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Abstract

This document provides a programmatic roadmap for the pigndesign and development
of the “Technology Advancing Phobos Exploration and Retgpace mission (TAPER).
The derivation of the science traceability matrix and nassbbjectives will be discussed,
as well as the objectives and timelines. To fulfill missiofeckives, the mission design and
associated technologies will be discussed.
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1 Introduction

1.1 Problem Statement

In March 2013, the Engineering and Applied Science DepartmeCaltech hosted
the Caltech Space Challenge, a 5-day student space misssigndcompetition
consisting of 32 undergraduates and graduates with vahyaeggrounds and na-
tionalities split into two teams of 16. Teams were given tbkofving problem
statement:

“In 5 days, each team is challenged to design a mission to lanmdans on a mar-
tian moon, either Phobos or Deimos, and return them alony wisample safely
to Earth. The launch date of the mission may be no later thadey 1st, 2041”

The following questions, as well as tens of sub-questiors,paesented as key
aspects to be considered when designing the mission:

Q1: What is the proposed work about?

Q2: Why should the proposed work be undertaken?

Q3: How will the proposed work be accomplished?

Q4: What will be learned and what will the benefit(s) be if theject is successful?

Q5: How will the results change in the future?

Only this mission needed to be developed, while any precursssions deemed
necessary could be explained using general justificatibise, the mission design

must allow for extravehicular activity (EVA) on Phobos swoé for means of sample
collecting and return. It was also defined that the astraeauld only land in one

of the Martian moons.

The following report details Team Explorer’s solution tastiproblem statement,
which is presented as a conceptual roadmap for the missgigrdand the context
in which it is undertaken.



1. INTRODUCTION

1.2

1.3

1.3.1

Appendix A provides a complete breakdown of all questions, short resgoto
each question, and leads the reader to the sections of ttusraémt which are rele-
vant to each question.

Inspiration

“He who receives an idea from me, receives instruction hifwgg¢hout lessening
mine; as he who lights his taper at mine, receives light witldarkening me.”

- Thomas Jefferson

The symbolism of our chosen program name, Technology Adrgrithobos Ex-
ploration and Return, or TAPER, is inspired by the above gulbtis clear that this
mission is proposed as part of a larger vision for the exgilmmeand colonization
of Mars. As will be stated, TAPER’s goal is to support futurammed missions
to Mars, providing knowledge to others in the same spirit bbhas Jefferson’s
message.

Context

The Current and Future State of Space Exploration

The context of the current state and future of space expborédr this mission is
primarily understood from three documents: the final repbthe Review of U.S.
Human Spaceflight Plans Committed, the National Space Policy of the United
States of Americad] and the Global Exploration Roadmap][ All these docu-
ments are largely similar in their proposals of the futur@wian exploration over
the next few decades. They outline the Mars as the ultimaik gile identifying
many possible destinations and missions to serve as intigingesteps.

The proposed mission exists within this larger context:ifr@gg with the com-
pletion of exploitation of the International Space Stat{t®S) in low-earth orbit
(LEO) through 2020; then exploration first in the Cis-Lunavieonment in the
2020s; followed optionally by operations at Near Earth Asitts (NEA); and then
missions to the martian system, and ultimately the surfadéeaos itself.



1. INTRODUCTION

1.3.2

The National Space Policy specifically states as one of atsg®y the mid-2030s,
send humans to orbit Mars and return them safely to Earthlevithe Global Explo-
ration Roadmap states “Some agencies are studying humarongdo the martian
moons, Phobos and Deimos......these missions may alsmlprive opportunity to
demonstrate similar capabilities as those required f@ramst missions.”

It is with these statements firmly in mind that a mission isposed, as part of a
larger program, to accomplish the objective of sending msna a martian moon
and returning them safely with martian system samples.

Major Contributors

1.3.2.1 Space Agencies

Although several viable program leader architecturestgtkie National Aeronau-
tics and Space Administration (NASA) is proposed as the g@rymradministrator
and executor of the TAPER program due to their extensiveiyish space and
vision for the future of human spaceflight. However, the pbé& involvement of
other space agencies should not be minimized; the Eurogesoe3\gency (ESA),
the Japanese Exploration Agency (JAXA), the Canadian Spgeacy (CSA) and
Roscosmos are among several agencies with extensive hyraeeflgght experi-
ence that all offer valuable knowledge and resources. TorereTAPER will be
an international cooperation in a similar spirit to the tnegional Space Station,
though, the decision to select certain components for tresion will be driven
mainly by cost and performance as opposed to inclusivity.

1.3.2.2 The Private Space Industry

Due to the efforts of NASA and other space agencies to hel@tarispace com-
panies develop safe, reliable, and cost-effective tramapon vehicles, a number
of companies have grown to become important players in thiedfespace explo-
ration, including Space Exploration Technologies Corpora(SpaceX), Bigelow
Aerospace, and Astrium among others. It is now reasonaldegend on compa-
nies like these to develop and manufacture high TRL compsrfen future mis-
sions at a cheaper price, allowing NASA and other space &ggetafocus on vital
components with lower TRL and higher risk. Examples of reédy high Technol-
ogy Readiness Level (TRL) components would be launch ang eehicles, while
examples of low TRL components would be in-space propulai@hlanders.
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1.3.3

NASA's continuing budget struggle requires a strict mongetacus towards the de-
velopment of select critical technologies. Space Laundieé®y (SLS) and Orion,
the launch and entry vehicles currently under developmieNASA, are exciting
projects that enable NASA to explore beyond the solar syietimer than ever be-
fore. However, it begs the question of why NASA would fundsa@rojects while
simultaneously funding the development of launch and erghycles in the private
sector (e.g. Falcon Heavy and Dragon) that will most likelglee to have the same
functionalities someday for cheaper. TAPER seeks to awati sedundancies and
allocate resources more effectively to create the mostdieaand cost-effective
solution.

Step Towards Human Exploration of Mars

The Global Exploration Roadmap (GERJ] provides a list of key technologies that
need to be developed before a human mission to the martifacsyand how they
can be demonstrated in mission scenarios at a variety ahdésns as shown in
Fig. 1.1 Any mission to a martian moon as a precursor to the martidacsiwould
have to contribute to the demonstration of these capasland technologies.

Evolutionary Strategy Demonstrating Technologies Needed for Mars Mission— Asteroid Next

ISS/LEO Cis-lunar Near-Earth Asteroids
 Advancing in-space habitation capability * [n-space habitation for long durations in « Demonstration of in-space habitation
for long durations the appropriate radiation environment capability for long durations
* Subsystem high reliability and commonal- | ® Radiation protection and measurement ¢ Demonstration of advanced in-space
ity, repair at the lowest level techniques propulsion systems
 Advanced extravehicular activity and * Demonstration of beyond low-Earth orhit | e Long-term storage and management
robotics capabilities re-entry speeds of cryogenic fluids
* Long-term storage and management » Automated delivery and deployment of ¢ Automated delivery and deployment
of cryogenic fluids systems of systems
* Simulation of Mars mission operational * Subsystem high reliability and commonal- | ® Subsystem high reliability and commonality,
concepts ity, repair at the lowest level —living with- | repair at the lowest level —living without a
out a supply chain supply chain
* Long-term storage and management of ¢ Demonstration of Mars mission transportation
cryogenic fluids operational concepts
« Simulations of near-Earth asteroid mission
operational concepts

Figure 1.1: List of technologies from the GER.



2 TAPER Program Overview

The TAPER program is established to provide a supportivedeuge-building en-
vironment to ensure the completion of the Phobos sampleretission. The goal
of TAPER is to bridge critical policy, technology, and saergaps and demonstrate
the capability for future human exploration of Mars througgnding an interna-
tional crew to one of the Martian moons.

While the current global context is a good support for suchission, the current
state of scientific knowledge and technology do not fully marp the feasibility
of a single mission to a martian moon. This is why the primaigsion must
be undertaken as part of a larger program, transforming itigdesmission into
a primary or ultimate mission that is preceded by a numberetyrsors, either
at the moon or during robotic missions to the martian moonkis multi-stage
approach will close those knowledge and technology gapsjige flexibility in
mission design and allow the primary mission to be reducestape.

At the highest level, TAPER is envisioned to meet the follogwbjectives:

(a) Demonstrate the ability to safely transport humans tbraturn from the
Martian system;

(b) Develop key technologies and operations vital to humans\éxploration;

(c) Learn more the solar system to better understand thegrasent, and future
of our planet Earth, and humanity’s role in the universe;

(d) Foster international collaboration in preparationdeentual missions to Mars.

Complementary activities within the program prior to TAPE&ek to answer sci-
entific questions and develop technologies to support tissiom.

As shownin Fig2.1, it has been determined that a precursor mission is negdssar
fill specific knowledge gaps before the manned mission at LEf@eomoon. While
the next twenty years will likely see significant advancetmehese domains, the
necessity of this information is such that no assumptionsxtérnal knowledge-
sharing missions can be made. The following sections dgaibral objectives that
must be met in technology demonstrations and a robotic pgecmission (TAPER
0) in order to proceed to the main mission (TAPER 1).
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2.1

2.1.1

TAPER - The Road Map to Mars

Technology Advconcing Phobos Exploration and
Return (TAPER) is @ concept program that aims
to bridge the policy, technology, and science
gaps for manned exploration of Mars by sending
o crew to o Martion maoon.

Moon

-‘t‘\

o
u
Low Earth Orbit
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Wl )
M | i

Figure 2.1: The Road Map to Mars.

Technology Demonstrations

The first steps in closing the knowledge gaps require thezatiibn of current space
research facilities and activities, such as exploring tadébn environments on the
International Space Station.

Knowledge Gaps

Table 2.1 provides a list of technologies that Engineering assumélsaahieve
reasonable TRL levels before the expected 2033 launch tienesf, either through
LEO demonstrations or lunar missions. While the state ofé¢htechnologies is
quite low, it is believed that these technologies will besa@bly achievable within
the launch time frame.

The zero-boil-off technology needs to be advanced to makdoting term storage
and use of the Nuclear Thermal Rocket (NTR) engine feasinehe TAPER 1
mission. A PBR type nuclear reactor level also needs to beodstrated. The
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Technology Current TRL
Zero-boll off for cryogenic propellant 2
Development of a Particle Bed Reactor type Nuclear Thermgirie 3
Composite propellant tanks 3
In orbit assembly 2

Table 2.1: List of technologies assumed to achieve reasei&tl. before the expected 2033
launch time frame.

2.1.2

Particle Bed Reactor (PBR) type reactor was chosen for tiesian due to the
higher specific impulse, and the low mass achievable fordheepower density as
a Nuclear Engine for Rocket Vehicle Application (NERVA) g/peactor.

While the state of these technologies is quite low, it isdyadd that these tech-
nologies will be achievable within the launch time framee$& technologies were
taken from the In-Space Propulsion Systems Roadmap peldlish NASA.

Expected Research

LEO technology demonstration missions will be used to gajreater understand-
ing of the long-term physiological and psychological effeaf microgravity. An
extended human presence onboard the ISS and/or extrentedbatbgue(s) will
be used to finalize crew selection and test revolutionaryicaétechniques. This
includes monitoring the extended health of the astronstwsefficiency of the dif-
ferent countermeasures, the tele-operations of surgioakpures and testing new
clinical medicine techniques.

Extended operations in LEO will also be used to validatenksitu food production
and waste management techniques needed for a human mesBiootios. This will
also be extended to further validate the proposed schedal&joad and decision
making structure for a human mission.

Additionally, the LEO environment will address the engirnieg challenges of the
manned Phobos mission. This includes the in-orbit dematisitrand validation of

all proposed rendezvous and docking activities, and inttegration and test of the
proposed propulsion system. This includes the nucleantalepropulsion for the

Earth-Phobos transit. Key technologies pertaining to tiagenal and subsystem
selection of advanced solar panels (i.e. battery capasilitcommunication (i.e.

antenna design, the expansion of bandwidth) and compasiteses will also be

assessed.
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2.2 Precursor Mission: TAPER O

2.2.1 Technology Demonstrations

Robotic precursor missions to Phobos include both remaotgsg and in-situ mea-
surements. Each precursor activity would be based on a {Es€lass (500 M$)
mission. In descending orders of priority, these robotissiins would address the
following themes:

1. Map the global topography of Phobos.
2. Measure the gravitational field in the local vicinity ofdblos.
3. Assess the radiation properties in the local vicinity bbPos.

4. Map and assess the geotechnical and mechanical prapaftiee regolith on
Phobos.

5. Examine the mechanical and electrostatic propertigseofitist and regolith on
the surface of Phobos.

6. Search for subsurface ice and other volatile products.
7. Search for subsurface ice and other volatile products.

8. Map the global mineralogical and chemical compositioRlodbos.

All mapping operations will be conducted at a high resolutibhese themes could
be achieved by the operations of: high resolution imagiaggt altimeter, gravit-
ometer, an advanced broad energy Mars radiation environex@eriment, an in-
situ lander with cone penetrator, radio science, grounefpating radar, acoustics
mapping, human factor experiments, neutron spectronzetieermal infrared spec-
trometer and a UV/IR spectrometer. This is, however, amiakry list, which is
not considered to be exhaustive. Heritage can be taken fil&WiND Hayabusa-(2),
Mars Odyssey, Mars Express, the Mars Exploration Roverbsitza Mars Science
Laboratory.

These eight themes will be used to maximize the scientificeagiheering mission
performance of the TAPER mission, and to reduce the ope@titsk, complexity
and cost of the manned mission to Phobos. This includes #igsasand confirma-
tion of the proposed trajectory, orbital element of Pholtarsding sequence/sites,
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and the extended surface operations for the manned misSiorface operations
include the refinement of the proposed anchorage technigoleility approaches,
EVA activities (planning, schedule, operations) and ustrding how the transit
and local environment (radiation, dust/regolith) willedt the crew, instrumenta-
tion and spacecraft. This also includes the timely, inddpan prediction of the
solar particles and galactic cosmic ray events, and in thdat®on of safe haven
mitigation techniques and technologies. This could beeaed through dedicated
human science experiments. The synergy between robotib@mdn exploration
will also be addressed.



3 TAPER 1 Mission Overview

3.1 Mission Statement

The mission of TAPER 1 is to send an international crew of flauPhobos and
return them safely with surface samples to serve as prectasbe human explo-
ration of Mars.

3.2 Primary Objectives

In light of its mission, TAPER 1’s primary objectives are flolowing:

e Demonstrate the ability to send humans to the martian syatehmeturn them
safely with samples of the environment.

e Assess the feasibility of Phobos as resources for futursiaris to the Martian
surface.

¢ Investigate the origin and evolution of the moons to betteftarstand the
Martian system.

e Understand the current environment of Phobos in the coofakie Martian
system to support architecture for future manned Mars onssi

e Establish infrastructure on Phobos to support future mauesploration of
both Phobos and Mars.

3.3 Secondary Objectives

The secondary objectives are key points of interest for hRER mission; how-
ever, should any one of these not be met, the mission will eednsidered to have
failed. The secondary objectives are to:

¢ Investigate the compositional relationship between thertvoons of Mars

10



3. TAPER 1 MISSION OVERVIEW

¢ Find and collect any martian material which may have caflddn the Martian
moons

e Demonstrate technology readiness for tele-operations-situi science
instruments on Phobos

3.4 Requirements

The mission requirements of TAPER 1 are derived directlynftbe mission objec-
tives. These break down the broad goals outlined above &finitk, measurable
requirements against which the compliance of the proposssion design can be
judged. The full list of requirements are available in ApgerC while just the first
level is shown below.

1. Demonstrate the ability to send humans to the martiarsyand return them
safely with sample of the environment.
1.1. The human crew shall travel to Phobos and return.
1.2. The human crew shall remain safe for the mission duratio
1.3. The mission shall comply with all planetary protectgundelines.

1.4. There should be contingency of launch opportunitiezmse of mission
delay.

1.5. Key technologies relevant to future missions to théserof Mars shall
be demonstrated.

1.6. Demonstrate the ability to mitigate psychological phgsiological

effects of deep space flight to and from the martian system.

2. Assess the feasibility of Phobos and/or Deimos as resstioc future missions
to the martian surface.

2.1. Determine is the volatile content of the moon’s surface subsurface.

2.2. Detect and quantify any mineable material includingnesium, methane,
ammonia, clays and Rare Earth Elements (REE).

3. Investigate the origin and evolution of the moons to bettelerstand the
martian system.

3.1. Identify diverse suite of rocks and regolith to be azilel and returned for
detailed laboratory investigation.

11
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3.2. Determine composition in situ of rocks and regolithrirdiverse and well
characterized locations.

3.3. Constrain internal structure of Phobos.

3.4. Characterize Phobos regolith and processes that meyradified it over
time.

4. Understand the current environment of Phobos in the gbafehe martian
system to support architecture for future manned Mars onssi

4.1. Characterize effects of space weathering on the Phadgudith.

4.2. Understand how radiation is attenuated and blocketi®nurface over
time.

4.3. Quantify amount of dust fall and frequency of micronoeite impacts on
Phobos.

3.5 Mission Architecture

The diagram in Figur@.1 details the general mission architecture for TAPER 1.
The mission is a manned short-stay, Martian moon surfagggareturn mission
that satisfies all the mission objectives detailed earhethis section and is the
result of a number of mass trade studies detailed later srréipiort.

3
” € Graveyard Orbit

/=) R
MARS
SYSTEM / \

: \
= v Graveyard Orbit

,(—5\_)

Assembly L S
| §
- 00 v
* *

& SLS Launches (4) Falcon Heavy Launch ~ Falcon 9 Launch Reentry

EARTH

Figure 3.1: BAT diagram for TAPER 1 mission.
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3.6

3.6.1

Key design choices include an “everything-in-one-sta@tiicle assembled in LEO,
as opposed to pre-deployed elements that will assemblethgtitrewed vehicle

a few years later. It was decided that sending any criticalgmmnents in earlier
launches would be too risky, since this is intended to be tiserfianned mission
into deep space (beyond the moon). However, such operdtofigture missions

will still be prepared for with rendezvous and docking sewes performed be-
tween the exploration vehicle and the deep space vehickeamtission, which are
much simpler and have less risk.

Another important design choice was a Phobos exploratibitkecapable of leav-
ing the habitable section behind to act as a Martian moon foadature Martian
missions. While life support for the habitat will need to lestocked for each use,
it provides valuable communications access to the Martisfase and allows for
continued science observation after the surface missicongplete.

Overall, it is a simple mission that is feasible with currantl developing technolo-
gies that serves as a vital stepping stone towards mannexdyploration. Among
other aspects, the propulsive system used to reach theadatstem and lessons
learned from the operations on the surface of Phobos willdrg applicable to
future missions.

Major Design Choices

Phobos vs. Deimos

Choosing the Martian moon destination for the manned sareflen mission (TA-

PER 1) required assessment of the implications for both tission at hand and
future missions to the Martian system. Therefore, the dgmknt of technology
used on this mission should be beneficial to future missiotise Martian system.
Also, an interesting idea that would be a logical next stepldibe landing empty
habitats on the Martian surface and assembling the hahisatg tele-operations
from the surface of a martian moon, making the establishmigo¢rmanent archi-
tecture on the surface of Phobos an appealing idea.

Phobos was decided to be the favorable choice for a numberasbns. Since
Phobos is the closer of Mars two moons, it has a much shortemumication gap
to the Martian surface and requires less communicationbiiipes. Also, Phobos

13
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3.6.2

has a greater likelihood that it would contain subsurfadatites, which would
be investigated as a possible in-situ resource for futunen®a exploration of the
Martian system. Deimos has superior line-of-sight to Edyth communication to
a satellite in Mars orbit that is connected to Earth would helmmore logical.
Deimos also has longer communications access to asset® diattian surface
and spends twice as much time with constant sunlight on Phdlobthe geological
science appears to be much more interesting than Deimos.

