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Abstract: By DLR-contact, sample return missions to the large main-belt asteroid “19,
Fortuna” have been studied. The mission scenario has been based on three ion thrusters of
the RIT-22 model, which is presently under space qualification, and on solar arrays
equipped with triple-junction GaAs solar cells. After having designed the spacecraft, the
orbit-to-orbit trajectories for both, a one-way SEP mission with a chemical sample return
and an all-SEP return mission, have been optimized using a combination of artificial neural
networks with evolutionary algorithms. Additionally, body-to-body trajectories have been
investigated within a launch period between 2012 and 2015. For orbit-to-orbit calculation,
the launch masses of the hybrid mission and of the all-SEP mission resulted in 2.05 tons and
1.56 tons, respectively, including a scientific payload of 246 kg. For the related transfer
durations 4.14 yrs and 4.62 yrs were obtained. Finally, a comparison between the mission
scenarios based on SEP and on NEP have been carried out favouring clearly SEP.
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I.

Introduction

In June 1995, a Joint European/Russian Study Group "JSG" published a Study Report on "Advanced
Interplanetary Missions Using Nuclear-Electric Propulsion" [1]. The three reference missions concerned a hybrid
sample return from the asteroid Fortuna, a Mercury orbiter/lander mission, and a Pluto rendezvous.
Ten years later, i.e. in June 2005, the German Aerospace Agency DLR placed a study contract at the University
of Giessen with the DLR Cologne as subcontractor (all managed by TransMIT Giessen) intended to update the
former JSG-proposals and, especially replace the Russian nuclear reactor power plant by modern solar arrays [2].
Two SEP-reference missions have been now chosen, namely a lander on the Jovian Moon "Europa", which has been
reported on the IAF-Conference at Valencia in 2006 [3], and a sample return from the main-belt asteroid Fortuna,
which is the subject of this contribution.
The asteroid Fortuna has been chosen to enable a direct comparison between the mentioned NEP-mission
analysis of 1995 and the application of the state-of-the-art SEP. Moreover, this celestial body is a scientifically
interesting object being one of the largest asteroids in the main belt (see Table 1). It has a nearly circular shape and
is composed of primitive carbon compounds with aqueous altered surface material. As the aqueous alteration
process can give important information on the chemical and thermal evolution of the earliest solar system, Fortuna is
a good candidate for a sample return mission.
Naturally, a SEP-sample return from the main belt would be also a suited succession project of NASA's mission
"Dawn" which is scheduled to orbit the asteroids "4,Vesta" and "1,Ceres" by using three ion engines and triplejunction solar panels [4].

Table 1: Orbit parameters and body data of the main-belt asteroid "19,Fortuna".
large half axis
perhelion/aphelion distance from Sun
eccentricity
inclination
sidereal period
mean orbit velocity
taxonomic class; albedo
diameter
mass
mean density
gravitational acceleration (surface)
escape velocity (surface)
rotation period

2.4418 AU
2.0523 AU/2.8302 AU
0.15935 deg
1.5734 deg
3.8144 yrs
18.94 km/s
C/0.0508
225 km
~ 1.2⋅1019 kg
~ 2 g/cm2
0.0633 m/s2
119 m/s
7.443 hrs
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II.

Spacecraft

A. Propulsion Unit
The propulsion system of the presented Fortuna-Study has been based on the rf-ion thruster RIT-22 of
EADS-Astrium which is presently under final ground qualification having demonstrated already 5000 hrs of
duration tests. Fig. 1 shows a cross section and a photo of the engine.
The decision in favour of the RIT-22 thruster has been made based on two technical reasons:
1st The rather high specific impulse of the standard 2.1 kV-motor of 4760 s saves propellant and lowers
launch mass (following Ziolkowsky's equation).
2nd Due to the absence of discharge electrodes, a baffle, etc., the engine excels by its high reliability and
lifetime1. It has not to be throttled from the beginning, i.e. it could be operated at BOM at full nominal thrust of
175 mN. In addition, stand-by thrusters seem unnecessary with respect to lifetime. Furthermore, the control
system is rather simple.

