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Abstract

This report describes a long-term development plan to enable human exploration
of the outer solar system, with a focus on Europa and Titan. These are two of the
most interesting moons of Jupiter and Saturn, respectively, because they are the
places in the solar system with the greatest potential for harboring extraterrestrial
life. Since human expeditions to these worlds are considered impossible with
current capabilities, the proposal of a well-organized sequence of steps towards
making this a reality was formulated. The proposed Development Plan, entitled
Theseus, is the outcome of a recent multinational study by a group of students
in the framework of the Master of Space Studies (MSS) 2004 course at the In-
ternational Space University (ISU). The Theseus Program includes the necessary
development strategies in key scientific and technological areas that are essential
for identifying the requirements for the exploration of the outer planetary moons.
Some of the topics that are analysed throughout the plan include: scientific obser-
vations at Europa and Titan, advanced propulsion and nuclear power systems,
in-situ resource utilization, radiation mitigation techniques, closed life support
systems, habitation for long-term spaceflight, and artificial gravity. In addition
to the scientific and technological aspects of the Theseus Program, it was recog-
nized that before any research and development work may begin, some level of
program management must be established. Within this chapter, legal issues, na-
tional and international policy, motivation, organization and management, eco-
nomic considerations, outreach, education, ethics, and social implications are all
considered with respect to four possible future scenarios which enable human
missions to the outer solar system. The final chapter of the report builds upon
the foundations set by Theseus through a case study. This study illustrates how
such accomplishments could influence a mission to Europa to search for evidence
of life in its subsurface oceans. The future remains unpredictable, as does the real-
ization of any of these possibilities. However, projects such as this remind us that
the final frontier for humans is truly outer space, and only our imagination will
determine where the frontier stops. We can dream of visiting other planetary sys-
tems and perhaps even galaxies, but we must begin closer, and considering the
scope of our known universe, Europa and Titan are very close indeed.

Vi



Faculty Preface

Some anonymous wag once defined an expert as: “One who travels a long dis-
tance and shows slides.” This definition is inadequate in the context of the mem-
bers of our Team Project 2 (TP2): “Human Missions To Europa and Titan - Why
Not?”. It is true that the twenty-nine men and women have come to study at ISU
from far and wide. However, their expertise and knowledge of their chosen TP
far exceeds the ability to show a few slides as part of a magic lantern show. At the
close of TP2, the group has gained a mature, interdisciplinary appreciation of the
profound problems associated with a human mission to the outer solar system.

Europa and Titan are of unique importance in the solar system as they har-
bour chemical compounds associated with the origin of life. By studying these
icy moons, we can gain insight into the origin of life on Earth and elsewhere in
the cosmos. However, a human mission to Europa and Titan is impossible with
today’s technology. But would such a mission be possible in fifty years? If so,
how does one develop a plan for such a mammoth venture? To their credit, TP2
has produced what could be described as, “a classic ISU TP”. They have wrestled
with this complex project and have been cognisant of the University’s famous
‘31" credo: Interdisciplinary, International, Intercultural. This report presents an
original Development Plan to enable human exploration of the outer solar sys-
tem. They have identified technological and other important topics that have
been neglected in previous studies by space agencies and academics. Finally,
the Team presents a novel Case Study describing a complete human mission to
Europa.

While the final ISU TP reports and presentations are expected to be scholarly
and comprehensive, it is worth remembering all such ventures are, first and fore-
most, exercises in interdisciplinary, international, and intercultural teamwork. As
any ‘survivor’ of an ISU TP can tell you, this is extremely challenging! It is taxing
as one must work with a veritable spectrum of teammates. However, if one is
open-minded and willing to learn, the overall experience can be precious.

It just remains for me to congratulate TP2 for their solid work and their com-
mitment to the team spirit.

Associate Professor Hugh Hill on behalf of the Resident Faculty.
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Student Preface

People explore. It is a desire inherent in our blood. For example, if you are like
the members of our University, you travel halfway around the world to study in
an international and interdisciplinary environment. Of course, this is not where
the journey ends. We choose to continue exploring. We choose to expand our
understanding and discover the foreign worlds of Europa and Titan.

This report is our contribution toward achieving these goals. Twenty-nine stu-
dents from eleven different countries have participated in building the found-
ations for making this dream a reality. The Development Plan proposed herein
begins today and outlines a series of milestones that must be accomplished before
we can safely send humans to the outer reaches of our solar system. It includes
not only technical and scientific aspects, but also considers the legal, socioeco-
nomic, and political contexts.

We are proud to offer this report of our vision, which is the culmination of
months of teamwork, group discussions, meetings, and battles. We hope that our
work will motivate all those who share a similar desire to explore.

The ones who are crazy enough to
think they can change the world are
the ones who do.

Anonymous
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As for the future, your task is not to
foresee it, but to enable it.

Antoine de Saint-Exupery

1. Introduction

Over the past thirty years, there has been a notable lack of consensus among
members of the scientific, technical, and political communities regarding the mean-
ing and direction of space programs. This deficiency has hindered progress and
damaged public trust, resulting in a human exploration program trapped un-
der a 400-kilometer ceiling. In addition, a lack of clear and compelling mission
plans have made it difficult to raise resources for human space exploration. This
strain on key players due to shifting resources and inconsistent support can some-
times result in fatal outcomes, the most recent example being that of NASA’s
Space Shuttle Columbia tragedy on February 1, 2003. Similar to the earlier Space
Shuttle Challenger disaster in which launch limits were exceeded yet ignored, the
Columbia accident was the result of years of increased constraints on resources,
fluctuating priorities, schedule pressures, and lack of a common vision for hu-
man spaceflight (Columbia Accident Investigation Board, 2003).

Now, however, governments and space agencies are beginning to look beyond
Low Earth Orbit (LEO) and are working together to face the challenge of putting
humans onto other planetary bodies. Last October, China became the third coun-
try to send a human into space and has revealed plans to put taikonauts onto the
Moon. Since 2001, ESA has been working toward the Aurora Programme, a long-
term plan for implementing robotic and human exploration of the solar system,
with particular focus on bodies that potentially have past or current evidence of
life (European Space Agency, 2004). At the beginning of this year, US President
Bush announced a new vision for NASA, involving the development of a long-
term human and robotic program to explore the solar system, beginning with a
return to the Moon and enabling future exploration of Mars (NASA, 2004b).

Hopefully, these enterprising ideas will help end the impasse of past decades
by establishing new objectives within clearly stated priorities and boundaries.
More importantly, despite increased mission complexity, cost, and risk due to
the inclusion of humans, these new visions satisfy both the pursuit of scientific
knowledge and the inherent human need to explore. Thus, they provide some of
the background and guiding framework for our answer to the challenge: Human
Missions to Europa and Titan — Why Not?

Our team, composed of twenty-nine students from eleven countries, began
with identifying the main obstacles of a mission to Europa and Titan. This led
to a definition of the necessary requirements that need to occur if humans are
to move from the current scientific, technical, societal, and political environment
to one in which a human mission to the outer solar system is possible. After
analyzing these milestones, the Theseus Program (also referred to as the ‘Devel-
opment Plan’) was created to enable such a future. It is divided into two parts: a



1. Introduction

roadmap involving space- and ground-based research as well as precursor mis-
sions, and program scenarios encompassing possible visions of the future that
would enable the creation of supportive political and economic infrastructures.
Finally, a sample mission to Europa is outlined, building upon the multidiscip-
linary foundations created through the Development Plan. This mission provides
an illustration of how the results of our roadmap and scenarios can be utilized in
a mission to the outer solar system.

This document reflects our collective vision of a possible future, one in which
a project of this magnitude and complexity will be considered feasible and essen-
tial to the advancement of humankind. Mapping out this potential route toward
that future, it is our hope that it will be viewed as accessible, and work will be
done to make it a reality. Although developments and events will naturally oc-
cur differently than suggested here, ideally this document will provide the basic
groundwork to be expanded further as others also ask the question of Why Not?
It is the beginning of an iterative process that will eventually allow this “future’
to become “the present’, and change the question from Why Not? to When?.



It is difficult to say what is impossible
for the dream of yesterday is the hope
of today and the reality of tomorrow.

Robert Goddard, father of American
rocketry

2. Requirements

2.1. Introduction

As briefly mentioned in the report introduction, this chapter outlines the foremost
technological and scientific requirements to be met in enabling the progress of
human exploration to the outer solar system. The topics within represent the key
elements (Propulsion, Power, Science Priorities, Life Support, Artificial Gravity,
Habitation and Radiation) that have been identified through an extensive literat-
ure review, consultation with experts, months of course work, and lengthy team
discussions. In each case, the requirements have been determined due to their
perceived importance and to a significant gap between current and envisioned
aptitude. No doubt there are multiple areas in addition to the items presented
that merit enhanced understanding and competency, yet are perhaps less urgent
inadequacies that can be addressed secondarily. Some of these are touched upon
in the sections of the next chapter. The requirements serve as the primary ra-
tionale behind the steps proposed in the Development Plan (Chapter 3) and em-
body what we consider to be a credible enhancement of spaceflight capabilities
in light of our goal.

