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Abstract. An electric solar wind sail is a recently introduced then charged positively by an onboard electron gun so that
propellantless space propulsion method whose technical deheir static electric field perturbs the trajectories of the inci-
velopment has also started. In its original version, the elecdent solar wind protons, resulting in a momentum transfer
tric sail consists of a set of long, thin, centrifugally stretched from the solar wind plasma stream to the tethers. The force
and conducting tethers which are charged positively and kepltaw of the electric sail Janhunen and Sandrod007) has

in a high positive potential of 20kV by an onboard electron been used to calculate successful and efficient mission tra-
gun. The positively charged tethers deflect solar wind pro-ectories in the solar system for realistic payloads and other
tons, thus tapping momentum from the solar wind stream andpacecraft characteristidgléngali et al, 20083.

producing thrust. Here we consider a variant of the idea with  The electric sail proposes to use the solar wind dynamic
negatively charged tethers. The negative polarity electric saipressure which is-5000 times weaker (about 2 nPa at 1 AU)
seems to be more complex to implement than the positivahan the solar radiation pressure used by solar photon sails.
polarity variant since it needs an ion gun instead of an elecThe electric sail is, however, able to overcome this appar-
tron gun as well as a more complex tether structure to keent shortcoming because the “sail” that intercepts the plasma
the electron field emission current in check with the tetherflow is not a physical obstacle, but a virtual structure made
surface. However, since this first study of the negative polarby the electrostatic fields of the charged tethers. The virtual
ity electric sail does not reveal any fundamental issues, more|ectric sail that forms around each charged tether is typi-
detailed studies would be warranted. cally tens or hundreds of metres in radius which is millions

Keywords. Interplanetary physics (Instruments and tech- ©f times larger than the physical width of the tether wires
niques) — Magnetospheric physics (Storms and substorms(ﬁome ter_13 of_mlcrometres). Itis malnly for_thls reason that
— General or miscellaneous (New fields (not classifiable unihe electric sall can be clearly more efficient (i.e. have a Iarggr
der other headings)) thrust per propulsion system mass) than a solar photon sail.
In this paper, we consider another variant of the electric
sail where the tethers are charged negatively. Like positively
charged tethers, also negatively charged bodies are able to
perturb the trajectories of solar wind ions, although the de-

The electric sail fanhunen2004 Janhunen and Sandrgos tails of the interaction differ from the positive case, as we
2007 is a recently discovered, completely novel type of will see below. ] i

space propulsion system concept which uses the solar wind The structure of the paper is as follows: Firstly, after
dynamic pressure for producing spacecraft thrust. The techPriefly reviewing the original positive polarity electric sail
nical development of the spinning electric sallghunen ~ CONCEPt, We go on to present a semiquantitative analytic the-
2006 commenced in 2006, currently already a long way to- Oy for the plasma physics of a negatively charged tether
wards realisation. The spinning electric sail uses the centrifuPlaced in solar wind. Secondly, we proceed to estimate the
gal force to deploy and stretch out a number of thin, long con-three main current components (ion current, photoelectron

ducting tethers from the spacecraft (Fig. 1). The tethers ar&€urrent and electron field emission current) that a negatively
charged tether gathers from the solar wind. The currentisim-

portant to evaluate because it determines how much electric
Correspondence td?. Janhunen power it takes to maintain the tethers at the wanted negative
BY (pekka.janhunen@fmi.fi) potential. After that, follows a brief survey of some technical
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Fig. 2. A four-wire Hoytether. Wire bonding sites are shown by
Z dots.
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- Herelp. is the electron Debye lengtff, is the solar wind
- electron temperature (on averafie=12eV at 1 AU),n, is
the undisturbed solar wind electron densi+£7.3 cm3
- on average at 1AU) and is the effective electric radius
=

