B the Sune The Lorents drag, exerted by the ambient magnetic Beld on the tether cnreent | appears
withont using power and consmable. Two ditferent maodes of operation have beon proposed and
disenssed: (1) Tetring the elecrric corrent flow freelv in the loop, which viehls zoro average earvene bar
nen-vanishing Lovente foree, and (07 interrapting the corvent ar certain tether points, thus forming
several electric ares. To addition to the eleotrodyiamice wodel the stady presents the couations
governing the attitude dyvoamic of the loop under the presence of the Lorents and the graviey
eradient torgnes. A Hamiltomian formolation approach was nsed beeanse it makes reansparent ey
Fesatires like the presence of conserved gquantities,

[l theoretioal wondels Tiree becen partienlarized for o ahosoioom tether coated wath aomarerial
ol work Dunction 1oeV, operating at 300K, amd initially fving inoan equatorial orbic of altitade
SO0k Dae to mechanieal and electrodvoamie considerations, a torus-like tether with an annular
cross-section seers 1o be advantageows. Proposed viloes of the tors cudins, tether exteroal radins
atd chickoess are 20me 15em oned 30pme T s ol sncbe o tether is aronned 1 ke, thos ndicating
that a very leht experiment could be achicved. It s found from Fige 3 and panel (a) in Fig, 5,

that the maximum electric current and drag foree can be in the order of 10724 and 10788 and

B



thie deorbic time wonld be below o vear. O the other haod, the Lorents torgue does not hreak the
conservat ion ol the componens of the aoglar womenton along the axis of svionetey ol the Loops
|P¢I \"\- ol 1"i|r|."1"'||_|:||'~|('i".. r]li"' E"'ll'll,;'l,r:Hfrl." _l':l:l'l.l"l ||'|'||_!': 1|‘||.' at rir1:||l(' (li. 1 h(' ||..l|:||:l :l"'\. vl ||_'\.'r||:|||'i1';'!| F_‘\.'Hrl-"'rl Wit ||
Just vwo degrees of Treedom, Special attention was paid to the dynsmie state with the loop contained
i the cebical (egquarcrial ) plane and spionning secind s svimetry aeds becanse 10 vields the Biphest
elecrric enrrent awd arbital deciv. Althongh the electrodvnmmie toroue enlarges the spinning veloeicy
rarige where suel an equilibrion state = anstabde, the analyvsis ndicares choe i wonld be relarively
earsy to e o spinestabilized loop, For instanee, for tepieal vialues of the eloerrodvnanmie toreue, in
wisttlel b enongh to make the loop spins wich a finite angolar velocity o the same divection as the
arbital angular velocity, The Poincare =cctions witle and witlout electrodviaanie torgue reveal sone
interesting features in the non-linear regime: the phase space region where the loop will rensin
close to the eqnilibrinm state is broad iF pg Belongs to the range where the equilibeinm is o stable

Tl salysis showes b clmndes o the loops shegpe. the n-orbit esperciment can provide alnmdang
and vilnable seientifie infornstion abour the clectrodyvimmnie and dyiamic bebaviors of low work
linction tethers, Fiest, current, temperataee and voltage profiles could be measared iooceal 1ioe
during the Tall deorbiting if ammeters and thermaocouples are intercalated ot several tether poines,
and voltmeters are connected between fow tether points and a contral anit, Second, s Langmouir
prodee, Sensis maenetometers, amnd GNSS an-based the contral anit ean provide plasmea densies,
pagretic field motional electeie field aned vether posicion, veloeive, aoed seiitode. The conteal anis
shemhd al=o dnelode felometey aoud teleconmmanel o order tooseval che seientifie dirac o0 the gronned
secrnent and control the two modes of operation of the terher (loog or aves). Some selentilic guestions
o tether-plasma teractions, Tow work function material=, aond tether dyvoamics that could be
addressed by confronting the experimental data with the theoretical models presented o this paper

ares (1) How aecurare b= our actual theoretical model for electron eolleetion and cinission (funetion

JVY abtained from Viasov-Poisson sinmlarions]. (6] How accurate are the cquations governing the

current and voltagze profiles along o hare clectrodynemie terher 27 (00) How Fast is the degradation of