2.2. Technology

2.2.1. Propulsion

The current physical limits in chemical propulsion technology forces the scientific

community to seek out and develop other means of spacecraft propulsion. Fu-

sion, Variable-Specific-Impulse Magneto-plasma Rocket (VASIMR), Nuclear-Ther-
mal Propulsion (NTP), Nuclear-Electric Propulsion (NEP), and Magneto-Plasma

Dynamic (MPD) are a few of the concepts examined for the near future (for com-

plete list of the acronyms, refer to Section 3.3.3). In order to accomplish a mission

to the outer solar system, the propulsion subsystem should fulfil the following

requirements:

Providing the spacecraft with a velocity change (AV): Approximately 60km/s.
A significant percentage of this AV has to be assigned for the “escape” man-
oeuvre from the Jovian or Saturnian gravitational fields, which are much
stronger than that of Earth. The required velocity changes are discussed in
more detail in Chapter 5. See also Figure 2.1.
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A variable thrust and specific impulse (/,,) for the same engine : This will pro-
vide the best efficiency in every phase of the mission. Relatively high thrust
(low I,) will be more attractive for the escape and capture manoeuvre to/
from Earth, Jupiter and Saturn. High I, (and therefore more efficient pro-
pellant consumption) will be used for optimizing the interplanetary traject-
ory.

Advanced power and thermal control subsystems: This should satisfy operat-
ional demands for the propulsion system in an efficient manner.

A simple and robust design: This will not only reduce the cost and the opera-
tional complexity of the propulsion subsystem, but it will also simplify the
integration with the rest of the spacecraft subsystems.

Enhanced operational lifetime for long-duration missions: According to the
NASA HOPE mission study (human mission to Callisto), the estimated total
mission duration is less than three years (Trouman et al., 2003). This sets a
reasonable lower limit of four to five years for the operational lifetime of the
engine. For missions to the Saturnian system, this limit has to be set to at
least seven years.

Escape Velocity

Jupiter - Mo Rotation
Saturn - Ne Eotation

Juptter - Eeotation
Saturn - Rotation

30,0

137 km/sec
5.7 km/fsec
Titan

3.5 km/fsec
2.3 km/fsec

Callisto
8.2 km/fzec
3.4 kmizec

20,0

Escape Velocity (km)

|

/

10,0 4

0o T T T T T T T T T
70000 270000 470000 &70000 870000 1070000 1270000 1470000 1670000 1870000

Distance from the center (km)

Figure 2.1.: The escape velocity from Jupiter and Saturn, at the altitudes of
Europa, Callisto and Titan. The required escape velocity is greatly
reduced due to the orbital velocity of these moons around their home
planet.
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2.2.2. Power

Increasing spacecraft sophistication and mission duration have been accompan-
ied by an ever-growing requirement for generating power on-board the space-
craft. The choices available as prime power sources in space are limited to three:
nuclear, chemical, and solar. However, in a mission such as we are facing, nuclear
tission power systems are indispensable as a power supply, as no other means of
power generation are available so far from the sun (except as-of-yet undeveloped
nuclear fusion power systems). The necessary requirements for nuclear power
sources are:

e Higher efficiency and scaling of the current available nuclear power sys-
tems for space applications to higher power levels: It is estimated that for
a human mission to the outer planets, at least a few Mega-Watts (electrical)
MW, will be needed.

¢ Reliability of machinery and redundancy: Failure of the power subsystem
can be considered as a single-point failure for the mission since all of the
critical subsystems - propulsion, life support, communications, radiation
protection (if an active system is used) etc. - are dependant upon its suc-
cessful operation.

e Ensured human and environment safety: Protection should be provided
against operational radiation emissions or potential failure of the power
subsystem.

e Political consent and public outreach: While the use of nuclear power
sources on spacecraft is not a new concept (mostly in robotic missions), the
large-scale reactors that would probably be used might generate public cri-
ticism with respect to safety.

e Effective lifetime for the power system: The lifetime of the power system
needs to be at least five years.

o Effective thermal management: The thermal management system should
include more efficient radiators.

o Effective transformation of thermal energy to electrical energy: The effi-
ciency of this subsystem should be in the region of 20-35%

2.2.3. In Situ Resource Utilization

So far, humans venturing in space have completely relied on supplies carried
from the Earth - most commonly referred to as an open loop system. This strategy
is manageable for travelling in Earth’s orbit or even for a short stay on Moon.
However, to “live-off the land”, in situ resource utilization (ISRU) is a necessary
method for living long periods on the Moon or other planets. In situ resources
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could be utilized for many applications from supporting life to rocket propellant
production. The advantages of using in situ resources include significant savings
in mass, time and cost, and providing the mission with enhanced autonomy and
flexibility. In brief, the requirements for ISRU are:

e Prior knowledge of the availability and properties of resources on Jupiter,
Saturn, and their moons.

e The processing equipment should be simple and reliable.

e The equipment should be robust enough to work in the extreme conditions
of the outer planets and their moons (low temperatures, high radiation en-
vironments etc.)

o Versatility of equipment is necessary. For example, drilling equipment used
to extract resources should also be able to drill for setting the base for a
habitation module.

2.3. Science Priorities

The scientific observations that could be performed on the Jovian and Saturnian
systems are numerous. However, in the context of a development plan towards
the human exploration of the outer planets, practical science (engineering) and
exciting science (motivation and outreach) investigations should be the priority.
Therefore most of the Galilean moons and Titan are the main focus of our plan-
ning.

2.3.1. Surface studies

Surface studies include observations of planetary moons, either from orbit, or
directly from the surface (see Figure 2.2). A combination of both techniques will
be needed in order to fulfil the following requirements:

¢ Global mapping of the surface morphology, topography and composition
of the Galilean moons and Titan: This information, apart from its scientific
value, can be used for the selection of landing sites and ISRU base sites.

e Surface in situ observations: These observations should provide data on
basic surface and subsurface properties (e.g. hardness, ice structure, crustal
dynamics, and compositional chemistry on a microscopic scale). This in-
formation will be very useful for the design of ISRU facilities, as well as for
defining the specifications for ice drilling systems that would penetrate the
surface of Europa.
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Figure 2.2.: A region of Europa, as it was observed by the Galileo spacecraft. The
dark material around the cracks is believed to have upwelled by the
subsurface ocean, and might contain interesting organic compounds.
Image Courtesy of NASA /Galileo.

o Characterize the surface radiation environment: Radiation is one of the
possible showstoppers for a human mission, especially for the Jovian sys-
tem. The magnitude and the variability of the radiation levels at the surface
and the surrounding environments of Europa and Callisto must be meas-
ured.

2.3.2. Subsurface - Ocean studies

Much of the scientific interest in the Galilean moons and Titan is derived from
the recent findings of the Galileo mission, regarding the possibility of subsur-
face ocean presence in Europa, Callisto and Titan (Moore and Makris, 2003; Eng-
land, 2003). The theory about hydrocarbon lakes or oceans on Titan is also an
interesting case that needs to be examined (Matson et al., 2002).

e Check the hypothesis of a subsurface ocean on the icy Galilean moons:
Basic properties, such as ocean depth and crustal composition and thick-
ness, should be measured.

e Ocean in situ observations (only for Europa): Tidal energy from Jupiter
might be able to drive the internal dynamics of the Europan ocean (Moore
and Makris, 2003). This fact makes the ocean of Europa a place that could
host life. In situ observations at the ocean should measure its basic proper-
ties (temperature, pressure, viscosity, composition etc.) and map its struc-
ture.
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2.3.3. Atmospheres

Titan’s atmosphere is one of the most interesting physical systems in our solar
system. Understanding its dynamics is not only important for science, but also
for the design of a human mission (see Figure 2.3). The dim atmosphere of
Europa could also prove useful for the design of human or robotic missions (Hall
et al., 1995). The following requirements need to be met prior to attempting such
missions:

e Characterize the atmospheric properties of Europa: Europa possesses a
very thin oxygen atmosphere that could be an alternative source for in situ
propellant resources.

o Characterize the dynamics of Titan’s atmosphere: This is important for
future missions to Titan. Atmospheric dynamics are involved in critical
activities such as re-entry, and atmospheric navigation (for balloons, robotic
helicopters, small aeroplanes, etc.)

e Define the composition of Titan’s atmosphere: This information is crucial
for ISRU applications and for the design of spacecraft structure, EVA space-
suits, and remote-sensing instruments.

Figure 2.3.: Picture of Titan from the Voyager 1 probe, one of the best available
today. The atmosphere of the moon is completely opaque to the vis-
ible sunlight, as it can be easily seen. Courtesy of NASA /JPL.