of the wire, typicallyr;~1mm. The effective electric ra-
dius Janhunen and Sandro@007) of the tether is larger
than the physical radius of the wireg~20um of which
- = the micrometeoroid-resistant multiline tethetoyt and For-
ward, 2001 is constructed (Fig. 2). The potential of the
Fig. 1. Schematic description of the original spinning, positive tether relative to the surrounding plasmjs.
polarity electric sail. Charged, centrifugally stretched tethers gather The mechanical lifetime of a multiline tether in space de-
momentum from the solar wind. The charging is maintained by anpends on its geometry and on the number of wires; four wires
electron gun mounted on the spacecraft (middle). typically providing enough long lifetime for the electric sail
case according to our numerical estimations based on the mi-
crometeoroid flux model o&riin et al.(1985 (~1% break-
ways for implementing the tether. The paper ends with dis-ing probability per 2000 km of tether during 5 years). The
cussion and conclusions. Plasma simulations of the negativenultiline tether can break by two main mechanisms, firstly
polarity electric sail are outside the scope of this paper, asy numerous small impacts (impactorsef/3 of wire width
are gquantitative comparisons between the positive and negasr larger) which break single wires and secondly by one big,
tive polarity variants of the electric sail. centimetre-size impactor which cuts the whole tether at one
blow. Clearly, a wide tether is more resistant towards large
impactors while a narrow tether handles small impactors bet-
ter. The optimal tether width in the four-line case is, accord-
2 Positive polarity electric sail ing to our estimations-2—3cm at 1 AU. The optimal width
is somewhat wider for asteroid belt missions where the mi-
We begin by reviewing the operating principles of the origi- crometeoroid flux consists of larger particles and narrower
nally proposed positive polarity electric salBphhuney2004 for near-Sun missions where the average grain size is smaller
2008 Janhunen and Sandro@907. Consider a long, pos- (Jehn 2000. It is also beneficial if the multiline tether is
itively charged wire or tether placed in unmagnetised solardesigned to assume a somewhat three-dimensional (i.e. not
wind. We take the solar wind to flow perpendicular to the completely planar) shape in space after deployment, since
wire. This is not a restrictive assumption, because any parala completely planar tether could be broken completely by
lel flow component produces no effect since the ion equatiora single small impactor arriving exactly in the tether plane.
of motion in the parallel direction is trivial and not coupled Different types of multiline tethers and their lifetimes are dis-
to the rest of the dynamics. cussed bydHoyt and Forward2001).

The positively charged wire creates an electron sheath 1€ solar wind ions experience the potential (Egand
around itself where the potential of the cylindrical wire is &€ deflected in their motlon.. In t_he frame of reference of the
approximately wire, the total energy of the ion is g:(.)nserve.d. Thu;, the par-
ticle has the same speed after exiting the interaction region
than it had originally. Because the direction of the velocity
of the ion changes, the particle loses some of its momen-
tum x-component, where is the coordinate along the solar

In[1+ (ro/r)?]
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wind direction. This lost particle momentum is the reasonlarger by factor:=70 so they can be assumed to be unmagne-
for the thrust that the tether experiences. The momentuntised as well.

is transferred to the tether by an electric field due to piling The induced electromotive force, due to the solar wind
up of ions on the sunward side of the tether (i.e., a positivemagnetic field, is generally insignificant compared to the
charge cloud) and a corresponding ion depletion region (negtether voltage. For example, for a typical 10nT field,
ative charge cloud) on the antisunward side. Thrust is 0b-400 km/s solar wind speed and 20 km long tethers, the max-
tained because the electric field formed between the chargienum induced potential along the tether is only 80V. For
clouds (typically~1 V/m in magnitude) pushes the positively missions going near the Sun, e.g. at Mercury distance, the

charged tether in the antisunward direction. field can sometimes be as large as 60 nT, which would give
According toJanhunen and Sandro@007), the force per a 0.5kV potential difference. Since typical voltages are
unit length of the tether is given by ~20kV for the positive polarity sail, one can conclude that
the induced voltage by the magnetic field is not significant
ar _ Kmpnovzro 3) and, in most cases, can be ignored when analysing electric
dz 02 salils.
\/exp[ eVy In(rO/r;Z)] -1 The outward surface electric field on the tether wires is

