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1. Applicable documents
AD-1: Deliverable D53.2 “Refined design concepts document”
AD-2: Deliverable D62.1 “Orbit calculations supporting WP 6.1”
AD-3: Deliverable D23.1 “Tether space environment requirements”
AD-4: Deliverable D22.1 “Tether coating report”

2. Introduction
In WP61, preliminary analysis was performed for a number of electric solar wind sail (Esail)
missions from which the most relevant, interesting and promising mission concepts were
selected for further analysis. Refined concept of E-sail from WP53 [AD1] was used for mission analysis. The purpose of this deliverable is to present a selection of mission candidates
where E-sail propulsion either would be enabling technology or would provide significant
benefits. Main results of this work are published in scientific journals [1]. The necessary
orbital calculations and optimisations were performed in WP62 and are presented in [AD2].

3. Baseline E-sail
E-sail is highly scalable for a variety of mission profiles, as a reference, we can consider a
full-scale E-sail to have 2000 km total tether length (for example, one hundred 20 km long
tethers) with 25 kV potential. At 1 astronomical unit (au) distance from the Sun, this E-sail
configuration provides 1 N thrust level. We consider E-sail design to be suitable for
30…1000 kg payloads but in principle, it is flexible to support any payload size with required
spacecraft acceleration. Table 1 lists specific E-sail configurations for payloads ranging from
100…1000 kg and for required spacecraft accelerations ranging from 0.1…1 mm/s2 [AD1].
The required radial distance range in the solar system for E-sail technology to work is set as
0.9…4 au. This range covers all near-Earth missions, all asteroid main belt missions, Mars
missions and missions where E-sail acts as a booster stage for an outer solar system mission.
With relatively minor modifications, the radial distance could be shifted to go inward or outward in the solar system to support other types of missions, for example ranging
0.25…1.1 au or 0.4…8 au [AD1]. Maximum mission lifetime requirement is set as 5 years
[AD3]. Additional requirements for the Esail hardware might imply in mission specific
cases, e.g., flying through planetary shadow, E-sail operation or deployment far from the
Sun, impulsive acceleration during operation, etc.
The magnitude of E-sail thrust depends on its distance from the Sun; it scales as 1/r where r
is the solar distance [2]. Although the solar wind is highly variable, E-sail can provide a stable
thrust output by controlling the tether potential accordingly in-flight [2]. By inclining the sail,
the direction of thrust vector can be changed up to 30 degrees [2]. Together with thrust throttling capability, the E-sail can navigate accurately in the solar system [3].
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Table 1: Specific E-sail configurations for 100 - 1000 kg payload and 0.1 - 1 mm/s2 accelerations from [AD1].
TM stands for the spacecraft telemetry system.

Payload + TM
E-sail tethers
Thrust at 1 au
Total mass
Payload + TM
E-sail tethers
Thrust at 1 au
Total mass
Payload + TM
E-sail tethers
Thrust at 1 au
Total mass

Acceleration 0.1 mm/s2
100 kg
200 kg
500 kg
12 x 4.0 km
16 x 5.7 km
24 x 9.2 km
0.03 N
0.05 N
0.13 N
280 kg
535 kg
1290 kg
Acceleration 0.3 mm/s2
100 kg
200 kg
500 kg
16 x 6.3 km
24 x 8.0 km
36 x 12.7 km
0.06 N
0.11 N
0.27 N
296 kg
558 kg
1329 kg
2
Acceleration 1 mm/s
100 kg
200 kg
300 kg
44 x 15.3 km 62 x 19.4 km 86 x 20.0 km
0.39 N
0.70 N
1.00 N
391 kg
696 kg
996 kg

1000 kg
34 x 12.9 km
0.25 N
2535 kg
1000 kg
50 x 17.9 km
0.52 N
2597 kg

4. Mission concepts
The number of potential E-sail applications is large, in principle, E-sail could replace the
propulsion systems of most missions to date as well as enable new types of missions, which
are not feasible with conventional means. Here we have categorised missions into following
groups:
(1)
(2)
(3)
(4)
(5)
(6)
(7)
(8)

asteroids,
non-Keplerian orbits (e.g., solar wind monitoring),
near-Sun missions,
terrestrial planets,
one-way boosting to outer solar system,
Interstellar Heliopause Probe,
impactors or penetrators,
“data clippers” carrying data as payload.

