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Abstract

Missions towards the Solar System boundaries are of great scientific interest and represent

a hard technological challenge. The use of an advanced propulsion system is a necessary

means to maintain the flight time within reasonable limits. This paper analyzes missions

to the heliosheath nose and to the heliopause nose, under the assumption that the primary

propulsion system of the spacecraft is constituted by an electric solar wind sail. The study

is performed using an optimal approach, by minimizing the total flight time required to

reach a prescribed point of the Solar System. A number of results are presented using two

mission parameters, i.e. the spacecraft maximum propulsive acceleration and the distance
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at which the electric solar wind sail is jettisoned from the scientific probe. Numerical

simulations show that an electric solar wind sail with performance consistent with the

currently available technological level, is able to reach a solar distance of 100 au in about

23 years. The flight time can be further substantially reduced using an advanced electric

solar wind sail with near-mid term technology.

Key words: Electric Solar Wind Sail, Heliopause and Heliosheath missions,

Low-thrust optimal trajectories

Nomenclature

ap = propulsive acceleration vector

ac = spacecraft characteristic acceleration

C = spacecraft center-of-mass

î, ĵ, k̂ = reference frame unit vectors

J = performance index

O = Sun’s center-of-mass

r = spacecraft position vector

t = time

v = spacecraft velocity vector

α = cone angle

δ = clock angle

µ = gravitational parameter

τ = switching parameter

∗ Corresponding author.
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Subscripts

f = final

max = maximum

O = orbital

⊕ = Earth

� = Sun

Superscripts

· = time derivative

∧ = unit vector

1 Introduction

A great interest exists in sending a spacecraft to the Solar System bound-

aries [1,2], to get information and solve fundamental scientific questions such as

the nature of the nearby interstellar medium, the structure of the Sun-heliosphere

system, the distribution of matter in this part of the interplanetary space, the way

with which plasma, dust, particles and radiation interact in rarefied and not fully

ionized plasmas. These and many other challenging questions can only be an-

swered by means of missions that are capable of obtaining in situ measurements

about the interstellar medium and the Sun’s interactions with that medium.

Fundamental information include, for example, the measurement of density, ion-

ization state, dust composition and magnetic field strength as a function of the
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Sun’s distance.

Missions beyond the heliopause require the capability of reaching very long dis-

tances, about 100−200 au, in a reasonable time interval and the space probe must

be able to cruise at a speed on the order of 10 au/year or higher [3,4]. This is a

rather demanding requirement, that implies the use of advanced propulsion sys-

tems. Apart from the chemical option, whose utility for these missions is limited

by the sizeable propellant mass the spacecraft would require, a number of dif-

ferent thrusters have been proposed over the years for interstellar missions [5,6],

including the use of solar and nuclear electric propulsion [7], laser beams [8],

nuclear fusion [9,10], antimatter [11] and minimagnetospheric plasma propul-

sion [12]. Even though each of these systems has advantages and drawbacks, a

key concept in such an advanced mission design is that of reliability. In fact,

most of those propulsion systems lack of an adequate experimental application

and the possibility of an use in future spacecraft mission is still questionable.

The most common choice and a promising option for an interstellar mission is

probably related to the use of a (photonic) solar sail [13,14]. A number of studies

exist, which confirm that the heliopause nose, at a distance of about 200 au, may

be reached by a space probe propelled by a solar sail within a flight time of about

25 years [3,4]. Indeed, solar sails can provide a continuous thrust for the whole

mission length and gain a large amount of ∆V in a reasonable time using a

solar photonic assist maneuver [14,15,16]. A critical issue, in this regard, is that

the close passage to the Sun (at about 0.14–0.25 au [17]) is a very challenging

maneuver in terms of thermal load the probe must be able to bear.

In recent years the electric solar wind sail (E-sail) has appeared to be an inter-

esting option for an interstellar mission. The E-sail is a new type of propellant-
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less propulsion system, which uses the natural solar wind to produce propulsive

thrust. A first example of scientific demonstration of the E-sail concept is be-

ing conducted by the ESTCube-1 satellite, whose main goal is to measure the

strength of the“E-sail effect” in a low Earth orbit [18]. Another E-sail experiment

is scheduled to be performed by Aalto-1 satellite, the first Finnish nanosatellite

project, to be launched at the end of 2015.