typically 100—-200 MV/m. This field is still not high enough

wherev is the solar wind speed (typically 400 km/s). Equa- for it to cause a significant emission of ions or ion clusters
tion (3) is derived by finding at which the potential energy  from the surface. It is conceivable that some local micro-
eV (r) of Eq. (1) is equal to the kinetic energyl/2)m ,v? of scopic protrusions (e.g. whiskers) may be torn away by the
incoming protons and multiplying this distance (the ion de- gjectrostatic force. Such protrusions might exist on the metal
flection distance) by the dynamic pressure of the solar windsyface originally or be caused by micrometeoroid cratering
and byK. HereK is a dimensionless calibration coefficient i space. If this happens, it should not cause any problems,
whose likely value is between 2 and 3. A test particle calcula-since the expelled positively charged particles and fragments
tion of the momentum loss of solar wind protons in potential exit permanently to space. Only an electric field, which is in
V(r) of Eq. 1) gives the valuek=3.09 Janhunen and San-  the range 5-10 GV/m or even higher, could be able to extract
droos 2007. Plasma particle-in-cell (PIC) simulations gives |arger amounts of ions from a metal surface without the field
a result which is consistent witki~3. However,Janhunen being amplified by local protrusions.
and Sandroo2007 also showed that an analysis of the Equation 8) is formulated to agree with one- and two-
PIC result for different values for the electron temperatureyimensional self-consistent plasma simulationsafhunen
T, gives a result which is not quite consistent with the func- gq Sandroo$2007). The plasma simulations are not sta-
tional form of Eq. 8). One can explain away this inconsis- tionary, but include explicitly the ramp-up phase of the tether
tency by postulating that due to numerical noise the effectivevo|tage_ During the ramp-up phase, a certain fraction of
value of the electron temperature in the PIC simulation elecympient electrons get trapped in the potential well. Conse-
tron sheath is higher than in the solar wind. If one assumegyuently, Eq. 8) includes the extra shielding effect of these
that this postulate is true, then the PIC simulation results ar§rapped electrons. As shown IBanmaiin et al.(2008), if
more consistent wittk ~2 than withkK ~3. Ultimately, only  trapped electrons were absent, the potential structure would
experiments made in space or in the laboratory can give &g wider. Presumably, the thrust would also then be larger
certainty of the value ok . Typical numerical values at 1AU  {h5n predicted by Eq.3]. After the present paper was
areV,,=20KkV, ro=20m andd F/dz=50-100nN/m as pre-  sypmitted, arguments were found supporting the view that
dicted by Eq. ). trapped electrons actually tend to be removed by orbit chaoti-

We assumed above that the solar wind is unmagnetisedsation in a realistic electric sail geometry and that the positive
This is a good assumption because the ratio of the electropoarity electric sail thrust could be roughly five times larger

Larmor radius to the electron Debye length is than predicted by Eq3] (Janhunen, 2009). In the present
paper, performance comparisons of the positive and negative

rLe _ [m2ving  [me (¢ 4 sails are not attempted and from now on we concentrate on

Ape \ €l.B2 \/m:, YA () analysing the negative sail variant as a standalone concept.

At 1 AU, typically v4~80km/s (corresponding t8=10nT

and no=7.3cnt3) while \/m,/m;=0.023. Thus at 1AU, 3 Negative polarity electric sail

rre/Ape~903>1. When moving radially outward from the

Sun, this ratio does not change since it is proportional to theA negatively charged tether attracts solar wind ions and re-
Alfvén speed 4. The Alfvén speed does not vary because pels electrons so that an ion sheath gets formed around the
p~1/r? and B~1/r in the equatorial plane. Thus the mag- tether. Electrons (temperaturel0eV) are cold compared
netic field can be neglected when considering electron moto the solar wind ion bulk flow kinetic energy-( keV) and

tion in the sheath region. For ions, the Larmor radius is stillto the tether potentiak{1 kV). They are thus pushed out to
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a distance where the tether potential is almost completehand where the accessibility characteristic function
masked by ions. Consequently, there is an electron hole inx (x, y, vy, vy) is equal to one if backward trajectory
side which only ions exist. Outside the electron hole, theintegration from (x, y, vy, v,) reaches a point which is
plasma properties do not differ markedly from the ambientoutside the potential structure and zero otherwise. From

solar wind plasma. Egs. 6-7) we obtain
In the positive polarity electric sail, some electrons get
trapped by the potential structure when the voltage is turned no 5, o, 2e
on (Janhunen2004. A particle may get trapped by a poten- / (¥> Y, Ux, Vy) = 27“,03 vp vy A+ m—iV(x, y) = Vo

tial structure only if the potential structure deepens by more 8
than the particle’s original kinetic energy during the time the X6y, Vs vy). (®)
partl(_;I(_e_reS|des in the structure. '_I'hus, only those IOartICIesEquation 8) can be integrated to give the ion density inside
that initially moved very slowly with respect to the tether :

