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EXECUTIVE SUMMARY

This report describes the results of a study spexasby the Keck Institute for Space Studies (KISS)
to investigate the feasibility of identifying, rafmally capturing, and returning an entire Neartkar
Asteroid (NEA) to the vicinity of the Earth by thmiddle of the next decade. The KISS study was
performed by people from Ames Research Center, lGRasearch Center, Goddard Space Flight
Center, Jet Propulsion Laboratory, Johnson SpacdeCelangley Research Center, the California
Institute of Technology, Carnegie Mellon, Harvarchikgrsity, the Naval Postgraduate School,
University of California at Los Angeles, Universiby California at Santa Cruz, University of Souther
California, Arkyd Astronautics, Inc., The Planeta®pciety, the B612 Foundation, and the Florida
Institute for Human and Machine Cognition. The fleditsy of an asteroid retrieval mission hinges on
finding an overlap between the smallest NEAs tlmatldt be reasonably discovered and characterized
and the largest NEAs that could be captured antspi@ted in a reasonable flight time. This overlap
appears to be centered on NEAs roughly 7 m in diemeorresponding to masses in the range of
250,000 kg to 1,000,000 kg. To put this in pergpectthe Apollo program returned 382 kg of Moon
rocks in six missions and the OSIRIS-REx missioappses to return at least 60 grams of surface
material from a NEA by 2023. The present study aaths that it would be possible to return a
~500,000-kg NEA to high lunar orbit by around 2025.

lllustration of an asteroid retrieval spacecraft in the process of capturing a 7-m, 500-ton asteroid.
(Image Credit: Rick Sternbach / KISS)
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The idea of exploiting the natural resources oérastls dates back over a hundred years, but only
now has the technology become available to malseidiea a reality. The feasibility is enabled byethr
key developments: the ability to discover and cti@rize an adequate number of sufficiently small
near-Earth asteroids for capture and return; thigyato implement sufficiently powerful solar el
propulsion systems to enable transportation ofctyured NEA; and the proposed human presence in
cislunar space in the 2020s enabling explorati@hexploitation of the returned NEA.

Placing a 500-t asteroid in high lunar orbit wouyldbvide a unique, meaningful, and affordable
destination for astronaut crews in the next decddhes disruptive capability would have a positive
impact on a wide range of the nation’s human spapéoration interests. It would provide a high-\alu
target in cislunar space that would require a huprasence to take full advantage of this new resour
It would offer an affordable path to providing oggonal experience with astronauts working around
and with a NEA that could feed forward to much lenguration human missions to larger NEAs in
deep space. It would provide an affordable patméeting the nation’s goal of sending astronauts to
near-Earth object by 2025. It represents a newrgynigetween robotic and human missions in which
robotic spacecraft retrieve significant quantittdyvaluable resources for exploitation by astroraatvs
to enable human exploration farther out into thiarseystem. A key example of this is that water or
other material extracted from a returned, volaiiie NEA could be used to provide affordable
shielding against galactic cosmic rays. The ex¢cetater could also be used for propellant to prarts
the shielded habitat. These activities could jungstsan entirein situ resource utilization (ISRU)
industry. The availability of a multi-hundred-torsteroid in lunar orbit could also stimulate the
expansion of international cooperation in spacagencies work together to determine how to sample
and process this raw material. The capture, tranesjpan, examination, and dissection of an entiEeAN
would provide valuable information for planetaryfefese activities that may someday have to deflect a
much larger near-Earth object. Finally, placingl@Ain lunar orbit would provide a new capabilityr fo
human exploration not seen since Apollo. Such dmesement has the potential to inspire a nation. It
would be mankind’s first attempt at modifying thealrens to enable the permanent settlement of
humans in space.

The report that follows outlines the observatiompaign necessary to discover and characterize
NEAs with the right combination of physical and ibebcharacteristics that make them attractivedatsg
for return. It suggests that with the right grorased observation campaign approximately five
attractive targets per year could be discoveredaatedjuately characterized. The report also prowades
conceptual design of a flight system with the capglto rendezvous with a NEA in deep space,
perform in situ characterization of the object audbsequently capture it, de-spin it, and transpdot
lunar orbit in a total flight time of 6 to 10 yearEhe transportation capability would be enabledaby
~40-kW solar electric propulsion system with a speecmpulse of 3,000 s. Significantly, the entire
flight system could be launched to low-Earth odnit a single Atlas V-class launch vehicle. With an
initial mass to low-Earth orbit (IMLEO) of 18,00 kthe subsequent delivery of a 500-t asteroid to
lunar orbit represents a mass amplification faofasbout 28-to-1. That is, 28 times the mass laadch
to LEO would be delivered to high lunar orbit, wheérwould be energetically in a favorable location
support human exploration beyond cislunar spacagepnflight times, higher power SEP systems, or a
target asteroid in a particularly favorable orlaitiltl increase the mass amplification factor fromt@a
to 70-to-1 or greater. The NASA GRC COMPASS teatmeded the full life-cycle cost of an asteroid
capture and return mission at ~$2.6B.



l. INTRODUCTION

The idea to exploit the natural resources of agters older than the space program. Konstantin
Tsiolkovskii included inThe Exploration of Cosmic Space by Means of Readfiotors, published in
1903 the “exploitation of asteroids” as one of his fieen points for the conquest of space [1]. More
recently this idea was detailed in John Lewis’ bddiking the Sky[2], and it has long been a major
theme of science fiction stories [3]. The differertoday is that the technology necessary to makeath
reality is just now becoming available. To test tadidity of this assertion, NASA sponsored a small
study in 2010 to investigate the feasibility of mti€/ing, robotically capturing, and returning tbet
International Space Station (ISS), an entire smaklr-Earth asteroid (NEA) — approximately 2-m
diameter with a mass of order 10,000 kg — by 2085 [This NASA study concluded that while
challenging there were no fundamental show-stopgieswould make such a mission impossible. It
was clear from this study that one of the mostlehging aspects of the mission was the identificati
and characterization of target NEAs suitable fgtaee and return.

In 2011 the Keck Institute for Space Studies (KIfH)sponsored a more in-depth investigation of
the feasibility of returning an entire NEA to the&inity of the Earth. The KISS study focused on
returning an asteroid to a high lunar orbit instedda low-Earth orbit. This would have several
advantages. Chief among these is that it would dseee from a propulsion standpoint to return an
asteroid to a high lunar orbit rather than takeloivn much deeper into the Earth’s gravity well.
Therefore, larger, heavier asteroids could beeetd. Since larger asteroids are easier to discwer
characterize this helps to mitigate one of the feagibility issues, i.e., identifying target asidsofor
return. The KISS study eventually settled on thalwation of the feasibility of retrieving a 7-m
diameter asteroid with a mass of order 500,000Tky put this in perspective, the Apollo program
returned 382 kg of moon rocks in six missions. O®IRIS-REx mission [6] proposes to return at least
60 grams of surface material from a NEA by 2023e Hsteroid Capture and Return (ACR) mission,
that is the focus of this KISS study, seeks reaus00,000-kg asteroid to a high lunar orbit by ykar
2025.

The KISS study enlisted the expertise of peoplenferound the nation including representatives
from most of the NASA centers (ARC, GRC, GSFC, JBEC, and LaRC), several universities
(Caltech, Carnegie Mellon, Harvard, Naval PostgaseliSchool, UCLA, UCSC, and USC), as well as
several private organizations (Arkyd Astronautits;., The Planetary Society, B612 Foundation, and
Florida Institute for Human and Machine Cognitioffjhe people listed below participated in the KISS
study and developed the contents of this repore Study was conducted over a six-month period
beginning with a four-day workshop in September2€@illowed by a two-day workshop in February
2012, and concluding with the submission of thgoréin April 2012.

John Brophy (Co-Leader / NASA JPL)

Fred Culick (Co-Leader / Caltech)

Louis Friedman (Co-Leader / The Planetary Society)
Carlton Allen (NASA JSC)

David Baughman (Naval Postgraduate School)

Julie Bellerose (NASA ARC)

Bruce Betts (The Planetary Society)

Mike Brown (Caltech)

Michael Busch (UCLA/NRAO)

John Casani (NASA JPL)

Marcello Coradini (ESA)

John Dankanich (NASA GRC)

Paul Dimotakis (Caltech)

Martin Elvis (Harvard-Smithsonian Center for Asthgpics)
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lan Garrick-Bethel (UCSC)

Bob Gershman (NASA JPL)

Tom Jones (Florida Institute for Human and Macl@ognition)
Damon Landau (NASA JPL)

Chris Lewicki (Arkyd Astronautics, Inc)
John Lewis (University of Arizona)

Pedro Llanos (USC)

Mark Lupisella (NASA GSFC)

Dan Mazanek (NASA LaRC)

Prakhar Mehrotra (Caltech)

Joe Nuth (NASA GSFC)

Kevin Parkin (NASA ARC)

Rusty Schweickart (B612 Foundation)
Guru Singh (NASA JPL)

Nathan Strange (NASA JPL)

Marco Tantardini (The Planetary Society)
Brian Wilcox (NASA JPL)

Colin Williams (NASA JPL)

Willie Williams (NASA JSC)

Don Yeomans (NASA JPL)

The KISS study consisted primarily of two workshoipe first held in September 2011 lasting for four

days, and the second a two-day workshop in Febr2@ty, with additional work performed between

workshops. The three main objectives of the KIS@\sivere to:

1. Determine the feasibility of robotically capturiragnd returning a small near-Earth asteroid to the
vicinity of the Earth using technology availabletims decade.

2. ldentify the benefits to NASA, the scientific comnity, the aerospace community, and the general
public of such an endeavor.

3. Identify how this endeavor could impact NASA'’s ahé international space community’s plans for
human exploration beyond low-Earth orbit

A mission to retrieve an entire near-Earth asteroigst successfully address the following three key

feasibility issues:

1. How to discover and characterize a sufficient nundbeandidate asteroids to enable robust mission
planning for a launch around 2020?

2. How to capture and de-spin an asteroid with a mmaesder 500,000 kg in deep space?

3. How to safely transport the captured 500,000-kgragd back to the Earth-Moon system and place it
in a high lunar orbit?

The feasibility of capturing and returning an emtNEA to a high lunar orbit, as well as the besefit

NASA and the nation are discussed in the sectietmsb

Why Now?

Given that the idea to exploit the natural resosir@keasteroids is very old, what has changed that
warrants serious investigation into the feasibibfycapturing and returning entire near-Earth astisr
to the Earth-Moon system? The answer is, as mesdion the opening paragraph above, that the
technology necessary to make this possible isnjost becoming available. There are three key engblin
elements: 1) We now have ability to discover andratterize a sufficient number of sufficiently shal
near-Earth asteroids; 2) Sufficiently powerful saéectric propulsion systems necessary to tramspor
captured NEA are also just now becoming availabled 3) NASA is planning to have an human
exploration capability in cislunar space in a tifr@me that is compatible with when an asteroid doul
be delivered to lunar orbit. Placing a 500-t astetbere would provide a unique, meaningful, anslyea
to-reach destination for exploration by astronaatvs in the next decade.
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[l. RATIONALE AND BENEFITS

Before discussing the feasibility of returning @5@etric ton asteroid to lunar orbit, it is imparta
to identify why such an endeavor is important, wietefits it would provide to NASA, the nation, and
the international community, and why the public Wdocare. Five general categories of benefits from
the return of an entire NEA were identified: 1) 8sgy with near-term human exploration; 2) Expansion
of international cooperation in space; 3) Synergthwlanetary defense; 4) Exploitation of asteroid
resources to the benefit of human exploration bdydme Earth-moon system; and 5) Public
engagement.

Synergy with Near-Term Human Exploration

The Asteroid Capture-and-Return mission (ACR) cencits well within the current human
spaceflight goals of NASA and its international tpars. NASA is currently pursuing the goal of
sending an astronaut expedition to a near-Eartbradt sometime around 2025. A number of key
milestones must be accomplished before that woallpdssible:

a) A search for smaller, more numerous, and dynarnyieaitessible NEA targets.

b) Development of a deep-space crewed spacecraftemd/ift launch system.

c) One or more robotic precursors designed to chaiaetthe general properties of NEAs.

d) A scout mission to the likely human target to ertearsafety and enable detailed mission

planning.
The ACR mission concept offers an affordable, mediate performance goal that could maintain
momentum toward deep space expeditions and redagegmatic risk. It would support human deep-
space exploration in the following six ways:

First, the ACR mission could partially fulfill theole of a robotic precursor, yet provide far more
information about asteroid structure, compositermg mechanical properties through the extensive fie
investigation it would enable. The mission wouldregase greatly our ability to perform complex
scientific and flight operations around NEAs, we#yond levels contemplated by currently planned
robotic missions. For example, the ACR mission wotgquire mastery of autonomous proximity
operations around a small body, part of a skilltisat is directly applicable to a wide variety @&ylond-
LEO missions. A NEA retrieval mission — if condutggeromptly — could feed experience and hardware
forward into plans for a series of human NEA expeds in deep space. The risk reduction and
hardware validation obtained via a retrieval missiould aid subsequent human exploration planning.
This gain in capability would build confidence indareduces the risk of the first human mission to a
NEA.

Second, by making available hundreds of tons arastal material within the Earth-Moon system,
ACR mission concept would enable astronaut visigg twvould take only a few weeks, not the half a
year or more required for even the most accesdilld targets. Compared to a deep-space NEA
mission, a “local” visit to the captured ACR objegbuld enable the crew to spend a much higher
fraction of their mission time actually working tite object. Such a “local asteroid” mission would
clearly be a bridge between LEO operations andflediged deep-space NEA expeditions. The shorter
duration would also reduce significantly the radathazard facing the crew.

Third, the ACR mission concept would put bulk asigal material within reach of Earth-Moon L2
(EM L2) facilities and transport systems, now bemvpluated by NASA as a waypoint to lunar,
asteroid, and Mars system destinations. Visits fthenL2 outpost to this small captured asteroid ld/ou
be an attractive sortie option for astronaut crepvsyiding opportunities for sample return, in-dept
scientific examination, and demonstration of reseuprocessing methods. The ACR mission would
enhance the scientific, operational, and econoraluevof establishing a human-tended outpost at EM
L2.