Outside Earth's magnetosphere, E-sail propulsion can be used almost everywhere in the solar
system. It is possible to spiral inward or outward in the solar system by inclining the sail
appropriately, thus, tacking towards the Sun is possible. As E-sail thrust depends on the distance from the Sun, E-sail can provide high acceleration for missions in the 0.9…4 au distance range and to missions to outer solar system. E-sail as a stand-alone system does not
enable a speedy return from the outer solar system because of the low acceleration when
starting from the outer solar system. However, when combining E-sail with a modest chemical propulsion system, it is possible to speed up the return trip from the orbits around the gas
giants. By performing a chemical burn near the planet and thus utilising the Oberth effect,
the spacecraft is injected towards the inner solar system at significant speed and then E-sail
could be used for precise navigation for Earth rendezvous. This would bring a technological
challenge, currently out of scope of the ESAIL project as to whether the sail can withstand
the impulsive chemical burn without breaking or becoming entangled.
All E-sail mission need to start from near or full escape orbit as E-sail needs to be outside of
Earth's magnetosphere (in the solar wind) before it can generate propulsive thrust. The magnetosphere boundary is closest to Earth on the dayside, where it resides on average at
10 Earth radii. Increasing the orbital apogee above 20 Earth radii requires 2.9 km/s velocity
4
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change from a 300 km altitude orbit, while reaching the Moon distance (60 Earth radii) requires 3.1 km/s and marginally escaping from the Earth-Moon system 3.2 km/s [1]. In many
cases, E-sail propulsion system on the spacecraft would enable the use of Soyuz class launchers for interplanetary missions. The altitude and inclination of the low Earth orbit or the escape orbit are not essential because E-sail can easily correct its course after reaching the solar
wind. This brings an improvement in spacecraft design and development process, as they are
no longer dependent on the exact launch window and mission trajectory. In mission planning,
the strict requirements on launch window are also more relaxed; one only needs to consider
availability of launch vehicles and resulting E-sail travel time to mission target. In addition,
multiple E-sail missions can share the same launcher to the initial escape orbit.
E-sail needs solar wind or another fast plasma stream to work; therefore, it cannot be used in
practice inside Earth's magnetosphere where the plasma rather stationary. However, the satellite orbital motion relative to the plasma would enable E-sail technology to be used for
deorbiting purposes; this will be discussed in detail in a later chapter. In gas giants’ magnetospheres, the plasma corotates rapidly with the planet and this might provide some way of
E-sail propulsion usage inside the magnetospheres, but this will need further research. Mars
and Venus have no magnetospheres; Mercury has a weak and small magnetosphere so E-sail
can be used in principle, but not necessarily down to the lowest orbits. In planetary missions,
E-sail can of course pass through magnetospheres without any limitations, but generating
thrust while inside the magnetosphere is limited.
When E-sail is used around planets, the capability of the sail to withstand eclipse periods and
radiation environment needs to be analysed in specific mission designs. The long E-sail tethers may experience significant contraction and elongation due to rapid changes in thermal
environment when eclipsing, this might cause dynamical oscillations in the tether rig [1].
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5. Asteroid missions
Asteroids have been chosen as mission targets usually as a side objective if the mission trajectory and on-board instrumentation allow for an asteroid fly-by. There have been only a
few successful missions to specific asteroids; most notable past and existing missions are
listed in table 2 [4…12]. The American mission NEAR Shoemaker was the first spacecraft
to land on an asteroid [13]. The Japanese Hayabusa mission concluded on 13 June 2010 when
it returned a material sample from asteroid 25143 Itokawa back to Earth [14]. Still ongoing
Dawn mission has successfully orbited Vesta and is currently on route to Ceres, scheduled
to arrive in February 2015 [15]. In light of these recent missions, the scientific community
has renewed its interest in studying asteroid in near-Earth region, in the main asteroid belt
and the Jupiter Trojan asteroids. A number of missions are currently in planning and in development, for example Don Quijote (ESA), Hayabusa 2 (JAXA), MarcoPolo-R (ESA) and
OSIRIS-Rex (NASA) [10, 16…19].
Asteroids are interesting scientifically and, more to that because of the impact threat, resource
utilisation and for potential manned exploration [20, 21]. Main concepts for asteroid missions
are:
1)
2)
3)
4)
5)
6)

fly-by observations,
reaching asteroid orbit for mapping,
landing and sample return,
asteroid deflection
in situ resource utilization,
capturing and returning an asteroid.

E-sail represents an interesting option for asteroid missions, because transfers for these missions usually either require a considerable propellant mass or complicate manoeuvres such
as planetary flybys. In addition, E-sail would offer flexibility in the launch window and target
selection.
Table 2: Past and existing missions to small bodies in our solar system.