Fig. 1. Cross section and photo of the 22-cm rf-ion-thruster "RIT-22" (EADS-Astrium). The 2.1 kV
Xenon ion engine works with an electrodeless rf-discharge (0.8 MHz) and with two high-voltage grids
to form the propulsive beam.
In April 2005, EADS-Astrium mapped the performance data of 34 RIT-22 operational modes at Aerospazio,
Siena. The data were reproduced months later within a deviation of 0.25 %. The engine was also running very
stable (less than one arc per day).
By using these EADS-measurements, the thruster has been modeled at Giessen both for a power-saving and
for a propellant-saving thrust-throttling mode [2]. For the latter, the RIT-22 performance data at nominal
operation (175 mN of thrust F) are collated in Table 2. In the propellant saving mode, linear relations between
thrust F and required PSCU-power P and between thrust F and required propellant flow rate m& hold as a very
good approximation:
P = 120 W + 34.79 W / mN ⋅ F
m& = 0.12 mg / s + 0.02057 mg / mNs ⋅ F
Correspondingly, the available thrust F depends on the available distance-depending solar power via

(1)
(2)

F = (P − 120 W ) / (34.79 W / mN )
And inserting (3) into (2) yields the propellant flow rate necessary to produce the thrust according to (3)

(3)

m& = 0.12 mg / s + 0.5912 mg / kWs (P − 0.12 kW )

(4)

1
A smaller RIT-thruster was successfully tested at ESTEC for 20,000 hrs. Another RIT-10 engine performed the
rescue mission of ESA's satellite ARTEMIS.
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The numerical trajectory optimizations described below are based on the above linear relations. For the
largest applied throttling of 50 % of the nominal thrust of 175 mN, the differences for thrust and specific impulse
from the linear relation and the numerical modeling [2] are in the order of 2.5 %.
Table 2. Working data of "RIT-22" (EADS-Astrium) at nominal operation.
beam voltage
beam current

2.10 kV
2.363 A

thruster power input
PSCU input
propellant flow rate
thrust
specific impulse
power efficiency
propellant efficiency
thrust-to-power ratio
propellant flow per power
thruster mass
thrusting unit mass
estimated lifetime
estimated total impulse
estimated propellant throughput capability

5.832 kW
6.209 kW
3.719 mg/s
175 mN
4763 s
85.90 %
84.79 %
28.18 mN/kW
0.599 mg/kWs
7.9 kg
28.5 kg
23,000 hrs
1.4⋅107 Ns
308 kg

Based on the 20,000 hrs lifetime test of RIT-10 and the results of the 5000 hrs test of RIT-22, the lifetime of
the latter has been estimated by EADS Astrium to be 23,000 hrs (at nominal operation), which means that the
engine can produce a total impulse of about 1.4⋅107 Ns and is able to consume 308 kg of Xenon till its grid
system is destroyed. The mass of a thruster shown by Fig. 1 is 7.9 kg (see Table 2). Combined with the rfgenerator RFG (1.9 kg), the neutralizer (0.4 kg), the flow control unit FCU (0.4 kg), and the power supply &
control unit PSCU (17.9 kg), a complete thrust unit weighs 28.5 kg. For the complete propulsion unit of the
Fortuna spacecraft, three RIT-22 systems in e.g. a linear arrangement were considered. It would weigh 85.5 kg,
generate at BOM a thrust of 525 mN, and consumes 18.63 kW of power and 11.16 mg/s of propellant.
In view of the given F/P- and m& /P-ratios, the mission scenario considers the switching-off of the middle
thruster, when the available solar power is only sufficient to run two engines (at nominal power). Lateron, in the
third thrusting phase, only the middle thruster will be used (see Fig. 2). In this strategy, provision should be
made for an equal propellant throughput of all three engines. Below we will show that a total propellant mass of
the SEP-spacecraft of 444 kg will be needed. I.e., each of the three thrusters will be loaded only by 48.1 % of the
propellant mass according to lifetime (Table 2). The failure of one single engine would not endanger the mission.
B. Solar Power Plant
The thruster unit total power of 3 P = 18.63 kW plus 0.37 kW for housekeeping gives a BOM-power requirement
PS(BOM) = 19.0 kW. Triple-junction GaInP/GaAs/Ge/Ge solar cells will be used achieving presently an efficiency
of 27.5% (for 28 °C and 1 AMO). Taking into account an operating temperature of 60 °C at BOM and a factor of 0.8
for coverage and electric losses, an area specific power of 280 W/m2 results, which requires (including margin) a
solar array area of 70 m2. This can be realized with two wings, each consisting of five 2 m x 3.5 m panels. Thus, the
length of one wing without yoke would be 10 m. Based on an area specific mass of 3.5 kg/m2, the mass of the solar
array will be 245 kg. Table 3 collates design data of the Fortuna-solar power plant [2].
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Table 3. Performance of the solar array of the SEP-Fortuna spacecraft.
type of cells
max. efficiency of the cells