. the potential structure
can be trapped. The number of trapped particles does not de-
pend on the deepening rate of the potential structure. A faster Y
deepening rate implies a shorter duration of the process sB*:Y) = [ dvxdvy f(x.y. vx. vy)

that fewer particles occur on the structure, but on the other ne [
hand the width of the energy window from which particles < — dvvs [\/vz +2eV(x,y)/m; — Uoi|
are trapped increases. These two effects cancel each other vo OOO
out so that the number of trapped particles does not depend _ o du(u + vo)8 ()
on how rapidly the potential of the tether is turned on. Vo J—vo
The solar wind electrons are approximately isotropic in the = no. 9)

sense that their bulk velocity<400 km/s) is less than their _
random thermal speed-(L600 km/s). Thus, the distribution Here we made a change of variable
contains a fair fraction of electrons with velocities close to
zero. The situation is completely different for solar wind u = \/v? + 2¢V (x, y)/m; — vo (10)
ions, because their thermal spread is orll0% of the bulk

speed. Thus, extremely slow ions (relative to the spacecraft§0 that

that could become trapped are very few in the source distri- vdv

bution. Consequently, no trapped ions are expected to exigfu = N (11)
in the potential structure of a negatively charged tether placed Ve 2V (x, y)/mi

in the solar wind. and made use of the fact thatx, y, vy, vy)<1. Thus we ob-

Consider an arbitrary two-dimensional negative potentialtain an important and simple result that the ion density inside
well V(x, y)<0. Our task is now to estimate the ion den- the potential structure is at most equal to the ambient density
sity inside the potential in the absence of trapped ions. Foy,  irrespective of the functional form of the potential struc-
simplicity, we assume that there is no preferred direction i”tureV(x, y). The result holds well for any two-dimensional
ion velocity space, i.e. that the tether is approached by iofygtential Laframboise and Parket973.
streams from all perpendicular directions isotropically. This Knowing now that the ion density is everywhere limited
assumption is not realistic because the solar wind ions arriv%y no and the electron density is approximately zero inside

only from one direction, but we shall make it here in order gome radius and approximately equal t, outsider (the
to obtain an analytically tractable problem which hopefully ansition is sharp since the electrons are cold), we can cal-

gives some rough guidelines to the real situation. The ion.ate the functional form of the potentidd (x, y)=V (r)
distribution far from the tether is then the ring distribution, | ,nder the assumption of maximum ion shielding, defined
Fol0) = 277;0 50’ — vg) (5) by x(x,y, vx,vy)=1 everyv_vhere SO Fhat_the inequality in
Vo Eqg. (11) becomes an equality. At radiu, it holds that the
where v, is the ion stream speed, taken to be equal to théons completely shield the negatively charged tether inside,
solar wind bulk velocitys, is the ambient ion density and !-€-
3 is the Dirac delta function. By Liouville’s theorem, which
is valid for collisonless plasma, the distribution function at
point (x, y) inside the potential structure is given by

— e R%ng = A = 2meory Eo (12)

wherei<0 is the line charger;, the radius and£g<0 the
Fx, y,ve, vy) = fo)x(x, y, vy, vy) (6) surface electric field of the tether. Solving E&2)( for R we
) y

where energy conservation fixes the original speed of the par(-)btaln

ticle to be
R = 2eory (—Ep) (13)
v’=\/v§+v§+ZeV(x,y)/m,- (7) a eno '
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The electric field at a radius r,,<r<R is given by Gaul®’
law,

A+ ermorz)

E(r) =
2w eqr
Tw enor
= (7) Eo+ 52 (14)
Integrating Eq. 14) we obtain the potential
R
V(r):/ drE(r)
R\ 17 T.[ r \?
~we[n(7)-3)-% () o

where we have expressed the result in terms of the electron

Debye lengthh p.=+/€oT. / (noe?).

Equation (5) defines a solution for the potential valid for

1443

at a small negative argument for which it is enough to take

the first term inW’s Taylor series
W) =x —x?+ (3/2x%+ 0(0)*. (19)

Thus, withW (x)~x, Eq. (L8) becomes

dF » [8eo Vol ex 2 1
— R mivs, —n — - =
dz Yoy g Mol0 P 2e|Vol 2
exp<_ )

where we used/8¢~1/2=1.72. Recall that the solar wind
dynamic pressure iBgyn=m;novZ.

