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Abstract. An electric solar wind sail is a recently introduced dynamic pressure for producing spacecraft propulsion. Tech-
propellantless space propulsion method whose technical dezical development of the spinning electric salaGhunen
velopment has also started. The electric sail consists of a s&#0089 commenced in 2006, currently already being a long
of long, thin, centrifugally stretched and conducting tethersway towards actual realisation. The spinning electric sail
which are charged positively and kept in a high positive po-uses the centrifugal force to deploy and stretch out a num-
tential of order 20 kV by an onboard electron gun. The pos-ber of thin, long and conducting tethers from the spacecraft
itively charged tethers deflect solar wind protons, thus tap{Fig. 1). The tethers are then charged positively by an on-
ping momentum from the solar wind stream and producingboard electron gun so that their static electric field perturbs
thrust. The amount of obtained propulsive thrust depends otthe trajectories of incident solar wind protons, resulting in
how many electrons are trapped by the potential structuresa momentum transfer from the solar wind plasma stream to
of the tethers, because the trapped electrons tend to shielthe tethers. A force law of the electric sallahhunen and
the charged tether and reduce its effect on the solar windSandroos2007) was found from analytic considerations and
Here we present physical arguments and test particle calcune and two-dimensional particle-in-cell (PIC) simulations.
lations indicating that in a realistic three-dimensional electriclt has been used to calculate successful and efficient mis-
sail spacecraft there exist a natural mechanism which tendsion trajectories in the solar system for realistic payloads and
to remove the trapped electrons by chaotising their orbitsother spacecraft characteristiddgngali et al, 2008ab).

and causing them to eventually collide with the conducting  sjnce the earlier studyJanhunen and Sandrod2007)
tethers. We present calculations which indicate that if thequund that the number of trapped electrons is crucial in de-
mechanisms were able to remove trapped electrons nearlrmining the width of the tether potentials and therefore the
completely, the electric sail performance could be about fivethryst per unit length, the subject of this paper is to anal-
times higher than previously estimated, about 500 nN/m, coryse the source and loss mechanisms of trapped electrons in
responding to 1N thrust for a baseline construction withmore detail, taking into account a realistic 3-D spacecraft
2000 km total tether length. geometry. As research methods we use theoretical consid-

Keywords. Interplanetary physics (Instruments and tech- erations and test particle simulations, while self-consistent
niques) — Magnetospheric physics (Solar wind interactionsPlasma simulations are deferred to future work.

with unmagnetized bodies) General or miscellaneous (New The structure of the paper is as follows. After first briefly
fields (not classifiable under other headings)) reviewing the original positive polarity electric sail concept,
we analyse the origin of trapped electrons using a simple one-
dimensional box model, showing that the number of trapped
electrons is independent of how rapidly the potential of the
tether is turned on. Then we study trapped electron orbits,
The electric sail fanhunen2004 Janhunen and Sandrqos find their approximate constants of motion and show how
2007 is a recently discovered, completely novel type of the fact that the tethers are connected to a spacecraft “cen-

space propulsion system concept which uses the solar winf@l hub” randomises the electron orbits so that the particles
eventually collide with the wires and are lost. Finally we

estimate the electric sail thrust based on the assumption of
Correspondence td?. Janhunen no trapped electrons and a local force balance on the “elec-
BY (pekka.janhunen@fmi.fi) tropause” between electric pressure and solar wind dynamic
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= Fig. 2. A four-wire Hoytether. Wire bonding sites are shown by
dots. The width of the structure is typically 2.5 cm.
7
= - - e 7~ /7e_ . . . .
- - = Only the component of the solar wind which is perpendicu-
= - -—-> lar to the tether plays a role, because the parallel equation of
- —> motion of the particles is trivial and not coupled to the other
- dynamical equations.
The problem of finding the potential pattern around the
- charged wire or tether was treated Bgnhunen and San-
- =" droos(2007) with a self-consistent time-domain particle-in-
cell (PIC) plasma simulation. We now review their results in
o this section to set up notation and to get a starting point for

_ = our analysis.
In Janhunen and Sandro007), it was found that a pos-
itively charged tether creates an electron sheath around itself

_ = where the potential of the cylindrical wire is approximately
2
Fig. 1. Schematic description of the original spinning, positive V) =Vo |n[1+(ro/r) ] (1)
polarity electric sail. Charged, centrifugally stretched tethers gather In [1+ (ro/rw)z]
momentum from the solar wind. The charging is maintained by an
electron gun mounted on the spacecraft (middle). where
eoT.