The E-sail thrust concept has been used to calculate mission trajectories to the

boundaries of the Solar System for realistic (scientific) payloads [19,20]. However,

a detailed study regarding the feasibility of an interstellar mission with a refined

thruster’s mathematical model has not yet been performed. The aim of this

paper is to provide new results and mission studies using an E-sail as a primary

propulsion system and to improve in different ways the results from previous

studies. The first improvement provided by this paper is in terms of mathematical

model of the propulsion system. In previous papers [19,20] the propulsive thrust

due to the E-sail was assumed to scale with the solar distance proportional

to (1/r)7/6, where r is the spacecraft distance from the Sun. However, more

recent plasma dynamic simulations [21,22] have shown that the E-sail thrust

per tether length is five times higher than what previously estimated and, more

importantly, the thrust modulus scales proportional to 1/r. Another difference is

in terms of accuracy of the mathematical model adopted in the simulation. For

example, the simulations of Ref. [19] were performed assuming a two-dimensional

scenario without using a solar wind assist (SWA) maneuver to gain energy from

a close approach with the Sun. A two dimensional scenario were also widely

used in Ref. [20], even though a SWA maneuver was taken into account. The

main improvements introduced in this paper can be summarized in these main

points: 1) the spacecraft orbit is fully three-dimensional, including the Earth’s
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orbit which is modelled using an accurate JPL DE405/LE405 model [23]; 2) the

propulsion system implements the more recent E-sail thrust model; 3) a detailed

parametric analysis is given as a function of two performance parameters, one

being the spacecraft characteristic acceleration, the other the distance at which

the E-sail is jettisoned; 4) the mission analysis is performed using an optimal

approach in which the minimization of the scalar performance index is obtained

using a direct optimization approach combining a hybrid genetic algorithm and

pseudospectral method. A constraint on the minimum allowable distance from

the Sun is also implemented.

2 Mission analysis

Consider a spacecraft whose main propulsion system is constituted by an E-sail.

With reference to Fig. 1, the spacecraft equations of motion in a heliocentric

inertial frame T�(O; x, y, z) of unit vectors î, ĵ and k̂, are:

ṙ = v (1)

v̇ = −µ�

r3
r + ap (2)

where r is the spacecraft position vector (with r = ‖r‖ is the Sun-spacecraft

distance), v is the spacecraft inertial velocity vector, µ� is the Sun’s gravitational

parameter and ap is the propulsive acceleration vector. According to the recent

plasma dynamic simulations by Janhunen [22], the propulsive acceleration vector

can be written as

ap = ac

(
r⊕
r

)
âp (3)

where ac is the spacecraft characteristic acceleration (that is, the spacecraft

maximum propulsive acceleration when the Sun-spacecraft distance is r = r⊕ ,
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1 au), τ ∈ {0, 1} is the switching parameter (τ = 1 if the propulsion system is

on, τ = 0 when it is switched off), which allows the presence of coasting arcs

in the spacecraft trajectory to be modelled, and âp is the thrust unit vector.

The components of âp can be conveniently written as a function of two control

angles, α (cone angle) and δ ∈ [0, 2π] (clock angle) as follows:

âp = sinα cos δ îO + sinα sin δ ĵO + cosα k̂O (4)

where îO, ĵO and k̂O are the unit vectors of an orbital reference frame TO(C; xO, yO, zO)

and are defined as (see also Fig. 1)

k̂O , r/r , ĵO ,
k̂ × k̂O∥∥∥k̂ × k̂O

∥∥∥ , îO , ĵO × k̂O (5)

Note that the three unit vectors îO, k̂O and k̂ are coplanar, whereas the angle

between the direction of îO and the ecliptic plane is equal to (π/2− φ) where φ

is the ecliptic latitude of the spacecraft.