Among Phobos’ number of scientifically interesting targethe~9 km diameter

Stickney impact crater that may expose material from PHaleep interior. Spec-

tral heterogeneity on the observed on the moons surfaceestggghobos may be
composed of materials having multiple compositions andifferent degrees of
space weathering, and in situ investigation of these dhifespectral units would

allow for a definitive characterization of these two materend great knowledge
of space weathering processes in the Martian system. ¥ith#re is a greater
likelihood of finding Martian ejecta on the surface of Phobiwen Deimos, which

provides the opportunity for additional opportunisticesae.

Conjunction vs. Opposition Class

The choice between a conjunction class mission (long Marg stind an opposi-
tion class mission (short Mars stay) is the next key tradeuinmoission concept.
Conjunction class missions have Mars vicinity stays in trege of 330-560 days,
while opposition class missions have stays in the range -@&®B0ays {].

Longer stays offer additional time for surface operationd acience and allows
more flexible mission operations planning. Conjunctiorsslrajectories also have
lower AV requirements for interplanetary transfer. However, lorsgays increase
the risk of subsystem failures, the exposure of the crewd@t@an, and negative
health effects on the crew such as psychological stress@mallbss, which should
especially be avoided as much as possible on the first mareggdsphace mission.

An opposition class mission is chosen for this mission desf@pposition-length
stays are sufficient for achieving the primary mission afoyes, while reducing
overall mission risk and risk to crew safety. Both missioasskes equivalently
demonstrate the ability to send and return humans from thrdanaystem as well
as allow investigation of the health effects of deep spaeetr A stay on the order
of 30 days of in-situ science was also deemed to be adequaishieve the sci-
entific goals of this mission. While opposition class trégeies have higheAV

14
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requirements, such trajectories are technically feasibkereasonable cost. Also,
with the demonstration of propulsive technology being dité@key objectives for
this mission, the additional V' could be a productive challenge.

3.6.3 Launch Dates

Two primary factors drive the launch dates: effective radredose, tied to solar cy-
cles; andAV requirements. Figur@.2shows two ideal opportunities: one in 2033,
and a backup in 2035, based on estimations from a study byhesckMartin §]
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Selected Crew Launch Year: 2033 Humen Exploration.” Accessed: 27 March, 2013,

Backup Crew Launch Year: 2035

Figure 3.2: MissiomM\V and radiation estimates for different launch dates.

The primary mission is set to launch based on a 32-day irstegbhry transfer win-
dow from 1st April 2033 to 2nd May 2033. Should significantajel occur, a
secondary 15-day transfer window in 2035 exists from 6 Aug085 to 20 August
2035. The design targets the end-dates of this 2035 window.
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3.6.4 \ehicle Selection

3.6.4.1 Deep Space Habitat

The trade space for the deep space vehicle included botlshalied structures and
inflatable structures. Specifically, the vehicles congidavere:

e Hard-shelled:

— NASA Human Exploration Framework Team (HEFT) Phase Il, acepn
tual study for a new deep space habitat;

— ISS-based HAB/MPLM, a conceptual study for a deep spacedidizised
on the International Space Station;

e Inflatable:

— Bigelow Aerospace Sundancer, a privately-developed atflathabitat
expected to be tested at the International Space Statiatlysho

The major selection criteria between these three vehicks their habitable vol-
umes and masses. HEFT, HAB/MPLM and Sundancer have 71.8i83rh3 and
180 n¥, respectively. Their masses, in the same order, are appadedy 18, 35
and 9.1 tons, respectively. Since the Sundancer is an upgratsion of Bigelow
Aerospaces Genesis module which has been demonstratedade, sphigh TRL
by launch time is assumed. Given these benefits, the Sundianeelected. The
Bigelow Aerospace’s inflatable habitat concept is illustdan Fig.3.3.

Figure 3.3: Bigelow Aerospace’s Inflatable Habitat Concept
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3.6.4.2 Crew Vehicle

A number of crew vehicles are currently being developed tvisicall ensure the
viability of the mission. The following vehicles were codsred, and are presented
in Fig. 3.4.

e Orion Multi-Purpose Crew Vehicle (MPCV) (NASA/Lockheed) [

— Number of Crew: 2-4
— Total Mass: 21250 kg
— Volume: 8.95m

— Life: 21-210 days

— Development cost thus far: $6rbillion
e Dragon Rider (SpaceX)]

— Number of Crew: 1-7
— Total Mass: 4200 kg

— Volume: 10 nd

— Life: 1 week to 2 years

— Development cost thus far: $524 million
e CTS-100 (Boeing)d]

— Number of Crew: 1-7
— Total Mass: 10000 kg
— Volume: TBD
— Life: 210 days

— Development cost thus far: $600.9 million

[SSSAEE—————

Figure 3.4: Considered crew vehicles (Orion, Dragon and-C0®.
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Dragon Rider was ultimately the vehicle chosen for this misdue to the relatively
low development cost, the success rate of Dragon Cargoisadrrent design with
a Mars mission already in mind.

3.6.4.3 Phobos Explorer

The vehicle used to explore the surface of Phobos includealde study between
the Space Explorer Vehicle (SEV) concept in Bdand a new innovative concept
that has all the functionalities of an SEV, except for beingdular. The SEV is
currently designed to accommodate 2 astronauts for 30 dagsa predicted wet
mass of about 17000 kg, and can store 1000 kg of payload foplsamturn. It
also allows for vehicular exploration, robotic exploratidVA via suit-port. As
for the modular SEV concept, the habitat with EVA capalastirobotic explorer,
vehicular explorer, and ascent capabilities would eacleparate components that
can be connected together. All the components would stayesuirface of Phobos,
while the ascent component would be capable of staying detminPhobos. This
would establish functional architecture on the surfacehaiti®s for future missions.

LS Jen i o |

Figure 3.5: NASA's Space Exploration Vehicle (SEV) Concept

After a risk analysis, the mobility, power requirements andss/size of such a
modular vehicle made it an inferior choice. The ability tdaddish permanent
architecture on Phobos for future missions was still ddsineugh. Therefore, the
advantages of both designs were merged with a new 2-stage&idépt. During
exploration, the 2-stage SEV would have all the exploratepabilities of the SEV.
However, at the end of the surface expedition, the first spabeh includes all the
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3.6.5

O

capabilities of a surface base, including habitability @ethmunication) can be
separated and left behind while the second stage would @stehmeet the deep
space vehicle for the return trip.

Propulsion System Selection

The propulsion system is selected through a trade studydd®enus operations
utilizing combinations of different propulsion systemsiadied. Considered oper-
ations include but are not limited to:

1. LEO rendezvous of all components.

2. Rendezvous of crew vehicle with Deep Space Vehicle (D$Wligh-Earth
rbit (HEO).

3. Rendezvous of cargo with DSV at Phobos

4. Rendezvous of cargo and fuel with DSV at Phobos

Trade study results show that the optimal choice for thisiisis to utilize Nuclear
Thermal Rockets and rendezvous all components in LEO. A summary of this
trade study is shown in Figuf6.

The gains from the efficiency of electric propulsion are miizied by the choice
of an opposition class mission which requires short tramsiés. The increase in

IMLEO Crew Time of
Description (Metric tons) Flight {days)
LEO Rendezvous a.)NTR DSV departure from LEO 278 454
0.) Cluster of fourteen 50 kKW Hall 202 1076
thrusters DSY departure from LEO
AJANTR DSV is placed in HEO by 287 456
HEO Rendezvous cluster of six 50 KW Hall thrusters which
rendezvous with CV and then departs
a.) Cargo pre-placement at Phobos by 276 456
Cargo Rendezvous with | cluster of six 50 KW Hall thrusters and
D5V at Phobos O3V departure with NTR
a.) Cargo and fuel pre-placement at 248 456
Cargo and Fuel Phobaos by cluster of six 50 EW Hall
Rendezvous with DSV |thrusters and DSY departure with NTR
at Phobos

Figure 3.6: Summary of Propulsion Trade Study.
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risk due to the reduction of abort options as a result of fuepfacement at Phobos
outweighs the reduction of initial mass in LEO (IMLEO). Th&Q rendezvous
utilizing NTR is the best choice due to low risk, operatiosahplicity, and com-
parable IMLEO. A majority of propulsion and rendezvous op# do not show
significant improvement of IMLEO which merit the complexdfrendezvous.

Data found in this table is approximated from a number ofrezfee articles4, 9].
Orbit transferAV values for finite time, spiral burns are approximated by trata
references and circular orbit transfers.

The NTR presents a significant political issue as the onlyoesdive propulsion
systems. It must then be assumed that the NTR can be jettiSoteean orbit
which meets international standards on safe disposal afaative material.
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4.1

4.2

Context

In addition to its position as a stepping stone for future $exploration, Phobos
provides an excellent target for scientific investigatibespite decades of remote
observations, the origin and evolution of this small sojstem body remain unre-
solved [LO], and in situ and returned sample investigation may be tiyermethod
to definitively answer these fundamental scientific questabout the moon.

Beyond fundamental science questions, Phobos’ relatigelylensity suggests ei-
ther (a) that the moon is highly porout]] or (b) contains low density material,
particularly water ice, in its interiorlZ]. The notion buried water ice exists on
Phobos presents the possibility of using the moon as an taapasource for in situ
resource utilization (ISRU) for astronauts on future naasito the martian system.
Scientific exploration of the body would help to address Wwhethese materials
are present and to provide the availability to search foitemighl materials to be
mined to support ISRU.

Science Obijectives for Surface Operations

The scientific objectives for in situ science are derivedftbe primary mission ob-
jectives and are summarized in the science traceabilityixpd@able4.1 Objectives
for additional high-return science investigations thatldde accomplished during
in situ investigation of Phobos surface but are not critic@lchieve the overall mis-
sion objectives were identified, as well as science thatdcbalconducted during
the transit to/from Phobos was also considered.
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Science Related Measurement Measurement Instrument
Mission Objectives Objectives Requirements Requirements
Investigate the origin and

evolution of the moons to
better understand the
Martian system

Identify diverse suite of
of rocks and regolith to
be collected and returne
for detailed laboratory

Rock and soil samples
must be collected from
d at least two locations on
on Phobos (red and blue

Earth, including XRD, isotopic

Return samples to be
analyzed by techniques on

age dating analyses, etc

investigation
Determine composition i
situ of rocks and regolith
from diverse and well
characterized locations

units), preferably three
Rock and soil samples
must be investigated fron
at least two locations on
Phobos (red and blue
units), preferably three

Raman/LIBS, Visible/Near
infrared spectrometer
measurements; Multispectral
camera to identify spectrally
unique areas and provide
context
Deployable seismometers

Constrain internal
structure of Phobos
Characterize Phobos
regolith and process tha
may have modified it over
time

Seismic measurements
locations across Phobosg
In situ science to
characterize grain size/
distribution/roundness;
Investigation of returned
core samples
Measure regolith water
content in situ, collect
sample cores from any
areas identified by
precursor as potential for
having subsurface water|

Hand lens, corer and scoop
to bring back regolith samples

Access availability of in situ| Determine the volatile
resources for possible futur¢  content of the moon’s
use in manned Mars missions surface and subsurface

Raman/LIBS, VNIR
spectrometer, Neutron
spectrometer, drill for areas
identified by precursor
mission as potential for
subsurface ice; deep drill if
indicated necessary by

precursor science
Detect and quantify any Understand the Raman/LIBS, APXS, Visible/
mineable material composition of the Near infrared spectrometer
including magnesium, surface

measurements
methane, ammonia, clays

REE

Understand the current Characterize effects of
environment of Phobos in the space weathering on the
context of the Martian system Phobos regolith
to support architecture for
future manned Mars missions

Collect core samples from
at least three locations on
each of two sites

Returned samples: XRD,
isotopic and age dating
analysis, GCMS, etc.

Understand how radiation
is attenuated and blockeg
on the surface over time
Quantify amount of dust
fall and frequency of
micrometeorite impacts
on Phobos

Table 4.1: Science traceability matrix for major Phobosti science.

Measure fluxes and
energies of particles
received at Phobos surfage
Measure dust fall on
Phobos

Plasma wave detector;

energetic particle detector for

low energy particles
Dust detector

4.2.1 Mission Critical Science Objectives

Science related mission objective 1: Investigate the oragid evolution of the
martian moons to better understand the martian system.

Three hypotheses exist pertaining to Phobos’ origin: (h&tion through capture
of primitive bodies from the outer solar system, (2) formatihrough co-accretion
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with Mars, or (3) formation by impact into differentiated kdaEach of these origin
hypotheses results predicts a different composition fab®k, and an investiga-
tion to unambiguously determine Phobos’ composition tghom situ analysis and
analysis of returned samples will provide insight into whaf these hypotheses is
most likely. Additional measurements to determine the nsborterior structure
could further constraint its possible formation by indicgtwhether the body is an
unconsolidated rubble pile or partially differentiatedadhibody. Investigation of
Phobos’ interior structure may also show whether thereegd®ep in the moons’
subsurface, indicating formation in the outer solar systatimer than at Mars. The
presence of water ice may also be utilized as an in situ resdar future missions,
which overlaps with science related mission objective 2difdnal measurements
and collection of Phobos regolith samples will provide mfiation about how the
moon has evolved through the geologic processes that slithpedoons surface
over time.

Science related mission objective 2: Assess availabifitin situ resources for
possible future use in manned Mars missions.

Although remote measurements have yet to definitively ifletite presence of
any possible in-situ resources on Phobos’ surface, the imtmmbulk density and
mysterious grooves feature suggest it may contain voddtitezen in its subsurface.
The detection and characterization of any such materialeefore a high science
priority for this mission meant to support future mannedlesgtion of Mars. Ad-
ditional materials that could potentially be mined for ISRlth as clays (suggested
to present by Phobos presumed CM chondrite type compokititagnesium, rare
earth elements, methane and ammonia may also exist on faeeor subsurface,
and itis also a high priority to detect the locations of andrelsterize these materi-
als should they be present.

Science related mission objective 3: Understand the cugenironment of Phobos
in the context of the Martian system to support architectaréuture manned Mars
missions.

Phobos’ location in martian orbit results in the moon erigtn a unique dust and
radiation environment. Characterizing this environmenam important goal as
it will support architecture for future missions to the nmamtsystem. Addition-

ally, space weathering of Phobos’ surface has likely beftmeinced by the moon’s
unique environment, and analysis of returned samples fnesrface will allow a

better characterization of space weathering processesdbar on a solar system
body other than our moon.
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4.2.2 Additional high-priority science objectives

4.3

Objectives for in-situ high-return science that are nournegf to meet the overall
mission objectives but that are achievable for minimalagbst are:

¢ Investigate the compositional relationship between trertvoons of Mars

¢ Identify and collect any martian samples ejected to theaserbf Phobos

Landing Sites

Three landing sites were identified based on their abiliffglifthe defined scientific
objectives; a fourth landing site was identified as the PS|pBrmanent settlement,
which can be used for future Mars missions (see Tdlile These landing sites are
meant as guidelines, but may be adjusted to better fulfilhtission objectives if
precursor science measurements indicate more favorabtmep

Site Identifier | Site Location Coordinates Distance from Previous Site [km]
A Stickney crater | 50 deg W, 0 deg N 0
B Blue spectral unit 30 deg W, 15 deg N 6
C Red spectral unit 15 deg E, 45 deg N 11
D Mars Visible | 28 deg W, 60 deg N 9

Table 4.2: List of landing sites identified and their cooedes based on the scientific objec-

tives.

Each of the first three landing sites provides unique geoltapographies and ac-
cess to samples that may help address mission goals. Tlka&tiCrater site (site
A) may represent an area that contains material origindtorg Phobos’ interior.
The second location (site B), is located in the blue spectn#| differs in color
with the rest of Phobos’ redder surface. These samplesanhéeifference will
provide an important contrast to the red samples that conejarity of the moon.
The third location, in the red spectral unit, will help prdgian understanding of
Phobos’ overall composition.

The fourth landing site was chosen because of the commuomeabenefits. The
PSE will permanently land there to act as a communicatidag t®/ the mission’s
end. The location can view all of Mars, which may aid any fatitars surface
missions. The location also will be exposed to constantighintiuring a martian
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summer, which will maximize the PSE’s power production tstain its communi-
cation functionality.

4.4 Science Payload

4.4.1 In situ instruments

The instruments needed to fulfill in situ science object@essummarized in Ta-

ble4.3
Surface science equipment Heritage Quantity | Mass [kg]
Sample collection equipment 1 425
Robonauts 2 100
Tongs, rake, dust scooper, 1 25
hammer, hand lens, documentation
camera
Sample boxes, cores, bags 1 200
Mobile Science Platforms 5 10
(Typical payload below) - “Phobot”
Raman/LIBS Spectrometer JPL Raman/LIBS in 1 3
development
Multispectral imaging system Rosetta Landing 1 0.5
Imaging System (ROLIS
Neutron spectrometer Dynamic Albedo of 1 3
Neutrons
Visible/Near-Infrared Spectrometef  Comet Infrared and 1 0.75
Visible Analyzer System
(CIVA)
Chassis and Communications 1 2.75
Seismic network stations 25 1
Small networks deployed towards|  JPL in development 5 1
landing
Space weather stations 3 12.5
Plasma Wave System FPMS 3
Micrometeorite Detector METEOR 3.5
Dust Particle Detector DIAMOND 3
Structure and Communications 3
Margin for inclusion of additional 300
instruments determined necessary
by precursor science
Total mass (including 20% margin) 1005

Table 4.3: In situ science instruments
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The instrument platform is designed to take into accountsyreergy between
robotic and human exploration that will be available durihig mission and con-
tains five major components:

1. Equipment for human sample collectiofhis includes two robonauts to aid in
mobility in the microgravity environment, sample collectitools modeled after those
used by the Apollo astronauts (scoops, rakes, hammerss,tbhagds lense, documen-
tation camera), and sample boxes, cores, bag. These saampéners will comply
with planetary protection requirements and may be somewmlass heavy. The sam-
ple collection strategy is summarized in Taldld. Core samples will be stored in a
cryogenic cooler for the trip back to Earth to minimize anyguuial alteration due to
sublimation of any volatiles. Surface samples do not nedmetoooled as the surface
temperature of Phobos can range near 300 K.

Rock Samples| Core Samples| Soil scoops

Required collected qty per EVA site 30 10 5
Number of EVA sites 3 3 3

Minimum mass (kg) 0.2 15 0.1

Total mass (kg) 18 45 15

Total mass with 10% E/PO, 20% 27 67.5 2.25

international cooperation, 20%
target of opportunity

Table 4.4: Sample collection strategy

2. Mobile science platform (Phobots)ive mobile science platforms, dubbed
Phobots, will be deployed at each of the three landing s@es per landing site plus
two spares to allow multiple Phobots to investigate paldidy interesting sites and/or
allow for redundancy). The purpose of these mobile platiowiil be to perform in situ
science to provide context for collected samples as well@agge the ability to investi-
gate a greater surface area of Phobos than would be allowby tbe astronauts alone.
Results from the Phobots can also be used to guide astrdnagect particularly in-
teresting samples. The Phobots will be semiautonomoudsdbat can be controlled
by the crew remaining in orbit in order to demonstrate apibir tele-operation of mo-
bile machines and take advantage of human intelligence ke ehecisions about where
to investigate. The mass of the Phobots will be limited to g@dallow mobility, and
the instruments suggested in the table above will allow éonglete compositional and
morphological characterization for the area.

3. Seismic network station®rovided by ChipSats deployed during entry to Pho-
bos, this network will provide information about Phobogginor and can remain active
after surface operations end.
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4. Space environment monitoring statio@ne station to be set up at each landing
site, these contain equipment to monitor the unique spadgeoement around Phobos
and can remain active after surface operations end.

5. Margin for additional science instruments determined 13sagy be precursor
science: This has been allocated to account for additional instrusnémat may be
deemed useful on findings from the precursor missions. Famele, if investigation
reveals Phobos has ice deposits at a depth on the order af 108$ of meters below
the surface, it would be desired to bring a specially-desiigtheeply-penetrating drill
to access this potential in-situ resource for sample ratuBarth. If precursor science
missions demonstrated unexpected properties of the Phregoith this also leaves
margin for adapting the equipment to a better, more sui@i@onment.