Che coating i space conditions, inchuding both wonk Tonetion and aptical properties 7, (v What s

the elficiency ol a low work Iunction techer in de-orbiting scenarios 7, () What = the long term eflect



of the Lorenty torgue on che atritnde of an extended body like s techer 20 Althongh this sondy was
restricted tothe current and voltage profiles o stationary conditions, the transient behavior from
Pl loops mde to the are wocke aned vicesversa con bl al=o beomoedelod and cnfronded 1o caperimental
data, Fioallv, in case another spacecralt would Oy following the experiment, the propecties of the
wirves exciled i the plasma by the Toop conled Beoalso investipated,

O snalvsis relies onow et of rational sssumptions that allowed (o keep the problem ceeatabile

[rome a0 seri-analviieal point of vies aod aoneover interesting leatures of the experiment . However,
e are several effeers chat may be dnehaded tnomere vefined analvsiz Forinstanee, the aerodyvinie
drag may he fmportant foe low altitndes, Additionally, o ovder to compute the deorbic time

accurately, 10 would be necessary to couple the dyoamic equations of the center of mass with the

attitmde soquations and complement thea with models for the anlhi

nt parameters, suel as plasima
praperiies amd magneta felds A datalise with o cellecton of §—eV kT, curves would also Be needed

torcomnpte The cnrrent e voliage profiles correctly at every tine step doring the nlegration.
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Appendis A EQUATIONS OF MOTIONS

[l sngnlae velocivy of the oop with vespect to the arbital fraoe 8y reads

w0 =[5 [ (436 + bees) w -+ (b — bopns) wy+

(qf:r+ﬂ'si1w')) u,] A

where the dot denotes the derivative with respect 1o the normealized e v = wpt witli wy = q,.-";..:;'rg.

[he Lagranghan of the loop relative too che orbital froame, £ =T =8, inchodes the kinerie enerpy

1 _
T = EULG - Iﬂ " f-l.“f__ﬂn

_ pmu R}

. . . . 2
AL |2+ 82 cos?y 2 (6 + Gsimy) ] (A2)

and the potential energy, W = Mg 4Up. The cravitational potent ial g up o terms of order {R.:f?"u]‘g

i (see for instanee [16])

2 2
" oo, 3/ 0. [+!] L
T g — —_ — — A
g |:l - + 2 ( ™ 22 dm A

and the porential of the apparent forces due to the non-Galilean naouee of Sg s

Uy = / {ag -’ — %{wgg ® r’]z —wog - [ = ﬂ’}}dm LA

Heve m —pfrEey i= the acceleration of the conter of the loop, wog = ooy is e angular
o I 0
velovity of the orbital frame with respect to the inestial frome. and " = Bpuy and ©' = Rpwopo % dy

are the position and velocity vectors with respect to Sg ool o mass elemens dmeoof the loop. After



sote curnhersooe calenbions, one fnds

2
U = — [1+lﬂ (Emzﬂa—l)]

o 2rd \2
2 .
U =_“’;:ff 1+ cos? O cos? y + 24 sin
]

+E-'cnsﬂsin2w+4qﬂnmsﬂmsyh] i Aa)

Therefore, after exelnding constant terms, the normalized Loagrangian funerion s

wiL 1

L= pry R? 2

v+ 82 cos® ¢ 4 2({}5 I l‘i'rsin'r&r)2
+ 2 sin 0 + cos® ¢ (3 + cos® 0)

+8 cos 8 sin 24 +4<£rmmﬂ'mm1,¢'r] i A

arcl the generalized momenta

aL

ppEﬁ=é{1+ﬁiﬂztﬁ')+21;‘E>3i111,|[’+00.‘5331n1,'.'10051,{? (AT

pe=25_ j ysing (A%
-|I|{,-=—.= ! | A
ey
ac L
pe=g 2[¢:+Emn1,b+ooaﬁw:,&] (AD)
For convenionce, hereafter we will nse the notation g = 8, ¢ =¥, ¢ = o, pr = po. P2 = Py el

ps = pg and Einsrein sunimation convention, The normalized Hamiltonian funetion takes the form
H=¢p; - L (Al10)

and its explicit form in terms of the conrdinates and the momenra is given in Fo. (27
O rhe ather hand, the Lovente targue appears i the eguations of motion threough the gene-

alized foree componen =

o - Bwio .
QJ—MI:} W .Ill.]]:l



I order to find thens, we first compnte the components of By awd By in body axis

By

B
B_qu: =0z (Ds : “z}'uz =

ﬂ‘/% =0, — (0, - U,) 8, = cos ¥ (cos Pu, — sinduy) PAT2)

(sin 0 sin ¢ — cos @ sin 1 cos @) w.e+

sin @ cos ¢ + cos @ sin 1 sin ) w AT
( y

Therefore, we have By = Bgy/pfrolcosy]. and wy = E/|E)| = cosdu, — sinduy and uz =

Wy Xy = singuy +cosduy. Using these resules in B (20 vields
mﬁ
mn=T’[uusﬂsin1,&u1+sinhg} PAL

The substiturion of Eq. (AL in Eqg. (181, and then using Eq. (AL vield the generalized forees

(2= 80].