Fourth, providing hundreds of tons of asteroidateral in cislunar space would open the door to
large-scale use of extraterrestrial resources bySAAand its commercial partners. Extraction of
propellants, bulk shielding, and life support flsiiftom this first captured asteroid could jump-istar
entire space-based industry. Our space capabiliteedd finally have caught up with the speculative
attractions of using space resourgesitu. One of the simplest but highly leveraged bendfdm these
resources might be the provision of bulk shieldimaterial for future deep-space expeditions—a simple
but effective countermeasure to galactic cosmicesayosure.

Fifth, the public would clearly see the resultsnfrttuman exploration once astronauts begin the
lengthy, challenging task of examining and “dissggt a ~ 500 metric ton asteroid. This ongoing
robotic and astronaut operation would provide adjestream of “real-time exploration” results to a
public attracted to the scientific unknowns and #eonomic potential of this captured asteroid.
Eventually, commercial consortia should be givereas to the object to test resource processing
methods and compete for resource production rigithis and other objects.

Sixth, the development of a high-power (40-kW dlasslar electric propulsion system would
provide a high-performance transportation capabihat would benefit other human missions in deep
space through cargo delivery and hardware pre-giepgat. It would also provide a stepping stone to
even higher power SEP vehicles that could be usexttly for crew transportation to NEAs and
beyond.

Taken together, these attributes of an ACR missionld endow NASA (and its partners) with a
new demonstrated capability in deep space thatthasen seen since Apollo. Once astronaut visits to
the captured object begin, NASA would be puttingnn explorers in contact with an ancient,
scientifically intriguing, and economically valuabbody beyond the Moon, an achievement that would
compare very favorably to any attempts to repeaghollo lunar landings.

Expansion of International Cooperation in Space

The retrieval of a several-hundred-ton carbonaceasteroid would present unparalleled
opportunities for international cooperation. Thetrieval could be carried out under the same
philosophy as the Apollo program, “in peace for ratnkind,” but with a significant advantage. An
international panel could be formed to oversee batiation of the body and the review of proposais f
its study. The demand for samples for engineeaimgj scientific study of the carbonaceous chondrite
material by academic, governmental, and indudiaiabratories — usually severely hampered by lack of
pristine material — could be met generously. Sasgould be returned to Earth for study, whereas
microgravity processing experiments of the sorti®owed above could be carried aatsitu in its
parking orbit. Selected spacefaring nations wddde access to the body under the oversight of the
international curatorial panel. Nations withoue tability to fly missions to the body would be
encouraged to form teaming arrangements and prgpiosky with those who can access it.

As a natural step in moving human exploration cdp&s from the International Space Station
(ISS) into cislunar space, then beyond, the ACRsimins concept would offer many opportunities for
international participation.

1. Our current knowledge of the composition and s@facoperties of asteroids results from an
international scientific exploration effort, inciugy probes from NASA, JAXA, and ESA (e.g.
NEAR-Shoemaker, Dawn, Hayabusa, and Rosetta). TBe &hd Japan have flown spacecraft to
rendezvous with Near-Earth Object (NEOs), and Japas returned samples from near-Earth
asteroid 25143 Itokawa. Following up on the ESADuijote study, the European Union has now
funded an international consortium for a planetifense study to organize, prepare and implement
mitigation measures. Skills gained from all of #nescounters might be combined to furnish the
spacecraft and scientific instrument complement tfee proposed ACR mission. Examples of
contributed hardware to the ACR mission could idetulaunch systems, orbit transfer stages, solar
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arrays, ion thrusters, remote sensing and imagnmsgruments, asteroid capture and retention
systems, communications avionics and antennaeg@eidng hardware for future astronaut visits.

2. Once the target asteroid arrives in cislunar spdeemission partners could open the many tons of
asteroid mass to international sampling, study,esmwhomic assay, extending the collaboration over
many years. Follow-up scientific and processingivit® the returned NEA could be a collaborative
effort, combining partner investigations and hamdwi assess the nature of the object and then
begin its industrial processing. The attractiorsoth an intriguing object in cislunar space would
likely draw new partners and serve to expand ta&lE§/S coalition.

3. The proposed ACR mission concept would lend italsib to the developing international framework
for planetary defense from a NEO impact. Space @gsmeeting under the auspices of the United
Nations Committee on the Peaceful Uses of Outec&pee discussing the planning and operations
required for an international mission demonstrathmgy techniques that would be required to deflect
a hazardous asteroid. [7,8] In addition, the NASAvisory Council’'s ad hoc Task Force on
Planetary Defense recommended in 2010 that NASAuysuleadership of an international deflection
mission as its long-term planetary defense objed®. Because the proposed ACR mission would,
by definition, be a safe “deflection” of a non-hetaus asteroid, the mission concept would fit very
well into this multinational effort, one that wouldlso offer numerous scientific and human
exploration benefits.

4. Russia, Europe, and Japan are all evaluating futunean spaceflight systems, first to reach and
service the ISS, but with application to deep-spamasport. NASA's ISS partners wish to build on
their Space Station achievements by participatntuiure deep-space expeditions. If the proposed
ACR mission made available tons of asteroidal nmdtein cislunar space, it would spur
collaborative efforts to access this new naturtdlbge. Experience gained via human expeditions to
the small returned NEA would transfer directly tldw-on international expeditions beyond the
Earth-Moon system: to other near-Earth asteroidgbBs and Deimos, Mars and potentially
someday to the main asteroid belt.

Synergy with Planetary Defense

An asteroid return mission would bring broaderrdtts to the subject of near-Earth asteroids and
therefore greater understanding and attentiond@kanetary defense challenge element of NEOs.
From a technical standpoint an asteroid return ionssvould enable significant progress in the
following areas relative to planetary defense:

1. Anchoring. Many options for more efficient and abfe deflection of NEOs would open up if we
develop reliable robotic anchoring capability. Tla¢est time to act prior to impact could be
significantly delayed if robust techniques are &lde. Anchoring is the key to enable many of
them.

2. Structural characterization, especially of the aceflayers. Kinetic impact is today one of thengri
deflection technologies available. Yet its effeetiess is highly uncertain due to the (so called)
momentum multiplier (beta) variability. Ejecta (gteater than escape velocity) from a kinetic
impact may multiply the impactor momentum transdrto the NEO by a factor from 2-10 or more.
Structural characterization of the surface layeay meduce this uncertainty to a factor of 2 or.less

3. Dust environment. The dust environment is expettede highly variable and object dependent.
Nevertheless, understanding the forces triggerirgg tbvitation and settling behavior are important
for the gravity tractor (GT) concept in which SBfhaust impingement on the asteroid could create
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a dust hazard. As a minimum greater knowledge Wwexdd enable more efficient system designs
and a better understanding of stand-off requirement

4. Proximity operations. Techniques for proximity ogesns and NEO navigation gained from
returning an asteroid would be directly transfezaldb planetary defense planning and
implementation.

Exploitation of Asteroid Resources

From a long-term architectural point of view, thality to test resource extraction processes and
enable commercial resource production ideas tqpébeal to the captured NEA would pave the way for
use of asteroidal materials in human deep-spacedeiqns, greatly reducing required up-mass from
Earth, and thus the cost, of such missions. AtS@arbonaceous C-type asteroid may contain up to
200 t of volatiles (~100 t water and ~100 t carb@m-gompounds), 90 t of metals (approximately 83 t
of iron, 6 t of nickel, and 1 t of cobalt), and 206f silicate residue (similar to the average lusiarface
material). As discussed below, the ACR mission ephdaselines a single Atlas V 551-class launch,
with an initial mass to low-Earth orbit (IMLEO) d8,000 kg. The delivery of a 500-t asteroid to luna
orbit, therefore, represents a mass amplificatiactor of about 28-to-1. That is, whatever mass is
launched to LEO, 28 times that mass would be dedtvéo high lunar orbit. Longer flight times, highe
power SEP systems, or a target object in a paatilgulfavorable orbit could increase the mass
amplification factor from 28-to-1 to 70-to-1 or gter.

Galactic Cosmic Rays:Exposure to Galactic Cosmic Rays (GCRs) may reptes show-stopper
for human exploration in deep space [10]. The dmigwn solution is to provide sufficient radiation
shielding mass. One of the potentially earliestsusk the returned asteroid material would be for
radiation shielding against GCRs. Astronauts cealanibalize the asteroid for material to upgraasrth
deep space habitat with radiation shielding.

Materials Extraction: Aside from radiation shielding, initial processiwgrk would concentrate on
the extraction and purification of water. Human ediions to the NEA in lunar orbit could collectdan
return significant quantities of material to th&I&here this initial processing work could be cartdd
in a micro-gravity environment. This would takevadtage of the significant infrastructure represeént
by the ISS. The second level of processing shoelthe electrolysis of water into hydrogen and oxyge
and the liquefaction of both gases. The third ll@fgrocessing would involve strong “baking” toeth
point of forcing autoreduction of the major minemahgnetite (F€,) by the carbonaceous polymer,
leading to total release of more water, carbon mwmley carbon dioxide, and nitrogen. The fourthelev
of processing would entail using the released C@ @agent for the extraction, separation, putifica
and fabrication of iron and nickel products via Mend (gaseous carbonyl) process [11]. The residue
from Mond extraction of iron and nickel would bedast of cobalt, platinum-group metals, and
semiconductor components such as gallium, germansahenium, and tellurium. These challenges
could be faced one at a time, not all at once.

Prototype-scale experiments on processing the rabstén the retrieved asteroid would validate our
concepts and refine our techniques for productibrpropellants, life-support materials, structural
metals, and radiation shielding in support of lasgale autonomous space activities. The extraction
water from an NEO of asteroidal or cometary origiould provide us with propellants in space, at the
site of future demand. The use of solar powerdlectrolysis of water could supply hydrogen and
oxygen for chemical propulsion and oxygen for tgpport on manned deep-space missions. This could
also provide fuel for the use in electrochemicdisce

A rough estimate based on NASA’'s NLS-II agreemamtlaunch services suggests that it costs
about $100K for each kilogram of mass deliveredatbigh lunar orbit using conventional chemical
propulsion. Therefore, delivery of 500 t of matet@a high lunar orbit would cost of order $20Bs A
shown in Section VI, the cost of the first ACR nmssincluding DDT&E plus the first unit, launch
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services, mission operations, government insigkt&ight, and reserves is estimated at $2.6B. if$te f
ACR mission would deliver asteroid material to highar orbit at a cost in $/kg that would roughty d
factor of 8 cheaper than costs for launching thassnfrom the ground. The recurring cost for
subsequent missions is estimated at approximafdys subsequent missions would improve that cost
savings to a factor of 20.

Public Engagement

The excitement of changing the orbit and harnestiegresources of a celestial object for space
exploration is obvious. A mission like this eveacdupled from human exploration would engage a
whole new generation of space interested personkscaupled to the goal of enabling sending humans
further than ever before in space it would insgiven more public interest. Beyond the excitement i
the wide range of educational goals that would ey this venture: knowledge of Earth’s celestial
environment, the engineering and mathematics efaist orbit modification, the science of solar syst
resources and the exploration into the solar systékpollo was based on a cold-war rationale aret ev
since an over-arching geo-political rationale hagrblacking from space ventures. Retrieving an
asteroid for human exploration would provide a mewpose for global achievement and inspiration.
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1. MIssSION OVERVIEW & SAFETY CONSIDERATIONS

A basic Asteroid Retrieval mission concept is iitated in Fig. 1. The spacecraft would be launched
on an Atlas 551-class launch vehicle to low-Eanthito A 40-kW electric propulsion system would
then be used to reach the NEA in about 4 yearse@hthe NEA, a 90-day operations phase is divided
into two phases. During the first phase, the tavgaild be studied thoroughly to understand its,size
rotation, and surface topography. In the secondselibe spacecraft would capture and de-spin the
asteroid. To accomplish this, the spacecraft wouddch the target rotation, capture it using thewap
mechanism described in Section VI, secure it firmdythe spacecraft, and propulsively despin the
combination. The electric propulsion system waihien be used to depart the asteroid orbit, return t
the vicinity of the Moon, and enter a high-lunabiar After reaching lunar orbit the spacecraft ebou
stay attached to support human activity, which nsicgpated to include the development of NEA
proximity operational techniques for human missjoaleng with the development of processes and
systems for the exploitation of NEA resources.

The ACR spacecraft concept would have a dry nod€s5 t, and could store up to 13 t of Xe
propellant. The spacecraft would use a spira¢ttayy to raise its apogee from LEO to the Moonehe
a series of Lunar Gravity Assists (LGAS) would tsed in concert with SEP thrusting to depart the
Earth-Moon system. This initial leg of the trajmgt would take from 1.6 to 2.2 years to reach Earth
escape. From escape it would take roughly 2 ykeareach the target asteroid. The return time would
range from 2 to 6 years depending on the actuakrmfshe NEA. The concept system could return
asteroids with masses in the range 250,000 kg3@01Q00 kg, to account for uncertainties in sizé an
density.

6. Asteroid Operations
(90 days: Deploy bag, capture
and de-tumble asteroid)

= O~
|

Asteroid Orbit

5. Cruise to Asteroid

i1 7years) 7. Returnto 9. Transfer to
Lunar Orbit high Lunar orbit
(2 to 6 years)

4. Lunar Gravity Assist

. e 8. Lunar Gravity Assist \_ @ _‘
Moon’s Orbit ' :

3. Spiral Out .

2. Separation & . to Moon (2.2 years)
S/A Deployment

407 km LEO Circular Orbit

: Atlas V 551-class

Earth

Figure 1. Asteroid return mission concept. Return flight time of 2 to 6 years depending on the asteroid mass.
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Final Destination

Since even small asteroids have relatively largeses— a 7-m diameter asteroid has a mass roughly
equal to that of the ISS — the final placementh# &steroid in the vicinity of the Earth must be
considered carefully. Although the very low stréngt a type C asteroid would minimize the likelildoo
that entry of such a body might inflict damage @artE's surface, it would be more prudent to pldee t
retrieved asteroid in an orbit from which, if alke fails, it would only impact the Moon, not Earth
Lunar orbit or possibly regions near the Earth-Maagrange points would, therefore, be preferred for
this criterion. The second factor regarding theighof a “parking place” is that it is important ptace
the asteroid in a location that is reasonably ctosend accessible from Earth (within a few daysnpey
from LEO). A third factor is the desire to parletasteroid in a place at which there is some fedse
future demand for water and water-derived prop#dlaso that production of useful materials could
serve the needs of future space missions. Thig thctor suggests LEO and the lunar vicinity as th
best choices. These three factors combined suggeghmediate vicinity of the Moon as a reasonable
choice. Whatever the final destination the missiarst clearly define the end-of-mission conditiond a
asteroid maintenance and disposal effort (e.garlgarface). For the purposes of the trajectosygte
described later, we assumed a high lunar orbit@sléstination for the returned asteroid.