Additional ideas for opportunistic science that could bedus fulfill this margin,
but are not critical to meeting science objectives, include

e Phased array radargquare km array; estimated mass of 100 kg - includes
antenna elements, cable, power supply, amps, electroilics) can be used as
ground-penetrating radar to scan the ground and image jitpim@ local soil
stratas, conductivity, and composition in the low Hz to GHnd.

— This could also double as a receive antenna for a steeraltetedescope.
It would be powered with an Advanced Stirling Radioisotomé&rator £20 kg,
included in total mass estimate)

+x Dependent on location on Phobos, this may also be used a®a rad
telescope pointed heavenward, and/or an upward pointday kaith
steerable beam. Finally, it could be used at a later datelpogugde
spacecraft as a beacon, or serve as cosmic light house sf sort

e Rubidium clocks £1/4 kg) can serve as a stable time base and allow one to
send data-rate pulses back to earth for obtaining highigpoedixes on Phobos
location to measure small orbital changes. These couldoasalibrated with
identical clocks on Earth to potentially support relatiiexperiments.

e Cosmic ray ground array comprised of particle detectongsgias a mean to
analyze galactic cosmic rays up to energies in the GeV range.

e Large optical telescope that could resolve finer details @nsM

¢ Interferometer - Phobos could be an advantageous locatioadio astronomy
as it is well away from the RF soup near the Earth.
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4.4.2 Additional science instruments

Instruments to support mission objectives and high-resgrance will also be in-
cluded on the component of the mission that remains in otliihg surface opera-
tions. These instruments are summarized in Talde

Orbital Remote Sensing Instruments Heritage Mass [kg] | Power [W]
High resolution color imaging system Dawn framing camera 10 20
Radar Sharad 15 40
Middle energy range particle detectar Maree 4 7
Low energy range particle detector 2 2
High energy range particle detector 2 2
Cubesats sent to Deimos (x 5) 2 2
Dedicated instrument for outreach 10 10

Total (incl. 20% margin) 69.6 97.2

Table 4.5: Remote sensing science instruments

The rationale for inclusion of each of these instruments ifHAows:

High resolution color camera: This camera will be able to image the crew on
the surface of Phobos to monitor safety and provide publiteagh photos.

Radar: Although radar investigations will be included in precursoience
experiments, it is expected that significant advances iarreethnology may
allow for more detailed mapping of the subsurface, whild@daid in selecting
an in situ investigation site likely to be rich in subsurfacéatiles.

Low, mid, and high energy particle range detectors:Detectors to observe
space weather that will be used synergistically with groolskervation.

Cubesats sent to DeimosFive small, light, and relatively inexpensive
cubesats will be sent to Deimos to provide definitive idecdtion of Deimos
composition. The science value returned from this reltiexpensive
addition to the payload is high, and it would be criminal rotake advantage
of having the nearby crew vehicle to support cubesat oersti

Dedication instrument for outreach: Will include a small science instrument
dedicated to fulfilling public outreach requirements. Tihstrument can either

be designed by members of the public or used to fulfill sciergeests sent in

by the public.
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4.5

4.5.1

Opportunities for Science while in Transit

In-flight sample analysis

Requirements necessitate the retura-dD0 kg of sample for analysis, yet mass is
available for a greater amount of sample to be brought back fhobos although
not necessarily returned to Earth (limited by mass allowectéw return vehicle).
In order to maximize science return from the returned sasnatel to give crew
members a task to complete during the long journey back tthEastronauts will
begin preliminary analyses of thel100 kg of “opportunistic’ samples during the
journey home. If any of these samples proves to be extraangiit will be allocated
to be returned to Earth for more detailed analysis. Findfras this investigation
will additionally help sample storage facilities on Eartiderstand any potentially
hazardous materials they may encounter and design negessasures to mitigate
risk.

It is assumed that technology will develop substantiallthie next 20 years allow-
ing sample analysis instruments to be lighter weight andiredess power. A mass
of 200 kg and 2000 W of power has been allocated in the DSV tpatjanalysis

of samples for triage en route to Earth. These values wergsethbased on their
similarity to the current science payload of the Curiositgas! Rover. An instru-

ment package has been proposed which will allow for isotapitt compositional
analysis (including capability to detect organics and tii@sa and isotopic ratios) in
order to identify outstanding samples to be delivered talEar additional analy-

sis. These instruments include:

e Fourier-transform microwave (FTMW) spectrometer to look for exotic states
of matter. Having identified chemistry through other instants on board, the
FTMW spectrometer would enable one to see if rotational tspeand bond

length of elements on distant planets are as expected cethpaknown earth values.
Additionally, would allow for highly accurate determinai of the structure of any
odd/interesting molecules.

e Gas Chromatograph Mass Spectrometer like SAM instrument on Curiosity,
can detect volatiles and organics in particular, detersxam@mical composition
by heating sample and observing gas absorption lines.

e Nano SIMsfor high-resolution, high-precision isotopic imaging and
compositional analysis.
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e X-ray diffraction - compositional analysis to provide definitive mineral
identification.

e Tunable Laser Spectrometer- Can measure isotopic ratios in evolved gases.

4.5.2 Radiation experiments

Two tests have also been proposed to better understandélcesedf radiation ex-
posure in the deep-space environment with the primary @erpbvalidating con-
temporary knowledge of radiation effects on tissues antbgical organisms.

e New-LIFE is an experiment derived from Phobos-LIFE (Livimgerplanetary
Flight Experiment, originally designed for Phobos-Gruotpe used as an in-flight test
to assess interplanetary survivability of hardy earthedamicroorganisms in a deep-
space environment. Samples to be tested will include ¢apdi versions of several
dozen types of organisms representative of archaeal, yati@grand bacterial domains
of life. Two sealed units will be tested in transit to Phobas ®dack, the first solely
exposed to radiation on the DSV during travel, the secondtiaddlly exposed to
radiation on the surface of Phobos. Ideally, these unitsb&icompared to concurrent
samples both on Earth and in near Earth Orbit. This expetiroenld provide an
education/public outreach opportunity.

e Dosimeters will also be used to measure radiation exposuboth the as-
tronauts and living biological samples (cultivated fromiafflight photobioreactor)
throughout the journey.

e Additional experiments designed to test the effects of ldaation spaceflight
on humans are described in section on human factors.

4.5.3 Intransit astrophysics

One test is devised to examine astrophysics:

e Provide outreach opportunity for the general scientific samity to propose
experiments and develop instrumentation for observatbiarth as an
exoplanet.
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5.1

5.2

5.2.1

Phase I: LEO Assembly Operations

Due to launch mass and volume constraints, the DSV is segohexdross six
launches and assembled in a 300 km circular low Earth ortO(L The initial
four launches transport propellant tanks on SLS cargo omssiThe fifth launch
transports the DSH and PSE. The final launch, which occursbatrainsports the
four crew members to the DSV assembly in a modified Dragonute@board a
Falcon 9.

After rendezvous and final assembly, the DSV performs a {kas injection

(TMI) maneuver, beginning the Phobos interplanetary itad$is nominally oc-
curs one day following crew launch. The TMI must occur in ad23-departure
window from 1st April 2033 to 2nd May 2033, with a nominal TMate for opti-

mal AV of 7 April 2033. A contingency departure window exists in 3G8m 6

August 2035 to 20 August 2035.

Phase Il: Phobos Transit Operations

The DSV performs the trans-martian injection burn at LEQgpeis nominally on
7 April 2033. It travels on the interplanetary trajectory 180 days until 6 October
2033. It then performs a plane change and enters a 9,376 - bpO@km radius
high Mars orbit. On 6 October 2033, it performs a maneuveaiserperiapsis to
Phobos orbit. On 7 October 2033, it performs an injectiombaenter a Lyapunov
orbit about the Mars-Phobds point.

Crew Activities

A typical day will include a variety of activities includingcheduled work, exer-
cising, eating, and sleeping (Fi§.1). Daily planning will include a variety of
tasks that need to be completed and the astronaut can clin@oseder. The sched-
uled work will include assessing the condition of the speaicconducting science
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experiments, performing outreach activities, mainteeaaad preparation for key
mission events. During the onboard task list the crew wilabke to participate in
recreational reading, video games, and skill training. gidsl day on the outboard
section of the mission would look like Fi§.2

Total work =136hrs 7

. y

-~

Post-sleep (1 ‘5')/

j;Daily planning (0.5)
Work preparation (1)

”~
7

Scheduled work (6.5)

MCC task list (0.7)

\ .~ ;
P Plan review (0.2) Onboard task list (2.2)

Figure 5.1: Template for a typical day crew schedule.

06:00 12:00 18:00 24:00
Sleep = | Sleep
o
Sleep = | Sleep
@
Maintan- §
sHeCp ecne E Sleep
o
Maintan- o
Sleep ecne = Sleep
@
Comm Band ] -
i q 3and ']
|

Figure 5.2: Template for a crew work break down for a typical.d
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5.3 Phase lll: Phobos Vicinity Operations

The objective of the Phobos vicinity operations is to landhensurface of the mar-
tian moon and retrieve geological samples while ensuritig@aaut safety. Once
in the Mars-Phobog,; Lyapunov orbit, the PSE will undock from the DSV with
two crew nominally on 8 October 2033. The two vehicles willdsparated for a
planned period of 30 days. While in Phobos orbit, two crew eohtinue to con-
duct physiological and biological science, as well as t#etic operation of several
rovers that will land with the PSE on the surface. Figbi&gives a representation
of what an example work day would look like while performingfaice operations.
The goal of both modes of exploration are to fulfill the sanbbjectives of the
flight, collecting and detailing samples from the martiaromo

06:00 12:00 18:00 24:00
] ' =
Sleep Science Seres | 2 | steep
=
Exercis : . §
Sleep . Science Science = Sleep
5
Sleep gi‘; Surface Sortie % Sleep
= | =
Sleep Efé'; Surface Sortie 2 | Steep
5
| | Comm Band
Comm Band |
Lol [

Figure 5.3: Template for a crew schedule day during surfpegations.

5.3.1 Surface Control Operations

The Mars-Earth trajectory allows for 24 Earth days arounaold®is before the crew
must take the return trajectory path to Earth. The PSE wdbéstwo astronauts
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to closely approach and interact with Phobos surface towtrgtientific experi-
ments and obtain core and dust samples (see rendering ib.BigThe PSEP will
also allow astronauts maneuverability around the chosadirlg site. Astronaut
EVA is only necessary when robotic maneuverability is ledito reduce sample
contamination and astronaut risks. The PSEP returns toSEethin eight hours
of leaving the PSE to reduce astronaut risk during missiesngal. The schedule
below in Earth days is for the astronauts on the surface asuhass a deep drill
was selected to be included the science payload based amrgoescience. The
first activities occur nominally on 8 October 2033 (TS) anel ldst activities occur
nominally on 1 November 2033.

Figure 5.4: Rendering of PSE surface operations (Photatckédtor Dang).

Ts+1: Reach selected landing site and attach to Phobos satfaeading Site A.
Ts+2: Install permanent martian moon surface science equipwigile in PSEP.
Ts+3: First planned EVA. Explore vicinity of Landing Site A.r6t human contact
with a martian moon.

Ts+4-8: Setup the martian Moon deep drill and begin drillingigtion from PSE.
Ts+9-10 Collect drill and other rock samples.

Ts+11: Detach PSE from martian moon surface and travel to lren8ite B.
Ts+12: Install permanent martian moon surface science ecgnpmhile in PSEP.
Ts+13-14: Core for and collect samples from second site whiRSE or PSEP.
Ts+15: Detach the PSE from martian moon surface and travelndibg Site C.
Ts+16: Install permanent martian moon surface science ecgnpwmhile in PSEP.
Ts+17-18: Collect samples from third site.
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5.3.2

5.4

Ts+19: Detach the PSE from martian moon surface and travelndibg Site D.
Ts+20-21: Secure PSE onto martian moon surface and instafigregnt martian
moon surface science equipment while in PSEP.

Ts+22: Collect samples from fourth site.

Ts+23: Drive PSEP to rendezvous with orbiting DSV.

Ts+24: Crew prepares to exit Mars orbit.

If the precursor mission determines that the drill operai® not achievable or
cannot be accomplished in the provided time frame, then d@Hfdanding site will
be selected.

Remote Control Operations

The schedule below is for the two astronauts in the DSV intERgys. They will
support ground operations on a continuous basis. Whilewibeastronauts in the
PSE complete EVA activities, the first and second astrondubes tele-operating
mobile science platforms (Phobots) to search for intergsihobos exploration
sites and provide context for collected samples. The roldtscarry scientific
payloads to complete their missions.

Ts+1: Land the PSE on Phobos surface.

Day 2-17: Deploy Phobots at the beginning of activities ahdanding sites. Tele-
operate Phobots to collect geologic context for collecead@es and identify po-
tentially interesting samples for future collection.

Ts+18-20: Finish Phobot investigation of landing sites andticme to explore
Phobos surface.

Ts+21-22: Prepare spacecraft for sample accommodation arkghfth return trip.

Ts+23 Astronauts on the ground come back.

Ts+24: Crew prepares to exit Mars orbit.

Phase IV: Earth Return Operations

On 1 November 2033, the PSEP will transport the two surfage cnembers back
to the DSV (see rendering in Fi§.5). To leave Phobos, the DSV will perform an
apoapsis-raising burn on 1 November 2033. Next, the DS\bpad a periapsis
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Figure 5.5: Rendering of PSEP returning to DSV, leaving tB& Pabitat behind on the
surface of Phobos (Photo credit: Victor Dang).

5.5

lowering burn on 2 November 2033 to enter a high Mars orbienllon 4 Novem-
ber 2033, the DSV executes a trans-Earth injection to retutime Earth. The DSV
will return to Earth vicinity on 6 July 2034. The Dragon crevodule will separate
from the DSV and undergo direct Earth entry at a velocity aBKim/s. The DSV
will be captured in a graveyard orbit about the Earth.

Phase V: Sustained Phobos Science

Three operational space weather stations and twenty-fismsenetwork stations
will remain on the surface of Phobos. The weather statioludes a plasma wave
system, a micrometeorite detector, a dust particle deteectd a communication
system. This will be used to extend the surface scientificaimns of the mission.
The Phobots, depending on their available end-of-life ppwry also be opera-
tional. These continued activities will develop the Marsdn space heritage. This
will support the overall development of the wider TAPER paog. Future activ-
ities include Mars surface ISRU and assembly, Mars SamplerRand Manned
Mars Exploration.
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6.1

Launch

6.1.1 Overview

6.1.2

The launch vehicles selected for the TAPER 1 mission weretcained by the
dimensions of the current launch vehicles payload dimessimd the availability
to launch into LEO. With the proposed mission, one Falconn@, Balcon Heavy,
and 4 SLS launch vehicles will be used. The SLS launches wilidsponsible
for transporting propellant tanks into LEO prior to the labrof the crew capsule
while Falcon Heavy and Falcon 9 will be responsible for tpmsng the DSV

and crews Dragon module separately. These launch vehiatesntly meet the
requirements of this mission, however other commerciabeegiment options can
be considered based on an increased performance to he§vachission success.

Launch Vehicle(s)

Three different launch vehicles were chosen based on thanch properties for
each part of the mission. The SLS launches shall use the idgrBgace Center
(KSC) infrastructure that is currently in NASAs mission.€elRalcon 9 and Falcon
Heavy will be in operation during the current launch framej &ave been chosen
to meet the mass requirements of those separate launchesse [Blunches represent
those which meet meet the required mass to LEO, and which dbrsmimal cost.
Table 6.1 outlines the constraints and the characteristics of théopdg for each
launch vehicle used for the TAPER 1 mission.
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Item Heritage Constraints Dimensions Needed
DSV and PSE | Falcon Heavy| D:5.2mx13.9m D:5mx13m
LEO mass: 53000 kg Mass: 42500 kg
DSV Propellant (4)) HHLV Block 1 D:7.5mx24m D:3.7mx22m
LEO mass: 81000 kg Mass: 67145 kg
Crew Falcon 9 D:52mx13.9m Mass: 10100 kg
LEO mass: 10450 kg

Table 6.1: Constraints and characteristics of the payloadach launch vehicle used for the

TAPER 1 mission.

6.2 Transit

A critical component of the mission design is the selectibawajectory that deliv-

ers the crew to the surface of Phobos and returns them safElgrth. This section
details each segment of the outbound (Earth to Phobos) &odima (Phobos to
Earth) trajectories and the rationale behind the trajgcti@sign. A higher level
summary of each portion is shown below in FiguBesand6.2 The result is a tra-
jectory that possesses a total of flight (TOF) of 456 day) @@ days spent in the
Martian system, and a total V' requirement of 13.5 km/s, satisfying the require-
ments from other subsystems, including propulsion, huraatofs and science.

Crew Outbound Trajectory Overview

Phobos L; Lyapunov Orbit
Begin: 7 October 2033 End: 1 November 2033

Raise Periapsis:

Date: 6 October 2033, AV = 0.10 km/s, at apoapsis
Enter Phobos Orbit:

Date: 7 October 2033, AV = 0.57 km/s, at periapsis
Maintain: AV ~0.10 kmis

Plane Change & Insertion into High Mars Orbit
Date: 6 October 2033
AN = 2.36 kmi's, at crossing of Phobos orbit plane

Interplanetary Trajectory
Begin: 7 April 2033 End: 6 October 2033

Trans-Mars Injection frem 300km LEO
Date: 7 April 2033
&V = 3.7 km/s performed at periapsis

Launch from Earth
Date: 6 April 2033

“*All maneuvers are impulsive

1 Phobos Orbit

High Mars Orhit |- --

Periapsis: 9376 km. Apoapsis: 37000km Inclination=0 deg

| LEO |

C3 = 8.4 km¥/s? Right Ascension = 269 deg Declnation = -56 deg

300km Altitude, 28.5 degree inclination

Earth -

Figure 6.1: Overview of outbound crew trajectory.
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Crew Inbound Trajectory Overview

Phobos L, Lyapunov Orbit
Begin: 7 October 2033 End: 1 Movember 2033

Raise Apoapsis:
Cate: 1 November 2033, AV = 0.57 km/s, periapsis

--------------- Phobos Orbit |- - - -

Lower Periapsis, Insertion into High Mars Orbit:
Data: 2 Movember 2033, AV = 0.07 km/s, apoapsis L - ‘

High Mars Orbit | -
Periapsis: 8376 km. Apoapsis: 37000km Inclination=0 deg

Trans-Earth Injection
Date: 4 Movember 2033, AV = 6.03 kmis

Interplanetary Trajectory
Begin: 4 November 2033

__________ eeee| 1ED besssas

300km Altitude, 28.5 degree inclination

[ Direct Earth Entry
Date: § July 2034 Entry velocity ~ 11.3 km/s it R R R R Rl et B =T 1 1

Y

**All maneuvers are impulsive

Figure 6.2: Overview of inbound crew trajectory.

6.2.1 Outbound Crew Trajectory

6.2.1.1 Interplanetary Trajectory

Subsequent to a rendezvous in a 300 km altitude low earth @#B0O), the crew
depart upon an interplanetary trajectory. In order to ens@t the crew arrive at
Mars, the geometry of Earth and Mars in their heliocentrlmtsris used to deter-
mine suitable launch dates and flight times. For the appatgptaunch year, a set
of interplanetary Lambert arcs is computed using initialdibons spanning each
day in the year and flight times between 100 days and 1 year. nAsital ap-
proximation tool, Lambert arcs are computed to connect pgiemeris states of
Earth at each potential departure date and Mars at eaclbfgoasiival date. The
AV requirements for each transfer are obtained by applyingrgulisive maneu-
ver at the boundaries of each Lambert arc. Note that thetnegwhaneuvers do
not represent the exa&tV’ required to perform an interplanetary transfer since the
spacecraft will be located in orbits about Earth and Mars,abdheir locations at
some epochs. This methodology merely serves as initiabappation to choose
a launch window and obtain an initial guess for higher figetitodels employed
later in the design process.