Name
Launch
Target
Dry mass
Wet mass
Power
(at 1 au)
Propulsion
Name
Launch
Target

Dry mass
Wet mass
Power
(at 1 au)
Propulsion

NEAR
1996
Eros
487 kg
800 kg
1800 W

Cassini
1997
Titan
2523 kg
5600 kg
640 W

Deep Space 1
1998
9969 Braille
373 kg
486 kg
2500 W

Stardust
1999
5535 Annefrank
300 kg
380 kg
330 W

chemical propulsion

chemical propulsion

ion engine

chemical propulsion

Genesis
2001
Earth-Sun L1

Hayabusa
2003
25143 Itokawa

Dawn
2007
Ceres, Vesta

494 kg
636 kg
254 W

380 kg
510 kg
2600 W

Rosetta
2004
2867 Steins, 21
Lutetia, Comet
ChuryumovGerasimenko
1300 kg
3000 kg
8700 W

chemical propulsion

electric and
chemical propulsion

chemical propulsion

electric propulsion
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5.1. Single near-Earth object
E-sail mission to a single near-Earth object as a fly-by or for a rendezvous would interest
asteroid science and mapping for potential manned exploration. Currently detected nearEarth asteroids range up to approximately 32 km in diameter and their discovery rate is expected to increase rapidly within the next 10 years. There exists a scientific need for close
distance observations of asteroids to complement Earth-based observations. Asteroid selection for good mission candidates has been done in various studies, for example the ESA
Advanced Concept Team has identified near-Earth asteroids that will be accessible for human
exploration from 2020 – 2035 [21]. From mission planning perspective, it would be easier
than a multi-target mission and would enable spacecraft design reusability for future missions
(e.g. when choosing another single target, or building a multi-target mission) [22].
Considering the scientific purpose of the mission concepts for asteroid observation, the goal
would be to observe the asteroid from a close position and, if possible, to make a few revolutions around the target to get significant measurement data, technical approaches for doing
that are:
1) using a non-Keplerian orbit (or “hovering”) in case of a small asteroid,
2) using a terminator orbit around a large asteroid.
Terminator orbits are near perpendicular to the Sun direction and thus are preferred to provide
better electrical power production due to constant illumination of the solar panels and less
perturbations due to constant solar radiation pressure. For maintaining a precise orbit around
the asteroid for a longer time, an additional propulsion system can be considered on the
spacecraft for eliminating small perturbations.
E-sail technology specific concern is that near the asteroid, the gravity potential may bend
the tethers and affect the performance of the sail. The spinning of the spacecraft may pose a
problem for scientific missions that require optical instruments; this should be further investigated.
A single target E-sail mission to a near-Earth asteroid has been identified by the Electric/solar
sail working group as a feasible candidate for a future ESA mission proposal. Main features
of the initial mission design are described in table 3. Main objective of the mission is a low
mass/cost demonstration mission to reach a single near-Earth asteroid (e.g. Apophis) as a
precursor mission for human exploration or asteroid deflection.
Table 3: Initial design for E-sail mission to asteroid Apophis by Electric/solar sail working group.

Target Apophis
Orbital parameters
1) aphelion = 1.0987 au
2) perihelion = 0.7460 au
3) eccentricity = 0.191
4) inclination = 3.33 degrees
5) orbital period = 323.6 days
E-sail parameters
1) characteristic acceleration = 0.3 mm/s2
2) number of tethers = 10
3) tether length = 3 km
4) transfer time = 300 days
Spacecraft mass 269 kg
Spacecraft power 1318 W
Payload mass 25 kg
Payload power 450 W
Instruments
1) cameras
2) near-IR imager or spectrometer
3) thermal IR instrument
7
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5.2. Near-Earth objects tour
Since E-sail is designed to work in a specific solar distance range, the logical step from single-asteroid missions would be multi-asteroid touring missions. The only limit to mission
duration and the number of asteroids studied is set by the durability of the equipment. In a
touring mission, there are two possibilities for visiting a target asteroid:
1) rendezvous mode, which provides a close encounter with extended duration and zero
relative velocity,
2) fly-by mode, which provides a close encounter with short duration and nonzero relative velocity.
Based on potential scientific return for asteroid science, planetary defence or asteroid resource utilization, some asteroids would be visited in the rendezvous mode and others would
be observed in the flyby mode.
A multi-asteroid mission requires extremely high velocity change over mission lifetime and
for conventional propulsion systems would pose strict limitations on possible launch windows [23]. Thus, previous asteroid missions have been limited to only one or at most a few
asteroids as their primary targets and additional remote observations of other asteroids were
performed only if they happened to be close to the optimal spacecraft trajectory.
A technologically feasible mission length from 6 months up to 2 years would enable to study
tens of asteroids with a single E-sail mission in near-Earth region. To date, there are over
600 000 asteroids and comets discovered, from which over 10 000 reside in the near-Earth
region. The spacecraft thermal design and telemetry system design would be rather simple
or even reusable from other missions. The order of mission targets could either be based on
scientific value or from technical perspective, so that E-sail navigates from one asteroid to
the next one going always farther from the Sun, thus making use of the solar wind pressure
force.