GaInP/GaAs/Ge/Ge triple-junction
27.5 %

power per area of panels (1 AU)
mass per area of panels
power per mass of panels (1 AU)

280 W/m2
3.5 kg/m2
80 W/kg

total power (BOM)
power at Fortuna (2.07 AU)
power at Earth return

19.00 kW
5.18 kW
16.37 kW

mass of solar power plant
number of panels
size of panel

245 kg
2x5
2 m x 3.5 m

For cell degradation, a simple model has been used giving (pessimisticly) a degradation of 7.5 % at arriving
Fortuna and 15 % back to Earth. Without degradation, the solar cells output would decrease with a r-1.7-law, which
considers the increasing efficiency of the cells with decreasing temperature. Including the mentioned radiation
degradation, the available power PS depends on solar distance r with r0 = 1AU by the following equations [2]:
1.78733

for the Earth-Fortuna leg:
and

PS (r ) = PS (BOM ) ⋅ (ro / r )

for the Fortuna-Earth leg:

PS (r ) = 0.85PS (BOM ) ⋅ (ro / r )

(5)

1.60528

.

(6)

If the rendezvous of the spacecraft with the asteroids Fortuna takes place at about 2.07 AU of Sun distance, i.e.
near the perihelion (see below), the solar power plant delivers 5.18 kW to the spacecraft and 4.81 kW to the single
thruster running at that time with 77 % of its nominal thrust. Back at Earth, 16.37 kW would be still available in
total, and the three thrusters could be operated at 86 % of their nominal thrust. Fig. 2 shows the available power and
the described thrusting sequences.

Fig. 2. Power output of the solar
array during a SEP-round trip to
the asteroid "19,Fortuna" and
switching sequence of the three
RIT-22 ion thrusters.
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C. SEP-Module, Bus, and Payload

Fig. 3. Drawing true to scale of the SEP-spacecraft of the Fortuna-mission variant B (SCR) with 3 RIT22 ion thrusters and a chemical sample return vehicle (length 6.5 m, launch mass 2.05 to). The all-SEP
round trip vehicle variant C (SER) is analogous but without chemical sample return probe.
The spacecraft is composed of the fueled EP-module, the bus, two solar wings, and the payload (see Fig. 3 [2]).
The EP-module consists of the three thrust units (85 kg) with the gimbal system (30 kg), the propellant tank (34 kg;
i.e. 8 % of propellant mass) with feed lines, the structure with thermal louvers, and the cabling (together 83 kg). The
EP-module dry mass amounts to 232 kg.
The bus (415 kg) houses the attitude control and thermal control system, the telemetry system, the central
computer, the deployment and rotation system of the solar wings, an an instrument platform (50 kg) with a set of
instruments are mounted onto, namely an imaging system, an infrared and an ultraviolet spectrometer, an ion mass
and a dust mass spectrometer, a dust impact detector, a radar radiometer, a magnetometer, a plasma wave system, an
energetic ion detector, and electron analyzer, etc.
The net payload depends on the mission architecture:
Case A (one-way mission): The SEP-spacecraft performs a rendezvous with the asteroid and deposes a 175 kg
autonomous instrument station onto its surface. This simple mission will not discussed in this paper.
Case B (SEP-outgoing flight to Fortuna and chemical sample return "SCR"): The 740 kg lander vehicle consists
of the instrument station (175 kg) and of a 565 kg two-stages chemical sample return vehicle (Isp = 315 s)
which carries a 21 kg Earth atmospheric reentry capsule on board [2].
Case C (SEP-flight to Fortuna and electric sample return "SER"): The 225 kg lander of this SEP-round trip
mission contains the instrument station (175 kg), the reentry capsule (21 kg), and the 29 kg equipment for
the sample retrieve from the asteroid's surface to the hovering SEP-mothership.
The structure with landing legs, small chemical descent engines, an RTG or Li-battery, the telemetry system with
low gain antenna, and computer are further parts of the landing stage. The 175 kg landing station contains the
equipment for drilling soil samples as well as a set of instruments like descent imager, a laser altimeter, a pancam,
an alpha-backscattering instrument, an instrument for measuring the electro conductivity of the soil, an evolved gas
analyser, a seismometer, an ultrasonic transducer for subsurface sounding, etc.
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III.