For the 2033 launch year, the resultidd” and TOF estimates are analyzed to
determine the departure dates and flight times for the ilsegpary transfer. Fig-
ure 6.3 represents an approximation to the taddl” (in km/s) required by the out-
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bound interplanetary trajectory for the appropriate depardates and times of
flight.

Delta V Total

350

300

250

Time of Flight of outbound leg

150

100

0 50 100 150 200 250
Days after Jan 1 2033

Figure 6.3: TotalAV (in km/s, depicted in the colorbar) for Lambert Arc solugan the
year 2033 for flight times from 100 to 365 days, connectingstlages of Earth and Mars.

Most noticeably, a local minimum, colored blue, occurs fighit times close to 180
days in the months of March and April in 2033. This minimunoatsrresponds to
a local minimum in the C3 (ikm?/s?) at Earth departure, as shown in Figéré.
Knowledge of this parameter is required for selection ofumé&n vehicle. Thus,
for a TOF of 180 days, a nominal Earth departure of April 7 2&38elected, with
the crew launched one day earlier on April 6 2033. For thisadepe, the transfer
arc reaches the Martian system on October 6 2033. By anglyanations in
the approximate\V for this arc, which dominates th&V" requirements for the
outbound portion of the mission, a departure window is chdsam April 1 2033
to May 2 2033. The bounds of this launch window result in altdt& for the
transfer arc of approximately 6.8 km/s, which has been ifiedby the engineering
subsystems as an acceptable upper limit.
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C3 Earth Departure

350

300

250

200

Time of Flight of outbound leg

150

100
0 50 100 150 200 250 300 350

Days after Jan 1 2033

Figure 6.4: C3 (inkm?/s?, depicted in the colorbar) at Earth departure for Lambert Ar
solutions in the year 2033 for flight times from 100 to 365 day@necting the states of
Earth and Mars.

A similar analysis is performed for the backup departuredeim of 2035. Figure
6.5represents the tota@l V' (in km/s) at Earth departure for Lambert arc solutions
connecting the states of Earth and Mars. By locating the lomaaima that corre-
spond to shorter flight times, a nominal backup Earth depadate of August 14
2035 is identified. Accordingly, a backup crew launch woubtnmally be sched-
uled for the day before, on August 13 2035. Using the afor¢imeed launch
window analysis methodology, the crew could launch for a ldeparture window
between August 6 2035 and August 20 2035.
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Figure 6.5: TotalAV (in km/s, depicted in the colorbar) for Lambert Arc solusan the
year 2035 for flight times from 100 to 365 days, connectingstia¢es of Earth and Mars.

An inbound interplanetary transfer must also be computedtton the crew safely
to Earth from within the Martian system. Figurés$ and6.7 represent the total
AV (in km/s) and velocity (in km/s) at Earth arrival for Lambart solutions con-
necting the states of Mars and Earth to return the crew a2&38 launch.

Locating the local minimum that provides a sufficient timetfoe crew to perform
scientific and other activities on the surface of Phobos, esieparture of Novem-
ber 2 2033 is chosen, with a return time of flight of 246 dayse Ttew, therefore,
spends 30 days within the Martian system. This appears tathewthe allowable
flight time specified by the human factors subsystem. In amdifor this return
transfer trajectory, the Earth arrival velocity is closatimcal minimum. The value

of this minimum, approximated at 11 km/s, is within the lisngllowed by current
reentry vehicles. Performing the same analysis for thelg@2k35 launch window,
and referencing Figuré.8, the crew is estimated to return to Earth on October 30
2035.

The initial epoch for the trans-Mars injection burn and thkested time of flight
are used to target a interplanetary transfer that conne®@® &m altitude LEO at
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Figure 6.6: TotalAV (in km/s, depicted in the colorbar) for return Lambert Ardusions,
given a 2033 launch year, for flight times from 100 to 365 daganecting the states of Mars
and Earth.

an inclination of 28.5 degrees with respect to the Earth tagih MWars Orbit that
possesses zero inclination with respect to the orbitalptdi®hobos]. The initial
guess obtained from the aforementioned analysis is inpautimn STK model which
integrates the transfer arc using a cislunar propagatdrientth’s sphere of influ-
ence is reached. Subsequently, a heliocentric propagabsed for the majority of
the interplanetary trajectory. In order to connect thergelsbounding orbits, a dif-
ferential corrector is constructed in STK to target a treggcthat is hyperbolic with
respect to the Earth, reaching the vicinity of Mars in 180daihis time of flight
constraint is achieved by using the following free varialdescribing the outgoing
asymptote: departure C3, outgoing right ascension, argbmg declination.

The resulting transfer arc is connected to the LEO portiomioyploying a three-
dimensional impulsive maneuver of approximately 3.7 km/sagnitude on April
7 2033. This transfer trajectory possesses a departure 83 &fr?/s?, a right as-
cension of 269 degrees, and a declination of -56 degreesreBudting outbound
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Figure 6.7: Arrival Earth velocity (in km/s, depicted in tbelorbar) for return Lambert Arc
solutions, given a 2033 launch year, for flight times from 10@65 days, connecting the
states of Mars and Earth.

interplanetary trajectory is depicted in Fig@®. Towards the end of the interplan-
etary transfer arc, the trajectory is propagated untilatsses the orbital plane of
Phobos. This location is chosen for the Mars arrival impalsnaneuver because it
intersects the zero inclination High Mars Orbit. In additithis maneuver serves
two purposes: to perform a plane change and to ensure caiiatg Mars. From
this maneuver onwards, a four-body propagator (Mars, Phobeimos, space-
craft) is employed.

6.2.1.2 Mars Intermediate Orbit

The desired Mars intermediate orbit is selected to possesgpaapsis radius of
approximately 37000 km, a periapsis radius approximatelyakto the radius of
Phobos (9736 km), and zero inclination with respect to thetalrplane of Pho-
bos P]. Note that the apoapsis of the High Mars Orbit lies beyorel dibit of

Deimos, allowing opportunistic flybys of Deimos. The degdicebital parameters
are achieved using differential corrections to adjust ttesvbrbit insertion maneu-
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Figure 6.8: TotalAV for return Lambert Arc solutions in the launch year 2035 faght
times from 100 to 365 days, connecting the states of Mars anith E

ver, which connects the interplanetary trajectory to thgttWars orbit. As a result,
a maneuver of 2.36 km/s is performed on October 6 2033, aptingarily in the
anti-velocity direction. This portion, and the entire Mart system trajectory, is
displayed in Figure§.10and6.11, viewed in a Mars-centered inertial frame.

Next, the trajectory is incrementally modified to allow threw to be captured into

a Phobos orbit. On October 7 2033, the periapsis of the Higts /@abit is raised

to the mean radius of Phobos in its near-circular orbit abats. This constraint

Is achieved using a differential corrections scheme whlias aAV along the
velocity direction at the periapsis of the High Mars Orbitadhg the maneuver at
periapse reduces thel required to satisfy the desired constraints. Using STK, the
magnitude of this maneuver is computed as 0.10 km/s. Simcertfital periods of
elliptical orbits near Phobos and Deimos are small, an exhdit maneuver occurs
on October 7 2033. This maneuver is used to capture into ahaiybut Phobos,

by decreasing the apoapsis of the orbit.
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Crew Outbound Trajectory
Interplanetary Transfer

R DD DO U odY

3. Mars Departure:
1. Earth LEO departure: November 2™ 2033

April 7 2033

2. Mars Arrival:
October 61 2033

4, Earth Arrival:
July 6% 2034

Figure 6.9: Interplanetary transfer arcs between Earthvard, as viewed in a Sun-centered
inertial frame.

O APLICOED ROLECTION. L Y

Insertion to
Interplanetary Transfer

High Mars Orbit
Insertion

Insertion into
Mars-Phobos
L, Lyapunov

Figure 6.10: Trajectory in the Martian system, viewed in a$4eentered inertial frame.
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PR UL LT ATTINe. B O Y

Figure 6.11: Side view of trajectory in the Martian systemyed in a Mars-centered inertial
frame.

6.2.1.3 Phobos Orbit

The landing locations selected to satisfy the science tbgscalways lie on the
Mars-side of Phobos due to tidal-locking. An orbit about M4&hobod.,, there-
fore, appears to be an appropriate choice of parking orbitHe astronauts that
are not landing on the surface of Phobos. In particular, dlsmalyapunov or-
bit is selected to mitigate the need for an additional plamnge, and potentially
larger station-keeping maneuvers. Only small amplitdgldyapunov orbits are
considered because they do not intersect the surface ofoRhoko capture into
the specified orbit, a maneuver, placed at periapsis, is atedpising differential
corrections in STK. The required maneuver is equal to 0.5/&kand is placed at
the periapsis of the High Mars Orbit due to the effectiveragserforming a burn
along the anti-velocity vector. An approximatd” margin of 0.1 km/s is recorded
to account for orbital maintenance. Based on the expecteodssof Mars-Phobos
L, Lyapunov orbits, very small corrections maneuvers coutmioevery few hours
at the crossings of the Mars-Phobos line. The crew membatsth not assigned
to landing on Phobos will remain in this orbit for 24 days UNtbvember 1 2033.
Given the location of thé,; Lyapunov orbit, the crew can also communicate with
and command a rover or small Cubesats located on any poniotihe Martian
surface that are within their line of sight.

Line of sight access times from the location of the Mars-Risdh were computed
using STK 10 for the nominal Phobos operations period. Aesgmtative diagram
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of the line of sight gaps is shown in FiguBel2 Loss of access is due to occulta-
tions by Phobos and by Mars. The mean access per Phobod psgritad of 4.64
hours, or 61.2%. This corresponds to two access windows3@f l2ours on aver-
age, separated by a Mars occultation gap of 0.71 hours oagevemd a Phobos
occultation gap of 2.25 hours on average.

Line of Sight Gaps from Mars-Phobos L, Point to Earth

Mars Occultation

Phobos Occultation

i Y —— I — = R = SN - N | s R — B

1 1 1 1 1 1 1 1
J 1
Oct. 2033 9 Sun 10 Mon 1 Tue

Time (UTCG)

Figure 6.12: Representative diagram of sight access gaps tne location of the Mars-
Phobosl;; to Earth during Phobos vicinity operations. Computed using 10.

6.2.2 Inbound Crew Trajectory

6.2.2.1 Mars Vicinity

In order to depart the vicinity of Mars and Phobos, the apghideajectory is qual-

itatively mirrored. First, a maneuver is placed at perigeiinsert into a High

Mars Orbit, effectively raising the apoapsis. Using dietial corrections in STK

to target an apoapsis radius of 37000 km\& equal to 0.57 km/s is performed
on November 1 2033 along the velocity direction. Next, a mua&eeis placed at

apoapsis to lower the periapsis of the High Mars Orbit in prappon for departure

from the Martian system. Occurring on November 2 2033, tras@uver is small,

equaling approximately 0.07 km/s tangential to the vejoe#ctor.

6.2.2.2 Interplanetary Trajectory

The High Mars Orbit is propagated from apoapsis until a taagh injection ma-
neuver is applied. Given the relative geometry of Mars aedgarth on the selected
departure date of November 4 2033, it would be inefficientdpait the Martian
system from periapsis, as the interplanetary transfersatgs the High Mars Or-
bit almost perpendicularly at this orbital location. Iredethe maneuver epoch is
targeting using differential corrections in STK such thea maneuver possesses a
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direction that is closer to tangential to the velocity vec#® AV of 6.03 km/s re-
sults in the crew traveling on a hyperbolic orbit, with resige Mars, that possessed
a declination of -11 degrees and a right ascension of 21JedegiThe interplane-
tary trajectory is then propagated using a heliocentrigiggaonal model, resulting
in an inbound transfer time of 246 days. At the direct Earttnyethe arrivalv;,

of this transfer arc is used to estimate an Earth entry vis@¢il1l.3 km/s on July
6 2034. Based on existing hardware and expected prograssitarth entry tech-
nology, this entry velocity appears acceptable to ensuatthie crew return safely.
Finally, note that the interplanetary return trajectorgges closer to the Sun than
Venus, which impacts certain aspects of the spacecrafgesicluding radiation
and thermal requirements. Although this is a coincideneetduhe geometry, the
departure epochs and flight times could be modified to leeeeayenus flyby in
order to reduce the requirell’. Further efforts to reduce the propulsion require-
ments of the mission include optimization of maneuver lioces, magnitudes and
directions.

6.2.2.3 Abort Scenarios

Given the complex nature of interplanetary space explamaaibort scenarios must
be considered. Mechanical or other failures may occur atiiamg; however, pri-
mary abort scenarios can be identified and potential soisitsuggested. An er-
ror during or following the application of the trans-Margection will likely oc-
cur at the beginning of the interplanetary transfer [Pemscommunication, Dan
Mazanek]. As a first approximation, an Lambert arc can, foezebe constructed
between the current location and the Earth. Given the ddptametry, such a ma-
neuver may be expensive and must be compared with the rergaiii available
to the crew and any restrictions on the time of flight on theiumn trip.

If a thrusting failure occurs in the Martian system, howeaesimilar abort scenario
may be employed. If the situation permits, the astronautsdcorbit in a stable
Mars-centered orbit for the remainder of their planned atay return home on the
nominal Mars departure date without landing on the surfa¢thobos. To account
for these possibilities, an additionAll” margin is applied to the design and sizing
of the propulsion system.

49



6. ENGINEERING

6.3

6.4

6.4.1

6.4.2

Re-entry

After returning to Earth vicinity, the Dragon crew modulgpaeates from the DSV
and performs a direct entry into Earths atmosphere withry speed of 11.3 km/s.
The DSV is then moved to a graveyard orbit in the Earth-Moaosity orbit.
EnoughAV margin was allocated to consider this maneuver.

Spacecraft

The following sections list and justify the choices of thetatict spacecraft vehicle
modules used during the TAPER mission. A general subsysterview for all
spacecraft is provided. Following this, each vehicle iscdbsd by means of its
principal subsystems. Subsystems which do not drive kegiondactors for each
vehicle are omitted.

Subsystem Overview

The assembled spacecraft vehicle includes a Deep Spacdé/tabitat and Crew
Vehicle), a Phobos Surface Explorer vehicle and the proputs/stem. The general
layout is shown ir6.13

Introduction

6.4.2.1 AODCS & GNC

For the general scope of the mission, attitude determinagosors and attitude and
orbit determination and control system (AODCS) actuatbedl be used, Guidance

Navigation and Control (GNC) algorithms also need to beudetl. The space-

craft’s trajectory shall then be fully automated.

As it is a requirement to use solar generated power, sunipgiotientation shall
be thoroughly considered during the transfer. For somaqodat phases of the
mission (Rendezvous and Landing, respectively for the DS3&mbly and PSE
vehicle), e.g. Phobos approach, the gravity field and sormer gtroperties shall
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Figure 6.13: CAD model of assembled spacecraft, using Baliés.

primarily be understood and modeled in the GNC algorithmevegl types of
Reaction Control Systems, as well as Attitude Determimagensors shall be eval-
uated. At this point in time, it is reasonable to say that ¢h&®gstems have been
already thoroughly studied and evaluated, and then remrasamaller asset for the
mission compared with other spacecraft subsystems.

The dynamics and the layout of the Spacecraft also needs torisdered and
evaluated. Such a particular deep space vehicle, with dilmesand characteristics
never before tested in space, shall carefully be dynamgieatiluated.

6.4.2.2 Command & Data Handling

Unless otherwise mentioned, the command data and telefnetnythe spacecraft
are assumed to be relatively minimal in comparison to thenea data. The power
budget includes appropriations for expected wattageseofdimmunication down-

link, but no other data intensive products have been exaimihin the scope of

the project.

6.4.2.3 Communications

The communications subsystems is mission-critical sinabaws the sending and
receiving of information between Earth and Mars orbit, orr§/and Phobos. An
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antenna system exists on the three vehicles: Deep Spacdé/ebiew Vehicle, and
the Phobos Surface Explorer. The DSV and PSE will be desiggate TAPER
mission to allow Earth-Mars orbit and PSE-DSV communiagaiorespectively.
The CV, however, will have its own communications subsystisigned by the
CV’s manufacturer.

6.4.2.4 ECLSS

Only the Deep Space Habitat Environmental Control and Liip@rt Systems
(ECLSS) is considered in this preliminary analysis. The BSlconcerning other
spacecrafts are not drivers for the mission design and dméetailed in this report.

6.4.2.5 Power

The power system is responsible for supplying electricalgrao all vehicle com-
ponents that require power to operate. The system must btidgeehicle’s power
usage with the total power generated or stored on each edbiensure the vehicle
can function properly. The solar arrays are fairly largesithe solar intensity de-
creases by distance-from-sun squared and the vehicleshigtv@ower demands.

At Mars, solar intensity is around 575 W/naersus at Earth, where solar intensity
is around 1366 W/ so as the spacecraft travels farther away from the sun, the
power output will decrease. We assume that throughout thethtre solar panel
degradation is negligible. We also assume the batteriestloave loss in depth of
discharge.

Some of the greatest power drawers are the life supportragst@ both the PSE
and DSV. The robots sent to explore Phobos surface will Haiedwn solar arrays
to power the on-board scientific instruments. For a detairiession power budget,
refer to Appendix8.

6.4.2.6 Propulsion

The purpose of the propulsion system is to drive the spaftgorthe location in-
dicated in the mission objectives within the required tiniee propulsion system
must also ensure the safe travel of the crew, in which réiiglshall be taken into
account during key mission milestones where failure comlgdct the crew signifi-
cantly. Key parameters describing propulsive performameghe specific impulse
and thrust of the system. Specific impulse is directly reldtethe exit velocity
of the particle and measures efficiency. Thrust describeg$dite the propulsion
device imparts on the spacecraft and is directly relatedaweet times. The ef-
ficiency and force must be balanced to achieve mission obgscand minimize
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cost. Propulsion systems are selected which demonstratee&lenologies for fu-
ture space exploration missions.

6.4.2.7 Structural Design and Layout

The structural design and layout of each spacecraft isalrtan this mission. The
general assembly of the vehicles together with the propefigstems, as well as
the interfaces between them, are critical.

The chosen vehicles were considered to be under develofvaény a TRL greater
than 5. A structural analysis is beyond the scope of thisrtepot it does however
have the ability to add considerable mass in future missidrisese shall be ad-
dressed in an advanced phase of the project. Neverthdlesbglieved that given
the current vehicles development, the projected avaitglof each one will be

guaranteed, or replaced with a launch vehicle of similaabdjies.

6.4.2.8 Thermal Control

In a crewed mission, the thermal control subsystem shadt exid accomplish the
temperature range requirements of both, the crew and thramnents on-board. For
the long duration mission as considered here, several spaicthermal radiation
exist, solar radiation being the most prevalent for thercoalsiderations.

In order to control the temperature range inside the diffevehicles, both active
and passive thermal control system components are deSieseral types of com-
ponents exist, being the most important ones the insul&iionponents, the iso-
lators, the radiators, the heaters, the louvers and thepigeg. Assuming a crew
vehicle which will at the time of the mission include its owretmal system the
thermal control only had to be studied for the Deep Spacethiiabehicle and the
Phobos Surface Explorer, shown in Figl4[13].

Additionally, the science samples taken at Phobos may me@ui active cooling
system so as to preserve the samples. For this reason, 2G0He ®00 kg mass
allocated for Phobos samples has been given to mass foriga egbling system
in the payload holding cell of the PSE. This system stays @@RBEP unit, and
returns to the Crew Vehicle once the stay on Phobos is complet
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To Deep Space Vehicle Stay on Phobos

Figure 6.14: PSE Concept.

6.4.3 Deep Space Vehicle

The Deep Space Vehicle (DSV) is an assembly of both the deme $abitat (DSH)
and the Crew Vehicle (CV). They are assembled together Wwelptopulsion sys-
tem and the PSE in LEO and then fly directly to Mars vicinitiesy@ntioned pre-
viously. The following subsections present an overviewadfreof these subsystem
as well as the principal key factors that drove each subsysstkesign.

