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FOREWORD

¢

This report serves as an Addendum to NASA/SP-2009-566, “Human Exploration of Mars Design Reference
Architecture 5.0.” The data and descriptions contained within this Addendum provide additional detail and analyses
conducted in the development of DRA 5.0. NASA/SP-2009-566 serves as the primary document describing DRA 5.0,
including potential areas where discrepancies exist with this Addendum. The individuals listed in the appendix
assisted in the generation of the concepts as well as the descriptions, images, and data described in this report. Specific
contributions to this document were provided by Dave Beaty, Stan Borowski, Bob Cataldo, John Charles, Cassie
Conley, Doug Craig, John Elliot, Chad Edwards, Walt Engelund, Dean Eppler, Stewart Feldman, Jim Garvin, Steve
Hoffman, Jeff Jones, Frank Jordan, Sheri Klug, Joel Levine, Jack Mulqueen, Gary Noreen, Hoppy Price, Shawn
Quinn, Jerry Sanders, Jim Schier, Lisa Simonsen, George Tahu, and Abhi Tripathi.

Bret G. Drake

Auvailable from:

NASA Center for AeroSpace Information National Technical Information Service
7115 Standard Drive 5285 Port Royal Road
Hanover, MD 21076-1320 Springfield, VA 22161
Phone: 301-621-0390 or 703-605-6000

Fax: 301-621-0134

This report is also available in electronic form at http://ston.jsc.nasa.gov/collections/TRS/
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1 INTRODUCTION
¢

1.1  Background and Purpose

The NASA authorization act of 2005 articulated a new Vision for Space Exploration, specifically stating that “The
Administrator shall establish a program to develop a sustained human presence on the Moon, including a robust
precursor program, to promote exploration, science, commerce, and United States preeminence in space, and as a
stepping-stone to future exploration of Mars and other destinations.” This Vision calls for a progressive expansion
of human capabilities beyond low-Earth orbit (LEO), seeking to answer profound scientific and philosophical
questions while responding to discoveries along the way. This vision sets forth goals of: returning the space shuttle
safely to flight; completing the International Space Station (ISS); retiring the space shuttle when the ISS is complete;
sending precursor robotic orbiters and landers to the Moon; sending human expeditions to the Moon, conducting
robotic missions to Mars in preparation for a future human expedition; and conducting robotic exploration across the
solar system. In addition, the Vision articulates the strategy for developing the revolutionary new technologies and
capabilities that are required for the future exploration of the solar system. This vision specifically calls for: (1)
implementation of a sustained and affordable human and robotic program to explore the solar system and beyond;
(2) extending human presence across the solar system, starting with a human return to the Moon no later than the
year 2020, in preparation for human exploration of Mars and other destinations; (3) developing the innovative
technologies, knowledge, and infrastructures to support human and robotic exploration; and (4) promoting
international and commercial participation in exploration to further U.S. scientific, security, and economic interests.
The Vision represents a bold new step for the nation and NASA.

In January 2004, NASA established the Exploration Systems Mission Directorate (ESMD) to lead the development of
new exploration systems to accomplish the task of implementing the Vision. To determine the best exploration
architecture and strategy to implement these many changes, the Exploration Systems Architecture Study (ESAS)
was conducted from May to July 2005. The ESAS provided the top-level architectural foundation and driving
requirements for the lunar transportation systems. From June 2006 through July 2007, NASA conducted the Lunar
Architecture Team (LAT) series of studies that was aimed at further definition of the goals and objectives, activities,
and systems that are necessary to conduct the lunar surface portion of the Vision. The ESAS focused on the
transportation system (getting to and from the lunar surface), whereas the LAT studies concentrated on the activities
that would be conducted on the surface.

12  Mars Architecture Working Group

During execution of the second half of the LAT studies, NASA Headquarters recognized that lunar architecture
work must be conducted in an environment of what comes next, most predominately of which is human exploration
of Mars. Significant progress was being made in the definition of the lunar transportation system (Ares crew and cargo
launch vehicles, the Orion crew vehicle, lunar lander, the supporting ground and mission operations infrastructure)
as well as the lunar surface architecture and systems; however, further refinement and confirmation of how these
systems would either be used or modified for future exploration capabilities was required. In addition, the Science
Mission and Aeronautics Research Mission Directorates were in the process of defining future Mars robotic
missions as well as fundamental research activities related to future human exploration missions. NASA
Headquarters, in recognition of the need for an updated and unified vision for human exploration of Mars,
commissioned The Mars Architecture Working Group (MAWG) in January 2007 specifically to:

e Update NASA’s human Mars mission reference architecture, which defines:

0 Long-term goals and objectives for human exploration missions
Flight and surface systems for human missions and supporting infrastructure
An operational concept
Key trade studies for future analysis
Key challenges, including risk and cost drivers
0 Development schedule options

e Develop an approach for reducing the cost/risk of human Mars missions through investment in research,

technology development, and synergy with other exploration plans, including:

Oo0Oo0Oo
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Robotic Mars missions
Cis-lunar activities
ISS activities
0 Earth-based activity, including analog sites, laboratory studies, and computer simulations
o Perform additional research and technology development investment
e  Assess strategic linkages between lunar and Mars strategies

O 0O

The MAWG was established as an agency-wide team including representatives and working groups from the
ESMD), Science Mission Directorate (SMD, Aeronautics Research Mission Directorate (ARMD), and Space
Operations Mission Directorate (SOMD). During the 2007 study effort, employees from NASA Headquarters and
the field centers were involved in design, analysis, planning, and costing activities. The MAWG relied heavily on
the deep body of work that is related to human exploration of Mars as the starting point for further deliberations and
analyses.

This report does not constitute a formal plan for human exploration of Mars. Instead, it serves as a vision for future
human exploration of Mars that is one potential approach based on current best estimates of what we know today.
This approach is used to provide a common framework for future planning of systems concepts, technology
development, and operational testing. In addition, it provides a common reference for integration between multiple
agency efforts including Mars robotic missions, research conducted on the ISS, and future lunar exploration
missions and systems.

A Joint Steering Group was established at the beginning of the study to provide representation of the major NASA
Headquarters mission directorates. The Steering Group reviewed the primary products that were produced by the
MAWG,, providing insight, guidance, and, ultimately, concurrence of recommendations that were made by the
team. The MAWG itself was organized into a Strategy Team (providing resources and strategic study guidance), an
Integration Team (focusing on the daily study performance, risk, and cost trades as well as product development),
and Study Elements (providing the expertise that is associated with the technical study) (figure 1-1).

Joint Steering Group

« Agency Guidance and Decision Concurrence
« Exploration Systems Mission Directorate
« Science Mission Directorate
 Aeronautics Research Mission Directorate
« Space Operations Mission Directorate

Mars Strategy Team

.

Develop and maintain overall study plan

« Identify resources to support Study Teams .

« Concur on recommendations developed by the Mars ArCh Iitecture
System Integration Team A

« Present findings and recommendations to Joint Workl n g GrO u p

Steering Group for review/approval

]

System Integration Team Study Elements
« System integration support A specific set of areas that define various
« Technical interface between study elements pieces of the Mars Architecture
and MST « Flight & Surface Systems Architecture
« Risk assessments and integration “ * Goals & Objectives
« Cost assessments and integration * Precursors
< Technical integration of study element products « Crew Health & Performance
and issue resolution « Entry Descent & Landing Technology
« Publication of study products /
| - Public Engagement J

Figure 1-1. Mars Architecture Study Working Group organization.
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The MAWG began its deliberations by gathering and reviewing all pertinent data and technical analyses of human
exploration of Mars that were performed in the recent past. This included the retrieval of dozens of studies, technical
papers, and policy documents. In addition, a set of study ground rules and assumptions (GR&ASs) as well as figures
of merit (FOMSs) to be used in the architectural decision process were developed and reviewed with the Joint Steering
Group for concurrence. Specifics of the GR&As and FOMs are discussed later in this document.

1.3 History of the Design Reference Architecture

During the past several years NASA has either conducted or sponsored numerous studies of human exploration
beyond LEO (figure 1-2). These studies have been used to understand requirements for human exploration of the
Moon and Mars in the context of other space missions and research and development programs. Each exploration
architecture provides an end-to-end mission reference against which other mission and technology concepts can be
compared. The results from the architecture studies are used to:

e Derive technology research and development plans
e Define and prioritize requirements for precursor robotic missions

o Define and prioritize flight experiments and human exploration mission elements, such as those involving
the space shuttle, ISS, and space transportation

e Open a discussion with international partners in a manner that allows identification of potential interests of
the participants in specialized aspects of the missions

e Provide educational materials at all levels that can be used to explain various aspects of human
interplanetary exploration

e Describe to the public, media, and political system the feasible, long-term visions for space exploration

1988-89: NASA “Case Studies”

1990: “90-Day” Study

1991: “Synthesis Group”

1992-93: NASA
Mars DRM v1.0

1998: NASA Mars
DRM v3.0

1998-2001:
Associated v3.0
Analyses

2002-2005:
DPT/NEXT/ESAS

2007 Mars
Design
Reference
Architecture
5.0

\_

Figure 1-2. History of the Mars design reference architecture (DRA).
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Each architecture study emphasized one or many aspects that are critical for human exploration to determine basic
feasibility and technology needs. Example architectural areas of emphasis include:

Destination: Moon < Mars <> Libration Points <> Asteroids <> Phobos/Deimos
System Reusability: Expendable < Reusable
Architecture Focus: Sorties <> Colonization

Surface Mobility: Local < global

Launch Vehicles: Existing & New Heavy Lift
Transportation: Numerous technologies traded
LEO Assembly: None < Extensive

Transit Modes: Zero gravity < Atrtificial gravity
Surface Power: Solar <> nuclear

Crew Size: 424

ISRU™: None < Extensive

1.3.1  Office of Exploration case studies (1988)

In June 1987, the NASA Administrator established the Office of Exploration in response to an urgent national need
for a long-term goal to energize the U.S. civilian space program. The Office of Exploration originated as a result of
two significant assessments that were conducted just prior to its creation. In 1986, the National Commission on
Space, as appointed by the President and charged by Congress, formulated a bold agenda to carry the U.S. civilian
space enterprise into the 21st century. Later that year, the NASA Administrator asked scientist and astronaut Sally
Ride to lead a task force to look at potential long-range goals of the U.S. civilian space program. The task force
report, “Leadership and America’s Future in Space,” outlined four initiatives, which included both human and
robotic exploration of the solar system.

In response to the task force report, the Office of Exploration conducted a series of studies of human and robotic
exploration beyond LEO during the 1987-1988 timeframe. These studies ranged in scope and scale as well as
utilization of various technology implementations with the direct purpose of providing an understanding of the
driving mission, technology, and operational concepts for various exploration missions. In all, four focused case
studies were examined, including: Human Expeditions to Phobos, Human Expeditions to Mars, Lunar Observatory,
and Lunar Outpost to Early Mars Evolution.

The case studies were deliberately set at the boundaries of various conditions in order to elicit first principles and trends
toward the refinement of future options, as well as to define and refine prerequisites. The objective of this approach
is to avoid making simple distinctions between exploring the Moon or Mars, but rather, to determine a viable
pathway into the solar system.

Recommendations resulting from the 1988 case studies include the following key points:

e  Space station is the key to developing the capability to live and work in space.

e Continued emphasis on research and technology will enable a broad spectrum of space missions and
strengthen the technology base of the U.S. civilian space program.

e Avigorous life science research base program must be sustained.

e A heavy-lift transportation system must be pursued with a capability that is targeted to transport large
quantities of mass to LEO.

e Obtaining data via robotic precursor missions is an essential element of future human exploration efforts.
o An artificial-gravity research program must be initiated in parallel with the zero-gravity countermeasure
program if we are to maintain our ability to begin exploration in the first decade of the next century.

e An advanced development/focused test program must be initiated to understand the performance and
capability of selected new technologies and systems.

ISRU = in-situ resource utilization
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1.3.2  Office of Exploration case studies (1989)

Continuing from the 1988 studies, the Office of Exploration continued to lead the NASA-wide effort to provide
recommendations and alternatives for a national decision on a focused program of human exploration of the solar
system. During 1989, three case studies were formulated for detailed development and analysis: Lunar Evolution,
Mars Evolution, and Mars Expedition. In addition, a series of special assessments was conducted. These special
assessments focused on areas of “high leverage” that were independent of the case studies and cover a generally
broad subject area with potential for significant benefit to all mission approaches. Special assessments included:
Power System, Propulsion System, Life Support Systems, Automation and Robotics, Earth-Moon Node Location,
Lunar Liquid Oxygen Production, and Launch/On-Orbit Processing.

Results from the 1989 Office of Exploration studies were published in the fiscal year (FY) 1989 Office of
Exploration Annual Report. Key conclusions from the 1989 studies include:

Mars Trajectories: Human missions to Mars are characterized by surface stay. Short stay refers to
Opposition Class missions, and long-stay pertains to Conjunction Class missions.

In-space Propulsion: All-propulsive, all-chemical transportation results in prohibitive total mission mass for
Mars missions (1,500-2,000 mt per mission). On the other hand, using aerobraking at Mars can provide
significant mass savings (50%) as compared to all-propulsive chemical transportation. Incorporation of
advanced propulsion, such as nuclear thermal rockets (NTRs) or nuclear electric propulsion, can result in
mission masses that are comparable to chemical/aerobraking missions.

Reusable Spacecraft: Employing reusable spacecraft is predominantly driven by economic considerations;
however, reusing spacecraft requires facilities that are located in space to store, maintain, and refurbish the
vehicles or the vehicles must be designed to be space-based with little/no maintenance.

In-situ Resources: The use of in-situ resources reduces the logistical demands on Earth of maintaining a
lunar outpost and helps to develop outpost operational autonomy from Earth.

Space Power: As the power demands at the lunar outpost increase above the 100 kWe level, nuclear power
offers improved specific power.

1.3.3  NASA 90-Day Study (1989)

On July 20, 1989, the President announced a major new vision for exploration. In that speech he asked the Vice
President to lead the National Space Council in determining what was needed to chart a new and continuing course
to the Moon and Mars. To support this endeavor, NASA Administrator Richard Truly created a task force to
conduct a 90-day study of the main elements of a human exploration program. Data from this study were to be
used by the National Space Council in its deliberations. Five reference approaches were developed, each of which
along the lines of the President’s strategy of space station, Moon, then Mars. Regardless of the reference
architecture, the study team concluded that heavy-lift launch vehicles (HLLVs), space-based transportation systems,
surface vehicles, habitats, and support systems for living and working in deep space are required. Thus, the five
reference architectures make extensive use of the space station (Freedom) for assembly and checkout operations of
reusable transportation vehicles, ISRU (oxygen (O,) from the lunar regolith), and chemical/aerobrake propulsion.

1.3.4  The U.S. at the threshold - “The Synthesis Group” (1991)

In addition to the internal NASA assessment of the Space Exploration Initiative (SEI) that was conducted during the
NASA 90-Day Study, the Vice President and NASA Administrator chartered an independent group, named the
Synthesis Group, to examine potential paths for implementation of the exploration initiative. This group examined a
wide range of mission architectures and technology options. In addition, it performed a far-reaching search for
innovative ideas and concepts that could be applied to implementing the initiative.

The four candidate architectures that were chosen by the Synthesis Group include: Mars Exploration, Science
Emphasis for the Moon and Mars, The Moon to Stay and Mars Exploration, and Space Resource Utilization.
Several supporting technologies were identified as key for future exploration, including:
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Telerobotics

Radiation effects and shielding
Closed-loop life support systems
Human factors research
Lightweight structural materials
Nuclear electric propulsion.
ISRU

HLLV (150-250 mt)

Nuclear thermal propulsion (NTP)
Nuclear electric surface power
Extravehicular activity (EVA) suit
Cryogenic transfer and long-term storage
Automated rendezvous and docking
Zero-g countermeasures

The Synthesis Group also conducted an extensive outreach program with nationwide solicitation for innovative
ideas. The directive from the Vice President was to “cast the net widely.” Ideas were solicited from universities,
professional societies and associations, the American Institute of Aeronautics and Astronautics, the Department of
Defense Federal Research Review, Department of Energy, Department of Interior, Aerospace Industries
Association, as well as announcements in the Commerce Business Daily. Nearly 45,000 information packets were
mailed to individuals and organizations that were interested in SEI, which resulted in over 1,500 submissions. “The
ideas submitted show innovative but not necessarily revolutionary ideas. The submissions supported a wide range of
Space Exploration [Initiative] mission concepts and architectures.” (Synthesis Group, 1991)

1.3.5 Mars Exploration Design Reference Missions (1994-1999)

During the period from 1994 to 1999, the NASA exploration community conducted a series of studies that was
focused on the human and robotic exploration of Mars. Key studies include Mars Design Reference Mission (DRM)
1.0, Mars DRM 3.0, Mars Combo Lander, and Dual Landers . Each subsequent revision of the design approach
provided greater fidelity and insight into the many competing needs and technology options for exploration of Mars.
Key mission aspects of each of these studies include the following:

Mission Mode: Each of the Mars mission studies during this period employed Conjunction-class missions,
which are often referred to as long-stay missions, to minimize the exposure of the crew to the deep space
radiation and zero-gravity environment while also maximizing the scientific return from the mission. This
is accomplished by taking advantage of optimum alignment of the Earth and Mars for both the outbound
and the return trajectories by varying the stay time on Mars, rather than forcing the mission through
nonoptimal trajectories as in the case of the short-stay missions. This approach allows the crew to transfer
to and from Mars on relatively fast trajectories, on the order to 6 months, while allowing the crew members
to stay on the surface of Mars for a majority of the mission, on the order of 18 months.

Split Mission: The surface exploration capability is implemented through a split mission concept in which
cargo is transported in manageable units to the surface or Mars orbit, and is checked out in advance of
committing the crews to their mission. Emphasis is placed on ensuring that the design of the space
transportation systems could be flown in any Mars injection opportunity. This is vital to minimize the
programmatic risks associated with funding profiles, technology development, and system design and
verification programs.

Heavy-lift Launch: HLLVs were used in each of these studies due to the large mission mass for each
human mission to Mars (on the order of the ISS at Assembly Complete) as well as due to the large volume
payloads that were required.

Long Surface Stay: Emphasis was placed on the surface strategy that was associated with each mission
approach. Use of Conjunction-class missions provides on the order of 500 days on the surface of Mars for
each human mission.

1.3.6  Decadal Planning Team/NASA Exploration Team (2000-2001)

In June 1999, the NASA Administrator chartered an internal NASA task force, which was termed the Decadal
Planning Team (DPT), to create a new integrated vision and strategy for space exploration. The efforts of the DPT
evolved into an agency-wide team that was known as the NASA Exploration Team (NEXT). The DPT was also
instructed to identify technology roadmaps that would enable a science-driven exploration vision by establishing a

2 Synthesis Group (1991), “America at the Threshold,” page A-45.
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cross-enterprise, cross-center systems engineering team with a focus on revolutionary, not evolutionary, approaches.
The strategy of the DPT and NEXT teams was to “Go Anywhere, Anytime” by conquering key exploration hurdles
of space transportation, crew health and safety, human/robotic partnerships, affordable abundant power, and
advanced space systems performance. Early emphasis was placed on revolutionary exploration concepts such as rail
gun and electromagnetic launchers, propellant depots, retrograde trajectories, nano-structures, and gas core nuclear
rockets, to name a few. Many of these revolutionary concepts turned out to be either not feasible for human
exploration missions or well beyond expected technology readiness for near-term implementation. During the DPT
and NEXT study cycles, several architectures were analyzed, including missions to the Earth-Sun Libration Point (L2),
the Earth-Moon Gateway and the Earth-Moon Libration Point (L1), the lunar surface, Mars (both short and long stays),
1-year round trip Mars, and near-Earth asteroids. Common emphasis of these studies included utilization of the Earth-
Moon Libration Point (L1) as a staging point for exploration activities, current (shuttle) and near-term launch
capabilities (evolved expendable launch vehicle (EELV)), advanced propulsion, and robust space power. Although
much emphasis was placed on utilization of existing launch capabilities, the team concluded that missions in near-
Earth space are only marginally feasible and human missions to Mars were not feasible without a heavy-lift launch
capability. In addition, the team concluded that missions in Earth’s neighborhood, such as to the Moon, can serve as
stepping-stones toward further deep-space missions in terms of proving systems, technologies, and operational
concepts.

1.3.7  Integrated Space Plan (2002-2003)

During the summer of 2002, the NASA Deputy Administrator charted an internal NASA planning group to develop
the rationale for exploration beyond LEO. This team, which was termed the Exploration Blueprint, performed
architecture analyses to develop roadmaps for how to accomplish the first steps beyond LEO through the human
exploration of Mars. The previous NEXT activities laid the foundation and framework for development of NASA'’s
Integrated Space Plan. The reference missions resulting from the analysis performed by the Exploration
Blueprint team formed the basis for requirement definition, systems development, technology roadmapping, and
risk assessments for future human exploration beyond LEO. Emphasis was placed on developing recommendations on
what could be done now to effect future exploration activities. The Exploration Blueprint team embraced the
“stepping-stone” approach to exploration where human and robotic activities are conducted through progressive
expansion outward beyond LEO. Results from this study produced a long-term strategy for exploration with near-
term implementation plans, program recommendations, and technology investments. Specific results included the
development of a common exploration crew vehicle concept (which later would be termed the crew exploration
vehicle (CEV)), a unified space nuclear strategy, focused bioastronautics research objectives, and an integrated
human and robotic exploration strategy. Recommendations from the Exploration Blueprint included endorsement of
the Nuclear Systems Initiative, augmentation of the bioastronautics research, a focused space transportation
program including heavy-lift launch, and a common exploration vehicle design for ISS and exploration missions as
well as an integrated human and robotic exploration strategy for Mars.

Following the results of the Exploration Blueprint study, the NASA Administrator asked for a recommendation by
June 2003 on the next steps in human and robotic exploration to put into context an updated Integrated Space
Transportation Plan (post-Columbia) and guide agency planning. NASA was on the verge of committing significant
funding in programs that would be better served if longer-term goals were better known, including the Orbital Space
Plane, research on the ISS, National Aerospace Initiative, Shuttle Life Extension Program, and Project Prometheus
as well as a wide range of technology development throughout the agency. Much of the focus during this period was
on integrating the results from previous studies into more concrete implementation strategies to understand the
relationship among NASA programs, timing, and resulting budgetary implications. This resulted in an integrated
approach that included lunar surface operations as a test bed to retire risk of human Mars missions, maximum use of
common and modular systems including what was termed the exploration transfer vehicle, Earth orbit and lunar
surface demonstrations of long-life systems, collaboration of human and robotic missions to vastly increase mission
return, and high-efficiency transportation systems (nuclear) for deep-space transportation and power.

1.3.8  Exploration Systems Mission Directorate (2004)

On January 14, 2004, the President announced a Vision for Space Exploration. In his address, the President
presented a vision that was bold and forward-thinking, yet practical and responsible — one that explored answers to
longstanding questions of importance to science and society and would develop revolutionary technologies and
capabilities for the future, while maintaining good stewardship of taxpayer dollars.
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NASA’s ESMD was created in January of that year to begin implementing the Vision. During 2004, the ESMD
Requirements Division conducted a formal requirements formulation process to understand the governing
Requirements and systems that would be necessary to implement the Vision. Included were analyses of
requirements definition, exploration architectures, system development, technology roadmaps, and risk assessments
for advancing the Vision for Space Exploration. This analysis provided an understanding as to what is required for
human space exploration beyond LEO. In addition, these analyses helped to identify system “drivers,” or significant
sources of cost, performance, risk, and schedule variation along with the areas needing technology development.
During the early ESMD years, emphasis was placed on definition of initial lunar missions that support long-term
exploration endeavors.

1.3.9  Exploration Systems Architecture Study (2005)
The NASA ESAS was conducted during between May 2005 and July 2005. The purpose of the study was to:

e Assess the top-level CEV requirements and plans that would enable the CEV to provide crew transport to
the ISS, and would accelerate the development of the CEV and crew launch system to reduce the gap
between shuttle retirement and CEV initial operational capability (I0C)

o Define the top-level requirements and configurations for crew and cargo launch systems to support the
lunar and Mars exploration programs

o Develop a reference exploration architecture concept to support sustained human and robotic lunar
exploration operations

o ldentify the key technologies that are required to enable and significantly enhance these reference
exploration systems, and to perform a reprioritization of near- and far-term technology investments.

To quote the ESAS final report (page 1): “Dr. Michael Griffin was named the new NASA Administrator in April
2005. With concurrence from Congress, he immediately set out to restructure NASA’s Exploration Program by
making it priority to accelerate the development of the CEV to reduce or eliminate the planned gap in U.S. human
access to space. He established a goal for the CEV to begin operation in 2011 and to be capable of ferrying crew
and cargo to and from the ISS. To make room for these priorities in the budget, Dr. Griffin decided to down-select to a
single CEV contractor as quickly as possible and cancel the planned 2008 subscale test demonstration. He also
decided to significantly reduce the planned technology expenditures and focus on existing technology and proven
approaches for exploration systems development. In order to reduce the number of required launches and ease the
transition after [space shuttle] retirement in 2010, Dr. Griffin also directed the [agency] to carefully examine the
cost and benefits of developing a [shuttle] derived [heavy-lift launch vehicle] (HLLV) to be used in lunar and Mars
exploration. To determine the best exploration architecture and strategy to implement these many changes, the
Exploration Systems Architecture Study (ESAS) team was established at NASA Headquarters.”

The ESAS used the Mars studies that were noted previously as the reference approach for assessment of alternative
lunar architectures for their intrinsic value as a step towards Mars. Most notable was the emphasis on establishing
an HLLV and crew-to-LEQ transportation system, which were clear elements of all previous Mars architectures.
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2 GOALS AND OBJECTIVES

¢

21 Goals

2.1.1  Taxonomy
After extensive discussion, the MAWG concluded that the goals for the initial human exploration of Mars were best
organized under the following taxonomy:

e Goals I-111: The traditional planetary science goals (from MEPAG, 2006°) for understanding Mars Life
(Goal 1), Climate (Goal Il), and Geology/Geophysics (Goal III).

e Goal IV+: Preparation for sustained human presence. MEPAG (2006) uses the term “Goal IVV” to
describe preparation for the first human explorers. By definition, this cannot be a goal for the first human
missions; by then the preparation would have to have been complete. However, a goal of the first human
missions is to prepare for the subsequent future after that.

e Goal V (Ancillary Science): This includes all scientific objectives that are unrelated to Mars, including
those that are related to astrophysics, observations of the Sun, Earth, Moon, and the interplanetary
environment. Note that these objectives may be important during the transit phase for missions to and
from Mars.

Analysis of Goals | through 111 was prepared by an analysis team that was sponsored by the MEPAG, which went
by the name of HEM-SAG. HEM-SAG produced a substantial white paper (MEPAG HEM-SAG, 2008%), and
section 2.2 of this report contains a summary of that more detailed analysis.

The scientific objectives for the initial first three human missions to Mars are summarized in table 2-1.

Table 2-1. Summary of Objectives for the Initial Program of Human Missions to Mars
Goals |-l Goals IV+ Goal V
Quantiatively characterize the different

components of the martian geologic system
(at different times in martian geologic history),
and understand how these components
relate to each other (in three dimensions.

Learn to make effective use of martian
resources, including providing for crew
needs and, if possible, power and
propulsion consumables.

Ancillary science (heliophysics,
astrophysics)

Search for ancient life on Mars.

Develop reliable and robust exploration
systems; increase the level of self-
sufficiency of Mars operations.

Make significant progress towards the goal
of understanding whether or not martian life
forms have persisted to the present (extant
biological processes).

Address planetary protection concerns
regarding sustained presence.

Quantitatively understand early Mars
habitability and early Mars possible pre-

biotic biogeochemical cycles and chemistry.

Promote the development of partnerships
(international, commerical, etc.) and
sustain public engagement.

Characterize the structure, composition,
dynamics, and evolution of the martian
interior (core to crust).

Quantitatively understand martian climate
history with attention to the modern climate/
weather system.

Notes: 1. Not listed in priority order. 2. For Goal V, it was not possible to be specific.

®MEPAG (2006), Mars Scientific Goals, Objectives, Investigations, and Priorities: 2006, J. Grant, ed., 31 pp. white paper posted February 2006 by the

Mars Exploration Program Analysis Group (MEPAG) at http://mepag.jpl.nasa.gov/reports/index.html.
*“MEPAG HEM-SAG (2008). Planning for the Scientific Exploration of Mars by Humans. Unpublished white paper (J. B. Garvin and J. S. Levine,
Editors) posted March 2008 by the MEPAG Human Exploration of Mars-Science Analysis Group (HEM-SAG) at

http://mepag.jpl.nasa.gpv/reports/index.html.
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2.2 Mars Planetary Science Objectives (Goals 1-111)

2.2.1  Introduction

Mars is a diverse and complex world. Many of the same processes/mechanisms operate, or have operated, on both
Earth and Mars; e.g., early heavy bombardment, impact craters, planetary dipole magnetic field (at least in the early
history of Mars), widespread and extensive volcanism, the presence of liquid water on the surface, geochemical cycles,
the condensation of atmospheric gases forming polar caps, etc. Mars, like Earth, is a terrestrial planet with very diverse
and complex geological features and processes. Again like the Earth, Mars is also a possible abode for past and/or
present life. The geological record suggests that the atmosphere/climate of Mars has changed significantly over its
history. Early Mars may have possessed a significantly denser atmosphere that was lost (Jakosky and Phillips, 2001°).
A denser atmosphere on Mars would have permitted liquid water on its surface. Present-day Mars has a thin (6
millibars) cold atmosphere that is devoid of any surface liquid water. Why has Mars changed so drastically over its
history? How and why has the habitability of Mars changed over its history? Is there a message in the history of
Mars to better understand the future of the Earth? Did life form on early Mars? Is there evidence of early life in the
geological record? Is there life on Mars today?

2.2.2  The unique attributes of humans in scientific exploration

It is important to consider the unique capabilities that humans bring to the exploration of Mars. In so doing, a
common set of human traits emerges that applies to exploration relating to the MEPAG science disciplines of
Geology, Geophysics, Life, and Climate. These characteristics include: speed and efficiency to optimize field work;
agility and dexterity to go places that are difficult for robotic access and to exceed currently limited degrees-of-freedom
robotic manipulation capabilities; and, most importantly, the innate intelligence, ingenuity, and adaptability to
evaluate in real time and improvise to overcome surprises while ensuring that the correct sampling strategy is in
place to acquire the appropriate sample set. Real-time evaluation and adaptability especially would be a significant
new tool that humans on Mars would bring to surface exploration. There are limitations to the autonomous
operations that are possible with current robotic systems; fundamental limitations to direct commanding from Earth
are the time difference that is imposed by the 6- to 20-minute communications transit time and the small number of
daily uplink and downlink communications passes.

Humans are unique scientific explorers. We can obtain previously unobtainable scientific measurements on the
surface of Mars. Further, we possess the abilities to adapt to new and unexpected situations in new and strange
environments; human explorers can make real-time decisions, and have strong recognition abilities and are
intelligent. Humans can perform detailed and precise measurements of the surface, subsurface, and atmosphere
while on the surface of Mars with state-of-the-art scientific equipment and instrumentation brought from Earth. The
scientific exploration of Mars by humans would presumably be performed as a synergistic partnership between
humans and robotic probes that are controlled by the human explorers on the surface of Mars (MEPAG HEM-SAG,
2008).

Robotic probes can explore terrains and features that are not suitable or too risky for human exploration. Under
human real-time control, robotic probes can traverse great distances from the human habitat, covering distances/
terrains that are too risky for human exploration; undertake sensitive, delicate sample handling operations; and
return rock and dust samples to the habitat for triage and laboratory analyses.

2.2.3  Scientific objectives for Mars in the future
Our current scientific objectives for the exploration of Mars have been described in detail by MEPAG (2006), and a
high-level summary is shown in figure 2-1.

®Jakosky, B. M. and R. J. Phillips, 2001: Mars’ VVolatile and Climate History, Nature 142, 237.
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Goal I. Life Goal ll. Climate
« Assess past and present >‘A Characterize the atmosphere and
habitability potential of Mars = present climate and processes
% | = Characterize carbon cycling in its '%_ » Characterize Mars’ ancient
= geochemical context (including its | = | climate and climate processes.
- origin and distribution) 2 |+ Atmospheric state and processes
§ « Test for life (identify and -:CE” of crititt_:al in}portance 11:t>r the safe
determine the spatial distribution OPEIgtion DF Spatecia
Yo oof biosighatures)
Goal lll. Geology Goal IV. Preparation
£

+ Obtain knowledge of Mars sufficient
to design and implement a human
mission with acceptable cost, risk
and performance

: * Conduct risk andfor cost reduction
« Characterize the structure, technology and infrastructure

composition, dynamics, and demonstrations in transit to, at, or
evolution of the martian interior ‘. on the surface of Mars. .

Figure 2-1. Scientific objectives for the exploration of Mars.

\» Determine the nature and evolution

L

of the geologic processes that have
created and modified the martian
crust and surface

Equal priority
A

Higher priority

In planning the scientific objectives of a mission 20 to 25 years from now, we also need to take into account the
additional robotic missions that are likely to be scheduled before the first human mission, and the progress that they
will make towards these objectives. We need to plan the objectives of a 2030 mission based on our projected state
of knowledge as of about 2025, not based on our objectives as of 2008. For the purpose of this planning exercise,
between now and 2025 the following missions are assumed to have achieved their objectives: Mars Phoenix,
Mars Science Laboratory (MSL) (scheduled for launch in 2009), the Mars Scout Aeronomy Orbiter (scheduled for
launch in 2013), ExoMars (scheduled for launch in 2013), at least one additional science orbiter, and Mars Sample
Return (MSR). Although other science missions will certainly be considered (most importantly, a network science
mission), for the purpose of this planning we have not pre-judged NASA’s decision-making, and have only assumed
the missions that seem most probable.

The results of the robotic missions between now and 2025 will answer some of the questions on our current
marquee, questions that would therefore be removed and be replaced by new questions; this is the way in which
scientific investigations always work. Although our ability to predict the results of these future missions, and the
kinds of new questions that will come up, is partial, we do know the kinds of data that will be collected and the
kinds of questions that data are capable of answering. Thus, we can make some general projections of the state of
knowledge as of 2025.

Goal |. DETERMINE WHETHER LIFE EVER AROSE ON MARS

By 2025, our assessments of habitability potential will be well advanced for some environments, particularly those
that have been visited by the MSR or by major in-situ rovers with life-related experiments. However, it is likely that
the habitability of the martian subsurface will be almost completely unexplored other than by geophysical methods.
The objective relating to carbon cycling is likely to be partially complete, but in particular as related to subsurface
environments. For the purpose of this planning, we assume that the investigations through 2025 have made one or
more discoveries that are hypothesized as being related to ancient life (by analogy with the Allen Hills meteorite
story, this is a particularly likely outcome of MSR). We should then be prepared for the following new objectives:

- Characterize the full suite of biosignatures for ancient life to confirm the past presence of life. Interpret its
life processes and the origin of such life

- Assess protected environmental niches that may serve as refugia for extant life forms that may have
survived to the present. Find the life, measure its life processes

11
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- In earliest martian rocks, characterize the pre-biotic chemistry

Goal Il. UNDERSTANDING THE PROCESSES AND HISTORY OF CLIMATE ON MARS

By 2025, our objectives related to characterization of the Mars atmosphere and its present and ancient climate
processes are likely to be partially complete. In addition to continuing long-term observations, our scientific
questions seem likely to evolve in the following directions. Note in particular that if there is no robotic mission to
one of the polar caps, the priority of that science is likely to be significantly more important than it is today because
of the influence of polar ice on the climate system.

- Quantitative understanding of global atmospheric dynamics

- Understand microclimates — range of variation, how and why they exist

- Perform weather prediction

- Understand the large-scale evolution of the polar caps including the modern energy balance, links with dust,
carbon dioxide (CO,), and water (H,0O) cycles, changes in deposition and erosion patterns, flow, melting,
age, and links between the two caps

Goal I1l. DETERMINE THE EVOLUTION OF THE SURFACE AND INTERIOR OF MARS

As of 2006, there were two primary objectives within this goal: (1) Determine the nature and evolution of the
geologic processes that have created and modified the martian crust and surface, and (2) characterize the structure,
composition, dynamics, and evolution of the martian interior. These are broadly enough phrased that they are likely
to still be valid in 2025. These two objectives, for example, currently apply to the study of the Earth, even after
more than 200 years of geologic study by thousands of geologists. Given the anticipated robotic missions leading up
to the first human missions, the first objective is likely to evolve in the following direction:

- Quantitatively characterize the different components of the martian geologic system (at different parts of
martian geologic history), and understand how these components relate to each other

- Understand the field context of the various martian features of geologic interest at both regional and local
scale

- Test specific hypotheses

- Perform comparative planetology

Unless a robotic geophysical network mission is scheduled before the first human mission, our progress on the
second objective will be minimal, and this will remain one of most important open questions.

2.2.4  Significance of the variation in martian geology in space and time

Some of the most important questions about all three of the above-mentioned goals involve the relationship of H,O to
martian geologic and/or biologic processes as a function of geologic time. Mars has apparently evolved from a
potentially “warm and wet” period in its early Noachian history to the later “cold and dry” period of the Amazonian
period (figure 2-2). Since rocks of different age are exposed in different places on Mars, understanding this geologic
history requires an exploration program that also involves spatial diversity. As one illustration of this point, the
MEPAG HEM-SAG team compiled a map showing the sites of high exploration interest as of 2007 (figure 2-3);
they are scattered across the surface of the planet. One of the realities of geology-related exploration is that samples
and outcrops are typically representative only of a certain geologic environment, and acquiring information about other
environments requires going to a different place. (A terrestrial analog would be asking: How much we could learn
about Precambrian granite by doing field work in the sedimentary rocks of the Great Plains?)

Given that the engineering of missions to Mars are constrained to be either “short stay” or “long stay” (section 3.3),
and assuming that the initial human exploration of Mars consists of a program of three missions, a key tradeoff is
the mission duration and whether the missions are sent to the same or different sites. From the perspective of
scientific goals, it is clear that progress will be optimized by visiting multiple sites, and maximizing the stay time at
those sites. The same argument regarding diversity of sites was raised, and followed, during the Apollo Program.
The longer stay time is needed because the geology of Mars, at many sites, has complexities that will take a significant
amount of time to resolve. If we are to bring the unique attributes of human explorers to bear, we would need to
give them enough time on the outcrops. The essence of this key trade is summarized, from the point of view of our
scientific objectives, in figure 2-3. (Note: This map is for illustrative purposes and is not exclusive. The three sites
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in red — Site 1: Nili Fossae (Jezero Crater), Site 26: Arsia Mons, and Site 38: Mangala Valles — each corresponds to
a site of great geological interest representing the three different geological periods of Mars: The Noachian (Jezero
Crater), the Hesperian (Mangala Valles), and the Amazonian (Arsia Mons). Each of these sites was selected for
human science reference missions (HSRMs) to illustrate the great geological diversity of the surface of Mars).