Safety

The first question that must be answered in thesidenation of feasibility is, “could the mission be
conducted safely?” In fact, moving a non-hazardmisroid toward the Earth must not just be safe, b
it must be completely perceived as safe to anested, and likely concerned, public. Safety would
have to be guaranteed by the mission design. Tiigst was addressed in our workshops and resulted
in the following “belt & suspenders” approach tdesg

First, the size and mass of the asteroid to bemetuwould be like many other meteorites which
routinely impact the Earth and burn up harmlesslthe atmosphere. Moving an asteroid of suffityent
small size would not add to the danger from smatauorites, which are small pieces of asteroids that
approach Earth.

Second, we are selecting a carbonaceous asterstier.ofds of this type and size are known to be too
weak to survive entry through the Earth’s atmosphgo then even if it did approach the Earth it ou
break up and volatilize in the atmosphere.

Thirdly the trajectory design for moving the astdréoward the Earth would keep it on an non-
impact trajectory at all times. Therefore, if thight system fails the resulting orbit would be more
dangerous than that of thousands of natural andmreate objects in near-Earth space.

Fourth, the destination orbit would be a high luoddit so that even at the end of mission the @a&tur
perturbations of the trajectory would cause an gwanmpact on the Moon, not on Earth. This can b
insured by the laws of celestial mechanics andcieteof orbit. Although multiple levels of redunaay
would be employed to maintain control of the asterim the event of a failure in which control st
the asteroid would also impact the Moon.

With these levels of safety — all of which will hgther analyzed and assessed during the phase I
study — we can conclude the mission could be sadetlaat it could be explained convincingly to the
public. Furthermore, this mission would help makeafe for humans to go on longer voyages beyond
the Moon. Sending a human to a Near-Earth Astemoid would require months of flight time and
consequent life support and radiation protectistesys not yet designed. Additionally, operatianha
NEA in its natural orbit would be conducted mondlvgay from any return to Earth. By exercising the
NEA mission at a chosen location in cislunar spaee,would take that first step beyond the Moon
safely, and build up the knowledge and capabildy further steps. Metaphorically, we would be
dipping our toe into the vast ocean of space be#iag our first real plunge.
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V. TARGET DISCOVERY AND CHARACTERIZATION

Asteroid Type

The most desirable asteroids for return are thieaterceous C-type asteroids that are deemed by the
astronomy community to have a planetary protectategorization of unrestricted Earth return.
Carbonaceous asteroids are the most compositiodalerse asteroids and contain a rich mixture of
volatiles, complex organic molecules, dry rock, anetals. They make up about 20% of the known
population, but since their albedo is low, they rbayheavily biased against detection in opticaleys.
Retrieving such asteroid material would enable dbegelopment of as many extraction processes as
possible. Carbonaceous asteroid material similéineéoCI chondrites is easy to cut or crush becatise
its low mechanical strength, and can yield as mas0% by mass of extractable volatiles, roughly
equal parts water and carbon-bearing compounds ré@sidue after volatile extraction is about 30%
native metal alloy similar to iron meteorites [12].

Our first priority, then, is to locate several, @ssible ~7-m carbonaceous-chondrite objects which
could be returned to Earth at some point in the0202 This requires a dramatic increase in the
discovery rate of small asteroids. Such an inereagpossible with relatively minor adjustments to
current survey programs.

Synodic Period Constraint— The feasibility of returning an entire (small, }-@steroid hinges
mainly on the question of how to find sufficienlgnall asteroids that have orbital parameters exhgm
close to Earth and yet will return soon enoughdabinterest. Small asteroids can only be discaVve
by ground-based observatories when they make aaclesg approach to Earth, where their intrinsic
faintness is overcome by extreme closeness tolibereer. In order to be able to return these tbjec
the vicinity of the Earth they must have orbitatgraeters that are very similar to Earth’s. Consatiye
these objects will have synodic periods that apcally one or more decades long. This places an
additional constraint on small asteroids in ordebé candidates for return. They must have synodic
periods of approximately one decade. This woulabénthe object to be discovered and characterized
followed by a mission targeted to return the NEAthg next close approach approximately 10 years
later. There is an existence proof that such ofjegist. The asteroid 2008HU4 is estimated to be
roughly 8-m in diameter and will make its next ea@pproach to Earth in 2016 with a subsequent close
approach in 2026. Trajectory analysis presentedsaation VI assumes this target asteroid and
demonstrates how it could be returned to the wigiof the Earth by 2026 using a 40-kW solar electri
propulsion (SEP) system.

Discovery and Characterization Techniques

Discovery and characterization of a sufficient nembf candidate NEAs suitable for return is
critical. Multiple good targets with launch datessering multiple years around the nominal launcte da
would be required to develop a robust mission imygletation plan. To support mission planning it
would be necessary for each candidate target @&btérat its orbit be adequately known and have the
right characteristics, that it be a volatile-ri€type asteroid, and that it have the right sibepg, spin
state and mass, and that the values of these pa@nbe known with uncertainties that make thehtlig
system design practical. The current best sizeuéreqy distributions for near-Earth asteroids sugges
that there are roughly a hundred million NEAs apprately 7-m diameter, but only a few dozen of
these are currently known. Fewer still have seoubés and none of them have known spectral tyjpes.
is expected that a low-cost, ground-based observaampaign could identify approximately five good
candidates per year that meet these requirementsd caughly 3,500 new discoveries per year.

The key to the discovery and characterization cagnps to determine the minimum asteroid size
that enables a target discovery and characterizatite sufficient to provide an adequate number of
candidate asteroids before the end of this de@dkaround which a mission could be planned. Lrarge
asteroids are easier to discover and characteazenbch harder to move. Since the volume and mass
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scale as the cube of the diameter, but the prajeatea scales as the square of the diameter, smalle
asteroids get less massive much faster than thejigener. The key feasibility issue is to deterenif
there is an overlap between NEAs that are briglitugh (i.e, large enough) to be discovered and
characterized and small enough to be moved withteean SEP propulsion capability.

Periodic comets and asteroids that reach a pesihdistance of 1.3 Astronomical Units (AU) or less
are defined as near-Earth objects (NEOs). The magbrity of these NEOs are near-Earth asteroids
(NEAs) and roughly 20% of the NEA population havbits that come within 0.05 AU of the Earth’s
orbit [13]. It is the population of NEAs with Elrsimilar orbits that are both the most likely take
Earth naturally and would be the most easily adblestor spacecraft round-trip missions.

The densities of asteroids vary widely, from ~1 g/don a high-porosity carbonaceous chondrite to
~8 gl/cnt for solid nickel-iron meteorites. The majority NEAs have densities between 1.9 g/and
3.8 g/cni [14]. The mass of an asteroid as a function ofliameter (assuming spherical asteroids) is
given in Table 1 over the range of densities fraBdlcn? to 3.8 g/cm. This table indicates that even
very small asteroids can be quite massive fronstaedpoint of transporting them to the vicinitytioé
Earth. For example, a 7-m diameter asteroid witlersity of 2.8 g/cthhas a mass of order 500,000 kg.
Small asteroids are not spherical, but Table 1sgavgeneral sense of the masses of these smaitsbje

Table 1. Asteroid Mass Scaling (for spherical asteroids)

Diameter Asteroid Mass (kg)

(m) 1.9 g/cm3 2.8 g/cm3 3.8 g/cm3

2.0 7,959 11,729 15,917
2.5 15,544 22,907 31,089
3.0 26,861 39,584 53,721
3.5 42,654 62,858 85,307
4.0 63,670 93,829 127,339
4.5 90,655 133,596 181,309
5.0 124,355 183,260 248,709
5.5 165,516 243,918 331,032
6.0 214,885 316,673 429,770
6.5 273,207 402,621 546,415
7.0 341,229 502,864 682,459
7.5 419,697 618,501 839,394
8.0 509,357 750,631 1,018,714
8.5 610,955 900,354 1,221,909
9.0 725,237 1,068,770 1,450,473
9.5 852,949 1,256,977 1,705,898
10.0 994,838 1,466,077 1,989,675

For NEAs with diameters larger than 100 meters,sike-frequency distribution has recently been
revised downwards as a result of the WISE spacecbasfrared observations that were made
throughout 2010 and for two months into 2011 [1%t the small end of the NEA size-frequency
distribution, there are roughly 20,500 NEAs largean 100 meters with about 25% discovered to date,
but for the smallest members of the NEA populatibeye are millions of NEAs larger than 10 meters
and billions of NEAs larger than 2 meters. HowevVar less than one percent of these populations ha
been discovered. The difficulty is that small NE#&e faint and discoverable with the current onéeme
class ground-based telescopes only when they maeclose Earth approaches. For example, with an
assumed albedo of 25%, a 2-m-sized asteroid 0.005frAm the Earth would have an apparent
magnitude of about 31. There are only four disced@bjects of this size and all are currently kosd
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would have to be re-discovered. There are, howe3@D asteroids approximately 10-m diameter
discovered to date but only a few of these curydmve secure orbits, and even fewer have the gdilysi
characterization that would allow them to be ideedi as a particular spectral class or have infdiona
on their albedos or true diameters.

By far the most efficient NEO search program taedatthe Catalina Sky Survey (CSS) near Tucson
Arizona [16]. When comparing the efficiencies dE® search telescopes, the metric of choice, called
the “entendu” is the product of the telescope’sriape and its field of view. For the CSS, its entee
is about 2. Next generation NEO search telescopdsde the Panoramic Survey Telescope and Rapid
Response System 1 (Pan STARRS 1) on Haleakala in N&waii, which should reach an entendue of
about 13 when fully operational [17]. In addititrere are plans for PanSTARRS 4, a set of four, co-
located PanSTARRS 1 telescopes, which should haventendue of about 51. The Large Synoptic
Survey Telescope (LSST), which is a 8.4 meter aperivide field telescope in Chile, has plans it f
light in 2018 [18]. The entendue for LSST is ab820 so it could be about 150 times more efficant
finding PHASs that the current CSS system.

When first discovered, all that is known about Agarth asteroids are their orbits and their absolut
magnitudes. An object's absolute magnitude carcdreverted to its size if its albedo is known.
However, the albedos of near-Earth asteroids vadelyw. Most (but not all) NEAs have albedos
between 0.09 and 0.36 [19], which means that agradts diameter can only be estimated to within
about a factor of two from its absolute magnitudée object's volume then can only be quantified to
within a factor of 8 or 10. Assuming a factor ofi2certainty in the density then results in a facto20
uncertainty in the estimated mass of a NEA withemyt information beyond the discovery magnitude —
and there will be significant outliers beyond evteat range.

The asteroid’s mass can be estimated more acousaithl additional data. If we consider ~10-m-
class objects that are discovered during one Hbbly as potential mission targets during their hex
Earth flyby, follow-up observations must occur asrs as possible after a potential target is disaue
Ideally follow-up should start within a day and rmbe started within a week.

The first follow-up observation should be additibrgtical astrometry to better determine the
NEA'’s trajectory and ensure that it will not betlesalthough at this point our knowledge of itsiorb
would not be sufficient for a spacecraft rendezvanasy years in the future. Such astrometry of gewl
discovered NEAs is routinely and very reliably po®d by a worldwide network of professional and
amateur astronomers, as demonstrated by the c2898fTC3 in which 26 observatories observed that
object within 19 hours of its discovery [20].

The other necessary follow-up observations can rootwany order or simultaneously. Optical
lightcurve measurements will likely tell us the etljs spin rate and if it is in a tumbling non-pmipal-
axis rotation state or not [21]. More importantty estimating the object’s mass, optical and near-
infrared spectroscopy (which require the attentadnprofessional astronomers) will constrain the
asteroid’s composition — particularly to determifet is rich in silicates (an S-class object) or i
carbonaceous material (a C-class object) [22]. |1&Vasteroid’s densities can vary significantly even
given the same composition, due to differencesonogity, that variation is ~50% rather than the wide
range of the whole population [23].

Spectral classifications are often made solelyhenbasis of optical and near-IR colors. This is no
sufficient for our purposes: meteorites that havelaSs colors have a wide range of compositiond, an
only some are the water- and organic-rich carbanaechondrites that are normally considered to
define the C-class. High-sensitivity spectroscopyering the optical and near-IR (0.5 — 3.5 micjass
desirable to detect the absorption bands at ~0.7 ~h@ micron that unambiguously indicate a
carbonaceous chondrite composition [24].

Thermal infrared flux measurements allow us tonestée an object’s albedo, limited by the object’s
shape, thermal properties, and brightness. Fge labjects (>100 m), we can often obtain sizesrateu
to ~10-20% from thermal radiometry [25]. Howevesr mall objects with more irregular shapes,

18



estimates of their dimensions are only accurate8t®40% [26].

The final type of follow-up is radar ranging measuents. Currently, the Goldstone Solar System
Radar can image asteroids with resolution as f®&.@5 m [27]. This allows us to determine the
target’s trajectory well enough for a later rend®rmand to measure its dimensions to ~40% for a 10-m
object. For a rapidly rotating target with a knogpin state, we can estimate the size somewhat more
accurately by measuring the Doppler bandwidth ef thdar echoes, caused by the relative motion
between one side of the object and the other. Rsld@pe and spin state modeling works best in
combination with optical lightcurve observationsthathe radar imaging providing spatial resolution
and the lightcurves providing a more accurate nreasent of the object’s spin rate.