6.4.3.1 Overview

The DSV is the primary transport mechanism for ferrying teganauts between
Earth and Phobos. It is joined to the Deep Space Habitat (8Hixle which has

a total mass weight of approximately 26,000 kg and the crdvicleewhich weighs

approximately 9,500 kg. It is composed of a Bigelow Inflagadbbitat attached to
a Dragon crew vehicle. It is assembled in space with the NTé&stars, NTR fuel

tanks and the PSE. It transits outbound in 180 days and inbouR33 days. The
Mass Breakdown for the DSH is provided in F&15
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Component Total Mass (metric tons)
ECLSS 8
Medical Equipment 1
Crew 0.6
Habitat Structure 10
Subszvstems ( E.g. Avionics, Power, ) ]
Science Equipment 02
Propulsion Svystem 184
TOTAL 210

Figure 6.15: Component Mass Table for the DSH.

For this mission, the TAPER team assumes the Dragon crewleehill provide
an all-in-one point at which all the systems are integrakex.the purposes of this
study only the total mass of the vehicle was considered, #&srreakdown is not
relevant. The expected allocated payload is at least 1000 ki available mass,
as well as the available volume is sufficient to retrieve D@ kg allocated mass to
accomplish Scientific requirements - samples will returthwine crew to Earth in
this vehicle.

It is important to state that all the subsystems masses wereased by a factor
of 10%. Margin was added to the system, as well as increabm@\verallAV
requirement for the propulsion system to account for antamfdil launch window
in 2035 in the event the mission misses the 2033 event. A 3yued both the
DSH and the CV is presented in Fig.16

Figure 6.16: DSV layout.
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6.4.3.2 AODCS and GNC

The Deep Space Vehicle will have to be assembled togettwarg alith the PSE

and the Propulsion System, these rendezvous maneuverstar@ end shall be

automated. Being a critical maneuver, it is believed thabhefollowing years, the
autonomous rendezvous and docking technology will be deeel to a point in

which it will be safe and reliable to perform these highly adeed maneuvers. At-
titude determination, Close-In rendezvous and docking@en Fully autonomous
rendezvous and docking algorithms as well as Rendezvousliacidng mecha-

nisms still remain to be developed. Nevertheless, curremeldpment gives the
confident assumption that highly complicated docking maaeuwill be easily

performable by the time of the missioiv).

6.4.3.3 Communications

The communications capability will keep the crew in contaith the Earth ground
crew and facilitate interplanetary information exchanigetighout the missions
duration crucial for TAPER’s mission success. The DSV’'sigrait antenna is
based off of the Mars Reconnaissance Orbiter's (MRO) linth\ilhe Deep Space
Network (DSN). The DSV will have a 4 meter diameter transaenitintenna that
transmits in the X-band (8.4 GHz) at 60% transmit efficiertoyrelay informa-
tion across the mission’s maximum distance between Mard€anith 400 million
km [15, 16]. It was assumed that the DSV will communicate mostly with 84-m
diameter receiver antenna dishes in the DSN, which is alsenasd to have an ef-
ficiency of 60% and a low noise amplifier gain of 70 dB. The 50 M¥éndwidth
and a minimum data rate of 500 Kbps yields an acceptably Idveror rate of
4.2E-7. Given a max Earth-Mars access time of 4.6 hours ganaccess period,
1010 megabytes will be transferred between Earth and Matis,anight delay of
around 22 minutes. This example scenario, with a link buttypited in the Ap-
pendixB, illustrates communication’s worst case scenario. It$® @ssumed that
the transmitter can double as a receiver with no extra ctsaimgeharacteristics.

6.4.3.4 ECLSS

The four astronauts will spend 456 days in space. Two agitsmaill remain in
the the Deep Space Habitat (DSH) during the entire missiaming the Phobos
exploration stage, the mission specialist and the missigmeer will exit the DSH
on the Phobos Surface Explorer (PSE), leaving the commamtkeflight surgeon
on-board the DSV for another 30 days. The DSH ECLSS systerbdwms design
to support the four astronauts during the 456 days, takittgancount an eventual
contingency that prevent the excursion to Phobos.
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6.4.3.5 Power

The DSV will require high power generation since the velsdeCLSS - the astro-
nauts’ life support system - has high power demands, alotiy mwaintaining the
purity of martian moon samples. The DSV's solar panels masttheast 60 mto
satisfy the vehicle’s power demands along with any addiidmsses. We assume

the solar arrays do not degrade throughout the missiof trggpower requirements
are found in Tabl&.17:

Component Power (W)
ECLSS 16300
Solar Arravs 18300
Communications 120
Science 2000

Figure 6.17: Power Budget Table.

6.4.3.6 Propulsion

The DSV propulsion system selected for the mission durati@s sized as a single
stage, three engine Nuclear Thermal Rocket (NTR) whichbeillaunched through
a combination of SLS, Falcon 9, and Falcon Heavy launchesarfide Bed Re-
actor is chosen over a NERVA variant due to an approximatesreagings of 10
metric tons per rocket. The performance of the NTR chosestisiated to be 900
seconds with 333 kN of thrust. The NTR system is comprisedabfister of three
Particle Bed Reactors NTRs with four liquid, lropellant tanks in addition to the

helium pressurant tanks. The performance of the propuksysiem is shown in
Fig.6.18

Engine Dry Mass

Thrust (N} (tons)

ISP (sec)

Propellant Mass
(tons)

Propellant Tank Mass
(tons)

Propellant Tank
Volume (m*3)

333000 900 3.925

2354

10

3440

Figure 6.18: NTR performance.

These rockets require development beyond the current TiRildend are an en-

abling technology for future human space exploration. Wtigsion is a key demon-
stration of this technology.
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6.4.3.7 Structural Design and Layout

The Bigelow Inflatable Habitat is a structure with a habitednlea of at least (based
on current information) 180 cubic meters (about 240 cubitenseof total pressur-
ized volume). The habitat’s external layout is presenteign6.19

Figure 6.19: Habitat Layout.

The internal layout is divided among the following major ts&ts:

e Avionics, ECLSS and Stowage, for flight electronics, enwimental life
support control and adjustable storage of food, water,enastl clothing;

e Crew Quarters, for sleep and privacy (one for each crew membe
e Galley Stowage, for eating, communication and quick-axtmskers;

e Work stations, for general maintenance tasks, medicabtipers, telerobotics
and daily research activities;

e Hygiene, including a shower and waste facilities;

e Exercise space, including fitness stations and a centrffugghysiology
maintenance.

Below is an internal layout diagram of the Deep Space Hab&H). The to-
tal pressurized volume is 240*nwith 60 n? of that being taken up by avionics,
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ECLSS, and additional stowage. This gives a habitable velafrl80 ni for the
four crew. The crew quarters provides a private space fan eemnv member for
sleeping, personal time, family communications, and gdretaxation. The Gal-
ley and Stowage area encompasses the kitchen and diningtlaeegroup com-
munications and control station, and general storage foplss that are required
to be easily accessible such as the medical emergency Kit,fded, and general
maintenance tools. Workstations can be used for sevekd,tascluding: science
research, engineering projects, maintenance and repairtedeoperations work-
stations. Both hygiene areas includes a latrine and bo@nsieg area. The last
section of the habitable volume is reserved for the exesrisa centrifuge, detailed
in the countermeasures section of this report. The volumesded below have
been derived from NASA heritage listed in the Human IntegraDesign Hand-
book [17, 18].

Figures6.20and6.21show two cross-sectional views of the habitat. Internatly,
shall contain enough room to accommodate four astronautekh®s a scientifi-
cally significant returned payload quantity which has bestimeated. The external
view of the expected Dragon vehicle is shown in E@2

@ @ ®@ @

Figure 6.20: Cross sectional view of the habitat 1.
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Wwe'g

Figure 6.22: Dragon design.

6.4.3.8 Thermal Control

Serving as a first approximation, it can be said that the takoontrol hardware
mass represents 2%-10% of the habitat dry mass. A mass ofdo@@k found to

be a reasonable approximation of the total thermal contadsn This mass was
considered part of the wet spacecraft mass budget, whichreated as a whole,
giving more margins for mass changes within the differesteys.
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In terms of required power, a trade study concluded that ¢tlneep generators pro-
vided by the habitat (Bigelow Sundancer), shall be enougtoter the different
systems power needs. However, if mass needs to be addedite en®ugh power
generation, safety margins for all the masses were given.

6.4.4 Phobos Surface Explorer

The PSE is composed of two separate portions: a PSEP stagk arfables crew
mobility on the surface of Phobos and returns the astronatite DSV; and a habi-
tation segment which provides the life support system farastronauts throughout
30-day Phobos exploration mission segment. The Mass boaaktbr the PSE is

shown in Fig.6.23

Component Mass (metric tons) Comments

PSE Science Instruments 1 Instruments left on surface
including robonants

Remote Sensing 0.07 Remote Sensing Instuments
mounted on Cargo, Could be
on DSV

Crew 03 Only two crew members

ECLSS 2 Redundant, see DSH
outbound

PSE Habitat Structure ] Structurs, Avionics, Power

of the PSE without the PSEP

PSE Propulsion 37 3.1 for propellant, 0.1 for
two tanks, 0.5 for engine

PSEP Sample Return 0.5 PSEP total mass for the
PSEP system including

independent propulsion, tanks

PSEP Crew 03 Two crew members

PSEP Structure 2 Estimate of 25% of the PSE
Structurs Mass

PSEP Propulsion 0.9 Estimate of 0.1 for engine,
0.3 for tank mass, 0.3
propellant mass. Tank sized
using Elements of Spacecraft
Design book for sizing of
pressurant tanks

Figure 6.23: Mass breakdown for the PSE.
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6.4.4.1 AODCS and GNC

The PSE will have to perform one of the most critical maneseéthe entire mis-
sion - land on Phobos surface. It is a requirement to land warakplaces on the
moon, to facilitate this the explorer vehicle shall provalgonomous landing. A
GNC approach based on the Hayabusa Spacecraft lantdéhgil have to be de-

veloped and integrated in the vehicle. Sun sensors, Stakdirs, Inertial reference
units and other attitude determination sensors would hawe tincluded together
with a Reaction Control System. Optical navigation usindtiple cameras might
also be of great use.

The vehicle shall be able to land in predefined landing sitésont any type of
manned control. Even though, the possibility of manual k@rshall be available
in the vehicle, the GNC system needs to be robust and feasiolegh to perform
the required landing maneuvers.

6.4.4.2 Communications

Communication is necessary between the PSE and DSV to nmaguatact be-

tween the two crew pairs, one pair in the PSE and the otheeiD8V during EVA

missions. The PSE’s communications capability is basedheffcanceled Mars
Telecom Orbiter and the existing Mars Science LaboratoigceSthe maximum
distance between the PSE and DSV is less than 100,000 kmpgkesl are min-
imal. A 0.5 m diameter transmit antenna on the PSE sufficeddormunication

with the DSV since the bit error rate was calculated tothiex 10~!° despite a

very high assumed 1000 K system noise temperature and 50céB/ee gain. It

was also assumed that the bandwidth was at 50 MHz, the datavest at 1024
kbps, the DSV does not have a low-noise amplifier, and thaD®\’s transmitter

antenna can receive data and point accuragly1]. Although many of these pa-
rameters may be assumed, the minimal distance between EharREDSV allows

for a small PSE antenna size. The PSE communicates with tieaD&ata rates in
the order of 0.5 to 1024 kilobits per second (kbps). The linédet can be found
in AppendixB.

6.4.4.3 ECLSS
The ECLSS mass for the PSE has been estimated to be around @ toreg.
6.4.4.4 Power

The PSE requires power primarily for the ECLSS and commuioica systems,
which in total demand 4 kW. It was assumed that the ECLSS poalere was
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scaled down from the DSV ECLSS power values by the PSE’s redjiiabitable
volume. The 15 rhsolar array and Li-lon batteries will provide 6 kW, which is
enough to power the main power users, with some spare powetisgellaneous
operations, like scientific experiments. We assume thatalar panel degradation
is negligible throughout the trip. The power budget is pnése in Tables.24

Component Power (W)
ECLSS and Communications 4000
Solar Arravs 3000
Li Ton Batteries 3000

Figure 6.24: ECLSS power budget.

6.4.4.5 Propulsion

The PSE propulsion system consists of a LOX/Methane engiselined against
the SpaceX Raptor LOX/Methane engine sized comparativgdynat the Merlin
1D engines currently in production. Specific impulse for émgine has been es-
timated at 380s with a 24 kN thrust. Propellant tank estisyatere calculated
using 2] for the low AV maneuver the PSE stage would have to complete after
undocking with the DSV in Phobos orbit. The PSE propulsi@gstfor break-
ing Phobos orbit and safely transporting the crew and lapndermanently on the
Phobos surface was sized to achieva®d of 0.5 km/s. This is an overestimate
using 3] as a reference for similaAV maneuvers for landing on Near Earth
Asteroids. With the LOX/Methane burn, the PSE propulsicstem includes an es-
timated 200 m/s margin built in for deviations which may bedean the astronauts
controlled landing.

6.4.4.6 Structural Design and Layout

The PSE vehicle is a 2-stage SEV shown below. The back s¢@&®a - Hab) is
the habitable section that will be left behind on the surfat®hobos as a base,
while the front section (PSE - Separator or PSEP). The PSEB &ans for robotic
exploration and an exterior compartment to collect samipless is the method
desired, while the PSE-Hab has 4 robotic arms for clampingndpermanently
onto the surface of Phobos. These arms will most likely negdrills in order to
get a firm hold of the regolith. The PSEP also has 2 suit port€iA within
close proximity of the vehicle to retrieve samples (and pein into the airlock
compartment), while the P-HAB has a docking ring either aaglde for access
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to the rest of the DSV, and a port for Robonaut, or other rabmols. All of
these features enable the full extent of exploration, asd establishes permanent
infrastructure on Phobos.

6.4.4.7 Thermal Control

As happened with the Deep Space Habitat, the same consihesratere used to
find a first approximation of the thermal control mass. Onc&raghis mass was
diluted in the wet systems mass. Enough margin was provid@dldw changes
during the critical design phase of this vehicle.

For this vehicle some power will be generated by the solaelsatut most of it

will have to be provided by batteries, fuel cells or other neestill to be developed.
The believe is that, the power required by the thermal cosirstem will be less

than 0.5 kW and so, no constraints shall arise given the atbolcpower budgets
and the current state-of-the-art in terms of power genegsato

6.5 Robotic Assistance

6.5.1 Goals

Rovers deployed on the surface of Phobos during the missibfuifill the follow-
ing roles:

e Scout other sites while the astronauts are at the first site.
¢ Retrieve of samples from areas inaccessible to the asti®iratne PSE.

e Provide more vision to the astronauts on the ground whemaganying them
to sites.

¢ Allow for testing of new robotic technology which is desigh® operate in
milli-gravity environments and difficult terrain.
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6.5.2 Robot Overview

6.5.2.1 Design

A robotic design proposed ir2f] will be adapted for the mission requirements.
The original design envisages a mother spacecraft (“PhShogeyor”) which de-
ploys a number of rovers or “Phobots” to the surface whilatortp Phobos. A
graphical depiction of the proposed mission architectarnerovided in Fig6.25
The robots are small, multi-faceted spacecraft/robotidgtwith internal actuation
and external spikes. Mobility is achieved through tumbkng hopping, at a speed
of approximately 180 m/hour.

Mathar

g >Pacecral Attitude-Controbied Hop
te_tor Long-Ranga Traverses

Actuation through
Thresa Mutuaily
Orthogonal Fiywheels,
Pawer from Solar
Panels

_ﬂ
Hybrid Taking In Sl —
Maasuramants at

Figure 6.25: The mission architecture of the “hedgehogbtsifi?4]. A mother spacecraft
can deploy several robots, which can then be sent to varitassan the ground.

6.5.2.2 Instruments

On-board instruments will include:

e stereo-vision camera with multispectral filters

microscope

Raman/LIBS spectrometer

neutron spectrometer

visible/near-infrared spectrometer

To ensure a maximum mass of 10 kg per Phobot, the instrumdhbewdistributed
evenly amongst the individual robots.
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6.6

6.5.2.3 Operation

The robots can act as Mobile Science Platforms (MSP) or scaidse to or far
from the astronauts on the ground. Two operation modes wilised. In the first
mode, the robots accompany the astronauts in the PSER) astiscouts by pro-
viding a better vision of the terrain ahead of the astronalitey will also provide
better maneuverability for samples which are difficult taaie. In the second mode,
the robots are used to explore designated sites not ye¢dibit the astronauts, to
start conducting measurements and identifying key sangilection areas.

ECLSS

ECLSS maintains a habitable environment within the spafecfthis system is a
closed loop where some of the consumables are recycled seogmass. The
ELISSA (Environment for Life Support System Simulation axmhlysis) software
was used to simulate this life support closed loop systeindrideep Space Habitat
(DSH) for a 443 day long duration mission to Phobos. The fingsian duration

is 456 days, but these results can be easily extrapolatedetel3 days. This
software was developed at the Institute of Space Systemsekdity of Stuttgart.
Several iterations were performed to obtain and developogitanal amount of
hardware and consumables. Fig6t86shows the ECLSS architecture chosen for
the Deep Space Habitat (DSH).

The simulation was based on a crew of 4 astronauts livingenBH for a total

mission duration of 443 days in a habitable volume of 180 Tnis simulation was
conservative because for 30 days two astronauts will lde®6H to explore the
surface of Phobos.

ELCSS atmospheric requirements include 101.1 KPa, 293 %, Rdrtial pressure
of O, 41% relative humidity, partial pressure of €@ust be less than 2.5%, and
sufficient water and food must be provided. ELISSA integtdtaur subsystem
including air, water management, food, and waste managenbe technologies
are reliable and the Technology Readiness Levels (TRL)agiged below P5].
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Figure 6.26: ECLSS Architecture.

— O, generation: 3 Static Feed Water Electrolysis (SFWE)

x 3 kg/day per unit
x TRL=8

— CO, Removal: 2 Electrochemical Depolarized Concentrator (EDC

* TRL=6

— 2 Trace Contaminant Control (TCC)

* TRL=8

— Heat Exchanger (CHX)

* TRL=8

o Water Management

— Regeneration by 2 VPCAR to produce potable water

x 250 kg/day per unit
x TRL=6
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— Urine treatment: 2 Air Evaporation System (AES)
x* TRL=3

e Food

— 1200 kg of dehydrated food

— Maximum intake per person = 0.56 kg/day
o Waste Management

— CO, Reduction: 2 Sabatier Reactors that convert O2 to CH4 and H20
(CO2 + 4H2 - CH4 + 2H20)

— CHF Reduction: 2 Pyrolysis units (it splits CHF into C and H2)
x TRL=4

The total mass estimation of the LSS is around 8000 kg (empissni3420 kg) +
product mass (3000 kg) + hardware mass (1670 kg)), and thlestdtime occupied
by the system is 12.5 in Table 6.2 shows the mass characteristics of the LSS

system.
Tanks and Products Initial Mass (kg)
Total empty mass 3419.3
N2 500
02 400
H2 300
H20 600
Food 1200
Hardware Mass (kg) per unit | Number of Units Mass (kg)
EDC 44 3 132
SFWE 100 3 300
TCC 100 1 100
VPCAR 283 2 566
AES 178 1 178
Sabatier 43 2 86
Pyrolysis 154 2 308
Total Mass 8089.3

Table 6.2: Mass values of the different parts of the LSS.

The graphic below shows the evolution of the major LSS faotluring the Phobos
mission. These are the,(OCO,, H,O and food masses, amongst others, remain-
ing on board during the 443 days. All levels are within the m@ahrange during
the mission and some food is still remaining on board afteminog back to Earth,
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assuring some extra resources for eventual contingenciegldition, the simula-
tion has been done taking into account a adequate astrooafort level. These
results leave margin to reduce consumption of resourcemargency situation.
For example, laundry could be potentially suppressed,aiedun 12 kg/day per
astronauts the $0 consumption.