NOACHIAN |HESPERIAN AMAZONIAN

4.6 4.0 3.5 3.0 2.5 2.0 1.5 1.0 0.5 0
Billions of Years

- Heavy impact -Volcanism. | .| ow impact rates.

bombardment. cl? :::::: - Tharsis volcanism continues.
) r:gat:rlveoyrk . - Oceans? - Outflow channels continue.

w " - South - Late-stage polar caps.
Wby circumpolar w "

early Mars? deposits. - “Cold/Dry” late Mars.

Figure 2-2. Geological history of Mars with the major periods and significant events.
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Figure 2-3. Map of 58 potential exploration sites on Mars (illustrative purposes only).

2.2.5 Introduction to human science reference missions
There is substantial diversity in both geology and topography among the various landing sites of possible interest.
This leads to significant differences in the way we would think about the scientific objectives for different places.
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To better illustrate the issues, we have found it useful to formulate a spectrum of what we call HSRMs; for
additional detail, see MEPAG HEM-SAG (2008). HSRMs allow the opportunity to be more specific at each site
on essential parameters such as mobility range, number and kind of objectives, operations times, etc. These HRSMs
are not presented as specific recommendations; they are case histories that are designed to illustrate underlying
relationships. To illustrate the value and importance of human scientific exploration, HEM-SAG has developed
HRSMs for each of the four scientific disciplines considered; i.e., geology, geophysics, atmosphere/climate and
biology/life. From the 58 sites that are shown in figure 2-3, we chose several sample for more detailed examination
and traverse selection, which we will use as reference missions after further outlining their geological significance
and relevance to major science questions.

2.2.5.1 Human science reference missions: geology

Interpreting planetary-scale geologic processes using Human Exploration

The absolute ages of surface units on Mars has been deciphered through indirect methods; samples returned from the
Moon in the Apollo Program were used to provide constraints on the crater-size frequency distribution of the lunar
surface (Gault, 1970°% Hartman, 19727), and this has been applied to Mars, among other terrestrial planetary bodies
(Barlow, 1988%; Strom, 1992% Neukum, 2001%°). While this has provided a general history of martian surface
processes (figure 2-2), it does not allow for detailed study of specific martian periods, in particular the Hesperian
and Amazonian when the impact flux greatly decreased. While martian meteorites have been analyzed and dated
(Nyquist et al., 2001), not knowing their geologic context makes their incorporation into the geologic history of
Mars difficult. While an MSR mission would potentially yield surface samples with known context, a robotic
mission would not yield the array of optimal samples that would address a wide range of fundamental questions. A
human mission might allow for greater access to samples that a robotic rover might not get to, and the capacity for
real-time analysis and decision-making would ensure that the samples that were obtained would be the optimal samples
that are available.

Human explorers would also have greater access to the near-subsurface of Mars, which would yield insights into
climate and surface evolution, geophysics, and, potentially, life. Humans would be able to navigate more effectively
through blocky ejecta deposits that would provide samples that were excavated from great depth and provide a
window into the deeper subsurface. Humans could also trench in dozens of targeted locations and operate
sophisticated drilling equipment that could drill to a depth of 500 to 1,000 meters below the surface (The drilling
depth range of 500 to 1,000 meters below the surface represents the HEM-SAG team consensus depth, where it is
believed that subsurface water may be found. Clearly, additional investigation will be needed to narrow the depth of
drilling). Our current understanding of the crust of Mars is limited to the top meter of the surface, so drilling
experiments would yield unprecedented and immediate data. Drilling in areas of gully formation could also test the
groundwater model by searching for a confined aquifer at depth.

We have analyzed three different exploration sites in detail as reference missions for the first program of human
Mars exploration. The sites span the geologic history of Mars (one site for each period of martian history) and allow
for exploration traverses that would examine a variety of surface morphologies, textures, and mineralogies to
address the fundamental questions that were posed by MEPAG.

Jezero Crater

Jezero crater is a, approximately 45-km impact crater that is on the northwest margin of the Isidis impact basin in
the Nili Fossae region of Mars (figure 2-4). This region is a very important area for understanding the formation of
the Isidis basin, the alteration and erosion of this Noachian basement, and subsequent volcanism and modification

8Gault, D.E. (1970) Saturation and equilibrium conditions for impact cratering on the Lunar surface: Criteria and implications. Radio Science 5, 273-
291.

"Hartmann, W.K. (1972) Paleocratering of the Moon: Review of post-Apollo data. Astrophysics Space Science 17, 48-64.

®Barlow, N.G. (1988) Crater size/frequency distributions and a revised relative Martian chronology. Icarus, 74, 285-305.

°Strom,R.G., Croft, S.K., Barlow, N.G. (1992) The Martian imact cratering record. In Mars (H.H.Kieffer, B.M.Jakosky, C.W.Snyder, and
M.S.Matthews eds.), University of Arizona Press, 384-423.

Neukum, G., Ivanov, B.A., Hartmann, W.K. (2001) Cratering records in the inner solar systemin relation to the Lunar reference system. Space
Science Reviews 96, 1-4, 55-86.

“Nyquist, L.E., Bogard, D.D., Shih, C.-Y., Greshake, A, Stoffler, D., Eugster, O. (2001) Ages and geologic histories of Martian meteorites. Space
Science Reviews 96, 1-4,105-164.
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(Mangold et al., 2007*2; Mustard et al., 2007™3). The rim has been breached in three places: twice where channels

from the neighboring highlands to the west drained into the crater from the northwest, and once on the eastern margin
where the crater drained eastward towards the Isidis basin. Each input channel deposited deltas on the crater floor
that have been preserved to reveal sedimentary structures and clay deposits in high-resolution images and spectral
data. Other parts of the crater floor appear to have been resurfaced by lava.
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Figure 2-4. Potential traverses for human explorers in and around Jezero Crater.

A 500-day mission at this site would give considerable insight into the early martian environment. Jezero Crater
itself is Noachian in age, and the preserved rim would provide access to ancient bedrock material that is rich in low-
calcium pyroxene and that has been exposed by the impact (Mustard et al., 2007). The delta deposits are likely to be
Noachian in age; HiRISE data show that the sedimentary record in the deposit has been preserved as a series of thin
layers (Fassett et al., 2007™). On the basis of the fact that a standing body of water existed within the crater for an
extended period of time, this would be an ideal site to search for extinct life. Humans would also be able to examine the
structure and deposits within the channels that are associated with the deltas, which would be applicable to the other
vast valley networks on Mars.

Extended traverses would be able to access and study the entire Jezero Crater system. To the southwest of Jezero
Crater are Hesperian lava flows from Syrtis Major, which is one of the main volcanoes in the northern hemisphere of

2Mangold, N., Poulet, F., Mustard, J. F., Bibring, J.-P., Gondet, B., Langevin, Y., Ansan, V., Masson, Ph., Fassett, C., Head, J. W., Hoffmann, H.,
Neukum, G. (2007) Mineralogy of the Nili Fossae region with OMEGA/Mars Express data: 2. Aqueous alteration of the crust.. Journal of Geophysical
Research 112, E8, doi: 10.1029/2006JE002835.

Mustard, J. F., Poulet, F., Head, J. W., Mangold, N., Bibring, J.-P., Pelkey, S. M., Fassett, C. ., Langevin, Y., Neukum, G. (2007) Mineralogy of the
Nili Fossae region with OMEGA/Mars Express data: 1. Ancient impact melt in the Isidis Basin and implications for the transition from the Noachian to
Hesperian. Journal of Geophysical Research 112, E8, doi: 10.1029/2006JE002834.

“Fassett C. I., Ehlmann, B. L., Head, J. W., Mustard, J. F., Schon, S. C., Murchie, S. L. (2007) Sedimentary Fan Deposits in Jezero Crater Lake, in the
Nili Fossae Region, Mars: Meter- scale Layering and Phyllosilicate-Bearing Sediments. American Geophysical Union (abs) P13D-1562.
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Mars, that provide a key constraint on the geological timescale of the region. This would also shed light on the
evolution of magma compositions on Mars. To the east of Jezero Crater is the floor of Isidis basin, which is
topographically connected to the northern plains and allows for detailed study of major impact events. Samples
collected from all of these sites would allow for enhanced geochronology and a more detailed understanding of the
hydrology, sedimetology, volcanology, and habitablity of the region.

Mangala Valles

Mangala Valles is a Hesperian-aged outflow channel that has received considerable attention because of its role in
global cryosphere/hydrosphere interactions, as well as the possibility that it contains icy near-surface deposits
(figure 2-5) (Zimbleman et al., 1992'%; Ghatan et al., 2005*°; Levy and Head, 2005""; Basilevsky et al., 2007"9).
Mangala Valles emanates from a graben that is radial to the Tharsis volcanic complex. Massive release of water
from the ground at the graben was accompanied by phreatomagmatic eruptions, causing catastrophic flow of water
to the north and carving streamlined islands. There are also young glacial deposits along the rim of the graben and
evidence for glacial scour having modified the surface of the outflow channel.
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Figure 2-5. Potential traverses for human explorers in and around Mangala Valles.

5Zimbelman J.R., Craddock, R. A., Greeley, R., Kuzmin, R. O. (1992) Volatile history of Mangala Valles Mars. Journal of Geophysical Research 97,
E11, 18,309-18,317.

Ghatan G. J., Head, J. W., Wilson, L. (2005) Mangala Valles, Mars: Assessment of Early Stages of Flooding and Downstream Flood Evolution. Earth
Moon and Planets, 96, 1-2, 1-5.

_evy, J.S., and Head, J.W. (2005) Evidence for remnants of ancient ice-rich deposits: Mangala Valles outflow channel, Mars. Terra Nova 17, 6, 503-
510.

®Basilevsky A. T., Neukum, G., Werner, S. C., van Gasselt, S., Dumke, A., Zuschneid, W., Chapman, M., Greeley, R. (2007) Geological Evolution of
Mangala Valles, Mars: Analysis of the HRSC Image H0286. Lunar and Planetary Science XXXVIII, Abstract No. 1338.
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This site shows evidence for fluvial, volcanic, tectonic, and glacial activity as well as complicated interactions
among them. A landing site in the smooth terrain at the center of the outflow channel would provide access to a
variety of sites of interest. Traverses to the channel head and the graben would allow direct observation of cryosphere-
breaching geological activity. Traverses along the floor of the outflow channel and on the scoured plains would
provide insight into outflow flood hydrology and erosion processes, and might also provide an opportunity for
sampling ice-rich deposits that may contain ancient flood residue. A traverse to the vent-rim glacial deposits would
provide access to landforms that were created by volcano-ice interactions as well as to samples of distal Tharsis
volcanic deposits. If life exists on Mars, it is most likely to inhabit the subsurface, and a site such as Mangala offers
a unique opportunity to sample for evidence of such activity.

Arsia Mons Graben

All three of the major Tharsis Montes shield volcanoes and Olympus Mons exhibit expansive late-Amazonian glacial
deposits on their northwestern flanks (figure 2-6). The broadest of these are found on Arsia Mons, which shows
glacial deposits that are approximately 400 km to the west of the accumulation zone and covers an area of about
170,000 km? (Shean et al., 2006'°). These glacial deposits are found among classic volcanic and tectonic structures,
so an extended mission at this location would provide a wealth of information concerning several of the
fundamental questions of martian geology during the Amazonian period.
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Figure 2-6. Potential traverses for human explorers in and around the Arsia Mons glacial deposits.

We envisioned several traverses from a potential base camp set up at 8°S, 124°W that would analyze glacial and
volcanic deposits as well as the complicated relationship between them. By using extended rovers, human explorers
would be able to ascend the western flank of the shield and systematically obtain targeted samples that elucidate the
recent volcanic history of Arsia. Another traverse from the same base camp would provide access to an approximately
5-km-wide graben that appears to have been a major accumulation zone for much of the observed glacial deposits.

ghean D. E., Head, J. W., Fastook, J. L., Marchant, D. R. (2006) Recent glaciation at high elevations on Arsia Mons, Mars: Implications for the
formation and evolution of large tropical mountain glaciers. Journal of Geophysical Research 112, E3, doi: 10.1029/2006JE002761.

17



Mars Design Reference Architecture 5.0 — Addendum

A systematic sampling strategy at this location would provide a history of the flow regime at this site, and drilling at
targeted locations can provide the recent climate record for Mars.

A list of geologic processes that have created and modified the martian crust and surface, in priority, is summarized
in table 2-2.

Table 2-2. List of Geologic Processes That Have Created and Modified the Martian Crust and Surface
Objective: Determine the nature and evolution of the geologic processes that have created and modified the martian crust and
surface (investigations in priority order).

Investigation Geology Approaches

1. Determine the present state, three-dimensional distribution, and — Drilling
cycling of water on Mars. — Surveying for groundwater seeps
— Ground-penetrating radar (GPR)
— meteorology (MET) stations

2. Evaluate fluvial, subaqueous, pyroclastic, subaerial, and other — Sampling along traverses
sedimentary processes and their evolution and distribution through time, | _ MET stations
up to and including the present.

— In-situ composition analysis

3. Calibrate the cratering record and absolute ages for Mars. — Thorough sampling of diverse rocks
— Cosmogenic age dating of samples
4. Evaluate igneous processes and their evolution through time, — Extensive sampling traverses
including the present. — In-situ composition analysis
5. Characterize surface-atmosphere interactions on Mars, including — MET stations
polar, Aeolian, chemical, weathering, mass-wasting, and other — Traverse sampling along glaciers
processes. —Sampling of diverse mineralogy
6. Determine the large-scale vertical structure and chemical and — Drilling
mineralogical composition of the crust and its regional variations; this _Seismic stations
includes, for example, the structure and origin of hemispheric _GPR
dichotomy. . .
— Compositional comparison of fresh/weathered
samples
7. Document the tectonic history of the martian crust, including present — Seismic stations
activity. — Observations of graben and other tectonic features
8. Evaluate the distribution and intensity of hydrothermal processes — Stratigraphic sample collection
through time, up to and including the present. — Compositional analysis at multiple sites
9. Determine the processes of regolith formation and subsequent — Sample collection at multiple latitudes/
modification, including weathering and diagenetic processes. environments
— MET stations
10. Determine the nature of crustal magnetization and its origin. — In-situ magnetometer analysis
— Traverses in areas of magnetic anomalies
11. Evaluate the effect of impacts on the evolution of the martian crust. — Ejecta sampling

— Mapping of crater-wall outcrops

2.2.5.2 Human science reference missions: geophysics

Mars geophysics science objectives fall into two broad categories: planetary-scale geophysics (1000°s of km) and
what might be called “exploration geophysics,” which addresses regional (10°s—100’s km) or local scales (<10 km).
The first involves characterizing the structure, composition, dynamics, and evolution of the martian interior, while
the second addresses the structure, composition, and state of the crust, cryosphere, hydrologic systems, and upper
mantle. Here we describe how these objectives might be met through investigations that are carried out on human
missions.

We assume here that no robotic missions to Mars before 2025 will address the science issues in a complete way. For
example, we assume that no network mission such as ML;N (National Research Council (NRC), 2006°°) will be
flown. We do this to be conservative, to make as complete a set of human exploration-related geoscience

“National Research Council (2006) Assessment of NASA's Mars Architecture 2007-2016, Committee to Review the Next Decade Mars Architecture,
Space Studies Board, Division on Engineering and Physical Sciences. The National Academies Press, Washington, D.C.

18



Mars Design Reference Architecture 5.0 — Addendum

investigations and activities as possible. Clearly if future robotic missions address Mars geophysics topics, the
human mission activities must be reconsidered.

In general, Mars geophysics will be well served by landing sites and traverses that were identified by the Geology
panel. Figure 2-3 shows the 58 sites that were considered. (For additional detail, see MEPAG HEM-SAG, 2008.)
These sites span the planet, and offer a sampling of Mars’ remarkable geologic diversity. The Chasma Boreale site
(CB, Site 5) offers access to an immense stratigraphic column of polar layered deposits that presumably stretch far
back into the Amazonian (Tanaka, 2005%") (This site is at an elevation of several kilometers.) The Nili Fossae site
(NF, Site 1) sits on the edge of the hemispheric dichotomy boundary and provides access to Noachian/Hesperian-
age fluvial features (Tanaka, 2001%). The Centauri Montes site (CM, Site 29), which is on the eastern rim of the
giant Hellas impact basin, contains features that range from Noachian basin rim materials to Amazonian/Hesperian
outflow channels to Amazonian debris aprons and recent gully changes, hinting at the possibility of near-surface water
(Malin et al., 2006%). The Arsia Mons site (AM, Site 26) sits on the western flank of the volcano and provides
access to putative Amazonian-age glacial deposits and comparatively young lava flows. Each site offers the
opportunity to address multiple geophysics investigations. We will revisit these sites and plausible geophysical
exploration strategies later.

Planetary-scale geophysics: structure, composition, dynamics, and evolution of the martian interior

To characterize the structure and dynamics of the martian interior and determine the chemical and thermal evolution
of the planet, physical quantities such as density and temperature with depth, composition and phase changes within
the mantle, core/mantle boundary location, thermal conductivity profile, and the three-dimensional mass distribution
of the planet must be determined. To determine the origin and history of the magnetic field of the planet, we must
discover the mineralogy that is responsible for today’s observed remnant magnetization, and understand how and
when the rocks bearing these minerals were emplaced.

The measurement requirements for planetary-scale geophysics present some drivers for Mars exploration
architectures. A key driver is the need to instrument the planet at appropriate scales. For example, global seismic
studies rely on widely separated stations so that seismic ray paths passing through the deep mantle and core can be
observed. This need translates into multiple, widely separated landing sites for the first human missions. If only a single
landing site is selected and revisited, far less information about the interior of the planet will be obtained. As can be
seen in figure 2-3, the three low-latitude sites would provide a reasonable planetary-scale network, and would also
enable heat flow measurements in diverse crustal/lithospheric settings: the volcanic Tharsis rise, the Isidis
wall/dichotomy boundary, and the rim of the Hellas basin.

To characterize the structure, composition, and state of the martian near-surface crust, both local and regional
subsurface information must be obtained. A wide variety of exploration geophysics techniques exist that provides
such information. For example, sounding for aquifers can be accomplished through electromagnetic techniques, and
layering in sedimentary units can be determined through reflection seismology. Magnetic surveys that are carried
out at landing sites tell us about the spatial scales of crustal magnetization, and tie in to local and regional geology
for context.

Geophysics measurement requirements span three disparate spatial scales, depending on the science that is to be
done. At the largest scales (1000°s of km), characterizing the interior of Mars requires a widely spaced network of at
least three emplaced central geophysics stations, one at each landing site. At regional scales (10’s—100’s km),
characterizing crustal structure, magnetism, and other objectives requires mobility to emplace local networks around
a landing site. Finally, at local scales (~10 km), mobility is key to performing traverse geophysics, and in carrying out
investigations (such as seismic or electromagnetic (EM) sounding) at specific stations along a traverse. The central
geophysics stations and the regional scale networks would be emplaced and left to operate autonomously after the
human crew departs. Traverse and station geophysics would be carried out only during the human mission, unless
this could be done robotically after completion of the human mission.

ZTanaka, K. L.(2005) Geology and insolation-driven climatic history of Amazonian north polar materials on Mars. Nature 437, 991-994.

*Tanaka, et al. (2001) Catastrophic erosion of Hellas basin rim on Mars induced by magmatic intrusion into volatile-rich rocks. Geophysical.
Research. Letters. 29, doi:10.1029/2001GL013885.

ZMalin, M.C., Edgett, K.S., Posiolova, L.V., McColley, S.M., Noe Dobrea, E.Z. (2006) Present-Day Impact Cratering Rate and Contemporary Gully
Activity on Mars. Science 314, 5805, 1573 — 1577.
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Central geophysical stations at each landing site would include passive broadband seismic, heat flow, precision
geodesy, and passive low-frequency EM instrumentation. Satellite geophysics stations would include the nodes of a
regional seismic array and vector magnetometers. Along the traverses, experiments would be performed at sites of
interest. These would include active EM sounding for subsurface aquifers, active seismic profiling to establish
structure with depth, and gravity measurements. GPR and neutron spectroscopy along the traverse track would help to
map out subsurface structure and hydration state/ice content for the near-subsurface.

Based on the geophysics science objectives, multiple sites meet the investigation needs and geologic settings. Three
sites, which are found at widely separated locations, are required to address global questions concerning the interior
of Mars. These three sites are Centauri Montes, Nili Fossae, and Arsia Mons.

Centauri Montes Site: This site provides a location for addressing multiple geophysics objectives (figure 2-7). First,
it is one of three sites for global seismic monitoring. Heat flow measurements for this highlands site can be
compared to, for example, such measurements in the large volcanic Tharsis province, if the Arsia site is also chosen.

Exploration targets at Centauri Montes include recent gullies (possibly liquid water), ancient Noachian Hellas basin
rim constructs, Amazonian debris aprons, and other features that are associated with geologically recent climate
change. Figure 2-7 shows several traverses, each requiring an extended period of exploration. During these traverses,
specific sites will be selected for in-depth geophysical exploration. The right panel zooms in on one part of the blue
traverse, showing two stations (red crosses) where detailed geophysical exploration could be done (MEPAG HEM-SAG,
2008). Active reflection seismology and EM sounding, for example, might be carried out to explore in detail theWsS
subsurface structure of these lobate debris aprons.

While traversing, some kinds of measurements can be made to map out subsurface structure and state. For example,
GPR and neutron spectroscopy would provide cuts of near-surface layering (with sufficient dielectric contrast) and
bulk hydrogen estimates as a function of position along the traverse. Perhaps most importantly, geophysical methods
can be used to sound the subsurface along the rim of the gullied crater, thus providing information about the
presence or absence of an aquifer as a potential gully source. Here the rover team would first explore the crater rim,
stopping at promising sites to temporarily emplace geophysics instrumentation such as EM sounding and active
seismic systems to characterize the subsurface. Results from these surveys would help to determine the most
promising location(s) in which to drill.

Nili Fossae Site: The Nili Fossae site is another location for addressing multiple geophysics objectives. Again, it is
one of three sites for global seismic monitoring. Heat flow measurements for this dichotomy boundary site, which is
far from late Amazonian volcanic activity, provide another important tie-point for interior structure,
composition, and dynamics. The stratigraphy of depositional fans, possible lake-bottom deposits, shoreline
breaches, and other features could be explored.

Arsia Mons Site: The Arsia Mons site opens the exploration of the most important volcanic province on Mars (figure
2-6). Again, it is one of three sites for global seismic monitoring. Heat flow measurements for this Tharsis rise site,
where extensive volcanism has occurred since the Noachian, would certainly improve our knowledge of the interior
structure, composition, and dynamics of Mars. In this case, the satellite stations may include additional heat flow
experiments, searching for evidence of late-stage dike intrusion if cooling time is not too short (<10° yr). With the
inclusion of a local seismic network, seismic velocity anomalies that are associated with deep magmatic bodies will be
identified. Active (reflection) seismic studies at many local sites along the traverses will help reveal the history of
ash deposits and lava flows. They may also reveal the presence of ice at depths that are consistent with late-Amazonian
deposition and subsequent sublimation in current obliquity and climate conditions.
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Some Geophysics Investigations: Planetary scale as well as regional scale and local geophysics investigations and

approaches are summarized in tables 2-3 and 2-4. In these tables, the first column lists the MEPAG investigations,
and the second column identifies the relevant geophysics techniques (in no particular order) that was used to address

the objectives of each investigation. For example, a seismic network provides S and P wave travel tSimes from

which ray paths and velocities are determined. Models of interior composition and structure must be consistent with

these measurables.

Table 2-3. Planetary-scale Geophysics: Investigations and Approaches

Investigation

Geophysics Approaches

1. Characterize the structure and dynamics of the
interior.

— Seismology

— Heat flow

— Gravity

— Ultra-low frequency (ULF) EM induction (conductivity profile)

2. Determine the origin and history of the magnetic
field.

— High-precision, high-resolution magnetic field measurements
— Measurements of the magnetic properties of samples

3. Determine the chemical and thermal evolution of
the planet.

— Seimsology

— Heat flow

— ULF EM induction (conductivity profile)

— Gravity

— High-precision geodesy

— High-precision, high-resolution magnetic field measurements
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Table 2-4. Local-scale Geophysics: Investigations and Approaches

Investigation

Geophysics Approaches

1. Evaluate fluvial, subaqueous, pyroclastic,
subaerial, and other sedimentary processes and their
evolution and distribution through time, up to and
including the present.

— Reflection seimsology

- GPR

— Gravity

— EM induction (conductivity profile)
— Neutron spectroscopy

2. Characterize the composition and dynamics of the
polar layered deposits.

— Reflection seismology

- GPR

— Gravity

— EM sounding (conductivity profile)

3. Evaluate igneous processes and their evolution
through time.

— Reflection seimsology

-GPR

— Gravity

— EM induction (conductivity profile)

4. Characterize surface-atmosphere interactions on
Mars, including polar, aeolian, chemical, weathering,
mass-wasting, and other processes.

Requires active seismic, EM, neutron spectroscopy

5. Determine the large-scale vertical and horizontal
structure and chemical and mineralogical composition
of the crust. This includes, for example, the structure
and origin of hemispheric dichotomy.

Requires passive, active seismic, gravity, active EM, passive
low-frequency EM.

6. Determine the present state, three-dimensional
distribution, and cycling of water on Mars.

Requires active seismic, active EM, passive low-frequency EM,
instrumented drilling, or wireline sensors

7. Document the tectonic history of the martian crust,
including present activity.

Requires gravity, passive and active seismic, active EM, passive
low-frequency EM, instrumented drilling, or wireline sensors

8. Evaluate the distribution and intensity of
hydrothermal processes through time, up to and
including the present.

Requires passive and active seismic, active EM, passive
low-frequency EM, instrumented drilling, or wireline sensors
(maybe robotic since there is astrobiological potential in
hydrothermal systems)

9. Determine the processes of regolith formation and
subsequent modification, including weathering and
diagenetic processes.

Requires passive, active seismic, active EM, passive
low-frequency EM, neutron spectroscopy for hydrogen

10. Determine the nature of crustal magnetization and
its origin.

Requires mobile magnetometry, heat flow, passive low-frequency
EM (multi-point? a network).

11. Evaluate the effect of impacts on the evolution of

Subsurface mapping via active seismic, EM sounding, etc.

the martian crust.

2.2.5.3 Human science reference missions: atmosphere/climate

Introduction

Atmosphere and climate goals and objectives are more varied and less site-specific than geology, geophysics, or life
investigations, with the notable exception of climate studies that are associated with polar ice cap drilling. These goals
and objectives are summarized in table 2-5. Consequently, we emphasize updated atmospheric and climate objectives
and the degree to which they may be advanced by general rather than site-specific human exploration activities on
Mars. Meteorological measurements are included in geology, geophysics, and biology reference missions as they
are key to characterizing the present-day surface-atmosphere exchange of water and surface weathering. Meteorological
measurements, as on Earth, are also expected to be key to planning safe daily human surface operations. For these
two reasons, atmospheric reference mission activities are anticipated to be included in all human missions.

Two atmosphere/climate missions are identified: an atmospheric HSRM and an HSRM to the north polar dome for
deep drilling to define the more site-specific, human-enabled mission activities that would be necessary to sample
the critical volatile records that are contained within the polar ice caps. A third class of activity is associated with
the early evolution of climate and would benefit from the return of samples containing gas inclusions to Earth. In
the following sections, we will briefly outline and discuss the various atmosphere/climate investigations to be
conducted by human explorers on Mars.
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Table 2-5. Summary of Atmosphere/Climate Objectives

MEPAG 2030 Goal Key Objectives for Human Missions
Atmospheric objectives Surface-atmosphere interactions: dynamics, heat and mass balance, non-equilibrium trace
gases
Search for sources of volatiles and trace gases
Polar Cap objectives Baseline chronology and characterization of the climate history of the north polar dome

(deep core)

Horizontal sampling of the North Polar Layered Deposits (NPLD)

Early climate evolution Long-term climatic evolution of the planet (billion-year temporal scale); implications of early
climatic conditions in the emergence of early potential habitats and/or life, which includes
inference in the atmosphere chemical state

Sampling of Noachian to Amazonian deposits through soft drilling (~1 meter deep) along
outcrops, or deep drilling to capture information in the sedimentary record

Overview of updated goals and objectives

In the human era of exploration, atmospheric measurements at all sites will be seen as important not only to the
understanding of the martian atmosphere and climate and to the planning of human surface operations, but also as an
environmental characterization that is essential to the interpretation of many life and geology objectives. The trend
towards system science called out in MEPAG (2006), a “ground-to-exosphere approach to monitoring the [martian]
atmospheric structure and dynamics,” will continue with more emphasis on the mass, heat, and momentum fluxes
among the three Mars climate components: atmosphere, cryosphere, and planetary surface.

This systems approach will be enabled by advances in Mars global circulation models (MGCMs), a doubling in length
of The global time-series that is derived from monitoring Mars surface and atmosphere from orbit, new atmospheric
vertical structure information from Mars Express and Mars Reconnaissance Orbiter (MRO), new anticipated global
data sets on aeronomy, atmospheric composition, and winds, and by network science and coordinated lander-orbiter
campaigns, such as that planned with Phoenix-MRO. Year 2007 trends in MGCM development are towards coupling of
upper and lower atmosphere; coupling with regolith models; integrating models of atmospheric chemistry and
dynamics; multiscale, nested models — where small-scale surface-atmosphere interactions can be studied within the
context of global transport — and data assimilation. Models have not yet been successful in reproducing the observed
martian dust cycle with active dust transport. Temperature and wind profile information from heights between the
top of instrumented masts and the free atmosphere will likely remain sparse or nonexistent.

Understanding of the past climate on Mars will benefit from anticipated new knowledge of current atmospheric
escape rates from the 2013 Mars Aeronomy Scout. However, a significant advance in the key area of access to the
polar stratigraphic record is not expected in the decades before human exploration. In 2030, this will remain one of
the highest priorities for MEPAG. On the other hand, the study of the paleoclimatic parameters that are imprinted in
the ancient geological record (e.g., Noachian to Amazonian) also concern the high priorities of the MEPAG, which
directly relate to unlocking the ancient climatic conditions of Mars through the physical (e.g., geomorphic and/or
sedimentary), petrological, mineral, and geochemical (including isotopic) material characterization.

While recognizing that the MEPAG 2006 Goal Il objectives are sufficiently general that they will all remain largely
valid, some updating relevant to 2030 is captured in the following four subsections.

Quantitative understanding of Mars atmospheric processes

The 2006 MEPAG Goal I1A is to characterize what constitutes the basic state and critical processes of the current
martian atmosphere. Here we describe the globally active physical processes that determine the basic state and
variability of the Mars atmosphere, and so are most important to resolve. These processes are inherently global in
character such that relevant measurements may be obtained from human activities at all of the sites that will be visited.
There are, however, large-scale atmospheric provinces that exhibit distinctive dynamical, aerosol (dust and clouds),
surface, and potential subsurface volatile conditions. Consequently, although site selection is unlikely to be driven
by atmospheric science, the specific complement of atmospheric experiments and measurement goals is likely to
vary according to site selection.
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The emphasis of human atmospheric science measurements will likely focus on processes within the planetary
boundary layer (PBL) (surface to ~2 km), where surface-atmosphere interactions impart fundamental influences on the
dynamical, chemical, and aerosol characters of the global Mars atmosphere. All spatial scales are important in
turbulent exchange, from centimeters to kilometers, in both horizontal and vertical dimensions for the PBL. It is the
wide diversity of spatial scales and the driving importance of the near-surface contribution that lead to fundamental
limitations of orbital remote sensing; surface field campaigns are still a major thrust of atmospheric boundary layer
research on Earth for understanding small-scale variability. Through nonlinear processes, small-scale variability can
significantly influence the global climate. Human atmospheric observations can provide optimum in-situ and remote
access to the PBL and, in turn, characterize local environmental conditions in support of human operations.

Atmospheric dynamics, in concert with radiative forcing, determine the basic thermal structure of the Mars
atmosphere, the global transport of volatiles (CO,, H,0, dust), and the maintenance of Mars polar ice caps, all of
which vary on seasonal and inter-annual timescales. Current understanding of Mars atmospheric dynamics is based,
to a large extent, on remotely sounded atmospheric temperature profiles, which are analyzed in the context of MGCMs.
Recent Mars missions (Mars Global Surveyor (MGS), Mars exploration rover (MER), Mars Express, MRO) have
extended the vertical, global, and temporal coverage of atmospheric temperature and aerosol (cloud and dust)
distributions towards enhanced constraints on MGCM dynamical simulations. The dynamical state of the upper
Mars atmosphere (altitudes above 80 km), which carries additional significance in terms of spacecraft aerobraking
and atmospheric escape rates, has been inferred from the in-situ density measurements that are associated with
aerobraking (Withers, 2006°%). Dedicated global observations from the 2013 Mars Aeronomy Scout Mission will
greatly expand our understanding of Mars upper atmospheric dynamics. Within the near-surface atmosphere,
atmospheric observational constraints remain sparse. This reflects both the limitations of orbital remote sensing and
the geological focus of lander/rover operations to date. Viking lander in-situ observations of surface pressure and
winds reflect active planetary wave systems and storm fronts (e.g., Barnes,1980%°; Murphy et al.,1990°°). MER-based
thermal and dust-aerosol profiling within the lower (<5 km) atmosphere also indicates strong PBL variability over
local turbulent to diurnal to seasonal timescales (Smith et al.,2006%"). MSL and Phoenix will conduct limited
meteorological measurements as constrained by the primary surface science objectives of these missions. Dedicated
observations of surface pressure and temperature-wind-dust profiles of the PBL from distributed surface stations
constitute a key priority for human investigations of Mars atmospheric dynamics.

Atmospheric Dust: Radiative forcing of the Mars atmosphere may be represented roughly as an energy balance
between cooling through CO, thermal infrared (IR) emission and heating through absorption of solar flux by suspended
dust particles. Atmospheric heating that is associated with atmospheric dust intensifies global atmospheric
circulation and near-surface winds, which, in turn, increase lifting of surface dust into the atmosphere. A dramatic
result of this dust radiative-dynamic feedback is ubiquitous aeolian activity on Mars, with significant dust lofting and
transport occurring over a wide range of spatial and temporal scales. These range from nearly continuous dust devil
activity, to regional dust storms in every Mars year, to global dust storms that may occur once every 3 or 4 Mars years
(Cantor et al., 2001%%). As a consequence, atmospheric dust plays a major role in the spatial, seasonal, and
interannual variability of Mars atmospheric thermal structure and circulation. Global imaging and thermal IR dust
abundance observations of Mars atmospheric dust extend from the Mariner 9 mission to Viking, MGS, and the
current MER, Mars Express, and MRO missions, thereby providing an accumulating timeline of Mars dust storm
activity (McCleese et al., 2007%%; Wolf and Clancy, 2003*’). Current mission observations have also substantially
advanced vertical profile and dust radiative property definitions. Both of these factors are critical to understanding

Z\Withers, P., (2006) Mars Global Surveyor and Mars Odyssey Accelerometer observations of the Mars atmosphere during aerobraking, Geophysical
Research Letters 33, L02201.doi: 10.1029/2005GL.024447.

%Barnes, J. R., (1980) Time spectral analysis of midlatitude disturbances in the Martian atmosphere, Journal of Atmospheric Science 37, 2002-2015.
%Murphy, J. R., C. B. Leovy, and J. E. Tillman (1990) Observations of Martian surface winds at the Viking Lander 1 site, Journal of Geophysical
Research 95, 14555-14576.

2'gmith, M. D., M. J. Wolff, N. Spanovich, A. Amitabha, D. Banfield, P. R. Christensen, G. A. Landis, and S. W. Squyres (2006) One Martian year of
atmospheric observations using MER Mini-TES, Journal of Geophysical Research 111, E12S13, doi:10.1029/2006JE002770.

%Cantor, B. A., P. B. James, M. Caplinger, and M. J. Wolff (2001) Martian dust storms: 1999 Mars Orbiter Camera observations, Journal of
Geophysical Ressearch 106, E10, 23653-23688.

BMcCleese, D. J., J. T. Schofiled, F. W. Taylor, S. B. Calcutt, M. C. Foote, D. M. Kass, C. B. Leovy, D. A. Paige, P. L. Read, and R. W. Zurek (2006),
Mars Climate Sounder: An investigation of thermal and water vapor, dust and condensate distributions in the atmosphere, and energy balance of the
polar regions. Journal of Geophysical Research 112, E05S06, doi:10.1029/2006JE002790

\Wolff, M. J., and R. T. Clancy (2003) Constraints on the size of Martian aerosols from the Thermal Emission Spectrometer observations, Journal of
Geophysical Research 108, E9, doi:10.1029/203JE002057.
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the radiative-dynamical relationships that are associated with Mars dust storm activity. A key element that has yet to
be addressed regards the particle-size-dependent flux of dust at the surface-atmosphere boundary as a function of
atmospheric and surface conditions. Hence, our understanding of dust lifting rates from the Mars surface is
characterized by relatively simple surface wind parameterizations, and it remains uncertain as to whether global surface
dust distributions limit or are influenced by atmospheric dust transport. In-situ observations of dust surface flux
(lifting and deposition), particle sizes, radiative properties, and vertical profiles within the PBL constitute primary
objectives for human atmospheric dust studies.

Atmospheric Water: Atmospheric water, in the form of vapor and ice clouds, plays significant roles in atmospheric
chemistry, dust radiative forcing, and climate balance. The photolysis products of atmospheric water vapor
determine Mars trace species abundances (Nair et al., 1994°"). Water ice clouds have long been associated with major
topographic features, autumnal polar hoods, and a variety of cloud wave structures (Kahn, 1984%). The existence of
an aphelion, low-latitude cloud belt is identified as a significant influence on the vertical distribution of atmospheric
dust and water vapor (Jakosky and Farmer, 1983%), as well as meridional transport of atmospheric water (Clancy et
al., 1996°*). Atmospheric exchange with polar cap water ice deposits dominates the seasonal variation of
atmospheric water vapor, whereas atmospheric exchange with subsurface ice and adsorbed water at lower latitudes
remains uncertain. Recent spacecraft observations of atmospheric water vapor (Smith, 2002%), subsurface water ice
(Feldman et al., 2004), and polar cap water ice (Langevin et al., 2005%) from MGS, Odyssesy, and Mars Express
have begun to illuminate surface-atmospheric exchanges of Mars water over seasonal, interannual, and possibly longer
timescales. The Phoenix Lander (Smith, 2006) will excavate and analyze subsurface water ice on Mars for the first
time, and MSL will provide measurements of surface humidity and the water content of surface materials over the
course of 1 martian year. HEM studies of atmospheric water are likely to focus on vertical profile measurements
within the PBL, which are not easily addressed from orbital remote sensing. Subsurface core sampling of adsorbed
water and water ice water deposits, which are site-dependent in this case, also constitutes a key Mars water
objective that is uniquely facilitated by human measurements.