REFERENCES

[1] V'S Aslanov and A5 Ledkov, Dvoamics of Terhered Satellive Svsrems, In Dyoanees of Tethored Satedlite
Sepsderns, Woendhesel Pabili=bing jo Mechanical Fogioeering, pages 13310 20020 ISEN OTA-0-25T0H-GI0-T,
o {10 L3335  O7R0S5 7006005 |,

[2] ¥V Beletsky and FOAL Lewing Stabilioy of a rving of connected satellites. Aefo Asfronautica, 12
LTS TR, 1985, ISSN D0591-5765. doir httpss dedorg T0CTOTG 00%1-5765 (850900031, URL
http: S fwww. sciencedirect, comfscience/article/pii/0024ETEEB520093 1,

[3] 1. Bergannon, 1V Levos andd AL Pinchooks Propellantless propelsion by pactiallv shiclded careent. 5700
faterrndiona! Asivoraalion! Corgress, TAC-06-CHU6.05, 2006,

l] win Chen amd G sanches- Arviaga, Obical motion theory and operidwmal vegines for ovhindrical
ers=ive probws, Plvsoes of Plassens, 24020023504, 2007 dois 101063 14975055, URL https: //dod.
crg/ 10, 108371, 4975088,

[5] E. Choiniere. Theory awd experimental evaluation of o consistent steadyestate kinetie model for 2]
conduerive srruetures in lonospheric plasinas with application to hare electrodynamie tethers in space,
EUIA

24



[6] Avdéshiv Guran, Niaohoa Tong, aml PP Rimeott Tosahilities in o splooing axi-sommeirie righl

satellive, Mechanes Resenreh Conpmarieafions, 1800287 - 21 DAL TSN 0936413 dot: hitps:
dedarg D IOTAANSE-G3 15001800 10-T. URL http:/fwww.sciencedirect . comfscience/article/

pii/009364135150010T,

[7] 20 Holderwan and E Hewdeeson, Nawbelus- X Malte- Mesevon Spaee Erploratoon Veluole, NASA Johnson
Space Center, 20000 URL btep://www.scribd. com/dec/51592987 /Nautilus-X-Holderman-1-26- 11,

[3] Panfeog Huang, Biohin Lie and Fan Zhang. Coofignration maintaining comrol ol three-body ring
petbeered sy=teme based an threost compensation. Acie Asfronpaution 12337 0 300 2006, 135N 0004-5765.
i hittpess edaiorp  HULDTG jactaastro 200603005, URL bttp://www. sciencedirect . com/science/
articlef/pii/S00945YER1A30207T. Specinl Section: Selected Papers from che International Workshaop
em Satellite Constelliiions amd Formation Flving 2005,

[ﬂ‘] Pekka Janbunen.  Electreic =ail Tor spacecraft propulsien. Joarnal of Dropalsion and Power, 20040
TR TG, Jul 2004, 155N 0784655, doir 10025140 La5s0. URL https:/ddei org 10251471 . 8580,

[Lo] Bt Johnsen, O Haolbrow, United Staces, National Avromantics, Space Administration, and Aneri-
can Society for Fogioeering Foweation, Space Sedilements: A Design Stady, Number 1.7 113 in NASA
S Scientific and Technical Tnformation CHfiee, National Aeronantios and Spece Sdministration, 1977,
URL kEttps: //beoks, google, es/booksTld=Z0sCAAMATALT,

[L1] 1 Weshewirt, AR Misra, and V0 Aadic General fornnalation for Nohody terhered satellite sestem
dvnamices, Journal of Guidance Copfrol and Dyenies, 12000753 83, TAN-FED 1996, [ssN 0731-5000,
don {10.2514 321582}

[L2] 1 5 Laframboise. Theary of Spherial and Cylndrical Langiisr Probes oo Oollisiondess, Marwellian
Nogren at Fesi, PRI thesis, University of Toranto [(Canada ), 1006