The evolution of the major LSS factors during the Phobos imisare shown in
Fig. 6.27. Figures6.28 and 6.29 include, for reference, the evolution of other
ECLSS parameters during the space mission.

Environmental Control and Life Support Systems (ECLSS) - Round trip 443 days

1200

800
——02 (Kg)

——C02 (Kg)

600 ——H20 (Kg)

Mass (Kg)

——Food (Kg)
—N2 (kg)
——H2 (Kg)
—WW (Kg)

400 =

0 50 100 150 200 250
Duration of the mission (days)

Figure 6.27: Evolution of Deep Space Habitat (DSH) ECLSSupeters during the round
trip mission (443 days). This simulation takes into accabetconservative approach of 4
astronauts in the DSH during the whole duration.
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Figure 6.

Environmental Control and Life Support Systems (ECLSS) - Round trip 443 days
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28: Evolution of Deep Space Habitat (DSH) ECLSS groparameters during the

round trip mission (443 days).
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Figure 6.29: Evolution of Deep Space Habitat (DSH) ECLSStevaarameters during the
round trip mission (443 days). The solid wasted reached #@amum capacity of the tank

(200 kg)

6.7

Risk Analysis and Mitigation

The risk analysis of the TAPER mission lists the possibletiogencies that are
critical to the success of the mission and the mitigatioatsgies that will be used
to prevent, to the highest extent possible, these risksrigad mission failure (see
Table6.3).
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[ # | iem Risk and Mitigation Strateg | Impact | Prob. | Risk |

N Risk Loss of sample containment 5 5 c
Strategy System redundancy/ multiplesamples
Risk Phobots miss

2 2 2 4
Strategy Ensuring criteria for release

B Risk Rover mobility failure 2 2 n
Strategy Robotic exploration capabilities
Risk Imperfect trajectory maneuvers f N o
Strategy Ensuring sufficient margin in course planning
Risk Radiation and microgravity impacts on crew (chronic) - - :
Strategy Shielding and countermeasures
Risk ECLSS failure . 1 .
Strategy Redundancy
Risk Decompression sickness / EVA failures

7 5 2 10
Strategy Proper EVA protocal
Risk Medical emergencies - : ]
Strategy Crew training, medical supplies, and surgical suite
Risk Failed in space rendezvous (Earth proximity) 4 : -
Strategy Abort capabilitiesto earth
Risk Structural failure of crew habitat

10 - - - 5 2 10
Strategy Prior demonstration of technology and testing

Table 6.3: List of Key Mission Risks and Mitigation

From this list, a risk matrix shown in Fig.30can be developed to visually repre-
sent the severity and likelihood of risks that could imphaetduccess of the mission.

Frequent
(5)
@ Likely
= (4)
3
&  Potential
s (3) 5
)
C
£ Notlikely
8 (2 2,3 1 9 7.8,10
L
Extremely
unlikely 4, 6
(1)
None Minor Moderate Critical Catastrophic

(1) (2) (3) (4)

Impact to Mission

Figure 6.30: Risk Matrix
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6.7.1 Design Margins and Safety Factors

The TAPER mission was designed accounting for design usoées and possible
future changes. Changes in component masses as well a$ lewmaows were
considered. Launch vehicle subsystems were over desigitecavit0% margin.
This consideration allocates comfortable mass changelplitsss, a trade-off be-
tween subsystems, as well as vehicles can be performeddnitical design phase.
The propulsion subsystem was designed to a more restr@i®® launch window
to enable mission success in the event of missing the peef@(33 launch. Propul-
sion margins were also included by designing with an aduti®% on allAV re-
quirements which should allow for a maximum of a 2035 launith an additional
2 week launch margin.
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7.1

During a long duration crewed spaceflight human factors rhastonsidered be-
cause seemingly minor issues will be compounded by the omisSihe following
factors will be considered: radiation protection, crewesand selection, habitat
design, psychological and psychological effects of deguaftight, and Environ-
mental Control and Life Support Systems (ECLSS).

Crew Size and Selection

During the design of a crewed spaceflight mission, it is tdatonsider the safety,
comfort, and operational ability of the personnel involvEdr a crewed to the mar-
tian system several human factors will have to be considaadding: radiation
protection, crew size and selection, habitat design, psggical and psychological
effects of deep spaceflight, and Environmental Control aifiel SBupport Systems
(ECLSS).

The crew size for the Phobos mission will include four astgs, including two
male and two females. Previous studies suggested an oddsaewo avoid de-
cision making problems, an even crew size has been finakljctsal primarily be-
cause of mass constraints. In addition, it has also beerestegthat four crew
members is desirable over three, in order to minimize pdpchical issues derived
from such a small number of astronauts.

The crew will have a very clear hierarchy structure to avadision making issues.
The suggested roles for the crew are:

Chief commander (ideally a pilot)

Flight surgeon

Mission specialist (ideally a geologist)

Mission Engineer

A critical aspect of the mission includes selecting canigisidhat will be able to
handle the high stress, risk, and confined isolation thathierent with a long du-
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ration space mission. Studies have been conducted to doree candidates that
will successfully meet mission goals. A mixed crew was chdsecause Antarctic
studies have shown that women can increase the produciivitynood of the envi-
ronment P6]. Screening will be based on physiological, psychologiaatl genetic

tests.

7.1.1 Physiological Tests

Table7.1lists the diagnostic tests that will be conducted to as$essverall health
and disorders that may contribute to mission failure.

Physiological Subsysten

Associated Tests

Cardiovascular

Electrocardiogram
Blood pressure
Echocardiogram

Aerobic Capacity

Musculoskeletal

Muscle Mass
Anthropometric measurements
Bone Mineral Density

Reproduction

Pap Smear and Pelvic Exam

Auditory

Audiometry

Visual

Color and depth perceptron
Ophthalmological evaluation
Visual acuity, refraction and accommodati
Tonomer

Dental Assessment

Dental examination
Orthopantogram

Diagnostic Imaging Test

Chest X-ray
Mammography
Abdominal ultrasonography

Renal

Serology

Urinalysis
Renal stone profile

Hemogram

Pre-emptive surgery

Appendectomy
Cholecystectomy

Table 7.1: Selection criteria for astronauis]|
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7.1.2

7.1.3

7.2

Genetic Tests

The gene Schizosaccharomyces pombe Rad9 (HRAD9) gene esmtifigt as a

gene that increases the ionizing radiation (IR) toleranciitiating a cascade that
repairs cellular damage. Additionally, the crewmembelblya screened for future
diseases to prevent an episode occurring en route to Phobos.

Psychological Tests

Individuals must be psychologically stable to ensure thay twill function opti-
mally under critical situations. The candidates will beestred for the numerous
psychological disorders that relate to spaceflight listetié Psychiatric Diagnostic
and Statistical Manual IVZ8]. Analog studies have shown that the crewmembers
will mostly likely experience anxietyZ9]. However, it is imperative that the anx-
iety will not affect the crewmembers performance. Thusividdials with anxiety
disorders will be screened out. A disorder unique to humatedhght includes
neurasthenia, which is marked by weakness, fatigue, iseckaritability, and re-
duced cognitive functiond0]. Candidates will be screened out if tests are con-
ducive with the diagnostic criteria.

Once candidates are screen out, the remaining candiddié®wmssessed for traits
that are common amongst successful astronauts, such gl ‘tsmopatibility, emo-
tional control, patience, tolerance, self-confidence,iflex subordination, and a
sense of humor”’30. A committee of experienced astronauts will carefully ex-
amine the applications and, after several rounds, 100 datesi will be initially
selected. Next, to further reduce the candidate pool, ekterphysiological tests
will be conducted (Sectior.3). The remaining candidates will be examined under
analog situations, such as Antarctica or an underwatetdtabhe group dynamics
will be assessed and the candidates will be able to rate ébehiadicating who
they would enjoy working with the most. That group dynamidlt ae examined
and the best functioning group with the corresponding skillwill be selected.

Radiation Protection

lonizing radiation is the primary concern for humans durioigg duration space
missions B0. To mitigate the acute and long term effects of radiatiom dose
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shall not exceed the 3% fatal cancer riSk][ Several considerations were taken
to reduce the cumulative galactic cosmic ray (GCR) and saeticle event (SPE)
radiation doses. Based on calculations performed by Cttairtbe maximum num-
ber of days a male can stay in space is approximately 526 agayfemales can stay
a maximum of 394 days based on the following assumptions:

e 20 g/cnt of aluminum shielding
e Storm shelter for a SPE

e Dosimeters will be placed through the cabin

Several considerations were taken to reduce the cumulgélaetic cosmic ray
(GCR) and solar particle event (SPE) radiation doses. Tonmize the radiation
dose, a low-z material called Vectran will be used as thecgiral material. It is
produced by “polycondensation of a 4-hydroxybenzoid antléhydroxynaphthalene-
2-carboxyl acid” B2], and studies have shown that it can shield against MMOD
and is UV stable. With a structure designed to have a thickogat least 20 g/ci)

the maximum number of days in space can be extended by rod@Btyas ex-
trapolated from comparisons of shielding effects of alwminversus polyethylene
materials B1]. Further, assuming adequate shielding in astronaut diatnits on
Phobos and noting that shielding from Phobos itself wiluelthe radiation expo-
sure angle from roughlgz to 7, one might estimate that radiation will be roughly
cut in half while on the moon.

This results in a maximum number of days in space of 579 days&des (if the

above assumptions are included) and 433 days for femalescelid we assume
that females perform EVA activities on the surface of Marsomahey will be be-

low the 3% excess cancer risk for a total mission duratiord@fdiays in spacesfl].

In order to provide countermeasures for radiation damdgehtiman spacecrafts
will have shielding in addition to that built into structlimaaterial. Passive shielding
materials to be added including water and liquid hydrogen.iddegrated ECLSS
and structure system could be combined in order to keep therwad liquid hy-
drogen surrounding the walls of the spacecraft. In additative shielding such as
the creation of a magnetic field to deflect the radiation chclso implemented.
Further research need to be conducted to develop this corimépt is a promis-
ing solution for the proposed mission to Phobos in 2033. Aeotountermeasure
against radiation are antioxidants. They help minimizeéatiamh damage, repairing
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them chemically. Astronauts will include antioxidantsheir diet such as cysteine,
glutathione, vitamin C, vitamin E, selenium amongst ott3€k.[

Enroute to Mars several technologies will be tested forriutadiation protection.
One of which includes the byproducts of the photobioreadtbe photobioreactor
for algae cultivation (PBR) produces edible biomass andjeryby consuming car-
bon dioxide, water, and nutrients citesynergetic-hylts&l-This algae will be used
to break down human biological waste products and expetswveiti be conducted

to assess the potential use for radiation protection.

7.3 Physiology

In long duration space missions the human body undergoeyg oemges due to
the microgravity conditions, some of which include bones|aauscle atrophy, or-
thostatic intolerance, motion sickness, and neurovdstilaifects B0]. Figure7.1
shows some of the effects of long duration spaceflight on timeam body and their
evolution during six months of microgravity.
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Figure 7.1: Evolution of some of the effects of long duratspaceflight.

Bone loss is perhaps one of the most important physiologlieabnditioning that
occurs during spaceflight. It occurs primarily because efdhsence of skeletal
loading in microgravity 80, 33, 34]. Bone loss usually begins at the lumbar spine
and becomes greater in the lower extremities. These resalexplained by the fact
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that astronauts use their upper limbs to move around thesgaft; and their lower
extremities for stabilization. Other factors that afféxt skeleton properties are low
light levels, high concentration of GQdietary factors (calcium and vitamin D),
and genetic factors. In addition, skeletal unloading ctows led to a significant
loss of calcium in the bones and a substantial increase ingkef kidney stone
formation [30, 33]. Figure7.2shows an overview of bone loss in space.
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Figure 7.2: T-scores obtained from dual energy x-ray alignmnetry scans. A score above
-1 is considered normal. A score below -2.5 is defined as pstesis.

Muscles are also highly affected by microgravity, in parae the antigravity mus-
cles. These are the muscles involved in maintaining stahilithe Earth gravity
environment. Previous studies have shown that the changesscle volume after
long duration spaceflight can be as high as -20% for the iiapsand -19.6% for
the soleus30]. Muscles also lose mass and strength. Muscle atrophy isechu
by two major factors : the lack of activity that decrease thaqin synthesis, and
inadequate caloric intake. Other factors include oxideasiress (balance between
oxidants and antioxidants) and hormonal influences. Thexesffof muscle have
been studied extensively on Earth using bed rest studiesietty, muscle loses
seen in space are much greater than expected based on betdde=s B(].

The cardiovascular system is also highly affected by lomgiilon spaceflight. The
human body adapts to the new environment and produces chemigieod volume,
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7.3.1

aerobic capacity and cardiac mass. Shortly after reachinig there is a significant
fluid shift from the lower to the upper body, producing a “yifface. Furthermore,
these changes could potentially present problems aftét feégch as orthostatic in-
tolerance. In addition, astronauts can suffer motion ®eknn space, mainly cause
by conflicting cues provided by the vestibular system andragknsory sense3(].

Countermeasures

Bone remodeling is highly dependent on the mechanical tapdpplied on the
skeleton B5, 36]. Two types of mechanical loading can be distinguishedticsta
loading and dynamic loading. A clear example of static logds the gravity force.
People on Earth are continuously subjected to the gravityefoand this gravi-
tational acceleration has an important role in skeletonoggting. On the other
hand, dynamic loading may include short periods of highaotpeak loads (such
as ground reaction forces while running or jumping) or fregfuiow-level loading
(such as low frequency vibration). Lastly, muscle contaactlso plays an im-
portant role in skeleton loadin@®$, 34, 35, 36]. The muscle forces developed to
move the limbs in 1G contribute to bone remodeling. In wdagsness conditions,
skeleton mechanical loading is highly reduced becauseeofiisence of gravity
and ground reaction forces, and also the significant reslucti muscle forces gen-
erated to move in space, especially in the lower lindss B3).

The Deep Space Habitat will include a short radius centefiagcreate static load-
ing. The gravity gradient created by the centrifuge is arebent countermeasure
for bone loss, muscle atrophy and cardiovascular changegnogravity. In addi-
tion, an cyclometer could be included in the centrifuge tpriove the aerobic ca-
pacity and cardiovascular effects of astronauts (see7F8). This design presents
some engineering challenges (TRL 2/3) such as shock andtiibrabsorption on
board, but this problem will likely be resolved within thexa@0 years.

The Deep Space Habitat will also include a treadmill and istasce device similar
to the Advanced Resistive Exercise Device (ARED) exercisemme currently

used in the International Space Station. The treadmillipes/peak loads on the
human body, which are important for bone remodeling, andehistance exercise
machine has been proved to be the best countermeasure foleratrephy.

Other countermeasures include Intravehicular ActivityA)l concepts providing
continuous loading or resistance on the human body. Exetsked can provide
continuous resistance to the wearer in order to improve leadgmphy. The Grav-
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Figure 7.3: Short radius centrifuge concept combined widr@se in the Deep Space Habi-
tat.

ity Loading Countermeasure Skinsuit (GLCS) is a countesueagarment to pro-
duce a continuous static loading profile on the wearer baoahylai to the loading
profile induced by gravity on Earth (see Fig4). In addition, the GLCS will be
combined with current exercise countermeasures devicespimve the dynamic
loading generated while exercising. The GLCS graduallyease the loading in
the z axis, from the upper torso to the feet. It provides a lmauenferential tension
to avoid suit slippage. The GLCS contains bands to produssakevertical stages.
Each of these stages produces a slightly different vertazding that increases
from the torso to the feet. These concepts are in TRL 2/3 aiidikély be ready
within the next 20 years.

Finally, astronauts will take the appropriate drugs in orteecounteract weight-
lessness physiological effects. Bisphosphonates havegdreged to decrease bone
loss, but long terms effects need to be further investiglagéore the space mission.
Human parathyroid hormone can also increase bone formatispace. Human
physiology characteristics will be carefully monitoredarder to personalize and
adjust the countermeasure program for each one of the astionMonitored pa-
rameters will include weight, anthropometric measures@eg volume, calf cir-
cumference), urinary calcium excretion and serum leveld,cardiac activity 30.
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Figure 7.4: Conceptual design of the GLCS]

7.4 Clinical Medicine

Medical care and contingency procedures must be establishenaintain crew
health during a long duration space mission. Currently titerhational Space
Station has a Crew Health Care System (CHECS) which corgamos-emergency
medicine, non-emergency hardware, and emergency mehcatid hardware as

depicted in Fig7.5.

T

*  Oral Medications

* Topical and Injectable
Medications

" Emergency Medical Treatment

Figure 7.5: CHECS system currently on the ISS.

For a long duration mission inherent risk is assumed and,taumass, volume,
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and power restrictions,only a limited amount of supplies lba taken. In order to
optimize the medical system, the estimated risk and prdibabf mission abort
was estimated based on previous studies.

A study conducted by the Advanced Research in Space Medicamel 11 [37]
calculated the estimated space incidence per man-yeaioptyisal contingencies
during transfer and Mars surface exploration. The highsktand incidence disor-

ders are listed in Tablé.2

Physiological Disorder | Incidence (%) | Mission Abor. Countermeasure
Infectious Diseases 0.01 0.005 Antibiotics
Mental Disorders 0.07 0.003 See Section XX
Eye Related Disorders 0.04 0.003 Tonometer and virtual eye cha
Cardiovascular Disease 0.01 0.002 Emergency Pack, 3D printer,
and surgical suite
Acute respiratory infections 0.01 0.004 Decongestants and
antibiotics
Dental diseases 0.01 0.005 3D printer and surgical suite
Cystitis 0.9 0.005 Urine tests (Diagnostic Pack
Fractures 0.02 0.005
Open Wounds 0.01 0.002 First Aid Pack
Space Motion Sickness 4 0.001 First Aid Pack

7.4.1

Table 7.2: Highest risk and incidence disorders.

A basic first aid kit will contain bandages, wraps, topicalscongestants, antibi-
otics, and diagnostic hardware. The diagnostic hardwalieb@icomparable to
instruments found in a doctors office. It will be used to asdbe health of the
crewmember throughout the length of the mission. Data weilidcorded and ana-
lyzed by the astronauts during transit. The emergency rakdack derived items
comparable to those used by paramedics in an emergencyiscdiems will in-
clude emergency shears, epipen, AMBU bag, and alcohol wipes

To extend the shelf-life of medications the enclosing maidiack will be covered
with a lightweight low-z material such as polyethyleB&]|

Telemedicine

The clinical medicine aboard this mission will account foe tmost common in-
cidents and highest severity contingencies. The diseasgdall between those
spectrums will be analyzed and treated via telemedicine gdal is to have the
crew able to diagnose themselves, analyze the symptomsjssnthe necessary
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materials to regain optimal health. A touch screen tablétheiable to wirelessly
communicate with sensors that provide biological dataga#d with a program
that compares it against symptoms. After a proper diagnesisnfirmed, the de-
vice will provide step by step directions that show the cremmber how to carefully
execute the necessary protocol.

7.4.2 3D Metal Printing

Over the past decade this technology has rapidly prograssing point that alu-
minum can be printed in 3D3P]. Traditional 3D printers use spray welding, a
powdered dispenser, and torch that melts the powder intspheified configura-
tion. To use this technology with metals the torch was regalagith a laser and it
is currently in market.

Instead of bringing all the surgical hardware or extra haetools, a 3D metal
printer will be flown. Leftover aluminum wrappers from theotbwill be ground
to a fine powder and be fed into the 3D printer. Tools will thencbnstructed as
needed.

7.4.3 Surgical Suite

To maintain a sterile surgical environment while reducing mass and radiofre-
quency interferences, a large inflatable environment valpbovided. The hands,
feet, and wrist of the “surgeon” will be restrained and thedsawill be inserted
through sterile ports. A magnetic tray will be containedhwitthe inflatable surgi-
cal station and will be used to retain the instruments in agcavity [40]. Laminar
flow will be emitted throughout the station to carry away ¢seg fluids and sur-
gical debris. Figur&.6shows an inflatable surgical suite, which provides a sterile
environment and has a magnetic tray to restrain instrunardgrovides laminar
flow to drive away impurities40].
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Figure 7.6: Inflatable surgical suite that provides a stegitvironment and has a magnetic
tray to restrain instruments and provides laminar flow teelaway impurities40].