. o ro=2\pe=2|——. )

pressure. The thrust is found to be about five times larger noe

than previously estimated Banhunen and Sandro@007). ) . .
previoustly est kanhunen ' K Here Ap. is electron Debye lengthT, is the solar wind

The paper ends with a short discussion, summary and con- .
clusions section. electron temperature (on averafie=12eV at 1 AU),nq is

the undisturbed solar wind electron density & 7.3 cm3
on average at 1AU) and, is the (effective electric) ra-
2 Electric sail basic design dius of the tether, typically,, ~#1 mm. The effective elec-
tric radius Janhunen and SandrQdX07 of the tether is
The electric sail (Figl) consists of thin, long, conducting larger than the physical radius of the Wirta%]ysw 10um
tethers which are kept positively charged by an onboard elecef which the micrometeoroid-resistant multiline tethidogt
tron gun and stretched by their spinningaghunen2004 and Forward2001) is constructed (Fig2). The potential of
Janhunen and Sandro@9007 Janhunen2008h. The pur-  the tether relative to the surrounding plasma/gs Equa-
pose of the electron gun is to pump out electrons from thetion (1) was found byJanhunen and Sandro(®007) as a
system (spacecraft and tethers) so that a positive charge fermula that fits well with the PIC simulation results. The
left behind. Electrons are so lightweight that the momen-time-domain PIC simulation produces a certain number of
tum carried by the electron beam can be ignored, so that therapped electrons from the period when the potential is grad-
electron gun can point in any direction in principle. Equally ually turned on in the simulation. The shadowing effect of
well there can also be more than one electron gun. The bathese trapped electrons is largely responsible for the form of
sic plasma physical problem is to estimate the thrust per uni€gs. () and @).
tether length. The thrust will depend on the tether potential, The solar wind ions experience the potentig)l &nd are
tether radius (or rather, its effective electric radius introduceddeflected in their motion. In the frame of reference of the
by Janhunen and Sandro@907. Solar wind properties af- wire, the total energy of the ion is conserved, thus the par-
fecting the thrust are at least the density and speed, but adicle has same speed after exiting the interaction region than
cording toJanhunen and Sandro(®007) also the electron it had originally. Because the direction of the velocity of the
temperature. ion changes, however, the particle loses some of its momen-
The problem of evaluating the thrust appears to be estum x-component, where is the coordinate along the solar
sentially two-dimensional because the tethers are very longwind direction. This lost particle momentum is the reason
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for the thrust that the tether experiences. The momentunirom the surface. It is conceivable that some local micro-
is transferred to the tether by an electric field due to piling scopic protrusions may be torn off the surface by the elec-
up of ions on the sunward side of the tether (i.e., a posi-trostatic force. Such protrusions might exist on the metal
tive charge cloud) and a corresponding ion void (negativesurface originally or be caused by micrometeoroid cratering
charge cloud) on the antisunward side. Thrust is obtainedn space. If this happens, it should not cause any problems,
because the electric field formed between the charge cloudsince the expelled positively charged particles and fragments
(typically of the order 1 V/m in magnitude) pushes the posi- exit permanently to space. Only an electric field which is in

tively charged tether in the antisunward direction. the range 5-10 GV/m or even higher could be able to extract
From Janhunen and Sandro@007), the force per unit larger amounts of ions from a metal surface without the field

length of the tether is given by being amplified by local protrusions.

dF Kmpnovzro As remarked above, the theory presentedanhunen and

3) Sandroo£2007) and which was reviewed in this section con-
\/exp[";”T”ZIn(ro/rw)] -1 siders to tethers to infinitely long. While this is a good as-

Y sumption in the sense that the tethers are much longer than
wherev is the solar wind speed (typically 400 km/s). Hafe  the width of the potential structures, it ignores the fact that
is a dimensionless calibration coefficient whose likely valuethe tethers are at one end connected to the spacecraft which
is between 2 and 3. A test particle calculation gives the valugnay modify the distribution function of trapped electrons.
K =3.09 (Janhunen and Sandro@)07. Plasma particle- This was recognised also Banhunen and Sandro(2007)
in-cell (PIC) simulations give a result which is consistent Where it was speculated that by emitting low-frequency ra-
with K ~ 3. HoweverJanhunen and Sandro(2007 also  dio waves from the spacecraft, the trapped electron popu-
showed that an analysis of the PIC results for different val-lation could be heated so that the thrust which is propor-
ues for the electron temperatufe gives a result which is  tional to square root of the electron temperature @egould
not quite consistent with the functional form of E§).(One  then be increased. In this paper we concentrate on analysing
can explain away this inconsistency by postulating that duethe natural effect of the spacecraft on the trapped electron
to numerical noise the effective value of the electron temperfopulation. Our finding will be that trapped electrons will
ature in the PIC simulation electron sheath is higher than inmost likely be almost totally absent, which will also imply
the solar wind. If one assumes that this postulate is true, thethat Egs. 1), (2) and @) will no longer be valid, since they
the PIC simulation results are more consistent with 2 contain the shadowing effect of the trapped electrons which
than with K ~ 3. Ultimately, only experiments made in tends to underestimate the width of the potential structure
space or in laboratory can give a certainty of the valug of ~ and the electric sail force.