The potential of the tether, with respect to the surrounding
plasma, is obtained from Eql%) by settingr=r,. In this
case, the last term which is proportionalfois vanishingly

m;iVq

€0l Vol

noé€

(1/2)m;v2

(20)

cold electrons, no trapped ions and the entire phase spac§nall and we obtain

accessible for traversing ions.
not accessible for traversing ions, theix, y, vy, vy) van-
ishes at some points.
come smaller than what was assumed in the above calcul
tion, and the non-logarithmic terms in EdLS] should be

damped by some factor which is less than unity.

most important term in Eql6) is the logarithmic one. In-

cluding this correction would tend to decrease ion shielding
and therefore to increase the propulsive force, so ourassump\D =

tion x (x, y, vy, vy)=1 gives a lower limit for the propulsive
force.

In reality the solar wind arrives from only one direction,
so the solution is no longer symmetrical.

In this case the ion density may be-

In what
follows, we shall not consider this correction, because the

In any case, tOglectric field). This length &

If the entire phase space is

R

)

w

1

5 @)

= V(ry) = Vo [In (

)

aEquation 20), or alternatively the more accurate version

Eq. (18), is the main result of this section. It tells us that
the effective electric sail width of a negatively charged tether
contains, as the essential factor, an “effective Debye length”

ol Vol

(22)
noé€
where instead of the electron temperature the potential pa-
rameterVo=r,, Eg appears (recall thay is the wire surface
is potentially large, leading to

roughly estimate the force acting on the tether, we must estia potentially large force per tether length. For example, in
mate the extent of the potential well which is able to cause aaverage solar wind at 1 AU and witty=1kV, 2ef—g7m.

large-angle turning of incoming ions. This amounts to find-
ing the radial distance (ion deflection distanegsuch that
V(rs)zwz—(l/Z)mivg/e. The solution forry can be ex-
pressed in terms of Lambert®-function, also called the
product log function. For any, W (x) is defined to be equal
to a solutiony of the equation

x = ye’. (16)

The solution for the ion deflection distance is

ry = R\/—W [— exp(— - 1)} a7)
rwkEo

and a rough estimate for the thrust per unit lengftydz is
the solar wind dynamic pressufeyn:minovg multiplied by
the extent of the strong ion scattering regiog, 2

~ m; vo\/—noVOW [ exp( 1)} (18)

where the potential paramet®=r,, Eg. For Vp not much
larger thanV;, Lambert'sW-function in Eq. (8) is evaluated

02
iVo

e[ Vol

dF
dz
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However, before being able to realise the potentlal thrust
benefit of the negative polarity electric sail, several questions
need to be addressed: How large a current does a negatively
charged tether gather from the solar wind plasma? How large
a surface electric field&, can be safely maintained without
a risk of an electric breakdown of some sort? Is the ion gun,
which is necessary to maintain the negative potential, dif-
ficult to construct? Does one need significant amounts of
propellant to create the ions? We will now consider these
questions.

To control the motion of the tethers, the tether potentials
must be known and controllable. This can be accomplished
by monitoring the spacecraft potential with respect to the sur-
rounding plasma by using a particle detector (ion detector in
negative polarity sail, electron detector in positive polarity
sail). The tether potentials are controlled by potentiometers
(tunable resistors) that are installed between each tether and
the spacecraft. For each tether, its potential is the sum of the
spacecraft potential and the potentiometer voltage. The po-
tentiometer voltage can be measured electrically and it can
be controllably changed by changing the resistance of the

Ann. Geophys., 27, T¥B92-2009
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potentiometer. The turning of the sail is possible using an althe photoelectron current for the GEOTAIL spacecraft to be

gorithm resembling helicopter flight control where the tether 8533 xAm~2. Our present baseline material for construct-

potentiometer settings are modifying cyclically and in syncing electric sail tethers is aluminium whose surface has the

with the rotation when one wants to tilt the salahunen  natural oxidation layer formed by atmospheric oxygen. We

2009. shall here adopt Grard’s aluminium oxide value as represen-
tative for the tethers so that we have

2
4 Current gathered by negatively charged tether (d_1> _ 42,AM2 x 21, <1AU> . (24)
dz photoel r

Consider a negatively charged tether immersed in solar wind

plasma. Our task is to estimate how much current per unitVith average solar wind density at 1 AU and with=20kV,
length the tether gathers from the plasma if it is kept at po_the photoelectron current is 43% of the electron current of the

tential V. corresponding positive electric sail case.