7.4.4 Psychology

Astronauts show a low incidence of debilitating illnessesduse they are highly
trained and are screened for disorders. However, analdgestshow that spending
a long duration of time in a confined area may lead to integreaisconflicts, sleep
disturbances, boredom, performance decrement, and deaclgroup compatibil-

ity [41] (see Tabler.3).

Reported Problems Documented| Shuttle Submarines | Polar Expeditions
Interpersonal Conflicts Documented| Documented Documented  Documented
Sleep Disturbances Documented| Documented Documented  Documented
Boredom, Restless Anecdotal Documented  Documented
Performance Decrement Anecdotal Documented  Documented
Decline in Group Compatibility Anecdotal | Anecdotal | Anecdotal Documented
Substance Abuse Anecdotal Documented

Table 7.3: Psychological issues associated with spendimg durations in confined loca-

tions [41].

To prevent interpersonal conflicts the crew will be trainechow to approach con-
flict. The approach includes becoming aware of their ematitiiggers and avoid-
ing the emotional triggers of their crewmates. Conflictssti@also be resolved in a
manner where each party gains something. Tablets will betassan aid for conflict
resolution by providing the crewmember with suggestionsanflict resolution.
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It is imperative that the crewmembers obtain sufficientslegherwise it will con-
tribute to psychological problems. Drugs, such as ambiehtsmadryl, can be
used as a temporary solution but should be used seldomlgwa#esit will result in
drug dependency.

To combat against boredom several innovative technolagiebe provided to the
crewmembers. Tablets will be used to provide recreatiogdliing, video games,
and skill training. Skill training includes having eachwraember develop a new
skill via virtual technology, which includes earning a nemguage, virtual piano,
or engineering projects. Virtual reality will also be prded to the crewmembers.
The Family Support Office at JSC will be used to develop irgespnal dynamics
between the crewmember and their family. Digital pictutmiats will be provided
and the family will be briefed on the status of the crewmembetditional tasks
performed by the crewmember will include a virtual journalitreach activities,
and science experiments (refer to appropriate section).

Lastly, to maintain group dynamics a common dining area kallprovided for
the crew and a personal space will be designed in the hakitatvmembers will
be able to post pictures of their family or personal memditgthn their personal
space.

To help the crew maintain an Earth based connection whenateyput of sight
from the Earth virtual reality will be incorporated. The dglbn Space Center (JSC)
a Virtual Reality Lab is dedicated to developing real-timaghics and motion sim-
ulators that permit the individual to experience mass aediam This technology
will be incorporated in the DSH and the crewmember will bew#d to choose
from a variety of Earth-based scenarios. These virtualtyestenarios will pro-
vide a Earth-based connection that reminds the crewmeniliee anportance of
the mission.

85



8 Programmatic Considerations

8.1 Costing

Costing human exploration missions to Mars is not a triviedertaking. Estimates
in literature range from the low tens of billions up to $50Ditin or even $1 trillion
for very conservative studies. This is due to the large nurabencertainties in the
development of a key number of enabling technologies. Tae¥dét not possible to
provide an accurate total cost estimate within the scopkisfstudy, however key
cost drivers can be identified.

Development of the Pebble Bed Reactor type Nuclear Therrak® poses a
significant expense, with estimates of $4 billion for depeh@nt of the Nuclear
Cryogenic Propulsion Stage (NCPS) which encompassesageueht of the sim-
ple solid core reactor type. Therefore it can be assumediévaiopment of Pebble
Bed Reactor type will be at least equivalent, likely moreo#krer key cost driver is
that of the development of composite cryogenic, zero-bibiluzl tanks. Estimate
for this do not exist currently, but it will be significant.

Finally, the utilisation of the Space Launch System posgsifstant expense, with
cost estimates of $2.5 billion per launef,[and subsequently total cost of upwards
of $10 billion for the mission.

8.2 Risk

The size and scope of the TAPER mission is by no means minlmalmission of

this magnitude there is programmatic risk from budgetarnst@ints and contrac-
tual contributions by the key partners. The mission has desimgned to fit within a
larger vision for space exploration, as laid out by the Glé&xloration Roadmap,
in an effort to prevent against the loss of internationaltgbations. The partici-

pation of international partners serves as a mitigaticategyy for funding cuts by
any one nation as it is more difficult for a nation to pull outasf international

obligation. Through these efforts the TAPER mission wikyent against, to the
programs fullest capability, the descoping or possibleeHlation of the mission.
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8.2.1 Descope Options

If, for whatever reason, the TAPER mission is found to beasiiele, possible de-
scope options include:

Use of mission knowledge and hardware for a mission to a NEA,;

The use of precursor science data for future missions to #réan system;

Benefit of technology development for future missions amtigtry partners;

Lessons learned from design and development of mission.

8.3 Political Sustainability

The long schedule cycle for this mission that encompassey palitical cycles,
and it is important to address the aspect of political soatality, and how it can
be insulated from policy fluctuations. Pragmatic, flexibigp@paches are required
when it comes to budgeting and schedule to ensure that chamf@ending levels
are accompanied.

The introduction of international cooperation to share ¢bst of the endeavour
also creates obligations between the partners that malkedehfor a program or
mission to be cancelled. This has had a positive effect opdhtcal sustainability

of the International Space Station program, and would likewdo so for the the
TAPER mission.

8.4 Planetary Protection

Planetary protection considerations are an importandfacthis mission primarily
due to the proximity of Phobos to Mars. Phobos itself is nassified as a body
suitable of sustaining life, however as outlined earliethiis proposal there is the
possibility of ejected material from Mars impacting or atorg onto the surface of
Phobos leads to a Category 5 classification for Phobos.

Therefore, with regards to forward contamination, Phobas the classification
of Category 2, requiring only basic cleanliness on extesicgpacecraft elements,
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8.5

8.5.1

However the prospect of EVAs adds complexity to the playgtantection consid-
erations. Suitports will be required to eliminate the plotity of contact between
the astronauts and the exterior of the spacesuits, and cudasity indirect with
Phobos. One further consideration with regards to forwamtamination is the
requirement to ensure that any spacecraft hardware doesntetthe martian at-
mosphere $99% certainty within 20 years;95% certainty within 50 years). Due
to the high altitude orbits of this mission around Mar9000 km) this does not
cause a problem.

Backwards contamination mitigation poses a much largdslpro in the context of
this mission. No surface that has been exposed to Phobosiahata be exposed
to either the Astronauts or the Earth environment. This pesey strict require-
ments on EVA and sample collection processes. Requiringgbef suitports and
associated EVA suits and specialist double layer samplaswars.

Public Relations and Outreach

As the TAPER mission is at an international scale, a plan &ehreand engage
the public is vital to the missions success. It is expected tie key players in
the TAPER mission will already be participating in strondreach in accordance
with what is typical for space programs and aerospace coiepaoday. Below
are specific outreach concepts that take advantage of tiqe@aiopportunities the
TAPER mission provides.

International CubeSat Design Competition

Five 3U CubeSats are required for the Deimos flyby aspecteiission. As
university-development of flight-ready CubeSats is grgy@rponentially, an inter-
national competition is proposed to challenge schools anivktsities to develop
the CubeSats required for the mission. This challenge wbeldimilar in scope
to other competitive CubeSat development challenges, asi€pB50, which have
proven educational merit.

The competition would challenge students to meet the desmmrements of both
the CubeSat standard as well as the propulsion and insttuetgnrements specific
to this mission. The winning CubeSats would be launched eopthe TAPER 1
mission (subject to extensive design review and verificatio
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8.5.2

8.5.3

8.5.4

8.5.5

External Biology Experiment

As previously discussed in the Science section, the regpafitsiological matter to
the deep space environment is a key question the TAPER mipkas to explore.
In an effort to inspire future scientists and engineers atfmieffects of deep space
flight, a competition to design an external biology expenimeill be ran prior
to launch. Much like the YouTube SpacelLab competition in20he External
Biology Experiment Challenge will invite students to cafesithe scientific though
process, as well as develop critical thinking skills, whikving a chance to have
their hardware fly in space.

Astronaut Interfacing

Currently, astronauts onboard the ISS participate in ¢tglrences with students
across the world to talk about their experiences and extiledren about space
exploration. It is expected that as technology increas$esability to expand tele-
conferencing capabilities will increase as well. This opep the possibility for
an entirely new realm of interfacing with the astronaut®liRrinary ideas include
having the public compete with astronauts while on orbitr &ample, having
the opportunity to challenge an astronaut in a computer gameon-one as a re-
ward for winning a competition in the sciences would bothré@ase the astronauts
connection to home and provide incentive for students tderge themselves and
enter competitions.

Vehicle Naming

Similar to the public outreach initiative which led to thenmag of the Mars Sci-
ence Laboratory as the Curiosity Rover, each major segnidmtb TAPER 0 and
TAPER 1 could be named as part of an international competitio

Online Education

Leading up the the mission, each space agency involved vipoe&gnt one or more
scientists to teach online courses related to the subjeetdved in the mission.
For instance, the lead scientists, or possibly the Prihd¢ipastigator, could give
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short online courses on services like edX or Coursera. Theeoeducation format
provides the students with intimate access key missiondighrs would be a major
motivational boost for the students to pursue STEM edunatio
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O Conclusion

As has been mentioned, the vision is for TAPER to act as aalistage in the
ascension of humankind to the Martian system. TAPER adesets®e key tech-
nological and knowledge gaps mentioned by the Global Eagilmn Roadmap, as
shown in sectiorl.3.3 TAPER’s scientific knowledge gains, addressed in the sci-
ence traceability matrix shown in sectidri2, not only answer the GER’s stated
knowledge gaps but explore deeper questions about the Blastsbmartian sys-
tems. To support both TAPER’s science objectives and thesEERed technology
gaps, TAPER'’s engineering framework requires significanovation in both mi-
nor and major technologies, such as those shown in seztioh

While pushing the envelope in such a manner may seem to begoioe conclu-
sion, one must be reminded of the effort and involvementiredlby the project
contributors as well as the public at large. Although ineshent of the general
public was addressed in sectiBrb, it cannot be overstated that the relationships
between the project contributors and the general publig pleritical aspect to the
overall success of the project. A mission to the martianegysis of such high
stature that the entire world will be both watching with lsabgeath and expecting
the successful outcome of the mission. Furthermore, tlewanty of the TAPER
program must be demonstrated throughout its 20-year daaflhe specialized
technologies developed to support TAPER must encouragetigio technologies
used day-to-day by the general public. The knowledge gaiyetAPER must be
properly disseminated throughout the globe, not simplyypto those scientists
involved in the project.

The manned exploration of Mars is seen by many to be a foregonelusion.

The question considered by the scientific and engineeringraanity is not why;

the questions are how and when. This viewpoint is not constd& be shared
globally, as many people outside of science and engineetiigheed to know

why. It is not a simple task to answer why a government woukhdpbillions of

dollars on a space program when so many other issues facéhamat However,
we feel Neil De Grasse Tyson provides an inspirational angda:

“Ever since there have been people, there have been exgltweking in places
where other hadn’t been before. Not everyone does it, butrevpat of a species
where some members of the species doto the benefit of us all.”
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9. CONCLUSION

Just as TAPER passes the torch of knowledge to future Matsrexp, it will also
light a fire for all of humankind.
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A Answersto the Five Challenge Questions

1. What are the science and technology objectives for a amgsia Martian Moon?

(@)

(b)

(©)

(d)

e Question: What are the objectives of the proposed project and how wél o

know if the project has succeeded?

Short Answer: The project objectives are to: 1] Demonstrate the ability to
safely transport humans to and return from the martian sys# Develop
key technologies and operations vital to human Mars exptora3] Learn
more about the solar system to better understand the pasgrmir and future
of our planet Earth, and humanitys role in the universe; 4j€anternational
collaboration in preparation for eventual missions to M&sccess will be
achieved when the project objectives are met.

Respondant Group: All

Question: What are the requirements needed to meet the project olgseti

Short Answer: Each project objective is broken down into high level mis-
sion and system requirements. This was used as a feed fomidoel design

of the TAPER mission profile. This is defined further in seet®4 and the
appendix.

Respondant Group: All

Question: What specification flow down from these requirements?

Short Answer: Specifications pertaining to the engineering, scientifid an
operational design of the TAPER mission have been developéis has
been defined in each section of the report, where a coheregtmagproach
has been implemented throughout.

Respondant Group: All

Question: What specific science objectives for primitive bodies woléd
addressed by such a mission, e.g., minearology, chemiogl@sition, struc-
ture, size, shape, mass, bulk density, porosity, rotati@macteristics?

Short Answer: Determining the origin of the moons is a mission objective,
and this will be achieved through measurements of the coitnposind in-
terior. Soil cores brought back to Earth for analysis wilbal for improved
knowledge of space weathering processes that affect swdikd. Specific
measurements we will make include: minearology, chemioatposition,
structure, bulk density, and porosity.

93



A. ANSWERS TO THE FIVE CHALLENGE QUESTIONS

e Respondant Group: All

(e) e Question: What are the strategic knowledge gaps that need to be address
(through research or precursor missions) and what (newhtdogies would
need to be tested before more challenging Human exploratisgions are
attempted?

e Short Answer: Eng: Precursor missions will address the strategic knowl-
edge gaps in landing techniques and demonstration anctewff@racteriza-
tion. Specific technologies addressing the developmerdwdreced subsys-
tem and material selection will also be examined. This ide&ielectric and
nuclear-thermal engines, power generation, communigsitgravity models
for trajectory design. Experiments will also advance tlagesbf-the-art in
human factors.

Science: Strategic Knowledge Gaps in the surface and dalbsuromposi-
tion, topography, gravitation, radiation, thermal and tegolith/dust envi-
ronment of Phobos will be addressed through remote andurpsécursor
missions. New technologies will be developed through LE@alestration
missions. This includes the human factors of extended tipagin mi-

crogravity and the independent prediction and mitigatiategies of solar
particles and galactic cosmic ray events. Specific spaite@eelopment in-
cludes electrical and nuclear propulsion, solar cells avdaced structures.

Respondant Group: All

Question: What are the advantages of sending Humans to Mars moon vs.
other targets on the flexible path? For example, what is tvardadge of
sending Humans to Mars moons instead of on an aerostationbityor to

(f)

Mars itself?

Short Answer: Landing on Mars’ moons vs. other flexible path is advanta-
geous because it allows demonstration of technology to/emiethe Martian
system, scientific investigations of targets directly ia Martian system, an
investigation for in situ resources that could be used fauriMars missions,
and ability to establish intial architecture and operag&perience for future
manned missions to Mars.

Respondant Group: All
2. Why should the proposed work be undertaken?

(@) e Question: For science, what measurements would provide constramts o
Mars system formation and evolution?

e Short Answer: Measurements designed to constrain the origin of the Mar-
tian moons will provide insight into the evolution of the Mian system.
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(b)

(©)

(d)

(€)

These measurements include detailed composition anglysithe moons
look like carbonaceous chondrites? = implies asteroiducagtypothesis,
space weathered differentiated Mars? = implies impact &ion hypothe-
sis, undifferentiated bulk Mars? = coaccretion formatid@haracterization
of the Phobos’ interior through a seismic network could a&seal whether
the moon is a unconsolidated rubble pile or possibly podéiptdifferenti-
ated, and presence of subsurface water ice detected byneytectrometer
or orbiting radar would imply the moon likely formed in theteusolar sys-
tem and migrated inwards. Finally, investigation of theoléh will provide
of record of the space environment around Mars throughdaty) several
billion years.

Respondant Group: Science

Question: What measurements may provide key information on Mardtsel

Short Answer: If Phobos is found to be formed through impact or co-
accretion, measurements of Phobos materials will be arstiat®n of Mar-
tian materials, which would provide key information aboatlg Mars’ ma-
terial. A secondary science goal is also to search for aeciodind possible
Martian meteorites on Phobos’ surface, and if found, thitenma would also
provide insight about Mars itself.

Respondant Group: Science

Question: What information would we learn at Phobos and Deimos that
could be leveraged to better understand small bodies inrgleaad near
Earth asteroids (NEAS) in particular?

Short Answer: If Phobos is found to be a primitive body, an investigation
of Phobos would be the first investigation of a dark primitsreall body.
Additional, analyses performed Phobos’ regolith will paeva better under-
standing of the kinds of the space weathering processespeaate across
the solar system, and this knowledge would be extendabéntote observa-
tions of other small bodies. (Currently the best undersgpate weathering
processes are for our own moon based on returned lunar sgmple

Respondant Group: Engineering and Science
Question: Could Phobos and Deimos be sources for future resources in th
Martian system, e.g., metals, minerals, water?

Short Answer: This is indeed a possibility, and answering this question is
one of our main mission objectives.

Respondant Group: Engineering and Science

Question: Why/how would they serve such a role in an effective manner?
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e Short Answer: Our mission intends to investigate this question. If in s&tu
sources are found to be present, knowledge about theiidosaand amount
could be used to develop efficient extraction technologgoReces may also
not be found and/or found in such low abundances that irzintgithem costs
would outweigh benefits.

e Respondant Group: Engineering and Science

() e Question:Would there be interest in performing tele-operations fome of
the moons to Mars? What would be the benefits of such an a&ivit

e Short Answer: We decided against tele-operations of rovers on Mars for our
mission because (a) we wanted to maximize the science réguiPhobos
and found 30 days would not be sufficient to do this and telerate rovers
and (b) we didn’t want a major science goal to depend on a proghan
may or may not be in place by the time our mission launches.

¢ Respondant Group: Engineering, Operations and Science
(g) e Question: What knowledge is needed before Humans explore the Martian
moons?
e Short Answer: See answer to question about strategic knowledge gaps (ques
tion 1).
e Respondant Group: All
(h) e Question: Do we need robotic precursor missions?

e Short Answer: Remote sensing and in-situ robotic precursor missions will
be used to address the current SKGs. This is addressedrfurtaestion
1.5.

e Respondant Group: Engineering, Policy and Science

() e Question: If so, how does one maximize the synergies between robotic an
human missions?

e Short Answer: Synergies will be developed as a feed forward for the fu-
ture robotic exploration of the Mars-Moon system. LesseaagHrt from the
robotic precursor missions have been included as additpaydoad margin
for future scientific and engineering analysis. Synergiss &cludes the
astronaut-surface-control of in-situ mobility systemsisTwill be used as-
sess a greater diversity of samples and to maximize the E¥fitgdime of
the astronauts.

e Respondant Group: Engineering, Operations

() e Question: What are the advantages/disadvantages of robotic flybys, re
dezvous, and sample return?
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(k)

()

(m)

(n)

Short Answer: Robotic flybys would be the cheapest mission, but would
yield the least amount of information. A sample return wdudnost expen-
sive, but return the maximum science. Based on the SKGs itletesmined
that an Orbiter and in-situ sampling would be the appropriathnique for
achieving the necessary scientific and engineering olsgsc minimal ex-
pense.

Respondant Group: Science

Question: Considering answers the questions/sub-questions abba¢would
be the ideal suite of science instruments to use and teahiesldo test on
precursor to human exploration missions?

Short Answer: Primary surface science instruments include human sample
collection (robonauts, sample boxes, bags, tongs, ralkesniter, cameras
etc), mobile science platforms (spectrometers, imagirsgesys, communi-
cation), seismic network stations and space weather sgafmasma wave,
micrometeorite, dust particle detector and communicasygstem). Addi-
tional science can also be performed on the DSV, duringtnérasd through
lessons learnt gained from the precursor missions. Thideiused for fun-
damental science, technology demonstration and undeistahuman fac-
tors of extended operations in space.

Respondant Group: Science

Question: Which moon would be most attractive for a human mission?