Radar ranging measurements also provide very aecastrometry, sufficient for rendezvous with
the object many years later [28]. With opticalrastetry only, at least two epochs of observation
separated by several years are required to obtsiimi&arly reliable orbit solution. With radar imiag,
we can obtain a ~10-m NEA's dimensions to within 884 and its volume to within a factor of 2.75.
With composition information, this gives an uncertgin the asteroid's mass of a factor of 4 forsino
objects.

In a few cases, we can obtain asteroid's masses awourately still. Approximately one-sixth of
near-Earth asteroids larger than 200 m are binagie$ measurements of the mutual orbit of a binary
system with radar allows us to determine the mé#iseosystem, and in some cases the mass ratigeof t
components, to within a few percent [29]. Howetleose objects are likely too large to be movete- t
smallest known asteroid satellite is ~60 m in dianetand the fractional mass uncertainty becomes
quite large for small satellites around large prynabjects.

If radar ranging or high-precision optical astrorpetf a ~10 m object can be obtained three or more

times over a time span of months to years, we caasare the perturbations to its orbit due to raxhat
pressure, either direct solar radiation or theragts thermal emission (the Yarkovsky effect) &,
The asteroid's acceleration indicates its massrgado that we can estimate its mass to within 50%
Without three or more epochs of observation sepdraufficiently in time, we cannot separate the
effects of radiation pressure from other sourcesirafertainty in the target's trajectory. For small
objects that can be observed only during closehEfybys it will not be possible to make these
observations before we would want to launch thipopsed mission.

Observation Campaign

Based on the rough estimates of the number of sastdloids that are available [32,33], the average
sky density of asteroids with diameters betweend 30 m and apparent R-band magnitude <18 at any
given moment is ~1/(70 d&y Most of these objects will be >0.01 AU and ®AU away, and
moving at ~1°hour. In addition to these objedigreé will be a comparable number of 30 to 90 m
objects at distances up to 0.1 AU, moving at ~2Qirho

We have considered the cases of two existing sarvégr the Palomar Transient Factory (PTF)
[34], which is currently observing a total of 4@0&40 de§night with 20 min cadence, there will be 3
to 5 such asteroids each night that are seen astrebks in the same field in two successive infages
18 mag is a reasonable number for PTF’s detedtaib flor such streaks, but the limiting brightnessl
so the number of detectable objects will dependifsagntly on weather. For CSS, a limiting magniud
16.5 for streaks and sky coverage 1200*mhéght implies that 2 to 3 fast-moving asteroiddl wie
visible each night. If Pan-STARRS can also obsartatal of 400 to 640 défmight, then the number of
detectable fast-moving asteroids will be comparabl®TF. Consequently, the total number of fast-
moving small objects that could potentially be kechby these three surveys each night is between 8
and 13. We assume 10 in the estimates below.

! There will be 2-4 asteroids that are seen in onagenbut have moved out of the field by the next dbbjects much smaller than 7 m will only be
detectable when they are much closer than 0.01 AdUraoving so quickly that the loss fraction morantloffsets their increased number. We have not
considered linking streaks in images of one fieldtteaks in images of an adjacent one.
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Locating the fast-moving objects— In order to be useful, detections of these objectst be
announced within a few hours, so that follow-ugsebpes in North America and Hawaii, but also Asia
and Australia, can observe them before they are Fas PTF this could be accomplished as follows:
Currently, images are processed as they are takesulitracting the reference images from them and
flagging any remaining point sources. To avoidesstve downlink data rates a copy of the subtracted
images could be sent to a new PTF computer, tostiagks with the appropriate combination of length
and brightness and link them together to provideaek of the asteroid’s motion over the next selvera
hours. The relevant images (a very small fractibthe total data) would then be transmitted frdra t
PTF. Depending on what levels of false positived false negatives are acceptable, the follow-up
telescopes can be notified automatically with tkye tsack and predicted positions for the objectrer
detected streaks can be reviewed by a human bsfodkng a request.

Follow-up Observations — The discoveries would need to be followed-up byitamithl optical
astrometry, and all astrometry provided to the MiRtanet Center, within a few hours. The existing
community of asteroid observers can follow-up ataier number of objects on such timescales
automatically, but ~10 per night may be too much pmcthasing dedicated robotic telescope time for
this purpose will likely be required.

After the first round of follow-up astrometry, weowld begin culling the objects to locate those that
we are interested in (Table 2). The first rounctwatfs would really take place at discovery, whea w
impose cuts in apparent magnitude and plane-ofisityon to focus on only fast-moving small objects.
The second cull would be to use the asteroidstareiements to exclude objects Will3 > 20 knf/s’,
which comprises ~95% of the discoveries. These a@vowdt be suitable for returning to Earth.
Astrometry on the remaining objects should contiriole at least the next two days, jointly with
additional follow-up.

Table 2. Target Rates at Different Stages of Follow-Up Observations

Time Since Discovery (5323) (#F;yi[zr) Stage of Follow-Up
<12 hrs 10 3,600 Astrometry
<24 hrs 0.5 180 Astrometry, colors
<48 hrs 0.2 70 Lightcurves
<48 hrs 0.1 36 Spectroscopy
<72hrs 0.06 20 Radar

Net Rfate of Target 0.013 5
Discovery

The next stage of follow-up would be to obtain mmoétry. We want a water-rich carbonaceous
chondrite object as the target of this mission.chSasteroids are C-class objects, with slightlydigtl
spectra in the visible and near-IR, and absorpliands associated with water at 3 microns and 0.7
microns. Broad-band colors do not give an estinohtthe water content, but allow us to distinguish
silicate and metallic objects from the C-classég would want colors on roughly one object everg tw
days, which can be done by current asteroid obegriseth professional and amateur, using smal&(<0.
m) telescopes. Colors would exclude roughly 60%hjécts as not having suitable composition.

After or simultaneously with obtaining colors, wewid want lightcurve observations to determine
the asteroids’ spin rates. If the mission desgyhnnited to objects spinning no more rapidly traarce
every 10 minutes, roughly half of the objects wobt&lexcluded due to spinning too fast. Lightcurve
observations would require 1-2 m telescopes thatdcbe scheduled on short notice, such as the
Magdalena Ridge Observatory, ideally a couple afrb@f observation on each target on two successive
nights to obtain good values for the spin ratesartk for non-principal-axis rotation.

After culling the targets based on lightcurves antbrs, we would be left with ~1% of the initial
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discoveries, about one per ten nights. The ndktwauld be spectroscopy with ~1 m optical telespe
separating those C-types that have abundant watarthose that do not, another 40% or 50% decrease
in the target rate. We can do this using an atsorppand at 0.7 microns. This band is not duedter
itself, but due to charge transfer in iron-beammgerals that occur only in C-type objects whenewa

also present [35,36]. There is a more direct whyleiecting water, by looking for a vibrational
transition at 3 microns. However, these targetaldvbe too faint to detect at 3 microns becausthef
very high background emission from the atmospher¢he mid-infrared. The presence of the 0.7
micron feature does not let us precisely estimiagewater content of an object, but it must be great
than a few percent (and may be as high as 30%).

The final follow-up observations would be radar efvstions, to determine the target’'s sizes and
approximate densities, refine knowledge of thein §pates, and improve our knowledge of their arbit
to the point that a spacecraft rendezvous woulgdssible. Such observations would require a few
hours of time with the Goldstone and/or Areciboaradonce per two or three weeks, scheduled within
about 72 hours of discovery. This is within thereat observing rate at both telescopes. Howeses,
caution, many observations on short notice at Gofdswould require changes in how transmit time is
assigned there, and we may run into limits due doflicts with scheduled deep-space telecom at
Goldstone and other time-sensitive projects at ildieec

After the radar observations, we would have sizé arass estimates and trajectory knowledge
sufficient to understand which objects are in fattactive targets, with the lowest C3s and coresmni
future close approaches. This would decreaseattyettrate by a further factor of four, assuminat th
the best targets would have C3 <gBing us a final mission target discovery rateabbut 5 per year
This estimate is promising, but the entire sequerialiscovery and characterization will need refai
before the surveys can commence

Alternative Approach

The discovery of larger objects (00 m) is, of course, much easier than thosetless 10-m in
diameter. These objects can be seen at >10Xegreatge, so much more accurate orbits can be
determined with a single pass by Earth. They &ible for enough successive nights that spectfmsco
and/or radar observations can be easily arrangémost all NEAs whose spectral types are known fall
in this category.

Only a few NEAs, all >100-m diameter, have beenrepghed sufficiently closely to get high-
resolution images of their surfaces. All such otgeappear to have discrete rocks ranging fromejrav
to house-sized boulders (and larger) on their sada Analyses of spin periods indicate that large
objects have spin periods generally longer thameis, the "rubble pile limit*. Objects with pei®
slower than this limit have self-gravity at the atpr greater than the centrifugal force that wdtiig
loose objects off into space. Objects spinningefathan this are presumed to be competent rock or
otherwise coherent and cohesive objects, sinceghg&ifugal force is larger (often much larger)rtha
gravity at the equator. Studies of spin periodsasthat small objects, with few exceptions, spistéa
than the rubble pile limit, while larger objectgaim with few exceptions, spin slower than the tabb
pile limit. This suggests that larger objects areble piles, with a range of sizes of loose mateyn
their surfaces.

So the alternative approach would be to targetgetaNEA, knowing that the entire object is far too
massive to return intact and assume that we caildel & 7-m piece off it. We’'ll refer to this altetiva
tactic as thePick Up a Roclkapproach. The approach to capturing and returamgntire small NEA
we’ll refer to asGet a Whole Onewhen it is necessary to distinguish it from fek Up a Rock
approach. For thBick Up a Roclscenario, in the unlikely event that a single tigized piece could not
be found, then at the very least the system coelddsigned to collect enough regolith or many small
pieces to approach the design-capacity of the systderms of return mass (i.e., a few hundred imetr
tons).
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V. FLIGHT SYSTEM DESIGN

A conceptual design of the flight system was degwetbby the COMPASS team at NASA GRC
based on guidance provided by the KISS study t&8dma.flight system in the cruise configuration is
given in Figs. 3 through 6. The spacecraft configon is dominated by two large solar array wirlgs t
would be used to generate at least 40-kW of powethie electric propulsion system (end-of-life at 1
AU) and the large inflatable structure of the captunechanism. The solar arrays are sized to
accommodate up to 20% degradation due to spirdirgugh the Earth’s radiation belts. A margin of
9% is assumed to be added to the 40-kW power lendl 1,200 W is allocated for the rest of the
spacecraft. The solar array is assumed to be aoefign two wings with each wing having a totalaare
of approximately 90 fm There are multiple candidate solar array tectgiel that would have the
potential to meet the needs of this proposed misdi@r example, solar array wings based on the
Ultraflex [37] design are shown in Fig. 3. The sgaaft is shown in the stowed configuration in Hg.
Key spacecraft subsystems are described below.

Electric Propulsion (EP) Subsystem

The EP subsystem concept includes a total of oW Hall thrusters and Power Processor Units
(PPUs). A maximum of 4 thruster/PPU strings arerafed at a time. It also includes xenon propellan
tanks, a propellant management assembly, and 2gwabals for each Hall thruster. The electric
propulsion subsystem concept incorporates one sparster/gimbal/PPU/XFC string to be single fault
tolerant.

——

Capture Bag
10061 A‘/ Deployed
vy

Solar Array Wing

Spacecraft Bus

Structure \

Hall Thrusters

< 35.7m >
Figure 3. Conceptual spacecraft in the cruise configuration with the capture mechanism deployed.
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Payload Fairing :

4.572 meter Diameter Static
Envelope

Figure 4. Conceptual ACR spacecraft in the stowed configuration.

4 Pods of 4 Roll 5 Total Hall
Control Thrusters Thrusters and
Gimbals

Hall Thruster and
Gimbal

Roll Control
Thruster

Figure 5. Bottom view of the conceptual ACR spacecraft showing the five 10-kW Hall thrusters and
the RCS thruster clusters.
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Guidance Camera
(4 Total)

Science Camera
(4 Total)

Science NIR
Spectrometer (2
Total)

Science LIDAR (
Total)

Crushable Foam
For Asteroid
“Landing”

Stowed Inflatable
Asteroid Capture
Bag

Figure 6. Top view of the conceptual ACR spacecraft showing the instrument suite and capture
mechanism prior to being deployed.

Each thruster is estimated to have a mass of 1@ndjwould operate at a specific impulse of up to
3,000 s at a PPU input power level of ~10 kW. Tiemon propellant tank design is based on a
cylindrical, composite overwrap pressure vesselR&€Ddesign with a seamless aluminum liner. Such
tanks are projected to have a tankage fractioxdaon of approximately 4%. (For reference, the Dawn
xenon tank had a tankage fraction of 5%.) A tofateven xenon tanks would be needed to store the
12,000 kg of xenon required for this mission. Etantk would have a diameter of 650 mm and would
be approximately 3,500 mm long.

Attitude control during SEP thrusting would be pdmd by gimbaling the Hall thrusters. This
would provide pitch, yaw, and roll control for tispacecraft. Thrusting with the electric propulsion
system would be the normal operating mode for theceacraft, i.e., this is the mode in which the
spacecraft would spend the vast majority of itsetiduring the mission. At other times attitude coint
and spacecraft translation would be provided byaapropellant hydrazine reaction control system.

Reaction Control Subsystem (RCS)

The RCS concept is a single fault tolerant, hypkergdipropellant subsystem using
monomethylhydrazine (MMH) and nitrogen tetroxideT@®) with a gaseous nitrogen pressurization
system. It includes four pods of four thrustersnasicated in Fig. 5. Each thruster has a nominalgh
of 200 N and a specific impulse of 287 s. A prefiary schematic of the RCS concept design is shown
in Fig. 7. The RSC could store up to 900 kg of pitamt. The propellant required to de-tumble the
asteroid was estimated to be about 300 kg. A mashiB0% is added to this along with an estimated
200 kg of propellant to control the spacecraft befand after capture for a total requirement of &0
Adding addition margin brings the total estimated3propellant load to 900 kg.

