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1   E-sail concept 

Electric Solar Sail (e-sail) is new technology (P. Janhunen, JPP 2004) using the 

dynamic pressure of the solar wind for propulsion. Standard solar sails use a physical 

membrane whereas e-sails would use a bare-tether array to set up a virtual sail.  

At 1AU the photon pressure is 3 orders of magnitude larger than the dynamic pressure 

in the solar wind, 

2
dyn i i swP m n v≈    ∼   2nN / m2,          

2

2

1AU μN4.563
r mphotP ⎛ ⎞≈ ⋅⎜ ⎟

⎝ ⎠
 

 

with a solar constant  
S  ≡  Pphot × c  ≈  1.27 kW / m2  ×  (1AU / r)2 

 
However, an e-sail may have a (virtual) effective area per unit mass much larger than a 

standard sail membrane; the e-sail thrust might be comparatively much larger. 
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2   Ambient Solar Wind conditions 
 
Typical values for the ambient plasma at  1AU  in the ecliptic plane are 
 
Te ∼ 12 eV,       B  ∼ 10 nT,       n  ∼  7 cm-3,        400 Km/sswv ≈ ,       H +

  ions 

Density models  (Leblanc et al. 1996)  become simply   n  ∝  1/r2   beyond 1AU 
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Different rough  Te  models may be used beyond  1AU  
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In a simple isothermal outflow model, the solar wind velocity increases slowly 

with distance from the Sun,                vsw
2  ∝  ln r  
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Two lengths are basic parameters in considering tether use in LEO and at 1AU 

                                                  vrel  / Ωi    ( imeBi /≡Ω )     and     Dλ  

* As regards  vrel  / Ωi 

In LEO,   vrel    ≈  8km/s,      B  ∼  0.3 Gauss,     O+  ions    ⇒    vrel  / Ωi   ∼  102 m 

At 1AU,  vrel   ≈  400km/s,    B  ∼  10-4 Gauss,     H +  ions   ⇒   vrel  / Ωi   ∼  106 m 

                                    Ωi L/ vrel    will be typically small at 1AU  and large in LEO 

*  As regards  Dλ  

In LEO, 0.15eVeT = , 5 6 310 -10 cmn −=  ⇒  Dλ ∼ 5 mm  (around practical R  values) 

At 1AU,    12eVeT = ,   310 cmn −<     ⇒     Dλ   ∼  10m  >>  R 
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Coulomb-to-Lorentz force ratio 

FC  ∼  2 rsh L   ×  nmivrel
2    (rsh  =  sheath radius) 

                                                FL  ∼  Iav LB,         
em
VeenRLavI Δ×= 222

1  

The very small magnetic field at 1AU makes bias ΔV  uniform on a tether 

                                                                                 (negligible induced emf) 

Consider positive bias  ( 0VΔ > ),  repelling ions / attracting electrons  

The Coulomb-to-Lorentz force ratio reads 

                                                                 Ve
relvim

im
em

D
shr

R
D

Li
relv

LF
CF

ΔΩ
∼

2/2

λ
λ

 

The Coulomb force, determined by a front-area, is dominant at  1AU,   

negligible in LEO 
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In principle,  eΔV  should be of the order of  ½ mivrel
2 

With max 2 avI I=  ∝  n√ΔV   

                       the power required for a given bias is    VVnVIW ΔΔ∝Δ= max&    

Both provided power     (solar panel)W A S= ×& ,    SW ∝&  

                                                                 and density  n  itself, 

vary with distance to the Sun as  1/r2  making   

                                                               
2/3

WV
n

⎛ ⎞
Δ ∝⎜ ⎟

⎝ ⎠

&
  Independent of r  

The ratio  
2/2

relvim
VeΔ   and the propulsive efficiency might keep constant  

                              with increasing  r  if the SC velocity increases along with vsw 
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3   Single tether e-sail 

Potential profile of a cylindrical probe at high bias, in unmagnetized plasma in 

thermal equilibrium ( i eT T= ):   Potential vs 2

1
r

 behavior 

The sheath starts at  rsh  ∼  r1  ∼  r2   

 

A relation to be used later reads 
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where  1σ   is  O(1)  for  R  ∼  λD  and 

small (large) for  R / λD  small (large) 
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Bare-tether sheath law 

At the very high bias of interest,    eφp >> kT,       we have  rsh  >>  λD 

Using the approximation  

                                                           1
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the sheath law yielding   rsh / λD  versus  eφp / kT   and   R / λD   reads 
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                                          (λ,   μ  and  κ  are functions of  R / λD   like  σ1  itself) 

Sheath law valid for any   / DR λ ,  using corresponding values of  κ  and  σ1 

        0.974 (κ√σ1)2/3  ≈  1.53   (and  1.168λ μ = )  for the  R  <<  λD   e- sail  case 
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At  R =  Rmax  for OML validity  (∼ λD ),   of interest for  e-sail  tether-interference 

                              0.974 (κ√σ1)2/3   ≈  1.37        (and 5.0λ μ = ,      σ1  ≈  0.24) 

Using  
kT
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R
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                           in the  Rmax-sheath law 

yields  rsh/λD  vs   just  eφp/kT  (>> 1) 
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and  Rmax/λD   vs   eφp/kT   as shown 