Short Answer: Both Phobos and Deimos can be used for a human mission.
Phobos was considered to be the more geologically atteaotigsion and
was therefore selected for the TAPER mission. It also pewid reliable
trajectory.

Respondant Group: All
Question: Do the two moons offer the same potential from a science stand
point? From an exploration standpoint?

Short Answer:From a science AND exploration standpoint following our
mission objectives, we felt Phobos was the more desirablennbased on
its hypothesized greater likelihood to contain subsurfadatiles, spectral
homogenity and geologic features of interest (large Segkerater, groove
system).

Respondant Group: Engineering and Operations

Question: Which of the two moons is more easily accessible for possible
first robotic and human exploration missions?
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(0)

Short Answer: Phobos is the most desirable moon based on science and ex-
ploration standpoint. Its position closer to the moon makertae trajectory
more expensive, but th&V” will finally depend on the specific trajectory

Respondant Group: Science

Question: Are there potential planetary protection/contaminatssues?

Short Answer: Forward Planetary Protection Issues include ensuring no
contaminated hardware enters the atmosphere of Mars (Bl®bot a major
concern for forward contamination). Backwards contanmamaposes larger
issues, especially when returning samples. Any surfadectmes into con-
tact with Phobos material cannot come into contact with asyrghaut or

the Earth environment. Therefore any samples have to breakhain of
contact.

Respondant Group: Operations and Science

3. How will the proposed work be accomplished?

(@)

(b)

(©)

Question: How would a human mission to a Martian moon be undertaken?

Short Answer: The TAPER mission proposed a feasible way to get humans
to the moon and get the back safely. Details are given on fiwte

Respondant Group: All

Question: What are the mission drivers in terms of risks and costs?

Short Answer: The largest risk of this mission is the potential loss of crew
members. Crewed missions, while enabling greater captigxploration
and data collection, are inherently risky because of thedddmplexity of
life support systems and human factors. This is the majosionscost driver
due to the mass requirements levied on engineering sulbsysteincorpo-
rate life support.

Respondant Group: Operations

Question: What are the launch and spacecraft capability requiremergs
numbers of launches, staging in orbit, transit to Martiaromaperations in
orbit, landing, length of stay, sample collection, depatiEarth return?

Short Answer: Although a variety of launch combinations and qualitative
trajectory characteristics could be analyzed, this des@rsiders one sin-
gle solution. In the proposed solution, 6 launches are eyeplofirst, four
launches for the fuel tanks, the next for the Deep Space &taditd PSE,
and the final for the crew. All components are launched int®@Lldhd must
rendezvous prior to departing LEO, on the nominal Earth dapadate. The
five prior launches must be staged based on launch locatr@hsaimum
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(d)

(€)

(f)

launch intervals. A Lambert arc is employed to transfer ftds® to a High

Mars Orbit in the orbital plane of Phobos. Successive maemsuare applied
in order for the crew to enter an L1 Lyapunov in the Mars-Plsofgstem.
This plan is reversed for departure from the Martian systamd,a Lambert
arc is used to transfer to Earth. When the crew returns tdEdirect Earth
entry is employed. The total time of flight is 456 days and thtaltdelta

v is 13.5 km/s. Based on launch and spacecraft requiremtaigsnission
concept appears feasible.

Respondant Group: All

Question: What should be the components of an orbiting spacecraft and a
proximity or landing unit be and why, e.g., cameras, prapalscommu-
nications, attitude control, science instruments, saroplkction devices,
habitat, etc.?

Short Answer: An orbiting spacecraft should include remote sensing ca-
pability, which our mission has been designed to. RCS thrastn the
spacecraft are vital to maintain stationkeeping abilityd avith the ADCS
propulsion system, the main propulsion should be somettaiigple in the
event the spacecratft is to avoid risk. Our landing unit aftesto demonstrate
technology that hasn’'t been done before, however it alsorpurates a reli-
able hypergol system. For communications, the satelliadl sfaintain line

of sight for at least 50% of the time which will effect the drbThe landing
system should include provisions for the crews stay, inolgidample collec-
tion devices that mitigate the risk of contamination. Fansportation of the
samples, a cryogenic system should also be incorporateskimtke samples
from getting contaminated.

Respondant Group: All

Question: Do the necessary components exist, or must they be devéloped
If they must be developed, what is the level of maturity, ,etgchnology
readiness level (TRL), of the various components that mesuzcessfully
integrated for success?

Short Answer: The mission concept is mainly based on available technolo-
gies or technologies already in development. However, tission includes
some revolutionary concepts that will need a further redeanvestigation.
Each one of the technologies are explained in the appregiepter.
Respondant Group: Engineering and Operations

Question: What is the budget, schedule, and risk of the proposed waidert
ing? What budget and schedule reserves need to be plannédarghn the
project be descoped, if in the course of its developmentptasen that the
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(9)

(h)

(i)

technical and other risks were underestimated, i.e., ibtiginal goals can-
not be met within the allocated budget and schedule? Are gr@ough mar-
gins inits goals so the project can be descoped and still sewtin/primary
objectives?

Short Answer: The budget for the project is required to remain below $100
Billion to maintain feasibility by comparing the programstavith the ISS.
The schedule is somewhat flexible with launch, as the mamggeen allo-
cated to the latest launch window of 2035, and also include's ane week
launch window so that it can still achieve mission succesgshé event the
project must be descoped, the science requirements of chngscience on
the way to Phobos can be descoped. To be successful, themisast still
be able to land on Phobos, as this mission element can notdmged. If
technologies extrapolations for the PBR technologies at@chieved in the
near future, the reactor can be redesigned for a NERVA tysiBy, however
with a mass penalty of an extra 10,000 in reactor mass.

Respondant Group: Operations

Question: What are the spacecrafl’ requirements, mission phases, and
mission timeline?

Short Answer: The total AV for the TAPER mission is estimated at ap-
proximately 13.5 with an additional margin factor of 5% taaant for ma-
neuvered the astronauts may need to correct for in flight. riiission goes
through three phases. LEO to Martian transit, PSE landinBlwbos, and
the return trip of the Crew vehicle. The second phase of tlssion is critical
for the crew’s return.

Respondant Group: Engineering

Question: Is chemical propulsion, advanced propulsion techniquesome
combination of the two indicated? Why?

Short Answer: Advanced propulsion is necessary to achieve an orbit to the
Mars region in a reasonable amount of time. Without using-ctoemical
methods, the PMF of the propellant approaches 100% makmmgniksion
impossible.

Respondant Group: Engineering

Question: What are the specific communications issues for the proposed
project? How would they be met?

Short Answer: If an emergency occurs on orbit and the crew is not able to
communicate with ground operations then tablet teleojmerawill be used

to mitigate the issues. The crew will be trained on how to hesé devices.

An example is provided in the telemedicine section.
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)

(k)

()

(m)

(n)

(0)

Respondant Group: Engineering

Question: What additional requirements are there for Human explonatf
the Martian moons?

Short Answer: The requirements are defined in the appropriate section in
the report.

Respondant Group: Engineering

Question: What are the needs for in-space repairs, spares, dissiredar
dundancies (“multiple string”), and contingencies? Hoveslthe proposed
project balance system complexity and cost with risk?

Short Answer: The 3D metal prototyping machine will be used to make
spare parts from powder aluminum. The aluminum will be usedhfthe
consumable wrappers as well as a small supply that was ladnchingle
point failures will have a back-up to prevent mission faglur

Respondant Group: Engineering

Question: What is the optimal crew size for the proposed mission andavhy

Short Answer: The crew size will be 4 astronauts, including 2 male and 2
female. This number is primarily driven by mass constraiteen if initially

an odd number has been suggested, four crew members haveHuessm
over three to maximize the mission objectives and minimigchological
issues derived of a really small crew number.

Respondant Group: Engineering
Question: How do we best mitigate radiation-tissue damage and extende
periods of weightlessness?

Short Answer: Techniques to perform these can be included in the SC, but
shall be provided by Science/HSF HF: Habitat structure ballmade of a
low-z material (Velctran) with a 20 [g/cm2] thick shell. Iddition, magnetic
field active shielding will deflect the radiation.

Respondant Group: Engineering
Question: How do we mitigate the psychological effects of long fligindis,
out of sight from Earth, and in habitats of minimal sizes?

Short Answer: Will account for interpersonal conflicts, sleep disturbes)c
boredom, performance decrement, and decline in group cuorjha

Respondant Group: Engineering

Question: Why is the proposed approach best-suited to achieve the-obje
tives?
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e Short Answer: A crewed mission to Phobos is the best design to fulfill the
challenge objectives because of the capabilities it offersollect the pro-
posed science data and begin to prepare for a martian slafadiag.

e Respondant Group: Operations

(p) e Question: Should there be international partners? If so, should tleeyant
of the critical path?

e Short Answer: International partners will be incorporated into the nossi
to dilute cost and increase knowledge base. The missiorb@ilnhanaged
by one entity, much like the ISS, but will have contributidrem all partner
nations.

e Respondant Group: All

(q) e Question: If not, would that be a unilateral US choice?
e Short Answer: N/A

e Respondant Group: Operations

() e Question: Outreach: how would you engage the public and convince tax-
payers that such a mission is worth the cost?

e Short Answer: Public will be engaged though opportunities to interfactawi
astronauts and design non-critical flight hardware. Plezfeeto report main
body for more detail.

e Respondant Group: Operations

(s) e Question: How will you organize your mission campaign to promote polit
cal sustainability? What milestones (hardware delivey tsting, determi-
nation of unknown parameters, etc.) will you define to helga@in progress
towards your ultimate mission goal? How will the program gmadject be
managed?

e Short Answer: The mission will be incorporated in a global exploration
roadmap as defined by partner nations. Milestones inclutetdogy devel-
opment detailed in report and precursor missions. Pledsetoereport main
body for more detail.

e Respondant Group: Operations
4. What will be learned and what will the benefit(s) be if thejpct is successful?
(@) e Question: What results and conclusions can be expected that will advan

the state of our understanding and the state of the art? Whaldwtheir
benefits be?
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e Short Answer: TAPER results in the filling of key technology and science

gaps leading to Mars crewed exploration. Benefit is charaet similar to
the Apollo program - the advancement of humankind, bothcehrelogical
development at home and in space, as well as understanding ohiverse.

e Respondant Group: All

5. How will the results change the future?

(@)

e Question: It may appear to be a tall order that the results of the prapose

project should be expected to change the future. Howeveireifesults will
have no influence on the future, i.e., if the project will makedifference,
and benefits commensurate with its cost and risk cannot lrgifiee then
one could argue that such a mission should not be undertaledin a

Short Answer: Humankind’s landed exploration of Mars is a near inevitabil
ity, and the benefits are legion. The larger challenge is soienthe benefits
of such a venture are properly communicated to the publmpe@ally when
pressing concerns at home arise and overshadow the lamggteals of the
space program.

e Respondant Group: All
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B Mission Power and Link Budgets

Vehicle Component Power (W) Power Source
Cargo
Vehicle Solar Arrays 300000 Solar Power
Communications 200
Science 100
Deep Space
Habitat ECLSS 16300 Solar Power
Solar Arrays 18500
Communications 120
Science 2000
Phobos
Surface Solar Power + Li
Explorer ECLSS + Comms 4000 lon Batteries
Solar Arrays 3000
Li lon Batteries 3000
Robotic Arm
Control +
PSEP Comms 2500 Li lon Batteries
Li lon Batteries 3000
Crew Vehicle | Sample Storage 400 Solar Power
Solar Arrays 2000
Science
Instruments | Solar Array (self-
in Robots powered) 20 Solar Power
On-board
scientific
instruments 20

Figure B.1: Mission power budget.

104



B. MISSION POWER AND LINK BUDGETS

Down Link Budget with X-Band from DSV to DSN

Svymbol Units Yalues dB
Frequency f GH=z a
“Wavelength A m 0.0375
Diztance [transrmitter to receiver| r i 4E+11
| I
Satellite Comm. System
Fower From the Transmitter Armplifier P W 100 20
Tranzmit sntenna Diarneter O, m 4
Tranzmit Antenna Efficiency M. - 0.6
Tranzrit Antenna Gain ER - E¥376.43338 4823508
Effective |sotropic Radiated Power EIRF i E7I7E43.938 EB.28503
Between Satellite and Ground
Free Space Loss L, - 17967 E+28 2825443
Ground Comm. System |
Feceiver Antenna Diammeter 0, m 34
Receiver Anternna Efficiency M, - e
Receiver Antenna Gain @, - 4867952 08 BE.A7Y246
Receiver Cable Lozs frzoce - 1 ]
Low Moise amplifier Gain Pl - 10000000 il
Dutput Power P W 182048E-08 -F7.3862
Moise Figure
Bandwidth B Hz BO000000 743
Eoltzrmann Constant k. Wil =] 138E-23
3ain to Temperature Ratio GIT 194934 45 529
Total Receiver Gain G4 424487 173 B8.08514
Susztern Ternperature T I 33
Cutput Moize P W 146513E-0F  -63.3412
Error Hate
Ciata Rate R bp= R12000
Output Signal to Moize Batio ShR, 0124594393
= QPS5 X 4,.933047705
Eit Error Hate [BER] BER errorfbit. 4. 2027E-0F
Access
Fars-E arth Access Time [hr) 46
Data Transferred over Access tirne
[rMegabutes) 1010.739732

Figure B.2: DSV to DSN communications budget.
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B. MISSION POWER AND LINK BUDGETS

Down Link Budget with X-Band from PSE to DSV

Svymbol Units Yalues dB
Frequencu f GHz 8.4
W avelength A m 0035714286
Distance [tranzrmitter to recerver] r m 100000
PSEIPSEY Comm. System |
Power Frorm the Transmitter Arnplifier Fe iy h B.98597
Tramzrnit Antenina Diarmeter 0, m ns
Tranzmit Antenna Efficiency M. - NG
Tranzrit Antenna Gain &, - TEDEER4TE 3064707
Effective |zatropic Badiated Power EIRF W BB03.327388 3763677
Between Satellite and Ground |
Free Space Loz L - 123804E+15 1809274
DS5Y Comm. System |
Feceiver Antenna Diameter O, m 4
Receiver Antenna Efficiency M. - e
Receiver Anternna Gain &, - v4282.59056  43.70837
Low foize Armplifier Gain Bina - 1 0
Cutput Power i U J4B2E-0F  -B4.5817
Moise Figure
Bandwidth B Hz AOO00000 743
Boltzrnann Constant k. Wil 27 1.38E-23
Total Receiver Gain G 100000 50
Susztemn Temperature T ertem . 1000
Cutput Moise 1 W 0.0000000BS. -F1ET1S
Error Rate
Data Fate R bp= 1048576
Receiver Signal to Moize Ratio ShiR,
Cutput Sighal to Moize Ratio ShiR, h.045371642
Ebdha EbMo 240 6297513
Carrier to Moize Density Ratio o 1298062925
= OPSK b 2193762785
Eit Error Rate [EER] BER erronbit  B.EISFE-10F
Access
kdarz-Earth Acceszs Time [hr] 23
Data Transferred over Access time
[Megabutes) 1034.997 486

Figure B.3: PSE to DSV communications budget.
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C Mission Requirements

1. Demonstrate the ability to send humans to the martiaresysid return them safely
with samples of the environment.

(@) The human crew shall travel to Phobos and return.

I. The vehicle(s) shall provide transportation to and frdra tartian System
with acceptable risk.

A. A Crew Vehicle shall provide for Launch and Entry into Bestatmo-

sphere.

. A Deep Space habitat shall provide for the comfortablatatibn of the

crew during the Earth-martian system travel.

. A Phobos Surface Explorer (PSE) shall enable the crewsoetel to the

surface of Phobos and move around on the surface.

. Adequate propulsion capability must be provided to penfall manoeu-

vres throughout the mission profile, with an appropriategimar

ii. A Deep Space habitat shall provide for the comfortableitsgion of the crew
during the Earth-martian system travel.

iii. A Phobos Surface Explorer (PSE) shall enable the crewdscend to the
surface of Phobos and move around on the surface.

iv. Adequate propulsion capability must be provided to perf all manoeuvres
throughout the mission profile, with an appropriate margin.

¢ Including operating in Phobos’ eclipse seasons.

v. The crew shall be capable of performing an Extra VehicAlztivity.

(b) The human crew shall remain safe for the mission duration

i. An ECLSS System shall support the crew in acceptable enmient for the
duration of the mission.

ii. The crew shall not be exposed to unacceptable levelsdhtian.

A.
B.

The radiation dose shall not exceed the 3% excess canatalityorisk.

There shall be an adequate “safe haven” to completelgat&SPE dur-
ing a solar storm.

. The sleeping quarters shall include adequate shielding.

There shall be a minimum 20 kg/érof shielding throughout spacecraft.

. The level exposure should be measured for verification.
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C. MISSION REQUIREMENTS

iii. Appropriate countermeasures for the effects of micavity shall be provi-
sioned.

e The astronauts shall be capable of perform EVAs on the moon ap
rival.

iv. Consumables for crew sustenance shall be provided odthation of the
mission.

v. The crew shall maintain reasonable psychological helatbughout the mis-
sion.

A. The habitat shall be of sufficient volume to be comfortable

1.62 kg/day/Astronaut Drinking.

0.75 kg/day/Astronaut Food Preparation.

1.15 kg/day/Astronaut Food Content

1 kg/day/Astronaut Hygiene
B. There shall be adequate rest periods scheduled.
C. The crew work schedule should be reasonable.

D. The crews shall be carefully selected to be capable obparhg in the
environment.

vi. Clinical Care provisions shall be included.
A. Provide a first Aid Kit.
B. Provide a Dental Kit.
C. Provide Minor Surgical Equipment.

D. Telemedicine principals shall be included.
(c) The mission shall comply with all planetary protectiandglines.

I. No part of the mission hardware shall have a high probgtoli entering the
martian atmosphere (Forward contamination).
A. <99% in 20 Years.
B. <95% in 50 Years.

C. Suitable End of Life provisions should be planned and enp@nted for
all mission elements.

ii. No part of the hardware exposed to potentially martiartenal shall return
to earth without being thoroughly sealed { x 10~% chance of exposure to
Earth’s atmosphere outside a containment field.)

(d) There should be contingency of launch opportunitiebédase of mission delay.

(e) Key Technologies relevant to future missions to theam@rfof Mars shall be
demonstrated.
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C. MISSION REQUIREMENTS

() Demonstrate the ability to mitigate psychological artdygiological effects of
deep space flight to and from the martian system.

2. Assess the feasibility of Phobos and/or Deimos as ressudor future missions to the
martian surface.

(a) Determine is the volatile content of the moon’s surfawe subsurface

e Measure regolith water content in situ, drill into areashiifeed by precursor
as potential having subsurface water

(b) Detect and quantify any mineable material including mesgum, methane, am-

monia, clays, REE

3. Investigate the origin and evolution of the moons to bettelerstand the martian sys-
tem.

(a) ldentify diverse suite of rocks and regolith to be cdielcand returned for detailed
laboratory investigation.

e Rock and soil samples must be collected from at least twditotson Pho-
bos (red and blue units)

(b) Determine composition in situ of rocks and regolith frdimerse and well char-
acterized locations.

e Rock and soil samples must be investigated from at least dwatibns on
Phobos (red and blue units)

(c) Constrain internal structure of Phobos.
e Seismic measurements from 3 (nominal) or 5 (preferred)ragpéocations.
(d) Characterize Phobos regolith and processes that ma&rhadified it over time.

e High resolutionimaging of regolith in situ to characterggain size/distribution/roundness
investigation of returned core samples.

4. Understand the current environment of Phobos in the gbafehe martian system to
support architecture for future manned Mars missions.

(a) Characterize effects of space weathering on the Phobgslith.
e Collect core samples from at least three locations on eathm$ites.
(b) Understand how radiation is attenuated and blocked @suiface over time.
e Measure fluxes and energies of particles received at Phobiass.
(c) Quantify amount of dust fall and frequency of micrometteampacts on Phobos.

e Measure dust fall on Phobos
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