Electrical Power Subsystem (EPS)
The power system design is sized to provide 41.2ak\a20 VDC to the user input at EOL. It would
use two 10.7-m diameter Ultraflex solar arrays wa8o efficient, advanced Inverted Metamorphic
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Figure 7. Reaction Control Subsystem (RCS) schematic.

(IMM) solar cells and 20-mil coverglass on frontdaback sides. The solar arrays could be canted
toward the aft portion of the vehicle during astércapture and would be off-pointed at most 85° and
provide at least 3.6 kW.

A secondary lithium ion battery would provide 392WWVat up t015% DOD. Up to 1954 W-hr
available at 20°C and 80% DOD. The 120 VDC powemnfisolar array would be down-converted to 28
VDC for use by the rest of the spacecraft (non{BRjls.

Communications Subsystem

Since the asteroid’s orbit would be by selectiamilsir to Earth’s, the maximum communication
distance would be ~ 2 AU. Communication to DSN 34emsites at Ka-band and X-band would be
needed before, during, and after the capture ofagteroid. The upper limit on the spin rate of the
asteroid is 1 revolution per minute or 6 degreasspeond. The asteroid capture process is assuwmed t
take 2 hours with no interactive feedback loop vidtirth. The process to de-spin is assumed to take a
additional 45 minutes.

The high initial possible spin rate of 6 degreesgseond of the asteroid makes the communication
difficult. Normally antennas can track a target Mlgdommunication with a spin rate of 2 degrees per
second. Also, the antenna must be able to rotatéincmusly in both axes. This resulted in the
preliminary selection of phased array antenna®ath this trade will be re-evaluated in future ssad

An X-band capability is included in the design &afe mode communication. This capability is
based on a 200-W X-band system with omnidirecti@ménnas, and would provide a minimum data
rate of 20 bps from the spacecraft to Earth.

Master Equipment List (MEL)
A preliminary MEL for the Asteroid Capture and Retdlight system concept is given in Table 3.
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This MEL indicates a maximum expected wet massbgpd0 kg, which is 3,300 kg less than the 18,800
kg launch vehicle capability to LEO.

Table 3. Asteroid Capture and Return Conceptual Spacecraft MEL.

Unit Predicted

WBS Description QTY | Mass | Basic Mass | Growth | Growth Mass
Number |FETCH - October 2011 (CD-2011-67) (kg) (kg) (%) (kg) (kg)

|
06 FETCH - Asteroid Return Spacecraft 15027.6 511.6 | 15539.2
06.1 FETCH - Spacecraft Bus 15027.6 511.6 15539.2]
06.1.1 Payloads 339.0] 20.0% 67.8 406.8
06.1.1.a Main Instruments 339.0] 20.0% 67.8 406.8
06.1.2 Avionics 60.9] 23.5% 14.3 75.2)
06.1.2.a Command & Data Handling (C&DH) 49.9] 22.4% 11.2 61.1
06.1.2.b Instrumentation & Wiring 11.0] 28.2% 3.1 14.1
06.1.3 Communications and Tracking 61.8] 24.4% 15.1 76.9
06.1.3.a Ka-band Reflect Array 46.5| 22.5% 10.5 57.0
06.1.3.d X-band command and safing system 15.3] 30.0% 4.6 19.9
06.1.4 Guidance, Navigation, and Control (GN&C) 20.5] 16.5% 34 23.9
06.1.5 Electrical Power Subsystem 928.8] 17.3% 160.8 1089.6)
06.1.5.a Solar Arrays 742.8] 15.0% 1114 854.2)
06.1.5.b Power Cable and Harness Subsystem (C and HS) 60.0] s50.0% 30.0 90.0'
06.1.5.¢ Power Management & Distribution 104.6] 15.5% 16.2 120.8'
06.1.5.d Battery System 21.4] 150% 3.2 24.6
06.1.6 Thermal Control (Non-Propellant) 315.6] 18.0% 56.8 3724
06.1.6.a Active Thermal Control 49] 18.0% 0.9 5.7
06.1.6.b Passive Thermal Control 239.4| 18.0% 43.1 282.5
06.1.6.¢ Semi-Passive Thermal Control 71.4] 18.0% 12.8 84.2
06.1.7 Structures and Mechanisms 525.1] 18.0% 94.5 619.7)
06.1.7.a Structures 386.8] 18.0% 69.6 456.5
06.1.7.b Mechanisms 138.3] 18.0% 24.9 163.2)
06.1.8 Propulsion System 906.7] 10.9% 98.9 1005.6]
06.1.8.a Propulsion Hardware (EP) 114.0] 14.1% 16.0 130.0!
06.1.8.b Propellant Management (EP) 465.3] 11.9% 55.3 520.6/
06.1.8.¢ Power Processing Unit (PPU) 160.0] 12.4% 19.8 179.8|
06.1.8.d Reaction Control System Hardware 167.4] 4.6% 7.8 175.2|
06.1.9 Propellant 11869.2] o.0% 0.0 11869.2
06.1.9.a Propellant (EP) 10958.3 0.0% 0.0 10958.3]
06.1.9.b Pressurant 34.3]  o0.0% 0.0 34.3'
06.1.9.¢c RCS Propeliant 876.6] o0.0% 0.0 876.6

Alternative Flight System Architecture

An alternate flight system based on a Separabledspaft Architecture in which the spacecraft
could separate into two parts, a SEP stage (SSpamabkt spacecraft (S/C) was also considered. The
conceptual design for the separable spacecrafitective has a SEP stage that would include the
electric propulsion subsystem, the solar arrayd,the power management and distribution subsystem.
It would also include an articulated high-gain amia for long-range communications with Earth, short
range (omnidirectional) communications with the th&C, Attitude Control Subsystem (ACS),
Reaction Control Subsystem (RCS), and Command aatd Blandling (C&DH). The SS would be
responsible for transporting the host S/C + S$i¢ovicinity of the target, post-capture rendezvaiib
the S/C, and transporting the system back to tied flestination. Articulation of the high-gain ame
would be essential to minimize the number of spafecotations with the captured NEA just to point
the antenna at Earth.
The host spacecraft would separate from the SKje stacapture and de-tumble the asteroid. It would
have the following spacecraft functions includin@®, RCS, C&DH, short-range communications with
the SEP stage, and asteroid capture mechanisnoultvalso include the instrument packageifositu
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characterization of the asteroid and cameras istasshe asteroid capture. The host S/C wouldliche
the RCS system for agile maneuvering in the praimi the target body and to de-tumble the asteroid
Spacecraft Architecture Pros and CondThe separable spacecraft architecture would peothe
advantage that the S/C used to capture the astexmittd be smaller and more nimble than the single
spacecraft with its large solar arrays and elegrapulsion subsystem. It could also use the SEfest
as a communications relay station to provide higtadrate communications with Earth during the
asteroid capture and de-tumble activities. Thed¥gatages of the separable spacecraft approachdwoul
be its likely significantly higher cost (becaussattially two complete spacecraft must be develpped
the necessity for autonomous rendezvous and doekitngthe SEP stage in deep space, and its limited
energy capability once it separates from the SEest

Capture Mechanism

The same basic capture mechanism is assumed regmaflthe spacecraft architecture. The top (the
end opposite from the Hall thrusters) of the spadeevould include the instrumentation for asteroid
characterization and the capture mechanism. Theumapnechanisms would include inflatable
deployable arms, a high-strength bag assemblycentiing cables. When inflated and rigidized, four
or more arms connected by two or more inflateduoiierential hoops would provide the compressive
strength to hold open the bag, which would be rbu@f m long x 15 m in diameter as shown in Fig. 2.
This capture mechanism concept could accommodate&da range of uncertainty in the shape and
strength of the asteroid. The deployed bag assemdalyd be sized to accommodate an asteroid with a
2-to-1 aspect ratio with a roughly cylindrical skay 6-m diameter x 12-m long.

The exterior finish of the capture bag assemblydesigned to passively maintain the surface
temperature of the captured asteroid at or belswaminal temperature before capture.
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VI. M ssION DESIGN

The key mission drivers are th/ needed for the round trip, the upper limit on tbend trip flight
time, and the size and mass of the target bodye ddmbination of flight time and upper limit on
expected mass of the target determine the SEPnsystever and propellant quantity that would be
needed, which to a first order size the spacearadtlaunch vehicle. The size, spin-state, comiposit
and associated uncertainties of the asteroid’sachenistics would also drive the designs for thetweae
mechanism and de-spin propellant required. Tightfsystem described in Section V would be capable
of being launched on a single Evolved Expendablenth Vehicle (EELV) and could retrieve NEAs
with masses up to about 1,000,000 kg with totahdowip flight times of 6 to 10 years.

The overall mission design, illustrated in FigiBpuilt around the 40-kW solar electric propulsion
system described above. The spacecraft would bected to low-Earth orbit (LEO) using a single
Atlas V 551-class launch vehicle. The SEP systemlavthen spiral the spacecraft to a high-Earthitorb
where a lunar gravity assist (LGA) puts the vehartean escape trajectory with a positv@ of about 2
km?%s’. The SEP system would complete the heliocentensfer to the target NEA. Once at the
asteroid, the mission design would allocate 90 daysharacterization of the NEA, determinationtef
spin state, creation of a detailed shape model, thadsubsequent capture and de-tumbling of the
asteroid. The SEP system would transport the NBékko the vicinity of the Earth-moon system
where another lunar gravity assist would be usechpgure the vehicle plus NEA to a slightly negativ
C3. Approximately 4.5 months after the LGA, the asigtland spacecraft would complete the transfer to
a stable high lunar orbit with essentially zeroiaddal AV.

Earth Departure, Rendezvous and Pre-Capture Operatins

As a proof of concept it was desirable to perfoha trajectory analysis using a known small near-
Earth asteroid. Candidate asteroid targets welectee from the data base of known NEAs by
searching for those that had close approaches titn.BdEAs were first selected that make a close
approach to Earth of < 0.2 AU at a relatively loslative velocity (< 3 km/s). The close approachedat
was then used as an initial guess for the datettleaACR spacecraft could return the asteroid & th
Earth-moon system. The maximum return mass wasdfdny optimizing just the return leg trajectory
for maximum return mass with fixed power and unlmchNEA departure mass. The initial guess for
the Earth escape and asteroid encounters coulcatiypbe very rough: Lambert fits with 300 d (on so
Earth-to-NEA and NEA-to-Earth legs converge fotialireturn masses of < 100 t. Larger return masses
could usually be accommodated by moving the Eaggradure and NEA arrival dates earlier in year
steps to provide more time for thrusting on thenreteg.

Because there are many known but uncharacterizédsNEis possible to find a few small objects
with orbits similar enough to Earth’s to returngar~1000 t) masses. With the additional consttagut
a potential target should have an upcoming observatpportunity, 2008 HU4 provides an example
target for return of an entire NEA. The pertindasign parameters are listed in Table 4. The etdona
AVs for this particular NEA are: LEO to lunar gravéssist = 6.6 km/s; heliocentric transfer to tHeAN
= 2.8 km/s; NEA return to lunar gravity assist 201@/s. Since it is not known what type of asteroid
2008 HU4 is, its mass is highly uncertain. Tablubhmarizes the results assuming the asteroid mass i
as low as 250 t and as high as 1,300 t. The toajedetails to return up to 1300 t are presenteBig.
8. Only the heliocentric portion of the trajectasydescribed in Table 4 and Fig. 8.
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Depart: 2008 HU4
4/26/2020

TOF: 729 days
Mass: 1314 t

Arrive: 2004 HU4
Escape: Earth b 1/24/2020
4/28/2018 i TOF: 635 days
TOF: 0 days Mass: 14 t

C;: 2.0 km?/s?

Mass: 15t Return: Earth
4/26/2026

TOF: 2920 days
Cs: 1.6 km?/s’
Mass: 1306 t

<=

Figure 8. Example mission returning 2008 HU4, a small (~7 m), 1300 t of NEA with a radar opportunity
in 2016.

Table 4. Asteroid retrieval trajectory design parameters based on 2008HU4.

Parameter Value Comments
SEP Power (EOL) 40 kW
Specific Impulse, Isp 3000s
EP System Efficiency 60%
Spacecraft Dry Mass 55t
Launch: Atlas V 551-class
Launch Mass to LEO 18.8t
Spiral Time 2.2 years
gg:::: ii;/Used gg It( s LEO to lunar gravity assist
Mass at Earth Escape 15.0t
Transfer to the NEA
Earth Escape C3 2 km?/s? Lunar gravity assist
Heliocentric AV 2.8 km/s
Flight Time 1.7 years
Xe Used 141
Arrival Mass at NEA 13.6
NEA Stay Time 90 days
Assumed Asteroid Mass 1300 t

Transfer to Earth-Moon System
Departure Mass: S/C + NEA | 1313.6

Heliocentric AV 0.17 m/s
Flight Time 6.0 years
Xe Used 7.7t

Mass at lunar gravity assist 13059t

Escape/Capture C3 2 km2/s2 Lunar gravity assist
Total Xenon Used 129t
Total Flight Time 10.2 years

29




Table 5. Interplanetary (Earth escape to Earth capture) trajectories for example missions.

] _ Xe _ FIig_ht Tin]e
Target Mass of _ (not including (not including _

Asteroid Asteroid Launch Vehicle the Earth Earth the Earth Arrival

Designation Returned spiral) Escape spiral) C3
(t) () Date (yrs) (km?/s2?)

2008 HU4 250 Atlas V 521-class 5.0 4/27/2022 4.0 1.8

2008 HU4 400 Atlas V 521-class 5.2 4/27/2021 5.0 1.7

2008 HU4 650 Atlas V 521-class 6.5 4/27/2020 6.0 1.6

2008 HU4 950 Atlas V 551-class 8.9 4/28/2019 7.0 1.6

2008 HU4 1300 Atlas V 551-class 9.1 4/28/2018 8.0 1.6

2008 HU4 200* Atlas V 551-class 8.7 8/15/2017 8.0 0.0

*Returned to Sun-Earth L2.

The first five rows of Table 5 indicate that adalital flight time would be required to return larger
asteroid masses. However, the return date woulfixed to when the NEA naturally has a close
encounter to Earth, so the additional flight timewd come at the expense of earlier launch dates.
Also, larger return mass would typically requiredéidnal propellant, which would increase the wet
mass of the spacecraft and requires larger lauahfches. Higher power SEP systems could reduce the
flight times.