Atmospheric Chemistry: The trace chemical composition of the current Mars atmosphere reflects photochemical
cycles associated with the major atmospheric constituents CO,, H,O, and nitrogen (N,); and perhaps non-equilibrium
chemistry that are associated with potential subsurface sources-sinks of methane (CHy,), sulfur dioxide ( SO,), and
hydrogen peroxide (H,0,) (Levine, 1985%; Yung and DeMore, 1999%). Some of these compounds can be essential
to sustain a Mars cryptic biosphere through direct or indirect (bio)chemical pathways (e.g., atmospheric oxidants
can be used as electron acceptors for microbial metabolism, whereas reducing gases —CH,- can be electron donors).
Existing measurements of the Mars trace species carbon monoxide (CO), O,, ozone (O3), and H,O, appear to confirm
the dominant HO, catalytic cycle that was proposed to prevent buildup of large CO and O, concentrations from
photolysis of the primary CO, constituent (Parkinson and Hunten, 1972%; McElroy and Donahue, 1972%°). Hence,
atmospheric water vapor, as the primary photolytic source of atmospheric HO, species, plays a dominant role in Mars
atmospheric chemistry. Definitions of spatial and seasonal variations in atmospheric trace composition remain
tentative, with the exception of Mars ozone, which exhibits large increases towards winter high latitudes (Barth,
1985*). The detailed seasonal variation of Mars ozone also suggests that heterogeneous HO, chemistry may occur

3INair, H., M. Allen, A. D. Anbar, Y. L. Yung, and R. T Clancy (1994) A photochemical model of the martian atmosphere, Icarus 111, 124-150.
2Kahn, R. (1984) The spatial and seasonal distribution of Martian clouds and some meteorological implications, Journal of Geophysical Research 89,
6671-6688.

*Jakosky, B. M. and C. B. Farmer (1982) The seasonal and global behavior of water vapor in the Mars atmosphere- Complete results of the Viking
atmospheric water detector experiment, Journal of Geophysical Research 87, 2999-3019.

¥Clancy, R. T., A. W. Grossman, M. J. Wolff, P. B. James, D. J. Rudy, Y. N. Billawala, B. J. Sandor, S. W. Lee, and D. O. Muhleman (1996) Water
vapor saturation at low altitudes around aphelion: A key to Mars climate?, Icarus 122, 36-62.

¥gmith, M. D. (2002) The annual cycle of water vapor on Mars as observed by the Thermal Emission Spectrometer. Journal of Geophysical Res,earch
107, E11, 1-25, doi:10.1029/2001JE001522.
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%7L_evine, J. S. (Editor) (1985) The Photochemistry of Atmospheres: Earth, The Other Planets, and Comets, Academic Press, Inc., Orlando, 518 pp.
®yung. Y. L. and W. B. DeMore, 1999: Photochemistry of Planetary Atmospheres, Oxford University Press, New York, 456 pp.

®parkinson, T. M. and D. M. Hunten (1972) Spectroscopy and aeronomy of O2 on Mars, Journal of Atmospheric Science 29, 1380-1390.

“McElroy, M. B. and T. M. Donahue (1972) Stability of the Mars atmosphere, Science 177, 986-988.
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on the surface of Mars water ice clouds (Lefevre et al., 2004*%). Vertical gradients in trace species abundances,
which are associated with a saturation-dependent water mixing profile (Clancy and Nair, 1996) or vertical variations
in photolysis rates (Nair et al., 1994), are inferred but not definitively measured. The most problematic trace species
measurements, on both observational and modeling grounds, are the recent reported detections of significant
atmospheric CH, abundances (Formisano et al., 2004*®, Krasnopolsky et al., 2004**). Methane is not
photochemically produced and is not stable in the current Mars atmosphere such that detectable amounts (parts per
billion) require a source from the subsurface (Krasnopolsky et al., 2004).. Reported variations in CH, abundance vs.
time and space (Mumma et al., 2007*) place further requirements on atmospheric loss rates for CH,, which remain
extremely challenging. Subsurface sources for sulfur-bearing gases such as SO, (Krasnopolsky et al., 2004), and
triboelectric sources for enhanced production of peroxide (Atreya et al., 2007*°) remain unsubstantiated by
observations and so unconstrained. MSL, the Mars Aeronomy Scout mission, and MSO should address many of the
above questions regarding Mars atmospheric chemistry, including the degree to which subsurface sources of non-
equilibrium gases are significant globally. Human observations of atmospheric chemistry are likely to focus on
detections of locally enhanced CH,4, SO,, hydrogen sulfide (H,S), hydrogen cyanide (HCN), or peroxide
concentrations that are associated with confined source regions that are specific to the geology, geophysics, or life
site.

Electrical effects: Experimental and theoretical investigations of frictional charging mechanisms in both small- and
large-scale meteorological phenomena suggest that Mars very likely possesses an electrically active atmosphere as a
result of dust-lifting processes of all scales, including dust devils and dust storms. Naturally occurring dust activity
is nearly always associated with significant electrification via the process of triboelectricity, which is the frictional
charging of dust grains that are in contact with one another or the surface as they are transported by wind or convective
circulations. Based on the results of terrestrial experiments and their implications for the presence of electrification
processes on Mars, it has been hypothesized that electric fields up to the breakdown potential of 25 k\V/m can occur
near the martian surface (Delory et al., 2006*"). A large-scale, electric dipole moment can be generated by nearly
any process with a vertical lifting component, as the smaller, negatively charged grains are transported to higher
altitudes than the heavier, positively charged grains. In dust devils and dust storms, the vertical stratification of
grains based on size and mass will create a stratification of charge, which creates an electric dipole moment with a
spatial scale on the order of the storm size.

Electrical effects impact human exploration and the environment of Mars as a source of both continual and episodic
energy. Differential charging between separate objects, which are in the presence of electrified dust, that then come
into direct contact and cause a discharge will damage electronics or interfere with radio communications. Suspended
electrified dust presents a hazard for launch operations (an example of this is the Apollo 12 launch, which was
struck by lightning due to the short-to-ground that was caused by the vehicle exhaust trail). Dust adhesion may also
be dominated by electrical effects, with implications in terms of its transport into the habitat/human environment
where other effects may take over (toxicity, friction in seals/machinery, etc.).

Currently, measurements of electric charging within the Mars atmosphere do not exist, and experiments that are
necessary for such measurements are not incorporated in the Phoenix Lander or MSL missions. For operational
safety concerns alone, basic measurements of martian surface charging conditions should be obtained prior to HEM
activities. Human measurements of atmospheric charging within active dust devils are especially relevant to the
dynamic response times that are associated with dust devil occurrences and motions.

“2|_gfevre, F., S. Lebonnois, F. Montmessin, and F. Forget (2004), Three-dimensional modeling of ozone on Mars, Journal of Geophysical Research
109, E07004, doi:10.1029/2004JE002268.
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“*Krasnopolsky, V. A., J. P. Maillard, and T. C. Owen (2004) Detection of methane in the martian atmosphere: evidence of life?, Icarus 172, 537-547.
““Mumma, M. J., G. L. Villanueva, R. E. Novak, T. Hewagama, B. P. Bonev, M. A. DiSanti, and M. D. Smith (2007) Absolute measurements of
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Catling (2006) Oxidant Enhancement in Martian Dust Devils and Storms: Implications for Life, and Habitability, Astrobiology Vol. 6 3, 439-450.
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Science goals and approach

These goals require similar investigations; however, a microclimate objective will be more specific, requiring
additional planning to optimize site selection for meteorological stations and time-phasing of investigations that are
relative to relevant seasonal cycles. Site selection considerations are described under the subsection Location.

A proposed baseline is a central station (it could be close to the habitat, but see the constraints on fetch in the
Location subsection) plus remote stations that is used either to broadly characterize the region (co-sited with major
geology/life investigations) or that is arranged to give three-dimensional information on the specific flows that are
associated with microclimate. The microclimate objective will also require reference meteorological station(s) to
provide regional context. Investigations of atmosphere-surface interactions are summarized in table 2-6.

Table 2-6. Investigations of Atmosphere-Surface Interactions and Approaches

Investigation Atmosphere/Climate Approaches
Monitor basic atmospheric state at reference MET station:
height above surface (2 m) Instrumented mast-sonic anemometer (three heights), temperature
Monitor the radiation and heat balance for surface- | (three heights), pressure, humidity, radiation (net, long wave, short
atmospheric exchange and solar forcing wave), dust particle counter

Soil heat and conductivity probes
Soil temperature profile

Monitor temperature, wind, dust and cloud through | Upward-looking thermal IR spectroscopic sounder (water vapor,
the depth of the boundary layer (two scale heights dust, temperature)

~20 km)
Monitor the mass balance for dust and volatile Tethered balloon, winch, and gondola — sonic anemometer,
components, especially considering dust-lifting temperature, pressure, humidity, camera

processes and also considering electrical effects

Investigate processes that influence the mass
balance for dust and volatile components

Radiosonde balloon — temperature, pressure, wind, humidity

Portable Doppler laser imaging detection and ranging (LIDAR)
(wind)

Portable Raman/imaging lidar (dust)

Direct current (DC) electric field sensors

Portable differential absorption LIDAR (DIAL) (water vapor)

Surface accumulation measurements (dust/ice)
Microscope analysis of dust

Assess the impact of latitude, longitude, season, Diurnal cycle campaign: tethered balloon sounding each 2 hours,
and local time portable instrumentation deployment

Seasonal cycle campaign: 3 days of diurnal cycle campaigns, six
times over mission, radiosonde release midday/midnight

Measure atmospheric composition (trace, Isotope mass spectrometer
isotopes) (2—100 amu [atomic mass unit])
Measure physical and chemical properties of the

regolith

Sample processing system
pH, wet chemistry, microscope

Measure the deposition of chemically active
gases, such as Oz and H,0, to the Mars surface.

Search for gases of biogenic (CH,4, ammonia (NH), | Portable laser diode system or Fourier transform infrared
etc.) and volcanic (SO,, H,S, etc.) origin and spectrometer (FTIR) for ~100 parts per trillion detection limits
determine their source(s)

Search for sources of atmospheric water vapor
Assess the impact of latitude, longitude, season, Chemistry campaign: 3 days, six times over mission

and local time on atmospheric composition and
the photochemistry of trace atmospheric gases

2.2.5.4 Nominal deep drilling polar reference mission
The polar regions pose unique technical challenges due to cold temperatures and polar night, which may be
somewhat offset by access to a ready supply of water and radiation shielding material (ice).

The north polar dome is the target for the first human mission. A deep drilling phase is described followed by
traverse to lower latitudes for launch at the onset of polar night. This reference mission does not include explicit life
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investigations that are related to access to ancient ice or basal melting, or geology investigations that are related to
crossing the NPLD, both of which are anticipated to be of high interest. Polar drilling investigations and approaches are
summarized in table 2-7.

Table 2-7. Polar Deep Drilling Investigations and Approach

Investigations Atmosphere/Climate Approaches
Deep core and baseline chronology and characterization of Continuous flow analysis equipment (see habitat capabilities)
major climatic events in past 5 million years for dating and composition

Borehole instrumentation: Multi-spectral imager <0.1mm
resolution; microscopic imager; thermometer

Returned samples of dust from significant lag deposits

Polar cap mass and energy balance for current climate state Requirements as for nominal atmospheric mission
and seasonal cap formation processes

Shallow cores to investigate heterogenuity Hand auger

Emplacement of geophysical sensors Heat probes, seismic sensors

2.2.5.5 Human science reference missions: biology/life

Human-enabled biological investigations on Mars will focus on taking samples and making measurements to
determine whether life ever arose on Mars. This goal is consistent with the 2006 MEPAG goals and priorities, and
we do not see this goal changing in the next 30 years.

The search for life on Mars can be generally broken into two broad categories: (1) the search for evidence of past life
on Mars (which may or may not still be alive); and (2) the search for present (extant) life on Mars. Both have been,
and will continue to be, based on a search for water, since all life on Earth requires water for survival. Abundant
evidence on the martian surface of past water activity (e.g., rivers, lakes, groundwater discharge) has led to Mars
becoming a strong candidate as a second planet in our solar system with a history of life. With increasing
knowledge of the extremes under which organisms can survive on Earth, especially in the deep subsurface, whether
martian life is still present today has become a compelling and legitimate scientific question.

The NRC was recently commissioned to do a study to develop “an up-to-date integrated astrobiology strategy for Mars
exploration that brings together all the threads of this diverse topic into a single source for science mission
planning.” This NRC report, which was published in 2007, is entitled, “An Astrobiology Strategy for the
Exploration of Mars (NRC, 2007). This report did not consider how to do science with humans, but we
nevertheless rely heavily on it and earlier MEPAG documents here as snapshots of current community thinking on
astrobiological investigations on Mars.

As pointed out by NRC (2007), the search for life on Mars requires a very broad understanding of Mars as an
integrated planetary system. Such an integrated understanding requires investigation of the following:

The geological evolution of Mars

The history of Mars’ volatiles and climate

The nature of the surface and the subsurface environments

The temporal and geographical distribution of liquid water

The availability of other resources (e.g., energy) that are necessary to support life

An understanding of the processes that controlled each of the factors that is listed above

ok wbdE

Many of these investigations are well under way robotically, and will be much further advanced through additional
robotic missions and sample return.

“®National Research Council (2007) An Astrobiology Strategy for the Exploration of Mars. The National Academies Press, Washington, DC, 118 pp.
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23 The Search for Extant Life

The NRC (2007) suggests a number of high-priority targets that are based on evidence for present-day or
geologically recent water near the surface:

1. The surface, interior, and margins of the polar caps

2. Cold, warm, or hot springs or underground hydrothermal systems

3. Source or outflow regions that are associated with near-surface aquifers that might be responsible for the
“gullies” that have been observed

MEPAG SR-SAG (2006) noted that sites in which recent water may have occurred might also include some
mid-latitude deposits that are indicative of shallow ground ice. Conditions in the top 5 m of the martian surface are
considered extremely limiting for life. Limiting conditions include high levels of ultraviolet radiation and purported
oxidants as well as most of the surface being below the limits of water activity and temperature for life on Earth. For
these reasons, finding evidence of extant life near the surface will likely be difficult, and the search will almost
certainly require subsurface access. This was also a key recommendation of NRC (2007).

24 The Search for Past Life

The NRC (2007) lists sites that are pertinent to geologically ancient water (and, by association, the possibility of
past life), including the following:

1. Source or outflow regions for the catastrophic flood channels

2. Ancient highlands that formed at a time when surface water might have been widespread (e.g., in the
Noachian)

3. Deposits of minerals that are associated with surface or subsurface water or with ancient hydrothermal
systems or cold, warm, or hot springs

2.5  Human Science Reference Mission to Address Biological Goals: Centauri Montes

As a demonstration of how HEM-SAG envisions carrying out the biological goals, an HSRM was designed to the
Centauri Montes region.

Why Centauri Montes?

The Centauri Montes region has drawn attention from astrobiologists as a result of the discovery by Malin et al.
(2006) that a flow feature (gully) inside a crater wall has apparently been active in the last decade, thereby providing
the intriguing possibility of episodic liquid water at or near the surface. This region has also been well documented
for its concentration of young, volatile-rich deposits and figures that feature prominently in recent MGCM simulations
at different obliquities, which indicates that the eastern-Hellas region should be receiving significant amounts of
water-ice from the south pole (Forget et al., 2006°°). Centauri Montes is also at the head of major
Amazonian/Hesperian outflow channels.

The indicators of ice deposits and liquid water today, as well as the region being associated with outflow channels,
provide ample local targets for the search for extant and extinct life. For geological investigations, this region has
the attraction of all three primary martian epochs being represented in close proximity. Proposed investigations at
Centauri Montes are summarized in table 2-8.

“MEPAG SR-SAG (Special Regions Science Analysis Group) (2006), Findings of the Mars Special Regions Science Analysis Group, Astrobiology 6,
677-732. The document can also be accessed at http://mepag.jpl.nasa.gov/reports/index.html.

%Forget, F.; Haberle, R. M.; Montmessin,F.; Levrard,B.; and Head, J. W. (2006) Formation of Glaciers on Mars by Atmospheric Precipitation at High
Obliquity. Science 311, 368-371.
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Table 2-8. Investigations at Centauri Montes and Approach

Investigation Biology Approaches

1. Characterize complex organics — Use of Raman and gas chromatograph mass spectrometer

— Screening for thousands of biomolecules (electron transport
molecules, various key proteins, phospholipids, etc.) using life
marker chips and other lab-on-a-chip assays

— Equipment for nucleic acid extraction (assuming that the crew
have it) and some sequencing capability

— Basic staining for biomolecules

2. Characterize the spatial distribution of chemical and/or — Use of isotope mass spectrometers and GCs
isotopic signatures — Tabletop scanning electron microscope (SEM)
3. Characterize the morphology or morphological distribution — x-ray diffraction (XRD), laser-induced breakdown
of mineralogical signatures spectroscopy (LIBS)
— Bright field microscopy
4. Identify temporal chemical variations requiring life — Basic metabolic analysis (Viking style experiments, but using

nonorganic redox couples)

Location

Centauri Montes is located on the rim of Helles Basin. The landing site would be adjacent to the crater where a
recently active gully was discovered (hereafter referred to as the active gully crater). This crater is located near
38.7°S, 263.3°W (see figure 2-8).

O londingsite e Possible foot traverses O landing site O Cache or remote camp
+ Active Gully (Malin ef al. 2006) * Active Gully (Malin et al. 2007)

Figure 2-8. Comparison of possible traverses from base camp.

Research plan at Centauri Montes
Two modes of research would be carried out at CM. These are detailed below.

Mode 1 — ACTIVE GULLY INVESTIGATIONS AND LOCAL DRILLING

This mode of research is primarily focused on assessing the recently active gully and other fresh gullies as potential
sites of recently water activity and, hence, extant life.
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1. Drilling. For this activity, horizontal mobility would be minimal because it is largely dependent on how
close to the active gully crater a suitable landing ellipse can be placed. The drill rig would need to be portable
enough to be moved from the landing site to the drill site. Alternatively, it could be moved from the
landing site on the rover in pieces and assembled at the drill site. We envision the drill site and landing site
to be close enough that daily commuting could occur between the two. Drill samples (cores and/or
cuttings) would need suitable on-site storage to keep them protected (as close to their ambient
conditions as possible) until such time as they can be moved back to base (presumably at the end of each
work shift). Once back at base, cataloging, sub-sampling, and analyses would be done in the habitat
laboratory. If there is suitable interest from other disciplines (e.g., geophysics, geology), other, but not
necessarily as deep, holes could be drilled in the local area for specific goals of geology, geophysics, and
climate studies.

2. Direct measurements and sampling from the active gully. Based on available data, this seems to be
achieved most easily by descending to the gully site from above.

3. Sampling of sediments on the crater floor. The available imagery of the active gully crater suggests a
history of fluid flow through this crater, possibly associated with the gullies. Drilling on the crater floor
into some of these sediments, even to shallow depths, would be useful for seeking out evidence of past life.

We have allotted approximately half of the mission time to this detailed investigation of local and potentially active
gullies.

Mode 2 — SAMPLING TRAVERSES

The second half of the expedition would be spent traversing out to a radius of 50 km away from the landing site to
access materials from the three different epochs and collect samples for investigation of past life. For the astrobiology
work, we would only do minimal analysis in the field and would return many samples to the base lab for detailed
analysis.

Planetary protection issues at the human science reference mission locality and potential mitigation

To achieve the life goals, especially the search for extant life, we will almost certainly need to enter special regions
(e.g., gully sites and the subsurface) with humans. We feel that a biologically focused mission needs to include a search
for extant life, so technological developments are needed to prevent forward contamination and provide a safe
barrier for astronauts who are working on samples. Detailed procedures and protocols for the mitigation of forward
contamination must be developed prior to human exploration on Mars.

251  Some summary implications for Goals I-I11
The following questions provide, in summary, implications for Goals I-I1l1:

e  For the first three human missions: three different sites or the same site?
Three independent sites.

e For the first three human missions, short stays (~30 days) or long stays (~500 days)?
Three long stays (~500 days) to maximize scientific return (figure 2-9).

e How much surface mobility, in terms of radial distance from the landing site, is required to perform the
required science? (Note: In this section, the HEM-SAG team provides quantitative estimates for several
key mission parameters; e.g., the range of human mobility, the subsurface depth for drilling, and the mass
of Mars samples to be returned to Earth. The estimates for these parameters are based on discussions of the
HEM-SAG team and represent consensus estimates that are consistent with the team’s goal of maximizing
scientific discovery by humans on Mars).

To determine the radial distance from the landing site that humans will explore, HEM-SAG estimated a
radial distance range requirement in the range of 250-500 km. This estimate was based on the great
diversity of features on the surface of Mars, as indicated in the Mars surface terrain maps that were
developed for the HSRM scenarios. While the radial distance is an estimate, HEM-SAG concluded that
human explorers on Mars should be able to traverse radial distances on the order of several hundreds of
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kilometers, as opposed to radial distances of several tens of kilometers. The important consequence of this
human mobility range is that it requires the use of a pressurized vehicle.

o What are the subsurface access requirements?
To determine the depth of vertical subsurface access (drilling depth), HEM-SAG estimated a drilling depth
in the range of 100 to 1,000 m, depending on the drilling site and the scientific goal of the drilling; e.g.,
subsurface liquid water zones or recoverable polar coring. For example, drilling into a gulley to search for
subsurface water may require less depth than drilling to obtain a continuous core sample through the thick
ice at the poles to investigate past atmospheric composition and climate.

e How do we implement a search for extant life vs. a search for fossil life (assessing the value of human
explorers on the search for extant life)?
Very carefully, because the search for extant life is an important scientific goal/objective of human
exploration. The use of human explorers in the search for extant life on Mars will require that we address
the following issues:

- Human in in-situ analyses on Mars vs. returning samples to Earth for analyses (mass of
instrumentation/equipment transported from Earth to Mars for in-situ analyses on Mars vs. amount
of sample mass to be returned to Earth)

- Human habitat/workstation: In-situ sample analysis and cataloging; performing analyses that cannot
be performed on Earth (e.g., tests for extant life)

- Samples include: rocks, drill cores, surface/atmospheric dust, ice, atmospheric gas

- Sample conditioning and preservation essential

- Human habitat laboratory instruments for multiple objectives: geology, atmosphere/climate, and life

- Emplacement of network stations for geophysics, atmosphere/climate, and even life is essential
beyond initial landing site (250-500 km radial from landing site) to be operated during and after
humans return to Earth (see above discussion on human mobility)

e  How much sample mass should be returned to Earth?
The mass of samples that will be returned to Earth will be >250 kg.

Short Stay Long-Stay
; .
BELOW
g_I:e SCIENCE
Ite FLOOR
RD Figure 2-9. Value from the
perspective of our scientific goals of
stay time and landing site diversity.
Multiple
Sites

2.5.2  Conclusion

Over the last decade, the exploration of Mars by robotic orbiters, landers, and rovers has shown Mars is a planet of
great diversity and complexity. The great diversity and complexity of Mars offers a unique opportunity for humans who
are on the surface of Mars to obtain data and measurements that could not be obtained by robotic probes alone. Due
to the great diversity and great complexity of Mars, HEM-SAG strongly recommends that the first three human
missions to Mars should be to three different geographic sites, and should be long-stay missions of about 500 days’
duration on the surface. HEM-SAG has addressed the key scientific questions about Mars as detailed in “Mars
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Scientific Goals, Objectives, Investigations and Priorities,” 2006 (MEPAG, 2006), has assessed the questions that
cannot or will not be addressed or fully addressed by the year 2025, and has developed a series of HSRMs to be
pursued by human explorers on the surface of Mars to answer these key scientific questions. HEM-SAG concludes
that human mobility is key for the human exploration of Mars, and strongly recommends a pressurized mobility
system for human exploration over greater surface distances. HEM-SAG believes that deep drilling is an important
function that humans will perform on the surface of Mars and strongly recommends that deep drilling equipment be
included on the first three human missions. HEM-SAG also strongly recommends that a well-equipped scientific
laboratory for the human analyses of rocks, dust, ice, atmospheric gases, etc. on the surface of Mars be a key aspect of
the human exploration of Mars. This on-site laboratory will permit analysis of martian material in its natural
environment, and will significantly reduce the mass of material that will have to be transported back to Earth for
analyses. HEM-SAG also believes that the impact of human explorers and potential “human contamination” of the
Mars environment in the search for present-day life on Mars is a problem that requires more study and evaluation,
but will be solved prior to the first human landing on Mars.

2.6  Objectives Related to Preparation for Sustained Human Presence (Goal I1V+)

2.6.1 Introduction

The MEPAG has developed several goals for Mars exploration, the fourth of which (i.e., Goal 1V) is to “prepare for
human exploration.” The goals and objectives activity of the MAWG defined the MEPAG Goal IV as “preparation
for later sustained human presence.” This MEPAG goal, which is referred to as Goal 1+, specifically focuses
on Mars human habitability, exploration systems development, and long-duration space mission operations. The
purpose of the Goal IV+ study was to identify the objectives for the first three human Mars missions that would
support the performance of human Mars missions four through 10. The scope of the representative scenarios for
missions four through 10 includes developing the knowledge, capabilities, and infrastructure that are required to
live and work on Mars, with a focus on developing sustainable human presence on Mars.

2.6.2  Ground rules and assumptions for later sustained human presence

The results of the Goal 1V+ study are based on specific GR&As. The first states that the initial three human
missions will demonstrate the transportation of humans from the surface of Earth to the surface of Mars. Missions
one through three will also have Mars surface-stay times of at least 30 days and potentially greater than 450 days.

The second states that there are two potential campaign paths after completion of the third human mission: sortie
mode and outpost mode. A sortie mode would involve individual missions that are self-contained and do not rely on
elements or materials that were used by a previous mission. A sortie does, however, allow for pre-positioning of
supplies and elements. The outpost mode assumes that each of the human missions to Mars will integrate its
elements and materials with those from previous missions, building up to a greater capability for future missions. The
Goal IV+ study assumed that human missions four through 10 will focus on an outpost mode of operations at either
one or several sites. This reflects a conservative approach to the need for new capabilities. If missions one through
three were sorties and the campaign was to continue in sortie mode, the first three missions will have demonstrated
the capabilities that are required for such operations and, therefore, missions four through 10 would not need any
new capabilities. If missions one through three were to develop an outpost, missions four through 10 would
continue to support the outpost buildup. The continued outpost buildup would be the stressing campaign for
objective development due to the possible need for new capabilities for these later missions where the outpost can
continue to change and evolve as it grows.

2.6.3  Study process

The Goal IV+ study included several steps over the course of the MAWG Phase 1 and Phase 2 efforts, spanning
from March to August 2007. MAWG Phase 1 determined potential objectives for human missions four through 10,
starting with the lunar exploration objectives that were developed during 2006 and released at the 2" Space
Exploration Conference (December 2006; Houston). The lunar objectives list was reviewed, and those objectives
that were applicable to Mars missions were identified and appropriately edited. An agency-wide team of subject
matter experts was formed to review the resulting list of Mars objectives. This team was tasked with modifying,
adding, and/or deleting objectives as needed. The goal of this team was to develop a comprehensive data set of possible
objectives for missions to Mars (without gaps or implementation specifics) that would enable all applicable future
technology trades. The Phase 1 efforts concluded with the list of objectives, which was finalized by a team of Mars
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multidisciplinary experts. A final assessment of the data set was completed in which the grouping of the objectives
into higher-level categories was reviewed, and any remaining gaps were identified and filled with appropriate
objectives.

In MAWG Phase 2, the Mars multidisciplinary expert team categorized the lower-level objectives resulting from
MAWSG Phase 1 into four major objective areas and confirmed the 21 sub-objective categories. Using this updated
list, the team then provided input to the Mars Strategic Integration Group regarding the surface-stay duration of a
human mission. Surface-stay duration impacts the length of the transit between Earth and Mars as well as the
capabilities and infrastructure that are needed for a crewed mission. The team recommended a long surface stay, as this
extended time would enable more testing of proof of capabilities for extended human presence. Next, the team
drafted recommendations of objectives for human missions one through three. These were based on synthesis of
information from each of the lower-level objectives, such as importance towards the completion of Goal 1V+,
whether they would be best satisfied by long or short surface stays, and whether their completion would be aided by
repeated visits to the same site. Finally, a Red Team was formed to review these final recommendations, ensuring
accuracy and completeness.

2.6.4  Major Goal IV+ objectives decomposition

The four major Goal IV+ objective areas are: Mars Human Habitability/ISRU, Exploration Systems Development,
Operational Capabilities, and Other. Within each of these areas are multiple categories of lowe- level objectives, as
shown in table 2-9.

Table 2-9. Goal IV+ Objective Decomposition

Mars Human Habitability/ISRU Exploration Systems Operational Capabilities Other
Development

Human Health General Infrastructure Crew Activity Support Planetary Protection

Environmental Characterization Operational Environmental Historic Preservation
Monitoring

Environmental Hazard Mitigation Life Support Commercial Activities

Mars Resource Utilization Habitation Systems Global Partnership
EVA Systems Public Engagement
Power

Communications
Position, Navigation, and
Time

Transportation

Surface Mobility

Operations, Testing, and
Verification

2.6.5  Study findings

2.6.5.1 Projected Mars exploration objectives for human missions one through three

Within each of the four major Goal I\V+ objective areas, the Goal IV+ study team defined projected Mars
Exploration Objectives for human missions one through three. There are three resulting objectives in the Mars
Human Habitability/ISRU area. The first is to develop the capability of providing crew needs from local resources; an
example of this is in-situ food production. The second objective is to develop the capability of extracting power and
propulsion consumables from local resources. This could be accomplished through ISRU processing of the martian
atmosphere or regolith to produce CH, or other chemicals that are needed for power and propulsion
technologies. The third objective is to develop and test the capabilities that are needed for in-situ fabrication and
repair. This could be accomplished by fabricating infrastructure element replacement parts on the martian surface
from raw materials brought from Earth, or by reusing parts from other infrastructure elements that are no longer in
use (e.g., a descent stage that is used only for landing on the surface).

The Exploration Systems Development area includes three objectives, all of which relate to the establishment of

reliable and robust space systems that will enable gradual and safe growth of capabilities. The first such capability is
the number of individuals that can be supported by the infrastructure on Mars. The exploration systems that are
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developed will also work to increase the duration of time that individuals can live safely on the planet. Another
thrust will be the gradual increase in the range of mobility that is provided to visiting crews. As each of these
capabilities is realized and matured, the potential for even greater exploration, science, discovery, and new
technology is greatly enhanced.

The level of self-sufficiency of operations for Mars missions also must increase and, hence, is the objective in the
Operational Capabilities area. Due to the complexity of procedures and the communications delay among other
factors, a crew that is operating on the surface of Mars will need to be independent from the support personnel who
are located back on Earth. These Earth-based teams will, of course, be available to offer assistance in nonemergency
situations. However, the new complications of a martian mission warrant consideration of a day-to-day level of
autonomy that is not currently present in space shuttle and 1SS missions.

The study resulted in three “Other” objectives addressing: planetary protection concerns, partnerships, and public
engagement. Planetary protection concerns were well described by the Space Studies Board (SSB) of the NRC in
2006: “Increased scientific understanding of the [martian] environment and the ability of microorganisms to survive
in severe conditions have important implications for the planetary protection of Mars. ... Anticipated Mars missions
will likely travel to locations with greater potential for the survival and possibly the growth of Earth microbes. The
science and engineering community needs to ensure, on an ongoing basis, that planetary protection policy and
practices reflect current scientific and technical understanding and capabilities.” [Preventing the Forward
Contamination of Mars (2006), p. 111] Therefore, special care must be taken not to contaminate the natural
environment, where scientific measurements will require pristine samples, as well as any areas to which the human
crews will be exposed so as to protect their health. Sustained human presence on Mars will require the development of
partnerships. Promoting agreements and collaboration among government, international, commercial, and other entities
will be a necessary challenge. Another objective in this area is to provide and sustain public engagement. The
exploration of and sustained human presence on Mars will obviously be a grand undertaking, requiring long-term,
continual public support. This objective is in direct alignment with NASA’s “commitment to communicate with
key partners and stakeholders, including elected public officials, the media, the public, academia, other government
agencies, and international space agencies, to enhance understanding of the agency’s programs, policies, and plans
and to advance the nation’s space program agenda,” as well as to continue “the [agency’s] tradition of investing in
the [nation’s] education programs and supporting the country’s educators who play a key role in preparing,
inspiring, exciting, encouraging, and nurturing the young minds of today who will manage and lead the nation’s
laboratories and research centers of tomorrow.” [2006 NASA Strategic Plan pg. 29].

2.6.5.2 Recommendation based on Goal IV+ objectives

The Goal IV+ team has two primary recommendations. First, the team recommends long surface stays for human
Mars missions. Longer stays allow for a more comprehensive characterization of certain environmental parameters
and a longer baseline of measurements. This specific and long-duration knowledge will be essential in the
development of health monitoring and hazard mitigation strategies for the crew and infrastructure elements. The
systems that are required for long stays are also more supportive of the longer-term missions that will achieve
sustained human presence in the future than those that would be used on a short surface stay mission. Examples of
some of these systems that will benefit from the longer durations early in the overall Mars campaign include
habitation, life support, EVA, mobility, and ISRU. Longer-stay missions are also preferred from an operations
viewpoint. Crewmembers are expected to be in a de-conditioned state for up to 7 days following landing due to the
length of transit from Earth to Mars and the effects of the zero- or microgravity environment during this journey. On
a mission with a short surface stay, only 3 weeks of surface operations would remain after this recuperation time,
limiting the support of Goal 1VV+ objectives.

A Goal IV+ team’s second recommendation pertains to the number of landing sites for human missions to Mars. The
Goal IV+ objectives lend themselves best to repeated visits to a specific site on Mars. Repeated site visits enable a
buildup of infrastructure that would benefit the longer-term missions of the Goal 1\VV+ objectives. This buildup
would provide more systems for use by the crews such as a habitable volume, mobility aids, and science equipment.
These systems and the potential for spares could also potentially reduce the amount of logistics required for the
long-term missions.
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The Goal IV+ team ranked combinations of surface-stay duration and number of sites as shown in figure 2-10. Short
surface stays to either one or multiple sites were ranked as the Bronze Standard. The rationale for the lower ranking of
these options is cited above. Long surface stays at multiple sites is the Silver Standard. The long stays elevate this
option to a higher level. The Gold Standard is defined as long surface stays to one site, with the single landing
location being the enhancing discriminator over the previous case. Multiple long-stay human missions to one site
enable the benefits mentioned in the rationale for repeated site visits to be added to the long-duration benefits, hence
the gold designation. The team has concluded that long-surface-stay missions at a Mars base with repeated site visits
would be most advantageous towards preparation for later sustained human presence.

Short Stay Long Stay

One
Site
BRONZE GOLD
STANDARD STANDARD Figure 2-10. Value from the perspective of
- i r?l(\)lzlri\llf: of stay time and landing site
Multiple
Sites
BRONZE SILVER
STANDARD STANDARD

2.7  Objectives Related to Other Classes of Science (Goal V)

2.7.1  Heliophysics

Heliophysics is the study of the mechanisms and processes of the solar system as driven by the sun. This science
encompasses solar activity and stellar cycles, space plasmas, cosmic rays, particle acceleration, space weather,
radiation, magnetic reconnection, and magnetic fields. Heliophysics embraces science that safeguards the journey of
exploration by developing the capability to forecast both hazardous and safe working conditions in space for
human and robotic explorers. To address the issues that are relevant to human exploration of Mars in this science
discipline, the MAWG requested the following assessment by a subpanel of the NASA Advisory Council Heliophysics
Subcommittee.

The martian system is of tremendous interest to the science of Heliophysics, both as an archive of solar evolution
and as a case of planetary interfaces responding to solar influences. These influences range from solar irradiance and
high-energy particles pounding the surface of the planet, to solar wind and magnetic fields interacting with the martian
atmosphere and ionosphere. Mars also represents an important key instance of fundamental Heliophysical processes
that influence the habitability of planetary environments. Because the space environment matters to the safety and
productivity of humans and their technological systems both at Mars and in transit, it is essential that we monitor
Heliophysical conditions between Earth and Mars, and understand the solar effects in Mars orbit and on the
atmosphere and surface environment.

Our solar system is a fascinating nested system that is so closely connected that an explosive event on the sun
produces measurable effects that span the entire solar system and heliosphere. Through judicious use of a number of
operating missions, the international community has achieved system surveillance over parts of the heliosphere and
has been able to examine causal linkages between its elements. Our nation’s challenge to establish a sustained
presence on the Moon and enable human exploration of Mars and beyond presents great opportunity and sobering
demands for Heliophysics. A host of interconnected physical processes, which are strongly influenced by solar
variability, affect the habitability of alien environments and the requirements for the health and safety of travelers in
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space. Heliophysics is poised to develop the quantitative knowledge that is needed to help assure the safety of the
new generation of human and robotic explorers.

Using recommendations of the 2003 NRC decadal survey, “From the Earth to the Sun: A Decadal Survey for Solar and
Space Physics,” and the 2006 community roadmap “Heliophysics: The New Science of the Sun-Solar System
Connection,” NASA designed a Heliophysics Science Plan with objectives that represent a science community
consensus on priorities. The following sections highlight those top-level Heliophysics objectives that relate to
human exploration of Mars — the Science Frontier, Planetary Habitability, and Safeguarding the Journey of Exploration
—and identify relevant research focus areas and specific investigations. A final section lists the methods of
investigation that will accomplish these objectives as part of the Mars reference architecture.

2.7.1.1 Understanding the fundamental processes that control Mars’ space environment

Planetary upper atmospheres, the sun, our solar system, and the universe consist primarily of plasma, resulting in a
rich set of interacting physical processes and regimes, including intricate exchanges with the neutral environment.
Human explorers can anticipate encounters with hazardous conditions stemming from ionizing radiation on our return
to the Moon and journey to Mars. We must develop mitigation strategies and a complete understanding of the many
processes that occur with such a wide range of parameters and boundary conditions within these systems. We must
be able to predict the behavior of the complex systems that influence the hazardous conditions crews will encounter.

The processes of interest occur in many locations, although with vastly different magnitudes of energy, size, and
time. The same processes rule the seething atmosphere and interior of our sun, the supersonic wind of particles that
our star flings outward into space, Mars’ limited magnetosphere, the variability of the martian ionosphere and the
tenuous upper atmosphere, and even the fantastically energetic spinning pulsars that spray out beams of x rays.

By quantitatively examining similar phenomena occurring in different regimes through a variety of measurement
techniques, we can identify important controlling mechanisms and more rigorously test our developing knowledge.
Both remote sensing and in-situ observations must be used to provide the three-dimensional, large-scale perspective
and the detailed small-scale microphysics view that are necessary to see the complete picture.

On Earth, the lower atmosphere is periodically pumped and heated, giving rise to a spectrum of small-scale gravity
waves and longer-period oscillations. These waves can propagate into the mesosphere and thermosphere, depositing
momentum. The atmospheric mean circulation is thereby modified, resulting in changes to the temperature structure
and redistribution of radiation absorbers and emitters. The mean wind and temperature structures in turn influence
the propagation of the waves and the manner in which they couple the lower and upper atmosphere. Similar
processes are also key to understanding the upper atmosphere weather and climate on Mars.

The following research focus area and investigations are necessary to obtain knowledge of these fundamental
processes:

Understand the role of magnetic fields, plasmas, and neutral interactions in the nonlinear coupling of regions

e What governs the coupling of neutral and ionized species at various spatial and temporal scales?

e How do energetic particles and the solar wind modify planetary environments and their chemical and
isotopic composition?

e How do the martian magnetosphere, ionosphere, and atmosphere interact with one another?

e How does the neutral environment in the martian system affect the global morphology of the planet
through charge exchange and mass-loading processes?

e How do planetary dynamos function, and why do they vary so widely across the solar system?