We consider three sources of gathered current: the ther- BOth the thermal plasma current and the photoelectron cur-
mal ion current arriving from the surrounding plasma, cur- €Nt scale as/I2 wherer is the distance from the Sun. Thus
rent carried by solar ultraviolet (UV) radiation induced pho- both the ion thermal current and the photoelectron current
toemission of electrons from the tether surface and finallyare conveniently modest in magnitude. They do not appear
current due to field emission of electrons (Fowler-Nordheim {© Present a problem for the realisation of a negative polarity
current) at the tether surface. electric sail.

41 Thermalion current 4.3 Electron field emission current

Because the solar wind is very tenuous, the plasma is colA negatively charged electrode may emit electrons at a much

lisionless to a very good approximation. The tether acts adoWer surface field than a positively charged electrode can
a cylindrical probe immersed in plasma and the ion curreneMit ions. Electron emission from sharp, well-cleaned tips

can be calculated by the orbital motion limited (OML) theory follows closely to the Fowler-Nordheim field emission law
(Allen, 1992). The current per unit length is and its later modifications taking into account finite temper-

ature and other refinementlpert et al, 1964 Noer, 1982
dl eV Halbritter, 1983 and takes place typically at 1-2 GV/m sur-
(d_z> = eng | ——2ry. (23) face field. (Since the dependence of the current density on the
th electric field E is proportional toE2 exp(—1/E), the emis-
For a self-contained derivation of this expression, see Ap-Sion increases rapidly from in_si_gnificant to large values.)_ For
pendix B ofJanhunen and Sandro(2007. This currentis  Proad-area electrodes containing attached dust, local impu-

Jme/m,~43 times smaller than the corresponding electronfities and adsorbed gases, however, significant electron field
current in the positive electric sail case and can nearly alway§Mission is typically observed already-at00 times smaller

be neglected. fields of order 10 MV/m Koer, 1982 Halbritter, 1983.
Basically, all experimental investigations of electron field
4.2 Photoelectron current emission have taken place in ground-based laboratories

rather than in space. In the laboratory, there are always two

A sunlit object, such as a conducting tether, emits photoelecelectrodes present, anode and cathode. There are experimen-
trons due to solar UV radiation. If the tether is positively tal indications that the onset and nature of electron field emis-
charged, the photoelectrons cause no macroscopic curresion at the cathode also depends on the properties of the an-
since they are rapidly attracted back to the tether. When th@de (Noer, 1982. The physical mechanism is possibly that
tether is negatively charged, however, photoelectrons are rerelatively weak but very localised electron beams initially
pelled by the tether and therefore they contribute directly toemitted by the cathode knock loose some ions from the an-
the current gathered by the tether. Notice that the photoelecede upon impacting it. The ions are then accelerated by the
tron current is independent of the tether voltage, but dependslectric field back to the cathode and impact it near the origi-
only on the tether surface properties, the solar UV spectrumal electron emission spot. This may cause further secondary
and the solar distance. electron emissions at the cathode local emission site. lons in

Grard (1973 estimated the photoelectron emission atthe space between the electrodes can also be produced by
1AU from selected materials as follows: aluminium ox- electron impact ionisation of neutral atoms outgassed from
ide 42uAm~—2, gold 29uAm~2, stainless steel 20Am—2, the anode by local heating caused by the cathode-emitted
graphite 4«.Am~—2. The spacecraft photoelectron yields electron beams.
inferred from orbital data are typically somewhat higher These complicated interaction and feedback phenomena
than those based on laboratory measurement&iaird between the cathode and anode, while always present in the
(1973. For example Nakagawa et al(2000 determined laboratory, are absent in space where the other electrode is