5.3. Main belt asteroid tour
The main asteroid belt, ranging from 2.3…3.3 au, contains the majority of discovered asteroids. The near-Earth E-sail asteroid tour concept could be applied to the asteroid main belt
without any changes needed in the propulsion system. However, other spacecraft systems
and especially the telemetry system would need to be redesigned accordingly. With a given
mission lifetime between 6 months and 2 years, much more asteroids could be visited as
compared to the near-Earth region. Spacecraft navigation would be more challenging and
E-sail technology specific concern would be the increased amount of micrometeoroids in
specific regions of the asteroid belt that might damage or cut the tethers. Nevertheless, the
existing micrometeoroid models for interplanetary space environment are still under significant development and one could consider a higher safety margin for tether design in this type
of missions, for example, using a 5-wire Heytether instead of a 4-wire Heytether.

5.4. Trojan asteroid tour
There are over 6000 discovered Jupiter Trojans to date, some of which are believed to contain
water ice. This type of a mission would be more challenging than NEO or main belt asteroid
tour, but scientifically very interesting. Due to increased interest in Trojan asteroids, several
mission proposals have already been made to space agencies:
1) using electric propulsion technology, a Jovian orbiter and a mother spacecraft that
would observe Trojan asteroids in a fly-by mission, earliest potential launch in 2021
(JAXA) [24],
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2) using electric propulsion technology, a 50 kg payload, 1600 kg spacecraft mission to
rendezvous with 4 Trojan objects, ESA M-class mission type, 15.6 years total mission time, earliest potential launch in 2026 (DLR) [25],
3) using chemical propulsion, a 50 kg payload, 3070 kg spacecraft mission to perform
multiple fly-by’s of Trojan asteroids, proposal to the ESA M-class missions call of
2010, potential launch window was in 2011 (ESA) [26].
E-sail mission would provide significant cost reduction and a flexible choice of the launch
window. However, depending on the exact payload power requirements, the spacecraft could
require the use of a radioisotope power supply for this mission type.

5.5. Asteroid deflection
E-sail could be used to deflect an Earth threatening asteroid from its course. Near-Earth objects for which closest Earth approach distance is smaller than 0.05 au are classified as
Potentially Hazardous Asteroids (PHAs); to date, there are over 1400 currently known PHAs
[20, 27]. The potential threat posed by PHAs of impacting Earth may be catastrophic, but the
annual likelihood of such event is extremely small. Due to the relatively small size of PHAs
and possible perturbations, the precise distance of the future close approaches are extremely
difficult to calculate far in advance. As one solution for better tracking PHAs, it is proposed
to tag these asteroids with a radio transponder [1]. This would increase tracking accuracy and
thus could help decide when an asteroid deflection mission is required. E-sail could be used
for constructing identical low-cost spacecraft for PHAs tagging with single-target or multitarget missions [28].
For the actual asteroid deflection, there are two promising approaches. In the first scenario,
given a sufficient warning time, an E-sail mission can be launched to reach the asteroid,
attach the spacecraft to the asteroid and use E-sail thrust to alter its orbit [29]. In the second
scenario, one or more E-sail spacecraft could be placed in a retrograde orbit around the Sun
at 1 au solar distance. These spacecraft would passively be available for mitigation before a
threat is identified and after that, the E-sail spacecraft can be navigated to impact with the
asteroid. The retrograde orbit enables a significantly high impact energy even with relatively
lightweight spacecraft [30, 31]. Very high velocity change is required to reach this type of
retrograde orbit and thus it would be impractical for conventional propulsion systems.

5.6. Asteroid resource utilization
E-sail technology would enable visiting asteroids repeatedly and to transport payloads with
very low propulsion system mass, as such, it would be well suited for mining water and other
volatiles on asteroids. This would enable manufacturing of asteroid-derived propellants in
space based on liquid hydrogen and oxygen to support future interplanetary missions with
chemical propulsion systems that are either leaving from Earth or that need refuelling for a
return trip [1]. Manned Mars exploration is one area that would greatly benefit from asteroid
resource utilization as returning from Mars could become cost-effective and besides the propellant, mining could provide water for drinking water and breathing oxygen.
Metal asteroids also contain significant concentrations of platinum group metals that may be
economically feasible to mine them on asteroid and return to Earth [1]. E-sail technology
could provide an economical and flexible transportation solution for carrying necessary mining equipment to asteroids and for returning mined payloads. An alternative approach would
be to use E-sail for transporting whole asteroids to an Earth orbit for (possibly manned) mining. This mission concept has been recently studied by NASA for returning a selected
10 000 kg near-Earth asteroid with electric propulsion system by 2025 [32]. With a 5-year
mission time, the spacecraft would rendezvous with the asteroid, capture and detumble it,
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and transport it to the International Space Station for planetary defence research and asteroid
resource utilization experiments.

