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Abstract

Under DLR-contract, Giessen University and DLR Cologne are studying solar-electric propulsion missions
(SEP) to the outer regions of the solar system. The most challenging reference mission concerns the
transport of a 1.35-tons chemical lander spacecraft into an 80-R; circular orbit around Jupiter, which would
enable to place a 375 kg lander with 50 kg of scientific instruments on the surface of the icy moon "Europa".
Thorough analyses show that the best solution in terms of SEP launch mass times thrusting time would be a
two-stage EP module and a triple-junction solar array with concentrators which would be deployed step by
step. Mission performance optimizations suggest to propel the spacecraft in the first EP stage by 6 gridded
ion thrusters, running at 4.0 kV of beam voltage, which would save launch mass, and in the second stage by
4 thrusters with 1.25 to 1.5 kV of positive high voltage saving thrusting time. In this way, the launch mass of
the spacecraft would be kept within 5.3 tons. Without a launcher's C3 and interplanetary gravity assists,
Jupiter might be reached within about 4 yrs. The spiraling-down into the parking orbit would need another
1.8 yrs. This "large mission" can be scaled down to a smaller one, e.g., by halving all masses, the solar array
power, and the number of thrusters. Due to their reliability, long lifetime and easy control, RIT-22 engines
have been chosen for mission analysis. Based on precise tests, the thruster performance has been modeled.

Introduction

In 1995, a European-Russian "Joint Study Group"
presented a Study Report on "Advanced
Interplanetary Missions Using Nuclear-Electric
Propulsion” (NEP).l As reference missions, an
asteroid "19,Fortuna" sample return, a Mercury
lander, and a Pluto/Charon rendezvous were
chosen. Unfortunately, the envisaged nuclear
power plant "Topaz-25" could not be realized and
also the worldwide hardware developments in
space reactors made no really effective progress.
In the meantime, a Mercury EP-mission became

the ESA-cornerstone "BepiColombo", however,
using solar-electric propulsion (SEP) instead of
NEP.

Thus, the question arose whether SEP might be
profitable for missions into the outer region of the
solar system, too.

Naturally, SEP has to compete always with the
chemical drive combined with hyperbolic excess
velocities of the launchers and gravity assists
(GA). Unfortunately, the main benefits of SEP,
namely its high velocity increment potential and



the favorable payload mass ratio”, become really

obvious for ambitious missions, which often aim at

targets far away from the Sun, where SEP
becomes less effective.

In order to investigate the SEP potential for deep

space missions, the German Aerospace Center

placed a contract at Giessen University with a

subcontract  for  trajectory analysis and

optimization at the DLR-Center of Cologne.” The
recent study contract is called "Contributions to

Solar-Electric Propulsion CONSEP", following

"CONNEP" for the “Contributions to Nuclear

Electric Propulsion” studied by the Joint Study

Group.l Two reference missions have been

chosen:

- A SEP sample-return mission from the main
belt asteroid "19,Fortuna" should enable a
direct comparison with the related NEP
proposal of the Joint Study Group.

- A SEP landing mission on Jupiter's icy moon
"Europa" should show whether this target is
within or beyond the border of feasibility.

This paper deals with the second reference

mission.

The Jovian moon "Europa" is of outstanding
scientific interest because of the presumed
existence of a warm, salty-water ocean deeply
beneath the surface of an icy shell. Two striking
aspects are the probability that this ocean
contains energy and nutrient sources for life and
the likelihood that in such a habitable environment
an organic evolution may have taken place.™
Long bands on Europa's surface suggest tectonic
activities having caused fractures of the icy crust,
where liquid subsurface material intruded and
reached the surface.® Thus, the most exciting in-
situ measurements would be to trace out organic-
chemical compounds.

1. Mission Analysis

1.1. Problems

There are three challenges for any SEP-mission

to Europa:

1st The Dv-requirement is very high.”™ If the
spacecraft starts at 1 AU of distance from the

) An additional advantage is the enlarged launch window.
*%
) This might also clear up the old point of controversy
whether the origin of life on our own globe is unique in the
universe or the consequence of a cogent process.