Ann. Geophys., 27, 1439447, 2009 www.ann-geophys.net/27/1439/2009/
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formed by the surrounding space plasma. It might, therefore5.2 Tubular tether

be the case that a broad-area cathode in space tolerates higher

surface fields than in the laboratory. There is in practice noConsider a hollow tubular tether with radiys, wall thick-
other way to find this out other than to perform an experimentnessh (h<ry), material mass density,, and conductivity

in space with a thin cathode wire. o. The tether mass per unit length is
All materials, including metals, outgas to some extentin a
vacuum. Part of the outgassed molecules can become ionis = pmTh(2ry — h). (25)

by solar UV radiation while moving out from the tether. If %

ionisation takes place while the molecule is inside the potendf we use surface electric fielHg, the tether generates force

tial structure of the tether, it may form a trapped ion. We haveper unit length

estimated the magnitude of this effect and found that under

some circumstances, such outgassing produced ions mighg —172p €o| Vol « (_(1/2)m,-v§>

produce unwanted trapped ions to an extent that matters. Ary; — ™ dyn noe e|Vol

easy fix to this potential problem, if it occurs, is to reset the

potential periodically to clean out the unwanted trapped ionswhere Vo=r,, Eg. Assuming that the surface electric field is

from the potential structures of the tethers. such that electron field emission current is negligible, other
current components except the photoelectron curren4q.

_ ) can be neglected. The power consumption per unit length

5 Technical design is then the current obtained from E@4] multiplied by the

tether voltage (ER1). The result can be written in the form

(26)

5.1 longun
. . : . dP o A8\ 1-1n2

The negative polarity sail needs an ion gun instead of an elec— = (42uAm ) x 2ryVolIn| —= ] — (27)

tron gun to keep itself charged. Although an ion gun is a 4% w 2

more complicated device than an electron gun, its construc-

eff . .
tion should not present any fundamental problems. ImporWNerexp'is defined by Eq.22). .
As a performance metric, we use the specific accelera-

tantly, the number of ions that one must emit over a reason-. _ . L
able operational lifetime of the electric sail (some years), istiON dspec defined here to be the obtained thrust divided by

not so large that the mass of the propellant from which thel'® Mass of the tether as obtained from EGS) and €6),
Figure 3 shows the specific

ions are created would be a significant item in the spacecraff! 9spec=(dF/dz)/(dm/dz). Fig
mass budget. The ion gun is effectively equivalent to a verya_CCE’lerat""’mSPeC and the specific power [consumed power

high specific impulse ion engine. Such a device needs mainlyvided by obtained thrustid P/dz)/(dF/dz)] as a func-

power, but does not consume much propellant. Since the ainq'on of the tether radius of a tubular aluminium tether with

is to produce current rather than mass flow, light ions wouldt0#m wall thickness in average solar wind at 1 AU, for

be preferable to heavy ones in this case, in order to minfwo values of the allowed surface electric fielid=5 and

imise propellant mass. Since ion engines typically use xenon-0 MV/m. One sees that the resuit depends strongly on the
(atomic mass 131), we shall consider it also here, however. [&lue 0fEo adopted. FOEq=10 MV/m, for example, we ob-

the electric sail tethers are charged to 20 kV, the speed of théin at the optimum point a specific acceleration of 8 nm/s
emitted Xe" ions is 170 km/s. Recent developments of four- 2t ~20KV voltage, consuming only-1.3W/mN of electric
gridded ion engines should make such high exhaust speed®Wer- Assuming that the spacecraft has e.g. 100 tethers of
reachable Kearn 2005. At such a high specific impulse, 20km length each, we obtain in this case a tqtal thrust of
even a high-powered engine uses relatively little propellant.o'42 N, tether mass 50kg and power consumption 53_0 W If
As noted above, by replacing xenon by a lighter element sucti® POWer system, tether reels and ion gun would weigh an-
as argon, the propellant mass consumption could be lowere@ther 50kg and the payload e.g. 300kg so that the total mass
further if needed. Overall, then, if and when the power is would be 400 kg, the propulsive acceleration would be about

available to feed it, the ion gun which is needed to keep thet mm/$. This level of acceleration is already adequate for
negative polarity electric sail charged should not present inperformlng many manoeuvres in the solar systéfer{gali

surmountable problems. et al, 2008ab). o .
The extra thrust provided by the ion gun is almost negligi- The tether mass fora t.ubular tether is directly proportional
ble (less than 1 mN even if using xenon) in comparison with 1© the wall thickness which was here assumed to berfi0

the electric sail thrust, because the ion gun specific impuls&.C" €xample, with a thinner sm wall the specific accelera-
is very high and its power is only modest. tion would be two times higher and in the above example the

tether mass would be 25 kg instead of 50 kg.