6. Non-Keplerian orbit missions
Due to the E-sail’s ability to provide continuous thrust, the spacecraft can be put on nonKeplerian orbits [33]. This concept originates from the solar photon sail studies, but applies
to all sail-based propulsion systems. Solar electric propulsion systems can achieve a similar
effect but only for a short limited mission time. Thus, E-sail is enabling technology for this
category of missions.

6.1. Helioseismology from lifted orbit
An E-sail spacecraft on an orbit lifted above the ecliptic plane would have a continuous view
of the polar regions of the Sun [1]. This would provide continuous long time-scale helioseismological measurements. The orbit solar distance could be 1 au, which would keep the spacecraft relatively close to Earth (as the orbit period would be similar to Earth) for a low-cost
telemetry link.

6.2. Remote sensing of Earth and Earth's environment
Similarly to the helioseismological mission, an E-sail lifted close to Earth orbit could be used
for Earth and near-Earth environment remote sensing. Several types of non-Keplerian orbits
near the Earth would be applicable for E-sail technology that are based on extensive research
done for solar photon sail and electric propulsion missions, one example is a polar sitter orbit
[34]. One potential application is observing small asteroids that are temporarily captured by
Earth’s gravity [1]. This mission would need a relatively small telescope as the asteroids
come very close to the Earth. Main limitation of E-sail technology for Earth remote sensing
is that the spacecraft orbit cannot be in the magnetosphere where there is no solar wind.

6.3. Giant planet auroras
E-sail would enable a mission to study the effect of solar wind on the auroras of gas giants
[35]. In Jupiter’s example, the spacecraft could establish a non-Keplerian orbit lifted above
the Jupiter-Sun Lagrange L1 point, to provide continuous and simultaneous measurements
of the solar wind parameters and Jupiter’s pole [1]. A traditional mission design would require several spacecraft for this mission: one at the L1 point for measuring the solar wind
and additional ones in a Jupiter polar orbit, which provide more-or-less continuous measurements of the auroras. The Jupiter orbiters would have to be tolerant against the hard radiation
environment in the polar orbit whereas the radiation levels in L1 distance are considerably
low.

6.4. Off-Lagrange point space weather surveillance
Sail-based propulsion systems would enable continuous space weather measurements for
Earth satellite services much closer to the Sun, as current missions are limited to the EarthSun Lagrange L1 point [1]. Existing missions like NASA’s ACE and ESA’s SOHO at the L1
point provide us with a 1-hour warning time for large solar flares [36, 37]. At the same time,
new missions have to be planned that continue these measurements [38, 39]. E-sail could
place the spacecraft at a stable orbit in the Earth-Sun line much closer than L1, thus providing
a significantly increasing the warning time of magnetic storms. Main challenge for this type
of mission is the risk of high electric field of active E-sail tethers or the electron gun disturbing the sensitive plasma and magnetic field measurements. There are different ways to overcome this by either interleaving the propulsion system and measurement instruments, using
multiple spacecraft or by placing the measurement instruments further away from the sail
with booms or tethers. The exact technical solution should be chosen together with measurement instruments.
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7. Near-Sun missions
Near-Sun missions pose technical challenges for spacecraft design mainly due to increased
thermal radiation environment. The high temperature brings its technical challenges for everything, including E-sail technology. The aluminium tethers might not tolerate the thermal
environment so close to the Sun unless they are coated with a well emitting layer for cooling
[AD4]. Alternatively, copper could be used as tether material since it can tolerate much
higher temperatures; the ultrasonic tether bonding process for aluminium would be applicable to copper as well [1].
When operating E-sail closer to the Sun than 1 au, the maximum thrust output would increase,
as it is inversely proportional to the distance from the Sun. However, to realise this thrust
increase, more power is needed, as solar panels tend to degrade at high temperatures. Operating E-sail at full voltage near the Sun may not be possible.