*kk
)The Dv-data used for mission analysis and spacecraft
optimization have been based on the classical formula

Sun, having been launched from Earth to a
parabolic escape velocity (C3 = 0), and if no
gravity assist on the interplanetary trip will be
used, the necessary Dv to reach Jupiter's
“Sphere of Influence” (SOI) amounts to 16.71
km/s (for rendezvous). Together with a
spiraling-down maneuver into a circular
parking orbit with an altitude of, e.g., 80
Jupiter radii R; (Dv = 4,71 km/s), a total EP
velocity increment of 21.42 km/s must be
generated by the propulsion system.

2nd The solar constant decreases with Sun
distance r by a r? law. If low-intensity low-
temperature solar cells are used, one may
count with a r*® relation (including
temperature dependence of the efficiency
and degradation by solar  wind).
Nevertheless, the power output of the solar
array drops even in this case from 1 AU to
Jupiter in 5.2 AU by a factor of 19.44.

3rd The radiation environment of the Jovian
system is very severe. Even with 4 mm
aluminum shielding, a one-month stay near
Europa means a radiation dose of more than
1 Mrad.? This rules out a longer stay of the
SEP spacecraft in the inner zone of the
Jupiter system.

1.2. EP-Strategy

In order to avoid a hazardous degradation of the
solar array, the SEP spacecraft will stop its
spiraling-down maneuver after reaching a circular
parking orbit of 80 R;, i.e. in 5.7220° km distance
from Jupiter. There it will release a chemical
transfer and landing craft and act further as relay
station for data transmission.

For 32.4 days, the chemical probe will cruise in
the Jupiter system on ballistic trajectories using
gravity assists at Callisto, Ganymede, and Europa
and reaching finally Europa's sphere of influence.
Being captured by the target moon, it will descent
first into a 100-km orbit. After a period of
reconnaissance and remote sensing, the craft will
land on a suited site and start with the in-situ
measurements.

D = -4/ with v, = initial orbit velocity, r, =

initial orbit radius, and r. = final orbit radius. But this
formula is valid only for very narrow spiral trajectories.
Thorough trajectory optimizations (see section 3) show,
however, wide-opened spirals with less propellant
requirements, and launch masses reduced by about 4 %.
Thus, the following mission analysis stands for a first
approximation.



A special SEP strategy has been applied for
finding an optimum of payload ratio of the SEP
mother spaceship and of SEP transfer time.

The Dv-requirement of 21.42 km/s (see above)
has been divided on two EP stages. In order to
save propellant my and, therefore, launch mass
(following Ziolkowsky's equation*)), the first stage
is running with a cluster of high-specific-impulse
ion engines ("Hlsy") utilizing the high power output
of the solar array during this mission phase. At a
distance from the Sun between 3.0 and 3.2 AU,
the burnt out first stage is jettisoned and the
second stage ignites.

Considering the thrust-to-power ratio of EP”,
which is reciprocal to the specific impulse, low-
specific-impulse engines ("Lls,") are used for the
second part of the trajectory where the available
solar power strongly decreases.

Fig. 1 demonstrates the advantage of such a two-
stage EP module over a common single-stage
one in terms of Q (= mission performance quality
factor = SEP-launch mass x thrusting time). The
comparison is based on the same mission goal,
the same payload (bus and chemical vehicle),
solar array, and thruster type (see below). The
graph shows that the single-stage SEP spacecraft
reaches its best mission performance, i.e. its Q-
minimum of 41 tons x yrs at a beam voltage of
about 2.75 kV, whereas the two-stage version
enables a Q-minimum of 34 tons x yrs, if the two
EP stages are operated with 4.0 kV and 1.25 to
1.5 kV of beam voltage, respectively.