2.7.1.2 Understanding the influence of planetary magnetic fields

Plasmas and their embedded magnetic fields affect the formation, evolution, and destiny of planets and planetary
systems. The heliosphere partially shields the solar system from galactic cosmic radiation (GCR). Our habitable
planet is shielded by its magnetic field and atmosphere, protecting it from solar and cosmic particle radiation. The
atmosphere is protected from solar wind erosion by the magnetosphere. Planets without a shielding magnetic field,
such as Mars and Venus, are exposed to those processes and evolve differently. Moreover, on Earth the magnetic
field changes strength and configuration during its occasional polarity reversals, altering the shielding of the planet
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from external radiation sources. How important is a magnetosphere to the development and survivability of life?
Properties of solar activity and energetic particle transport conditions in the heliosphere change dramatically over
timescales ranging from days to millenia. How do these short- and long-term changes affect life and its
sustainability in our solar system? Does Mars contain space weather climate archives of the near and distant past?

Magnetic fields play a central role in the formation of planetary systems from disks of gas and dust around young
stars. Stellar ultraviolet emission, winds, and energetic particles influence this process by ionizing matter and
making it electrically conducting. This in turn allows magnetic coupling of rotation and transfer of momentum and
energy, with the side effect of ablating volatile materials that are present. Mars is a key member of the planetary zoo
for studies of these effects because it has apparently lost a magnetic dynamo and much of its atmosphere. Through
comparison of Mars with the other terrestrial and giant gas planets, we may better understand the types of planets
that can form in stellar systems, and how they later evolve in terms of habitability.

The following research focus areas and investigations address the question of planetary habitability:

Specify, predict, and mitigate ionospheric effects
e What role does the electrodynamic coupling between the martian ionosphere and the magnetosphere play
in determining the response to solar disturbances?
e How do magnetic and electric fields as well as currents evolve in response to solar disturbances?
e How do the coupled middle and upper atmospheres respond to external drivers and to each other?

Depict magnetic influences on planetary system evolution and habitability
e What is the role of planetary magnetic fields for the development and sustenance of life?
e What can the study of planetary interactions with the solar wind tell us about the evolution of planets and
the implications of past and future magnetic field reversals at Earth?
e Does Mars harbor unique, long-term climate records that are equivalent to ice cores on Earth; and what can
these records tell us about past levels of solar activity and its influences on the atmosphere and surface of
Mars?

2.7.1.3 Maximizing safety and productivity for human explorers

Hazards in planetary environments must be understood, characterized, and mitigated. We must understand how space
weather impacts planetary environments in ways that affect exploration activities, from spacecraft staging in LEO to
transfer orbits, on through entry, descent, and landing (EDL) at Earth and Mars. Reliable communications and
navigation for spacecraft and surface crews will require improved understanding of Earth’s and martian
ionospheres. Although the sun and its variability drive these environments, many internal processes must also be
understood.

Energetic particles from the sun propagate along the normal spiral magnetic field that is embedded in the solar wind.
However, coronal mass ejections (CMES) routinely disrupt the field lines and alter particle transport paths. Future
spacecraft in transit to Mars will undergo 6 to 9 months in cruise phase far from either Earth or Mars. This phase
will require characterization, “now-casting,” and forecasting capability based on measurements at the spacecraft
itself, as well as diverse other observing points. Measurements from a wide range of heliospheric longitudes and
remote sensing of the sun will be required to accurately characterize and, ultimately, predict the extremes of space
weather that will be encountered during cruise phase. Continuing measurements and study of magnetospheric
conditions are also necessary to characterize and predict the highly variable radiation belt environment through
which astronauts will depart from, and arrive back at, Earth.

Characterize space environmental variability and extremes
e What are the variability and extremes of the radiation and space environment for exploration at Mars?
e How does the radiation environment vary in space and time, and how should it be sampled for situational
awareness during exploration?
e What is the relative contribution from solar energetic particles and cosmic radiation behind the various
shielding materials that are used and encountered, and how does this vary?
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Understand and characterize space weather effects

o What level of characterization and understanding of the dynamics of the atmosphere is necessary to ensure
safe aerobraking, aerocapture, and EDL operations at Mars?

e To what extent do ionospheric instability and seasonal and solar-induced variability affect communication
system requirements and operation at Earth and Mars?

e What are the effects of energetic particle radiation on the chemistry, isotopic composition, and energy
balance of the martian atmosphere?

e What are the dominant mechanisms of dust charging and transport on Mars that impact human and robotic
safety and productivity?

2.7.1.4 Reference investigation measurements for Heliophysics at Mars

The methods of research that are enabled and required by human exploration of the surface of Mars can be
summarized concisely as follows, with a notation tracing to the top-level objectives of Science Frontier (F),
Planetary Habitability (H), and Safeguarding the Journey (J):

1. Planetary coronal imaging for aeronomy from orbit: This includes any of the available techniques for
remotely sensing and analyzing the properties of the global extended atmosphere of Mars. (F, J)

2. lonospheric and planetary current system magnetometry from orbit and from the surface:
lonospheric currents and surface magnetic features are of great scientific interest, and can be investigated
with standard tools of high heritage. (F)

3. Entry and descent accelerometry: All orbital or lander vehicles are potential sources of knowledge about the
dynamics and structure of the upper atmosphere, which is applicable to the planning of aerobraking. (J)

4. Global electric circuit and ionospheric linkages: This is approached with orbiting and ground-based
radiowave receivers and field probes. (F, H, J)

5. lonospheric radio propagation effects: The plasma structure of the ionosphere will introduce certain
constraints on communications and are also of great scientific interest. This, too, can be addressed using
radio receivers and transmitters that are placed on the surface and in orbit. (F, J)

6. Surface and in-situ (CEV) measurement of cosmic rays and solar energetic particles: Cruise-phase and
surface-real-time monitoring of in-situ ionizing radiation, which is essential for astronaut radiation safety,
provides insight into charged- and neutral-transport processes through the heliosphere and Mars
atmosphere. (H, J)

7. Suborbital exploration of atmospheric dynamics and composition: Balloons, uncrewed aerospace vehicles
(UAVs), and even small sounding rockets would make many useful measurements of atmospheric structure
and dynamics. (F, H)

Surface and core sample return for long-term space climate studies: Interdisciplinary investigation between
Heliophysics and planetology may reveal the history of the interaction of cosmic rays and solar energetic particles
with the martian atmosphere. (F, H)

2.7.2  Astrophysics on Mars

The architecture for human exploration of Mars creates additional opportunities for realizing the science priorities in
astrophysics. The goal of astrophysics is to discover the origin, structure, evolution, and destiny of the universe, and
to search for Earth-like planets. While observations from free space offer the most promise for significant progress in
broad areas of astrophysics, the Mars DRA presents an opportunity to consider investigations that are uniquely
enabled by the infrastructure and capabilities of a human mission to Mars.

A similar opportunity occurred during the 2006 development of the architecture to return humans to the Moon. In
November 2006, a workshop on “Astrophysics Enabled by the Return to the Moon” was organized by the Space
Telescope Science Institute (STScl), in collaboration with Johns Hopkins University, the Association of
Universities for Research in Astronomy, and NASA. That workshop identified astrophysical observations that could
either directly or through the capabilities that are developed by the lunar architecture, provide opportunities for
significant progress toward answering questions in astrophysics. Among the most promising in this respect are laser
ranging experiments to test a certain class of alternative theories (to general relativity) of gravity. Such experiments
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become even more valuable when considered in the context of a humans-to-Mars architecture. Mars provides a
unique capability that would otherwise not be enabled by free space implementations or via a lunar architecture.

The placement of small laser-ranging transponders on Mars would provide several superb results in astrophysics and
planetary science. Tests of Einstein’s general theory of relativity (GR) could be performed with unparalleled
accuracy, at least an order of magnitude better than currently exists. The range to Mars would be improved from
current meter-level accuracy down to the centimeter level, thereby improving the ephemeris of Mars by more than an
order of magnitude. The mass of Jupiter could also be more accurately determined. Improved measurements of
Mars’ rotational dynamics could provide estimates of its core size. The elastic tidal Love number is expected to be
less than 10 cm — within reach of laser ranging.

2.7.2.1 Laser ranging

With the first placement of retroreflectors on the Moon by the Apollo astronauts in 1969, lunar ranging was enabled
at the centimeter level of accuracy. Laser pulses from ground stations on the Earth illuminate the lunar arrays of
retroreflecting cubes, and the timing of the reflected signals provides a range measurement. By analyzing the
variation of signal timing from a few positions on the Moon, the range, orbit, libration, and other quantities (such as
tests of general relativity) are determined. A well-known aspect of lunar reflectors is that the return signal strength
goes as 1/r*, not 1/r*, due to the fixed area of the reflector surface. This 1/r* dependence prevents passive reflectors
on Mars from being of any practical use.

By contrast, if the incoming light pulse from Earth were detected and responded to by an in-situ laser that was
directed towards the Earth, the return signal strength would go as 1/r*. Such laser transponders (Merkowitz et al.,
2006°") would enable the same quality of ranging data from Mars that we currently achieve with the Moon, with
spectacular science return. Although the mass and power requirements of such transponders have not yet been
firmly established, they are expected to be “suitcase” sized.

2.7.2.2 Martian laser ranging science
The manifold science returns of installing laser transponders on Mars would include:

¢ Improved Mars ranging from current meter-level accuracy to centimeter-level accuracy, with dramatic
improvement in the ephemeris of Mars (important for interplanetary navigation); specifically, the
ephemeris of Mars is now known to within meters in the plane, but only to hundreds of meters off the
plane. Out-of-plane accuracy would improve by one or more orders of magnitude with laser ranging

o Improved mass of Jupiter by virtue of its measured effect on the Sun-Earth-Mars system.

o Measurement of the warping of spacetime by the Sun as Mars goes into superior conjunction, via the
“Shapiro time delay” test; specifically, the y parameter, which is a measure of the curvature of space by a
massive body, is given by GR to be y=1. The Cassini mission gave a limit to deviations from unity at the
level of 2x10°°, while martian laser transponders would yield an accuracy roughly 10 times better, at
approximately 107, This would be the strongest test to date of Einstein’s GR.

o Atest of the Strong Equivalence Principle (SEP), which is the equivalence of the gravitational mass of a
body with its inertial mass) of GR. Violations of SEP by the sun and planetary bodies result in measurable
deviations from Keplerian planetary motion. This has already been searched for with lunar ranging via the
“polarization effect” (Anderson et al., 1995°) in the Earth-Moon-Sun system. This polarization effect,
however, is approximately 100 larger for Earth-Mars orbits. Should ranging to Mars be enabled at
centimeter-level accuracy, our precision in testing Einstein would be improved by two orders of
magnitude. (In particular, this would measure the nonlinearity of self-interactions of gravity.)

e Centimeter-accuracy ranging to Mars, in concert with ranging data for the Moon, would allow better limits
on the time variation of the gravitational constant.

e With transponders placed at several (>3) locations on Mars, the planetary rotational dynamics can be
measured, yielding estimates of the core size of the planet. These would also enable measurement of Mars’
tidal Love number (a measure of the elastic properties of the martian interior).

$!Merkowitz, S.M., et al. (2006) International Journal of Modern Physics D.
%2Anderson, J.D. et al., astro-ph/9510157 (1995).
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While it is unknown whether this kind of laser transponder science could be done robotically, it certainly could and
should be done on any human mission to Mars. In addition, the emplacement of transponders at multiple locations
on the planet (e.g., at the same multiple sites that are advocated for planetary science) would greatly improve the
science return. Astrophysical science would be best served by planning for a “suitcase-sized” astrophysics package on
all three of the initial human missions that are envisioned in the reference architecture, with the capability to

emplace the packages at geographically dispersed sites that are separated by large distances (i.e., 1,000s as opposed
to 100s of kilometers apart).
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3 ARCHITECTURAL ASSESSMENTS

¢

One primary focus of the Design Reference Architecture 5.0 development was the identification and systematic
assessment of principal key challenges that are associated with human exploration of Mars. A top-down systems
engineering approach was established to identify, assess, and systematically eliminate unattractive options from
further consideration. This process was facilitated by the development of an architecture trade tree (figure 3-1). This
trade tree provides a graphical representation of key technical linkages and architectural challenges associated with
future human exploration missions to Mars. The trade tree was established to place those key decisions or
“architectural branches” that have the most overall leverage on the resulting architecture as high in the trade tree as
possible. Providing a structured approach allowed the study team to systematically eliminate complete branches,
thus placing effort on those branches that provided the best balance of the key figures of merit: safety, cost, and
performance. The architecture trade tree was a very effective tool that allows the team to strategically address the
overall architectural approaches, and to concentrate on those that provided the highest overall architectural leverage
early in the study. The overall study approach was structured to begin with this high-level architectural “trade tree
trimming” followed by a series of architecture refinement activities with the purpose of better optimizing the overall
architectural approach.
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Figure 3-1. Design Reference Architecture 5.0 trade tree.

The emphasis of the first phase of the study activity focused on trimming the trade tree by developing specific
decision packages associated with each key architectural branch of the trade tree. Each decision package used a
common set of integrated performance tools that included an estimate of the overall architecture performance, risk,
and cost. In addition, each decision package was formulated around a common set of FOMs with common key
measures of effectiveness. Each decision package was then reviewed by the Joint Steering Group for concurrence
on the results of the assessment. This iterative approach allowed an appropriate hierarchy of decisions to be
addressed in a very systematic manner. Since the emphasis of this initial phase of assessments was on the key
decision points of the trade tree, emphasis was placed on the relative comparison of the architectural approach
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associated with that specific decision comparison. That is, emphasis was placed on ensuring that a proper relative
comparison between the two branches was achieved as opposed to optimization of a specific branch. Emphasizing
the relative architectural comparisons allowed the study team to develop rapid, high-level comparative models
rather than spending too much time refining specific design details. Optimization was reserved for the second phase
of the study within a narrower set of architectural options or branches. Emphasis during the first study phase was
placed on establishing the proper level of details that was associated with the decision at hand to ensure that
important design or operational details were not overlooked that could sway the decision in a different direction. To
aid in this process, previous models and design details that were developed by various subject matter experts who
participated in the many previous human exploration of Mars efforts were used to the greatest extent possible.
Throughout this process, emphasis was placed on consistency and commonality of all ground rules, assumptions,
and modeling approaches to ensure that proper relative comparisons were being made.

During the development of Design Reference Architecture 5.0, emphasis was equally placed on assessing overall
architectural risk and cost as well as performance. Integrated risk and cost models were developed based on the
technical details that were developed by the various subject matter experts. These risk and cost concepts were then
combined into an overall mission model for assessment of the overall architectural risk and cost. Assessment of the
resulting integrated model allowed for identification of the key cost and risk drivers that were associated with each
represented branch of the architecture trade tree. An overview of this iterative design and decision process is
provided in figure 3-2.
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Figure 3-2. Architecture definition evaluation process.

3.1  Figures of Merit, Ground Rules, and Assumptions

3.1.1  Figures of merit

During the study, key FOMs were used to help the analysis team develop an understanding of the implications of
the various decisions under consideration. FOMs were used to measure the benefit of one approach as compared to
other alternatives. Using standard categories, a consistent set of measures makes it possible to compare alternatives
in addition to providing insight into the performance sensitivities of the alternatives and variations due to different
assumptions and inputs. Specific measures of effectiveness associated with each FOM were established based on the
specific decision that was on hand. The MAWG used the following FOMs in the development of the various
Decision Packages that were under consideration:

Safety and Mission Success: Measures of effectiveness that are associated with safety and mission success focus on

determining the degree to which a mission concept or technology option ensures safety and reliability for all
mission phases. To be sustainable, future space exploration systems and infrastructure, and the missions that are
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pursued when using them, must be reliable and, when astronauts are involved, be as safe as reasonably achievable.
Emphasis is placed on understanding the comparative values of safety-related measures of performance discussed
below:

e Risks — An assessment of the events that could result in loss of crew, loss of vehicle, and mission failure.
These could include launch failure or failure during other mission events. The confidence levels of known
and unknown aspects of the mission concept or technology choices should be addressed. Key FOMs for the
risk category included crew safety (probability of loss of crew) and mission success (probability of loss of
mission). The risk models that were developed to assess the risks included all redundancy, reliability, and
contingencies as known about the systems to date. These risk estimates will improve as the design maturity of
the systems improves.

e Hazards — An assessment of the mission and technology risks that have the potential to cause a mishap.
This includes hardware, software, and operational issues that could result in loss of crew, personnel,
vehicle, or mission. Hazard measures of effectiveness include crew radiation exposure, trajectory hazards
such as close passage to the sun, etc.

e Aborts — An assessment of the ability of the mission concept or technology choice to provide for the
survival of the crew during various mission phases due to anomalies that result in early mission
termination. Aborts could include early vehicle return or safe havens, but must result in the eventual safe
return of the crew to Earth. For the most part, aborts were considered as part of the overall risk measure,
such as the ability for the crew to return to orbit due to systems failures on the surface of Mars.

e Development — A key FOM for the Mars architecture is development risk. There is development risk for
new technologies. There is also development risk associated with the design and testing of hardware and
software, beyond just the risk of successfully developing new technologies. This includes not only the
flight elements, but the fabrication, test, and operations facilities that are needed to support missions. Some
factors in development risk are complexity, maturity of the technology, performance margins,
manufacturability, and schedule. There are also risk factors that are not directly technical, such as public
approval of any nuclear technologies that are used, acquiring existing facilities, environmental approval for
new facilities or modifications, planetary protection issues for Mars and Earth, potential international
cooperation issues, not being able to deliver some products for the cost estimates that were committed to,
and variability in the funding environment.

Effectiveness: Measures of performance that are associated with effectiveness focus on determining the degree to which
the mission concept, or technology option, effectively meets mission needs. Future space exploration systems and
missions must be effective. In other words, the capabilities of a new system or infrastructure must be worth the costs
of developing, building, and owning them. The goals and objectives that are achieved by the missions using those
systems and infrastructures must be worth the costs and risks that are involved in operating them. Effectiveness
must be determined case-by-case, based on the specific design objectives of the system or infrastructure, and on the
detailed mission objectives (e.g., science objectives) that may be achieved.

e Mission objectives — Assessment of capability of the mission approach or technology choice to satisfy
exploration objectives, including the ability to meet science objectives and flexibility in mission planning
and execution. This FOM includes items such as number of launches, spacing between launches, time
available to support key operations, etc.

e Mass — Total mass required to be delivered to LEO to support initial mission (includes pre-deployed
infrastructure, if any) and the required mass for each subsequent mission. Also includes an assessment of
the total number of launches that are required to emplace the necessary infrastructure as well as for each
recurring mission. Mass measures of effectiveness also include architecture sensitivity to change in mass.

Affordability: To be sustainable, future space exploration systems and infrastructures, and the missions that are

pursued using them, must be affordable. In other words, the costs for design, development, test, and engineering for
the systems must be consistent with projected future-year NASA budgets. (The same is true for the recurring costs
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of additional copies of all exploration systems). Similarly, the costs that are associated with operating these systems
in future space exploration missions must be consistent with projected future-year NASA budgets. Assessments of

affordability include the degree in which the proposed mission or technology option is expected to provide an
affordable approach. Assessments in this focus area include both total expected costs as well as affordability
assessments regarding expected funding profiles and phasing.

3.1.2

guidance, internal and external constraints, design practices, and existing requirements. ltems that are Ground Rules are

First mission — Total cost for the design, development, test, and evaluation of the required systems and
facilities that constitute the element or mission concept for the first human mission. This includes all
necessary flights, cargo, and crew that are necessary to conduct the mission. First-mission cost includes

total program, infrastructure, and facility costs that are necessary for execution of the mission concept (e.g.,

sustaining engineering, hardware production, ground and mission operations, etc.).

Third mission — Total annual program, infrastructure, recurring element, and facility costs that are
necessary for execution of three complete human missions to Mars.

Ground rules and assumptions
The following GR&ASs were used as top-level guidance for the study. These were derived based on management

denoted with “GR” and were considered to be held constant for this study. Assumptions, which are denoted with “A,”
were assumed parameters for initializing the study and may be traded if sufficient time and resources are
available during the study. Table 3-1 provides the safety and mission assurance GR&AS, table 3-2 contains the
operations and general GR&As, table 3-3 lists the technical GR&As, table 3-4 itemizes the cost and schedule
GR&As, and table 3-5 presents the testing and verification GR&AS.

Table 3-1. Safety and Mission Assurance Ground Rules and Assumptions

Safety and Mission Assurance Ground Rules and Assumptions

No Type Description Rationale

001 GR NASA Procedural Requirements (NPR) Various levels of in-flight maintenance and repair will
8705.2, Human-Rating Requirements for be studied to determine the proper balance of risk,
Space Systems, will be used as a guideline cost, and overall system performance.
for all architecture design activities. Required
deviations from NPR 8705.2 will be noted in
the applicable requirements documentation.

002 GR Abort opportunities will be provided The feasibility of aborts during various mission phases
throughout all mission phases to the will be studied as time allows. Strategies such as
maximum extent possible. "remain in orbit" or "abort to surface" may be used as

opposed to the more traditional “abort to Earth.”

003 GR Planetary Protection requirements shall be Implementation guidelines addressing Planetary
considered and implemented during all Protection requirements for human missions to Mars
architecture design activities, as required by are currently under development by COSPAR and
the Outer Space Treaty of 1967 as well as by NASA. A draft set of guidelines, representing current
applicable NASA and Committee on Space international consensus on Planetary Protection
Research (COSPAR) documents. Protection implementation for human missions to Mars, has been
of the Earth from harmful contamination shall made available by the Planetary Protection Officer
be assured absolutely. (cassie.conley@nasa.gov). A NASA Procedural

Requirements document is in preparation.
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Table 3-2. Operations and General Ground Rules and Assumptions

Operations and General Mission Related Ground Rules and Assumptions

No Type Description Rationale

103 GR Previous studies and planning activities will Previous studies as well as updates that were made
form the foundation for this study and will be since the last DRM will be used after proper
used to the greatest extent possible. adjustments to account for differing GR&A and study

requirements. In addition, the current Constellation
elements (Areas and Orion) will be incorporated.

104 A The architecture will allow for pre-deployment Pre-deployment of mission cargo in advance of the
of cargo to Mars orbit and Mars surface. crew mission is one way of reducing overall mission

mass, but this must be weighed in context of the
overall cost and risk of the architecture.

105 GR The architecture will support any mission The propulsive energy requirements vary from
opportunity to Mars. opportunity to opportunity. Since it is not clear when the

first human mission to Mars will be conducted, it is
important to protect for all opportunities across the
synodic cycle.

106 A Architectures will be designed to minimize the | Minimizing the exposure of the crew to the zero-g and
length of time that the crew is continuously radiation environment is a key element of risk
exposed to the interplanetary space reduction.
environment.

107 GR In-space EVA assembly will not be required. Crew risk is minimized by reducing complex assembly
operations in space. This ground rule is not intended to
restrict operations such as automated rendezvous and
docking of one or more large elements in LEO, but
rather limit ISS-type assembly operations.

108 GR In-space EVA will only be performed as a Contingency EVA is preserved for risk mitigation.

contingency operation.

109 A Campaign assessments will include a The initial investment to send a human crew to Mars is
minimum of three consecutive missions to sufficient to warrant frequent mission opportunities.
Mars. This assumption is being used as an initial variable that

will be traded within anticipated budgets. Timing of the
missions as well as spacing between missions will be
studied.

110 A The crew size for each human mission to Consistent with the result from previous crew and skill
Mars will be six. mix studies. Assumption will be traded as time allows.

111 GR The CEV will be used to deliver crew to the Consistent with the Vision for Space Exploration and a
Mars transfer vehicle (MTV) in Earth orbit. key element in cost reduction.

112 GR A block upgrade of the CEV will be used to Consistent with the Vision for Space Exploration and a
return the crew from the Mars-Earth return key element in cost reduction. Capturing the MTV back
trajectory. into Earth orbit has been shown to be prohibitively

expensive.

113 GR Launch operations will be performed at the Consistent with the Vision for Space Exploration and
NASA Kennedy Space Center (KSC) through current Constellation Program (CxP) planning.
clearing of the launch pad structure.

114 GR On-orbit flight operations and in-flight Consistent with the Vision for Space Exploration and
operations for crewed missions will be current CxP planning.
performed at NASA Johnson Space Center
(JSC).

115 GR Crew and cargo recovery operations from the Consistent with the Vision for Space Exploration and
crew and cargo launches will be managed by current CxP planning.

KSC with assistance from other NASA and
non-NASA personnel and assets as required.
116 GR Rely on the advances of automation and Crew workload can be optimized by providing a proper

robotics to perform a significant amount of
routine activities throughout the mission.

mix between humans and robots.
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Table 3-3. Technical Ground Rules and Assumptions

General Technical Ground Rules and Assumptions

No Type Description Rationale

203 GR Earth return trajectories will be limited to Earth | Consistent with previous studies that balance return
entry speeds of a maximum of 13.5 km/s. time of flight, entry corridor width, and crew g-loads.

205 GR Zero percent dry weight contingency for Consistent with ESAS and best practice.
existing vehicle elements with no planned
specification change and no anticipated
modifications (this includes current
Constellation elements, which already have
appropriate contingencies applied to the
current best estimate)

206 GR Five percent dry weight contingency on Consistent with ESAS and best practice.
existing systems requiring minimal
modifications

207 GR Ten percent dry weight contingency on new Consistent with ESAS and best practice.
elements with direct heritage

208 GR Thirty percent dry weight contingency on new Consistent with ESAS and best practice.
in-space elements with no heritage

209 GR Thirty percent margin for average power Consistent with ESAS and best practice.

210 GR Two percent margin for reserves and residuals | Consistent with ESAS and best practice.
mass

211 GR Two percent propellant tank ullage fractions Consistent with ESAS and best practice.
for lunar vehicle (LV) stages

212 GR A structural 2.0 factor of safety for crew cabins | Consistent with ESAS and best practice.

213 GR A 1.5 factor of safety on burst pressure for Consistent with ESAS and best practice.
fluid pressure vessels

214 GR A 1.4 ultimate factor of safety on all new or Consistent with ESAS and best practice.
redesigned structures

215 GR A 1.25 factor of safety on proof pressure for Consistent with ESAS and best practice.
fluid pressure vessels

216 GR Ten percent margin for rendezvous delta-Vs Consistent with ESAS and best practice.

217 GR One percent ascent delta-V margin on launch Consistent with ESAS and best practice.
vehicle and ascent stage to account for
dispersions

219 GR Five percent additional payload margin on Consistent with ESAS and best practice.
CaLV delivery predictions to account for
airborne support equipment (ASE).

220 GR Technologies will be Technology Readiness Consistent with ESAS and best practice.
Level-6 (TRL-6) or better by Preliminary
Design Review (PDR).

221 GR Twenty percent launch vehicle payload Provides planning margin to account for the difference

delivery margin

between payload current best estimates and launch
vehicle minimum guaranteed performance.
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Table 3-4. Cost and Schedule Ground Rules and Assumptions
Cost and Schedule Ground Rules and Assumptions

No Type Description Rationale
303 GR All life cycle cost (LCC) estimates will include Includes corporate General and Administrative (G&A)
estimates of "full-cost" impacts. The Mars at 5%, center G&A, center Civil Service salaries, travel,

Architecture Team (MAT) cost lead will issue overhead, and center service pool costs.
guidelines that will include full-cost categories
and recommended percentages to ensure

consistency in application across architecture

elements.

304 GR Architecture elements will not include Agency policy is to budget at the 70% confidence level.
reserves. Reserves will be applied at the cost CxP has approval for the 70% to be applied to the
integration (architecture) level based on a program rather than project level.

strategy that complies with the Agency 70%
confidence level policy.

305 GR Cost of technical margins cited in Section 3
will be included in the cost estimates.

307 A There is a goal of performing the first human This is an assumption to initiate the study and will be a
Mars landing by 2030, or as soon as practical significant variable considered.

308 GR PDR assumed to occur (TBD) years and The timing that is associated with each element is
Critical Design Review (CDR) assumed to dependent on the complexity of the system involved.
occur (TBD) years prior to first launch. These dates will be addressed during Phase 2.

310 A For the purpose of planning the scientific and These missions are being assumed as a going-in
risk-reduction objectives, the following position for the scientific community. The associated
minimum set of robotic missions is assumed risk mitigation that each mission provides in the overall
to have been completed by 2030: Mars context of human exploration of Mars and associated
Phoenix, MSL, AFL, Upper Atmosphere budget will be addressed during the latter half of the
Orbiter, MSR, and ML3N. study.

Table 3-5. Testing and Verification Ground Rules and Assumptions
Test and Verification Ground Rules and Assumptions

No Type Description Rationale
403 GR Elements will have ground qualification tests Consistent with ESAS and best practice.
to demonstrate readiness for human flight.
404 GR Multi-element integrated ground tests will be Consistent with ESAS and best practice.
performed to demonstrate readiness for
human flight.
405 GR Human flight elements require a minimum of Consistent with ESAS and CxP accepted level of risk.

one qualification flight demonstrating full
functionality prior to crewed flights.

407 GR Qualification of the Mars transfer stages for Consistent with ESAS and CxP accepted level of risk.
firing while mated to a crewed element
requires a minimum of two flights to
demonstrate full functionality prior to crewed
flight.

3.2 Initial Architecture Assessments: Trade Tree Trimming

The initial activities of the MAWG focused on key architectural drivers for future human exploration of Mars.
Emphasis was placed on providing a systematic top-down systems engineering process whereby architectural
options that provide the greatest leverage in terms of satisfying key FOMs are addressed first, with subsequently
lower priority trades and decisions conducted later. This top-down process allowed the study team to trim
Unsatisfactory options from the trade tree early in the initial phase of the study. Due to the limited scope and time
allocated for the study, not all potential options were considered. For the DRA 5.0 activity, emphasis was placed on
understanding the advantages and disadvantages of the following architectural options:

1. Mission Type: Long-stay (Conjunction Class) vs. short-stay (Opposition Class) missions
2. Mars Cargo Deployment: All-up vs. pre-deploy
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Mars Orbit Capture Method: Aero vs. propulsive capture
Mars Ascent Propellant: In-situ resources?
5. Mars Surface Power: Solar vs. nuclear

~ow

3.3  Mission Type

The choice of the overall exploration mission sequence and corresponding trajectory strategy has perhaps the
greatest single influence on the resulting architecture. The ideal mission would be one that: (1) provides the shortest
overall mission to reduce the associated human health and reliability risks, (2) provides adequate time on the surface to
maximize the return, and (3) provides low mission mass that, in turn, reduces overall cost and mission complexity.
Unfortunately the “ideal” mission does not exist, and tough choices must be made between design options. Thus, the
first decision that was dealt with by the MAWG addressed a key architectural component that is tied to the orbital
mechanics of human exploration missions, namely long surface stays vs. short surface stays. Human missions to
Mars are classified into these two primary approaches as governed by orbital mechanics that are described in this
package.

The mission type trade tree is shown in figure 3-3. The branches of the trade tree that were considered are those
numbered 10, 12, 34, and 36 in the trade tree. These branches were chosen because experience has shown that the
cases that were chosen represent typical approaches, and the trends will be similar for the other branches of the
trade tree.
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Figure 3-3. Tree with emphasis on mission type branches.

3.3.1 Trajectory options

Trajectories from Earth to Mars are well understood and have been used by NASA for over 4 decades. Round-trip
missions to Mars and back, however, are more complex in that the outbound and inbound legs must be
synchronized into an optimal mission plan. For the lower-energy outbound trajectories, upon arrival at Mars the Earth
is in a relatively unfavorable alignment (phase angle) for an energy-efficient return. This unfavorable alignment
results in two distinct classes of round-trip Mars missions: Opposition Class missions, which are also referred to as
short-stay missions, and Conjunction Class missions, which are also referred to as long-stay missions. Practical
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considerations — e.g., total propulsive requirements, mission duration, surface objectives, and human health
considerations — must be considered in the mission design process when choosing between these mission classes.
The period of time necessary for the phase angle between Earth and Mars to repeat itself varies. The mission
repetition rate for identical Earth-Mars phasing and, therefore, launch opportunities for similar mission classes is on
the order of every 26 months. The mission characteristics such as mission duration, trip times, and propulsive
requirements vary to due to the eccentricity of Mars’ orbit.

Opposition Class missions are typified by short surface stay times (typically 30 to 90 days) and relatively short
round-trip mission times (400 to 650 days). The exploration community has adopted the terminology “short-stay”
missions for this class. The trajectory profile for a typical short-stay mission is shown in figure 3-4. This mission
class has higher propulsive requirements than the long-stay missions, and often uses a gravity-assisted swing-by at
Venus or performs a deep-space propulsive maneuver to reduce total mission energy and constrain Mars and Earth
entry speeds. Short-stay missions always have one short transit leg, either outbound or inbound, and one long transit
leg, which requires a close passage by the sun (0.7 astronomical unit (AU) or less). After arrival at Mars, rather than
waiting for a near-optimum return alignment, the spacecraft initiates the return after a brief stay, and the return leg cuts
well inside the orbit of the Earth to make up for the “negative” alignment of the planets that existed at Mars departure.
Distinguishing characteristics of the short-stay mission are: (1) short-stay at Mars, (2) medium total mission duration,
(3) the vast majority of the round-trip time is spent in interplanetary space, 4) perihelion passage inside the orbit of
Venus on either the outbound or inbound legs, and (5) large total energy (propulsion) requirements.
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12/8/2038 (Day 465)

Figure 3-4. Typical Opposition Class short-stay mission.

The close perihelion passage for the short-stay missions presents risks in thermal design, radiation exposure, and
crew safety. The thermal design would most likely require one side of the vehicle to be completely shaded by a
large deployable ceramic fabric sunshade. In addition, deployable radiators and active cooling loops may be
required. Off-nominal pointing, which placed the vehicle in direct solar illumination, could probably not be
survived for more than a few minutes. For a solar-powered spacecraft, the arrays would have to be articulated to
maintain an exact angle to the sun to keep the arrays from being destroyed and to maintain the needed power output.
Off-nominal pointing could quickly result in destruction of the arrays.

Additional shielding mass would be required for close perihelion passage to protect from solar flares, especially
during the solar maximum periods. Since the strength of the radiation dose is inversely proportional to roughly the
square of the distance (1/R>®), close perihelion passage can have a profound affect on the radiation shielding (solar
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storm) and radiation dosage to the crew. Unpredictable solar flares during a close perihelion passage present a
greater risk than for a mission that stayed outside of 1 AU.

Conjunction Class missions are typified by long-duration surface stay times (500 days or more) and long total
round-trip times (~900 days). This mission type has adopted the terminology “long-stay” mission. These missions
represent the global minimum-energy solutions for a given launch opportunity. The trajectory profile for a typical
long-stay mission is shown in figure 3-5. Unlike the short-stay mission approach, instead of departing Mars on a non-
optimal return trajectory, time is spent at Mars waiting for more optimal alignment for lower energy return.
Distinguishing characteristics of the long-stay mission include: (1) long total mission durations, (2) long stays at Mars,
(3) relatively little energy change between opportunities, (4) bounding of both transfer arcs by the orbits of Earth
and Mars (closest perihelion passage of 1 AU), and (5) relatively short transits to and from Mars (< 180-210 days).
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STAY 496 days Figure 3-5. Typical Conjunction Class

RETURN 210 days long-stay mission.
TOTAL MISSION 916 days

When considering “fast” Mars missions, it is important to specify whether the reference is to a fast round-trip or a
fast transit mission. Past analyses have shown that decreasing round-trip mission times for the short-stay missions
does not equate to fast transit times (i.e., less exposure to the zero-g and space radiation environment) as compared
to long-stay missions. Indeed, fast transit times are available only for the long-stay missions. This point becomes
clear when looking at figure 3-6, which graphically displays the transit times as a function of the total round-trip
mission duration. Although the short-stay mission has approximately half the total duration of either of the long-stay
missions, over 90% of the time is spent in transit as compared to 30% for the fast-transit mission.

The risk to crews on fast transit missions may be even less than the risk to crews on short-stay missions, not only
because of minimized exposure to GCR but also reduced probability of exposure to solar proton events (SPES)
(flares) in interplanetary space. A similar analysis of mission classes is involved in considering the crew’s exposure to
the zero-g environment during transits to and from Mars. The martian surface stay will have reduced dosage
relatively to an equivalent period in interplanetary space, due to the 2 protection that is afforded by the planet and the
thin martian atmosphere, which can provide 10-20 cm? Al-equivalent depending on latitude and season.

Upon arrival on the martian surface, the crew will need to spend some currently unknown, but probably short, time
re-adapting to a partial-g field. This may be of concern for the short-stay missions where a substantial portion of the
surface stay time could be consumed by crew adaptation to martian gravity. Conversely, ample time will be
available for the crew to regain stamina and productivity during the long surface stays that are associated with the
minimum-energy, faster-transit missions.



Mars Design Reference Architecture 5.0 — Addendum

Long Stay
(Minimum Energy)

et aney L N |
(Fast Transit)

Short Stay l |

@ Outbound
| Surface Stay

O Inbound

e L |
(1497)

.5.;...‘-;‘.'.{ 'f.-...".‘-i"';‘ ?-‘.". l-‘ ?.;....I-.E‘.'.r
0 100 200 300 400 500 600 700 800 900 1000

Mission Duration (days)

Figure 3-6. Comparison of Mars mission transit times.

There are other factors that require consideration in choosing a particular trajectory, launch date, and mission
strategy. These include seasonal dust storms and solar conjunctions and oppositions with the Earth that affect the
communication links between the mission elements and the ground system. Figure 3-7 shows a timeline for some of
the mission opportunities and how critical mission phases line up with some of these environmental effects.

3.3.2  Mission design strategy

Given a set of trajectories, there are key mission design parameters that must be considered to optimally address
meeting the Science goals and objectives, minimizing risk and cost, and being implemented robustly on a timetable
that is consistent with the Vision for Space Exploration. Consideration must also be given to the number of launches
required, the timetable for the launches, and the ability of the ground operations infrastructure to deliver those
launches in a credible and cost effective manner.

3.3.3  All-up vs. pre-deploy

Under nominal conditions, not all mission assets are used by the crew during the outbound phase of a mission.
Examples of these include all of the systems that are used on the surface (including habitation), the vehicle that is
used for entry and landing as well as launch from the surface, and any ISRU equipment (if used). This makes possible
the strategy of sending these items on an earlier, typically more energy-efficient trajectory and, thus, the delivery of
more of these assets (mass) for the same amount of propellant (as used by the crew) or of the nominal assets (mass)
for less propellant and associated launch vehicles. This approach has become known as the “split” or “pre-deploy”
mission approach.

For the short-stay mission sequence, the only cargo to be pre-deployed is the descent/ascent vehicle (DAV), which is
sent to Mars on the first minimum-energy trajectory prior to the crew launch on an opposition trajectory. The DAV
arrives at Mars before the crew launches from Earth, allowing time to confirm that it is in its proper orbit and
functioning normally. The DAYV is then placed into a minimal operating configuration and remains in this state
more than 1 year before the arrival of the crew. While the first crew is in transit to Mars, the launch campaign for the
second crew’s DAV begins. This DAV is in transit to Mars while the first crew carries out its Mars surface mission
and begins a return to Earth. This second DAV arrives at Mars and is similarly positioned and checked prior to the
departure of the second crew. This DAV waits in its orbit for approximately 2 years prior to the arrival of the
second crew. This is a significantly longer wait than experienced by the first DAV, but the variability from mission
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to mission is typical of the short-stay mission opportunities. Each crew relies on its own DAV for completion of its
mission. In addition, the
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Figure 3-7. Mars mission opportunities timeline.

launch windows for this combined use of Conjunction Class and Opposition Class trajectories are such that there is
no overlap in the launch campaign at KSC.