Again, we emphasise that also E),(in the same way as
Egs. (1) and @), is inherited from the PIC simulation results
of Janhunen and Sandro@907) which naturally include the o
trapped electron population from the turning-on phase of the3 Origin of trapped electrons
potential.
We assumed above that the solar wind is unmagnetisedVhen the potential of the tether is turned on so that the depth
Neglecting the interplanetary magnetic field (IMF) is a good of the electron potential well increases with time, those elec-
assumption because the ratio of the electron Larmor radiugrons whose initial kinetic energy is very close to zero are

dz

to the electron Debye length is trapped if the potential well deepens enough to prohibit their
exit during the short time the particles spend inside the po-

rLe _ [m2v2no _\/@ < 4 tential well. One might think that by turning the potential

*pe \ eT.B2 \mi\va)’ on slowly, the initial kinetic energy should be so extremely

] ) close to zero that almost no electrons would fulfil it and al-
At 1AU, typically va - 80km/s (corresponding t@ = 45t no electrons would become trapped. However, because
10nT andno = 7.3cm) while v/m./m; =0.023. Thus at  he deepening time then also increases, it turns out that the
1AU, rie/%pe~90> 1. Radially from the Sun, the quan- ymper of electrons trapped is at least approximately inde-
tity does not vary since it is proportional to the A speed  handent of the time, that it takes to establish the potential.

p 2
v4. The Aliven speed does not vary becayse 1/r* and We now show in a special case that the number of trapped

B ~1/r in the equatorial plane. Thus the magnetic field can lectrons is independent of the deepening timeconsider
be neglected when considering electron motion in the sheatf =Per . P g im .
a toy model which is a one-dimensional linearly deepening

region. For ions, the Larmor radius is still larger by factor : )

~70 so they can be assumed to be unmagnetised as well. box (slab) potential, defined by
The outward surface electric field on the tether wires is

typically 100-200 MV/m. This field is still not high enough Vo,L, 0<x<b,

that it could cause significant emission of ions or ion clustersv(x’t) = { 0, ? x<0orx>b ®)

www.ann-geophys.net/27/3089/2009/ Ann. Geophys., 27, 338%-2009
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The traveltime of an electron through the boxis- b/vpox After a small calculation we obtain
where the speed inside the boxy is determined by

2 |eVo
ntrapz No——\/ —- (12)
1 t oV T
Emgvgcxz eVot—, (6) VT , . : : .
o For the electric sail, the potential depih is typically some

assuming that, excluding a brief initial moment, the box t€NS of kilovolts while the electron temperature is only about
depth is much larger than the particle’s initial kinetic energy (€N volts, the the 1-D model would predict the trapped density
(1/2)m.v2. The particle becomes trapped by the deepening© be_ some~30 times higher thqn the solar wind electron

potential if the potential well deepens by more than the ini- 4€Nsityno. That the trapped density grows as the square root

tial kinetic energy during the timethe particle spends there, Of the potential was derived earlier Burevich(1969.
i.e., the condition for trapping is When the 1-D and 2-D PIC simulations &nhunen and

Sandroog2007 were run with different potential turning on
times1,, the results were found not to depend gn Thus
there is simulation evidence that the result that the number of
) o trapped electrons is independent:gfs valid for the physi-
Solving Eq. {) for vmaxand substitutingnox as solved from ¢4l relevant 2-D wire potential case, in the same way as we

mevrznaXE eVo—. (7)

Eq. (6) one obtains showed in this section it to hold analytically for the 1-D toy
2oy 14 model.
e
Umax= < 0 ) \/E (8)
Melot

4 Constants of motion of trapped electrons
The flux of electrons entering the box from one side is

omas 1 We ended the previous s_ection with the c'_;lssertion that the
) :/ dvvf (v) ~ Evéaxf(o) 9) speed at which the potential of the tether is turr_1ed on does
0 not affect the number of trapped electrons resulting from the
process. In other words, the birth of a certain number of
trapped electrons which orbit the wire and which decrease
the electric sail force by their shadowing effect appears to be
a fundamental phenomenon which is not possible to get rid
of. We shall now aim at investigating what happens to these
trapped electrons orbiting the wire once a quasi-stationary
situation has been reached. We start by finding the constants
of motion of the electrons in a symmetric potential of the
Qvire where shielding effect is also qualitatively taken into

where f (v) is the distribution function and the approxima-
tion is good if the potential deepens slowly so that the win-
dow in velocity space which is sensitive for trapping is nar-
row enough thatf (v) does not appreciably change within
that window. Concerning dimensionalities which we denote
by [..], notice that in 1-D casgf (v)] =s/n? and[®] = is
1/s.

The number of electrons trapped during the deepenin
time 7, of the potential is (notice that both sides of the po-

. : account.
tential well can absorb particles, hence the factor of 2) Consider an electron which is trapped in an infinitely long,
fo static and cylindrically symmetric potenti®d(r) around a
N = 2/ dr® tether. We assume that the potential is a shielded version of
0 . oy 172 the vacuum wire potential@nhunen and Sandro@907),
eVo
= f(o)/o dt <mgtot> b Vi) = Voln[1+(ro/r)2] 13)
Vo 2In(ro/rw)
=2£(0) ; b2/t wherer, is the shielding distance ang, (r, < ro) is the
e electric radius of the tether, which for a simple cylindrical
2e Vg wire coincides with its physical radius. We use cylindrical
=2fOb Mme (10) coordinategr, ¢, z). Notice that Eq. 13) is used here in the