Another alternative to the two-stage version (with
the proposed jettisoning of the first stage) would
be a single-stage spacecraft with Hlg- and Llgp-
thrusters mounted together on the thrusting
platform and fed by a common tank system. As
disadvantage of this concept, the burnt out units
including structure elements must be transported
as "dead mass" by the spacecraft till end of
mission (EOM), which enlarges propellant and
spacecraft mass as well as thrusting time.

A thorough analysis shows, that (at unchanged
parameters) this version needs 210 kg more
launch mass than the two-stage concept and 0.79
years more thrusting time; thus, the quality factor
would be 5.68 tons x 7.01 yrs = 39.8 tons x yrs,
instead of 34.0 tons x yrs in the case of a double
stage.”™

) mr = me[exp(Dv/lspgo)-1]

with me = burn-out mass, g, = 9.81 m/s?

™) FIP = 2 hellspo

. with he = power efficiency

) It is true to say, that the difference becomes smaller if the
high voltage units could supply both the Hlg- and Llsy-

1.3. Mission Profile

The SEP spacecraft is scheduled to start at 1 AU
(without an excess velocity provided by the
launcher).
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Fig. 1: Launch mass mggp, thrusting time t
(transfer from 1 AU to an 80 R;-orbit), and
mission performance quality factor Q =
msepxt for a single-stage EP-spacecraft
driven by a cluster of RIT-22-engines as
function of the positive high voltage of U.,.
For comparison, Q and t of an optimized
two-stage EP module (+4.0 kV and +1.25
kV) are depicted as bars.

In the large scale mission version "Europa-L" with
a maximum science return (50 kg of scientific
equipment on the surface of Europa; see Table 1),
the launch mass would be 5.47 tons, and the solar
power source of 67 kW supplies the 370-W
housekeeping and 6 clustered RIT-22-HIg,-
engines running all at nominal thrust (cluster
thrust in total 1.45 N).

In a smaller version "Europa-S", all the figures are
halved.”

engines. However, the saving of the second-stage PSCUs
of Europa-L would reduce the spacecraft mass (incl.
structural parts) only by 4 x 1.15 x 10.7 kg = 49 kg.
) For the chemical vehicle, a more detailed mass analysis is
necessary.



The solar array is scheduled to be equipped with
flat mirror concentrators. At begin of mission
(BOM), they are still folded because the thrusters
can not consume the excess power and an
overheating of the low-temperature solar cells
should be avoided.

In 1.072 AU distance from Sun, the first part of the
concentrators will be deployed, so that the solar
array output reaches again the BOM-value. In
1.14 AU, the next concentrator section will be
deployed, etc. Finally, in 1.39 AU, the step by step
deployment will be terminated providing now all
solar cells with a concentration factor of 1.8. In
this way, the EP-cluster of the first EP stage will
run roughly with constant power between 1 AU
and 1.4 AU (see Fig. 2).

In a Sun distance of 3.026 AU, where the
available power has decreased to 16.44 kW and
only two Hls,-engines are running at 72.3 % of
their nominal thrust, the 545-kg heavy burnt out
first stage is jettisoned, having produced a Dv; of
12.65 km/s.

When igniting the second stage, the acceleration
increases by a factor of 1.73 due to the higher
thrust-to-power-ratio of the Lls,-engines and to the
jerky mass loss of the spacecraft, too.

Reaching the Jupiter system, the available solar
power amounts to 6.20 kW only. Taking 370 W of
housekeeping requirements into account, only two
RIT-22-LIs,-engines are now able to run at 72.6 %
of their nominal thrust level. With 0.20 N of thrust,
they perform the spiraling-down maneuver.

The total Dv,-requirement of the second stage
(including the spiraling-down phase) amounts to
8.77 km/s.

1.4. Calculation Procedure

The computation starts as usual with the
determination of the required velocity increment
Dv for each mission phase or propulsion stage
and with the Dv for the total mission. At a given
exhaust velocity Ispg,, Ziolkowsky's equation
yields the mass ratio | of each EP stage (marked
by indices 1,2).

The computation procedure is continued with
calculating the EOM-mass of the SEP-spacecraft
at burn-out of the second EP stage. It consists of
the gross payload mp (chemical vehicle, bus, and
solar power plant) and of the dry second EP
stage.