Mission Analysis

A. Mission Scenario
The SEP-spacecraft will be launched from Earth without a hyperbolic excess energy (C3 = 0). The vehicle takes
the direct trajectory to Fortuna. The rendezvous will be performed in a distance of at least 3000 km, where the
gravity attraction of the asteroid will be matched by the thrust of one ion engine. Then, the chemical lander with the
instrument station maneuvers to the vicinity of the asteroid, hovers above surface and descents at a suited landing
site.
For the mission architecture B, the 740 kg lander requires a 50 N thruster and 30 kg of bipropellant (Isp = 315 s);
for Case C (225 kg of mass to be dropped onto the surface) 8.5 kg and 15 N are needed.
Soil sampling and scientific measurements will be done during a stay of about 50 days.
For the chemical sample return to Earth (case B, architecture SCR), the SEP-mothership will stay near the
asteroid as a two-stage bipropellant booster (hydrazine + nitrogen tetroxide, Isp = 315 s) will be used for return (see
Fig. 3) [1]. The first stage, intended for the insertion of the vehicle into the Fortuna-Earth trajectory, will have a dry
mass of 62 kg and needs for a Hohmann-type transfer 400 kg of propellant.2 The second stage, intended for
trajectory and attitude corrections of the spacecraft during cruise and before Earth return, will weigh 103 kg
including the reentry capsule and 13 kg of propellant [2].
In the all-electric mission version (case C, architecture SER), the 50 kg transfer vehicle with the sample capsule
(21 kg) leaves the ground station on Fortuna and maneuvers to the SEP-mothership, which waits in 3000 km
distance, delivering there the reentry capsule. This maneuver needs a small thruster of 4 N and only 2 kg of
bipropellant.
Finally, the SEP-spacecraft starts the return to Earth.
In both cases, the vehicles will arrive at Earth with a hyperbolic velocity of 6.4 km/s. Adding 11.2 km/s from the
gravitational acceleration of Earth, the atmospheric entry velocity will be (6.42 + 11.22)1/2 km/s = 12.9 km/s, which
will be equivalent to the reentry of NASA's Stardust capsule [2]. Naturally, the reentry capsule is equipped with a
thermal protection shield, a recovery subsystem, the soil containers, and a battery [1].
B. Trajectory Calculation (Orbit-to-Orbit)
The interplanetary transfers have been calculated and optimized by using "InTrance", a program that is based on
evolutionary neutrocontrol which is a combination of artificial neural networks with evolutionary algorithms [5,6].
First, orbit-to-orbit missions, both for the chemical and electrical sample return (architectures SCR and SER, i.e.
cases B and C) have been calculated. This means, that the asteroid is assumed to be just at that point, where the
optimized Earth-Fortuna trajectory touches the asteroid's orbit around Sun. The same assumption has been made for
the return trip. This procedure yields the absolute transfer time minima. As the result of the calculation, Fig. 4 shows
the outbound and return transfer legs of the SCR- and SER-mission variants. Table 4 compares the parameters of the
two architectures [2]: Due to the relatively heavy chemical sample return vehicle, the launch mass of the SCRvariant is for more than 500 kg greater than that of an all-electric spacecraft. The latter (1600 kg) would fit into the
payload capacity of a Soyuz-Fregat launcher. The low spacecraft dry mass of the SER-variant explains also the fact
that this version needs only 23 kg more Xe-propellant for all the round trip than the hybrid electrical/chemical
mission SCR for the outbound trip only.
Equipped with the same SEP-unit, the more heavy SCR-spacecraft would reach Fortuna 269 days later than the
all-electric vehicle. However, the impulsive chemical return trip lasts 446 days shorter than the all-electric return,
due to the low SEP-acceleration at the begin of the return (see Table 4). Introducing a "mission performance quality
factor", defined by the product of launch mass times transfer time, the SER-variant with 7.21 tons x yrs seems to be
superior to the hybrid SCR-mission with 8.48 tons x yrs.