gualitative sense only and that the shielding distance parame-
Thus, the number of trapped electraNsis independent of  terrg appearing in it can have any value and is not necessarily
the deepening timg which cancels out of the expression.  given by Eq. 2). For our purpose here, we could in principle
We compute explicitly the density of trapped electrons use even the vacuum potentialr) = Voln(ro/r)/IN(ro/ry)
nyap= N /b for a non-drifting Maxwellian source distribu- (Eq. 1 ofJanhunen and Sandrq@907), but expressionl(3)

tion is more convenient because it tends to zero-fef co while
being close to the vacuum potential fo& ro.
Fo)=ng [ me exp —mev? (11) The speed of the particle along the tethgstays constant
2nT 2T ’ in time, as does its total energyiot = WkH + W,} —eV(r)
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Fig. 4. Lambert'sW-function W (x) for negative argument. Both
principal (solid) and non-principal (dashed) branches are shown.

can agree that the aphelion occurs at some fixedy.¢p =0,
so that the particle’s initial state, ¢ = 0,v, =0, v,,) contains
two free parameters andv,,. Fixing these parameters fixes
\ the perpendicular energy; = (1/2)mv3 —eV (r) and the

! angular momentum ; = rv,.

~c/"
=

== 2

< J

S5

25

<__~

-~ 0- \) /\ ‘. For a given L, and Wt_ét, what is the _radial range
i ,Q‘Q" | [rmin, rmax] Where the particle moves? This question ad-
1\ g,/jf"" ! mits an analytic solution in terms of Lamber#g-function,
10 l////"ﬁ” // also called product log function (Figl). For anyx, the
4\ o J . . . . .
=7 /, function W(x) is defined as the solution of the equation
54 SO V4 / o .
N \\‘\‘\\"'4/!'/-7’//// / x=W(x)e"™. Forx >0 the solution is unique, but for
- N 7 = L7 —1/e < x <0 the function has two branches called the prin-
] S ' P cipal and non-principal branch, while fer< —1/e the func-
_10_' S~ - -7 tion is complex-valued. Omitting the derivation, the result
R L B L B BB for the particle’s radius is
-10 -5 0 5 10 x
r= fo (14)
—a—b
Fig. 3. Example electron orbit in potential®) with Vo= 20kV, \/_1_ W(—ae=*=")/a
ro=19m andWg, = —1.5keV, after fus integration(a) and after
40us integration(b). where
\%
a = inGo/r) (15)
wherew, = (1/2ymv? andw; = (1/2m(v2+v?). Because 2w
Wiot and W,l' are both conserved, the total perpendicular en- b= eVo In(ro/ru) (16)
ergy Wi = Wit —eV(r) is also a constant of motion. Fi- o (L2
nally, since the potential does not dependggrihe angular vV, = —= (—7) . (17)
momentum per unit mass of the partidle = rv, is con- € \To
served as well. We call the dimensionless numbg®} / Vo the angular mo-

In the perpendicular plane, the particle describes a quasimentum parameter because it is proportionalto Lam-
elliptic orbit (Fig. 3) which is usually, however, far from be- bert's W-function is here evaluated for negative argument
ing closed, i.e. the perihelion angle changes rapidly. We cawhere it has two real-valued branches. The principal (less
agree, for example, that we start the integration from the parnegative) branch correspondsigax and the non-principal
ticle’s aphelion where momentarity. = 0. Furthermore, we (more negative) branch tanin. W(x) is real-valued for

www.ann-geophys.net/27/3089/2009/ Ann. Geophys., 27, 338%-2009
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Fig. 5. Schematic description of the starfish-like electrostatic potential structure around positively charged electric sail tethers. An example
electron which moves along and spirals around one of the tethers is also shown.

x > —1/e only. For a fixedW, this restricts the possible the electron is bound and the tether-aligned compoheof

values ofL, so the one must have: the angular momentum. Initially the parallel speed is of the
max b1 order of the solar wind thermal speed which~4500 km/s

\23 < VL _ —W(=e ) (18) SO that it takes about 10 ms for an electron to traverse the

Voo W In(ro/rw) total length of a typical 20 km long electric sail tether. At

At the maximal angular momentum paramel@t®/ Vo, the tsr;l ggc?; ;:16 tether the electron is reflected back towards the

argument of théV-function is equal to-1/e, its value is—1
and its two branches coincide. At this point the orbit is a Coulomb collisions can slowly alter the trapped electron

circle in the perpendicular plane with radius population, but the timescales involved are weeks or months

Yo in case of the solar wind electric sail. Radiative losses can

Teire = — (29) also remove energy from the trapped electrons, but also this
TW(ee T 1 process is extremely slow. However, it takes orly.02 s for

an electron at parallel velocity 1500 km/s to travel back and
where the principal branch d¥ must now be chosen be- forth a 20 km long tether. Thereafter the electron arrives at
cause the non-principal one whose values are less+1an  the vicinity of the spacecraft where the potential structure is
would yield an imaginary solution fofic. three-dimensional and starfish-shaped. The electron does not
Summarising this section, we showed that correspondingtay in the vicinity of the spacecraft for long, but continues
to the fact that the potential(r, ¢, z, 1) actually depends only  jts path along one of the tethers, which may or may not be
onr, so that the angular momentuln, the parallel kinetic  the same tether along which it arrived.