Each dry EP stage (mass mg) is composed of a
number N of thrust units (thrusters, PSCUs, etc.;
single unit mass mg), of the propellant tank (8 %
of propellant mass my), and of the structure (15 %
of the masses of thrust units and fueled tank):

Mg = Nm|:+ 0.08 my + 0.15 (NmF +1.08 mT) =
1.15 Nmg + 0.242 m

After a short transformation to eliminate m; by

using = , we get the burn-out mass me
(including the payload mp):
= + = +

- m-
The number N of thrust units depends on the
available power P at stage ignition (reduced by
370 W for housekeeping) and on the PSCU-
requirement of one engine, which is a function of
the thruster beam voltage U.:

N = (P - 370 W)/PPSCU

The mass of a single RIT-22 thrust unit mg
amounts to:**

Mg = 10.6 kg + 17.9 kg (U./2.1 kV)

Having calculated the burn-out mass of the
spacecraft me,, we get immediately the spacecraft
mass m,; at ignition of the second EP stage:

Moz = HaMe:
The spacecraft mass at burn-out of the first stage
me; before jettisoning of the first-stage EP module

(mass mg;) and, finally, the SEP-vehicle launch
mass follow:

Me1 = Mo+ Mgr Moy © Megp = Mgy

The lifetime T of a RIT-thruster, working with an
electrodeless ionizer, is limited basically only by
sputter erosion of the second grid. As the sputter
rate g increases strongly with increasing ion
energy, the thruster Ilifetime decreases with
increasing beam voltage U,.
By multiplication of T with the propellant flow rate
at nominal operation, one obtains the

maximum propellant mass mrmax Which a single
thruster is able to consume.
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Mission profile of the large-scale "Europa-L" concept with concentrator deployment and stage

separation. Solar power P, s/c-mass m, acceleration a, and thrusting time t are depicted as function
of solar distance r. In the scaled-down version “Europa-S”, the P- and m-data are halved, whereas

the a- and t-data keep unchanged.

If one divides now the total propellant mass my of
an EP stage by the number of engines times the
maximum possible consumption of a single
engine Mrmax the thruster load per lifetime 13
follows. With 23,000 hrs lifetime of a standard
RIT-22 engine, operated at 2.1 kV beam voltage
and 175 mN thrust**, we get:

The thrusting duration t of the two stages has
been found by dividing first the trajectory in small
intervals Dx, then by calculating the propulsive

time Dt per interval, and finally by adding all of
them.

Two equivalent possibilities to calculate the Dt-
data exist, namely either by the velocity increment
D(Dv) of each interval, divided by its mean
acceleration ~, or by the propellant consumption
of the spacecraft Dm; during Dt divided by the
mean propellant flow rate of the thrusters:”

t = ﬁ t = D

1.5. Optimizations

Based on fixed Europa-L values for the net
payload (chemical vehicle), the bus, and the solar
array as well as on the data of the RIT-22-engines
(see 2.4), careful optimizations vyielded the
following results:

7 Nand mean here the number of running thrusters and
their individual propellant flow rate at that time.



1. Altitude of the SEP parking orbit rp (launch site
of the chemical probe; Fig. 3):
With a parking orbit of r, = 80 R;, the required
chemical velocity increment for a Europa
landing is estimated to be Dvy, = 4.15 km/s
(including 400 m/s margin and 100 m/s for
hovering before touchdown on the surface.s)
With a specific impulse of 330 s of the
bipropellant, a mass ratio of p¢, = 3.600, and
with 375 kg of dry mass on Europa (see 2.1) a
wet mass of 1.35 tons for the lander follow.
For higher parking orbits, m, and transfer time
ten Of the vehicle increase. On the other hand,
the Dv-requirement of the 2nd EP stage and its
propellant mass would decrease in such a way
that the SEP launch mass mggp changes only
by about 1 %.
However, the total SEP-thrusting time t
decreases significantly from 6.74 yrs (at r, = 50
R;) to 5.67 yrs (at rp = 120 Rj). This suggests to
choose a relatively high parking orbit.
Nevertheless, an intermediate orbit of rp =
80 R, seems to be adequate because it allows
to map the outer magnetosphere of Jupiter with
the bow shock of the solar wind, the
magnetopause, and the magnetodisc.*)