7.1. Solar polar orbiter
A dedicated solar physics and helioseismology mission requires achieving a high inclination
and low altitude, meaning less than 0.5 au, orbit around the Sun. Achieving a target orbit that
satisfies these requirements is highly demanding on total velocity change of the mission, thus
being suitable for E-sail propulsion. The latest mission development in this area is ESA’s
Solar Orbiter, which aims to use a chemical propulsion system, and multiple Earth and Venus
gravity assist manoeuvres to reach a nominal 25 degree inclination, 0.28 au perihelion distance and 0.91 au aphelion distance (reaching beyond Venus at farthest point) [40, 41]. Extending the mission time by 3 years, could enable increasing the inclination with additional
gravity assist manoeuvres up to 36 degrees.
Reaching higher inclinations or even a circular orbit around the Sun at 0.28 au is economically feasible only with E-sail or solar photon sail technology [1, 42, 43]. A polar orbit around
the Sun would provide invaluable measurement data for helioseismology and E-sail would
be enabling technology for such a mission. Due to E-sail tethers being charged, E-sail should
be turned off to allow for clean scientific measurements, but this can be done after reaching
target orbit.

7.2. Mercury
Mercury is a technologically very challenging mission target, as it is difficult to reach, due
to its low mass it is hard to perform a capture manoeuvre and the thermal environment is
harsh because of the closeness to the Sun and the high thermal radiation from the planet.
Existing missions include NASA’s Messenger and ESA’s BepiColombo, from which the lat
ter is still under development [44…46]. Both missions have long transfer times, for example
BepiColombo plans to achieve a 6-year transfer by combining chemical propulsion and ion
engines.
Given the technical challenges, E-sail could reduce mission costs by providing a lightweight
propulsion system for the mission as well as potentially reduce transfer time. Travelling to
Mercury requires tacking towards the Sun with E-sail that is not as efficient as travelling
away from the Sun. Thus, making a return trip from Mercury would be an attractive option
for E-sail use; this could provide an economically feasible Mercury sample return mission.
Similar mission case has been studied for solar photon sail before [47].
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8. Terrestrial planet missions
Terrestrial planet missions offer an interesting option for interplanetary mission transfers
with E-sail, especially if it is combined with a high-thrust propulsion system. Such a combination would reduce the total propellant mass required by traditional missions and would
allow to avoid complex gravity assist manoeuvres. Venus, Mars and the moons of Mars are
ideal mission candidates because they lack a planetary magnetosphere and the thermal environment is friendlier than in a Mercury mission that was described before.

8.1. Venus
Venus is the most nearby planet and thus easiest to access in terms of required total velocity
change. However, for a traditional scientific Venus mission, the benefits of using E-sail
would be rather small when compared other propulsion systems which numerous past Venus
missions have used [2].
However, similarly to the Mercury E-sail return mission concept, an E-sail spacecraft could
be used to make a low-cost return trip from Venus to Earth for a sample return [48]. Such a
mission could bring a more comprehensive understanding of Venus surface composition and
there have been previous studies that have dealt with the technological challenges of sample
collecting on Venus surface [49…52].

8.2. Mars
Mars missions have been a key development of many NASA and ESA activities with the
long-term perspective of manned Mars exploration. Extensive studies have been carried out
of the feasibility and benefits of replacing chemical propulsion systems with solar electric
propulsion systems in different Mars mission concepts [53]. Therefore, there is definitely a
need to reduce the costs of future Mars missions by introducing more lightweight propulsion
technologies. E-sail would not necessarily reduce the mission transfer times because of the
closeness of Mars, but would have a saving in spacecraft mass. A manned exploration program for Mars requires that the cost per kilogram to transfer equipment or supplies from
Earth to Mars would be significantly lower; E-sail or electric propulsion systems could enable that cost reduction. One example use is for water transportation, which is needed for
drinking water, radiation shielding and making breathing air.
For a sample return mission to Mars or one of its moons, i.e. Phobos or Deimos, the E-sail
would provide benefit in the trip towards the target, depending on the science requirements
for the mission, there might be a need to deliver the samples back to Earth rather fast [1, 54].
If this were the case, then E-sail would enable a very cost-effective way to carry a separate,
relatively high mass, chemical propulsion system to Mars orbit that is intended for a quick
return trip.

9. Outer solar system missions
E-sail is well suited for fly-by missions in the outer solar system as it would significantly
reduce the costs and travel time of reaching an object beyond 4 au solar distance as well as
increase the flexibility of available launch windows. When combined with a high-thrust propulsion system, the spacecraft would be able to perform impulsive orbit insertion manoeuvres. The E-sail mission trajectory could be tailored to provide a specific velocity on arrival
to the target object at the cost of increased travel time [55].
In the current FP7 project, E-sail technology requirements are set for the 0.9…4 au solar
distance range, this would enable E-sail missions, where the propulsion system is used as a
booster stage for reaching outer solar system objects. Payload in these mission scenarios
would definitely need a radioisotope based power supply.
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9.1. Fly-by missions
A fly-by mission of a remote target in the outer solar system would provide a relatively low
cost single shot opportunity. Potential targets in the outer solar system include the gas giants
Jupiter, Saturn, Uranus, Neptune and their moons, the Jupiter Trojan asteroids and the Centaur objects. A fly-by mission has limited science capability, but only a small number of
missions have so far reached outer solar system bodies. A low-cost science opportunity
would be to launch a number of E-sail spacecraft at different targets in the outer solar system;
each spacecraft would carry identical measurement instruments, potentially reused from past
missions.