The two angles α and δ, together with the switching parameter τ , constitute

the three control variables of the problem. In geometrical terms, the cone angle

α is the angle between the direction of the position vector r (which is assumed

to coincide with the propagation direction of the solar wind) and the thrust

vector. The clock angle, instead, is the angle measured counterclockwise from

the direction of îO to the projection of âp onto the plane (xO, yO). Equation (4)

is particularly useful as it emphasizes the dependence of the propulsive thrust

on the cone angle α which, for stability reasons [24], is required to not exceed a

maximum value of αmax ' 35 deg. This amounts to imposing a constraint on the

control variable in the form

α ≤ αmax (6)
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2.1 Mission phases

In this analysis, the spacecraft can be thought of being constituted by two main

parts: an E-sail propulsion system with its support equipment, and a scientific

probe that carries the payload. The mission starts at time t0 , 0, when the

spacecraft tracks the Earth’s heliocentric orbit, see Fig. 2. Such an assumption

is consistent with a spacecraft deployment on a parabolic (Earth) escape tra-

jectory, i.e. with zero hyperbolic excess with respect to the starting planet. In

the succeeding analysis, the Earth’s orbital elements are taken from the JPL

planetary ephemerides model DE405/LE405 [23].

The spacecraft is first accelerated by the propulsion system until it reaches a

hyperbolic osculating orbit with a hyperbolic excess speed V∞. The latter is nec-

essary for the scientific probe to proceed in the outer Solar System region and its

value must be sufficient to meet the mission requirements. During this propelled

phase, the spacecraft tends to approach the Sun to boost the propulsion system

effectiveness, by exploiting the increased available thrust due to the growing so-

lar wind electron density and temperature. Such a SWA maneuver [20] must be

carried out by enforcing that the spacecraft heliocentric distance does not fall

below a prescribed minimum admissible value, min (r) , rmin < 1 au, based on

thermal and mechanical constraints involving the E-sail tethers. The value of

rmin defines a forbidden spherical region, centered at the Sun, which the space-

craft must avoid, see Fig. 2. The mathematical constraint, to be met along the

whole transfer, is therefore

r ≥ rmin (7)

Preliminary estimates [25] suggest using rmin = 0.5 au for aluminum tethers,

whereas copper tethers are expected to guarantee a closer approach to the Sun,
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that is, rmin = 0.33 au.

A minimum distance of 0.5 au is of course conservative, because the flight times

required to reach a given target point tend to increase as rmin is increased. Note

that when the value of rmin tends to 1 au, which roughly coincides with the Sun-

spacecraft distance along the initial parking orbit, the optimal transfer trajectory

turns into an increasing departure from the Sun, without the presence of any

SWA maneuver. This kind of transfer trajectories are discussed in Ref. [19].

At time tc, when the Sun-spacecraft distance is rc and the spacecraft has a hy-

perbolic excess speed equal to V∞, the E-sail propulsive system is jettisoned and

the scientific probe continues its cruise phase according to a Keplerian motion,

see Fig. 2. The value of V∞ is an important mission parameter, which affects

the mission performance. However, since a bijective relation exists between rc

and V∞, it is convenient to fix the value of rc (which is simpler to handle) being

related to the Sun-spacecraft distance r = ‖r‖, see Eqs. (1)-(2). In this case, the

value of V∞ is an output of the trajectory optimization process.

The E-sail jettison is necessary for two reasons. Firstly, the propulsion system

becomes ineffective as the distance from the Sun is sufficiently high, see Eq. (3).

The second and more important reason is that the scientific instruments may

better operate within a “clean” environment, that is, without any interference

with the E-sail structure. For missions to the heliopause nose, the requirements

are that the spacecraft at the final time tf reaches a distance rf = 200 au from the

Sun, with an ecliptic longitude of ψf = 254.5 deg and a latitude of φf = 7.5 deg,

respectively (see Fig. 1). In case of missions to the heliosheath nose, i.e. to

the region just beyond the termination shock where interstellar gas and solar

wind interact, the distance to be reached is about rf = 100 au, with the same
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constraints on the final ecliptic longitude and latitude.

2.2 Trajectory design

Missions involving propellantless propulsion systems can be studied effectively by

minimizing the total flight time tf . The analysis of minimum-time trajectories,

i.e. the analysis of optimal performance for a given mission scenario, has been

addressed using a parametric approach, by varying the spacecraft characteristic

acceleration ac and the distance rc at which the E-sail is jettisoned within suitable

ranges. The differential system used in the simulation is constituted by the six

scalar nonlinear equations obtained by projecting Eqs. (1)–(2) onto the inertial

reference frame. For a given value of rf and for each pair (ac, rc), the problem is

to find the control variables τ(t), α(t) and δ(t) that minimize tf while meeting

the two constraints of Eqs. (6) and (7).