2. Sun distance r; of stage separation (Fig. 4):
A stage separation at ry = 3.026 AU has been
chosen because the 2nd-stage cluster with four
RIT-22-Llgp-thrusters (1.25 kV of beam voltage)
may be operated there at nominal conditions.
When changing ry, the number N, of the
required 2nd-stage thrusters follows the
available power at stage separation (see Fig.
4), whereas the number N; of 1st-stage
engines stays constant.
Obviously, the thrusting times of the two stages
(t; for the first stage, t,+t; for the second
stage) depend in such a reverse way on the
corresponding Dv that the total thrusting time t
keeps constant between rr = 2.4 AU and 2.9
AU. At higher rr-values, however, t increases.
The SEP launch mass decreases with
increasing sun distance ry of stage separation
because the  Hlg-stage, favored by
Ziolkowsky's equation, contributes more to the
total velocity increment. Thus, the quality factor
Q of the mission performance, i.e. the SEP
launch mass times the total EP-thrusting time
(including the duration of spiraling down in the
Jupiter system) shows an optimum (i.e.
minimum) at about ry = 3.3 AU.

)The magnetosphere extends as far as 100 R, on the
sunward side.

3. Specific impulses or beam voltages of the two
EP stages (Fig. 5):
Resulting from Ziolkowsky's equation, the SEP
launch mass mgep always decreases with
increasing specific impulses of both stages. It is
also clear that the total thrusting time t
increases with Isp; and Ispz.“
The reverse dependency of both mission
parameters results in Q-optima at U,; = 3.9 to
4.0kV and U,, = 1.6 to 1.7 kV, respectively.

Despite of a Q-penalty of about 2.1 %, the
parameter combination of [+4.0 kV/3.026 AU/4
engines with +1.25 kV] are preferred against the
combination [4.0 kV/3.2 AU/3 engines with +1.5
kV] because in the latter case, the first-stage
engines reach nearly their load limit (in terms of
lifetime; see below).

We emphasize that a second-stage specific
impulse of less than 3000 s would make the
mission performance significantly worse.

2. Spacecraft Design
2.1. Chemical Vehicle

The SEP mothership releases the chemical
transfer and landing vehicle at a distance of 80 R;
to Jupiter. During cruise and flybys at Callisto,
Ganymede, and Europa, some instruments on-
board the chemical probe, supplied by lithium
batteries, are activated.

Having reached a 100-km circular orbit around
Europa, a one to two weeks remote sensing will
be performed together with the search for a suited
landing site by a descent imager. Following a
recent ESA-study®, a ground penetrating radar
system "ELRR" (with triple three element Yagi
antenna, 50 MHz) will map the ice shell of Europa.
During the last phase of descent, shortly before
touchdown, the lander craft will hover for about
one minute.® After landing, in-situ experiments will
be performed for about two weeks (till the Li
batteries are run-down and the vulnerable avionic
elements are damaged by radiation). Following a
study "Cadmus" of the Georgia Institute of
Technology®, an ultrasonic corer, located at the
end of a robotic arm, will drill to a depth of about
20 cm (where the icy material is protected against
radiation) and put a sample core into an
autonomous chemical and biochemical laboratory.

") The slight increase of t for beam voltages of the second

stage smaller than 1.0 kV is caused by the increasing
number N, of thrust units (at given solar power).



Fig. 3:  Optimization of the radius rp of the SEP parking orbit in the Jupiter system (fixed parameters are:
U,; =4.0kV, U, = 1.25 kV, rr = 3.026 AU).
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Fig. 6 shows sketches of the chemical lander (with
folded radar antenna, robotic arm, and chemistry
laboratory). For the large scale mission Europa-L,
the dry mass amounts to 375 kg.