For the long-stay mission sequence, two cargo elements are pre-positioned to support the crew’s surface mission: the
DAV and a surface habitat (SHAB) with other surface equipment. Both of these elements are launched in the same
minimum energy opportunity just over 2 years prior to the launch of the crew. The launch campaign for the first two
cargo elements begins several months prior to the opening of the launch window. The cargo elements arrive at Mars
approximately 8 months later and are placed into the appropriate orbit (for the DAV) or at the surface location (for the
SHAB). They are checked for proper function before they are placed into a minimal operating configuration to
remain in this state for over 2 years before the arrival of the crew. The next minimum-energy window (for the next
cargo elements) opens shortly before the fast transit trajectory window for the first crew, but these launch windows
are still close enough that a combined launch campaign at KSC is required. This launch campaign for the second crew’s
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cargo and for the first crew begins as much as 1 year before either windows open so that all of these elements are
ready for their respective departures. The first crew arrives before the cargo elements for the second mission and
nominally uses the assets launched over 2 years previously. However, should either the DAV or the SHAB suffer a
failure between the time the first crew launches from Earth and when it leaves Mars to return to Earth, the second
set of cargo elements can be used, thus potentially preventing loss of the mission or of the crew. This is a unique
feature of the pre-deployment strategy when applied to the long-stay missions. This overlap of assets is not available
for any of the short-stay options or for the all-up strategy.

Figure 3-8 shows the implications of a pre-deployment strategy for both the short- and long-stay missions. A first
human mission in the 2030 timeframe along with a subsequent human mission illustrates campaign-level
implications of this strategy as well.
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Figure 3-8. Pre-deployment timelines for short- and long-stay strategies.

The alternative to the pre-deploy strategy is the all-up strategy, whereby all of the required mission elements would be
launched in the same Mars opportunity, although not necessarily on a single launch vehicle, which is effectively
impossible, or as a single departure stack at trans-Mars injection (TMI), which would be unrealistically massive. For
the short-stay mission sequence, the only cargo element that is required is the DAV. This element is launched on the
same trajectory as the crew in its MTV. The combined launch campaign at KSC for both of these elements begins
approximately 1 year prior to the launch window, based on the launch rate mentioned above. Both elements arrive at
the same time and the nominal surface mission is carried out. KSC initiates the launch campaign for the second
mission approximately 2 years after it completes the first campaign, although there is some variability in this
interval due to the natural spacing between the short-stay trajectory opportunities.

For the long-stay, all-up mission sequence, two cargo elements are required to support the crew’s surface mission:
the DAV and an SHAB with other surface equipment. All of these elements are launched on a fast-transit trajectory
so that they all arrive at Mars at the same time. While it is conceivable that all of these elements could be integrated
into a single stack while in LEO, the total mass of such a stack would be quite significant (i.e., in some cases
equivalent of several ISSs) and likely difficult to control. The total thrust that is required to avoid significant gravity
losses during departure also makes this approach less desirable. The alternative — three closely spaced departures
from LEO during the same launch window followed by a rendezvous (but not necessarily docking) in interplanetary
space — is also not trivial but considered manageable and, thus, would be the preferred approach for this option. The
KSC launch campaign begins approximately 1 year before these elements depart for Mars; this is similar to the situation
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described for the pre-deploy strategy. The launch campaign for the next mission begins approximately 1 year after
completion of the first campaign. There is no overlap at Mars of the two crews or their equipment.

Figure 3-9 shows the implications of an all-up strategy for both the short- and long-stay missions. A first human
mission in the 2030 timeframe along with the subsequent human missions illustrates campaign-level implications of
this strategy as well.
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Figure 3-9. All-up mission timelines for short- and long-stay strategies.

3.34  Addressing key risks

Human health is a key mission design factor. The two biggest threats to human health on a Mars mission are
radiation exposure and the long-term effects of zero g. Section 3.4 provides a detailed discussion of these issues.
Mission design must address both of these concerns by minimizing the periods of continuous exposure to zero g and
the total radiation exposure by the crew.

System reliability is a key risk due to the complexity of systems and the long lifetimes that are needed for human
missions to Mars. While the long-stay missions require longer system lifetimes than the short-stay missions, this is
somewhat offset by the system reliability challenges of close passage to the sun on short-stay missions. Pre-deploy
missions require significantly longer operating lifetime for pre-deployed elements. This is offset by the redundancy
that the pre-deployed elements afford in a sustaining program where humans are launched to Mars at every
available opportunity along with the pre-deployed elements for the next opportunity. In this scenario, the
redundancy in habitats and DAVSs is provided.

3.3.5  Close perihelion passage considerations

For short-stay Opposition Class missions, mission timing can be generally be set up to use Venus during the
outbound transit, inbound transit, and sometimes both to help shape the trajectory that is necessary for this class of
mission. The Venus swing-by has the same result as a “free” deep-space maneuver and is, thus, more propulsively
efficient. This requires that the mission sequence, timing, and relative phase angles between Earth and Mars be in
specific relative geometry.

As can be seen from the plots in figure 3-10, the trajectories that are associated with Opposition Class missions,

irrespective of the use of a Venus swing-by, require passage within the orbit of Venus. A representative (2037)
Opposition Class mission is shown in the trajectory plot. In addition, as can be in the plots, the closest approach to
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the sun varies by mission opportunity and surface stay. For example, the 2037 VVenus swing-by mission passes
within 0.49 AU of the sun, spending 108 days within 0.8 AU.
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Figure 3-10. Venus swing-by perihelion passage.

Passing within 1 AU of the sun poses some significant mission, vehicle design, and human health issues that must
be adequately considered in the overall context of the mission approach. For instance, additional shielding mass is
required to protect from solar flares during solar maximum. Since the strength of the radiation dose is roughly
proportional to the square of the distance (1/R*®), close perihelion passage can have a profound effect on radiation
dosage to the crew and subsequently to the radiation shielding required (may need additional parasitic shielding for
protection against solar storms). Thermal control will be needed for both long- and short stay missions, but the heat
load to the vehicle will increase with decreasing perihelion passage. Deployable sunshades are probably required for
the short-stay missions to shadow critical vehicle components and areas. In addition, deployable radiators and
additional active cooling loops may be required. Due to the increased thermal and solar influence, vehicle systems
including solar arrays and sunshades must be positioned relative to the sun with tighter control to prevent
overheating. Since Conjunction Class missions rely on favorable phasing between Earth and Mars, the trajectory does
not require close perihelion passage; the vehicles thus remain at distances greater than 1 AU throughout the mission.

3.3.6  Total interplanetary propulsion requirement considerations

The variability of total interplanetary propulsive delta-V across the synodic cycle for both Opposition Class (short-
stay) and Conjunction Class (long-stay) missions are provided in figure 3-11. As can be seen from this figure on the
left, Opposition Class missions require greater total propulsive delta-V in addition to resulting in significant
variation of propulsion requirements across synodic cycle. As can be seen from the left graph, the variation of delta-
V across the synodic cycle is nearly 100% with an average total delta-V of 10 km/s + 3.7 km/s. This variability
significantly impacts the space vehicles since they must be designed to provide the propellant capability and design
attributes that allow for a wide range of propellant loads or the capability to delivery a wide range of payloads to
Mars.

It can also be seen that there are some mission cases where the total interplanetary delta-V is so excessive that they
are outliers and, thus, usually eliminated from consideration. This is clearly evident in the 2041 mission opportunity,
which is twice the magnitude of the best 2033 opportunity. Skipping mission opportunities results in a minimum of
a 26-month “stand down” before resuming the normal mission sequence.

The variability of total interplanetary propulsive delta-V across the synodic cycle for Conjunction Class missions is
provided in the right graph in figure 3-11. As can be seen in this graph, the total, as well as the variation from
opportunity to opportunity is fairly small, on the order of 35%, while also providing for overall lower delta-V; the
average total delta-V was approximately 7 km/s £ 1 km/s. This small variation of propulsive requirement across the
synodic cycle allows the use of a common vehicle and payload design for each opportunity. This common strategy
also allows the vehicle systems to be flown in any opportunity, thereby reducing the potential of either skipping
harder years, as in the case of Opposition Class missions, or allowing systems to be flown at a later date if necessary
due to technical or schedule difficulties.
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Figure 3-11. Total interplanetary propulsive requirement comparison.

The sensitivity of the total interplanetary propulsion requirements as a function of time spent in the vicinity of Mars for
Opposition Class missions is shown in the left side of figure 3-12. As can be seen from this figure, the time that is spent
in the vicinity of Mars has a profound affect on the total interplanetary delta-V. This increased delta-V translates
directly to more IMLEO. It can also be seen that the sensitivity to stay time varies by mission opportunity ranging
from a 15% variance in 2033 to 67% in 2047. Thus, to minimize the overall mission mass for Opposition Class missions,
emphasis is placed on minimizing the amount of time spent at Mars that is counterproductive from a mission strategy
point of view; reducing the time at Mars limits the mission objectives and goals that can be achieved. It should
be noted that a vehicle that is designed for a 30-sol stay for a relatively hard opportunity, such as 2037, can extend
the surface stay to 90 sols for easier opportunities, such as 2033. Extending the stay time beyond 90 sols becomes
prohibitively expensive from a delta-V and mission mass perspective.

The sensitivity of total propulsive delta-V to the transit times to and from Mars for Conjunction Class missions is
provided in the right graph. Minimum energy transfers occur with trip times in excess of 200 days where the savings of
total delta-V are decreased as trip time is increased. Since it is important from a human health and performance
perspective to reduce the transit times to the greatest extent possible, it can be seen that reductions in total trip time
begin to become excessive with times less than 200 days and in some opportunities on the order of 180 days. The
design team has chosen to establish the total delta-V capability of the interplanetary transportation system across all
opportunities and then use that common system to shorten the trip times to the greatest extent possible.

3.3.7  Total mission duration considerations

The breakdown of trip times for the outbound, surface stay, and inbound portions of both the Opposition Class
(short-stay) and Conjunction Class (long-stay) missions is provided on the left side and right side, respectively, of
figure 3-12. Total mission durations for the short-stay missions range from 550-650 days with 30 sols in the vicinity
of Mars. For the short-stay missions, more than 95% of the total mission time is spent in the deep-space zero-g
interplanetary environment with the balance of 5% spent in the vicinity of Mars. Duration of the transit legs ranges
from a minimum of 190 days to a maximum in excess of 400 days.

The corresponding trip time breakdown for the long-stay mission is provided in the left graph. The total mission
durations range from 890 to 950 days with a range of corresponding surface stay times ranging from 475 to 540 sols in
the vicinity of Mars. For long-stay missions, approximately 55% of the total mission duration is in the vicinity of
Mars with the balance of 45% spent in transit. The time that is spent in orbit vs. the time that is spent on the surface
of Mars is open to further refinement as the relative trade-offs between mission return and crew risk are conducted.
The radiation dose will vary depending on the location of the mission within the 11-year solar cycle, which is
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shown on top of both sides of figure 3-13. Although SPE-associated exposure risk is higher during solar max (in
red), the GCR dose is generally lower, due to the presence of more profound solar wind. The GCR dose will be
correspondingly higher during solar minimum (in green).
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Figure 3-13. Total mission duration comparison.
3.3.8  Mars vicinitiy operational considerations

The operations that will be conducted in the vicinity of Mars are yet another important consideration when choosing
between mission types. The complexity of operations, timing, and sequences as well as considerations that are
associated with the health and performance of the crew must be included in the decision process.

3.3.8.1 Mars capture and rendezvous

Most mission strategies rely upon the pre-deployment of mission cargo to Mars orbit or the martian surface prior to
arrival of the crew to reduce mission mass. Since the cargo elements are pre-deployed many months ahead of the crew,
there is sufficient time to adjust the orbits prior to crew arrival to ensure optimal co-planar conditions. The crew vehicle
will perform the orbital capture maneuver, capturing into a proper phasing orbit that is necessary for the
subsequent rendezvous maneuver. Assuming that the cargo elements are placed in a 1-sol (250 km x 33,793 km)
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parking orbit, the phasing and rendezvous maneuver can take as little as 1 day, but could be longer if the relative
phase between the target cargo vehicle and the crew vehicle is greatly out of phase after arrival in Mars orbit.
Rendezvous and docking might also be delayed in the case of an off-nominal event.

3.3.8.2 Landing

After rendezvous with the lander, systems are checked out and verified operational, which is assumed to be at best 1
day. Additional time must be taken into account for any additional orbital loiter that is necessary for proper phasing
with the landing site or to wait out Mars environmental factors such as dust storms.

3.3.8.3 Crew acclimation

After arrival, the crew transit vehicle systems are placed in a safe condition while the lander systems are transitioned to
an operational condition and checked out. If artificial gravity (AG) transits to Mars are not used, the crew will be in
a deconditioned state due to the lengthy 6- to 7-month zero-g transit from Earth to Mars. Present estimates for crew
acclimation are on the order of 1 to 2 weeks based on current U.S. and Russian experience.

3.3.8.4 Mars orbit departure

During a short-surface duration, there will be very little apsidal and nodal regression. To meet the departure
trajectory conditions, a multi-burn departure will be necessary to align with the departure asymptote. This multi-
burn departure will require up to a few days, including a small departure window to account for contingencies.

3.3.8.5 Mission type comparison

Due to the short time spent in the vicinity of Mars for the Opposition Class (short-stay) missions and number of
required operations, the short-stay mission will provide at best 1 to 2 weeks of surface exploration with 30 sols in
the vicinity of Mars. With higher-performance propulsion systems (e.g., NTP), easier opportunities can extend the
time at Mars up to 90 sols. A short-stay mission will require a scripted operational approach that is very similar to
the Apollo lunar missions with limited exploration range from the landing site. There is also very little ability to
handle any off-nominal events and still conduct a viable surface mission. This mission approach only requires a
lander for the surface phase, which provides the potential for overall cost reduction and lower risk for the surface
phase of the mission.

The long-stay mission architecture lends itself to a flexible surface exploration strategy. The crew has approximately 18
months in which to perform the necessary surface exploration activities; the strategy thus follows a less rigorous,
less scheduled approach. Ample time is provided to plan and re-plan the surface activities, respond to problems, and
readdress the scientific questions that were posed early in the mission. In addition, the long-surface mission duration
maximizes mission and scientific return, enabling a robust exploration strategy with the ability to reach ranges at a greater
distance from the landing site, explore a greater number of sites, and conduct more complex exploration such as deep
drilling. Extended surface operation does pose additional risk to the crew, depending on the specific tasks and
frequency. In addition, the long-surface stay imposes additional system reliability and maintainability requirements.

3.3.9  Mission sequence for the Opposition Class (short-stay) mission

The focus of the Opposition Class mission is to strike a proper balance between length of the overall mission and the
total mass that must be launched. As the mission duration is shortened, the total mission mass grows exponentially.
For this mission, a split mission approach is used whereby mission cargo is delivered to Mars one opportunity
before the crew. This provides a significant advantage in reducing total mission mass. In fact for harder mission
opportunities, pre-deployment of mission assets is required to obtain reasonable initial masses. The first phase of
the short-stay mission architecture begins with the pre-deployment of the Mars DAV to Mars orbit. The DAV, along
with its in-space propulsion system, is launched, assembled, and checked out in LEO. After all of the systems have
been verified and are operational, the vehicles are injected into minimum-energy transfers from Earth orbit to
Mars. Upon arrival at Mars, the vehicles are captured into a high-Mars orbit and remain in a semi-dormant mode,
waiting for the arrival of the crew approximately 24 months later. Periodic vehicle checks and orbital maintenance
are performed to place the vehicles in the proper orientation for crew arrival. The specifics of the Earth departure
and Mars arrival scenarios are dependent on the transportation technologies that are chosen. The overall mission
sequence that is used for the short-stay strategy is depicted in figure 3-14.
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Figure 3-14. Short-stay mission sequence.

The second phase of this architecture begins with the launch, assembly, and checkout of the MTV during the next
injection opportunity. The MTV serves as the interplanetary support vehicle for the crew as well as the outbound
transportation system. A vehicle checkout crew is delivered to the MTV in Earth orbit to perform vital systems
verification and any necessary repairs prior to departure of the flight crew. After all of the vehicles and systems,
including the Mars DAV, the Orion Earth return vehicle, and the MTV, are verified as operational, the flight crew is
injected on the appropriate short-stay trajectory. The length of the outbound transfer to Mars is dependent on the
injection opportunity. Upon arrival at Mars, the crew must rendezvous with the DAV. After arriving at Mars, the
crew has up to 30 to 90 days (depending on the mission opportunity and propulsion choice) to make all of the
necessary orbital adjustments for the return trajectory and conduct the surface mission.

The DAV serves as the primary transportation and crew support element for the planetary exploration phase of the
mission. This vehicle is designed to transport the mission crew from a high Mars orbit to the surface of Mars, support
the crew for up to 30 days while on the surface, and return the crew from the surface to the high Mars orbit whereby it
performs a rendezvous with the MTV. The functional capabilities of the DAV must accommodate the ability to
operate in a fully automated mode since it is anticipated that the crew will be incapable of performing complicated
tasks due to the long exposure to microgravity while in transit. Vehicle terminal phase targeting/control, post-landing
safing, initial flight-to-surface transition, and appendage deployments must occur without crew exertion. Thus, the
vehicle must provide adequate time for the crew to re-adapt to 0.38 G on Mars. During this period, no strenuous
activities (e.g., EVA) will be scheduled for any crew members, and the focus of the operations will be on developing
adequate crew mobility and maintaining systems operability.

The focus of the surface exploration phase is to conduct scientific investigations of the local landing vicinity. Of the 30
days on the surface of Mars, as many as 21 potential EVA sorties can be conducted. This strategy provides time for
the crew to acclimate to the martian environment as well as perform the closeout and vehicle checks that are necessary
at the end of a surface mission prior to ascending back to orbit. During the science investigations, a 10-m radius has
been established as a reasonable traverse radius about the landing zone. This radius is derived from the maximum
unassisted walk-back distance of a suited crew member due to rover failure. This radius also considers the rate life
support consumables within the EVA system to ensure that they are not depleted the crew members are returning to the
SHAB.

After completion of the surface mission, the crew performs the necessary closeout and shutdown operations of the
vehicles. Surface elements, including science instruments, are placed in an automated operations mode for Earth-
based control. The crew then ascends in the Mars ascent vehicle and performs a rendezvous with the waiting Earth
return vehicle. This vehicle is used to return the crew from Mars, ending with a direct entry at Earth.

For this architectural comparison, it was assumed that the length of stay would be limited to 30 days, which is
consistent with the capabilities of the DAV. If surface durations in excess of 30 days were required, the architecture
team strongly encouraged the introduction of an additional SHAB. Since the addition of this habitat was not
included in the comparison, the surface stay was limited to 30 days total.
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3.3.10 Miission sequence for the Conjunction Class (long-stay) mission

The philosophy of the long-stay mission architecture approach is to minimize the exposure of the crew to the
deep-space radiation and zero-g environment while at the same time maximizing the scientific return from the
mission. This is accomplished by taking advantage of optimum alignment of the planets for both the outbound and
return trajectories by varying the stay time on Mars, rather than forcing the mission through nonoptimal trajectories,
as in the case of the short-stay missions. This approach allows the crew to transfer to and from Mars on relatively
fast trajectories, on the order to 6 to 7 months, while allowing them to stay on the surface of Mars for a majority of
the mission, on the order of 18 months.

The surface exploration capability is implemented through a split mission concept in which cargo is transported in
manageable units to the surface or Mars orbit and checked out in advance of committing the crews to their mission.
The split mission approach also allows the crews to be transported on faster, more energetic trajectories, minimizing
their exposure to the deep-space environment while the vast majority of the material that is sent to Mars is sent on
minimum-energy trajectories. The trajectory analysis that was discussed earlier was used to ensure that the design of
the space transportation systems could be flown in any opportunity. This is vital to minimize the programmatic risks
that are associated with funding profiles, technology development, and system design and verification programs.
The overall mission sequence that was used for the long-stay strategy is depicted in figure 3-15.
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Figure 3-15. Long-stay mission sequence.

The first phase of the long-stay mission architecture begins with the pre-deployment of the first two cargo elements,
the DAV and the SHAB. These two vehicle sets are launched, assembled, and checked out in LEO. After all
systems have been verified and are operational, the vehicles are injected into minimum-energy transfers from Earth
orbit to Mars. Upon arrival at Mars, the vehicles are captured into a high-Mars orbit. The specifics of the Earth
departure and Mars arrival scenarios are dependent on the transportation technologies that are chosen. The DAV
remains in Mars orbit in a semi-dormant mode, waiting for arrival of the crew 2 years later. The SHAB is captured into
a temporary Mars orbit and then performs the entry, descent, and landing on the surface of Mars at the desired
landing site. After landing. The vehicle is remotely deployed, checked out, and all systems are verified to be
operational. Periodic vehicle checks and remote maintenance are performed to place the vehicles in proper
orientation prior to crew arrival.

A key feature of the long-stay mission architectures is the deployment of significant portions of the surface
infrastructure before the human crew arrives. This strategy includes the capability for these infrastructure elements
to be unloaded, moved significant distances, connected to each other, and operated for significant periods of time
without humans present. In fact, the successful completion of these various activities will be part of the decision
criteria for launch of the first crew from Earth. Pre-deployed and operated surface elements include the SHAB,
power system, thermal control system, communications system, robotic vehicles, and navigation infrastructure.
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The second phase of this architecture begins during the next injection opportunity with the launch, assembly, and
checkout of the MTV. The MTV serves as the interplanetary support vehicle for the crew for a round-trip mission to
Mars orbit and back to Earth. Prior to departure of the flight crew, a separate checkout crew is delivered to the MTV to
perform vital systems verification and any necessary repairs prior to departure of the flight crew. After all of the
vehicles and systems — including the Mars DAV, SHAB, and MTV - are verified operational, the flight crew is injected
on the appropriate fast-transit trajectory towards Mars. The length of this outbound transfer to Mars is trajectory
Dependent, and ranges from 180 to 210 days. Since the crews are delivered to Mars on their round-trip vehicle
includeing the return propellant, the crew does not have to perform any rendezvous or other complicated orbital
maneuvers to return from Mars back to Earth. Upon arrival at Mars, the crew performs a rendezvous with the Mars
DAYV, which serves as their transportation leg to and from the Mars surface. After arriving at Mars, the crew has
ample time (up to 18 months) to make all of the necessary orbital adjustments for the return trajectory and conduct
the surface mission.

The DAV serves as the primary transportation element for the crew in the vicinity of Mars. The vehicle is designed to
transport the mission crew from a high Mars orbit to the surface of Mars, support the crew for the initial post-
landing acclimation period (up to 30 days), and return the crew from the surface to the high Mars orbit whereby it
performs a rendezvous with the MTV. The functional capabilities of the DAV must accommodate the ability to
operate in a fully automated mode since it is anticipated that the crew will not be capable of performing
complicated tasks due to the long exposure to microgravity while in transit. Vehicle terminal phase
targeting/control, post-landing safing, initial flight-to-surface transition, and appendage deployments must occur
without crew exertion. Thus, the vehicle must provide adequate time for the crew to re-adapt to 0.38 G on Mars.
During this period, no strenuous activities (e.g., EVA) will be scheduled for any crew members, and the focus of
operations will be on developing adequate crew mobility and maintaining systems operability.

Current human health and support data indicate that it may take the crew up to 1 week to acclimate to the partial
gravity of Mars. After the crew has acclimated, the focus of the initial surface activities is on transitioning from the
lander to the SHAB. This includes performing all remaining setup, checkout, and maintenance that could not be
performed remotely from Earth. The crew has as many as 30 days after landing to perform all of the necessary
startup activities of the SHAB. During this period, local science is also conducted to ensure that the initial science
objectives can be met if early ascent from the surface is required. Lastly, the Mars ascent vehicle is connected to
the SHAB power system and placed in a semi-dormant mode since it will not be needed again until ascent from the
surface is required. Although the lander is in a semi-dormant mode, emergency abort to orbit (ATO) is available
throughout the surface exploration phase of the mission.

The long-stay mission architecture lends itself to a very robust surface exploration strategy. Since the crew has
approximately 18 months in which to perform the necessary surface exploration activities, the strategy follows a less
rigorous, less scheduled approach. Ample time is provided to plan and re-plan surface activities, respond to problems,
and readdress the scientific questions that were posed early in the mission. The focus during this phase of the
mission will be on primary science and exploration activities that will change over time to accommaodate early
discoveries. A general outline of crew activities for this time will be provided before launch and updated during the
interplanetary cruise phase. This outline will contain detailed activities to ensure initial crew safety, make basic
assumptions as to initial science activities, schedule periodic vehicle and system checkouts, and plan for a certain
number of sorties. Since much of the detailed activity planning while on the surface will be based on initial findings,
it cannot be accomplished before landing on Mars. The crew will play a vital role in planning specific activities as
derived from more general objectives that are defined by colleagues on Earth.

Before committing the crew to Mars ascent, full systems checkout of the ascent vehicle and the MTV is required.
Because both vehicles are critical to crew survival, sufficient time must be provided prior to launch to verify systems
and troubleshoot any anomalous indications prior to crew use. In addition, the SHAB will be placed in a dormant mode
for potential re-use by future crews. This includes stowing any nonessential hardware, safing critical systems
and their backups, and performing general housekeeping duties. Lastly, surface elements, including science
instruments, are placed in an automated operations mode for Earth-based control. The crew then ascends in the
Mars ascent vehicle and performs a rendezvous with the waiting MTV. This vehicle is used to return the crew from
Mars, ending with a direct entry at Earth. It should also be noted that the MTV will also contain all necessary
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contingency supplies in the event that the crew must depart early from the martian surface and wait in orbit for the

return opportunity to open up.

An overview of the mission payloads that were used for the Phase 1 decision packages is depicted in figure 3-16.

Crew Support During Transit

Mars Transit Habitat Orion (Block 3)

Hh o

o0

Function: Support mission crew of six for up to 600 days
in deep-space (900 in a contingency)

Basis of estimate: TransHab, DRM 3.0, 4.0, DPT, NEXT
Consumables for nominal and contingencies

Advanced technologies assumed (e.g. closed life-support,
inflatable structures, composites, etc.)

Nominal mass assumed: ~27.5t

Mars Lander

Function: Deliver six crew to MTV in LEO and direct
entry return of crew at end of mission

Basis of estimate: Current Orion estimate
Entry speed limited to 13 km/s
Mass assumed: ~ 10t

Mass revision needed for:
® TPS enhancements for higher entry speed
® Small tailored service module

Crew Support on Mars Surface

Mars Surface Habitat

LO,/CH, Descent

Cargo Bays
9 4 Airlock

Engines (4)

LO,/CH, Descent

Cargo Bays

Engines (4) Airlock

Function: Transport six crew from Mars orbit to the
surface and return to Mars orbit

Basis of estimate: DRM 3.0, 4.0, DPT, NEXT

Provides contingency abort-to-orbit capability

Vehicle supports crew for 30 sols

Vehicle capable of utilizing locally produced propellants

Advanced technologies assumed (composites, O2/CH4
propulsion, etc.)

Wet mass assumed: ~ 68t

Function: Support mission crew of six for up to 550 sols
on the surface of Mars. Included in architectures with
surface stays in excess of DAV (30 days) capabilities.

Basis of estimate: DRM 3.0, 4.0, DPT, NEXT
Provides robust exploration and science capabilities
Descent vehicle capable of landing ~40 t

Advanced technologies assumed (e.qg. closed life-support,
inflatables, composites, O2/CH4 propulsion, ISRU for
EVA makeup, etc.)

Wet mass assumed: ~ 68t

Figure 3-16. Mission payloads used for Phase 1 decisions.

3.3.11 Mission-type special considerations: science goals and objectives

During the mission-type deliberations, the MAWG solicited the help of the MEPAG to provide an assessment of the
relative advantages and disadvantages of the two mission types under considerations. The MEPAG sponsored the
creation of a special assessment group, the HEM-SAG, which reviewed the proposed surface exploration strategies
that are associated with both the long- and short-stay mission concepts. The MAWG specifically asked the HEM-SAG
to provide an assessment of the relative advantages and disadvantages of not only mission concepts that are driven
by length of stay, but also those that are associated with potential return to the same exploration site or conducting
subsequent missions to different exploration sites. The general conclusions resulting from the HEM-SAG
deliberations are provided below and are graphically depicted in figure 3-17.
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Short Stay

Long Stay

Comments

LEAST FAVORED

Below the “science floor”
(but there is science that
could be done, especially
via samples back to Earth

3rd Most favored (of 4)
100’s km mobility

Ideally 1000 km mobility
(pressurized)

May require unique
landing site (with extreme
local diversity)

Long stay may require
1000’s km surface
mobility if to same site
each time (otherwise not
scientifically favored)

2nd Most Favored
10’s km mobility

100 kg samples to Earth
(total Apollo-class)

MER-class analytical?
Robotic “fetch” rovers?

Leave-behind robotic
systems (autonomous
drill?)

Favors sample collection
over in situ analysis

MOST FAVORED
100's km surface mobility
100 m vertical (drilling)

TBD analytical capability
(in situ, possibly MSL
class)

100's kg to Earth (Apollo-
class)

Extensive lab for sample
high-grading key for many
science issues

Highest Science yield
requires Diversity (time,
space) for optimization

Requires ~ 100’s km
horizontal mobility (all
cases)

ISSUE: Drilling? (100m
desire, 1 m pits req'd)

Mass to Earth? (likely to
be 100kg minimum)

(astrobiology)

Figure 3-17. Science goals mission-type considerations.

3.3.11.1 Opposition Class missions (short-stay): scientific position

Short-surface duration missions, while offering the potential for breakthrough, human-enabled science, are not
favored for science-driven exploration for several reasons: Short-stay human surface missions cannot make best use
of mobility to optimally explore a region due to time available for EVA (and for subsurface access system
operation, such as a deep drill). Nor do they optimize the “iteration cycle time” that is associated with in-situ field
investigations on the basis of time available (too few cycles for adapting to the unexpected scientific context that is
likely to emerge). Finally, short-stay human surface missions do not allow time for sample high-grading to ensure a
best subset of the materials that are returned for detailed analysis on Earth. This limits the discovery potential that is
intrinsic to field sampling.

3.3.11.2 Conjunction Class missions (long-stay): scientific position

Conjunction Class missions that provide extended duration on the surface while maximizing the exploration range
from the landing site are most favored to optimize the scientific yield. Long surface stay allows maximal use of human
“on-site” observational and intuitive scientific capabilities, even if EVA is restricted to approximately 25% of
available time. By maximizing opportunities for adapting scientific investigations to a given region, the probability
of paradigm-busting discoveries increases exponentially over focused, robotic surface investigations such as those
that are presently in operation with the MERs. Long-surface stay also maximizes the human opportunities for using
mobility (horizontal and vertical) to more completely explore a compelling region at scales that are commensurate
with processes that preserve evidence of past life on Earth. In addition, the long-surface-stay scenario allows the
humans “on site” to make best use of their non-EVA time to employ general analysis “tools” to investigate sampled
materials and, hence, to best select the optimized subset (so-called splits) for return to Earth. It should be noted that
long surface stays at three independent and different human exploration sites is the most favored option.

3.3.12 Mission-type special considerations: human health and performance

The Crew Health and Performance (CHP) Team of the MAWG evaluated both the short- and long-stay mission
architectures for the human mission to Mars in the NASA CxP: a long-stay scenario of 18 months on Mars with
approximately 6 months transit both out to Mars back to Earth, and a short-stay scenario of about 1 month on Mars,
6 to 10 months outbound and 10 to 13 months inbound. When all of the human health and performance disciplines
were considered, no clear advantage of either option was identified on the basis of crew health, safety, and
performance. A summary of the key human health and performance findings is provided in figure 3-18. It is
important to note that the risk assessment that is provided by the radiation discipline indicates that both the short-
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exceed current permissible radiation exposure limits. This assessment is discussed in further detail later in this

section.
Short Stay Long Stay
HHP Component o ) )
(Opposition-class; 22 months total) (Conjunction-class, 30 months total)
Physiological ®  Extended 0-g transits at limits of human ®  0-g transit phases well within experience
Countermeasures spaceflight experience base base
®  Preferred option only if AG available ®  3/8-g surface phase outside experience
base, will be partially mitigated by Lunar
Outpost experience
Human Factors & ®  Not preferred option without access to ®  Preferred option with access to Surface
Habitability Surface Habitat Habitat
Radiation ®  Higher risk of carcinogenesis, acute ®  Slightly preferred option
syndromes, CNS effects and degenerative | ®  prolonged exposure to poorly-understood
effects due to longer transits (SPE & GCR) surface mixed-field (neutrons and charged
and close perihelion passage (SPE particles) environment. Mars surface
effects) radiation environment may be more severe
®  Option is well outside current permissible than previously estimated.
exposure limits = Option is well outside current permissible
exposure limits
Behavioral Health & ®  Preferred option due to shorter overall ®  Increased risk due to longer overall duration
Performance duration
®  Possible risk due to higher acute radiation
exposure within 0.7 AU
Medical Capabilities " Slightly preferred option due to less risk ®  Slightly increased risk due to longer overall
exposure of shorter duration duration

Figure 3-18. Summary of human-health-mission-type considerations.

A number of significant knowledge gaps and technologies to be developed were identified by the CHP disciplines,
which concluded that no legitimate discrimination between the two scenarios would be valid, based on that analysis
with current knowledge and space flight experience, because higher-order details of the scenarios have not been
fully developed. However, any Mars exploration option that is selected by ESMD can be implemented concomitant
with acceptance of all residual human health and safety risks identified by the CHP disciplines and their parent

organizations.

Both the long-stay (Conjunction Class) and short-stay (Opposition Class) missions were analyzed from a human
health and performance perspective. The assumed mission characteristics for this analysis are listed in table 3-6.

Table 3-6. Mission Characteristics

Factor

Short-stay Mission

Long-stay Mission

Travel time in transit to Mars

313 days (~10 months)

180 days (~6 months)

Travel time in transit to Earth

308 days (~10 months)

180 days (~6 months)

Total transit time in deep space

621 days (~21 months)

360 days (~12 months)

% total mission duration 94% 40%
Surface stay time 40 days (~1 month) 545 days (~18 months)
% total mission duration 6% 60%

Total mission time

661 days (~22 months)

905 days (~30 months)

Closest solar approach —
Without Venus swing-by
With Venus swing-by

~0.5 AU
As close as 0.38 AU

1 AU N/A

AU: astronomical unit (mean distance from the Earth to the sun).

65



Mars Design Reference Architecture 5.0 — Addendum

The Earth-to-Mars transit time for the short stay is at the limits of the human space flight experience base, but the
transit time for the long stay is within the experience base. The experience base for surface time is now very limited,
but should be increased by Lunar Outpost experience; this represents a future reduction in uncertainty and possible
mitigation of a risk.

The disciplines that are represented by the CHP Team assessed the scenarios within their area of expertise, thus
resulting in different assessments of the two mission scenarios. If AG is used as a countermeasure, the Zero-g
Countermeasures analysis favored the short-stay option; but, in the absence of AG, it demonstrated no preference.
The Human Factors and Medical Care analyses also showed a slight advantage for the short-stay option. The
Environmental Health analysis favored the long-stay option if an SHAB is only available for the long stay. The
Radiation Protection analysis slightly favored the long-stay option, and the Medical assessment found an SPE-induced
radiation contingency to be one of the most difficult mission environmental risks to manage, unless considerable
shielding improvements are implemented. Based on past assessments, it is believed that a heavily shielded location
(configuration and subsystem placement) can be achieved without additional parasitic shield mass. However, an
integrated assessment across all of the disciplines did not ascribe a clear advantage to either option.

Both options would pose significant health risks. The short-stay option has about 27% less mission-duration risk than
the long-stay option because it requires less time away from Earth (22 months vs. 30 months), but this is offset by
the fact that many (but not all) of the health risks increase most rapidly early in flight and then decrease more
slowly, if at all, after the first few months. The radiation exposure risk, however, is not less for the short-stay
mission. The advantages and disadvantages found by each discipline are described below.

3.3.12.1 Radiation risk: comparison of short- and long-surface-stay missions

The Mars radiation assessment that is presented here compares the risk due to radiation exposure to crew members
between the short-stay (621 days in free space, 40 days on surface) and long-stay (360 days free space, 545 days on
surface) Mars missions. The short-stay mission class includes a Venus swing-by or deep-space maneuvers with a large
portion of the Earth return trajectory at less than 1.0 AU. The closest solar approach for the Earth return trajectory
for a nominal mission is between 0.5 and 0.8 AU. The long-stay mission class maintains transit trajectories are 1
AU or greater. The human Mars mission is assumed to occur at any time during the solar cycle; that is, preference
will not be given to solar maximum conditions when GCR flux is at its lowest although the probability of SPEs is
greatest. The assessment is based on past analyses, current knowledge, and embedded assumptions. Where possible,
the health risks are quantitatively assessed. However, due to lack of current research results, other health risks can
only be qualitatively assessed at this time. Recommendations are provided where past analyses should be updated
based on new research results and mission definition.

Both mission types are well above permissible exposure levels for crew with large uncertainties. The estimated risk of
radiation-exposure-induced death (%REID) is estimated to be 7.8% for short stay vs. 8% for long stay. The 95th
confidence interval (ClI) for this estimate is well above 16%. Current permissible exposure limits (PELS) restrict
exposure to 3% at the 95th confidence level (CL). Risk mitigation strategies as well as uncertainty reduction are
required prior to a human Mars mission.

Based on current knowledge about space radiation risks to humans, the scientific basis to pick a short-stay over a
long-stay mission, or vice versa, has not been fully established. Lack of knowledge that contributes to the difficulty
of selecting one mission class over the other includes:

1. The role of non-targeted effects for cancer induction during both the short- and long-stay missions. If
non-targeted effects are found to make up a significant fraction of the overall GCR cancer risk, there may
be little dependence of the risk of carcinogenesis on mission duration or shielding amount.

2. Insufficient knowledge about the amount of protection provided by the Mars surface and atmosphere,
especially during the long-stay mission. The Mars radiation environment may be more severe than previously
estimated due to the production and transport of neutrons, mesons, muons, and electromagnetic cascades.
Effects of a mixed field environment (neutrons and charged particles) on radiobiological risks are unknown. A
larger risk contribution during a long stay on the surface may be a future discriminator. In-situ precursor
validation data are required.
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The issues that are involved in short-stay missions may be larger to overcome due to longer times in free space and
trajectories with close passage to the sun. Major factors include:

1. The probability of large SPE exposure at close proximity to the sun contributing to cancer risk and
some acute radiation syndromes (non-mission-threatening). Understanding dose rate effects on cancer
morbidity and the radial gradient (including energy and rate) of SPEs at distances of less than 1 AU
must be pursued. (A major assumption for this assessment is that the MTV provides a heavily shielded
location at 20 g/cm? without additional parasitic shield mass.)