I ;
energyW, and the total enerth-ot are co”nstants of motion When interacting with the spacecraft, the electron’s angu-
of the trapped electron. For givery, W, and Wiot there  jar momentum does not stay constant. The total energy is
exists a maximal value of the angular momentum, the correstjl| conserved, but a repartitioning of the parallel and per-

sponding trajectory of which describes a circle in the perpenpendicular energy occurs. To see how this happens in detail,
dicular plane. Smaller values of the angular momentum corye yse a test particle simulation.

respond to orbits with nonequal perigee and apogee distance
rmin @ndrmax. FOr general angular momentum, the quanti-
ties rmin andrmax can be expressed analytically in terms of
Lambert'sW-function.

To make the the test particle calculation more efficient,
we make the following simplifications: (1) instead of several
tethers, we use two perpendicularly crossed tethers, (2) one
of the tethers ¥-directed) is ten times shorter than the
directed one, (3) the longek{directed) tether is 1 km long
5 Chaotisation of trapped orbits in 3-D case rather than 20 km long. For each pass of the patrticle along
the x-directed tether, the particle’s constants of motion (an-
As shown in the previous section, a trapped electron orbits itgular momentum, parallel speed, minimum and maximum
tether while moving along it at some parallel speed (B)g. distance from the tether, total perpendicular energy) are mea-
In addition to the conserved total energy, the perpendiculasured by averaging when it is located at 500-900 m distance
dynamics is characterised by two other constants of motionfrom the spacecraft. Each tether in the calculation is sur-
the total perpendicular energytétwhich is negative because rounded by a shielded potential structure of the forp (

Ann. Geophys., 27, 308310Q 2009 www.ann-geophys.net/27/3089/2009/
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Ll We see from Fig6 that the angular momentui, and the

P T parallel velocityv, are well randomised by each encounter
with the spacecraft's 3-D potential structure. Notice also that
the typical parallel speed becomes much higher than the orig-
inal 1.5 Mm/s. This happens because the spacecraft-induced
randomisation causes a redistribution of parallel and perpen-
dicular energy so that speeds parallel and perpendicular to
the tether are usually of the same order of magnitude. This
means that after the first randomisation the electron usually
completes its trip along the tethers even faster than the 0.02 s
that was estimated above.

The baseline electric sail tether construction is shown in
Fig. 2. The multiline tether whose typical width is 2.5cm is
so constructed for enhanced micrometeoroid survivability of
the tether Hoyt and Forward2001). The tether wires are
about 2Qu thick so that the wires cover about 1/1000 of the
tether area. This means that if an electron comes closer to
than about 1 cm of the tether axis when it orbits the tether, at
each orbit there is &1/1000 probability that it hits a tether
wire and gets removed. From the bottom panel of Bigie
can infer that since the progress distance per orbit is less than
10 m, the particle completes several thousand orbits when
traversing back and forth a 20 km tether. Thus once inserted
by the spacecraft into an orbit which has a low enoiiglso
that rmin < 1.25 cm, the electron will probably collide with
the tether before its next visit to the spacecratft.

Data points corresponding to electron passages with
S L G rmi,.]<1.250m are circled in Fig6. In this calgulation

0 1 2 3 4 5 s which corresponds te-3keV total energy in the field of a

Vo =20KkV tether with electric radius,, = 1 mm, the num-
Fig. 6. Tether passes of a test particle calculati¢m) minimum ber of those passages is 28 which would give an average
distance from tethelb) average distance from tethé¢c) parallel 0.18 s lifetime for the electron. Close to the tether, our nu-
velocity, (d) orbit-averaged perpendicular velocifg) angular mo-  merical model in principle breaks down since the electric
mentum component along teth¢f) how much particle advances field of the Hoytether (Fig2) is no longer radially symmet-
itself along tether while circling around it for one orbit. Points with (jc at close distance. The deviation of the field from radial
minimum distance less than 1.25 cm are circled. The 1.25¢cm I|m|tSyrnmetry might cause additional small changes of the parti-
is indicated by in dashed line in panel (a). The time axis has beerbles L., so that the true lifetime of the electron might even
scaled to correspond to 20 km long tethers.

be somewhat less than our numerical estimate.

With what probability does the spacecraft interaction gen-
where the shielding parametey~ 20m, so at 500m dis-  erate states with different angular momehtaand minimum
tance from the tether crossing the particle is effectively freeradii ryin? Figure? shows that.. andrmin are nearly linearly
from influence of the spacecraft. correlated so one can consider either one, while &idis-