2.3.4. Astrobiology

Astrobiology is one of the scientific areas which should be emphasized in the
development plan, since the question of life beyond Earth is one of the most in-
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spiring and fundamental that needs to be answered. The following is a list of
requirements which need to be addressed in the area of astrobiology:

e Map biologically interesting compounds on the surface and subsurface
of Europa: The most interesting areas are close to the “cracks” of the crust,
where up-welling material from the ocean appears to be present. (Space
Studies Board, 2003; Figueroa, 2004).

e Characterize the effects of Jovian radiation: Studies should be carried out
on the stability of organic molecules on Europa. (Space Studies Board, 2003;
Figueroa, 2004).

e Observe the presence of organics on Titan: The distribution and composi-
tion of organic molecules in the atmosphere, on the surface, and the subsur-
face of Titan should be mapped (Gershman, 2002).

e Study the dynamics of Titan’s chemistry: The role of geological and geo-
physical processes, as well as surface-atmosphere interactions, in the prebi-
otic chemistry of Titan should be studied (Gershman, 2002).

2.3.5. Other Scientific Issues

The Jovian and Saturnian systems are very complex. The Galilean moons and
Titan represent only a small part of the interesting targets that exist there and
need to be observed more carefully. Some of the additional issues that need to, or
could be resolved with the proposed development plan, are stated below:

e Characterize the evolution of the Io-Jovian magnetosphere system: This
will help us to understand the role Io plays in the observed variability of
the radiation levels in the orbits of the rest of the Galilean satellites (Russell
and Luhmann, 1997).

e Study the surface of the Saturnian moon Iapetus: lapetus has two very
distinct hemispheres, one very bright and the other very dark (England,
2003). This implies a complex surface chemistry that could be potentially
significant for in situ resources.

e Perform close observations of the Saturnian moon Enceladus: Enceladus
seems to have many similarities with Europa (England, 2003). If this is con-
firmed, Enceladus could be chosen as an alternative location for astrobio-
logical studies, if the radiation problems on Europa cannot be mitigated.
The radiation levels at Saturn are of the same magnitude as they are in the
magnetosphere of the Earth.
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2.4. Space Life Sciences

The requirements for enabling long-duration human exploration to the outer
solar system have been identified in the following categories: closed life support
systems, artificial gravity, habitation, and radiation mitigation. These are defined
as particular areas that must experience significant advancements for a mission
of this magnitude to be rationally justified. A basic existing competence in each
will serve as a benchmark or critical point in the development of these capacities.

2.4.1. Closed Environmental Control and Life Support System
- Closed ECLSS

As a solution for extended habitation, scientists and engineers have been carry-
ing out research for years on regenerative life support systems that can provide
humans with all the nutritional, energy and gaseous needs while recycling waste
and using in situ resources. This approach is far superior to today’s method of
completely stocking a spacecraft with the necessary supplies before launch or
continual re-supply. The ECLSS should meet the following requirements:

e Grow a variety of crops while maintaining minimal mass, volume, power,
waster and trace gas emissions.

e Be self-sufficient with minimum crew maintenance.

¢ In addition to providing all the required nutrients, the food produced must
be interesting and tasty enough to support the well-being of the crew.

e The food system needs to be integrated into the appropriate life support
system, including habitability, water recovery, human factors, biomass, air
revitalization, solid waste management, and thermal control (ESA, 2004).

e The closed ECLSS should be able to function at both zero-g and artificial
gravity environments, since the gravity environment might change at dif-
ferent phases of the mission.

e The ECLSS should operate with an extremely high level of reliability.

2.4.2. Artificial Gravity

Due to the absence of both an orbital platform and the corresponding space qual-
ification of artificial gravity in human spaceflight, many difficult requirements
exist. Ground based research regarding human tolerance and adaptation to rotat-
ing environments has provided crucial evidence and reason to believe this mech-
anism could possibly be an effective countermeasure. Basic requirements to be
satisfied in order to utilize artificial gravity in human spaceflight are:
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e Verify the exploitation of artificial gravity produced by a short-radius
centrifuge: This could provide an alternative to large-scale rotating struc-
tures.

e Characterize various artificial gravity techniques: This would be used to
determine which are most effective, in terms of the required technology
(structural issues etc.), operations (maintenance, artificial-gravity duration,
spin, de-spin), and crew considerations (induced gravity exposure rate etc.).
For example, stabilizing and understanding the ramifications of rotating
elements and subsystem synergies should be the first parameters outlined.

e Expand our basic comprehension of continuously rotating structures in
the microgravity environment: This should be with a focus on easily scal-
able concepts.

e Continued commitment to ground based investigation.

2.4.3. Habitation

The design and development of truly liveable crew quarters is essential to ensure
productive and flourishing outer planetary missions. Professionals from virtually
every aspect of space exploration will be vital to the creation of a space habitats
capable of supporting confined human activity for prolonged periods of time.
Several of the major requirements are:

e Drastic reduction in the artificial and monotonous nature of current space
hardware, requiring a shift in focus from technically driven design restric-
tions towards human needs and desires.

e Thorough recognition and appreciation for the social and psychological im-
plications of habitat design.

e Integration of multiple subsystems such as life support and physiological
and psychological countermeasures. Committed research, on Earth and in
orbit, that furthers our knowledge and understanding of all aspects associ-
ated with habitable environments. This research should aggressively evalu-
ate the use of inflatable/expandable structures, while also taking the liberty
to introduce elements previously considered as unnecessary luxuries.

2.4.4. Radiation

Three types of radiation are of particular interest for human spaceflight in the
outer solar system: solar energetic particles (mostly protons), high-energy Galactic
and Cosmic Rays (GCR), and high-energy particles in the Jovian radiation belts
that surround Io, Europa, and Ganymede (see Figure 2.4). The most energetic
radiation comes from Galactic Cosmic Rays (GeV energies). While the GCR back-
ground is not immediately fatal, the integrated dose over long (>1 year) missions
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will approach or exceed the recommended maximum allowable whole-body ra-
diation dose, and also may result in other significant health problems to the crew
(Landis, 1991).

Radiation
total dose, Mrad

Sunspaot

Eurcpa Q
Ganymede

q Mercury  Venus v
=

Figure 2.4.: Relative temperature and radiation conditions in the space environ-
ment. Courtesy of NASA.

The radiation protection techniques should limit the total radiation dose to the
crew, keeping it well below fatal levels (Cucinotta et al., 2003; Wilson et al., 1997).
In case that passive radiation shielding is not adequate, active radiation shielding
techniques should be introduced. In brief, the requirements for sufficient shield-
ing are:

e Study side-effects of active radiation shielding methods: Since active
shielding requires the use of magnetic and electrical fields (Landis, 1991),
the interaction with the crew and the various subsystems should be care-
fully considered.

e The production of advanced materials for the spacecraft structure; This
should further reduce the amount of radiation that reaches the inhabited
area after penetrating the active radiation shielding.

e Explore the possibility for medical countermeasures: Possible solutions
could be pharmacological methods or radiation adaptability studies.

2.5. Conclusion

Having identified the fundamental abilities we feel are required to send humans
on such a mission the following chapter contains our proposed solutions. Tak-
ing into account current international space activity and initiatives our intentions
are to provide fresh and relevant insight as to how these requirements can be
achieved. As you read through the road map bear in mind the driving require-
ments that have been outlined here.
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Destiny is not a matter of chance. It is
a matter of choice. It’s not a thing to be
waited for - it is a thing to be achieved.

William Jennings Bryan

3. Theseus: A Road Map for
Technological and Scientific
Issues

3.1. Introduction

The previous chapter highlighted the most crucial hurdles to be overcome before
a human mission to the outer planets can be realized. The technical requirements
will entail extensive research and development programs spanning decades be-
fore they are space qualified and reliable enough for crucial aspects of the mission.
The scientific knowledge that must be obtained prior to such a challenge will re-
quire several missions to the outer planets, taking many years of planning and
operation. Therefore, due to the large and detailed number of tasks that must be
performed before attempting this mission, this chapter will provide a road map of
the major technical and scientific programs that should occur. It will give details
on specific candidate technologies that should be studied and developed, and
once accomplished, would satisfy the requirements and provide the following:

e Technology: A plan is given detailing the development steps that are re-
quired to mature the necessary technology.

e Science: It is necessary to determine what missions are needed to perform
scientific analysis to enable a human mission.

e Development Plan: A proposed sequence of steps for the Development
Plan is included, as well as what be learned from them that will enable the
requirements to be met.

The name adopted for the Development Plan is “Theseus.” In Greek myth-
ology, Theseus was a hero who found his way out of the Minotaur’s labyrinth
thanks to Ariadne’s ball of thread. In a similar way, our Development Plan rep-
resents “Ariadne’s ball of thread,” as it is a potential solution for a complex task.
The “escape from the labyrinth” will enable the human exploration of planets
beyond Mars.