The optimization problem was solved using a hybrid genetic algorithm and a

numerical method based on the Gauss pseudospectral approach described by

Benson [26]. In particular, the continuous optimal control problem is transcribed

into a discrete nonlinear programming problem by means of global polynomial

approximations of the differential equations Eqs. (1)–(2). The transcribed prob-

lem is then solved by sequential quadratic programming, in which the initial

state and control histories are obtained by a genetic algorithm. In this case, the

genetic algorithm is used to conduct a random search within the space of fea-

sible solutions and provide a reasonable initial guess for the state and control

histories. In particular, the hybrid optimization method is able to look for the

optimal solution without any external guess from the designer [27].
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3 Numerical simulations

Taking into account the preliminary results discussed in Ref. [20], the range of

spacecraft characteristic acceleration and jettison distance are assumed to be

ac ∈ [1, 2] mm/s2 and rc ∈ [10, 20] au, respectively. Indeed, small values of either

ac (less than 1 mm/s2) or rc (less than 10 au) would correspond to high values

of flight times to the heliosheath, on the order of 25 years or higher. Moreover,

the case rc > 20 au is of little importance as it would imply a late beginning of

the scientific mission phase. Finally, an high value of ac, greater than 2 mm/s2,

is considered to be beyond the current technological capabilities.

3.1 Mission towards the heliosheath nose

The first mission case to be discussed involves the achievement of the heliosheath

nose, at a distance rf = 100 au from the Sun and a position in the Solar System

characterized by an ecliptic longitude ψf = 254.5 deg and a latitude φf = 7.5 deg,

respectively. The constraint on the minimum distance is conservatively assumed

to be rmin = 0.5 au.

The parametric analysis of the optimal transfer enables a number of data to be

obtained, which are collected, using contour curves, in Figs. 3–4. In particular,

Fig. 3 shows that the optimal flight times have a marked dependence on the jet-

tison distance and, even more, on the characteristic acceleration, especially for

values of ac around 1 mm/s2. The dependence of tf on these two parameters is less

pronounced for sufficiently high values of ac. A good correlation exists between

the simulation results of this paper and those previously discussed in [20], de-

spite the different performance model of the propulsion system and the different
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optimization technique used. Figure 3 shows that flight times less than 25 years

can be obtained with characteristic accelerations on the order of 1 mm/s2, thus

confirming the interesting potentialities of an E-sail-based propulsion system. To

give a comparison term, the interstellar probe Voyager 1, launched on September

1977, reached the heliosheath on May 2005, i.e. after a 28 years flight.

Figure 4 shows the hyperbolic excess speed V∞ achieved by the spacecraft at the

end of the propelled phase. Note that the obtainable values of V∞ are strongly

dependent on the pair (ac, rc). The hyperbolic excess speed is a fundamental

parameter for this kind of missions as it allows the spacecraft performance to be

estimated during the coasting phase of the mission. As a matter of fact, if Vc is

the modulus of the spacecraft velocity when the E-sail is jettisoned (that is, at

time tc), Fig. 5 shows that the ratio V∞/Vc is near unity especially for medium-

high values of ac and jettison distances greater than about 12 au. Clearly, when

V∞/Vc approaches one, the spacecraft is close to the so called cruise condition

(a condition that is reached in the proximity of the asymptote of the hyperbolic

orbit after the E-sail jettison). When t > tc, the spacecraft heliocentric trajectory

can be approximated as a straight line that the spacecraft tracks at a nearly

constant velocity. The time required to reach a given distance from the Sun

(greater than rc) is therefore easily estimated from

t ' tc +
r − rc
V∞

(8)

where V∞ depends on rc (and ac) according to the results shown in Fig. 5.

Having found the spacecraft performance in the conservative case of rmin =

0.5 au, a sensitivity study of the results has been performed by varying the min-

imum distance from the Sun in the set rmin ∈ {0.33, 0.4, 0.5} and assuming a

conservative value rc = 10 au for the E-sail jettison distance. The simulation
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results are illustrated in Figs. 6–7. In particular, Fig. 6 shows that the flight

time tf , ac and rc being equal, is quite sensitive to the constraint on rmin. For

example, when the minimum distance is reduced from 0.5 au to 0.33 au, the flight

time decreases as much as 25− 30% depending on the value of the characteristic

acceleration within its variation range.