During the test particle calculation, we detect the parti- plays the distribution ol , values in the 5-s long calculation
cle’s passage along thedirected (longer) tether and record containing 1170 tether traversals. We see that/th@rob-
its constants of motion during each such passage. Figure ability distribution is nearly linearly falling from zero to the
shows the results of one such calculation. The panels shownaximum allowedL,. The maximum angular momentum
the minimum radiusmi,, mean radiugr), parallel speed,, (Eq. 18) depends on the particle’s total energy and it corre-
mean perpendicular spe(aqy), angular momentunh., and  sponds to circular orbit whose radius is given by Ep)(
how much the particle progresses along the tether betweehRinally, Fig.9 shows a scatter plot of the particle’s parallel
successive distance minima. The time axis has been edited $9netic energywll‘ andL.. The maximal angular momentum
that it corresponds to a 20 km long tether. That is, each points reached for a particle which orbits the tether circularly and
in Fig. 6 corresponds to one passage of the electron alongvhose parallel speed is small so that most of its kinetic en-
a tether and the time intervals between points correspond tergy is of the perpendicular type.
correct traveltimes of the electron along a full-length (20 km
long) tether.

rmin

<r>

Mm/s
vz

Mm/s
<VXy>

km2/s
Lz

dz per orbit
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0.1
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Lz

rmin
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Fig. 9. Scatter plot of particle’s parallel kinetic energv,l‘ and

Fig. 7. Scatter plot of particle’s angular momentuim and mini- : X . \
angular momentuni ; in the test particle simulation.

mum radial distancenn, in the test particle simulation.

------- PRI N N P Consider a trapped electron with total enefdis. We
shall first compute the probability’; that the particle
150_' ] emerges from the spacecraft interaction with an orbit which

1 — is on collision course with the tether wires, i.e. thatrits,
is smaller than half of the tether width,. Based on Figs3
and 7, we model thermin distribution as a triangular (lin-
early decreasing) one. The largest allowed value,pf is
given byrirc (Eq. 19) with W) = 0. The probability density
d P1/drmin atrmin ~ 0 is then equal to 2-jc because of the
triangular distribution assumption. The probabilRyis then
obtained as

100

Number of cases

50 —-
dP
P ol _LUt (20)

drmin 2 I'circ

0 0 20 30 20 50 Lx (km2Js) We then estimate the probabili that the electron actually
hits a tether wire. In the numerical calculation of the previous
Fig. 8. Distribution of electron’s angular momentuin in the test ~ S€ction this probability was essentially unity, but if the parti-
particle simulation. cle’s total energy is less negative, its orbiting time around the
tether is longer and a collision may not take place. The test
particle calculations above showed that the average parallel
The mean parallel speed of the particle is 17 Mm/s, cor-and perpendicular velocities are equal and both are close to
responding to 820 eV energy which is about the same as thHWe VeIOCity of an electron Ol’biting at the maximal circular
kinetic energy of a particle moving in the maximal circular Orbit. Thus the velocities are equal to
orbit, Eq. 19). The mean perpendicular speed is about the 5
{vr)= (v =\/ (

eV (rcirc) + Wté't)

me

same as the mean parallel speed.

. (21)

If and when trapped particles are removed, first near the
6 Trapped electron lifetime tether and then progressively to higher radial distances also,
the tether electric field becomes less shielded so-theftec-
We are now ready to go back to analytic formulas and totively increases. At any moment of time, a typical electron
develop an approximate answer to the question of the lifetimeéhasrcjrc ~ ro. Whenrg =reirc, @ small calculation based on
of a trapped electron against removal by tether collisions. Eq. (19) then shows that the total energytét is then 28%
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Fig. 10. Trapped electron lifetime (E@-3) as function of shielding
distancerg for 20 km (solid) and 100 km (dashed) tethers.

of the potential energy-eV (r¢irc). Therefore, in a rough
calculation we may omit the teriv;, in Eq. 21). For each

3097
o_l....l....l....l....l....l....
—504] _
] ©
>100 §
| &
-150
_2oo—l""I""I""I""I""I""
14

%)

c
1 (]
0.5+ ©
1 ¥

x
O
0 5 10 15 20 25 r (m)

Fig. 11. Test particle calculation where 4000 electrons (tempera-
ture 12 eV) were launched into a 20-m wide and 200V deep, linear-
walled potential well (upper panel). Lower panels shows the result-
ing electron density.

orbit, since the parallel and perpendicular speeds are on aver-

age equal, the particle advances a distamcgjg so that the
number of orbits per 2 back-and-forth travel distance along
the L-length tether isL/(wr¢irc). For each orbit, the prob-
ability of a collision is given by the areal fraction of wires
in the tether area (Fig). This single-orbit collision prob-
ability is equal to 20 fmui/w, wherer2™Sis the physical
radius of the wire andy is the effective tether multiplic-
ity (fmu = 4.3 for the tether shown in Fi@). All in all, the
probability P, is then (recall that we assumg= rjc)

).

The frequencyf at which the particle visits the spacecraft
“hub” is equal to Z /vy wherev) is obtained fromZ1) with

the Wi, term omitted as motivated above. The electron life-
time is thent = 1/(P1P>f) which is our final result. By
substituting the variables, the lifetime can be finally written
as

L 2 ghys
P2=min<1,—r—fm“' (22)

TTro Wy

roL

)_

w; A

To

8|<_

—In
In2  \r,

T oWy

max{ 1, 00— ——— 23
( 2 fmul Lrghys) (23)

T =

long tethers. For highy, the probability P, is smaller than
unity, the lifetime proportional te2 and independent af.