Direct transfers to Sun-Earth L2, without an intediate lunar gravity assist, were also examined.
The mission-specific parameters for a represemdti@jectory are shown in row six of Table 5. The
process for this is to connect the low-thrust ipli@metary trajectories to a stable manifold that
asymptotically approaches L2. The first step isgemerate a table of state vectors that define the
manifold. Then the state (position and velocity)tloé target over the time span of interest aresdall
from an ephemeris and rotated into the same frantleeamanifold data.

A particularly useful frame is an Earth-centerediaktangential-normal (RTN), where the radial
component is Earth’s position with respect to thhe and the normal component is Earth’s orbital
angular momentum, because the manifolds are indepérof the reference epoch in this frame (i.e.
they don't significantly vary over Earth’s orbitcamd the sun). A heuristic cost function may be
calculated by taking the difference in positionvietn the NEA and the manifold and dividing it by an
assumed transfer time (e.g., two years) to gehtandeptAV, then adding the difference in velocities to
get an approximate totalV to match states and place the NEA on the manifblds cost function is
three dimensional and can be parameterized byelatisolute time along the NEAs orbit; 2) the re&ti
time from L2 on the manifold; and 3) the arrivalsgimmn along the L2 orbit. A direct transfer to Sun
Earth L2 would require mor&V than capturing with a lunar flyby and would siicantly reduce the
return mass capability.

Pick Up a Rock Alternative Mission Approach

In the Pick Up a Roclkapproach the plan would be to gather a single ~diameter rock off the
surface of a >100-m asteroid or, failing that, ecila similar mass of regolith or smaller rocksd®+of-
concept trajectories using asteroid 1998 KY26 asettample were performed. 1998 KY26 is known to
be a C-type carbonaceous asteroid. The relativebllssumber of asteroids with known types makes it
more difficult to find potential targets with orhitcharacteristics that would permit large returasses.
In this case, 1998 KY26 would require mav¢ to return a sample than was the case for ast@@i®
HU4. For 1998 KY26 “only” 60 t could be returnesl iadicated by Fig. 9 and the first row in Table 6.
The asteroid 2008 EV5 (not examined here) is amofhé&/pe asteroid from which sizable samples
could be returned.
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The difference between the first and second rowkable 6 is the addition of an Earth gravity assist
in row eight to leverage down the naturally higlt@mter velocity of 1998 KY26. Table 8 also shows
results for the NEA 2000 SG344, which has an ordiy similar to Earth’s and would permit very large
return masses. However the return trajectory iy gensitive to arrivaC3, where the addition of 0.1
km?/s* would double the return mass (comparing rows 34nth this case it appears that the sensitivity
is due to continuous thrusting on the return lewl ecreasing flight time wouldn’t help becausettu#
synodic phasing of the NEA and Earth (moving theoamter earlier by a year would remove the low-
AV transfer). Again, as demonstrated in the finaV if the Table 6, the additionAV of removing all
of the arrivalC3 to capture directly onto the L2 manifold would mhatically reduce the return mass

capability.

Arrive: 1998 KY26

5/21/2022

TOF: 672 days
Mass: 10 t

Depart: 1998 KY26 /
8/30/2022
TOF: 772 days

Mass: 70t //

Return: Earth
11/23/2025
TOF: 1953 days
Cy: 2.0 km?/s?
Mass: 67t

/" Flyby: Earth
Escape: Earth  7/9/2024
7/19/2020 TOF: 1452 days
TOF: 0 days  Cjy: 8.8 km?/s”
C5: 2.0 km’/s” Alt: 4927 km
ass: 11t

Figure 9. Example mission returning 60 t from a well-characterized 30-m carbonaceous NEA.

Table 6. Interplanetary (Earth escape to Earth capture) trajectories for example missions.

Assumed
Mass of Launch Vehicle Xe Flight Time
Target Returned (baseline) (not including Earth (notincluding | Arrival
Asteroid Material the Earth spiral) | Escape the Earth spiral) C3,
Designation (t) (t) Date (yrs) (km?/s?)
1998 KY26 30 Atlas V 521-class 49 11/11/2019 4.7 2.0
1998 KY26 60 Atlas V 521-class 4.2 7/19/2020 5.3 2.0
2000 SG344 1800 Atlas V 521-class 1.8 3/8/2027 2.6 2.0
2000 SG344 3600 Atlas V 521-class 1.5 2/14/2027 2.6 2.1
2000 SG344 100* Atlas V 551-class 6.3 4/20/2024 6.5 0.0

*Capture directly to Sun-Earth L2 via a stable manifold. All others assume lunar capture to S-E L2.
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Get a Whole One Pre-Capture Operations

Since the targeted NEA is only ~7 m in diameter,rdrelezvous would likely need to implement a
search prior to encountering the NEA. For examiole2008 HU4 (without radar astrometry in 2016),
the ellipse uncertainty is ~ 200,000 km x 1,000,860 Assuming a navigation camera similar to the
Dawn framing camera, the NEA should be visible fraglistance of 100,000 km to 200,000 km.

During the 3 months prior to rendezvous, images delth-difference one-way range (DDOR)
measurements would be obtained to constrain the pESkion and obtain preliminary information for
further approach and close-up characterization. Jgececraft rendezvous point could be defined at
about 20-30 km out, with a residual speed of |kas tL-2 m/s.

In the far-approach phase the spacecraft wouldoagprand loiter in the vicinity of the target body
by following a ground-provided SEP thrusting prefiThe range to the target may be several kilometer
at this point. This should permit target-relatiwesipion (target> S/C inertial position) estimation using
on-board GNC sensors and functions. Once the velatate is known, the on-board station-keeping
algorithms would use this data to execute desaggkt-relative proximity motions.

A 7-m NEA has very little gravity, less than@én/s. Hence, the incremental approach from 20-30
km down to 1 km would be a function of the time aee to analyze images/data. A 1-km standoff
distance (if hovering), or close approach distafiicelow hyperbolic flybys are adopted) would be a
good distance for sub-meter imaging. Full charazaéon would be done at distances from 1 km to 100
m, over varying phase angles. Note that orbiting $mall NEA is theoretically possible but would $ho
likely outside of the spacecraft proximitxV capabilities (too smallAV maneuvers needed).
Implementing slow hyperbolic flybys would requirbaaut 3-4 days per flyby accounting for planning
maneuvers and processing tracking data.

Being most likely a fast rotator (from current sats on < 100-m NEAS, the spin period may be as
fast as 10 min), a 1-2 Hz frame rate camera woelddeded for resolving the spin state. To accant f
a possible lack of surface features to navigath,wisible images combined with IR images wouldabe
must-have capability. Gathering full coverage daith the candidate instrument suite given in Table
would total about 30-40 Gb at most within a cougflenonths.

In the middle-approach phase a target-relativedtayy (inertial) would be executed using relative
position estimates to bring the S/C to within a femndred meters of the target, and park it thereaifo
extended period of time. Parking in this contexplies loose station-keeping (i.e., back-and-forth
coasting inside a control dead-band box definethéntial space in the vicinity of the target bodi).
should be possible to use a radar altimeter dutimg phase. This implies identification of model
parameters that could be used to propagate tamght brientation as a function of time on-board.
Although it could be, spin state identification vidmot required to be an autonomous function.

Assuming radar observation opportunity prior todezvous constrain the mass uncertainty to a
factor of 2, the spacecraft would need to comeiwit® m of the NEA, drifting by it at less than 10
cm/s, for the radio experiment to reduce the masemainty. As an alternative, a landing probe or
beacon on the surface could be used. In additidseoning, surface experiments could be used for
testing the surface mechanical and electrical ptgseprior to any capture and de-spinning actwiti

In addition to the candidate instrument suite ibl€& a Gamma Ray Neutron Spectrometer (such as
the GRaND instrument on Dawn) could be considecednieasuring the surface composition, and a
Regolith X-ray Imaging Spectrometer (such as RESSOSIRIS-REX) could be considered for X-ray
spectroscopy.
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Table 7. Candidate instrument suite.

.~ I
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Capture and Post-Capture Operations

The conceptual mission design allocates up to 98 &ar the spacecraft to characterize the NEA,
capture it, and subsequently de-tumble it. Thesegsses, which would be essential for an asteroid
return mission, are outlined below.

Capture — This process must capture the NEA, which is comeleio be a tumbling, non-
cooperative object. The capture process must beueee largely autonomously in deep space.
Sometime after the spin state has been identifedS/C would approach the target body by follonang
series of closure steps consisting of several destationkeeping-descent cycles. The guidance
subsystem would use radar-altimeter aided relgtoggtion estimates (inertial) to plan and exechesé
trajectories. The final stationkeeping location nisey/ tens of meters from the target center. The S/C
would then match the surface velocity and primay state of the target while maintaining station a
the final station-keeping location. In the singfemsecraft architecture, to make the spacecraft leimb
enough to do this it may be necessary to provigectpability to fold back the large solar arrays as
indicated in Fig. 10. In this configuration, thdasocells would still be facing outward, and theags
can still generate at least 3.8 kW of power evethély're off-pointed from the sun by up to 85 deg.
Final closure motion would be initiated while remag in the synchronized motion state. Control
would be disabled just before capture and re-astedd following a successful capture and securing o
the target body.

The GNC algorithms to rendezvous with a non-codperaspace object exist for objects in Earth
orbit. The algorithms, developed for rendezvous aadhple capture, were exercised in a DARPA-
funded study. That study demonstrated the captuaedefunct, spinning and wobbling, non-cooperative
object in Earth orbit. During capture, the astensmlld be positioned inside the capture mechanisth a
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there would only be a small residual relative visjobetween the asteroid surface and the capture
mechanism.

Figure 10. Conceptual spacecraft with solar arrays folded back to facilitate matching the asteroid’'s
spin state during the capture process.
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Figure 11. Conceptual flight system configuration before deployment of the capture mechanism
showing the locations of the cameras on the solar array yokes used to verify proper deployment and
subsequently to aid in the asteroid capture.



To capture the asteroid multiple "draw strings"” VWdocinch-close the opening of the bag and also
cinch-tight against the bulk material. The tightipched bag containing the asteroid would be drawn
up against a ring that constrains its position atidude so that its center-of-mass is controlled a
forces and torques could be applied by the S/C.eCasrpositioned on the solar array yokes as irslicat
in Fig. 11 would be used to determine if the captmechanism was correctly deployed, and to aitden t
asteroid capture. A ring would be between the lssgmbly and the body of the S/C for the purpose of
imparting forces on the bulk material through treg.b Although not shown in Fig. 11 it may be
necessary to include a "Stewart Platform” in wigbhlinear actuators would allow the ring to be redv
in X, y, z, roll, pitch, and yaw. This would enaltkee center-of-mass of the final bagged asteroibleto
positioned within an acceptable range of the SEstar gimbals so that the resultant thrust vefttm
all the EP thrusters could nominally be pointeatigh the center of mass of the whole assembly.

Due to the residual velocity between the asteroitl the spacecraft, there would be some “impact”
as the asteroid is captured. Although, since ther@s would be much more massive than the
spacecraft, it is perhaps better to think of tisishee asteroid capturing the spacecraft. Nevedbhetence
the spacecraft and asteroid are tightly secure@theg, the spacecraft could then de-tumble the
combination.

In the Separable Spacecraft Architecture, aftecesgful de-tumbling of the NEA the SEP Stage
would descend to rendezvous with the detumbled $SH&Steroid system. This system would now be
deemed a co-operative target in the sense thatiitl ceorient itself to face the SS if needed.

De-spin — To estimate the time and propellant requiredidetumble the asteroid, the object was
assumed to have a mass of 1,100 t, be rotatingRRN about its major axis, and have a cylindrical
shape of 6-m diameter x 12-m long. The 200-N RG8stlers would be used for this process and are
assumed to have a moment arm of 2 m. The angularemtum of spacecraft with asteroid would be
1.7x1¢ N-m-s, and the major and minor moments of in€Mi®Is) with the spacecraft attached are
estimated to be 1.65x1kg-nf and 5.52x1® kg-nf. The resulting time for despin would be ~ 33
minutes assuming continuous firing, and approxitged@6 kg of propellant would be required.

Pick Up a Rock Considerations —-This scenario would also make use of a high-streihgiy to
capture a large rock on the surface of the astelboib rock on the surface of the asteroid isal#,
then it would be necessary to collect bulk regoirtstead. It may be possible to accomplish this by
anchoring the S/C onto the surface, and havingiawslower" that could pivot around the anchor poin
so as to fill the sample bag with collected mategiatering via a chute from the snow-blower. The
snow-blower, just like its name-sake on Earth, wouse forces imparted by a spinning blade to fling
the regolith into the chute, where it would propaday its own inertia along the chute into the bage
opening of the bag would have previously been @dobver the chute so that the bulk material cannot
escape. Note that, unlike terrestrial "baggingnanowers,” no provision would need to be made for
escape of air.

If it is desired to collect up to 1000 cubic metefdoose regolith, and it is assumed that the snow
blower could (on successive passes) dig up to Emustep, and would be able to process an annulus
ranging from 3 to 10 meters away from the anchweotpithen each anchor point could provide up to
about 250 cubic meters of material. So some 4difit anchor points must be assumed.

The bag would need to comfortably accommodate t0®ic meters of sample, which means that it
would be more than 10 meters in diameter and 1@nmné&ing. This would be too large to fit in presen
day launch shrouds, so it must be deployed. Hathedg'arms" that open the bag be inflated tubes so
that the whole assembly would be made of fabricdemoy out of a compact package seems attractive.
Similarly, the chute and support for the snow-blowray also be inflated. Computer-controlled winch
cables would cinch the drawstrings of the bag(®)dutate the radius of operation of the snow-blower,
etc.
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On another side of the S/C would be the anchori@gurently this is envisioned as one or more
auger-type anchors that can be "screwed" intodflraih. Two counter-rotating augers (one rightehan
and one left-hand) can provide anchoring with notoejue reaction. These anchors can be released s
that multiple anchor points can be provided as eédd¢d acquire 1000 cubic meters of regolith. Opeosi
the anchor assembly is the short-range communicaidgennas, camera platform, and other sensors
needed for the regolith gathering activity.  Sirtlse anchor, by definition, is on the side facihg t
asteroid, this side faces space, and provides d gtach point for a camera boom giving a proper
vantage-point for managing either the snow-blowethe free-flight approach to guide the bag to
envelop a rock.