9.2. Giant planet atmosphere probes
An advanced mission scenario from the fly-by mission type would be to launch atmosphere
probes to Jupiter, Saturn, Uranus, Neptune and possibly Titan as well [1]. The atmospheric
properties of the gas giants are well known only for Jupiter, which were measured by
NASA’s Galileo entry probe [56]. Galileo probe also demonstrated a successful high-speed
atmospheric entry at 47.8 km/s. Up to four E-sail spacecraft could be launched together, each
carrying a probe to a different gas giant. Depending on the heat shields of the probes, mission
trajectory could be planned to achieve a short travel time and thus have a higher probe atmospheric entry speed. Various planetary entry probe designs have been researched as part
of ESA CDF studies that support different selections of measurement instruments. In principle, an E-sail mission can cope with any probe mass (preferably up to 1500 kg), as it only
affects the travel time. This mission could be combined with a separate E-sail spacecraft that
is used for telemetry relay from the probes, which later continues towards the Kuiper belt.

9.3. Giant planet missions
The giant planets provide a sufficiently large Oberth effect that enables planetary insertion
with a modest-sized chemical propulsion system [1]. This opens the possibilities for lowering
cost of planetary orbiters, moon missions and even sample return for Jupiter, Saturn, Uranus
and Neptune. E-sail technology could provide low-cost solution for navigation and boosting
towards the planets at up to 4 au solar distance and similarly in the return trip to reach Earth.
With additional technology development, this range could be increased to 10 au with minor
modifications.
Past mission studies include ESA’s Europa study for a Jovian Minisat Explorer [57, 58]. The
main disadvantage of these missions are the overall high cost of the spacecraft development
and high radiation environment near the planets. With E-sail, the mission launch windows
would become more flexible and the mission trajectories would no longer need gravity assist
manoeuvres [55]. From E-sail technology perspective, actual sailing inside the planetary
magnetospheres could be researched in the future.

9.4. Kuiper belt probes
E-sail technology could enable a mission for a swarm of Kuiper belt probes for fly-by measurements [1]. This is similar to the Jupiter Trojans tour, but with cheaper payloads, as only
fly-by monitoring is envisaged. Regarding existing missions, there is only the NASA’s
New Horizons spacecraft, which will arrive at Pluto in 2015, and if successful, will continue
on to study another currently undetermined Kuiper belt object. The preferable second target
would be 40…90 km in diameter and ideally white or grey, in contrast to Pluto's reddish
colour [59].

9.5. Outer solar system missions
A mission to the outer Solar System boundaries would enable in situ measurements to gain
valuable insight of the heliosphere and the nearby interstellar medium. Traditionally, it requires long transfer times, i.e. the Voyager missions and Pioneer 10 and 11 [60…62].
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Voyager 1 is the farthest spacecraft from Earth to date, with 126 au distance and 36-year
mission time. E-sail technology could significantly shorten the transfer time for heliosheath
and heliosphere missions, which require 100 au distance from the Sun.

10. Interstellar heliopause mission
A mission to the heliopause region, 200 au from the Sun, has a scientific aim to analyse the
heliopause and the interstellar medium through in situ measurements [63…65]. E-sail would
be enabling technology for this mission type. Previous studies on this mission include a
2006 ESA technology reference study, which considered the solar photo sail for reaching the
heliopause in 25 years [66]. However, at least a 150 m radius sail would have been needed
and the mission trajectory required two close fly-bys of the Sun (at 0.25 solar distance)
[67, 68]. A 25 kg and 15 W highly miniaturized and integrated instrumentation package was
proposed for the mission.
E-sail technology could provide an overall lighter propulsion system and possibly faster
transfer time for the mission [1]. The launch window and navigation accuracy are not relevant
for the mission as the goal is just to reach 200 au distance. The main emphasis is on the
spacecraft design and finding ways to shorten the travel time to reduce the required spacecraft
design lifetime. From E-sail technology perspective, tacking towards the Sun will not probably give a benefit as compared to simply spiralling outwards in the solar system from
1 au [55]. Depending on the scientific instrumentation, the sail might interfere with the measurements and it should be jettisoned before leaving the solar system; this would need further
analysis. Main disadvantages in spacecraft design is the need for a radioactive power supply
and a deep space communication link, but these requirements apply independently of the
chosen propulsion system.