3.2. Theseus Program Overview

The starting point for the Theseus Program is marked by the Cassini/Huygens
mission to Saturn and Titan (planned arrival in July 2004), and by the Jupiter Icy
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Moons Orbiter Mission (JIMO) to the three icy Galilean satellites (planned for
launch 2011-2015). These missions play a significant role in the overall plan. Sat-
urn has only been visited by three spacecraft, and even these only conducted fast
flybys of the planet. Cassini will provide us with detailed observations from orbit
for four years and will most likely change our perspective of the entire Saturnian
system. Huygens will give the first detailed data from one of the most enigmatic
moons of our solar system, Titan (Matson et al., 2002). JIMO is going to be the
first of a new generation of space missions to the outer solar system, introducing
new technologies that will significantly increase the quality of science obtained
(Figueroa, 2004).

However, these two missions are only the first step toward human exploration
of the outer planets. Many of the requirements (see Chapter 2) will still not be
satisfied after these two missions have been accomplished. The proposed Devel-
opment Plan describes the major accomplishments that must be met before a hu-
man mission to the outer planets is attempted. Each accomplishment is reached
through a series of space missions, as well as continuous Earth-based research
(see Section 3.3). In terms of science and technology, nine crucial accomplish-
ments have been identified according to the requirements stated in Chapter 2. In
short, these accomplishments are:

e Jovian and Saturnian system: Much practical science has to be performed
before sending humans to Europa, Titan, and possibly Callisto. A series of
robotic missions is proposed to accomplish this (see Sections 3.3.1,3.3.2).

e Advanced propulsion: Current propulsion systems are not adequate for in-
terplanetary human spaceflight. VASIMR or MPD engines are the candidate
solutions, and the development steps are discussed in Section 3.3.3.

e Nuclear power: Nuclear systems seem to be the best way to provide the
Mega-Watt levels of power that are needed for human missions to the outer
planets (see Section 3.3.4).

e In Situ Resource Utilization (ISRU): The exploitation of in situ resources
adds the necessary flexibility to the overall mission design of human (or
even robotic) missions to the outer planets, while also simplifying the space-
craft design. The steps needed to utilize ISRU are discussed in Section 3.3.5.

e Closed Environmental Control and Life Support System (closed ECLSS):
A closed life support system is the only way to support the crew during
the whole mission, since resupply capabilities for outer planetary missions
are remote. The steps proposed to develop a closed ECLSS are described in
Section 3.3.6.

e Artificial gravity: The use of artificial gravity is the most comprehensive
countermeasure against the long-term effects of microgravity (see Section 3.3.7).
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e Habitation module: Since a mission to the Jovian or Saturnian system would
last several years, the habitation module of the spacecraft should not be con-
structed just as a working area, as has been the situation up until now. The
steps toward a solution are discussed in Section 3.3.8.

e Radiation protection: Currently, only passive radiation protection tech-
niques are used for human spaceflight. For missions to the outer planets, the
development of effective, active radiation protection in combination with
passive techniques is the best solution (see Section 3.3.9).

It has to be specified that each accomplishment does not represent a point
where a development of a certain technology or the exploitation of a scientific
issue stops. Each accomplishment determines the point upon which no further
critical development is needed.

The sequence in which the aforementioned accomplishments have to be reached
is summarized in a Gantt chart (see Figure 3.1). Radiation protection is set to be
one of the last accomplishments. Before we finalize the research on active radi-
ation protection techniques, we should first prove that we are able to physically
transport a spacecraft and a crew from Earth to the outer planets. This means
that propulsion and advanced power techniques should begin development in
the first phases of the program. This will also enable us to construct very large
structures that would adequately test and space qualify artificial gravity tech-
niques, closed ECLSS, ISRU, as well as integrate all of these into habitable space-
craft designs. Scientific exploration is also ongoing throughout the Development
Plan. The proposed robotic missions will serve as testbeds for many technologies
of the Theseus Program (such as ISRU, radiation protection, advanced propul-
sion, and power).
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3.3. Accomplishments

Most of the scientific missions in the Theseus Program are directed to Europa,
Callisto, and Titan. While the successful completion of the Development Plan
will enable human exploration of the outer planets and their satellites (Jupiter
and Saturn alone have 92 moons in total, as of April 2004 (Sheppard, 2004)), the
focus is set on these three moons for reasons discussed in Section 2.3. Besides
Europa, Callisto is chosen among the rest of the three Galilean moons, mainly
due to the harsh radiation environment around lo, Europa and Ganymede. If
radiation shielding techniques prove inadequate for the Europan environment,
humans could be sent to Callisto and perform activities on Europa through tele-
operations, as originally proposed in NASA’s HOPE study (Trouman et al., 2003).

What is also significant for the Theseus Program is the role of human missions
to the Moon and Mars. Two programs are currently ongoing in the United States
and Europe (Aurora) (Messina and Onarro, 2003; NASA, 2004c). The road maps
for these programs include enhanced scientific and technological research in areas
that are identified as “accomplishments” in our proposed plan. While nobody can
predict whether the US initiative or the Aurora Programme will become reality,
it is reasonable to assume that humans will first go to Mars before attempting a
mission to the outer planets. Both programs in this case are a good indication
of the technologies that need to be developed (and in what sequence) to enable
human missions to the Moon and Mars. This is seriously taken into account in
the analysis of each accomplishment in Section 3.3.

One element that is missing from the road map is a time scale as there are a
number of factors that lead to large uncertainties in time estimation. Develop-
ment duration can differ for each technological accomplishment for reasons such
as differences in funding, social-political environment, and level of innovation.
In Section 4.6, where costing of the Theseus Program is discussed, the duration of
various different technology projects can be seen in Table 4.4.

A rough idea about the duration of Theseus can be given with respect to the
scientific elements of the program as we expect these to be completed concur-
rently. It is currently understood that successive missions to the outer solar sys-
tem would have a gap of at least fifteen years (J. P. Lebreton, personal commu-
nication, 2004). Taking into account the scientific planning for the Jovian system
(Section 3.3.1), we could expect approximately a sixty year duration for the com-
pletion of all proposed missions. Future developments in advanced propulsion
and power (see Sections 3.3.3, 3.3.4) could probably reduce the duration to ap-
proximately fifty years. However, a lot of uncertainty still exists (mission success,
level of funding, etc.), so a fifty to seventy year duration is a more reasonable
estimation.

3.3. Accomplishments

As discussed in Section 3.2, eight points are mainly defined as critical for the
Theseus Program. Each accomplishment is approached in a different way: while
a series of space missions is proposed for the scientific elements of Theseus, the
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rest of the defined achievements (mainly relating to technology and space life
science research), suggest an overall strategy is comprised of both ground and
space research. The following sections give a more in-depth description of the
ideas proposed for achieving these goals.

3.3.1. Jovian System / Europa Science

A Europa Sample Return Mission marks the end of the scientific investigations of
the Jovian system for the Theseus Program. Obviously, the scientific requirements
cannot be satisfied with just one mission. The Europa Sample Return Mission is
the end-result of a number of steps and scientific investigations that have to take
place. The necessary steps identified, mostly in terms of robotic missions, leading
to the final Europa Sample Return Mission, are presented below.

JIMO Mission

JIMO will be launched by NASA between 2011 and 2015 and will orbit the three
icy Galilean moons - Callisto, Ganymede, and Europa. For a more comprehensive
review of the scientific objectives of the JIMO mission, as well as for the proposed
methods to meet these objectives, refer to the “Report of the NASA Science Defin-
ition Team for JIMO” (Figueroa, 2004). It is expected that the follow-up missions
to JIMO would take advantage of the key technologies that will be introduced
in this mission, as well as from technologies that would be available according
to the Theseus Program (mainly: advanced power units, advanced propulsion
techniques, and ISRU technologies). This will enable the use of large-scale ro-
botic spacecraft, with increased payload capabilities. The following missions, are
concepts originally proposed for our plan:

The Europa & Callisto Explorer mission

This mission will consist of one orbiter and two small landers. The orbiter will
observe Callisto and Europa and will deliver a lander to the surface of the two
moons. The orbiter will also serve as a telecommunications relay for the landers.
In total, the scientific objectives of the mission will be:

1. Investigate the radiation levels on Europa and Callisto (peaks, periodicity)
to prepare the future equipment for human protection on the surface and
in orbit around these moons. This can be done using ion spectrometers or
plasma analysers.

2. Perform astrobiology studies to search for existence of life (present or past)
on Europa. Mass spectrometers on the landers could be used to analyse
surface and subsurface samples for biological signatures.

3. Determine the properties of the ice on the surface of the two moons from
orbit and in situ observations. Ion mass spectroscopy and thermal infrared
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sensors can be used for this activity. Analysis of soil from shallow depths
could also be completed. This data can also be used for the design of ISRU
technologies (see Section 3.3.5).

4. Perform seismological and acoustic sounding techniques from the landers
for more accurate ocean depth estimation on Europa and Callisto (if it exists)
and for subsurface feature detection.