For smallry, P> becomes unity so that the lifetime depends
linearly onro. Thus increasing the tether length increases the
electron lifetime up to certain value of, but not dramati-
cally and not for large,. The most important practical im-
plication of Eq. 3) and Fig.10is that the trapped electron
lifetime is so short (order of few minutes) that there is ample
time for their natural removal to take place in the context of
electric sail operation. In the next section we shall estimate
the electric sail thrust when trapped electrons are absent.

7 Thrust estimation

What is the shape and size of the potential structure around
a charged tether if there are no trapped electrons at all? In
this situation, external electrons which are moving through
the stationary potential in hyperbolic (positive energy) or-
bits are the ones that must take care of screening the charge
of the tether inside. In a two-dimensional potential struc-

wherev,"®is the speed of the electron when raised to poten-ture case one can establish an analytic upper bound to the

tial Vo, v]"®™* = /2eVo/m,.
Equation 23) expresses the lifetime of a typical electron
when the potential structure shielding widthrgsin terms of

technical parameters, ry, 7™, fmui, w; andVo of the elec-
tric sail. The lifetime is plotted in FiglOfor 20 and 100 km

www.ann-geophys.net/27/3089/2009/

density of these electrons. At any poi@t, y) inside the
potential structure, consider a poiftin 4-D phase space,

P = (x,y,vx,vy). A backward integration of the particle
orbit from P either ends up being far outside the poten-
tial structure or stays forever inside the structure forming a

Ann. Geophys., 27, 338%1-2009
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periodic or quasi-periodic orbit. If the point is far outside, modifies the pictures. FigurEl shows results from a small
then according to Liouville’s theorem the value of the distri- test particle calculation where 4000 electrons were launched
bution function atP, f(P)= f(x,y,vx,vy), is equal to the into a cylindrically symmetric, 200V potential well which
value of the distribution functiorf,(v') in the external, uni- has linearly rising walls (constant electric field inside the
form plasma, wherg&’ is the original velocity of the particle well). The plot clearly shows how the electron density at the
produced by the backward trajectory integration. If back- outskirts of the potential well is depressed and the density at
ward integration stays forever inside the potential structurethe middle does not rise above the background value.
then by assumption of no trapped electrons, the value of the Inequality £8) holds for isotropic external electron dis-
distribution functionf (P) must be zero. We can cover both tribution. In the solar wind, the electron distribution is not
cases if we write far from being isotropic because the typical thermal speed
, ~1500km/s is clearly larger than the typical bulk speed
F @y, 00 0y) = foV)x (%, 3, vx, vy) (24) ~400km/s. Some ar?isotr%py may also ?/epsult from ch))dest
where 0< x (x,y,vy,vy) < 1. If fo(V) is isotropic then en-  electron temperature anisotropy in the magnetic field aligned
ergy conservation uniquely determines the original spéed system, but generally speaking the electrons are not too far

from being isotropic. Thus, the above result (28) should
i [z 2eVx.y) be rather well satisfied by solar wind electrons.
v v . (25)
ne
7.1 Thrust from electrosphere model

Then we can estimate the density inside the potential struc-

ture Consider again the potential structure (“electrosphere”) that
forms around the charged tether, under the assumption that

) = [ d>Vf(x,y.v )
nx.y) f Foxy.v) all trapped electrons have been removed. The outer bound-

5 , ary of the electrosphere (“electropause”) in the sunward di-

= /d VJo(v') rection would be expected to have a potential jump-tkV
which stops the solar wind ions. Inside the boundary there
= /szfo (\/vz—ZeV(x,y)/me> are no ions, while the electron density varies from point to

point between near zero ang.

o0
- 27,/ dvvfy (\/vz—ZeV(x,y)/me> In analogue with magnetopause formation, the elec-
V2eV]m, tropause on the sunward side is expected to settle at a point

e, , where the local electric pressui®/2)e,E2 balances the so-
= 2”/0 dvv fo(v) (26) " |ar wind dynamic pressure. If the inside of the electrosphere
would be a complete vacuum, the figltr) would be sim-
ply Eo(ry/r) WhereEjy is the field atr =r,,. To obtain a
richer model, however, let us assume that the electrospheric
electron density, instead of being zero, is some constant
Then the radial dependence of the electric field is obtained
from Gaul3’ law,

where we made a change of integration variable back 0
Vv2—2eV/m, so thatv'dv’ = vdv and used the fact that
x(x,y,vx,vy) <1. The last integral in Eq.26) is, on the
other hand, equal to the external plasma electron dengity
because for isotropic distributiofy(v),