11. Impactor
An E-sail spacecraft could be used to complement a scientific mission by impacting a target
atmosphereless body while another spacecraft is performing measurements of the impact
plume [1]. This would be a low-cost method to increase the scientific output of existing or
planned missions significantly. The spacecraft design would be rather simple, as no scientific
instruments are needed on the E-sail spacecraft. An example mission would be ESA's Jupiter
Icy Moon Explorer (JUICE) that is planned to perform a fly-by of Europa in 2030 [69].
A small E-sail spacecraft could perform a controlled impact with Europa at the same time
with JUICE measurements to provide additional information about the Jupiter's moon.

12. Data clipper
High volume data transmission in interplanetary and deep space missions is a major technological challenge and solutions to date are very expensive. Data transmission at large distances is extremely demanding on the spacecraft telecommunications system and power system, also, it is demanding on the ground segment, usually requiring the use of deep space
communication antennas. A data-clipper mission could provide means to transport large volumes of high-resolution scientific data for interplanetary missions [48, 70]. An E-sail spacecraft could be equipped with large on-board memory storage system and could carry the data
back from the mission target into Earth’s vicinity for downloading to ground. The data clipper can either collect the data by its own instruments or download it in close-range from
another spacecraft at the mission target. This would provide significant cost reduction as well
as shorten the total data transfer time (when compared with downloading the same amount
of data from mission target directly). A modest ground segment would be preferred, for example, using just one of routine ground stations that is planned for ESA’s Gaia mission [71].
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13. Satellite deorbiting
E-sail concept uses thin charged electrostatic tethers for turning the momentum flux of a
natural plasma stream such as the solar wind into spacecraft propulsion, a similar approach
can be used with ionospheric plasma in Earth orbit [72]. The Coulomb drag interaction with
the ionospheric plasma that is moving with respect to the satellite due to the satellite’s orbital
motion will produce thrust in roughly the same magnitude. This electrostatic plasma braking
technique could be used as a stand-alone deorbit system for satellites weighing up to 100 kg.
For heavier satellites, the most effective use of plasma brake would be in combination with
another propulsion system [73]. ESTCube-1 nanosatellite, launched in mid-2013, will perform the first in-orbit demonstration of E-sail technology in low Earth orbit [74].
It is a promising option for the low Earth orbit protected region, which extends from the
surface to 2000 km altitude. As it is the closest to Earth, it is a highly populated region and
falls under the European Code of Conduct for Space Debris Mitigation to limit the orbital
lifetime of satellites to up to 25 years [75]. For satellites below 650 km altitude, the natural
atmospheric drag is sufficient, satellites in the 650…1500 km altitude range are usually
brought down to the 650 km limit. For satellites in the 1500…2000 km altitude range a reorbiting approach is usually taken to increase the altitude just above the 2000 km limit. E-sail
technology based plasma brake deorbiting system could provide a lightweight solution that
provides a 3 year deorbit time for the nanosatellite and small satellite segment.

14. Conclusion
We have given an overview of a variety of mission candidates where E-sail propulsion either
would be enabling technology or would provide significant benefits. Main results of the preliminary analysis and more detailed analysis together with orbital calculations and optimisations are published in scientific journals [1, AD2]. E-sail can be used to reduce costs on most
missions by providing a lightweight propulsion system or shortening required mission lifetime or even both at the same time.
E-sail can be used either as a stand-alone propulsion system or be combined with another
type of propulsion system (e.g. chemical propulsion) on the spacecraft. E-sail is a promising
technology for asteroid missions where mission costs have been high for the amount of useful
science (for example, when comparing with planetary missions). As a hybrid system, E-sail
can make sample return missions much more feasible. E-sail could be used as a booster stage
for spacecraft in outer solar system missions. As an enabling technology, multi-asteroid missions and non-Keplerian orbit missions are now possible.
From technology perspective, there are two categories of missions feasible for near future:
1) single-asteroid and multi-asteroid missions near Earth and in main asteroid belt,
2) missions to outer solar system where E-sail is used as a booster mechanism up to
4 au radial distance, these include gas giants, Kuiper belt, heliopause or impactor
missions.
The 0.9…4 au radial distance requirement for E-sail hardware is suitable for these missions.
With slight modifications 0.4…1 au, 4…8 au or 6…10 au ranges would be achievable to
enable flexible use of E-sail in Mercury, Venus, Jupiter and Saturn missions. Advantage of
E-sail technology is that it allows spacecraft design and development to be independent from
launch windows in mission planning. However all E-sail missions need to start from near or
full escape orbit.
In the longer run, E-sail technology might provide significant cost reduction in interplanetary
missions, thus enable economic asteroid resource utilisation, manned Mars and asteroid exploration.
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