The lo Radiation Explorer Mission

The plasma from Io’s volcanic activity is the main driver of the magnetospheric
dynamics at Jupiter (Russell and Luhmann, 1997) and the source of the high ra-
diation levels observed along the orbits of Io, Europa, and Ganymede. The Io
Radiation Explorer Mission will operate at the same time as the Europa & Cal-
listo Explorer Mission, and its main objectives will be:

1. Observe the volcanic activity on Io and detect any periodicities that may
exist.

2. Measure radiation extremes and relate them to volcanic activity.

3. Make simultaneous radiation measurements with the Europa and Callisto
Explorer Missions at the orbits of Europa and Callisto. These measurements
will be related to the observed radiation activity at Io in order to understand
the radiation propagation mechanisms.

The Europa Subsurface Mission

This mission will consist of a Europa orbiter (mostly to act as a communications
relay) and a large lander. The lander will deploy a melting probe at the surface
of Europa, at a landing site carefully selected according to data from previous
missions. The probe will melt the ice of Europa’s crust, enter the ocean, and
perform autonomous operations as a hydrobot. The technology of melting probes
is already under investigation by DLR and NASA, and tests are being performed
in laboratories and at Lake Vostok in Antarctica (Biele et al., 2002). This study will
be the last and most important mission preceding the Sample Return Mission.
Three topics will be studied:

1. The ocean composition will be determined.

2. A map of the ocean’s bottom close to the entry location will be developed
using suitable sonar on the melting probe / hydrobot.

3. More detailed astrobiology will be done in this second mission to Europa.
The instruments taken on-board the lander will be more suitable, consider-
ing the results of the first mission.
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Europa Sample Return Mission

The Europa Sample Return Mission will duplicate the previous mission, differing
only in that it will collect samples for return to Earth. Samples will be collected
from both the lander and the ocean probe. It will also demonstrate the use of
ISRU technologies (refer to Section 3.3.5) in the environment of Europa, with the
lander producing propellant from Europa’s surface. The propellant will be used
to deliver the canister with samples to the orbiter and to eject the spacecraft out
of Jupiter’s gravitational influence. Analysis of these samples will greatly assist
in the astrobiological studies of Europa, while also improving the quality of ISRU
technologies.

3.3.2. Saturnian System / Titan Science

Scientific investigation of the moons of Saturn will consist of several missions
designed with a progressive geographical focus. The first mission will provide
global coverage of Titan, with the second performing more specific science on
limited areas of the surface. Finally, a mission will be dedicated to a sample return
from the most promising sites of Titan. Briefly, the proposed steps toward this
achievement are:

Cassini/Huygens Mission

The Cassini/Huygens mission will start orbiting the Saturnian system in July
2004 and will greatly aid for our understanding of Saturn and its moons (espe-
cially Titan) (Matson et al., 2002). The following missions concepts have been
originally developed for our plan. As in the case of the proposed Jovian mission,
they are expected use the technologies enabled with the JIMO mission:

Titan Orbiter & Balloon Mission

The follow-up mission to Cassini/Huygens will be dedicated to Titan. It will
consist of an orbiter and an atmospheric balloon. The Titan atmospheric model
(based on Cassini/Huygens results) is expected to be accurate enough for the
planning of an atmospheric probe, allowing further investigation of the atmo-
sphere. The orbiter will also serve as a telecommunication relay for the bal-
loon, which will navigate in the atmosphere to cover the moon’s surface (Aaron
et al., 2002). Scientific instrumentation will be located on the top of the balloon
and on a small mobile platform tethered to the balloon. Instrumentation on the
tether can operate at optical wavelengths, since the atmospheric opacity will be
less than that from the orbiter. More specifically, the objectives of the mission will
be:

1. High resolution mapping of the surface in order to produce a Digital Elev-
ation Model (submeter resolution with a lidar) and high-resolution maps
(submeter resolution) for any future surface operation missions.
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2. Analysis of the surface composition with an imaging spectrometer and in-
strumentation based on standoff Laser Induced Breakdown Spectroscopy
(LIBS) (refer to Section 3.4). Raman Spectroscopy can map the surface com-
position with a rough sampling grid for the whole surface (about 50 m) and
at higher resolution for selected sites (down to a few meters).

3. Atmospheric studies could be performed from instruments on the tether. A
gas chromatograph would directly sample the atmosphere at various alti-
tudes and the wind force and the atmosphere density could be monitored.
Instruments based on Doppler LIDAR and LIBS could provide a detailed
analysis of the atmosphere composition and dynamics around the balloon.
The atmosphere layer above the balloon could be studied with instruments
on top of the balloon and on-board the orbiter.

4. Mapping of the plasma environment by the orbiter (using ion spectromet-
ers) and radiation profiles in the atmosphere will give the necessary over-
view of the radiation environment for any future human mission to the sur-
face of Titan.

Titan Balloon and Helicopter/Biomimetics Mission

This mission will provide an in depth study of Titan. It will consist of a small
orbiter (for telecommunication purposes), an atmospheric balloon, and several
small helicopters. It will focus on astrobiology and atmosphere/surface inter-
actions, as well as identify the most promising sites for astrobiology, geological
studies, and ISRU. The balloon will serve as the mother platform for the heli-
copters and it will also have an advanced laboratory. The helicopters will map
selected sites at a very high resolution (down to a few cm). They will also gather
samples and bring them back to the balloon’s laboratory for analysis. The instru-
mentation could be similar to that of the previous mission, with greater capabil-
ity in data collection and analysis. An alternative solution to helicopters would
be the use of “biomimetics”. Biomimetics are aeroplane-like structures (refer to
Picture 3.2) that imitate insect aerodynamics on Earth, generating lift by the con-
tinuous formation and shedding of vortices on their wings (Aaron et al., 2002).

Titan Sample Return Mission

The interesting sites selected by the previous mission will be a direct input for this
mission. Main objectives of this mission would be to precisely characterize what
astronauts will encounter during a future mission to Titan, and make detailed
astrobiological studies. It is a critical step for ISRU, habitation, and scientific in-
strumentation development, as well as for landing site selection. The mission
profile could be similar to the one described for the Europa Sample Return Mis-
sion (see Section 3.3.1), however some significant differences exist: the stronger
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Figure 3.2.: The image shows the proposed design for a Mars aerial explorer (En-
tomopter). Such a design could be easily modified for the exploration
of planets or moons with an atmosphere, such as Venus, the gas gi-
ants, and Titan. From (Aaron et al., 2002).

gravity of Titan, the larger distance from the Earth compared to Jupiter, the pres-
ence of a dense atmosphere, and the different available resources for propellant
production.

Additional Opportunities

The proposed missions offer additional opportunities for science in the Saturn
system. Enceladus, known for its resemblance to Europa, and Iapetus is interest-
ing because of its intriguing dark and bright faces, represent examples of targets
in the Saturnian system (England, 2003). Any of the proposed missions could be
designed as JIMO-type missions so that an orbiter can also visit at least one of
these two moons, in addition to Titan. Another possibility would be to send the
orbiters into an extended mission phase after completion of their primary tasks.

3.3.3. Advanced Propulsion

To go to the outer solar system in 1 — 1.5 years requires innovative propulsion
systems capable of delivering a AV of 60 — 80km/s. A brief analysis for the
required amount of AV is discussed in Chapter 5. No current system is capable
of this achievement, but the most promising candidate propulsion techniques are
listed in Table 3.1. As none of the propulsion systems listed have been space
qualified, no choice can be made now, although technical superiority of fusion
based systems over fission-based systems is generally accepted.
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Fusion MCF Fusion ICF/MTF NTP NEP+MPD NEP+VASIMR
I, [s] 200 000 50 000 800-1200 <10 000 2 000-3 0000
Status Experimental, No lab test, Developed and | Flown in pulsed Tested at NASA
mostly theoretical tested in USSR mode, lab tests JSC, needs to be
conceptual concept and USA continue upscaled
Pros Enormous [, Enormous I, Better then More existing Variable I,
continuous mode chemical experience and longevity,
operations, engines, higher thrust lightweight
usable as power high thrust than VASIMR components
source
Cons Hard to Hard to I, low, Component wear, I, variability
develop develop lifetime low waste heat questionable
removal
Spec. Power 1-20 5—20 17 0.5 0.76
(kW /kg]
Spec. Thrust 1.8 0.5 0.22 0.02 0.04
IN/kW]
AV [km/s] 230-2300 230-2300 8.8 ~ 50 ~ 50
Utilization Unknown, Unknown, 100 hrs as engine Hours at high Unknown, but
Time continuous pulsed mode 10 yrs for power thrust assumed very long

€¢

Table 3.1.: Typical parameters of different propulsion options, data from (Demjanko et al., 2001), (Mantenieks and Myers,
1993), (Tajmar, 2004), (Kammash, 1997) and (Schaffer, 2000). For explanations of the acronyms see Appendix C.
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Fusion propulsion is intimately linked to the development of fusion power sys-
tems from a technological point of view. From a systems engineering point of
view however, power and propulsion systems cannot be separated from each
other as fusion plasma is used for direct propulsion application, whereas plasma
induced currents provide electrical power (Piefer, 2000).