Likewise, there is a significant variation of V∞, which increases as long as rmin

decreases, as is shown in Fig. 7. Assuming, for example, a characteristic accel-

eration of 1 mm/s2, if rmin is reduced to 0.33 au, the heliosheath can be reached

in about 17 years, with a hyperbolic excess speed greater than 5.5 au/year. This

means that the heliopause could be reached by adding 18 years of flight, with a

total flight time of about 35 years.

3.2 Mission towards the heliopause nose

The optimization of a mission to the heliopause nose requires a minimization

of tf with a constraint on the final distance of rf = 200 au. In this case the

optimization procedure provides the results summarized in Fig. 8 where a con-

servative value of rmin = 0.5 au is assumed. The figure shows that the required

distance may be reached in about 47 years using a characteristic acceleration of

1 mm/s2 and an E-sail jettison distance of 10 au. The flight times can be ap-

proximately halved by doubling the jettison distance. Of course, the same flight

time can also be obtained with smaller values of rc, but either increasing the

characteristic acceleration value, or decreasing rmin.

For example, an advanced performance E-sail, with ac = 2 mm/s2, could theoret-

ically reach the heliopause nose in about 24 years, assuming a jettison distance of
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10 au. The corresponding flight trajectory, during the propelled phase, is shown

in Fig. 9.

In a first phase the spacecraft is driven below the Earth’s orbital plane. Then

it moves to the Sun to perform a SWA maneuver at a distance equal to rmin

(in this case 0.5 au) and eventually reaches the E-sail jettison distance after 817

days (2.2 years).

4 Conclusions

Missions beyond the boundaries of the Solar System have been discussed for a

spacecraft whose primary propulsion system is an electric solar wind sail, which

exploits the solar wind dynamic pressure for generating a continuous thrust

without the need for reaction mass. Two different cases have been discussed,

according to whether the final distance to reach is 100 au or 200 au. The two

mission types have been studied using an optimal approach, by minimizing the

flight time to reach the prescribed distance. The optimal trajectory is fully three-

dimensional and includes a solar wind assist phase to gain energy from a close

approach with the Sun. The primary propulsion system is then jettisoned when

the spacecraft reaches a suitable solar distance and, after that, the probe con-

tinues its mission with a flight by inertia.

A parametric analysis of the problem has been performed, by varying the space-

craft characteristic acceleration, the propulsion system jettison distance and the

distance at which the solar wind assist maneuver takes place. An electric solar

wind sail with currently available technology is estimated to reach a distance

of 100 au in about 23 years and a distance of 200 au in about 46 years. These
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values can be however sensibly reduced with an advance of electric solar wind

sail technology. For example, using a characteristic acceleration of 2 mm/s2, the

previous distances could be reached in a time range that is less than halved.

These results confirm that an electric solar wind sail represents an interesting

option for an interstellar space mission.
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Figure 2. Schematic view of the mission phases.
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Figure 3. Minimum flight times for a mission towards the heliosheath, as a function of
ac and rc (rmin = 0.5 au).
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Figure 4. Hyperbolic excess speed for a mission towards the heliosheath, as a function
of ac and rc (rmin = 0.5 au).
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Figure 5. Cut-off speed for a mission towards the heliosheath, as a function of ac and
rc (rmin = 0.5 au).
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Figure 6. Minimum flight times for a mission towards the heliosheath, as a function of
ac and rmin (rc = 10 au).

25 of 28



1 1.1 1.2 1.3 1.4 1.5 1.6 1.7 1.8 1.9 2
4

5

6

7

8

9

10

11

12

13

ac [mm/s2]

V
∞

[a
u
/y
ea
r]

0.5

0.4

0.33

min
[au]r

Figure 7. Hyperbolic excess speed for a mission towards the heliosheath, as a function
of ac and rmin (rc = 10 au).
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Figure 8. Minimum flight times for a mission towards the heliopause nose, as a function
of ac and rc (rmin = 0.5 au).
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Figure 9. First part of the optimal trajectory towards the heliopause nose, with ac = 2
mm/s2, rmin = 0.5 au and rc = 10 au.
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