The bipropellant main engine "D 600" (6 kN of
thrust, Is, = 330 s), the integrated tank system and
the attitude & orbit control system (together
115 kg of dry mass) have been copied from a
BepiColombo Mercury lander, which was
proposed by the Russian Babakin-Center in an
ESA-study at the end of 2002.”

Table 1 collates important data for the large and
the scaled-down Europa missions, respectively.

Fig. 6: Sketches true to scale of the Europa-L
chemical transfer and lander vehicle.

2.2. Spacecraft Bus

For the large version, the bus mass of the SEP
mothership has been estimated roughly with
800 kg (see Table 1). It includes the structure with
the adapter for the chemical craft, the attitude
control system, the thermal control, the uplink and
downlink telemetry system, a swivel-mounted
platform with 35 kg of scientific instruments, etc.

2.3. Solar Power Plant

The solar array is laid out to deliver an electric
power output of 67 kW or 33.5 kW in the large or
small version at BOM, respectively (see Table 1).
Due to their high efficiency (> 25 % at BOM),
especially at low temperaturess, triple-junction
LILT-solar cells are recommended showing an
excellent specific power of 350 W/m?. The arrray
of Europa-L consists of two deployable wings with
12 panels (2 m length x 4 m height), each. The
array of Europa-S has only 2 x 6 panels. Each
solar-cell panel is equipped with two solar
concentrators®, i.e. lightweight, flat mirror panels
tilted by 60 deg, which should be deployed in 6
steps*), yielding at the end of the procedure a
concentration factor of 1.8 of the whole array.

With 10 kg/kW for the solar cell panels at BOM
and with 2 kg/kW for the reflectors, the 67-kW
array would have a mass of 804 kg, the scaled-
down array (33.5 kW) a mass of 402 kg.

Table 1: Gross Payload data of the large mission
"Europa-L" and the scaled-down small
mission "Europa-S".

Europa-L | Europa-S
net payload: chemical vehicle
scientific equipment mass, in kg 50 25
dry mass, in kg 375 188
launch mass, in kg 1350 675
bus mass, in kg 800 400
solar array
BOM power output, kW 67 335
EOM power output, kW 6.2 3.1
panel area, in m? 192 81
number of panels per wing 12 6
mass incl. concentrator, in kg 804 402
gross payload mass, in kg 2954 1477
dry mass 2™ EP stage, in kg 153 77
dry s/c mass at 80 R;, in kg 3107 1554
dry mass 1% EP stage, in kg 545 272
dry s/c mass at BOM, in kg 3652 1826

2.4. lon Thrusters

After reviewing the existing European primary
propulsion hardware, we decided to base the
Europa mission study on the radio-frequency ion
thruster RIT-22, which is already under
gualification procedure since a couple of years.
The decisive advantages of RIT-22 (see Fig. 7)
are:

7 In principle, the deployment could be divided also into 12 (or
even 24) steps.




- As a gridded ion thruster, it is able to run with
specific impulses up to 7000 s or more with
high efficiencies.

- The absence of discharge electrodes in the
ionizer chamber guarantees a reliable
operation and the long required lifetime, which
is limited only by grid erosion.

- The easy thrust control by only the rf-
discharge power at a given mass flow favors
this type for cluster operation, too.

EADS-ST carried out a test campaign in April
2005 at Siena.* (Repeating the test runs three
months later, the deviation of the data was less
than 0.3 %). These tests and all the qualification
procedure were based on a positive high voltage
of 2.1 kV.

Fig. 7: Cross section and photo of the rf-ion
thruster RIT-22 of EADS-ST.