ener

o0
mo= [ dPupatvy =2 [ ~dvusoto) @) Eey=Eo(") -2, (29)
0 r 2¢0
Thus we obtain the important and simple result, originally Imposing the force balance condition
derived byLaframboise and Parkéi973, that if there are
no trapped electrons, then the electron density inside a two—eoE(R)2 = Payn (30)
dimensional potential structure is at most equal to the exter- ) )
nal plasma density, and solving for the electropause subsolar distaRaee ob-
tain after some algebra
n(x,y) <ng (28)
provided that the external distribution is isotropic. In fact, R= 2\/60de”(1+A/2_ V1it4) 31)
non-trapped electrons, once sucked into the potential well, en,
move inside it at speed which is factofV/ Vin higher than — \yheres — ene Eory | Payn.
their original thermal speed. Since electron thermal energy The potentialV’ (r) can be integrated from (r):
eVin is ~12V and the potential’ is several kilovolts, this .
factor becomes 10-30. In the outskirts of the potential struc-y (,-y — Vo—/ dr'E(r)
ture, the electron density is depressed by almost the same fac- rw
tor because of electron number flux conservation. In the in- r ene o
ner parts, focussing of electrons towards the attracting tether = Vo~ Eoryln (a) B 46_0r (32)
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where a very small term proportional i was neglected. 1000 lereessiy [ I Lovvvsnsy |
Demanding thatV (R) = V1 where V1 ~ 1kV is the solar

wind ion energy we can solvig as 900
R en, o 800
Vo=Vi+ EoryIn| — |+ R 33
0 1 0w <rw> 4eq ( ) 700
Equations 81) and 33) determineR and Vg as a function of 600
the surface electric fiel&o and make it easy to produce a g
parametric plot which shows the dependenc& afn V. It %500'

is more interesting, however, at this stage to consider the re- 4004
sulting thrust force per unit tether lengtl#/dz. We assume

thatd F/dz is given by 300
dF 200
— =KPgynR, K=309 34

dz > (34) 100
(Janhunen and Sandrqd2007. The thrust is plotted in 0

Fig. 12 for n, = 0 andn, = no which provide an upper and
lower thrust limit if trapped electrons are not present. An
arbitrarily chosen case, = 4n, is also included to demon- Fig. 12. Thrust per unit tether length (E&4) for different assumed
strate that the thrust does not decrease too severely even if‘@lues of the electron density inside the electrosphere.

significant number of trapped electrons would remain in the

system.

It is noteworthy that the new thrust estimatesargtimes ~ containing e.g. 2000 km total length of tether (for example,
higher than those published earliéatthunen and Sandrgos 50 tethers 40 km long each) could weigh 50-100kg (frame,
2007). The difference between the old and new results issolar panels, high-voltage power source, electron gun, mo-
due to the fact that in the new results we assume that trappel@rised tether reels, various sensors and control processor), of
electrons are removed by spacecraft-induced orbit scattering/hich the tether mass is 10 kg. According to the new results,
and subsequent tether collisions in few minutes after turningsuch a device could produeel N thrust and produce a spe-
on the potential. cific acceleration of 10-20 mnf/sif used to move a 500 kg

Recently, Sanmaiin et al. (2008 calculated the tether Payload, for example, the device would produce a 30 km/s
sheath thickness with high bias voltage in an immobile, un-velocity change over six months. Analysis of applications is,
magnetised plasma. Their Eq. (37) determines implicitly thehowever, left outside the scope of this paper.
sheath thickness in terms of the tether radius,, Ape, T, The main idea of this paper is that trapped electrons are
andVp: removed from electric sail tether potential structures because

of orbit chaotisation produced by the 3-D potential struc-

4/5 4/3
1.53|:1—2.56<)LD6) / ] (}\’s ) / In<i> _ '?VO' (35) ture of the spacecraft body. The trapped electron lifetime
De

w

T, depends on how wide the potential structure is, but is be-
low 3 min for structure width below 200 m (Fig.0). Thus,

one expects that trapped electrons are typically completely
Iarger values than our parame_tkrabove. The reason for nearly absent. Under the assumption of no trapped elec-
the dlffe,rence betweeR andr; is that the paramete'g of trons, we derived the resulting size of the potential structure
Sanmgmh et al.(2008 corresponds to the distance where the from the electropause pressure balance condige)) keep-
potentialV (ry) becomes comparable 10 ~ 12 eV, whereas i, 16 electrospheric electron densityas a free parameter.
our R corresponds to the distance whéfer) ~ Vi~ 1kV.  \ye showed that, < no should hold. The resulting thrust
Thus the result oSanmaiin et al.(2008 is consistent with iy 1) is rather insensitive to the poorly known value of

our results. ne when O< n, <nq. In reality, n, is not a constant (see
Fig. 11), but the result should still fall inbetween the curves

8 Discussion, summary and conclusions marked withn, = 0 andn, =n, in Fig. 12. For turning the
electrosphere subsolar distankénto a thrust estimate, we

The results of this paper indicate that the thrust of the electridised a coefficienk ~ 3.09 found in our earlier papeddn-

sail could be some 5 times higher than previously reportedhunen and Sandrop2007) from ion test particle calculation

of ~500 nN/m at 1 AU for average solar wind conditions and using somewhat different functional form for the potential

for reasonable values of the driving voltage. Naturally, from Structure.

the practical application viewpoint, such increase in the es- The theoretical results presented here call for experi-

timated thrust is very significant. An electric sail apparatusmental verification. The verification could come from a

s

If one solvesry from Eq. 35) numerically, one finds even
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