The envisioned mission requirements lead to the conclusion that NTP systems
do not provide enough efficiency and require too much fuel to be top candidates.
Although Table 3.1 would suggest that NTP is very effective, it should be em-
phasized that the values in this table refer only to the engine itself. They do not
take into account the needed propellant mass to accomplish a mission.

Instead, we suggest aiming directly for high-efficiency systems like the NEP
versions with MPD or VASIMR (see Figure 3.3), since they do not only offer far
better I;,, but, in the case of VASIMR, also moderate thrust capability. Fusion
power/ propulsion is not a prerequisite for going to the outer solar system (fis-
sion based system offers sufficient power density and high-power capabilities
for such missions) and will most likely be developed well after NEP systems.
Nuclear fission systems would easily fit into current mission design habits (use
and discard-type spaceships). Fusion-based systems have an enormous inher-
ent complexity. To justify the construction effort, the development and building
of spaceships for multiple missions and an operational lifetime greater than ten
years would be suggested. A more detailed comparison of advantages and disad-
vantages of the preferred systems (MPD and VASIMR) is presented in Table 3.2.

It is difficult to judge which of the engine concepts is better; however, the
VASIMR has a unique advantage of low or non-existent component wear. This
would be crucial on a mission with very little chance to conduct repairs or re-
placements. A number of steps have been identified in order to qualify the designs
and select the most appropriate solution for our mission and further develop-
ment:

e MPD: The MPD concept is being actively researched at the Jet Propulsion
Laboratory (JPL), MAI (Moscow Aviation Institute), University of Stuttgart,
and Princeton University. The Japanese Institute of Space and Astronautical
Science (ISAS) flew a quasi-steady MPD as part of the Electric Propulsion
Experiment (EPEX), but no steady state thrusters have yet been flown. Low
power models of the VASIMR engine also exist in the Johnson Space Center
(JSC). Ground development should continue in the direction of prototyping
and upscaling for space flight. Upscaling is especially important for the
VASIMR engine, which requires a very heavy power generation unit.

e Space qualification: With the attachment of relevant propulsion modules to
the ISS, space qualification tests of these engine types could be performed.
These modules could perform orbital maintenance and attitude control func-
tions. An alternative would be to test these propulsion modules in modified
versions of the newly proposed Crew Exploration Vehicle (CEV) by NASA
for the human exploration of Moon and Mars (NASA, 2004c). This solu-
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especially the cathode
component and/or if
thrusters operate on a
corrosive fuel

e Need to remove heat
(40% of power is
converted to heat and
needs to be removed:
~ 2kg/kW; (thermal
control systems needed)

MPD Engine VASIMR Engine
Advantages |e Has been in e Variable specific impulse
development longer and thrust (see Table 3.1)
than the VASIMR, well e No direct contact
understood concept between plasma and
e Power Processing Unit structure (increased
(PPU) lighter than in the component longevity)
VASIMR design e Lightweight components
e Less physics issues than
the VASIMR
e Has the highest absolute
thrust of any electric
propulsion method so
far
e Cathode rod probably
replaceable
e Simple and robust
design
Disadvantages ¢ Component wear, e Variability of the I, is

questionable, may need
several engines
optimized for a
particular specific
impulse range

e No such engine has
flown yet in space, hence
true performance
characteristics are yet
unknown

e Entire system is still in
the early testing phase

e Heavy PPU system,
almost 2times the weight
of the engine itself

e Probably not repairable
in space

Table 3.2.: Comparison between MPD and VASIMR engine concepts. For explan-

ations of the acronyms see appendix C.
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tion would be most probable if none of the propulsion systems are space
qualified by the end of the ISS lifetime (estimated at 2015-2020).

e Propulsion uses: Both of the propulsion methods are considered as viable
solutions for the Aurora Programme which means that we could expect
these two type of engines to be developed and used for human missions to
Mars (Andrew, 2001). This also increases the possibility that these propul-
sion systems will be used in the CEV design.

UARABLE SPECIFC RIPULSE MAGNETUPLASEIA RUCAET

LIQUID HYDROGEN = RADIATIVE COOLING PANEL SUPERCONDUCTING ELECTROMAGNETS

Figure 3.3.: A cutaway of the proposed VASIMR design. An electric power source
ionizes fuel into plasma. Electric fields heat and accelerate the plasma
while the magnetic fields direct the plasma out of the engine creating
thrust for the spacecraft. Courtesy of NASA /JPL.

It is expected that advanced propulsion systems will be mainly evaluated
through the Moon and Mars programs. By the time human Mars missions occur,
a choice could be made whether MPD or VASIMR engines are better for outer
planetary missions. Beyond this point, the chosen propulsion system could be
continuously improved and used for various missions, throughout the Theseus
Program (artificial gravity missions, scientific robotic missions, etc.), or for other
applications utilizing this technology.

3.3.4. Nuclear Power

Radioisotope generators were used for a long time on outer solar system probes,
including Pioneer, Voyager, Galileo, and Cassini, but these units are small.
NASA'’s standard Radioisotope Thermoelectric Generator (RTG) module gener-
ates 300 W.. NASA also makes extensive use of its probes of 1 W, radioisotope
heating units, which keep spacecraft instruments at temperatures within optimal
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Figure 3.4.: Flow chart describing the development of propulsion technology.

operational limits. Exploring the outer solar system efficiently and systematic-
ally will require much more power than this (on the order of magnitude of tens

of MW,).

The following technological developments must be accomplished to fulfil these
power requirements (Schaffer, 2000):

e Radiation and corrosion resistant alloys

e High power and high temperature power conditioning units (PCUs)

e Restartable nuclear reactors in space

e Heat rejection systems for MW, level reactors

e Exchange of fuel elements in a liquid metal nuclear reactor

e Storage and disposal of fuel elements and defunct reactors during or after
the mission

e Launch safety

e Improvements of power-to-weight ratio

As the flow chart (see Figure 3.5) shows, the necessary steps toward using nuc-
lear power in human spaceflight are:

e Definition of base technologies to build and develop multi M/ 1V; nuclear

thermal reactors: This should be accomplished through the integration of
results from ground based testing, simulations, and data from robotic mis-
sions to the Moon, Mars, or the outer planets. A number of important on-
going programs should also be supported:
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Prometheus Project
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Figure 3.5.: This simplified flow chart shows the basic steps required in order to
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utilize nuclear power systems on human spacecraft. As seen often in
the Theseus Program, the importance of robotic missions (e.g JIMO)
and their role in human missions to the Moon and Mars is evident.

— The Prometheus Project is an established program in order to develop
technology and conduct advanced studies in the areas of radioisotope
power systems, nuclear power, and propulsion for the peaceful explor-
ation of the solar system (Wood et al., 2004).

— The SP-100 Power Source Project, which has a goal of demonstrat-
ing the technology for space nuclear reactor power systems that can
provide power for a wide range of space missions, especially for those
using electrical propulsion (Armijo et al., 1991).

— It is expected that the military will continue support the research of
nuclear power. Forming synergies and collaborative projects, space
agencies could tap into this valuable resource.

Continued research: These programs would help build a prototype reactor
and test it in a closed environment on the ground.

Considerable improvements on power-to-weight ratio: These are expected
to be made in the context of above-noted research programs.

Other Sources of Nuclear Power Research: Nuclear power techniques are
strongly considered for the Aurora Programme (Messina, 2001). Also, it is
likely that nuclear power would be evaluated as part of CEV research and
development. It is logical that human missions to Mars would take ad-
vantage of this technology, which, as these projects illustrate, would propel
research in the field.

Proposed scientific robotic missions to the outer solar system: These mis-
sions could utilize or test nuclear power as a major subsystem. Most likely,
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this would be accomplished in connection with engine tests and other ne-
cessary technology demonstrations. JIMO is the first step towards this, and
the best example of what could potentially follow.

The nuclear reactors must also to be tested for extreme operating conditions
to increase reliability and durability. Nuclear reactors should also be tested for
contamination effects on the space environment.

3.3.5. In Situ Resource Utilization

Propellant and life support systems represent major drivers in the mass budget of
a long-term crewed mission. Often, the large amounts of hydrogen, oxygen, and
water required for a human mission constitute major drawbacks for mission feas-
ibility. However, in the case of planetary exploration, obtaining these materials
from in situ resources can considerably reduce spacecraft mass.

This is the case of the outer planets” moons as their surfaces contain a consider-
able amount of ice. Once extracted and processed, this resource could potentially
generate enough water, liquid oxygen (LOX), and liquid hydrogen (LH) to sup-
port the mission. After arrival to the moons, these compounds could be used
to support life, shield from radiation, support base and field operations, propel
ascent and descent vehicles, perform interlunar trips, and provide impulse for
sample and crew return.