2. The poorly understood risk of central nervous system (CNS) and degenerative tissue damage due to
increased exposure from heavy ions. Research is needed to quantify heavy ion effects on CNS,
cardiac, circulatory, and digestive diseases.

Investments in risk mitigation strategies should include advanced shielding technologies, countermeasures
(radioprotectants and pharmaceuticals), and individual-based risk assessments as well as significant uncertainty
reduction.

Radiation exposure limits for missions beyond low-Earth orbit

The National Council on Radiation Protection (NCRP) provides guidelines to NASA on crew-permissible exposure
limits. Previous NCRP Reports in 1989 and 2000 (Nos. 98 and132°®) specifically state that the methods that are
used to project risk for LEO missions are severely limited for exploration missions because of large uncertainties in
the biological effects of high linear-energy transfer (LET) radiation, especially the high-charge and -energy nuclei
of the GCR environment. Similar concerns are noted in reports by the National Academy of Sciences (NAS) in 1970,
1973, and 1996 (NAS, 1970°*). NASA uses probabilistic risk assessment (PRA) approaches (NCRP Report 126,
1997) to evaluate the impacts of uncertainties on dose limits and the evaluation of risk mitigation approaches
(Cucinotta et al., 2001%), (Cucinotta et al., 2004>®), (Cucinotta et al., 2006a°"). Major uncertainties are the
evaluation of dose-rate effects and radiation quality effects. Other uncertainties include the evaluation of radiation
transmission factors and space environments as well as differences in biological responses during space flight.
Quantitative uncertainty estimates can be made for cancer and acute risks. However, for cancer risks the uncertainties
due to possible nonlinear responses and a radiation quality dependence on tumor latency have not been made at this
time. There are insufficient data to make quantitative estimates for CNS and degenerative risks to tissues (e.g.,
heart, digestive, etc.) using the available human data for gamma rays alone.

PELSs are baselined in the “NASA Space Flight Human System Standard 3001 (NASA STD, 3001%).” Career PELs
are imposed not to exceed a probability of 3% excess risk of lifetime fatal cancer within a 95% confidence interval.
Mission and vehicle requirements are allocated to human systems (transit vehicles, pressurized rovers, habitats, etc.)
with consideration given to the crew short-term and career PELSs. In addition, NASA programs must follow the as
low as reasonably achievable (ALARA) principle, which is a legal requirement intended to ensure astronaut safety.

In future, NASA will have to determine an acceptable level of risk due to radiation exposure for a human Mars
mission. Efforts to increase the acceptable level of risk beyond the lunar sortie mission value of 3% probability of
cancer fatality will have to address the possibility that as the acceptable levels of cancer risk are increased,
concomitant non-cancer mortality and significant morbidity risks will likely occur. Non-cancer risks are expected to
be deterministic in nature, occurring above a dose threshold with a severity that increases with dose. In contrast,
cancer risks are stochastic in nature with only the probability of the risk, not the severity, increasing with dose. The

**NCRP. National Council on Radiation Protection reports: 1989, 1997, 2000.

**NAS. National Academy of Science reports: 1970, 1973, 1996.

SCucinotta, F.A., Schimmerling, W., Wilson, J.W., Peterson, L.E., Saganti, P., Badhwar, G.D., and Dicello, J.F.: Space Radiation Cancer Risks and
Uncertainties for Mars Missions. Radiation Research 156, 682-688, 2001.

S6Cucinotta, F.A., Schimmerling, W., Wilson, J.W., Peterson, L.E., and Saganti, P.B.: Uncertainties In Estimates Of The Risks Of Late Effects From
Space Radiation. Advances in Space Research, 34(6), 1383-1389, 2004.

SCucinotta, F.A., and Durante, M.: Cancer risk from exposure to galactic cosmic rays: implications for space exploration by human beings. The Lancet
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likelihood of in-flight health risks for 2.5- to 3-year missions may also occur under these conditions. Furthermore,
the basis for radiation protection requirements will be weakened if acceptable levels of risks are set too high.

Mars mission radiation exposure

Radiation exposure on a human Mars mission will come from the continuous bombardment of GCR, the possibility
of SPEs, and, potentially, from nuclear propulsion (if selected). On the Mars surface, the planet protects from half of
the free space radiation environment from below while the CO, atmosphere provides additional protection from above.
In terms of radiation risk to crew, the most distinct difference between the short-surface-stay time and the long-
surface-stay time missions is the increased risk due to longer time spent in free space and the close trajectory
proximity to the sun for the short-stay-time mission.

Mars surface radiation exposure estimates

The Mars atmosphere (low-density COSPAR model; Smith and West, 1983%°) provides 16 g/cm?® of CO, protection in
the straight-up direction with protection increasing to over 50 g/cm? at large zenith angles (toward the horizon) at 0-km
altitude (Simonsen 1990). Previous estimates of Mars surface exposures concluded that the atmosphere significantly
reduces the exposure from SPEs and GCR (Simonsen et al., 1990; Simonsen and Nealy, 1993%*; Simonsen et al.,
2000°; Transport models to estimate SPE exposures on the surface of Mars are fairly mature however, further
considerations for GCR surface exposure estimates and validation are warranted due to the uncertainty of secondary
neutron production, and the production and transport of mesons, muons, and electromagnetic cascades.

The uncertainties in the surface environment will not greatly impact the short stay of 40 days but may significantly
change results for the long stay times of 545 days. Additional pre-cursor measurements are needed for validation
prior to a long stay mission. In-situ precursor measurements supporting validation of the calculated Mars surface
environment include: charged particle spectral measurements including electrons if possible, and low energy
spectrum neutron measurements. Current orbital neutron measurement data from Mars Odyssey’s High Energy
Neutron Detector data can support validation. The future data from the Mars Science Laboratory mission Radiation
Assessment Detector will provide surface measurements during solar maximum. Plans currently include additional
surface measurements in the 2018 timeframe during solar minimum conditions. Earth high altitude balloon data can
be utilized to support model development for the production and transport of mesons, muons, and electromagnetic
cascades.

Galactic cosmic radiation

In comparing the short stay time with the long stay time mission, the total exposure (mSv) from GCR is
approximately the same. That is, the greater exposure during the short stay transit (621 days) is approximately the
same as the exposure during the long stay transit of 360 days plus the 545 days on the surface. With similar
exposure levels (mSv), the risk of cancer mortality is nearly the same or unable to be differentiated based on current
knowledge. However, a larger fraction of the exposure received from GCR on the short stay mission, with its long
transit time in free space, is from the heavy ion component of GCR (Z>10). Thus, changes in cancer risk projection
models may significantly change this assessment in the future if heavy ion effects are estimated to be higher or
lower.

For example, current research indicates that radiation carcinogenesis can occur through non-targeted effects where
radiation carcinogenesis originates in cells adjacent to a HZE nuclei path. Determining the role of DNA damage vs.
non-targeted effects has large implications for radiation shielding, mission duration, and approaches to the design of
biological countermeasures. If only the cell nucleus and resulting DNA damage is the target for carcinogenesis,
HZE nuclei will interact with the target only every few weeks to months in space. In this case, shielding below one
track per target is plausible. However, for a target size of several cell layers across (non-targeted effects model),

$Smith,R.E. and West, G.S., compilers 1983: Space and Planetary Environment Criteria Guidelines for use in Space Vehicle Development, 1982
Revision (Volumel). NASA TM-82478.

Simonsen, L.C.; Nealy, J.E.; Townsend, L.W.; and Wilson, J.W.: Space Radiation Dose Estimates on the Surface of Mars. Journal of Spacecraft and
Rockets, Vol. 27, No. 4, July-August 1990, pp. 353-354.

81Simonsen, L.C.; and Nealy, J.E.: Mars Surface Radiation Exposure for Solar Maximum Conditions and the 1989 Solar Proton Events. NASA TP-
3300, 1993.

%2Simonsen, L.C.; Wilson, J.W.; Kim, M.H.; and Cucinotta, F.A., “Radiation Exposure for Human Mars Exploration,” Health Physics, Vol. 79, No. 5,
pp. 515-525, November 2000.
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shielding below one HZE track per target is not possible, and there may be little dependence of the risk of
carcinogenesis on mission duration or shielding amount.

In addition, evidence indicates the risk of non-cancer fatalities (heart, circulatory, and digestive) from GCR will be
greater on the short-stay mission due to the greater higher heavy-ion component. There are currently enough data to
make a preliminary estimate of fatal heart disease. Similarly, the risk of acute and latent CNS affects (motor
function, behavior, or neurological disorders) is also hypothesized as being greater for the short-stay mission because
heavy ions are hypothesized as being the greatest contributor to CNS risk. A threshold value for modified behavior
may exist for humans (as evidenced by rats) and would most likely depend on age, previous CNS injury
(concussion), and genetic makeup. There are not enough data currently available to quantitatively assess.

The Human Research Program (HRP) is performing research on radiation carcinogenesis from non-targeted effects,
degenerative tissue disease (risk of latent non-cancer fatalities), as well as acute and latent CNS risk with anticipated
results in the 2015-2020 timeframe based on current budget projections.

Solar proton events

Acute radiation syndrome and radiation carcinogenesis are potential risks due to SPE exposures. The magnitude of these
risks will depend on the probability of flare occurrence, shielding provided, and distance from the sun at time of
occurrence. Radiation carcinogenesis is a risk for both short- and long-stay Mars missions; however, sufficient
vehicle shielding and the protection that is afforded by the Mars surface and atmosphere can significantly reduce
this risk. The risk of acute radiation syndrome will be an additional risk during the transit phase of the short-stay
mission because of close passage to the sun.

Since the surface provides significant protection, the possibility of large SPE exposures will be limited to free space.
The probability of occurrence of a single large event will be proportional to the length of time in free space.
Therefore, a large SPE exposure from a single event will be 1.7 times larger for the short-stay mission (621days/360days)
compared with the long-stay mission during the same period of the solar cycle. The probability of a second SPE
(F>10° F>30MeV) is small; thus, the difference between the two missions for the occurrence of a second event will
be much less than 1.7 (Kim et al., 2007). It is recommended that the likelihood of occurrence of a large SPE or
multiple SPE events as a function of energy be assessed for both mission types. For softer (less energetic) SPEs, the
shielding that will be provided by the spacecraft should be sufficient; however, a PRA for larger, more energetic
SPEs is required to prepare for distances that are close to the sun.

The magnitude of the SPE fluence increases at closer radial distances to the sun. The working group consensus
recommendation for radial fluence extrapolation from 1.0 AU to other distances (Jet Propulsion Laboratory report
edited by Feynman and Gabriel,1988) is to use a functional form of 1/R*° and expect variations ranging from1/R ®
to 1/R 2 This generalization only applies to well-connected solar-flare-associated events (i.e, near-sun injection
events). They do not always apply to the extended interplanetary shock source events. Following this
recommendation, an exposure due to a large SPE can be between four (1/R 2) to eight (1/R®) times greater at a
distance of 0.5AU from the sun with a functional extrapolation of 5.6 times greater (1/R*°) for the short-stay
mission trajectory. However, little data exist to estimate the energy dependence of the radial gradient of an SPE as a
function of distance from the sun. Much of the above extrapolations are based on protons in the energy range of a
few MeV to tens of MeV, which can be easily stopped by sufficient shielding such as that provided by a heavily
shielded vehicle location and the self shielding of the body. More data are required for extrapolations for energies
greater than approximately 150 MeV, where the contribution to crew exposure is the greatest.

Miewaldt (2006°°) states that “Studies and models of the dependence of SPE intensities on radial distance from the
[sun] do not all agree (e.g., Reames and Ng, 1998%; Ruzmaikan et al., 2005%; Lario et al., 2006°°) suggesting the
need for new measurements by a multi-spacecraft mission such as Inner Heliosphere Sentinels during the next solar
maximum.” The Heliophysics division in the NASA Science Mission Directorate, both alone and in collaboration

%Miewaldt,R.A.; Solar Energetic Particle Composition, Energy Spectra, and Space Weather. Space Science Reviews (2006) 124: 303-316.
8*Reames, D. V., and Ng, C. K.:, " Streaming-limited Intensities of Solar Energetic Particles" 1998, Astrophys. J. 504, pg. 1002.

%Ruzmaikan, A., Li, G., Feynman, J., and Jun, 1.: 2005, in: ESA SP-592: Solar Wind 11/SOHO 16, Connecting Sun and Heliosphere, pp. 441-444.
% ario, D. et al, " Radial and Longitudinal Dependence of Solar 4-13 MeV and 27-37 MeV Proton Peak Intensities and Fluences: Helios and IMP 8
Observations" The Astrophysical Journal, VVolume 653, Issue 2, pp. 1531-1544 2006.
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with the National Science Foundation (NSF), the NRC, and the National Oceanic and Atmospheric Administration
(NOAA) have implemented integrated theoretical and experimental space weather programs to address the issue of
characterizing the space weather environment throughout the Heliosphere.

Mission-threatening acute risks (radiation sickness, mortality) can be mitigated with shielding mass.
Mission-threatening acute risk for the two missions can most likely be leveled with proper design. In past studies,
Mars configurations have provided significant shielding inherent to the vehicle due to the large amount of
equipment/consumables (subsystems, foodstuffs, water, etc.) that are required for these extended-mission durations
(Nealy et al., 1991%"; Simonsen et al., 2000). There is “no first order discriminator” for a mission-threatening acute
risk (radiation sickness or death) between the long-stay mission and the short-stay mission that is based on the
assumption that a more heavily shielded location in the vehicle achieving approximately 20 g/cm? of shielding (by
design, not parasitic shield mass) can be designed. However, large SPE exposures are still possible during close
passage to the sun, leading to other non-mission-threatening acute radiation syndromes such as blood count
changes, nausea, and sterility in individuals. This larger SPE dose will also contribute significantly to the cancer risk
as discussed below. Dose rate effects are a current area of research.

Likewise radiation carcinogenesis from SPEs can also be mitigated with shielding mass. Although a heavily
shielded location in the vehicle achieving 20 g/cm? (as discussed above) will significantly mitigate this risk, the risk
will remain greater for the short-stay mission because of the longer transit times (1.7 times higher likelihood of
occurrence) and close passage to the sun (5.6 times larger exposure if 1/R*® is valid for entire SPE fluence energy
spectrum), as discussed above. An absolute risk — the event likelihood multiplied by %REID—has not been evaluated.

It is recommended that the DRM transit vehicle habitat module interior layout be analyzed to determine the amount
of shielding that can be achieved by design (i.e., no parasitic shielding), including food and other consumables that
are brought with the crew. Analysis of shielding as a function of mission phase is important since the shielding from
consumables may decrease as the mission progresses; that is, more shielding from consumables is available on the
outbound portion of the trip.

Mars transit vehicles using nuclear propulsion

To minimize crew radiation exposure on transit vehicles with nuclear propulsion, past and current vehicle designs
have maximized the distance between the reactor and the crew compartment (e.g., on long trusses), provided
shielding using system/subsystem placement (including large liquid hydrogen (LH,) propellant tanks), and included
external biological shadow shields. A previous early study (Willoughby et al., 1990%) considered the use of very
high thrust/ high thermal power nuclear thermal rockets for transit vehicle primary propulsion for an “all-up” 434-
day, round-trip (~30-day stay) Opposition Class Mars mission. The transit vehicle that was analyzed in the 1990
study also assumed that two different high-thrust engines were used: an approximately 250 klby thrust/5,000 MW,
engine for TMI and a second approximately 75 klbs thrust/1,575 MW, engine for Mars orbital capture and trans-Earth
injection (TEI) engines. The estimated crew exposures due to NTR firings were slightly greater than 100 mSv (~10
Rem) with over 90% of the estimated exposure occurring during the final TEI burn as the core propellant tank was
drained. The total dose incurred from a nuclear-powered vehicle was approximately 10% of the total dose that was
incurred for both the long- and short-stay-time missions (Nealy et al., 1991). The difference in exposure levels
between the short- and long-stay mission will be proportional to the mission delta-Vs and the duration of the NTR
firing. For the current NTR crewed transit vehicle designs that were considered in the Mars DRA 5.0 Phase 1 and 2
analysis cycles, there no large 250 kibs thrust/5,000 MW, engines are used. The single core propulsion module on
the crewed transit vehicle uses three 25 klb; thrust/~350 MW, engines. For the baseline long-surface-stay Mars
mission option and current payloads, the total burn time on the engines is approximately 80 minutes for the TMI
(~55 minutes), Mars orbit capture (~15 minutes), and TEI (~10 minutes) maneuvers. The Mars departure delta-V for
the “all-up” 434-day, round-trip Opposition Class mission that was analyzed by Willoughby and Nealy was also
approximately 2.5 times larger than that used in the current DRA 5.0 study (~3.96 km/s vs. ~1.56 km/s), further
reducing the crew exposure dose from approximately 100 mSv to less than 40 mSv. Further refinement of the

"Nealy, J.E.; Simonsen, L.C.; Wilson, J.W.; Townsend, L.W.; Qualls, G.D.; Schnitzler, B.G.; and Gates, M.M.: Radiation Exposure and Dose
Estimates for a Nuclear-Powered Manned Mars Sprint Mission. 8th Symposium on Space Nuclear Power Systems, Albuquerque, NM, January 1991,
pp. 531-536.

Willoughby, A.J.; Stevenson, S.M..; Bolch, W.E.; and Thomas, J.K.: “Astronaut Radiation Safety Evaluated for Combinations of Natural and Man-
Made Sources,” NASA TM-103138, Lewis Research Center, 1990.
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mission payloads, crewed transit vehicle configuration and interior shielding arrangement within the habitat module
will help to better define the exposure dose that is attributed to NTR engine operation. Overall, it is expected to be a

small percentage (~5%) of the overall dose that is associated with the natural radiation sources.

Summary of Radiation Exposure and Risk
Mission radiation exposures

A summary of mission exposures (table 3-7) has been estimated based on past analyses of Simonsen et al. (2000),
Clowdsley, 2007%°, and Nealy et al., 1991 that compares well with the most recent calculations of Cucinotta et al.,
2005™. Table 3-7 estimates are for the Mars transit habitat concept (Simonsen et al., 2000). GCR transit exposures
assume that crew members spend two-thirds of their time in the TransHab living space, which is lightly shielded,
and one-third of their time sleeping in a heavily shielded location providing 19 g/cm? of protection. An example
exposure due to a large SPE event (Aug. 1972) assumes that the crew is in the heavily shielded location. Surface
exposures assume protection is provided by the COSPAR low-density atmosphere model at an altitude of 0 km.
Surface exposure estimates assume no additional shielding from the habitat or regolith. Organ doses vary only
modestly with surface habitat shielding on the Mars surface (Simonsen et al., 19917*; Saganti et al., 2002,
Clowdsley, 2007). Many embedded assumptions are implicit in these values and are noted here as a first-order

discriminator only.

Table 3-7. Estimates of Radiation Exposure

Short-stay Mission Long-stay Mission
S — Exposure BFO* Exposure BFO Total BFO Total BFO
Transit Surface Transit Surface Short Stay Long Stay
Exposure Exposure Exposure Exposure (mSv) (mSv)

(mSv) (mSv) (mSv) (mSv)

GCR at Solar Minimum 1,030-1,240 25-30 720 335-405 1,055-1,270 1,055-1,125

GCR at Solar Maximum 475 10to 15 275 120-175 485-490 395-450

August 1972 SPE at 1 AU 60-90 25 60-90 25

August 1972 SPE at 1.5 AU N/A 9 N/A 9

Nuclear Propulsion 100 N/A 100 N/A

BFO = blood-forming organ

For total GCR exposure, the difference between the two missions is indistinguishable based on current information if
the dose equivalent (mSv) is compared. In terms of SPE exposure, the most notably difference between the two
missions is the large exposure that can be incurred at 0.5 AU for the short-stay mission. The SPE exposure estimates
for distances at other than 1 AU assume that the SPE fluence extrapolation is independent of energy; i.e., that the entire
spectrum is multiplied by 1/R%, thus the exposure (mSv) is 5.6 times greater at 0.5 AU and 2.7 times less at 1.5
AU.

For a mission during solar minimum conditions without a flare event, exposure estimates for the short- and long-
stay mission are both on the order of 1,055 to 1,270 mSv compared with a permissible exposure of 250 mSv for a
45-year-old male at a 95% confidence level. For missions during solar maximum conditions with the August 1972
event occurring in transit with 19 g/cm?, the short-stay mission exposure estimate is 825-1,000 mSv (flare at 0.5
AU) while the long-stay mission estimate is 455-540 mSv (flare at 1 AU). The long-stay mission during solar
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minimum with an estimated exposure of 540 mSv compares more favorably with the 50-year-old male PEL of 303
mSv at the 95" CL. Although current research indicates that the age dependence for career limits is not as great,
career PELSs for older individuals is expected to decrease (BEIR VI17).

Mission radiation risks

Previous studies have also quantified mission risk in terms of %REID. Risk estimates for Mars missions representative
of the short- and long-stay missions are shown in table 3-8. However, the Mars swing-by mission in table 3-8
assumes no surface stay. Results of this previous study assume the vehicle provided a total of 5 g/cm? or a total of
20 g/cm? of protection. For missions during solar minimum, only exposure due to GCR was assumed. For the
missions during solar maximum, it was assumed that an SPE (August 1972) occurred at R = 1.0 AU in free space
behind either 5 g/cm? or 20 g/cm? of aluminum (Al) shielding. For GCR surface exposures, the low-density model
of the Mars atmosphere was used with no additional shielding assumed from a habitat structure.

Table 3-8. Estimates of Radiation Risk for a 40-year-old Female (Cucinotta et al., 2005)

Assumed % Fatal Risk
Mission Total Deep Space Surface As_sumed Transit (95% ClI) Exposure
Days Days Days Environment Shielding (mSv)
MAT short-stay DRM 661 621 40 GCR min or max TBD
MAT long-stay DRM 905 360 545 GCR min or max TBD
Mars Swing-by 600 600 0 Solar min 5 g/lcm? Al 4.9% [1.4, 16.2] 1,030
Mars Surface 1,000 400 600 Solar min 5 g/cm2 Al 5.1% [1.6, 16.4] 1,070
Mars Swing-by 600 600 0 Solar min 20 glcm?Al 3.9% [1.2,12.7] 870
Mars Surface 1,000 400 600 Solar min 20 glcm? Al 4.1%[1.3, 13.3] 960
Mars Swing-by 600 600 0 Solar max, Aug 72 5 g/cm?® Al 5.7% [1.8, 17.1] 1,210
Mars Surface 1,000 400 600 Solar max, Aug 72 5 g/cm2 Al 5.8% [2.0, 17.3] 1,240
Mars Swing-by 600 600 0 Solar max, Aug 72 20 glem? Al 2.5% [0.76, 8.3] 540
Mars Surface 1,000 400 600 Solar max, Aug 72 20 glem? Al 2.9% [0.89, 9.5] 600

For a mission during solar minimum, the REID from cancer is calculated to be between 4.9%-5.1% for a 5-g/cm?
vehicle with no SPE event. It should be noted that for mission lengths of 2 to 3 years, even during solar minimum,
sizeable SPEs can and do occur. It is recommended that the likelihood of SPE occurrence and resulting risk during
each mission phase (outbound transit, surface, inbound transit) be evaluated. Fatal heart disease will contribute to
%REID by an additional approximately 60%, increasing the estimate to 7.8% to 8% for short vs. long stay. The 95"
Cl is well above 16%. Current PELs limit exposure at the 95" CI to 3%. Risk mitigation strategies as well as
uncertainty reduction are needed to meet current requirements for missions beyond LEO at 95" CI.

The risk models that were used for this assessment, as recommended by the NCRP, assume a linear response at low
fluence or dose resulting in a constant risk per unit dose. However, mission risk may not necessarily be proportional
to dose equivalent (mSv) and is dependent on the shape of the dose-response curve. Evidence exists that suggests that
the risks are not linear in all cases and that is demonstrable risk from non-targeted and cancer promotion effects. It is
well known that particle hits per cell are less than unity for Z>2 ions until mission lengths greater than 1 year occur.
For non-targeted effects, neoplastic transformation occurs through aberrant signals in adjacent cells with signals as
far as 1 mm observed. Under these mechanisms, risk is not linear with dose and varies as Dose Eq ", where P is less
than 1. Similarly, if radiation acts to promote the existing pre-neoplastic lesions that are present in adults, the
dependence of risk will vary in less than a linear fashion (Cucinotta and Durante, 2006a; Sachs et al., 2005).
Because these possibilities would reduce the importance of mission length or shielding, it is an important research
consideration for Mars missions and may preclude many conclusions on crew risks.

Radiation-exposure-related operations
Radiation operations will focus on crew dosimetry and monitoring, space weather observations, and supporting
decisions to minimize crew exposures. General dosimetric measurements that are ambient with the crew with data

™BEIR VII. National Research Council of the National Academies, “Health Risks from Exposure to Low Levels of lonizing Radiation: BEIR VII
Phase 2.” The National Academies Press Washington, D.C. 2006.
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transmission back to Earth will be similar for both the short- and long-stay missions while in transit and on the
surface. Although background levels of GCR exposure will be measured and reported, most operational needs will
focus on SPE events.

Transit. Current SPE forecasting (no occurrence, occurrence, and intensity) is limited. Although there will be a
communication time lag between Earth and the transit vehicle, this time difference is on the order of the amount of
time that is required to interpret solar observations and formulate a course of action. For the short-stay mission with
close passage to the sun and trajectories that are possibly on a different magnetic field line than Earth, there may be
advanced exposure on the spacecraft. However, with a heavily shielded location within the vehicle, on-board active
monitoring, and crew training, crew members could take the first steps in protecting themselves while the situation
is assessed at Earth. Likewise, during the long-stay time transit, advanced exposure is also possible due to location
with respect to magnetic field lines, and the same actions could be taken by the crew. The main difference between
the two mission types will be the intensity of the event due to the close passage to the sun as, described above.

Surface Stays. SPE exposures on the Mars surface are expected to be small (whether on EVA or within a habitat);
however, they still contribute to a crew member’s total exposure and must be monitored to minimize risk. Therefore
situational observations at Mars are required since the communications time lag is on the order of the decisional
time (hours) that is required to take action. This could be accomplished with a radiation dosimetry suite on the
surface of Mars, as well as a complementary set of instrumentation that is located at Mars L1 with spacecraft
telemetry to both Earth and Mars. A trained crew member at Mars could characterize the situation and take
appropriate action. With these assumed capabilities provided, there is no “first-order discriminator” in risk for SPEs
during surface stays between the two missions.

Radiation exposure mitigation strategies

Current exposure estimates are well in excess of baselined permissible exposure limits. Risk mitigation strategies
include advanced shielding technologies, countermeasures (radioprotectants and pharmaceuticals), and individual
based risk assessments as well as uncertainty reduction. The best solution may be a combination of these mitigation
strategies. The NASA HRP and Exploration Technology Development Program (ETDP) are making investments in
these areas.

Advanced shielding technologies. Excessive shield mass will be prohibitive. However, material selection and
multifunctional shield technology can reduce crew exposure. Hydrogen-rich shielding materials and storage
technologies as well as multifunctional structural concepts providing structural, thermal, micrometeoroid and orbital
debris protection, and radiation shielding should be pursued and evaluated. ETDP is making small investments in
this area.

Countermeasures. HRP is investing in research to understand and quantify the biological risks of space radiation
exposure. This research will support the identification of risks that will require countermeasures and the likely
approaches to either select or develop biological countermeasures. A major goal is to develop a quantitative
approach to countermeasures since their use operationally will be enhanced if radiation PELs can be adjusted based
on the countermeasure. An obstacle is the large number of tissues that contribute to the overall risk to astronauts.
There are differences in genetic pathways across tissue types and risks.

Individual-based Risk Assessment. Presently, there are many insights into radiation resistance genetic characteristics
that could be used to select astronauts. Information in this area is growing exponentially. However, ethical and legal
constraints to crew selection for radiation sensitivity are significant. The NASA HRP has contracted the NCRP to
write a report on these issues, which should be published in 2009.

Uncertainty Reduction. Current PELs are written such that an individual’s probability of REID is not to exceed 3%
at the 95™ CL. Large uncertainties exist for a human Mars mission, and uncertainty reduction must be pursued. A
reduction in uncertainty from four fold down to two fold by 2014 is the near-term goal of the HRP to support lunar
and Mars mission planning. Further uncertainty reduction to 50% prior to the Mars mission in the 2020 timeframe is
the long-term goal of the HRP. Uncertainty reduction in the areas of radiation quality effects on biological damage,
dependence of risk on dose rates in space, predictions of SPEs, extrapolation from experimental data to humans, and
individual radiation sensitivity are all considered major uncertainties. Other areas of uncertainty reduction include
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better space radiation environmental models, physics of shielding assessments, microgravity effects, and statistical
and/or recording errors in human data.

3.3.12.2 Zero-g countermeasures
Non-radiation flight phase countermeasures analysis was performed by members of the HRP Human Health and
Countermeasures discipline. They made the following assumptions:

e Hypogravity exposure will be the primary driver for untoward effects on humans.

- Any remaining relevant unknowns with respect to these mission durations will be characterized
during the remaining years of the Space Shuttle and ISS Programs.

- The human responses to long-duration (> 6 months) microgravity exposures (and subsequent
transitions back to 1 g) will be investigated, probably by having the appropriate number of crew
members stay on the ISS longer than the standard 6-month increment.

- Biomedical research during and after planned lunar and Mars missions must be relied on to fully
characterize human responses to gravitational loading between 0 g and 1 g. Data from lunar sortie
missions will inform expectations (through refined risk assessments) for Lunar Outpost missions;
data from lunar outpost missions will inform expectations for Mars missions, and data from early
Mars missions will inform expectations for later Mars missions.

- The accuracy of interpolating biological and physiological responses to Mars gravity will be
improved substantially after responses to prolonged lunar gravity have been well characterized.

e The potentially detrimental effects of hypogravity and space radiation exposure of humans, food supplies,
and pharmaceuticals are not included in this analysis.

e Adequate countermeasures will be in place in the Mars transit habitats and SHABSs to offset the primary
effects of environmental factors such as isolation, confinement, and altered light/dark cycles.

e Environmental control systems that are built into Mars transit habitats and SHABs can maintain the cabin
air (temperature, pressure, composition, microbial content, etc.), water (composition, microbial content,
etc.), lighting, acoustic noise, and other factors within acceptable limits.

e The effects of EVA suit design on the performance of crew members will be well characterized in ground-
based simulations and during lunar mission operations.

o  Sufficient mission resources (up-mass, power, volume, etc.) will be devoted to crew health requirements for
crew members to maintain acceptable fitness levels through exercise, to provide access to adequate
nutrients and pharmaceuticals, and to accommaodate other crew monitoring, countermeasure, and treatment
equipment.

e Countermeasure for bone demineralization during weightless transit are assumed to be no more effective
than those in use aboard the ISS at the time of this analysis.

e Currently available validated countermeasures for renal stone formation will be used, and crew members
will remain sufficiently hydrated to avoid saturation of urine.

e  Optimal nutrition will be provided for all aspects of human health.

e Risks of falling in the Mars gravitational field will be effectively mitigated through corrective actions that
will be applied to impaired balance, orthostatic intolerance, visual dynamics, neuromuscular coordination,
vitamin D deficiency, and other identifiable causes.

e Optimal crew selection will mitigate risk by selecting out predisposing clinical factors for identifiable
disease processes.

e Loads that are applied to bone will be sufficiently reduced or avoided by engineering (EVA suit design,
robotics, etc.) to minimize bone fracture risk.

e  Crew members will comply fully with all countermeasure prescriptions.

o Risks after return to Earth are acceptable due to the availability of medical treatment.

The short- and long-stay options were analyzed both without and with the artificial gravity that will be available
during the transit phases, with the characteristics listed in table 3-9.
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Table 3-9. Assumed Characteristics of Artificial Gravity

Infrastructure e Whole vehicle is rotated for majority of time in transit
— Provides chronic crew exposure

— 1-g transit will be as effective as 1 g on Earth in preventing space
flight effects

¢ Improves habitability and allows simplification of crew equipment
o Crew is tolerant of O g for reasonable intervals

Radius of Rotation e 25-56 meters (depending on rotation rate)
Rotation Rate e 4-6 rpm (for 1 g)
G-level e 1 g during majority of transit periods

e Gradual decrease from 1 g to 3/8 g before Mars arrival
e Gradual increase from 3/8 g to 1 g after Mars departure
Impact of Transition * Inevitable
e Acceptable

— Within experience base (space shuttle, ISS)

Without artificial gravity, neither option has a clear advantage (table 3-10). With artificial gravity, both short and
long stays carry less risk, but the short-stay option has an advantage because the overall mission duration is shorter
(table 3-11) and the time that the astronauts are exposed to the assumed deleterious effects of hypogravity (3/8 g) on
Mars is only 6% of that in the long-stay option.

Table 3-10. Physiological Countermeasures without Artificial Gravity

Short Stay Long Stay
e Shorter overall exposureto g < 1 o Shorter overall exposure to 0 g (12 months)
Advantages — No data on 3/8-g physiology o Functional recovery time on Mars (probably

~6-10 days after 6-month transit) is small
fraction of surface stay time

e Longer overall exposure to 0 g (20 e Longer overall exposureto g <1
months) ¢ No data on 3/8-g physiology
Disadvantages ¢ Functional recovery time on Mars

(possibly up to ~10-20 days after 10-
month transit) is unacceptable fraction of
surface stay time

Table 3-11. Physiological Countermeasures with Artificial Gravity

Short Stay Long Stay
e Shorter overall mission duration e Low to no deconditioning outbound
Advantages e Low to no deconditioning outbound o Recovery (nearly) complete before return to
o Recovery (nearly) complete before return Earth
to Earth
Disadvantages * Non identified e Longer overall exposure tg g<1
— No data on 3/8-g physiology

The following knowledge gaps were identified, to be resolved through goal-directed research (Note: these are
consistent with the risks and gaps that were identified in the HRP Program Requirements Documen (PRD):
HRP-47052 Rev. A).
e Use computer modeling to evaluate the ability of loads that are applied by performing mission tasks to
affect fracture risk.
e Accurately assess stress fractures and vertebral compression fractures of the spine after space flight.
o Investigate the impact of low radiation doses on bone and osteogenic cells in bone marrow.
o Define the nutrient requirements for space travelers, and determine how these requirements relate to
physiologic systems.
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e Determine the effects of non-nutritional countermeasures on nutrition.

e Compile a reference database on drug effectiveness in space.

e Determine changes in bioavailability, pharmacokinetics (PK), and pharmacodynamics that occur in critical-
care medications in space flight, and establish an optimal steady-state PK for chronic care medications.

e  Establish stability and shelf life of acute and chronic treatment medications.

3.3.12.3 Medical care and environmental health

The Medical Care and Environmental Health analysis was performed by members of the HRP Medical Capabilities
discipline. They assessed the short-stay option to have a slight advantage because the total mission length would be
less and crew members would have less exposure to mission risks (table 3-12). However, the team identified a
potential risk of over-subscription of the 1-month surface stay mission tasks, to more fully justify the resources that
would be expended on any astronaut mission to Mars that would not be present in an 18-month Mars surface stay.
Any such over-subscription might increase the probability of crew injury or illness through over-extension of the
highly motivated and highly tasked astronaut team.

Table 3-12. Assessed Advantages and Disadvantages of Medical Care Capabilities

Short Stay Long Stay
e Less overall mission exposure e More likely to have robust, autonomous surface
Advantages medical capability (Level V)

— Goal: Make Mars the second safest place in the
solar system

e More demand on transit medical capability e Longer total mission exposure

o Lack of medical capability to deal with — Higher likelihood of medical contingency

Disadvantages increased risk of acute SPE

e More EVA, surface construction, maintenance

— Higher likelihood of injury due to more mission
exposure

The Medical Care analysis did not identify specific knowledge gaps for resolution through goal-directed research
beyond those that were identified by the other disciplines; however, there are technology development needs to
enable the capability that is required by the Spaceflight Health Standards Document. The medical capability to
manage a large, acute radiation exposure is currently beyond the scope of space flight medical care, especially if
extreme measures such as bone marrow transplantation would be required. However technology development in
this arena during the next 20 years may allow this treatment capability, or even development, of effective
countermeasure performance to progress considerably. The acute solar exposure risk that is posed by the short-stay
mission may be the highest unmitigated risk from a CHP Team perspective, aside from the accepted risk of
catastrophic vehicular launch and entry/landing failures. However, the radiation risk from an SPE can be greatly
reduced within a heavily shielded location of the vehicle (on the order of 20 g/cm?) and by avoiding close passage to
the sun.

The HRP PRD (HRP-47052, Rev. A) documents the need for adequate medical resources to treat as many
spontaneously occurring medical conditions as may reasonably be expected to occur in highly fit, carefully screened
astronauts during up to 30 months away from Earth for both transit and surface mission phases. Also, the need to
have Mars surface capability to manage a host of (1) occupational, (2) environmental, and (3) exploration-
associated traumatic injurys will be essential to limiting the mission impact of those expected contingencies. The
likelihood of environmental conditions such as decompression illness will not be substantially higher in a long-stay
mission, aside from the increased number of EVA exposures, due to a likely more relaxed pace of operations and
strict adherence to procedures, and will therefore trigger a lower likelihood of a task-rich, schedule-induced events.
One exception may be micrometeroid impacts, the probability of which increases directly with surface dwell time,
especially the amount of time the crew is outside the habitat on EVA, which will increase the risk of crew injury from
micrometeoroid collision with the suited astronaut. Toxic exposures and life support system failures leading to
hypercarbia, hypoxia, etc. are addressed in the environmental section, although these clearly can be influenced by
having the robust and redundant hardware systems that are more likely to be present on long-stay missions.
Repetitive use injuries, especially during EVA, and dust exposure effects are obviously more likely as the
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cumulative exposure duration is prolonged; thereby driving the need for better countermeasures and mitigation
strategies on the long-stay mission for these conditions.

As shown in table 3-13, the likelihood of having fully capable Level V medical care is much higher on a long-stay
mission due to the relative resource allocation to the medical system that would be justified based on probability of
occurrence. So, the medical contingency response and medical autonomy during a long stay may be relatively
superior, thus reducing mission impact when the contingency event occurs. Therefore, technology development in
medical diagnostics and care provision to make it lighter and smaller without sacrificing capability is a clear-cut
need in the medical system, regardless of which mission scenario is chosen.

3.3.12.4 Human factors
The Human Factors analysis was performed by members of the HRP Behavioral Health and Performance (BHP)
discipline. This analysis made the following assumptions:
e The SHAB will not be the same for long- and short-stay strategies.
e The transit habitat will be smaller than the SHAB.
e  Crew size will be six members.
e At least one of the crew members will be a physician, and other crew members will be cross-trained as
emergency medical technicians.
e Assessment, quantification, and characterization of all BHP risks (as documented in HRP-47052, Rev. A)
will have been determined, and acceptable limits will have been established for the Mars mission.
e BHP countermeasures, monitoring tools, guidelines, and health standards will have been validated for the
Mars mission on the ISS and the Lunar Outpost, and in other appropriate analogs on Earth.
e Selection of the Mars crew is based on validated criteria.
e  Mars crew training and selection includes protocols involving extreme environments and lengthy
durations.
e Mobile robots are used on the surface to reduce astronaut workload and risk and to enable exploration
objectives.
e  Effective microgravity countermeasures will be used in transit to resolve deconditioning issues.
e Appropriate supplies are pre-deployed or otherwise available in space and/or Mars.