The quantityrspecis useful because it is simple to calculate
and does not depend on other parameters. In a more detailed
performance analysis, one should use a more advanced figure

www.ann-geophys.net/27/1439/2009/ Ann. Geophys., 27, T¥B92-2009
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Tubular tether 6 Discussion and conclusions
o

L
- T~

The negative polarity sail current has three components: ion
current, photoelectron current and electron field emission
current. The ion current is small and it scales by the so-
lar wind density (¥r2). The photoelectron current is larger
(roughly similar to typical current in positive polarity sail)
and it also scales ag1%. The sum of ion and photoelectron
currents, therefore, scales 54 and is nearly independent
of the tether voltage, because the ion current part is small.
Currents that scale ag 42 are nice because their associated
power consumption then scales in the same way)as the
power produced by solar panels. The electron field emission
current is independent of, but it depends strongly on the
tether voltage. The level of usable surface electric figjd
before significant electron field emission sets in at some point
on the tether, is the main parameter in the negative electric
sail concept whose exact value remains inaccurately known,
due to lack of experimental data on long cathode wires with-
out nearby anodes in the ultra-high vacuum of space.

Recently, Choiniere and Gilchrist(2007) studied the
T T - shea_lth extent and current c_oIIection of negative tethers in
moving plasma by self-consistent steady state 2-D Vlasov
Fig. 3. Specific acceleratiota), specific power consumptiofb) simglation anq under the assumption of no trapped particles.
and voltage(c) of a tubular, negatively charged aluminium tether Their calculation method could probably be easily extended
with 10m wall thickness. The logarithmic horizontal axis is the t0 produce more accurate thrust estimates than what we have
radiusry, of the tether in micrometres. Solid curves correspond provided here.
to allowed surface electric fieldg=5MV/m and dashed curves In principle, the thrust of the negative polarity electric sail
to Eg=10MV/m. Points of maximum specific acceleration are g|sg receives a contribution from the impulse given by ions
marked on the curves. that hit the wires. This thrust contribution can be estimated
to be negligibly small, however, for typical parameter values,

of merit which takes explicitly into account the mass of the so we do not discuss it explicitly.
spacecraft power system, tether reels and the ion gun. How- If significant electron field emission occurs, it takes place
ever, for applications where the payload mass is in any casét a few points containing dielectric impurities, micromete-
rather large compared to the sail propulsion system mass, theroid damage or other anomalies along the tether. We might
exact mass of the propulsion system is not too significant. Inspeculate with the possibility of “cleaning” the tether of some
this type of application, it is more important that the electric Of the high field emission sites by running it in high positive
sail propulsion system can generate enough thrust withoupolarity mode for some time, hoping that Coulomb repulsion
having to make the total tether length excessive. extracts the unwanted material from the surface. This possi-
In practice, instead of a tubular tether, one m|ght preferbi”ty, while SpeCUIative, would in any case be accessible to
to use related but somewhat different tethers such as quasgxperimental investigation.
tubular “wiresock” tethers constructed by wire-wire bonding  In conclusion, the negative polarity electric sail might be
from e.g. 10-30 metal wires of20 um thickness. However, a feasible concept to implement in its own right, although
analysing this and other kinds of tether structures, is outsidét has a set of issues mainly related to electron field emis-
the scope of this paper. sion from negatively charged wires that would need to be ad-
The most important parameter whose exact value remaindressed. The question of whether the negative polarity vari-
unknown is the allowed surface electric fielty, i.e., how  ant would provide some performance benefit compared to
large surface electric fiellp the tether tolerates before field the original positive polarity electric sail depends mainly on
emission from the tether (probably mainly from points dam- whether trapped electrons exist or not in the positive polarity
aged by micrometeoroids) becomes comparable to or largesail. This question is presently under active study and one
than the photoelectron current. We think it is likely that a should wait for the answer before drawing final conclusions.
value Eo=5 MV/m should be rather safe, but it is not out of In any case, the thrust level of both the positive and nega-
the question that also larger values could be used. Experitive electric sail concepts has the potential to be quite high in
ments would be needed to ascertain this. comparison to presently existing space propulsion methods.

mm s-2
Specific acceleration

0 — ——

W/mN

Specific power

kv
Voltage
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