2

The minimal ∆v would be 3.44 km/s. However, this depends strongly on the constellations of Fortuna and Earth,
i.e. on the launch window [2].
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Fig. 4. Optimized trajectories (orbit-to-orbit) for SEP-sample return to the main-belt asteroid
"19,Fortuna". Upper graphs: chemical sample return (hybrid mission), lower graphs: SEP-sample
return (all-electric mission)[2]; left graphs: Earth-Fortuna trip, right graphs: sample return leg
Fortuna-Earth.
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Table 4. Mission performance data of a solar-electric sample return to the main-belt asteroid
"19,Fortuna"; the orbit-to-orbit optimizations have been based on a chemical sample return (architecture
SCR) and on an all-electric architecture (SER) [2].
SCR

SER

net payload mass (lander on Fortuna), kg
bus mass (with cruise instruments), kg
gross payload mass, kg

740
415
1155

225
415
640

solar array mass, kg
EP-module dry mass, kg
SEP-propulsion unit dry mass, kg

245
232
477

245
233*
478

spacecraft dry mass, kg
Xe-propellant mass (Earth-Fortuna), kg
Xe-propellant mass (Fortuna-Earth), kg
spacecraft launch mass, kg

1632
421
2053

1118
320
124
1562

0.2557
0.0652
-

0.3402
0.0868
0.3992

2.97
1.17
4.14

2.23
2.39
4.62

acceleration at launch, mm/s2
acceleration at Fortuna arrival, mm/s2
acceleration at Earth return, mm/s2
transfer time Earth-Fortuna, yrs
transfer time Fortuna-Earth, yrs
total transfer time (round trip), yrs**
*
**

The slightly larger mass (SER with respesct to SCR) is caused by the slightly heavier propellant tank.
To calculate the total mission time, the stay time at Fortuna (about 50 days) should be added.

C. Trajectory Calculation (Body-to-Body)
The optimization task of a SEP-sample return mission, which considers the actual constellation of the two
celestial bodies, is much more difficult than that of orbit-to-orbit transfers. The combined propellant mass and the
total mission duration have to be minimized. One trajectory leg can not be optimized without considering the other
leg and the penalty in terms of additional propellant and additional flight time has to be optimally distributed
between both transfer legs [2].
In this sense, the mission performance data depend also strongly on the launch window. E.g., choosing the
period between 1 Jan 2012 and 31 Dec 2015, four launch dates of the chemical sample return vehicles have been
found with a ∆v ≤ 4.4 km/s and with transfer times less than 300 days for the Fortuna-Earth return leg.
Without claiming that the following scenario is already optimal or even near-optimal, Table 5 gives some
mission data and Fig. 5 shows the trajectory of an all-SEP sample return launched on 12 Feb 2015. After a 3.5 yrs
cruise, the spacecraft arrives at Fortuna on 15 Aug 2017. Following a sampling and measuring period, the SEPvehicle leaves the asteroid on 03 Oct 2017. After its 3.8 yrs cruise, it arrives at Earth on 24 Juli 2021 with a
hyperbolic excess velocity of 5.2 km/s, which would be less than in the case of the orbit-to-orbit optimization
(chapter 3.A).
The comparison between the non yet optimized body-to-body scenario with the optimized orbit-to-orbit case
show a rather moderate launch mass penalty of only 7 %, but a considerable penalty of nearly 59 % for the transfer
time.
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Table 5. Comparison between the optimized all-SEP sample return mission SER orbit-to-orbit "o2o" (see
also Table 4) and the body-to-body "b2b" mission not yet optimized with a launch on 12 Feb 2015.
o2o

b2b

spacecraft dry mass, kg
Xe-propellant mass (Earth-Fortuna), kg
Xe-propellant mass (Fortuna-Earth); kg
spacecraft launch mass, kg