The short-stay option has the advantage over the long-stay option because the total mission length is less (table 3-13).

Table 3-13. Advantages and Disadvantages for Behavioral Health and Performance Discipline

Short Stay Long Stay

Advantages e 22-month total mission duration is closer to e Less time in confined transit vehicle
boundary of human experience base (1
Russian cosmonaut flight: 14 months; 6
cosmonauts: 6—-14-month flights)

e Shorter mission presents far less risk of
psychiatric or behavioral condition emerging

e More EVA opportunities

e Less schedule stress during surface period (based on
historical considerations)

— Based on Antarctic experience, mission
stress curve increases linearly with time

— Shorter exposure to and less
entrainment required for martian solar

day
Disadvantages e Poorly understood risk of CNS damage e 30-month total mission duration is outside of human
possibly leading to cognitive, behavior, experience base (1 Russian cosmonaut flight: 14
learning, and memory changes due to months)

increase exposure to free space, heavy-ion
environment

In addition to the risks and gaps that were identified in HRP-47052, Rev. A, the Human Factors analysis identified a
specific knowledge gap for resolution through goal-directed BHP research:
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o Determine the risk of neurobehavioral effects of greater GCR exposure during longer transits and greater
SPE exposure during close perihelion passage. (Note that this is analogous to the radiation CNS gap on the
effects of heavy ions on the CNS.)

Neither the short- nor the long-stay option would likely pose lower health, safety, and performance risks because both
scenarios pose significant health risks. The short-stay option has about 73% of the mission-duration hazard potential
of the long-stay option because it requires less time away from Earth (22 months vs. 30 months), although many —
but not all — of the health risks increase most rapidly early in flight.

The Earth-to-Mars transit time for the short-stay mission is at the limits of the human space flight experience base,
but the Earth-to-Mars transit time for the long-stay mission is well within the experience base. For some disciplines,
assumptions determine which option has lower risk: the short stay is preferred by Physiological Countermeasures only
if artificial gravity is used as a countermeasure, and the short stay is preferred by Human Factors and Habitability
only if an SHAB is not available for the long stay. The experience base for surface time is now very limited, but
should be increased by Lunar Outpost experience; this represents future mitigation of a risk.

The short-stay option would likely pose slightly less technical risk because, in the specific absence of a surface
habitat, less new habitation technology would be needed and less mass and volume delivery would be required.

3.3.13 Long-/short-mission mass comparison

The comparison of total mission mass, which is commonly referred to as initial mass in low-Earth orbit (IMLEO)
for both the long-stay (Conjunction Class) and short-stay (Opposition Class) mission is shown in figure 3-19. These
estimates were derived from the integrated architecture assessments for both the NTP and chemical propulsion
transportation systems options. It must be noted that the short-stay estimates excluded the mission opportunity of 2041
due to the excessive interplanetary translational propulsive requirements (delta-V) for that specific opportunity.
Although this violated one of the governing ground rules of the study (i.e., GR-105: The architecture will support
any mission opportunity to Mars), the analysis team felt that elimination of this specific opportunity was warranted
due to the unreasonableness of the resulting vehicle size. As can be seen from figure 3-19, the variation in total
mission mass is essentially the same between the options that were analyzed (<10%). The short-stay missions
require fewer elements (no SHAB), but require additional interplanetary propulsion on the order of 3 to 7 km/s
depending on the mission opportunity across the synodic cycle. On the other hand, long-stay missions use more
energy-efficient trajectories, but require more mission elements: namely, an SHAB and surface exploration systems
as well as an additional lander to land those systems. It is also important to understand how these mission approaches
impact overall system designs. As can be seen from figure 3-19, the long-stay missions enable the opportunity for
development of a common vehicle design between the cargo and crew variants. The difference in cargo and crew
vehicle sizes is on the order of 10% to 15% for the long-stay mission options, but there is essentially a 50%
difference in vehicle size for the short-stay missions. The ability to develop a single vehicle design to support both
crew and cargo missions provides a clear advantage to the long-stay mission approach.

When comparing total mission mass it is also important to address the relative sensitivity of the architecture to
variations in overall implementation approach. This architectural sensitivity is generally described in terms of a
“gear ratio” where the total architectural mass is measured in terms of the change in mass at specific points in the
mission profile. For instance, an additional kilogram delivered to Mars orbit will result in more than 1 kg in Earth
orbit at the beginning of the mission. Understanding the sensitivity, or gear ratios, is important since it provides a
measure of stability of the architecture to change in system design, mass, payload mass, or technology effectiveness.
Architectures with smaller gear ratios are relatively less sensitive to change and, thus, result in less overall
implementation risk. The gear ratios for both the long- and the short-stay architectures, including the assessment of
nuclear and chemical propulsion, are provided in figure 3-20. The propulsive efficiency of NTR propulsion (900
seconds vs. 473 seconds specific impulse (lgp)) results in lower overall architecture sensitivity. Likewise, the long-
stay architecture results in lower gear ratios, and lower architectural sensitivity, due to the lower overall
interplanetary propulsive requirements.
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Figure 3-19. Long/short total mass comparison.
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Figure 3-20. Long/short architecture sensitivity comparison.
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3.3.14 Long-/short risk comparison

Assessments of the architectural crew safety (probability of loss of crew) as well as the mission success (probability
of loss of mission) were conducted for both the long- and short-stay architectures. These comparisons must be
considered first-order assessments due to the relative uncertainty resulting from the immaturity of the system
concepts that are under consideration. End-to-end mission models were developed using “best” known data to date
including space shuttle and ISS histories. These models were also developed “as is,” with no credits taken for flight
demonstrations (e.g., large-scale EDL) or other architectural activities (e.g., lunar). This process thus gives an
adequate apples-to-apples comparison of the two mission classes that are under consideration.

Although the short-stay missions appear to provide less overall loss of mission, there is no clear advantage given the
maturity of the understanding of the systems to date (figure 3-21). Due to the longer mission duration of the long-
stay mission approach, overall system reliability is a driver of mission success. Gaining better understanding of the
system performance for long periods is necessary to reduce loss of mission. Technology and system demonstrations
on the ISS and lunar programs provide a vital link to reducing this risk.

Since the initial comparative risk models did not include flight demonstrations or the lunar program as risk
mitigation steps, first use of the EDL system as well as overall system reliability are key contributors to crew safety. In
addition, close perihelion passage, which is necessary for the short-stay mission approach, becomes a crew risk
driver. The initial risk results indicate that the short-stay missions decrease the duration of equipment reliability, but
increase the number of Ares V launches. Certain elements are reduced with no SHAB, but cause a lack in maturity
leading to greater risk for crewed missions (i.e., EDL). Equipment reliability can be enhanced by scavenging
techniques when a crew is present. These techniques can be learned during lunar missions.
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Figure 3-21. Long/short risk comparison.

3.3.15 Long/short cost comparison

For the short vs. long stay, the difference in cost (figure 3-22) is due predominately to the surface systems including
the development and recurring cost of the extra SHAB, the recurring cost of an extra descent stage, the long-
duration rover, the additional scientific equipment, etc. There is some uncertainty in the magnitude of the difference
as some of these systems are not well-defined yet.

The cost difference in the flight systems is swamped by the cost difference in the surface systems. This is due to the
modular nature of the MTVs and the similar number of total launches and flight elements. Even so, there is a slight
cost savings for the short-stay flight systems and launch costs. Cost of the surface systems for the long-stay
missions may be further reduced depending on the commonality with lunar systems and lunar technology
development activities.
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Figure 3-22. Long/short cost comparison.

3.3.16 Long/short mission recommendation
A summary of the overall FOMs that were considered for the long-/short-mission mode decision are shown in figure
3-23. These results were discussed with the Agency Steering Group on July 23, 2007. After deliberating the results,
the Steering Group concurred with the recommendation of proceeding with the long-stay (Conjunction Class)
mission approach. As can be seen from this figure, most of the FOMs favor the long-stay approach, with the
exception of overall mission duration and slight cost advantage. This recommendation is based entirely on our
collective current understanding of system and concept performance at this time. As data are obtained and additional
missions are conducted, this decision could be readdressed if warranted.
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Figure 3-23. Long/short figure of merit summary.
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3.4  Mars Cargo Deployment (All-up vs. Pre-deploy)

A nominal human Mars mission will require assets to accomplish three major mission phases — outbound transit from
Earth to Mars, mission activities in the vicinity of Mars and on its surface, and inbound transit from Mars to Earth.
Under these nominal conditions, not all of the mission assets are needed or used by the crew during the outbound
phase of a mission. Examples of these assets include all of the systems that are used on the surface (including
habitation), the vehicle that is used for entry and landing as well as launch from the surface, and any ISRU
equipment (if used in a particular scenario).

This deferred need opens the option of sending some of these assets on an earlier, typically more energy-efficient
trajectory and, thus, delivering more of these assets (measured in terms of mass) for the same amount of propellant
(as compared to that used by the crew) or delivering the nominal assets (mass) for less propellant and associate
launch vehicles. This approach has become known as the “split” or “pre-deploy” mission approach.

There are pros and cons that are associated with the pre-deployed and the all-up options, not all of which are
performance related. The significant pros and cons have been identified and are examined in this section.

3.4.1  Pre-deployed cargo mission option

The trajectories and flight times that were associated with the so-called “short-stay” and *“long-stay” mission options
were described previously. Figure 3-24 shows the implications of a pre-deployment strategy for both the short- and
long-stay missions. A first human mission in the 2030 timeframe along with the subsequent human missions is used

to illustrate campaign-level implications of this strategy.
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Figure 3-24. Mission and trajectory comparison chart — pre-deploy case.

For all of these illustrative cases, it has been assumed that launches from KSC will be spaced at 30-day intervals.
Assessment by KSC personnel indicates that this launch interval could be sustained using currently planned
facilities without augmentation. In addition, 60 days of schedule margin have been inserted prior to the actual
launch window.

For the short-stay mission sequence, the only asset to be pre-deployed is the DAV. This is sent to Mars on the first
minimum-energy trajectory prior to the crew launch on an opposition trajectory. The DAV arrives at Mars before the
crew launches from Earth, allowing time to confirm that the it is in its proper orbit and functioning normally (implying
that there is time to “abort” the mission by simply not launching the crew should there be an issue with the DAV at
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this phase). The DAV is now placed into a minimal operating configuration and remains in this state for more than 1
year before the arrival of the crew. While the first crew is in transit to Mars, the launch campaign for the second
crew’s DAV begins. This DAV is in transit to Mars while the first crew carries out its Mars surface mission and
begins the return to Earth. This second DAV arrives at Mars and is similarly positioned and checked prior to the
departure of the second crew. This DAV waits in its orbit for approximately 2 years prior to the arrival of the
second crew. This is a significantly longer wait than that which was experienced by the first DAV, but the
variability from mission to mission is typical of the short-stay mission opportunities. Each crew relies on its own
DAYV for completion of its mission. In addition, launch windows for this combined use of Conjunction Class and
Opposition Class trajectories is such that there is no overlap in the launch campaign at KSC.

For the long-stay mission sequence, two cargo elements are pre-positioned to support the crew’s surface mission: the
DAYV and an SHAB with other surface equipment. Both of these elements are launched in the same minimum-energy
opportunity just over 2 years prior to the launch of the crew. The launch campaign for the first two cargo elements
begins approximately 8 months prior to the opening of the launch window. The cargo elements arrive at Mars
approximately 8 months later and are placed into the appropriate orbit (for the DAV) or at the surface location (for the
SHAB). They are checked for proper function and then placed into a minimal operating configuration to remain in
this state for more than 2 years before the arrival of the crew. The next minimum-energy window (for the next cargo
elements) opens shortly before the fast-transit trajectory window for the first crew, but these launch windows are still
close enough that a combined launch campaign at KSC is required. This launch campaign for the second crew’s
cargo and for the first crew begins as much as 1 year before either windows open so that all of these elements are ready
for their respective departures. The first crew arrives before the cargo elements for the second mission and nominally
uses the assets that were launched over 2 years previously. However, should either the DAV or SHAB suffer a
failure between the time the first crew launches from Earth and when it leaves Mars to return to Earth, the second
set of cargo elements can be used, thus potentially preventing loss of mission or of the crew. This is a unique feature
of the pre-deployment strategy when applied to the long-stay mission; this overlap of assets is not available for any
of the short-stay options or for the all-up strategy.

3.4.2  All-up mission option

Figure 3-25 shows the implications of an all-up strategy for both the short stay and long stay missions. A first
human mission in the 2030 timeframe along with the subsequent human missions illustrates campaign level
implications of this strategy as well.
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Figure 3-25. Mission and trajectory comparison chart — all-up case.
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As discussed previously, it has been assumed that launches from KSC will be spaced at 30-day intervals.
Assessment by KSC personnel indicates that this launch interval could be sustained using currently planned
facilities without augmentation. In addition, 60 days of schedule margin have been inserted prior to the actual
launch window.

For the short-stay mission sequence, the only cargo element that is required is the DAV. This element is launched
on the same trajectory as the crew in their MTV. The combined launch campaign at KSC for both of these elements
begins approximately 1 year prior to the launch window, based on the launch rate that is mentioned above. Both
elements arrive at the same time, and the nominal surface mission is carried out. KSC initiates the launch campaign
for the second mission approximately 2 years after it completes the first campaign, although there is some variability
in this interval due to the natural spacing between the short-stay trajectory opportunities.

For the long-stay mission sequence, two cargo elements are required to support the crew’s surface mission: the DAV
and an SHAB with other surface equipment. All of these elements are launched on a fast-transit trajectory so that
they all arrive at Mars at the same time. While it is conceivable that all of these elements could be integrated into a
single stack while in LEO, the total mass of such a stack would be quite significant (i.e., in some cases equivalent of
several 1SSs) and likely difficult to control. The total thrust that would required to avoid significant gravity
losses during departure also makes this approach less desirable. The alternative — three closely spaced departures
from LEO during the same launch window followed by a rendezvous (but not necessarily docking) in interplanetary
space — is also not trivial but is considered manageable, and thus would be the preferred approach for this option.
The KSC launch campaign begins approximately 1 year before these elements depart for Mars; this is similar to the
situation that was described for the pre-deploy strategy. The launch campaign for the next mission begins
approximately 1 year after completion of the first campaign. There is no overlap at Mars of the two crews or their
equipment

3.4.3 Cargo deployment advantages and disadvantages

3.4.3.1 Advantages of the pre-deploy mission option

Pre-deploying cargo elements means that a minimum-energy trajectory can be used. This minimizes the in-space
propulsion requirement, but also results in a longer period of time for the transfer to Mars. Given that there is no
crew on board, this is not a significant penalty for these systems. By pre-deploying these elements, it is possible to
verify that they have been placed in their proper orbit or surface location and that they are operating nominally prior
to the crew leaving Earth. Should anomalies occur during this phase of the mission, time is available to attempt to
correct them without losing valuable crew time. For the surface elements, it is also possible to begin using these
assets for useful tasks at the surface site. Examples include autonomous setup of surface infrastructure (e.g., power
plants or ISRU facilities) and verification of sites that are chosen for crew activities (e.g., the DAV landing site,
early traverse sites, special access [planetary protection significant] sites prior to crew arrival, etc.). The time that is
available before the crew arrives can also be used to create large quantities of ISRU commodities in an efficient
manner as well as to verify their successful production prior to crew departure. Use of multiple launch windows to
support a single mission provides the opportunity to spread out the launch campaigns at KSC and, thus, avoid building
additional facilities to handle periodic but significant processing and launch surges. Pre-deploying these cargo
elements for the long-stay mission option also provides the unique opportunity for crew members to use the assets
that were pre-deployed for the following crew in a contingency situation on their own mission.

3.4.3.2 Disadvantages of the pre-deploy mission option

Pre-deploying assets, by definition, requires that the assets remain fully functional for longer periods of time (in
some cases, double the total lifetime compared to the all-up option) to complete the entire mission. This introduces
reliability issues and associated risks to both crew safety and mission success. These issues could, in some cases, be
mitigated by repair or periodic maintenance by the crew. However, the crew will not have access to these assets for
approximately the first half of the entire mission. In addition, were these assets taken with the crew, they could
provide an “Apollo 13”-style safe haven for the outbound portion of the mission.

3.4.3.3 Advantages of the all-up mission option

For this option, all assets that are used by the crew are developed, checked out, and launched during the same launch
window. This means that all assets will have a similar operating lifetime requirement, alleviating some of the total
operating life reliability requirements on these systems. Although it is unlikely that all of these assets will be
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integrated into a single stack for the outbound flight, the potential exists for these elements to rendezvous during the
outbound trajectory, thereby giving the crew access to all mission assets for this phase of the mission. This includes
the potential for an “Apollo 13”-style use of these assets should a significant contingency occur.

3.4.3.4 Disadvantages of the all-up mission option

The all-up option requires that all mission elements — crew and cargo — fly on the same outbound trajectory to Mars.
This trajectory is typically a shorter-duration and, thus, more energetic trajectory, resulting in larger in-space
transportation systems and an overall increase in mass launched to LEO. Once deployed, all mission activities,
including the production of ISRU commaodities, must be accomplished during the time period when the crew is
deployed; there is no opportunity to conduct preliminary investigations (with robotic assets) or verify successful
completion of any ISRU production before the crew has been committed to flight. Similarly, when the crew
members depart Earth, they are taking all mission assets with them; there is no opportunity to use assets that are
nominally deployed for the next mission to support the current mission. (Note: This option exists only for the long-
stay-type mission and does not improve the crew safety, just the mission success, because any crew has the option
to leave the surface and return to its orbiting transfer vehicle at any point in the surface mission. In addition,
exercising such an option would automatically result in deferring the next mission due to lack of assets at Mars, thus
diminishing the overall productivity of the campaign.) Finally, launch of all assets places additional pressure on
processing and launch facilities at KSC, although this may be no more difficult than that experienced by the
demands of some long-stay options.

3.4.4  Cargo deployment options assessments

Two branches of the study trade tree were examined in more detail to address the key issues associated with this
trade off (see figure 3-26). Both of these options are on the “long stay” branch of the trade tree. This choice was
made because experience has shown that the trends will be similar for the “short stay” branch of the trade tree. The
specific cases examined were those numbered 10, 12, 22, and 24 at the bottom of the trade tree.
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For both the NTR and chemical transportation system options, the pre-deploy option consistently shows better
overall mass performance (in terms of total IMLEO) by factors of 5% to 10% (see figure 3-27).
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There were areas in which the all-up option shows some advantages, one example being better use of the Ares V lift
capability. (The chemical transportation option assumed development of a single upper stage and use of multiple
copies of this common stage to meet a particular delta-V requirement. In this case, that common stage was able to
use more of the payload lift capability of a single Ares V than a comparable common stage that was optimized for
the pre-deploy option.)

However, the total IMLEO trend held for all of the options that were considered in this analysis and is expected to
hold for other trade-offs between these two options. Thus, the mass performance comparison favors (although
slightly) the pre-deploy option. Further analysis and refinement is expected to address many of those areas where
the all- up option currently shows an advantage.

Long-stay missions have a relative small difference between minimum energy trajectories and fast-transit
trajectories. This is one area where the choice of the long-stay mission for comparison purposes is not reflective of
the short-stay option.

Given that the long-stay option was used for this comparison, results indicate that these options show similar
sensitivity to architecture or system changes. This means that unlike the long-/short-stay comparison where the
impact of (inevitable) changes can be dramatically different depending on the option selected, whichever option is
selected here will be impacted to the same degree. This also means that the gear ratio is not a discriminator for this
particular assessment (see table 3-14 for this comparison).

Note: As previously stated, the chemical transportation option assumed development of a single “common” upper
stage and used multiple copies of this stage to meet a particular delta-V requirement. In this case, that common stage
was able to use more of the payload lift capability of a single Ares V than a comparable common stage that was
optimized for the pre-deploy option. This contributed to a slightly better gear ratio for the all-up option despite the
fact that the mass performance tended to favor the pre-deploy option.
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Table 3-14. Pre-Deploy Gear Ratio Table

Pre-deploy All-up
NTR Chemical NTR Chemical
Cargo: AMuLeo/AMyo 2.24 3.49 2.30 4.01
Crew: AMyLeo/AMyo 2.14 3.80 2.14 3.70
Crew: AMyyeo/AMre 2.58 6.12 2.58 5.97

For the level of analysis that was conducted in this comparison, the primary conclusion is that there is no clear
advantage from a risk perspective for either the pre-deploy or all-up option — the cumulative probability of loss of
mission (PLOM) and probability of loss of crew (PLOC) are essentially the same. Examining the details that went
into this conclusion, the number of launches is a significant contributor both for the inherent risk of a launch and for
the probability of completing the launch campaign in the allotted period of time (to which has been added a 120-day
contingency for this analysis). The number of launches is driven not only by this choice of options, however, but by
the propulsion technology choice. This latter choice drives the number of launches for each of these deployment
options to differing degrees and at times in different directions (for the current analyses, the all-up NTR mission
takes an extra Ares V launch while the pre-deploy chemical mission takes two extra launches), resulting in no clear
trend for risk. An additional risk contributor is the cumulative operating time on these systems; i.e., the longer they
must operate, the greater the chance of failure due to “old age” factors. Figure 3-28 shows results assuming that all
systems operate at a nominal level for the entire deployment time, which is a conservative assumption for these
systems. The all-up mission benefits significantly from a reduction in the duration of equipment reliability.
However, if all components are dormant prior to crew arrival, the long-stay pre-deploy mission would see a risk
reduction of 5% from the value that is indicated. Equipment reliability can be enhanced by scavenging techniques
when a crew is present. These techniques can be learned during lunar missions. However, no credit has been taken
in these estimates for any precursor activities or demonstrations (a conservative assumption). Thus, some systems
are penalized from a risk perspective because this is the theoretical “first use” (a specific example being the DAV
for the all-up option).
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Figure 3-28. Pre- deploy risk comparison.

For the pre-deploy option on the long-stay mission, it has been noted that assets for subsequent crews can be used in
contingency situation by previous crews. This option does not improve the PLOC, just the PLOM, because (based
on the GR&As that were used) any crew has the option to leave the surface and return to its orbiting transfer
vehicle at any point in the surface mission, where sufficient consumables are carried to sustain the crew for an
entire round-trip flight time. In addition, exercising such an option would automatically result in deferring the next
mission due to lack of assets at Mars, thus diminishing the overall productivity of the campaign and effectively
causing a “loss of campaign.”
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For the all-up vs. pre-deploy comparison, the trade should be driven primarily by the risk assessment, but there remains
a distinct difference in cost. That difference basically boils down to the Mars program paying for JSC and KSC
operations 2 years earlier than it would have otherwise. However, this is something of a “virtual” savings to NASA
as a whole, since it can be assumed that for the all-up missions JSC and KSC costs will have to be paid by someone
over those 2 years. There is a similar issue going on now with CxP, space shuttle, and ISS operations costs.

This factor leads to a slight cost advantage, although it may not be real, for the all-up option through the first
mission. After a three-mission campaign, this factor tends to be washed out by other effects and the two options
become virtually identical (given the level of detail in this analysis). The humber and types of systems that must be
developed and then acquired for each mission are similar between the two options, and the advantage is dependent
on the propulsion system that is chosen (see figure 3-29).
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Figure 3-29. Pre-deploy cost comparison summary.

3.45 Cargo deployment recommendation
Based on the analyses and results that are presented here, the study team recommends that the pre-deploy feature be
used as the reference approach in DRA 5.0 based on the following results and considerations:

e Slightly lower IMLEO to accomplish mission
e Backup DAV and SHAB available (for long-stay mission only)
e  Opportunity for significant surface operations in advance of crew, resulting in greater cumulative mission
return
- Infrastructure setup and verification
- Open opportunity for significant ISRU operations
- Reconnaissance of sites targeted for crew to explore
Potentially simpler LEO operations with fewer elements to be integrated prior to departure

A more extensive comparison of these two options is shown in figure 3-30.

3.5  Mars Orbit Capture Method (Propulsive vs. Aerocapture)

To place a spacecraft in orbit around a planetary body, sufficient velocity must be removed such that the
gravitational field of the target body will transform the approach hyperbolic trajectory into a closed elliptical orbit.
Traditionally, this has been accomplished using chemical propulsion to provide deceleration forces to slow the
spacecraft to the required velocity for orbit capture. For planetary bodies that posses an atmosphere, including Mars,
using atmospheric drag to provide aerodynamic deceleration may result in significant mass savings over the more
traditional propulsive orbit insertion methods. In the development of the architecture for this study, all elements
(crewed and cargo) are assumed to be first inserted into a Mars orbit for operational and safety reasons prior to
EDL, as opposed to a direct entry from the Earth-Mars cruise phase. Due to the multiple elements and large volumes
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that are associated with the crewed elements of the mission architecture (transit habitat, descent stage, and
CEV/Orion Earth return vehicle with the TEI stage), the use of aerocapture for Mars orbit insertion was considered
impractical and was used only for the cargo elements. This effort was focused on determination of the mission
performance, cost and risk sensitivities of using aerocapture vs. the more traditional propulsive capture methods.

Human Exploration

Of Mars
|
| ]
Pre-Deploy Cargo Figure of Merit All-Up Mission
Performance
Slightly lower Total mass in Low-Earth Orbit (mt) Slightly higher
Similar Total Number of Ares-V Launches Similar
Similar Total Number of Ares V Launches in Single Window Similar
Risk
No clear advantage Probability of Loss of Mission (Plom) No clear advantage
No clear advantage Probability of Loss of Crew (Ploc) No clear advantage
Higher Max Cum Time on Systems by End of Mission Lower by one year or more
Cost
Slightly higher Cost through first mission Slight advantage
Similar Cost through third mission Similar
Other
Available (long stay only) Backup DAV and SHAB None
Longer duration Exploration Goal Satisfaction (longer surface operations) Shorter duration
Smaller units LEO Complexity / Size of Elements launched Large single unit or convoy

Figure 3-30. Pre-deploy figure of merit summary.

Aerocapture is a method to directly capture into the orbit of a planet from a hyperbolic arrival trajectory using
single, atmospheric aerodynamic drag pass, thereby reducing the propellant that is required for orbit insertion. Over the
last several decades, multiple aerocapture systems analysis studies have been conducted for multiple planetary
destinations (Earth, Mars, Venus, Titan, Neptune), with a variety of aerodynamic shapes and guidance algorithms.
Although they have all concluded that aerocapture is a moderate to relatively low-risk technology (Hall, 2005™:
Cerimele, 1985”; Lockwood, 2003"®; Lockwood, 2004""; Wright, 2006®), these studies were typically limited to
the significantly smaller payloads (1-2 t) that are associated with robotic missions. This effort attempted to address
aerocapture performance for the much larger 50-100-t payloads that are required for human-class missions. The
aerocapture technique requires an aeroshell with sufficient thermal protection system (TPS) to protect the payload
from the aerodynamic heating that is encountered during the atmospheric pass. During the aeropass maneuver, an
atmospheric flight guidance and control algorithm is used to target the trajectory to a specified condition following
atmospheric exit; then an orbit periapsis raise maneuver is executed to achieve the target orbit conditions, as shown
in the aerocapture flight profile schematic in figure 3-31.

™Jeffery L. Hall, Muriel A. Noca, and Robert W. Bailey, “Cost-Benefit Analysis of the Aerocapture Mission Set,” AIAA Journal of Spacecraft &
Rockets, Vol. 42, No. 2, (pp. 309-320), 2005.

>Cerimele, C. J., and Gamble, J. D., “A Simplified Guidance Algorithm for Lifting Aeroassist Orbital Transfer Vehicles,” AIAA-85-0348, AIAA 23rd
Aerospace Sciences Meeting, Reno, NV, January 1985.

"8|_ockwood, Mary Kae, Titan Aeorcapture Systems Analysis, AIAA-2003-4799, 39" AIAA/ASME/SAE/ ASEE Joint Propulsion Conference and
Exhibit, Huntsville, Alabama, July 20-23, 2003.

""Lockwood, Mary Kae, Neptune Aerocapture Systems Analysis, AIAA-2004-4951, AIAA Atmospheric Flight Mechanics Conference and Exhibit,
Providence, Road Island, August 16-19, 2004.

"Henry Wright, et al. “Mars Aerocapture Systems Study”, NASA TM 2006-214522, Nov. 2006.
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Figure 3-31. Aerocapture flight profile.

Although the aerocapture technique has not yet been demonstrated on an operational mission, studies have
demonstrated the feasibility of, and identified potential savings in, the propellant and overall system mass that is
required for orbit insertion. The primary aerocapture technology challenges are the TPS, sufficient knowledge of the
atmospheric density profiles, and aerocapture guidance and control algorithms. TPS challenges are thought to be no
more demanding than direct-entry TPS but are configuration-specific to new shapes and heat pulse duration.

Given that the Mars EDL system will already require a hypersonic entry aeroshell, the system can be easily
modified to also serve as the aerocapture aeroshell by adding the appropriate TPS to that which already exists for
the hypersonic entry phase of the mission. In fact this and a small amount of additional propellant for the post-
aerocapture periapsis raise and orbit trim burn are the only major hardware additions to the system to enable an
aerocapture maneuver. The question then is: What are these additional mass requirements that are relative to the
propellant mass requirements for the propulsive orbit capture?

To determine the potential mass savings, system-level trades were conducted using aerocpature and both chemical
propulsion and NTP options for Mars orbit insertions. First, it was important to understand the sensitivities of
aerocapture performance to the possible variations in vehicle design for this mission. The key parameters of interest
were ballistic number, lift-to-drag ratio (L/D, target orbit (a 500-km circular orbit, or a 1-Mars-sol orbit period), and
the atmospheric entry velocity of the arriving vehicle. Early in the study, the specific EDL system definitions were
not yet fully defined; so, to investigate the scope of the problem, several initial conservative assumptions were
made. The desired useful landed mass at the surface of Mars was assumed to be between 20 and 80 t. These values
were used to derive an entry mass using a set range of “gear ratios” that was obtained from historical studies. A
lower bound on the useful mass/entry mass gear ratio equal to 0.5 was selected based on early human Mars mission
studies, along with an upper bound on this gear ratio term that was equal to 0.64 and was obtained from more recent
design studies. The entry mass from orbit thus spanned a range from 31 to 160 t.

The orbit mass was then estimated by assuming an approximate DV = 110 m/s requirement for a deorbit maneuver.

Using an |y, range of 330-450 seconds resulted in an orbit mass of 32 to 166 t. The estimated aerocapture mass was
then computed by adding the propellant mass that is required to perform the post-aerocapture circularization burn of
approximately 150 m/s. Assuming the same |, range as above, the resultant aerocapture mass range was 33 to 174 t.
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Based on the assumption of no EVA on-orbit assembly of components, aeroshell dimensions were assumed to be
constrained to the estimated capability of the launch vehicle. The reference Ares V launch vehicle payload shroud
provided accommaodation for a 7.5-m-diameter and 12-m-long vehicle. Potential growth was estimated to 12 m in
diameter and 35 m in length. To limit the scope of the study, initial geometric assumptions were based on an
ellipsled configuration for the aeroshell (Wright, 2006); however, given the same dimensions, small modifications
to the trim angle-of-attack could be made to achieve similar ballistic numbers and L/D ratios for other shapes
including biconics and triconic class of slender body mid-L/D designs. A summary of the estimated range of
aerocapture vehicle parameters is provided in table 3-15.

Table 3-15. Estimated Range of Aerocapture Vehicles

Minimum Maximum
Desired useful landed mass 20,000 kg 80,000 kg
Gear ratio (useful landed to entry mass) 0.5 0.64
Entry mass 31,000 kg 160,000 kg
Deorbit burn delta-V 110 m/s 110 m/s
Isp 330s 450 s
Orbit mass 32,000 kg 166,000 kg
Post-aerocapture circ. burn delta-V 150 m/s 150 m/s
Aerocapture mass 33,000 kg 174,000 kg
Ellipsled diameter 7.5m 12m
Ellipsled length 12m 35m

Given the pre-aerocapture total vehicle mass range of 33 to 174 t and the range of the vehicle sizes from 7.5 m x 12
m to 12 m x 35 m, the packing density of the vehicle was determined to compare with the results of previous
configurations. A comparison of the aeroshell range estimates to those of several historical crewed and robotic
vehicles is shown in figure 3-32. The three red x’s on the upper and lower boundaries of the blue region represent
three aeroshells that were examined in further detail, the 7.5 m x 12 m, 10 m x 25 m, and 12 m x 35 m ellipsled
geometries. The upper limit (blue line) is determined by the packaging density of the aeroshell of 174 t mass, while
the lower limit is determined by the packaging density of the aeroshell of 33 t.
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Figure 3-32. Aeroshell packing densities.
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To understand the benefits and consequences of performing aerocapture at various L/D ratios and ballistic numbers,
a parametric aerocapture assessment assuming optimal performace was employed. An open-loop lift-up to lift-down
bank profile was used, using the L/D ratios of 0.3 to 0.7 and ballistic numbers of 100 kg/m? to 1800 kg/m?. In these
trajectories, the vehicle was assumed to enter the atmosphere at full lift-up (bank = 0 degree) and during the flight
banks to full lift-down (bank = 180 degrees) to achieve the desired apoapsis altitude. Each trajectory was targeted to
an entry flight path angle such that the peak deceleration load during the aerocapture pass reached 4 g’s. This value
was chosen as a nominal entry profile target. Once perturbations are taken into account, with close-looped guidance
in a Monte Carlo simulation, the worst-case g-load would reach approximately 5.5 g’s, which is an estimated
acceptable upper limit for a human Mars entry. These trajectories, although simplified, present an adequate
overview of the performance of a real guided aerocapture simulation.

In figure 3-33, the minimum altitude during the aerocapture pass using the full lift-up to full lift-down bank profile
is shown. Each data point is targeted to a peak 4-g deceleration during the pass. Here the sensitivity to L/D can be
seen, with the higher L/D vehicles achieving a higher minimum altitude. If a minimum pass altitude is desired, 25
km for example, the maximum ballistic number for an aerocapture vehicle will range from 600 kg/m? for a vehicle
with 0.3 L/D to approximately 800 kg/m? for a vehicle with 0.7 L/D.

Also included on the plot are three Monte Carlo cases (indicated by the error bars), showing the dispersed range of
minimum altitudes for a given vehicle based on closed-loop guidance with atmospheric perturbations. This indicates
that the open-loop guidance assumption was valid; however, note that the variability in minimum altitude is
approximately +2 to 3 km.
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Figure 3-33. Minimum aerocapture altitude.

The entry flight path angle was targeted to achieve the desired 4-g deceleration as mentioned above and thus was
different for each vehicle. To ensure proper margin, it was important to know how far the atmospheric entry
interface was from the skip-out limit. The skip-out condition was defined as the shallowest flight path angle that
was capable of achieving the target apoapsis while flying full lift-down with a 10% reduction in lift coefficient (C.)
and drag coefficient (Cp) and a 50% reduction in atmospheric density. The margin to skip-out is shown in figure 3-
34. As can be seen in the figure, there is adequate entry flight path angle margin for the entire range of possible
vehicles as estimated navigation errors for a Mars approach is approximately 0.25 degree 3o, based on the recent
robotic Mars probe missions.
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Figure 3-34. Aerocapture skip-out margin.

In figure 3-35, the peak heat rate and total integrated heat load sensitivities are shown as a function of aeroshell L/D
and ballistic number for the aerocapture maneuver. In these cases, the peak rate and loads are determined for points
on the windward aftbody, where turbulent heating is a maximum (as opposed to the stagnation point, which in this
case is much cooler in a relative sense). These data indicate the fact that for moderate ballistic numbers (400-1,000
kg/m?), the peak heating and total heat loads are well bounded by the TPS performance capabilities that are being
developed for the Orion CEV lunar return conditions.
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Figure 3-35. Mars aerocapture heat rate and heat load.

The results of the trade study can be overlaid in one set of plots, which are shown in figures 3-36 through 3-39. The
minimum altitude for each L/D and ballistic number combination is shown as a contour plot (blue). As can be seen,
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the L/D has only a small effect on the minimum altitude during the pass. This happens because the entry flight path
angle was changed accordingly to target the desired 4-g trajectory. The entry flight path angle margin to skip-out is
also plotted (red contour). With the exception of the very small ballistic numbers, the skip-out margin is not affected
by the ballistic number but is a function of the L/D. The higher L/D provides the largest margin. In each of the plots,
different vehicles can be overlaid. In the case of figure 3-36, for example, a 12-m-diameter Apollo capsule geometry
is assumed. The mass that is required to achieve the desired ballistic number and L/D is plotted (magenta), along

with the associated packing density of the ellipsled (green).

For example, to achieve a ballistic number of 600 kg/m? with an L/D of 0.4, the vehicle mass must be 43,000 kg and
will have a packing density of approximately 91 kg/m®. This vehicle will fly to a minimum altitude of approximately
26 km, and will enter the atmosphere 1.9 degrees from the skip-out margin. Due to the dimension of the vehicle, the
maximum L/D achievable is approximately 0.45. The spike in the mass curves for the small capsule is caused by the
extrapolation errors of the drag coefficient from the existent aerodynamic database. A similar set of data is provided

for 7.5-m x 12-m, 10-m x 25-m, and 12-m x 35-m ellipsled aeroshell geometries.
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Figure 3-36. The 12-m-diameter capsule performance.
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Figure 3-37. The 7.5-m x 12-m ellipsled performance.
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Figure 3-38. The 10-m x 25-m ellipsled performance.
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Minimum Altitude \ Skip-out Margin
% 12m = 35m ellipsled pack.dens.

07 =L T T
s
[T T M0kgyn3 /’,501(9.-'",3-—“—.____ llma.f‘ﬁ I )
- s
065 Pr P R
./ & ./‘
- - N P £
06 e e B A
2 I P N
— & e 1.52 ct = S 5o —
6*0’ @ \:\ @*cg 1.5
055 © & & SN £
/ A o0 e 89
A yis /, 14 - -
a : s _
2 os . £ 7 o ]
87 13— i &
: - 3
0.45 J G & 7 &
S / <
m./ o & Py P
5_120__*3’6 s ) Py 7
04 & S , 5 , / E
1.1= 14=
0.35 / -
T 1 1=
| | | | L |
800 1000 1200 1400 1600 1700 1800

Ballistic Number (kg/m?)

Figure 3-39. The 12-m x 35-m ellipsled performance.

At this point in the study, an aerocapture point design solution was developed that assumed a 40-t useful payload on
the surface of Mars. Corresponding to this, an EDL system design, which will be described in the following section,
resulted in a Mars arrival mass of 115 t. Using the assumptions in table 3-16, aerocapture trajectory performance
was evaluated using a 2000-case Monte Carlo simulation, employing the Hybrid Predictor-corrector Aerocapture
Scheme (HYPAS) guidance algorithm [2]. The algorithm has been analyzed extensively in aerocapture mission
studies at Earth, Mars, Titan, and Venus.