However, ice is not the only valuable resource. Observations by the Hubble
Space Telescope (HST) have revealed that Europa possesses a dim atmosphere
of oxygen, produced mostly by the interaction of the surface with the Jovian ra-
diation belts (Hall et al., 1995). Exploration probes and HST have shown con-
siderable abundances of methane, hydrogen, and other hydrocarbons in Titan’s
atmosphere (Beatty et al., 1999). Jupiter and Saturn’s atmospheres are other pos-
sible sources of hydrogen.

Estimation of the resources and their characterization will take place with the
proposed scientific missions discussed in Sections 3.3.1 and 3.3.2. These missions
will identify resources and characterize the physical and chemical properties. The
sample return missions will significantly improve our understanding of the local
resources.

ISRU development is being considered for the Aurora Programme and a 2001
Mars sample return mission (Andrew, 2001), (MSR Team and Messina, 2003). It
is still too early to say whether these plans will materialize that quickly, but it is
quite likely that by 2020 ISRU would be part of robotic and/or human missions
to Mars.

A number of missions dedicated to ISRU development would also have to be
performed in to fully develop ISRU technologies and techniques. In brief:

e Earth Atmospheric Collector Orbiter: This mission will feature an orbiter

around the Earth which will demonstrate the low-pressure gas collector
technology. The orbiter will circle the Earth at a very low circular orbit
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Figure 3.6.: Technological road map for ISRU and drilling: Several options, on
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the surface or in the atmosphere, exist in the Jovian and Saturnian
systems.

(less than 300 km), where the planet’s ionosphere has a considerable dens-
ity. The satellite will employ a gas collector that would gather oxygen from
the ionosphere and a processing unit that would liquefy the gas and convert
it into propellant. The orbiter, which would normally enter the Earth’s at-
mosphere within a few days or weeks (depending on the satellite mass and
effective drag area), will use the produced propellant for orbit maintenance.
Within a mission that could last from a few months to a few years, it will
test the efficiency of the low pressure atmospheric collectors in space, the
efficiency of the on-orbit propellant processing unit, and the degradation,
lifetime, and reusability of this technology.

Mars Atmospheric Collector: The technology evaluated in the previous
mission could be used as a payload in a robotic mission to Mars (as part
of the Mars exploration program). A standard technique used on both the
Mars Global Surveyor and the Mars Odyssey missions, is that of the aero-
braking. Both spacecraft started from a highly elliptical orbit around Mars
and through a series of fast passages through the planet’s atmosphere, they
achieved a low altitude, circular orbit. The atmospheric collector could be
tested in similar conditions to demonstrate its ability to work efficiently in
short duration periapsis passes through the Martian atmosphere. After the
orbiter achieves the circular mapping orbit, it could use a similar technique
to that of the Earth Atmosphere Collector Orbiter. In this way, the working
orbit can be as low as 150 km, and thus allow very detailed observations.
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e Moon ISRU Testing Facility: This facility would aim to test various al-
ternative technologies for all processes involved in ISRU (extraction, load-
ing, hauling, crushing and grinding, storage, processing, dumping, etc.) to
provide expertize in the application of these technologies in outer space. It
also would be possible to simulate conditions and properties of resources
from other celestial bodies.

e Pilot Plants in Outer Planets’ Moons: These facilities would test all aspects
related to ISRU from extraction to processing, including different mining
techniques and atmospheric collectors. The different properties of the vari-
ous moons would demand a unique mission for each moon. Differences
include: Resource types, environmental conditions, and ore properties. For
example, the disparity in atmospheric pressure compositions between Titan
and Europa and the varying acidity of the surface ice present on Europa and
Callisto both require individual techniques for their analysis(Clark, 2004).
These plants would provide information regarding the reliability, efficiency
and durability of these ISRU facilities. They would also produce enough
propellant to support later robotic missions such as the sample return mis-
sions (see Sections 3.3.1 and 3.3.2).

¢ Gas Giant Pilot Collector Orbiter: Evolution of previous missions will lead
to collection of gases from the outer layers of the atmospheres of celestial
bodies. Gas Giants have in their atmospheres mainly Hydrogen (H) and
Helium (He), which may represent an interesting location of resources. The
technology will not be much different from the one used by the Earth At-
mospheric Collector Orbiter.

3.3.6. Closed Environmental Control and Life Support System
(ECLSS)

As space missions increase in duration, the supply load gets heavier and resupply
becomes prohibitive. It is therefore essential to recycle consumables and to intro-
duce regenerative life support systems for future long-duration space missions
(Eckart, 1994).

The daily consumption of oxygen, water, and food in an open loop system
is approximately 12kg per person per day (Messerschmid and Bertrand , 1999),
or 4.2t per person per year. From a practical and economical point of view, for
a long-term mission with several crewmembers, the amount of resupply to the
system should be as small as possible, reducing the amount of stowage volume.
Hence, closed loop life support systems are desirable. Using regenerated physico-
chemical systems, the water and oxygen loops can be closed (Eckart, 1994).

The only missing loop is the carbon loop. Food could be produced on-board
during a long-term mission, by setting up a bioregenerative life support system.
The water and oxygen loops would be part of a bioregenerative system. Food
production requires water; fortunately, plants produce oxygen and contribute to
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water purification, air revitalization, and waste processing. Presently, NASA is
developing this kind of closed loop system (National Aeronautics and Space Ad-
ministration, 2002). Methods to evaluate the safety and reliability of a bioprocess
should be developed. For this, ESA has a program called Aurora Life Support
System Simulator (ADERSA et al., 2002). NASA is also planning long-duration
human testing in a ground-based facility between 2008 and 2016. A 95% closed
food production loop and 95% waste recovery are the ambitious goals set by
NASA for the year 2016. ESA’s Micro-Ecological Life Support System Altern-
ative (MELiSSA) is developing technologies for a 1000-day Mars mission around
2030. Figure 3.7 shows the loop of a MELiSSA system using five compartments.
Currently, 70% waste recovery is achieved (Lobo and Lasseur, 2003). Experiments
at the Russian Bios-3M test facility have shown that to fully supply one human
with oxygen, water and 30-40% of food, the sufficient plant area is 13 — 14 m?
(cucumbers, tomatoes, peas, beans, carrots, radish, potatoes, etc.) under the flux
of photosynthetically active radiation with an intensity of about 150 W/m? (SB
RAS, 2004).

Non Edible Parts of Higher Plants

COMPARTMENT I

Thermophilic Anaerobic
Bacteria

Fibre
degradation

IVa Ry Valalile

. -. Faty
Photoawtotrophic | S Acids
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Higher Plant
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Figure 3.7.: Schematic of the MELiSSA loop. The compartments are: C1 liquefy-
ing compartment, C2 phototrophic anoxygenic compartment, C3 ni-
trifying compartment, C4 photosynthetic compartment. (Lobo and
Lasseur, 2003).
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A human mission to the moons of Jupiter or Saturn might involve periods of
artificial gravity (interplanetary flight) and microgravity (orbital phase around
the target moon); so, functionality of the ECLSS under both conditions would
be achieved. The ECLSS also would need to perform independently of mission
duration, especially for missions to Saturn, as the total flight time can be more
than six years.

One or more missions could be dedicated for artificial gravity research in the
latter parts of the Theseus Program. A rotating structure with a habitable module
and an ECLSS facility could be constructed at Earth / Sun Lagrange Point 1. In
this region of space there are no day-night cycles, which gives a simulation of the
“visual” environment for an interplanetary trip. For details on rotating structures
refer to Section 3.3.7. This structure or small space station would work in both ar-
tificial gravity and microgravity conditions, in a crewed or robotic mode, and
continuously for several years. After the completion of a full test of the ECLSS
facility, a new updated version could be attached to this module and undergo
similar testing. A number of techniques could be tested. For example, new meth-
ods to transform inedible plant parts into edible materials. This could be accom-
plished by Biotechnological processing or genetic engineering, or by feeding the
inedible parts to fish or various invertebrates (National Aeronautics and Space
Administration, 2002; Salisbury et al., 1997). In situ maintenance and environ-
mental monitoring to preclude hazardous conditions (e.g., fire, build-up of toxic
contaminants etc.) would be part of the research conducted on the station. The
objectives of this space station would be different if artificial gravity techniques
prove infeasible, or if the short radius centrifuge proves adequate for human mis-
sions to the outer planets (see also Section 3.3.7). In this case, the mission would
mainly test ECLSS lifetime.