To get the performance data of RIT-22 at other
voltages (4.0 kV and 1.25 kV; see Table 2), the
engine has been modeled at Giessen, especially
for higher Isp.2 Therein, the ionizer itself was kept
unchanged (running at nominal operation with
2.363 A of ion current at 735 W of rf-power and
3.72 mg/s of Xe-flow), whereas it was assumed
that the two-grid geometry (grid thickness,

interspace, extraction hole diameters), varies with
U, (following the Langmuir-Schottky-Child's law)
and that the open area of the 1st grid is always

53.3 %.
2.5. Thrust Unit

A RIT-22 thrust unit consists of the thruster
(7.9 kg), the rf-generator RFG (1.9 Kkg), the
neutralizer (0.4 kg), the flow control unit FCU
(0.4 kg), and of the PSCU, which has in the 2.1-
kV standard device a mass of 17.9 kg. As the
latter mass is proportional to the power, i.e. the
positive high voltage U,, the unit mass mg
increases with U,.

Table 2: Performance data of the 1st-stage (Hlsp)
and the 2nd stage (Lls;) RIT-22 engines
proposed for the Europa-L and Europa-
S missions at nominal operation
(2.363 A of beam current).

RIT-22 Hlsp, | RIT-22 Llg,
beam voltage, in kV 4.0 1.25
specific impulse, in s 6591 3704
PSCU power consumption, in kW 11.11 4.02
thrust (nominal), in mN 241 1355
thrust-to-power ratio, in mN/kwW” . 21.70 33.73
propellant flow per power, in mg/kws” 0.335 0.926
max. propellant consumption, in kg**) 190 470
mass of propulsion unit, in kg 44.7 21.3

*)  approximately constant down to a throttling of about 65 %
**)  related to lifetime limit

2.6. EP Stages

As stated already, the first EP stage of the large
Europa-L mission will be equipped with 6 Hlgp-
thrusters running at 4.0 kV of beam voltage,
whereas the second stage will house 4 Llg,-
engines with 1.25 kV of positive high voltage (see
Fig. 8). In the small scale version of the mission, 3
and 2 of the two engine types will be used only,
respectively.

The dry mass of the first stage with 6 thrust units,
to be jettisoned in a Sun distance of 3.026 AU, is
545 kg, which includes 200 kg for structure. The
structure of the second stage (150 Kkg) is
integrated in the 800-kg bus.

Table 3 summarizes the performance data of the
EP module for the large and the small scale SEP-
versions.




Fig 8: Sketches true to scale of the two-
stages propulsion module of Europa-
L.

Table 3: Performance data of the propulsion
modules of the Europa-L and the
Europa-S spacecraft.

Table 4: Comparison of the large and the small
SEP-Europa orbiter and lander mission.

Europa-L Europa-S

scientific equipment on Europa's surface, in kg 50 25

launch mass of the chemical vehicle, in to 1.35 0.675
burn-out mass of SEP-spacecraft?, in to 1.76 0.88
Xe-propellant mass (two stages), in to 1.82 0.91
SEP launch mass, in to 5.47 2.74

thrusting time, in yrs

interplanetary + spiraling down 3.78+2.44 378 +244

Europa-L Europa-S
) Q ) Q
g g g g
7 7} 7 ]
number of thrusters and type . 6 Hig, 4 Llgy 3HIlg, | 2Lls
load of thruster per lifetime, in %" 85.4 45.1 85.4 45.1
nominal thrust, in N 1.45 0.542 0.72 0.271
nominal PSCU-consumption, in kW 66.63 | 16.07 | 33.32 8.03
nominal propellant consumption, inmg/s | 22.31 | 14.88 | 11.16 7.44
mass of propulsion units, in kg 268 85 134 425
tank mass, in kg 77 68 38.5 34
structure mass, in kg 200 150™ 100 75"
total stage mass (dry), in kg 545 303 2725 | 1515

*)  provided that all thrusters are symmetrically loaded by cluster switching
**) integrated in the bus

2.7. SEP-Spacecraft

The spacecraft, consisting of the two-stage
propulsion module, the bus, the net payload, and
the two solar wings, is depicted in Fig. 9. Table 4
collates important performance data for the large
and the small scale version.