Table 3-16. Aerocapture Assumptions

Vehicle Aeroshell Dimension............ccccovvvveenieene 10mx30m
D ettt ettt e e et e e e sare e e atraaeaaes 2.957
TSR SPSROPPPNY 1.39
MASS ... eieeeiiiie it ettt e et e e e e e 115,549 kg
Target APOAPSIS ....covveviiriieiieeiee e 33,793 km

(1 sol orbit period)
Monte Carlo Dispersions

Entry flight path angle............cccoiiiiiininiienne. 0.35 degree 3o
ACTOAYNAMIC. ....eeiiiiiiie it +10%
Atmospheric variations ..........cc.cccvverieeeenieee e Mars GRAM

Monte Carlo simulations were used to perform a performance capability verification, and results are shown in
figures 3-40 through 3-43. The results that are shown in figure 3-40 indicate adequate targeting performance for this
vehicle despite the high ballistic number (498 kg/m?) and the high-energy orbit (exit velocity representing 97% of
escape velocity) that increase the difficulty of targeting the desired orbit. Although the standard deviation on the
apoapsis dispersion is approximately 1,400 km, further tuning of the guidance algorithm will improve this
performance.
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Overall performance of the aerocapture maneuver can be measured in terms of the post-aerocapture circularization burn
requirements. Figure 3-41 indicates that the mean delta-V that is required is only 19 m/s, with a maximum 66-m/s
case.
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Figure 3-40. Monte Carlo apoapsis and periapsis dispersions.
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Figure 3-41. Monte Carlo post-aerocapture circularization delta-V.
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The heating data that are shown in figure 3-42 indicate heat flux and heat loads referenced to a 1-m sphere using the
Sutton-Graves heating equation (Sutton, 19717°). Finally, the nominal trajectory was targeted to achieve a peak 4-g
deceleration to not exceed 5.5 g’s during a worst-case dispersion, as seen in figure 3-43.
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Figure 3-42. Monte Carlo maximum heat rate and total heat load.
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Figure 3-43. Monte Carlo maximum deceleration.

Based on the results of these parametric and Monte Carlo performance assessments, the aerocapture maneuver was
deemed a feasible option for the large-scale, high-mass systems that are consistent with the human-class mission set.

™K. S. Sutton, and R.A Graves, Jr., “A General Stagnation-Point Convective-Heating Equation for Arbitrary Gas Mixtures”, NASA TR R-376,
November 1971
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The next step was to conduct a direct reference architecture level comparison of the cargo mission aerocapture vs. a
propulsive Mars orbit insertion maneuver. The architecture trade tree options 4, 6, 10, and 12 were examined and
compared. These were aerocapture with NTR interplanetary propulsion (TMI/TEI stages), aerocapture with
conventional chemical rocket propulsion stages, and the all-propulsive orbit insertions using NTR and chemical
rocket propulsion stages, respectively. Mission-level trades were conducted, and the results are shown in table 3-17.

Table 3-17. Aerocapture vs. Propulsive MOI Trade Results

Aerocapture MOI Figure of Merit All-Propulsive MOI
CHEM NTP CHEM NTP
126 Mars Orbit Mass, post MOI (t) 122
Rr Aeroshell + TPS mass — 10 x 30 m (t) 41
1378 911 Total IMLEO req 1728 998
12 10 Total Number of Ares V Launches 15 10
2.49 1.87 MOI System Mass Ratio Sensitivity to IMLEO 3.49 2.24

CHEM = chemical propulsion; MOI = Mars orbit insertion;

The aerocapture cases required slightly more mass in Mars orbit (~4 t) due in large part to the additional TPS that is
required to execute the aerocapture maneuver, which would then be reused during the EDL phase. Detailed TPS
sizing assessments were performed for both the aerocapture that was followed by entry and the entry-alone options
to validate these data. However, these masses were small in comparison to the additional NTR and chemical
propellant masses that are required to execute the all-propulsive burns for orbit insertion. Ultimately, the performance
metric that was used for direct comparison was determined to be the IMLEO. The missions that use aerocapture
achieve a significant savings in IMLEO requirements. In the case of conventional chemical propulsion options, the
difference is 1,378 t IMLEO for the aerocapture case vs. 1,728 t IMLEO for the chemical propulsion MOI. These
IMLEO masses would require 12 Ares V launches vs. 15 Ares V launches, respectively. The difference in aerocapture
vs. propulsive capture for the NTR propulsion options is less dramatic; 911 t vs 998 t for the aerocapture and NTR
propulsive capture options, respectively. In both cases, 10 Ares V launches will be required to deliver this IMLEO;
however, the aerocapture cases would have more partial payload launches (five vs. two) for the NTR, which implies
some additional margin or robustness for the aerocapture architecture. One additional FOM that wasexamined was
the MOI system mass ratio sensitivity; that is, the amount of additional IMLEO required for each unit mass of
payload that is required in Mars orbit. These cases also favor the use of aerocapture for both NTR and chemical
propulsion options (smaller is better).

Risk and cost assessments were also conducted for the aerocapture vs. propulsive MOI options. Detailed
quantitative loss of mission and of crew risk metrics were difficult to define; however, qualitative assessments of the
risks that are associated with aerocapture were reviewed. Many systems analysis studies and projects have examined
multiple targets (Earth, Mars, Venus, Titan, Neptune) with a variety of shapes (low-L/D sphere cones to mid-L/D
slender bodies), with/without aerodynamic control surfaces, and a variety of guidance algorithms and have all
concluded that aerocapture is a relatively low-risk technology. The overall TPS requirements for Mars
aerocapture are much less stressing than those that are associated with either lunar or Mars Earth return
(Orion/CEV Blocks Il and I11). Given the similarities between the aerocapture MOl maneuver and the skip-entry
maneuver that may be used by the Orion CEV for lunar return, many of the risks that are associated with
aerocapture, including guidance system performance and dual-use TPS, will be retired via the CEV/Orion
development program. The use of aerocapture is felt to be a relatively small incremental cost to the larger, more
challenging EDL system development costs and risks. The major engineering challenges and technology risk
reduction efforts that are required for EDL system development will also serve to retire many of the risks that are
associated with aerocapture technology. Some incremental technology development and risk reduction efforts will
be required, but these are felt to be moderate and easily manageable. Preliminary risk analysis and modeling
indicate no significant risk discriminators between aerocapture and propulsive capture (chemical or NTR).

The cost assessments that were performed indicate that there is a distinct long-term cost advantage to the

aerocapture mission for the chemical propulsion option due to a large reduction in the number of launches and flight
elements. The cost for the multiuse aeroshell design and production for three missions was estimated as a 6% increase
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over the cost of an entry-only aeroshell. There is some cost risk inherent to this assessment due to technological
uncertainties in the development of the dual-use aerocapture aeroshell, but this was deemed to be small and the
overall cost sensitivity to this assumption was minimal.

The cost advantage of the aerocapture option is reduced for the NTR-based propulsion due to the reduction in mass
sensitivity that NTR provides. For the NTR systems, cost is not seen as a significant factor in the aerocapture trade.
Aerocapture does provide increased launch margins that may have cost implications that are not captured, however.

Conclusions and Recommendations

The reference aerocapture system architecture is felt to be a conservative design that includes a large nonoptimized
aeroshell with relatively large uncertainty margins, including TPS. However, mass estimates are based on engineering
judgment and extrapolations primarily from much smaller-scale robotic EDL systems. There are other options yet to
be explored, including dual-use launch vehicle/aerocapture shrouds, inflatable/deployable aeroshells, etc., that may
substantially improve the performance of the aerocapture and EDL system as a whole. Therefore, recommendations for
the development and use of aerocapture technology for the human Mars architecture are as follows:

1. Continue to include aerocapture for Mars orbit insertion on cargo missions as the reference approach until
a decision on the propulsion option (chemical vs. NTP) is determined

2. Conduct detailed “pre-Phase A” point designs to validate mass models for both aerocapture and propulsive
capture MOI

3. Continue to pursue options to improve aerocapture system performance and understand overall system-
level performance, cost, and risk sensitivities and drivers

4. Take advantage of the Orion/CEV lunar return “skip-entry” qualification and flight data to retire risks that
are associated with dual-use TPS and aerocapture guidance performance

It must be noted, that time constraints of the study limited detailed assessments of integrated systems design impacts
including thermal soak-back, center of gravity control, and separation dynamics to name a few. Further assessments
in these areas are necessary in order to adequately address the use of aerocapture techniques for capturing cargo
elements into Mars orbit.

3.6  Mars Ascent Propellant (In-situ Resource Utilization)

3.6.1  Introduction

Mars ISRU involves the production of critical mission consumables, such as propellant and life support
consumables, from resources that are available at the site of exploration. The main rationale for incorporating ISRU
technologies into a Mars mission is to attempt to reduce IMLEO by reducing landed mass (IMLEO being a first-
order measure of cost and risk). Incorporation of ISRU can also significantly enhance, if not enable, more robust
exploration capabilities while also providing redundancy of critical functions such as life support. Since propellants
and life support consumables for a long surface stay make up a significant fraction of the mass that must be
launched from Earth, ISRU can either reduce the total amount of mass that must be launched or replace
propellant/consumable mass with extra payload or science. In particular, the potential benefits of ISRU were
assessed for the Mars ascent vehicle propulsion system and for the creation of consumables for life support and
EVA needs. Several ISRU technologies were analyzed for their mass-reduction benefits during the course of trade
studies for DRA 5.0. Analyses must take into account the mass of all hardware that are needed to enable ISRU
(including power systems), the total volume (including reagents brought from Earth), and any risk the use of ISRU
contributes to loss of mission or crew. Past DRMs have also documented some of the benefits of ISRU
technologies, but in a less comprehensive manner than documented here. Prior studies were limited to the
investigation of Mars atmospheric resources (e.g., CO,, N,, and argon (Ar)), whereas this study also performed an
initial investigation of the use of surface regolith material as a source of H,0O as well. Mars ascent vehicle propellant
options of liquid oxygen (LO,)/CH,, LO,/H,, and hypergolic propellants have all been examined and traded in the
past. In the present study, emphasis was placed on LO,/CHj, as the clear choice from previous trades. The sizing of
back-up life support consumables was also previously analyzed in DRM 3.0. What has not been previously studied,
but was investigated this time, was:
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no ISRU propagated all the way back to LEO and the corresponding

sol-Mars rendezvous orbit vs. a 500-km orbit for ISRU and no-ISRU in

terms of how the choice that optimizes the ascent vehicle design compares to the ideal solution for the

1. A direct comparison of ISRU vs.
number of launches

2. A comparison between using a 1-
transportation system

3.

4. The impact associated with bring
on total lander volume and ISRU

5.

Preliminary investigation of the use of hydrated minerals for the creation of mission-critical consumables

ing hydrogen (H,) from Earth for CH, production vs. bringing CH, fuel
option trade selections

The impact of ISRU on “campaigns” to the same surface location on Mars more than once

To assess the cost/benefits of the use of ISRU both for ascent propellant and for crew consumables, the trade tree
cases, which are shown in figure 3-44 (1 and 3 for ISRU; 4 and 6 for non-1ISRU), that corresponded to Conjunction

Class missions using aerocapture and a pr

e-deploy strategy were the focus of analysis. Analyses were conducted

without deciding whether nuclear or chemical propulsion would be used for the interplanetary stage (i.e., both

options were carried forward).
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erational concept

It is important to note that the use of ISRU for ascent propellant necessitates a different operational concept than

sending a fully fueled MAYV to Mars. Figure 3-45 illustrates this difference. If not employing ISRU, both the MAV
and the SHAB would be sent to Mars 2 years before the launch of the crew. The SHAB would land at the target site
while the MAV would loiter in orbit awaiting crew arrival over 2 years later. The crew members would then ride the
MAV to the surface and be assured that they had a fully fueled ascent vehicle that is capable of ascending back to
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orbit if necessary. In the case with ISRU, a MAV with an un-fueled ascent vehicle and the SHAB is sent to Mars 2
years before the crew. In this case, the MAV would be the vehicle that would first land at the target site and then
begin creating propellant while the SHAB would loiter in orbit awaiting crew arrival. Once the MAV sends a signal
to Earth indicating that its propellant tanks are full, the crew would be launched. Upon arrival at Mars, the crew
would transfer to the SHAB and ride it down to a location close to the MAV. A basic manifest of major items is also
listed on the right side of the figure.
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Figure 3-45. In-situ resource utilization operational concept.

3.6.3  In-situ resource utilization and aborts: an emphasis on abort to the surface

One perceived drawback of the ISRU propellant strategy is the lack of ATO capabilities inherent in the ISRU
propellant-derived vehicle. The key leverage of the in-situ propellant production strategy is derived from the fact
that ascent propellants are made at the planet (in-situ), thus dramatically reducing the overall transportation mass
that is required. This results in a lander vehicle that cannot perform ATO maneuvers during the landing sequence. The
ATO strategy has been a risk-reduction philosophy that has been followed since the early days of human exploration.
During critical mission maneuvers, abort strategies with well-defined gates and sequences are established such that,
if warranted, they can be exercised to place the crew in a stable position; i.e., in orbit. With the Mars in-situ
propellant production strategy, ATO scenarios do not exist since the ascent propellants are produced on the martian
surface and are not transported with the crew.

This lack of ATO capability inherent with in-situ propellant production has led many scientists to discount the
overall strategy of ISRU. During development of Design Reference Architecture 5.0, the specific question of ATO
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was raised. The EDL community reviewed the typical entry sequence and concluded that, due to the physics involved
during the atmospheric entry phase, ATO was probably not possible, and if it were required it would only be available
during the final portion of the entry sequence, namely the terminal phase after separation from the aeroshell had
occurred near the surface. At that point, the most critical phases of the entry maneuver have been completed.
Thus, emphasis of the EDL philosophy changed from one of ATO to an abort-to-surface strategy; i.e.,, provide
enough functionality and reliability in the EDL system to enable a surface rendezvous. In this sense, surface
rendezvous must be within a distance that accessible by the crew, which includes the distance that a rover, taken
with the crew, can reach.

3.6.4 Key findings
As part of the comprehensive ISRU analysis, several key findings were provided to summarize the numerous trades
that were conducted and to provide guidance to decision-makers.

They key findings are as follows:

e The mass of an EDL system that is required to land a fully fueled six-person DAV may be prohibitive:
ISRU production of ascent vehicle oxidizer (O,) may be mission enabling

e In-situ production of O, and inert gases for life support (N, and Ar) allows mass savings on the SHAB by
enabling closure of the environmental control and life support system (ECLSS)/EVA system or, at the very
least, providing functional redundancy for the ECLSS and increased surface EVA mission flexibility

e The mass savings that are realized by in-situ production of ascent vehicle oxidizer (>25 t) can be used for
delivery of a larger power plant and a large pressurized rover, or for additional margin
- Production of ascent fuel with H, from Earth was ruled out due to the large increase in DAYV size
(~30 m?)
- Production of ascent fuel and life support consumables with H,O that is extracted from hydrated
minerals is a promising avenue to investigate in continuing ISRU studies

¢ Nuclear power is significantly more mass and volume efficient, and potentially less operationally complex,
in meeting ISRU propellant production needs in the martian environment

e ISRU results in fewer launches, the number of launches being a large contributor to overall risk and cost

3.6.5 In-situ resource utilization trades performed

The ISRU and mission trades that were performed in DRA 5.0 are more comprehensive then any performed in any
previous human Mars mission study. Extra attention and effort was made toward comparing ISRU and non-ISRU
missions on an equal basis, especially with respect to the impact of Mars rendezvous orbits. ISRU propellant
production has two main influences on mission architectures: (1) reducing the mass of the lander, and (2) reducing
the propulsive needs for both Mars capture and Mars departure by enabling higher rendezvous orbits compared to
non-ISRU missions. Previous mission evaluations covered the first main influence but ignored the second main
influence. Also, since the last human Mars mission study was performed, NASA and European Space Agency
(ESA) orbital and surface robotic missions have determined that water is globally available in the Mars soil in
varying concentrations and depths. Therefore, for the first time, Mars water was considered as a potential resource
in this study with and without the use of Mars atmosphere resources. For DRA 5.0, several trade options for ISRU and
their impact on mission mass/volume as well as optimum technology/ISRU process were evaluated to understand all
of the potential mission implications and benefits of incorporating ISRU into human Mars exploration plans. These
trades included the following:

e Mission consumables of interest: life support/EVA-only, or propellant and life support

e What, if any, consumable or reagent must be brought from Earth: H, for H,O and/or fuel production, or
bring ascent fuel vs. making it in situ

e  Mars resource of interest: atmosphere only or both atmosphere and soil/H,O

e  Power system associated with ISRU processing: solar or nuclear.
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The trade options that were considered were organized into a trade tree (shown in figure 3-46). ISRU process
systems and subsystems were developed for each of the trade tree branches. For atmospheric processing options,
previous models were updated with new technology and hardware performance information. For Mars soil/H,O
processing, new models for excavation and soil processing were created from recently created lunar ISRU regolith
and processing models with Mars soil/H,O parameters applied. While not perfect, this allowed for first-order
evaluation of system mass, volume, and power associated with Mars water resource collection.
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Figure 3-46. In-situ resource utilization trade tree.

3.6.5.1 Ground rules and assumptions

To perform ISRU system trade studies and calculate system option mass, power, and volume, mission GR&As had
to be established. For DRA 5.0, the common ISRU ground rules and assumptions that were used were the
following:

e All mission consumable production was completed prior to crew departure from Earth. This allowed for
330 sols of operation: (300 days with 30 days’ contingency)
e  Surface crew size of six for 550 sols surface stay operations
e Sizing and risk-reduction philosophy:
- Each ISRU system is single-fault-tolerant
- Two ISRU systems are flown, each sized to complete the mission on their own
- ISRU subsystems/concepts should be previously demonstrated on a robotic precursor mission at
relevant scale and operation duration
e Nuclear power is used for continuous (all-day) operation of ISRU systems, and solar power is used for
daylight-only (8 hours/day) operation

3.6.5.2 Mission consumables, resources, and Earth feedstock required

Because ISRU has never been demonstrated before in an actual mission, mission planners have a major concern that
that the risk of ISRU system failure in a critical mission role may outweighs the benefits. Therefore, at the start of
DRA 5.0, two mission approaches were considered: (1) only provide consumables to close the life support system
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and enable extensive surface EVAs, and (2) produce ascent propellants and consumables for life support and EVAs.
Because current EVA suits are open-loop systems that consume both O, for crew breathing and H,O for cooling,
extensive EVAs by a crew of six over 500 sols on Mars require more O, and H,O than can easily be manifested.
Based on DRA 5.0 mission models and assumptions for vehicles and surface operations, estimates for how much
H,0, O,, and fuel were calculated to determine ISRU system mass, volume, and power. The amount of buffer gas
that is required (Np/Ar) was based on habitat leakage and airlock usage loss estimates. Also, since some
consumables and ISRU processing options require reagent feedstock delivery from Earth, the type and amount of
feedstock for each consumable need and Mars resource assumed was also determined. Table 3-18 depicts the range
of H,0, O,, and fuel production needs for the two ISRU mission scenarios that were considered.

Table 3-18. Mission Consumable and Feedstock Needs (in kilograms)
Close Crew & EVA Consumables 0, CH, H,O N,/Ar  Earth H, Earth CH,4 Comment

Mars Atm. Processing only 1906 NA 133 399 — Closes H,O through making H,O and
shortfall of H, closure brought from
Earth

Mars Soil Processing only NA 2146 133 160 — Closes H,0 and shortfall of H,
closure brought from Earth
NA 3586 133 — Closes H,0 and H, shortfall through
in-situ H,O only
Mars Atm. & Soil Processing 1281 NA 2146 133 — Closes H,0 and covers O,equivalent

to H, closure shortfall

Propellants & Crew Consulables 0, CH, H,O N./Ar  Earth H, Earth CH, Comment

Mars O, Propellant Production 24891 133 399 6567 — Requires tank and cryocooler for H,
Only delivery and filled ascent CH, tank
Mars O,/CH,4 Production w/Earth 24891 | 6567 133 2069 — Requires tank and cryocooler for H,
H, delivery

Mars O,/CH,4 Production w/Mars 24891 | 6567 | 16788 133 — Requires excavation and soil

H,O processing

It should be noted that the amount of O, and CH, that was required for ascent propulsion can vary depending on
lander size and payload. The amount that is specified in the table should not be considered exact. Propellant quantity
calculated were based on a notional two-stage Mars ascent vehicle of 40 t (wet mass) with a total ascent delta-V of
5625 m/s and using pump-fed LO,/CH, engines with a mixture ratio of 3.5:1 and Iy, of 369 seconds.

3.6.5.3 Mars atmosphere-based options

Production of O,, CH,4, buffer gases, and H,O are all possible from Mars atmosphere resources with Earth-supplied
H, required for H,O and/or CH,4 production. Excess CHj, is produced since production and propulsion mass ratios of
0O, and CHy are not equivalent with Earth-supplied H, feedstock.

The Mars atmosphere is primarily CO, (95.5%), N, (2.7%), and Ar (1.6%). The significant benefit of Mars
atmosphere CO,, N, and Ar as a resource is that it is available globally at known concentrations. Nitrogen and Ar
are very good buffer gases for crew breathing as well as purge gases for science experiments. (Note: Further
assessments of the use of Ar should be conducted to ensure that it is a suitable buffer gas.) Carbon dioxide is a good
source of both O, and carbon (C) for the production of O,, CH,4, and other hydrocarbons that may be of interest.
Pressurized gases (whether the bulk atmosphere or separated CO,, N,, or Ar) are also beneficial for inflating
habitats and structures as well as use in science experiments and cleaning dust off of surfaces and sensitive areas.
However, the Mars atmosphere is at low pressure (~0.1 pounds per square inch, absolute (psia)) at the surface.
Before Mars atmospheric CO, can be used or processed, it must be collected, separated, and pressurized; typically at
or above Earth ambient pressure (>14.7 psia) to increase the efficiency of CO, processing concepts.

Three primary methods for CO, collection and pressurization have been evaluated: mechanical pumps,
micro-channel adsorption, and cryogenic separation (CO, freezing). To deliver CO, to a processing unit, a >100:1
compression ratio is required from Mars atmospheric pressure to CO, processing unit pressure. Since most
mechanical pumps are efficient up to around 10:1 compression ratios, a two-stage compressor is required. While
mechanical pump technology is very mature, the pumps can be very heavy and power intensive. Also, mechanical
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pumps can not be used on their own to separate CO, from other atmospheric gases. Microchannel adsorption is a
technology that was developed by the Department of Energy (DOE)/Pacific Northwest National Laboratory (PNNL)
that uses small beds with rapid adsorption/desorption cycles to minimize pressure drop and diffusion-limited
capacity loss during collection, separation, and pressurization of CO, from the bulk Mars atmosphere.
Microchannels allow for rapid heat exchange and high surface area to volume beds to make this approach feasible.
The approach is attractive since it is very mass and power efficient, provides good separation of CO, from other
gases, and is compatible with habitat and EVA life support system operations and designs. Cryogenic separation is
based on the fact that the temperature difference between solid and gaseous CO, at Mars atmospheric pressure is very
close to Mars nighttime temperatures. Therefore, a CO, freezer (solidification pump) with active cooling
(cryocooler) to lower the atmospheric gas temperature in the pump to below 150 K (-123 °C) will solidify CO,. The
frozen CO, can then be heated in a controlled volume to supply the CO, at any desired inlet pressure for subsequent
processing. The solidification pump is attractive because it allows small-volume and high-pressure CO, delivery,
and can potentially simplify system design and development costs by sharing cryocooler hardware with the O,/CH,
propellant liquefaction and storage system.

Conversion of atmospheric CO; into O, can be performed in a number of different ways, depending on the resources
that are available and the products that are desired. The three processes that have been examined the most due to
process simplicity or commonality with life support systems are solid oxide CO, electrolysis (SOCE), Sabatier
conversion of CO, to CH, and H,O (with subsequent H,O electrolysis), and reverse water gas shift (RWGS) conversion
of CO, to CO and H,0 (with subsequent H,O electrolysis). For both Sabatier and RWGS conversion of CO,, H; is
required. In the case of O, production using RWGS, the H, that is required is obtained from the subsequent H,O
electrolysis, so H, is recycled. In the case of O, production using Sabatier, only half of the H, that is needed is
recovered from the subsequent H,O electrolysis process. When considering Mars atmospheric resources alone, the
remaining half of the H, must be obtained either from Earth (if CH, production is desired) or by processing the CH,
that is produced to recover the H, if O,-only production is desired. For any missions requiring H,O and/or CH,4
production on Mars using only atmospheric resources, H, delivery from Earth is required. The Sabatier process is
the only ISRU process option that makes CH, fuel; however, O, and CH, are produced at a 2:1 O, to CH, mass ratio
with Earth-supplied H,. Since propulsion systems require O, to CH, mass ratios of between 3:1 and 4:1, excess CH,
is produced. While the H, that is required may be a relatively low mass compared to H,O or CHy, that is delivered
from Earth, it requires over three times the volume. Table 3-19 depicts the three main CO, processing options and
reaction equations.

Table 3-19. In-situ Resource Utilization Atmosphere Process Options and Reactions

ISRU Process Reaction
Sold Oxide CO; Electrolysis 2C0O,; > 2CO + 0O,
Sabateir with CO; + 4H, = CH, + 2H,0
Water Electrolysis* 2H,0 2> 2H, + O,
Reverse Water Gas Shift with 2C0O; + 2H, » 2CO + 2H,0
Water Electrolysis 2H,0 > 2H, + O,

*Note imbalance between H; required in Sabateir vs. that produced from water electrolysis (WE).

Selection of the atmosphere collection, separation, and processing hardware was based on life support and EVA
processing that need calculations. Table 3-20 depicts the mass, volume, and power that are associated with each
subsystem option for atmospheric processing for both nuclear and solar power options. The combined atmosphere
collection and processing system that was deemed best from a mass, power, and volume perspective was the rapid
cycle adsorption pump (RCAP) with SOCE system. Because of technology development risk discussed in section
7.7 and potentially better commonality with life support system development, the RWGS with WE system was
recommended as the backup option.

It should be noted that the amount of Mars atmosphere that is processed is a function of how much CO, is required.
Therefore, although a notional amount of buffer gas replenishment was calculated (see table 3-20), the amount of
CO, that is required will allow for a greater amount of buffer gas collection. This extra amount is listed in table 3-
20.
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Table 3-20. Atmosphere Processing Subsystem Sizing Estimates

(8-hour Operation) (24-hour Operation)
ISRU for Crew/EVA Consumables Only
Mass (kg) Power (kW) Vol. (m) Mass (kg) Power (kW) Vol. (m)
O, and N /Ar Only & Bring H, from Earth
RCAP — RWGSWE 69 8.00 0.02 24 2.82 0.01
MP — RWGS/WE 195 7.28 0.32 66 2.58 0.11
CFP — RWGS/WE 135 7.44 0.20 47 2.63 0.10
RCAP — SOCE 39 4.70 0.05 16 1.58 0.03
MP — SOCE 217 3.76 0.44 73 1.25 0.16
CFP — SOCE 135 3.96 0.29 48 1.37 0.14
O; liquefaction power 0.67 0.24
Amount of extra No/Ar 103 103
Total N,/Ar storage 250 0.02 0.60 250 0.01 0.60
H, delivery from Earth (H; plus tank) 580 0.34 8.60 580 0.34 8.60
Total (Based on RCAP-SOCE) 972 5.06 9.25 949 1.92 9.23

3.6.5.4 Investigation Mars surface water-based options

Production of O, and H,O using Mars surface H,O resources (hydrated minerals) also seems promising, but requires
more extensive study (and scientific data from Mars) prior to a final recommendation. Buffer gas and CH,
production are not possible from Mars H,O alone.

Some robotic missions to Mars have shown that H,O, in the form of hydrated minerals, can be found globally across
the Mars surface. In equatorial regions (£30), the Viking missions measured 1% to 3% H,O by mass, and Mars
Odyssey mission data suggest regions with up to 8%-10% H,O by mass in the top 1 m. Mars Odyssey data also
suggest that subsurface ice table may be within the top few meters in some localities in the mid latitudes (40° to
55°), near-surface subsurface ice tables may be widely prevalent at the high latitudes (55°-70°), and >50% water ice
by mass is at or near the surface in the polar regions (+70°). To be conservative in estimating benefits and to
minimize forward/back contamination and search for life issues, only surface soil/H,O (hydrated minerals) were
considered as a potential resource. No ice or subsurface H,O reservoirs were considered. Also, since Viking is the
only mission to date to provide “ground truth” measurements of H,O content, a 3% H,O by mass assumptions was
used in sizing calculations with an evaluation of 8% H,O by mass to understand H,O content impact on system
sizing. It is believed by experts that hydrated minerals and gypsum may be widely available at H,O concentrations
between 20% and 30% at sites of science exploration interest. Since H,O can be electrolyzed, it can be used to make
O, for life support and propulsion without requiring atmospheric resources. Methane production is not possible with
H,0-based options alone.

Like Mars atmospheric CO,, before Mars H,O can be processed, it must first be collected and separated from the
Mars soil. This is performed by a two-step process: excavate and deliver soil to a processing plant, and process soil
to separate and collect the H,O. To excavate and deliver Mars soil for processing, an excavation system model was
developed that was based on lunar excavation concepts. The model evaluated the number and size of excavators,
distance of the excavation from the processing plant, Mars soil and H,O content properties, and amount of time that
is available for operations. Excavation and material property experience and data from the use of the arm/scoop on
Mars Viking, wheel/soil interaction behavior and experience from the Sojourner and MERS, and potentially new
excavation and surface material property data in the polar region from the Phoenix lander arm/scoop are good
starting points for future Mars excavation and material transport development efforts. During the brief Mars DRA
5.0 study, a good amount of time was spent on trying to better understand and define Mars soil parameters for
possible locations of scientific and human exploration interest including: H,O content, cohesion, internal friction
angle, bulk density, compressive strength, and tool-soil adhesion. Force and structural calculations to size the
excavation subsystem components on the vehicle (dump bin and digging tool) assumed a simple bucket excavator
concept. To be as conservative as possible in this first evaluation of Mars soil/H,O resource processing and to
minimize forward contamination and search for life issues, only H,O in the top surface was considered and only at
3% to 8 % concentration. No hydrated gypsum, permafrost, ice, or subsurface reservoirs were considered. Based on
mission consumable need estimates, Mars H,O extraction that is to be used for propellant production for crewed
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missions requires that excavation and soil processing systems must be designed to excavate and process 77 kg (3%
H,0 content) to 30 kg (8% H,O content) every hour.

An H,0 extraction unit that is based on recent work on H,-reduction reactors for lunar O, production from regolith is
used to extract adsorbed H,O from the martian soil. The unit consists of an inlet/outlet hopper, inlet/outlet auger, two
soil reactors, two gas clean-up modules, and two H,O condensers. The inlet/outlet hopper and auger are used to receive
soil from the excavator/hauler vehicle and transfer soil in and out of the reactors, respectively. Once the soil is in the
reactor, it is heated to approximately 600 K. An inert gas flow fluidizes the soil to aid desorption of H,O. The inert-
water gas stream is sent to a gas clean-up process to remove any contaminants that are evolved during the process.
The H,0 is then collected on a condenser, which is actively cooled by a cryocooler. While lunar material is much
drier compared to expected Mars soil, there are enough similarities in design and operation of the lunar H, reduction
reactors for O, extraction that models and experience that are gained from this effort should benefit future Mar soil
processing and H,O extraction/separation development efforts. Water electrolysis alone is required for processing to
produce mission-consumable O,. Hydrogen that is produced during the electrolysis process is vented.

Selection and sizing of the atmosphere collection and separation hardware is based on results in section 3.6.5.5.
Table 3-21 depicts the mass, volume, and power that are associated with hardware for excavation, transportation,
and soil processing to extract water for both nuclear and solar power options. Excavation and soil processing
estimates are based on 3% water content and 1,000 kg/m? soil density. More work needs to be done to verify the
mass estimates of the support equipment (e.g., the mass associated with excavators and consumables transport).

Table 3-21. Soil/Water Processing Subsystem Sizing Initial Estimates

8-hour Operation 24-hour Operation
ISRU for Crew/EVA Consumables Only
Mass (kg) Power (kW) Vol. (m) Mass (kg) Power (kW) Vol. (m)
Water Only & Bring H, from Earth
No/Ar Extraction (no extra) 13 1.75 0.00 5 0.58 0.00
Excavators (2) 425 1.01 2.23 350 0.81 1.53
Soil Processor for H,O Extraction 266 3.43 9.32 219 2.89 3.26
Total N,/Ar storage 155 0.01 0.40 142 0.00 0.40
H, delivery from Earth 94 0.25 3.79 94 0.25 3.79
Total 954 6.44 15.75 810 4.53 8.89
Water Only
No/Ar Extraction (no extra) 13 1.75 0.00 5 0.58 0.00
Excavators (2) 541 1.34 3.63 444 1.06 2.46
Soil Processor for H,O Extraction 324 4.33 15.41 246 3.23 5.29
Total N,/Ar storage 155 0.01 0.40 142 0.00 0.40
Total 1,033 7.42 19.45 837 4.87 8.15

3.6.5.5 Mars atmosphere and water-based options
Production of O,, CH,, buffer gases, and H,O are all possible from the combination of Mars atmosphere and surface
H,0 resources at any quantities.

The combined atmosphere and water-based ISRU system consists of the excavator and soil processing units, and
atmospheric collection and Sabatier/water electrolysis processes. While the combined system requires more hardware
and power infrastructure than either option alone, it provides much more mission flexibility and, potentially, much
more mass/volume savings than either option alone. For atmospheric processing alone, the amount of H,O that is
produced in situ is limited by the amount of H, that is brought from Earth. Therefore, if more H,O is required due to
failures or performance degradation, atmospheric processing alone will not allow recovery of inadequate H,O supply.
Water processing alone allows for any in-situ production need for both O, and H,O, but does not allow for
production of CH, fuel for fuel cells, surface hopping, or ascent to Mars orbit. Combining both atmosphere and
water-based ISRU allows for all consumable needs and production flexibility to overcome unforeseen shortfalls in
mission consumables.

Even when assuming only 3% H,O by mass in the Mars soil, this option was extremely competitive. Since these
calculations were based on first-order approximations and conversion of lunar excavation and soil processing
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models to Mars application and predicted soil/ H,O properties, further work is required to fully evaluate this
combined option.

Using process selection and sizing of the atmosphere collection, separation, and processing hardware and
excavation and soil processing hardware from the last two sections, table 3-22 depicts the mass, volume, and power
that are associated with combined atmosphere and soil/H,O processing ISRU systems for both nuclear and solar
power options. Excavation and soil processing estimates are based on 3% H,O content and 1,000 kg/m?® soil density.

Table 3-22. Combined Atmosphere and Soil/Water Processing Subsystem Sizing Estimates

8-hour Operation 24-hour Operation
ISRU for Crew/EVA Consumables Only
Mass (kg) Power (kW) Vol. (m) Mass (kg) Power (kW) Vol. (m)

ISRU O, and H,0O

O, Production from Mars Atm. 29 3.17 0.04 11 1.06 0.02

Excavators (2 full for redundancy) 425 1.01 2.23 350 0.81 1.53

Soil Processor for H,O Extraction 266 3.43 9.32 219 2.89 3.26

0, liquefaction power 0.45 0.17

Total N,/Ar storage 155 0.01 0.40 142 0.00 0.40
Total 876 8.07 11.99 722 4.92 521

3.6.6  Nuclear vs. solar power for Mars in-situ resource utilization

As was stated in the ISRU GR&As, all mission consumables that are produced by ISRU systems must be completed
before the crew leaves Earth. Therefore, during the period prior to crew landing, power must be provided to process
in-situ resources either for crew and EVA consumables only or for propellant in addition to crew/EVA
consumables. For the case of nuclear fission power, it is assumed that the ISRU plant would be operated
continuously for a period of at least 300 sols to produce the necessary resources. In the case of solar power, the
total energy would be the same, but operation of the ISRU plant would be limited to 8 hours per day at three times
the power level of the nuclear case. This daytime-only operation avoids the need for large quantities of fuel cell
reactants that would be needed to provide around-the-clock production, but may result in production inefficiencies
that could require additional margin for the solar power case.

The power requirement for the consumables-only atmosphere-only ISRU case is 2 kWe continuous or
approximately 5 kWe for 8 hours/day operations. The mass of a single 5-kWe photovoltaic (PV) module is
estimated to be 1,980 kg (including 20% contingency). A 2-kWe nuclear dynamic isotope power system (DIPS)
is estimated to be approximately 200 kg.(with 20% contingency). From previous Mars ISRU DRM studies, it was
known that production of large amounts of O, and fuel would be power intensive. Previous studies estimated 20 to
40 kWe were required, and although new H,O electrolysis and liquefaction technologies could help reduce previous
power estimates, drastic reductions were not anticipated. ISRU production of O, for life support and propulsion is
estimated at 26 kWe for continuous and approximately 80 kWe for 8-hour operations. The addition of 450 m? of
solar array to accommodate O, propellant production would increase this overall power system mass from 1,980 kg
to about 12,500 kg (including 20% contingency). Because of the large power that is required for O, production, a
fission surface power system (FSPS) is required instead of a DIPS for continuous operation. The mass of a FSPS is
a variable with power output, which is primarily based on the size of radiator that is needed to reject waste heat. The
estimated mass for a 23-kWe reactor that might be used for habitat operation is 7,300 kg (including 20%
contingency). The mass for a 30-kWe reactor that could accommodate propellant ISRU is estimated at about 8,000
kg. Figure 3-47 depicts the power estimates for solar vs. nuclear power for ISRU O, production and the power
estimates for habitat operations.

Besides mass differences, there is significant concern for solar power systems due to deployment difficulties and
degradation due to dust settling and potentially lengthy dust storms. Because ISRU operations need to occur before
the crew leaves Earth, no crew will be available for deploying and cleaning solar array power systems. Based on
both the mass savings and lower risk due to deployment and dust degradation issues, nuclear power was selected for
all ISRU mission options.
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Figure 3-47. ISRU and habitat power estimates for solar and nuclear.

3.6.7  In-situ resource utilization trade study results
Once process options for atmospheric collection and CO, processing were selected, an evaluation of the three main
ISRUs for production of all consumables was performed:

e Make O, and H,O from the atmosphere and Earth H, but bring CH, fuel
e Make O,, H,0, and CH, fuel from the Mars atmosphere and Earth H,
e Make O,, H,0, and CH, fuel from the Mars atmosphere and soil/H,O

Mass, power, and volume calculations for the three main ISRU options for meeting all mission consumable needs
are depicted in table 3-23 and are graphically shown in figure 3-48. These estimates assume that nuclear power is
available for continuous operation. Production of O, alone is the highest mass (because it requires delivery of CH,4
fuel from Earth), but also has the lowest volume and power impact to the mission. Production of O, and CH, from
atmosphere resources and Earth H, requires lower mass than O, production alone; however, the volume is
significantly higher than all other options. Production of both O, and CH,4 with atmosphere and soil/H,O resources
is the lowest mass but highest power option. It should be noted that by changing the soil H,O content from 3% to
8%, there was a significant reduction in both volume and power associated with the combined atmosphere and soil
resource ISRU option.
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Table 3-23. In-situ Resource Utilization Process Mass, Power, and Volume

Ascent to 250 x 33,793 km Mars Orbit Mass Power Vol.
(Delta-V = 5,625 m/s) (kg) (kW) (m?)
O, Only for Propulsion w/Earth CH,
Plant Type: Zirconia Cells
CH, from