Getting to Lunar Orbit

The large mass of the captured asteroid and relgtiow thrust available from the Hall system,
require that the spacecraft + asteroid must hawéYhnecessary to target the lunar gravity assist well
before the lunar encounter. This requirement, Wwiappears feasible, is not unlike the requiremént o
the Dawn mission to have a forced coast period lvelbre the Mars Gravity Assist. The asteroid
would arrive into the Earth-Moon system on a hypecdarajectory with positiveC3, but after the lunar
gravity assist, would have a negat{¥d with respect to the Earth and would be gravitatilyncaptured.
The flyby could be targeted such that it would grthe asteroid back into a high lunar orbit, howeve
such an orbit would not be stable and the spadeaa@ild not remain captured by the Moon without
additional AV from the SEP system. This is illustrated in Fig® and 13 which show the flyby
sequence in the Moon and Earth centered framgsgctgely. The illustrated sequence would require
no AV after targeting the flyby condition.

Figure 12. Lunar Gravity Assist and Lunar Arrival in a Moon-Centered Frame.
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Figure 13. Lunar Gravity Assist and Lunar Arrival in an Earth-Centered Frame.

We estimate that the lunar orbit could be mainthwéh station-keeping on the order of 10 mi$
per year. However, the propulsion system wouldirbged in the rate it could apply th&V given the
thrust limitations of the Hall system and the mas$sthe asteroid. The baseline mission concept
described above does not currently include the gilamt necessary for multi-year station-keeping. A
xenon resupply or an additional propulsion modulaynbe necessary for the long-term orbit
maintenance of the asteroid. A proof of concepafwrbit insertion was simulated, and a 25-N ttenus
was sufficient for insertion into a stable lunabiar The 25-N thruster lowered the aster@@ with
respect to the moon below -0.1 #83. The transition to a stable lunar orbit is shawfig. 14.

Figure 14. Stable Lunar Orbit Insertion is the moon centered (left) and Earth centered (right) frame.

After lowering the asteroid to a stable lunar grlithigh-fidelity propagation was performed using
Copernicus [38] and all potential perturbations dademonstration of stability. The asteroid reradin

captured in lunar orbit after 20 years of simulatwithout any additional station-keeping as shown i
Fig. 15.
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Figure 15. Long duration (20 years) stability simulation for the captured asteroid placed in lunar orbit.

Additional work still remains for the preliminaryesign of final insertion operations and the final
asteroid parking orbit. This analysis is necessargetermine both the station-keeping requiremamts
maintain the asteroid in orbit either in a highdumrbit or potentially in a Lagrange halo orbitahe
necessary control authority (i.e. thrust) akMd to transfer the orbit into a long duration stabkbit;
likely around the Moon. For a long duration sadatia propellant resupply or an additional propmuisi
stage after Earth arrival may be required dependmtipe outcome of the detailed stability analysis.

Cislunar Operations
In the context of human exploration, the NEA cob&lused to gather engineering knowledge and

assist in the development of tools and operationgact, having the NEA close by would provide a

compelling mission objective outside of LEO for astronaut crew to take it apart. The relative

proximity of the NEA will make affordable the usérmore complex payloads. Several activities could
take place after the NEA is placed in cislunar totbibenefit human exploration, the development of

ISRU, and science. The following measurements cda@dobtained by both robotic spacecraft and

crewed missions.

e Remote sensing imaging obtained over various wagéhs and phase angles for compaosition,
morphology, high resolution mapping of the entueface.

e Stereo techniques and ranging instrumentation weniéble high resolution digital terrain models to
be constructed to assist in further surface agtpléinning.

e Surface and sub-surface element and volatile coitnpo®btained using gamma ray and neutron
spectrometer such as the GRaND instrument on ti[Bpacecraft, or using X-ray spectroscopy
such as the Regolith X-ray Imaging Spectrometer{ISIE currently proposed on the OSIRIS-Rex
mission.

These data would directly feed into subsequentasarfind subsurface sampling operations planning,

and the corresponding development of equipmenti@old. Specific surface and subsurface operations

could involve:

e Taking core samples at various depths for furthecgssing tests on Earth, dust mitigation, and
measuring with more accuracy mechanical and ebtattproperties to compare with remote sensing
surveys.

e Testing of large-scale sample acquisition usingowarcollection approaches, leading to subsequent
mining activities.

e Testing of anchoring procedures and devices.

e Verification and validation of proximity operatiopsocedures to be implemented at deep-space
locations such as the moons of Mars or other nesthEasteroid destinations.

38



Mining/Benefaction/Extraction/Fabrication — The technical requirements for mining asteroids
would be as diverse as those used on Earth. Blauasteroidal feedstocks cover a vast range of
chemical compositions and physical properties, sstygg a careful tailoring of drilling, blasting,
cutting, and crushing hardware to the chosen targat placing a premium upon prior knowledge of
the nature of the target material. Indeed, onth@fcentral reasons for choosing a water-bearirgp€-
asteroid as our first target is that the chemical physical properties of these materials are batther
well understood and benign (very low crushing ggterand high content of desirable volatiles). Benc
scale prototypes of systems for processing astdraidterials have been developed in laboratories on
Earth, in some cases using real meteorite matersaise feedstock.

Further development of equipment for effecting maheseparation on asteroids, a process that
would become more important in potential future siwes to volatile-poor metal-bearing asteroids,
could await both experience with the first retrié\asteroid and laboratory investigations on meteori
samples. Beneficiation (the selective enrichmentesired minerals) may in many cases require
crushing of the target rock, followed by magnegiectrostatic, or other means of concentrationchSu
concentration technologies would also be of comalile value on the Moon for the concentration of
potential ores such as ilmenite.

The extraction of a desired material (water, carbotrogen, iron, nickel, sulfur, platinum-group
metals, etc.) may involve either chemical or phgisiprocesses. Examples include thermal
decomposition of clay minerals and hydrated saltsetease water vapor, Mond-process volatilization
and separation of metallic iron and nickel, eldgsis of molten silicates, or any of dozens of othe
candidate techniques which would be chosen for tleé@vance to the intended target and the desired
product.

Fabrication of products would likewise involve ashof different possible processes. Production of
high-purity water for propulsion or life-supporteusnay require controlled distillation of the fixit
water driven off by heating the asteroid matertaképarate the water from undesirable contaminants
such as volatile organics and sulfur and chloriompounds. Likewise, production of high-purity iron
(99.9999% iron has the corrosion resistance ohlgiss steel and a very high tensile strength) cbald
effected by Mond-process volatilization of nativetal alloys, simple distillation to separate irarda
nickel carbonyls, and controlled thermal decompasiof the iron pentacarbonyl vapor in a heated
mold (at about 200 Celsius and 1 atm pressurapri¢ation of refractory bricks or aerobrakes cdudd
done by microwave sintering of appropriate metatdexmixtures in molds. These candidate fabrication
processes could be developed sequentially as pariexce with in-space processing grows, and as new
classes of asteroidal feedstock become available.

Science—- The immediate science goals of our proposed adteetiieval mission are to understand
the physical and chemical history of the body ashale. Certain “classical” analytical procedurasch
as assays for the content of a wide variety of migeonstituents, could easily be done on smallpasn
(one kilogram would qualify as a “huge” sample)damould most likely be done in well-equipped
laboratories on Earth. Unraveling the fragmentaticegolith-formation, ejection, and gardening
processes on the body, presumably best done byiexgnthe concentrations of cosmogenic (cosmic-
ray-produced) noble-gas nuclides and radionuclatesany sites and depths on the body may best be
done by a miniaturized mass spectrometer with gobagisystem capable of collecting samples and
heating them in a sealed chamber, supplemented d@nsitive and well-shielded radiation detector.
Possible regional variations in bulk elemental cosifion, such as would be caused by accumulation of
large chunks of foreign material from impactorsyldobe detected by gamma-ray spectrometric (GRS)
analysis, although this technique is insensitivesrimall fragments of foreign material mixed into the
surface regolith. The GRS instrument would havdéddodeployed on or very close to the surface at
multiple locations. The sites of the GRS analygesld be chosen on the basis of spectral mappitay da
with high spectral and spatial resolution, whict edentify the spectral features of major and minor
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minerals. Both the GRS and spectral mapping instnis could be straight-forward adaptations of
existing flight hardware.

Cost Estimate

The GRC COMPASS team generated an initial costes#i for the Asteroid Capture and Return
mission concept. This cost estimate, in FY'12 $dsed on the following assumptions.

Prime contractor design, test & build based on NA#dvided specs

Proto-flight development approach (except power@agulsion subsystems)

Single ground spares included where applicable

Assumes all technologies are at TRL Level 6 — Stemate does not include any cost for technology
development up to TRL 6

The cost estimate:

0]
(0]
0]

0]
(0]
0]

Represents the most likely estimate based on ¥ssimulation results

Includes mass growth allowance

Is a parametric estimate based on mostly mass-b@est Estimating Relationships (CERS)
using historical cost data

Includes planetary systems integration wraps

Includes flight software costs based on analogh@dDawn flight system

Does not include the cost of propellant

With these assumptions the estimate of the Prim@r@ctor cost including fee given in Figs. 16 afd 1
was generated. The total cost for the first unituding DDT&E is $1.36B. The recurring cost foeth
flight hardware is estimated to be $0.34B. Theltotat for the first ACR mission is estimated atéh2

as indicated in Fig. 17 including NASA insight/osght, the cost of the launch services, mission
operations, and reserves.

DDT&E Flight HW DD&FH
Total Total Total
WBS Description (FY12$M) (FY12$M) (FY12$M)
06.1.1 Payloads 65.0 28.0 93.0
06.1.2 Command & Data Handling 50.1 18.3 68.5
06.1.3 Communications and Tracking 29.7 13.7 43.4
06.1.4 Guidance, Navigation, and Control (GN&C) 17.2 12.7 29.9
06.1.5 Electrical Power Subsystem 190.3 62.1 252.4
06.1.6 Thermal Control (Non-Propellant) 26.0 13.2 39.3
06.1.7 Structures and Mechanisms 52.1 26.0 78.0
06.1.8 Propulsion System 156.0 67.5 223.5
06.1.9 Propellant 0.0 0.0 0.0
Subtotal 586.4 241.6 828.0
IACO 41.6 12.6 54.1
STO 37.7 37.7
GSE Hardware 77.0 77.0
SE&I 109.9 35.6 145.5
PM 42.5 18.3 60.8
LOOS 40.6 40.6
Spacecraft Total (with Integration) 935.7 308.0 1243.7
Prime Contractor Fee (10% less payload) 87.1 28.0 115.1
Spacecraft Total with Fee 1022.7 336.0 1358.7

Figure 16. Cost estimate for the Prime Contractor (including fee) in FY’'12 $.
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FY12$M

NASA insight/oversight 204 15% of prime contractor costs
Phase A 68 5% of B/C/D costs

Prime Contractor B/C/D cost plus fee
Spacecraft 1359 (10% - less science payload)
Launch Vehicle 288 Atlas 551
Mission Ops/GDS 117 10 year mission plus set-up
Reserves 611 30% reserves
Total 2647

Figure 17. Total cost estimate for the Asteroid Capture and Return mission concept.
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VIl. SEPTECHNOLOGY STATUS AND REQUIRED DEVELOPMENT

Affordable, high-performance, deep-space propulsemimnology is essential for the ACR mission
concept. Solar electric propulsion is the most -effgctive technology in existence for providing
substantial post-launch propulsion capability iremlespace. A comparison of on-board propulsion
capability for 18 deep-space missions is shownign E8. This figure shows the propulsion provided
beyond that required for Earth escape by the lawsdhicle (shown in green) and the on-board
propulsion system (shown in blue). TA¥ provided by gravity assists is not included ig.FL8. The
two missions with the largest on-board propulsidhby far are the two that used SEP, i.e., Deep &pac
1 (DS1) and Dawn. The Dawn SEP subsystem provides af nearly 11 km/s. In contrast, the largest
post-launch chemicalV for a deep-space mission was on Magellan, whésege solid rocket motor (a
STAR-48) was used to provideA/ of 2.7 km/s to perform the Venus orbit insertio@aneuver. For
liquid chemical propulsion systems the largest egereAV is the 2.4 km/s used for the Saturn orbit
insertion on the Cassini mission.
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Figure 18. Comparison of post-Earth escape AVs for 18 deep space missions indicating that by far
the greatest on-board propulsion capability is provided by the solar electric propulsion technologies
used on DS1 and Dawn.

For the proof-of-concept low-thrust trajectoriesci#bed above based on asteroid 2008HU4Ae
required to move the asteroid to lunar orbit wolkdonly approximately 170 m/s. The large asteroid
mass, however, would result in a substantial reguiotal impulse. If we assume that 2008HU4 has a
mass of 1000 t, and our spacecraft has a dry nfas$d, then from the rocket equation we get the
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required propellant masses shown in Fig. 19 foedahtifferent propulsion options: LOX/LH2 with an
Isp of 450 s; a space-storable bi-propellant systeth amlsp of 325 s; and an SEP system withisp

of 3,000 s. This figure shows only the propella@tssirequired for the return leg of the missiomuloks
not include the propellant mass required to delitierreturn propellant to the NEA. The space-sterab
chemical propulsion system would require over B0 propellant to transport the NEA to lunar orbit.
Even the best chemical propulsion technology, LOXZ|.would require nearly 40 t of propellant at the
NEA. Significantly more propellant, of course, equired to deliver this propellant mass to the NEA.
The SEP system, on the other hand would requiteujuder 6 t of xenon propellant at the NEA, which
would enable a single EELV launch.