1118
320
124
1562

1118
348
199
1665

transfer time (Earth-Fortuna), yrs
transfer time (Fortuna-Earth), yrs
total transfer time, yrs

2.23
2.39
4.62

3.52
3.81
7.33

Fig. 5. Body-to-body transfer trajectories of a non-optimized all-SEP round trip to the main belt
asteroid "19,Fortuna" with sample return to Earth.
D. Comparison between SEP and NEP
In order to compare the present Fortuna mission analysis based on SEP [2] with the former NEP-study of the
Joint Study Group [1], the trajectory optimizations (orbit-to-orbit) of the latter have been repeated using the same
thrust unit data, the same chemical return vehicle, etc. as for the present SEP-study.
For the NEP-spacecraft power subsystem, the formerly scheduled nuclear reactor "Topaz-25" of the Russian
company "Krasnaya Zvestda" [1] has been used for analysis. This power plant would generate 30 kWe and weigh
2330 kg, resulting in a specific mass of 12.9 W/kg. This is 6.2 times smaller than the power-to-mass ratio of triple
junction cells at 1 AU (see Table 3), but the total BOM-power of Topaz-25 would be available during the total
mission.
Making use of the Topaz-25 power output, five RIT-22 are running during the entire trip with a constant toal
thrust of 846 mN [2]. In the case of a hybrid NEP-mission with a chemical sample return vehicle ("NCR"), the
thrusters would be loaded with 71 % of their lifetime limit. In the "NER"-architecture, i.e. during an all-NEP roundtrip, the load would be even 94 %.
Table 6 compares the four Fortuna-sample return variants:
- Due to the large Topaz-25 mass, the launch mass for mission architecture NCR is 2.65 times larger than for
the solar option SCR. For the all-electric missions, the NER-spacecraft is even 3.4 times heavier than the
SER-ship.
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-

-

Due to the reduced solar power at larger Sun distances, the SCR total transfer time is 27 % longer than of a
NCR-sample return. In the all-electric architectures, the mission duration of SER is even 36 % longer than of
NER.
However, not only with respect to the mission performance quality factor, but also in view of the availability,
the risks and costs of the power plant, the solar electric alternative is clearly superior to the nuclear variant
for missions into the main-belt of asteroids.

Table 6. Comparison between solar- and nuclear-electric sample return missions to Fortuna (numerically
optimized orbit-to-orbit transfers) [2].
mission architecture

SCR

SER

NCR

NER

payload and bus mass, kg
power plant mass, kg
EP-module mass, kg

1155
245
232

640
245
233

1155
2330
779

640
2330
831

spacecraft dry mass, kg
Xe-propellant mass (Earth-Fortuna), kg
Xe-propellant mass (Fortuna-Earth), kg

1632
421
-

1118
320
124

4264
1180
-

3801
1083
369

spacecraft launch mass, kg
total transfer time, yrs
quality factor, tons x yrs

2053
4.13
8.48

1562
4.62
7.21

5444
3.25
17.69

5253
3.40
17.86

IV. Conclusion
The return of soil samples from a large main-belt asteroid to Earth would give important informations on the
evolution of the early solar system.
With an overall required ∆v of at least 13.7 km/s, a sample return mission will be difficult for any chemically
propelled spacecraft. However, solar-electric propulsion would be an excellent method to realize this task.
State-of-the-art SEP-components like RIT-22 ion thrusters and triple-junction solar cell arrays are already at
disposal. For a not yet optimized launch date on 12 Feb 2015, a spacecraft launch mass of 1.67 tons and a total SEPtround trip time Earth-Fortuna-Earth of 7.33 years have been calculated. Besides the 21 kg atmospheric reentry
capsule the scientific equipment of the proposed Fortuna mission includes a 50 kg instrument package onboard the
SEP-spacecraft and a 175 kg autonomous station landing on the asteroid's surface.
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