[13] E. 31 Levin, Electrodynamie strueture, patent s 2007 0210215 al, 2007,

[L] Ganggiang Li. Zheng Ho Zha, Stephane Boelo and 5 A0 Meguid. Saltiphvsics elastodyvname finie
element analvsis of space delais deorbic stability and efficiency by elecrradvnamic rethers, Acfa As
frommudice, TATE20 - 3350 2007 1555 00945765, oot Ittps: dodorg  TOCIOIG factanstro 2007 04,020,
URL http: /fwww.sciencedirect, comfscience/article,/pil /B00945TE51T 300445,

[L5] E. 0 Lorensing. Novel Terher-Conpected Two-Dimensional Steactuees for Low Eacch Ovhits. Jourmnd
af the Astronetivad Svecveees, 30048005, THEE

[L6] 1. Pelace, E. O Loveneind, 00 Lopes-Rebollal, and 30 Hue. A new kind of dyvaaoie scabilite i
electrodvnamie rethers, The Jewrnel of the Astronaufienl Seienees 45249476, 2000

[L7] W Richardson. The codssion of clecirocdy from hot bodics. Longians, Green, and co., 1916,



[18] A Bocchs awd 310 Lavagua, NVeesarile Electro-Dyvvamic Tethers Dyvomoics Sioodator for Debeis Mit-
igation Tool Dwesign, D00 Symoposiwm o Advarieed Toelmaotogees v Robefer and Aalamalion, Paper
209 E-00TT: Noordwijk, The Nerherlamds, 20105,

[19] G Sdaches- Avviaga aml X0 Chen, Aodeliong and Perlormance of Electrody namice: Low-\Work-Foaction
Tethers with Photoemission Effects. Jouwrna! of Propalsion and Powee, 34013213 2200 2008, i
https:cniorg D251 1L G656

[20] G, sanches-Acciaga and 00 B Sammacring Magnetic pumping of whistler waves by dether careend
wodulation, Jowenal of Qeopligevad Beacovele: Spoce Mogsies TISAZ a0 noa, 20000 185N 2156-2202.
oo PTG 29T AN A8, URL http: /fde o doz org/ 10, L0257 200514014478 A023] 1.

[21] © Sdmchee-Arciaga, X0 Chen and EO Loreoging, Optioal Desige and Dearbiing Peelermanee of
Ciermionne Bare Tethers o Geostationary Transfer Orhits, Jowrnal of Propadsion aad Power 33021
125402, 2007 ded: 1002514 1 E36202,

[22] 1B Sacomeccin ot BT Estess The Ocbital-Movion-Lionved Begiwe of Celindrical Langmir Profes,
Piogwics of Plasres, G395 405, Jamwary 1999, dod; 10 LDGS 1 A73205,

[23] 1. B Sammartin aned BT Estess Interference ol parallel colindrical Lapomir probies. Dhysies of
Plasmmas, SU00 0200 1209, 20001 doi: 100G 1L 1300352,

[24] 7 B Sanoarcing M A Lartines-Sanches, and 120 Ahedos Bare Wire Anodes for Flectrodviamic Tethers,
Jowrnal of Propulsion Power, 23533 360, 1993,

[25] Jusn B Sanmarcin and Enries € Lorenzint. Role of superconducting shields in electrodynamic propul
ston, Jowrnal of Propadsion and Powers 200410851854, Inl 2008, IS5N 07484658, doi: 10,2514 71, 30433
URL bttps: /fdel, ergs/ 10, 2614/1, 30433,

[26] W T, Thomson, Spin stabilizarion of attitude against graviey tovgue. Jowenal of Astronaatieal Scienes,
931 3301 1962,

[27] 1 Do Williams, J K. Sapmarcin, and L PO Rand, Low Work-Funetion Coating for an Entirely Propel
lantless Bare Electrodvnamie Tether, TEEFE Transoctions on Plosmon Sevenee, 2001441 1445, May 2012,
don 110G TS 20012, 2180580,

[28] Jun Zhac. Zhigin Can and Zhachu O Denamies of Variable-Length Tethered Formarions near Li-
bration Points, Jowrnad of Guodaree, Condrol, end Dyneses, 330001172 1183, JUL-ATUG 2010, I55N

OTS1-0090, dod: { L2514 T 4TS ]

A0

View puticaion sl



	portadilla_postprint_eng
	Article_1.pdf