The basic ACR mission requires an SEP technologyacterized by an end-of-life power level of
order 40 kW, a Hall thruster technology capableopérating at a specific impulse of 3,000 s, and
lightweight propellant tanks capable of storingtad2,000 kg of xenon. The current state-of-thefaar
these technologies and prospects for maturing tteemie levels required for the ACR mission are
described below.
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Figure 19. The estimated propellant mass required to return a 1000-t NEA to lunar orbit would be
prohibitive without solar electric propulsion (SEP).

Solar Array Technology

The current state of the art for solar array tetbuis probably best represented by the solayarra
in use on the largest commercial communicationllgate These satellites use rigid-panel arraythwi
triple-junction cells and beginning-of-life (BOL)oper levels up to 24 kW. At least one commercial
satellite manufacturer is now offering a 30-kW B@Capability. A typical rigid-panel solar array has a
specific power of approximately 80 W/kg.

The alternative to rigid-panel solar arrays araifike-blanket arrays. Flexible-blanket arrays have
been flown on the International Space Station (IB8S) rectangular configuration with 12% efficient
single-junction solar cells giving a specific povadrabout 40 W/kg, and on the Phoenix mission & th
circular Ultraflex [37] configuration with 27% effient solar cells resulting in a specific powerbbut
110 W/kg.

The ACR flight system concept described above assuhe use of a flexible blanket solar array in
the Ultraflex configuration with 33% efficient IMMells. The BOL specific power, however, would be
a conservative 73 W/kg, because this includes 5@®eam thick cover glass on the front and back ef th
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cells to reduce the radiation damage during theksput through the Earth’s radiation belts.

Ultraflex solar arrays were scaled up by nearlpater of magnitude from 0.75 kW per wing for the
Phoenix spacecraft to about 7 kW per wing for th®i®vehicle [39]. The ACR mission concept would
need an additional factor of four increase in thedflex solar array power to about 29 kW per wing.
The circular configuration of the Ultraflex solaray means that a factor of four increase in popesr
wing could be achieved by increasing the wing radiiy only a factor of two. The inverted metamorphic
solar cells with an efficiency of 33% are expededbe flight qualified well in advance of the assdn
2020 launch date for the ACR mission.

Electric Propulsion Technology

The electric propulsion technology required for &@R mission concept has three key components:
Hall thrusters capable of processing an input pae0 kW each while producing a specific impulse
of 3,000 s; Power Processing Units (PPUs) capdipeowiding the power necessary to operate the Hall
thrusters at this specific impulse; and propeltanks capable of storing the required xenon loatl wi
tankage fraction of approximately 4%.

Hall Thruster — The state-of-the-art in Hall thruster technologyrépresented by the BPT-4000
thrusters that are currently flying on the Air Feréddvanced Extremely High Frequency (AEHF)
satellite [40]. These thrusters operate at up 0okdV and a specific impulse of up to 2,000 s. Hall
thrusters under development have been operatqebaifis impulses over 3,000 s at around 6 kW [41].
Other Hall thrusters have been designed and téstenperation at power levels of 20 kW and higher
[42,43]. The thrusters are assumed to incorporatently developed technologies which mitigate
channel wall erosion so that no additional thrisstezed to be added because of propellant throughput
limitations [44,45]. The ACR mission concept reguaients for a 10-kW, 3000-s Hall thruster represent
a capability that could easily be developed.

PPU —The high specific impulse of 3000 s needed forAGR mission design would require an
input voltage to the Hall thruster of approximat880 V. Voltages of this level are currently comset
to be too risky for solar array operation and seatidrive was not considered for the ACR flighsteyn
concept. Consequently, the ACR spacecraft assuheeside of a conventional PPU with an output
voltage capability of 800 V and 10 kW. Hall thrusBPUs are under development that could produce
the required voltage level and others that canywedhe required power level. Therefore, develogmen
of a PPU with the required capability should baigtit forward.

Xenon Tank —The ACR mission design would require the storajabmut 12,000 kg of xenon.
This is nearly a factor 30 greater than the 423akmched on the Dawn mission — the largest xenon
propellant load launched to date. The Dawn xenoh kes a tankage fraction of 5% [46]. Lightweight
tank technology currently under development isgutgd to enable a xenon tankage fraction of 3%. For
the ACR mission concept we have assumed a tankagBoh of 4% as a low-risk extension of the
current state-of-the-art.

Near-Term Application of SEP Technology for Human Mssions to NEAs

The development of a 40 kW-class SEP system wouldige the valuable capability of being able
to pre-deploy several tons of destination elemdatgstics, and payloads. Initial estimates idigntnat
approximately 3,100 kg of elements and logistiden@ with approximately 500 kg of destination
payload, could be pre-deployed in support of a huiBA mission, rather than carried with the crew.
This approach would reduce the requirements folahech vehicles and in-space propulsive elements
required to conduct a human mission. The amoumass that could be pre-deployed along with the
SEP system is primarily a function of the launchigke utilized, the orbital energy requirementsiod
NEA target, the efficiency of the SEP system, amel desired amount of returned mass. Although a
SEP system and associated cargo could be delit@ted-Earth orbit (LEO) by the launch vehicle and
spiraled out to escape the Earth’s gravity, theetm@quired to perform this operation along with the
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radiation and micrometeoroid and orbital debris (MD) exposure resulting from the spiral from LEO
would make it desirable for the launch vehicle &able to propel the SEP system and payload to an
escape C3. Additionally, since the departure wivaltor accessible NEAs could be short and sinte it
likely that pre-deployed assets would be requicedoe at NEA prior to crew departure from Eartle th
duration of the pre-deploy mission would be a caitifactor.

Another important capability that could be leverhge the ability to return several metric tons of
asteroid samples to cislunar space and/or thelgessturn and reuse of mission elements. Cugrentl
the Orion Multi-purpose Crew Vehicle (MPCV) is lited in the amount of mass it could return to the
Earth’'s surface. The current estimate for the MP@Wrn capability is 100 kg of samples and
associated containers. These samples would bmeefuo cislunar space and they could either be
cached or analyzed and high-graded before the daralples were returned to Earth over some period of
time. Being able to return several tons of samplesld greatly increase the value of the human NEA
mission, and returning critical, high-value missglaments could reduce the cost of subsequent human
missions.

A notional concept of operations for a human NEAsian utilizing pre-deployment and providing
multi-ton sample return capability is depicted ig.R20.

If the SEP system could deliver ~4,000 kg of payltathe target NEA for a human mission, this
would likely be sufficient to provide the necessalyments and equipment to be able to utilize teé S
as an excursion vehicle (e.g., airlock, robotic sranchoring system, etc.) for exploring the swfat
the NEA. A preliminary analysis indicates thatngsSEP for excursions from the mission deep space
habitat to the NEA appears feasible from a daifvet time/distance standpoint, but the ability to
perform local proximity operations needs furthetaded analyses. A conceptual excursion spaceisraft
depicted in Fig. 21. Developing confidence in 8P system (i.e., the power and propulsive systems)
could also lead to the development of higher pode&&P systems (200-300 kW-class) with greater
pre-deploy and return capability which could algoused for the direct transfer of crew to and ftbm
NEA target.

Additionally, the anchoring/capture hardware depebb for the asteroid retrieval mission would
provide valuable testing of the systems and theabijpmal approaches. The SEP system could also
provide resource redundancy at the destination, (p@wver and communications) during the crew
mission, which could help reduce mission risk aral/jgle additional capability at the destination.

Another important synergistic application of theFSEystem would be to facilitate a multi-target
robotic precursor to select the human mission NB#&ydt(s). The SEP system could be utilized to
deploy multiple independent NEA probes (rendezwvaus$ace) to provide reconnaissance of human
targets and return a large boulder and regolitmfie human target prior to conducting the human
missions.

The asteroidal material delivered to cislunar spaméd be used to provide radiation shielding for
future deep space missions and also validate unsgsource utilization (ISRU) processes (water
extraction, propellant production, etc.) that couddnificantly reduce the mass and propulsion
requirements for a human mission. The introductdSRU into human mission designs could be
extremely beneficial, but until the processing atorage techniques have been sufficiently testeal in
relevant environment it is difficult to baselineetiise of ISRU into the human mission architecture.
Bringing back large quantities of asteroid matertal an advantageous location would make validation
of an ISRU system significantly easier. Small astis could benefit the planetary defense initegiby
providing a better understanding of the nature prmperties of potential Earth impactors and by
facilitating the maturation of mission hardware amgkrational approaches. One day, in the more
distant future, it is possible that a small NEA @~1) returned to E-M L2/L1 could act as an orbiting
platform/counter weight for a lunar space elevaboallow routine access to and from the lunar s@fa
and also function as a space resource procesgitigyféor mining significant quantities of matetsafor
future human space exploration and settlement asslilple return and inclusion in terrestrial markets
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Figure 20. Notional NEA Human Mission Concept of Operations with Pre-deploy

Figure 21. Conceptual Human NEA Mission Excursion Vehicle Using SEP System
(Image Credit: Source: NASA / AMA, Inc.)
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VIll. RECOMMENDED NEAR-TERM FOLLOW -ON ACTIVITIES

Near-term progress in the four key areas discubstmiv would significantly enhance the prospects
of making the asteroid capture and return missiceaity.

Observation Campaign

The right observation campaign is essential toadisc and characterize a sufficient number of
attractive NEA targets so that mission planninglddie performed with confidence. An asteroid return
project cannot progress very far without a robut &f target asteroids around which primary and
backup opportunities could be planned. This isrtwest critical near-term activity and needs dethile
definition study and early commencement

Mission Design
The mission analysis in this report is sufficient demonstrate the energetic and technological

feasibility of capturing an asteroid and returningp Earth. Follow-on mission analysis would koat

the next level of detail down and focus on operatiaetails, including the long-term stability difet

asteroid parking orbit. Four key follow-on actig# in the mission and trajectory design area are:

1. Detailed design of the Earth spiral trajectory actng for shadowing of the solar arrays and
radiation degradation of array performance.

2. Detailed design of the lunar parking orbit and eltarization of stability over a period of 10-50
years.

3. Missed-thrust analysis to design return trajecsorabust to thrust outages from the SEP system, and
to provide assurance that no failure modes wouddltén Earth impact.

4. Design of transfers to and from the asteroid irpasking orbit for crewed missions based at either
an Earth-Moon Lagrange point or in low-Earth orbit.

Capture Mechanism Development

The capture mechanism must be able to accommodatasaive, irregularly shaped object with
significant uncertainty in the physical dimensiarsd mass prior to launch. An over-sized inflatable
structure lined with high-strength bags is the entrconcept for this mechanism. Development of a
prototype capture mechanism based on this appreaxiid significantly reduce risk for a future
asteroid capture and return mission.

SEP Subsystem PPU Development

The key feature of the SEP subsystem requiredn®CR mission concept is the combination of
high power (~40 kW) and high specific impulse (3,8)0The highest risk item in the SEP subsystem is
the development of a Power Processor Unit (PPUaldepof operating the Hall thruster at 10-kW and
3,000 s. Direct-drive is not a viable option foisteystem since it would require the developmenrd of
solar array capable of operating with a nominapattwoltage of 800 V. This is considered too laage
leap beyond the current state-of-the-art of 160N€w transformerless PPU approaches may enable
significant progress in the development of the neguPPU for an affordable cost [47].
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IX. CONCLUSIONS

The two major conclusions from the KISS study dnethat it appears feasible to identify, capture
and return an entire ~7-m diameter, ~500,000-kg Beath asteroid to a high lunar orbit using
technology that is or could be available in thisatke, and 2) that such an endeavor may be essential
technically and programmatically for the succesdath near-term and long-term human exploration
beyond low-Earth orbit. One of the key challengdbe-discovery and characterization of a suffidient
large number of small asteroids of the right tygiee, spin state and orbital characteristics —ccbal
addressed by a low-cost, ground-based observatimpaign identified in the study. To be an attractiv
target for return the asteroid must be a C-type@pmately 7 m in diameter, have a synodic peribéd o
approximately 10 years, and requireAd for return of less than ~200 m/s. Implementatidnthe
observation campaign could enable the discoverg tdw thousand small asteroids per year and the
characterization of a fraction of these resultm@ ilikelihood of finding about five good targetr year
that meet the criteria for return.

Proof-of-concept trajectory analysis based on a&te2008 HU4 (which is approximately the right
size, but of an unknown spectral type) suggest ahetbotic spacecraft with a 40-kW solar electric
propulsion system could return this asteroid tdgh{tunar orbit in a total flight time of 6 to 1Gegrs
assuming the asteroid has a mass in the rangeOg®@@5bto 1,000,000 kg (with the shorter flight tene
corresponding to the lower asteroid mass). Sicgifily, these proof-of-concept trajectories baseéine
single Atlas V-class launch to low-Earth orbit.

The study also considered an alternative concepthich the spacecraft picks up a ~7-m diameter
rock from the surface of a much larger asteroid @-m diameter). The advantage of this approach is
that asteroids 100-m in diameter or greater arehneasier to discover and characterize. This adgent
is somewhat offset by the added complexity of qyin pick up a large 7-m diameter rock from the
surface, and the fact that there are far fewer hO6lass NEAs than smaller ones making it more
difficult to find ones with the desired orbital ¢hateristics. This mission approach would seeletorn
approximately the same mass of asteroid matewdlorder 500,000 kg — as the approach that retamns
entire small NEA.

The proposed Asteroid Capture and Return missionldvompact an impressive range of NASA
interests including: the establishment of an acdbksshigh-value target in cislunar space; neamter
operational experience with astronaut crews in tiognity of an asteroid; a new synergy between
robotic and human missions in which robotic spaaféceturn resources for human exploitation and use
in space; the potential to jump-start an entiraigtiy based om situ resource utilization; expansion of
international cooperation in space; and planetagierse. It has the potential for cost effectively
providing sufficient radiation shielding to protess$tronauts from galactic cosmic rays and to pevid
the propellant necessary to transport the resukimglded habitats. It would endow NASA and its
partners with a new capability in deep space tlenh been seen since Apollo. Ever since the
completion of the cold-war-based Apollo progranréhieas been no over-arching geo-political rationale
for the nation’s space ventures. Retrieving aeragt for human exploration and exploitation would
provide a new rationale for global achievement imsgiration. For the first time humanity would begi
modification of the heavens for its benefit.
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