The larger spacecraft version (with 50 kg of net
scientific equipment) would be able to guarantee a
maximum of scientific return, whereas the smaller
one would be, naturally, cheaper and it would fit to
the payload capacity of e.g. a Soyuz-Fregat 2B-
launcher.

*) after launch of the chemical vehicle and jettison of the 1st EP stage

3. Trajectory Calculations

In this section we present the outcome of a
preliminary numerical trajectory analysis. Further
more detailed investigation and optimization may
yield even better results with respect to masses
and/or flight-times. For comparison with the
calculations of the previous sections it should be
kept in mind that the analytical methods used
there (e.g. the estimate of the required velocity
increment v for electric propulsion) are only
rough approximations assuming near-circular
spiral trajectories (see also footnote in section
1.1). This explains the slight difference between
those numbers and the more exact numerical
values below.

3.1. Interplanetary Transfer from Earth to
Jupiter

The transfer trajectory from Earth escape (v =0
km/s) to rendezvous with Jupiter's SOI (v, = 2
km/s) with a two-stage electric propulsion system
(see Figs. 10 and 11) has been calculated with
the program InTrance, which was developed at
DLR' and which is based on evolutionary
neurocontrol. The resulting flight-time is 1571
days (including a coast phase). Stage separation
is assumed at 3.026 AU (where the first 545 kg
propulsion stage is jettisoned). The launch mass
at Earth escape is 5252 kg with a propellant mass
of 1299 kg being required until Jupiter rendezvous
(delivered mass 3408 kg). The mass values
correspond to the large mission Europa-L and
should be halved for the small version Europa-S.

3.2. Spiraling Down at Jupiterto 80 R
The corresponding Jupiter capture trajectory is
shown in Fig. 12. The applied steering strategy for

the trajectory “optimization” assumes that the
thrust vector is always parallel to the velocity
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Fig. 9: Drawing true to scale of the Europa-L spacecraft.

Fig. 10: Transfer trajectory from Earth escape (v =
0 km/s resp. C3=0) to Jupiter rendezvous
(Vrer = 2 kml/s, distance to Jupiter is 0.13
AU or 280 R;) with a two-stage electric
propulsion system and a flight-time of
1571 days (stage separation at 3.026 AU,
Jupiter's orbit is not shown at the point of
rendezvous, the lines along the trajectory
denote the propulsive acceleration).

vector (reducing orbital energy with maximum
efficiency)*?.

Initial conditions at Jupiter’s “Sphere of Influence”
(

SOI) at a distance of ~ 674 R; are: relative velocity
Vit ~ 2.3 km/s with mass mgy = 3408 kg. Final
conditions are: circular velocity vg. = 4.7 km/s
around Jupiter at 80 R; with mass m, = 3107 kg
(actually, the trajectory calculation was performed
starting at the inner point on the circular orbit with
t replaced by —-t, so that the mass increases
during flight until Jupiter escape was reached at a
distance of 575 R; with a velocity of ves, = 2.48
km/s). A constant thrust of
-0.1967 N was taken all along the trajectory, and
the flight-time for “spiraling down” was 644 days.

The total flight-time for the electric propulsion
vehicle to reach Jupiter orbit at 80 R; is therefore
2215 days or 6.06 years (including coasting).

Conclusion
A solar-electric Jupiter orbiter together with a
chemical Europa orbiter and lander is feasible and

well comparable with a purely chemical mission
using multiple GA (which narrows strongly the
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launch window), if the stage principle is introduced
into EP, if the propulsion strategy is carefully
optimized, and if the solar array is equipped with
concentrators, which are deployed step by step.
The scientific return comprises the mapping of
Jupiter's outer magnetosphere and the bow
shock, a remote sensing of Europa and in-situ
measurements on the moon's surface.

Fig. 11: Thruster usage profile along the Earth-
Jupiter transfer trajectory.

Fig. 12: Jupiter capture trajectory from the
“Sphere of Influence” (SOI) with v, =
2.3 km/s to circular velocity vg,. = 4.7 km/s
around Jupiter at 80 R;.
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