ECL35 Experience
from other
prograts:
WIELiS5L,
Ivlarslvloon
L1 Permanent Human Facility
ECLSS Research

Transhab in LEQ Hahitat Desizn Ivlars Human
Ilission

Study of Artifieisl Grasity

Radiation Testing
Short Radins Orhital Fotating
Centrifuge Structures

Figure 3.8.: The strategy for the closed ECLSS, Artificial Gravity and the Habita-
tion Module Development.
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3.3.7. Artificial Gravity

Some variation of an induced gravity environment has been identified as a crit-
ical point in the Development Plan first as it seems to be the most promising
short term solution to the host of physiological deficiencies experienced in mi-
crogravity, and secondly, because it also represents a solution and vision for an
extended and eventually permanent human presence in space. Following this
theory from its initial enumerations by Tsiolkovsky and Ganswindt, it is clear
that much knowledge has been gained. However, no single structure with this
capacity has ever been launched. There are many arguable difficulties associated
with this technology, such as subsystem alteration, mass, power demand, space
craft stability, and human tolerance to rotating environments. Still, not one of
these points deem artificial gravity infeasible (Hall, 1994), (Queijo et al., 1998).
In fact, all the materials and technology required to commence the space qual-
ification of this technique already exist. The only question now would be how
to select the steps that help to develop our on-orbit competencies. The natural
progression of investigation then proceeds in a phased structure beginning with
short radius centrifugation (SRC) and working toward the development of a con-
tinually rotating truss, tethered, or torus structures.

Figure 3.9.: Short radius centrifugation termed the Human-Powered Centrifuge.
Courtesy of NASA.

The first phase of this program should focus on the production of an SRC space
platform (see Figure 3.9). It is not unreasonably difficult to launch either a new
on-orbit platform or utilize the ISS to investigate short radius centrifugation. Util-
ization and investigation could be implemented in as little as three to five years.
Ground based studies show promise as an effective physiological countermeas-
ure, combined with the human ability to adapt to high rotational rates. Hecht,
Brown, and Young recently demonstrated human capacity to assimilate to 23 rpm
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exposure. Contrary to contemporary views, there were no side effects on 1 g func-
tioning, additionally a transferred adaptation to altered environment and hard-
ware suggest the same response could be expected in space (Hecht et al., 2002). A
space platform serves as a crucial step to investigating and understanding vesti-
bular adaptation and otolith function in microgravity. Quantification of the med-
ical aspects such as exposure rate and duration, g-levels, transition between arti-
ficial gravity and microgravity, and complete spacecraft integration shall be the
targeted goals of this phase.

With the permanent habitation of space in mind, the follow-up phases should
focus on the development of truss/tether techniques and torus structures respect-
ively. Table 3.3 briefly displays the advantages and disadvantages of different
approaches to continually rotating structures:

¢
3

Figure 3.10.: Different approaches to provide artificial gravity; 1: Rigid Truss, 2:
Tethered system, 3: Rotating dumbbell structure, 4: Rotating torus.

Proposals such as the Tethered Artificial Gravity Satellite (TAGS) Program would
be carried out and significantly expanded on in the future (Hoffman and Mazzo-
leni, 2003). The characterization of inflatable structures represents a particularly
applicable, yet difficult, challenge in controlling a truss or tethered structure.
During the second stage, difficulties like changing counter weight mass and spin-
up/spin-down dynamics would be encountered. The suggested phases should
be conducted in conjunction, rather than independently. Valuable knowledge
about large-scale rotational mechanics in microgravity, for example, would be
acquired in phase one, and carried over to benefit the other phases. Flight hard-
ware and testing of an operational craft would be the optimal target to be met in
subsequent phases.

A committed mission substructure for the development of artificial gravity
could potentially be assigned a twenty-year timeline. The second and third phases
(development of tethered and rigid rotating structures) would take substantially
longer, but given adequate priority, their completion is feasible within a fifteen-
year period. For our purposes, the development of a rotating torus would be the
most desirable outcome to the program. Other, techniques could be used to mit-
igate the microgravity effects; however, the rotating torus would also provide a
solution to habitation issues, a major concern for long-duration spaceflight.
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System Description Advantages Disadvantages
Rigid truss (see | Habitat linked to a |e Dynamic e ~6 times the
Figure 3.10, Item | counterweight by a | behaviour well mass of a

1) rigid truss structure understood tethered system

e Stability
control system
less complex
than for
tethered
systems

e Spin- up/down
operations
easier

e Potential
vibrational
problems

Flexible tether
(see Figure 3.10,
Item 2)

A simpler design re-
places the rigid truss
with a tether; a “rope”,
essentially, holding the
two rotating elements
together. This design
eliminates still more
weight and allows for
very long rotational
arms (and thus, very
slow rotational rates,
which minimize Cori-
olis forces and gravity
gradients).

e High g-levels
possible with
slow rotational
rates

e Mass penalty
only 10-20%

e Stability good
once spun up

e Stability poor
during spin-
up/down

e Dynamics of
system
problematic if
mass
distribution
changes

e Risk of
catastrophic
tether break

e on-orbit testing
expensive

Torus/Dumbbell
structure (see
Figure 3.10, Items
3 and 4)

Composed of an outer
rim, wusing modules
(axial or in-plane)
at the ends of the
“spokes.” This design
sacrifices some volume
for later expandabil-
ity to a full torus (if
in-plane modules are
used).

e Large habitable
volume

e Good stability
in all situations

e Segmented
torus very
benign for crew
safety

e Very massive

e Very expensive

e Only on-orbit
assembly
possible

e Requires
multiple EVA
and launches

Table 3.3.: Different solutions to provide artificial gravity.
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While no combination of current countermeasures produce an optimal physiolo-
gical mitigation strategy, a logical way forward undoubtedly must continue to
synergize medical efforts into the development of artificial gravity. Applicable
pharmacological methods should be given adequate focus such that the counter-
measure efficiency of artificial gravity is maximized. The most applicable area
where pharmacological methods are being researched is that of musculoskeletal
systems, yet little progress has been made in the past ten years. Based on mis-
sions to ISS and Mir, crew lose 1% to 3% of bone density per month and approx-
imately ten to 20% of muscle mass during short missions. Muscle loss exceeding
20% would be highly probable during extended missions (Clement, 2003). Spe-
cific examples currently being studied include the use of amino acids to increase
protein synthesis and decrease muscle loss, and drug therapies that suppress the
accelerated bone reabsorption (University of California, 2004).

Another interesting area of study is that of the hibernation of the black bear.
Over a seven-month period of hibernation, the bear loses approximately 25% of
the muscle strength a comparable bed bound human would lose and approx-
imately 17% of the muscle protein (Coghlan, 2004). It is also able to provide a
mechanism to recycle calcium to prevent bone loss (Nowak, 2004). If the bear’s
ability to conserve muscle and bone could be replicated, drug therapies could be
produced to counteract the effects of muscle and bone loss during a long flight.
Should it be fully understood over the next decades, the science fiction of suspen-
ded animation could become reality. A regime of seven months in hibernation-
like state followed by one month of rehabilitation could be implemented, and this
might lessen the psychological strain on the crew during long periods between
destinations. Also the mass of consumables that must be carried on-board the
spacecraft could be drastically reduced.

In addition, this program should be substantially interwoven with the tech-
nical and engineering development steps throughout the Theseus Program. One
particularly interesting area of synergy is that of crew habitation. The conjoined
investigation and development of a crew module and artificial gravity could
provide an innovatively rapid mechanism to solving these issues. This approach
would involve experts from almost every aspect of space exploration, including
psychology, sociology, machine interface dynamics, nutrition, medicine, and en-
gineering.

3.3.8. Habitation

Habitat design is a fundamental aspect of long duration missions, as the crew
will have to endure unprecedented amounts of time in a liveable space. This is
contrary to the survivable modules found on the ISS and all previous space sta-
tions. Future habitats must be conducive to quality physical and mental health
maintenance. In addition to the inherent stress and danger of space flight, long-
duration crews will be required to perform challenging and repetitive tasks. Two
aspects of habitation that have been largely neglected and require specific atten-
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tion are sociological and psychological. To ensure the success of any crew, the
monotonous and artificial components of current space structures would have
to be significantly diminished. Shifting from a technological (mass reduction)
design perspective toward a more balanced approach. This design should em-
phasize human factors and elements more carefully and will enhance the pro-
ductivity and success of extended missions (Harris, 1996). For a mission to the
outer planets, the time spent transferring to and from the destination is about 98%
of the entire mission duration. Hence, the majority of the habitat design should
be focused on the transfer spacecraft (in-flight) rather than a surface module

Figure 3.11.: The proposed design for the Transhab, that was originally designed
to be part of the International Space Station. It is comprised of three
main sections that provide different capabilities to the crew. Cour-
tesy of NASA.

There are no major technological barriers standing in the way of building a hab-
itat interior designed for improved quality of on-board living for long duration
missions. The limiting factors remain the mass and power barriers of launching
large modules into space and then propelling them to their destination. Other-
wise, the habitat could easily be much larger, providing spacious personal crew
quarters and communal areas for eating, relaxing and exercise. Therefore, with
current launch tec