10 

 

Profile point m   corresponds to a maximum of 2rφ  and a minimum of density in 
the sheath. It marks a fast drop slightly beyond mr  

          shreshrmr 53.063.0 ≈−= , 
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,     Φp  ≡  ΔV 

In the Coulomb force    FC ∝  rm nvrel
2 

   rm  ∝  rsh  ∝  λD × f (eΔV / kT,  R/λD) 

⇒    FC  ∝  vrel
2  × √nT ×  f (eΔV / kT,  R/λD), 

decreasing when moving away from the Sun 

Note that f  increases with  R:  Sheath interference between 2  close wires 
might result in an equivalent ‘single’ tether with net gain in sheath size. 
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4   Tether array  /  Multiline-tether   

Interference in current-collection / sheath-structure 
                        may occur within a tether array and 

within a ‘multiline’ tether’  (not really ‘single’  
             but made of interconnected wires for survival) 

At high bias, a tether with  R  ∼  Rmax  ∼  λD   
is surrounded by a region free of space-charge effects. 

                                                2 tethers at distance D  not large compared with λD  
 behave as single tether with ‘equivalent’ radius  Req  ∼  D 
                  (determined by Laplace’s equation) at distances large compared with  Req 

Interference involves 2 respects:  Is the ‘equivalent’ tether simpler? Does it show a net 
gain in sheath size?  Values of  D  of interest are comparable to  R  in multiline tethers,  
larger than λD  for arrays. 
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In a Starfish-like array,  N   tethers meet at the spacecraft / power system 

At the opposite ends, sheaths of adjacent tethers are assumed to just not overlap 

mr
LN πβ

π ≈=  >> 1,   L
mr1tan−=β   (Tethers are near parallel) 

Sheaths just interfere at points closer to the SC 

           ρ  ≡  mass density 

A parallel array has half the mass per unit area     (ρπR2 / 2rm    as against    ρπR2 / rm) 
It may allow increasing the sheath front area by playing with distance between tethers 

L
�
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Consider the potential at the origin for the Laplace solution or a two-circle 
equally charged, conductive cylinder,  
                            with potential vanishing at a centered circle of large radius  r∞ 

⎥
⎥
⎥
⎥
⎥

⎦

⎤

⎢
⎢
⎢
⎢
⎢

⎣

⎡

∑
⎟⎟
⎟
⎟

⎠

⎞

⎜⎜
⎜
⎜

⎝

⎛ ∞

−

+
−

−
−

+
−

+∞=Φ
1 2)

2
(

)12()12(
ln1lnln

02
2)0(

R
k

D

RkDRkD

D

RD

D
rq

λ

λλλ
επ  

                                                                                                                                                                                                         D
R

21 ≡λ ,                  11

11
−−= kk

λλλ      ( )2,3,k = K  

 

 

 



14 

 

The capacity per unit length   
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    yields the radius  Req  of 

a single cylinder behaving as the two-circle 

cylinder for  r  >>  Req 
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For  D  =  R,      Req  =  π D / 2   exactly 

For  D  ≥  2R,    
)22/2(1 DR

D
eqR

−
≈  

For  D  =  2R and 3R  the equivalent radius is  1.14 D  and  1.06 D  respectively 

                              It  rapidly approaches   Req  ≈  D   with increasing  D / R 
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Two tethers well separated contribute  L × 4rsh  front area,  where rsh   follows 

from the R  <<  λD  sheath law,       
4/3
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If at distance  Rmax  ∼  λD ,  however, they contribute  L × 2rsh(Rmax)  where 
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The figure shows 

             y  ≡  rsh(Rmax) /λD 

 Y  ≡  2rsh(R) /λD    for 3  R/λD  values    
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   At given bias ratio  eΦp /kT  and Debye length  λD , a characteristic increase 

in ‘tether’ radius by a factor of order of  106, when setting a distance ∼ λD  

between a pair of wires, yields a sheath radius that is more than twice the 

sheath radius for each single wire 

  Detailed numerical caculations should allow setting distance within a pair 

beyond one Debye length  

   Pairing tethers in a parallel array, with distance about  λD  within each pair, 

and distance between pairs about their resulting  rsh, will produce a net front-

area gain for the array.  No such gain seems possible in a starfish array    

   Interference between wires in a multiline tether, where distances would be 

much less than  λD,  would mainly affect current-collection, and indirectly the 

power system  
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5   Conclusions 

   At 1AU, the Coulomb force, which depends on sheath size rsh, is much larger 

than the Lorentz force because of both weak  B  and  large λD 

   Though depending logarithmically on tether radius,  rsh  increases sensibly in 

going from actual values  R ∼  30μm  to  about  λD ∼ 10 m 

   At the high bias of interest, space charge has no effects in a region reaching 
beyond  λD  around a tether, where Laplace’s equation holds 

   Sheath interference between two R ∼ 30μm wires at distance  ∼ λD  will result 
in a (Laplace equivalent) ‘single’ tether with net gain in sheath size. 

   Pairing tethers in a parallel array, with distance about  λD  within each pair, 
and distance about their resulting  rsh  between pairs, will produce a net front-
area gain for the array 
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