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ABSTRACT

Periodic asteroids and comets that come within a genih@istance of 1.3 AU or less are defined as Near-
Earth Objects (NEOs). These small bodies are in digadinfavorable positions as potential spacecraft
mission targets. As a consequence, space missions te &le@nderway or in development by several
major agencies (e.g., NASA, ESA, JAXA), and receratlynanned mission to an NEO was announced as a
NASA goal to be accomplished by the year 2025. Furthe6AAas selected the OSIRIS-REx unmanned
spacecraft mission for launch in 2016. The spacecrifiemidezvous with and collect samples from the
near-Earth asteroid 1999 RQ36. Acquiring more informatimutthe physical nature of NEOs not only
contributes to general scientific pursuits and prepavdtir spacecraft missions, but is important to better
address the threat from dangerous NEOs having Earthrogyasbits.

We will present new data obtained by photometric, specbpic, and other techniques on the physical
properties of several Earth-approaching asteroids thaoéeatial mission candidates. We will discuss
collaborative efforts with researchers using radahsvacterize prospective targets, and outline the
synergy and increased science return of such an endeaaidition, we will present characterization
results of the photometric properties of asteroid 19986aRat visible wavelengths including its rotation
rate. These data were collected during the 2011-2012 appasftthe asteroid, which is the last
opportunity for ground-based studies before OSIRIS-REauisched.

1. INTRODUCTION

Ground-based monitoring efforts to find and charamtesuitable targets for planned and existing
spacecraft missions require moderate to large-sizesttgles. Good candidate asteroids must have a well-
defined orbit and be of a known composition. Knowledgphyfical properties such as size, shape,
internal structure, rotation rate (and whether therait is tumbling) must also be derived. Acquiring more
information about the physical nature of Near-Eartije€is (NEOs) not only contributes to general
scientific pursuits (solar system formation) andpgration for spacecraft missions (as a precursor to
manned missions to Mars), but is important to fornmdatitigation plans to deal with potentially
hazardous objects.

Choosing an appropriate potential mission candidatet iset@ssarily a straightforward process, however,
since dynamical and physical parameters limit selectortunately, new asteroids and comets are being
discovered each night, so the target pool is continuallyiggp At present, the vast majority of NEA
discoveries are being accomplished by the Catalina Glge$ and Spacewatch survey near Tucson, AZ,
the Pan-STARRS1 survey on Maui, HI, and the LINEAR/symear Socorro, NM. Researchers at the
Magdalena Ridge Observatory’'s (MRO) 2.4-meter telescop@ydsee Fig. 1) work in tandem with these
discovery ventures, and have an ongoing, comprehensive progidetermine orbital and physical
characterization information of newly discovered objactfie near-Earth population. The approach of the
program is to leverage nightly astrometric follow-up wefdt orbit refinement) to obtain physical data
(primarily rotation rates) on the most interestingergly discovered NEOSs, including promising spacecraft
targets. This strategy allows one-of-a-kind, real-taoeess to the study of unique asteroids and comets
before they leave the near-Earth vicinity.



The timing for asteroid follow-up and physical studgrigical: when objects are first discovered they are

in a prime location with respect to visibility frometiiearth. Their synodic periods (when they will once
again be in that same location) can otherwise be as asugbcades long. At the first instant of discovery,
however, all we know about these bodies is their rougitsahd absolute magnitudes. Since we need
much more information to select a potential spacecnafetaefforts must be immediate to obtain data that
will lead to size, composition, and rotation rate dateations. Researchers at the MRO 2.4-meter
telescope routinely implement such an investigation of N&QO& monthly basis throughout the year. Over
the past 5 years that this program has been in operattdmave obtained spin rates for over 50 Near-Earth
asteroids, quite a few of which are the fastest ratanothe Solar System. Several potential mission
candidates have a rotation rate determination asit oé®ur work [1] as well.

Fig. 1. The Magdalena Ridge Observatory 2.4-meter fast-trackingagbe and support facility located
outside of Socorro, NM on Magdalena Ridge. The observatnfprms target-of-opportunity scientific
research focusing on asteroids and comets along with wahle iarea of space situational awareness.

Combining optical measurements of potential missiogetarwith radar observations significantly
enhances characterization efforts and allows precisedeterminations (optical observations measure
object position; radar directly measures the distémtiee object). Further, radar is the only ground-based
technique capable of spatially resolving surface feafiiueesobtaining delay-Doppler “images”) of near-
Earth objects [2]. Therefore, radar observationdjquaarly at smaller sizes, directly provide shape, spin,
and size data that complement the optically-derived pHyefcamation. However, radar shape and spin
rate modeling is most effective in combination with cgitightcurve observations: radar imaging provides
spatial resolution and the lightcurves provide a more ateuneasurement of the asteroid’s spin rate [3].
This synergy is invaluable to planning for robotic arehmed spacecraft missions.

For one of the data collection opportunities descrilzovly the MRO 2.4-meter telescope researchers
worked with the Arecibo Observatory (Puerto Rico) amtti&one Deep Space Network (CA) radar
groups to characterized a newly discovered, close-approaastenpid (2012 D\Y). We have
subsequently worked together with radar astronomersvanag@ccasions to characterize new NEA
discoveries that could be future spacecraft targets. TdoHsdorative efforts will continue since they have
been very beneficial to refining a potential spacetaadfet list, and have provided interesting and
important scientific information about the population dflies inhabiting the near-Earth vicinity.

2. ASTEROIDS AS TARGETS FOR SPACECRAFT MISSIONS

One of the most accessible and cost effective stesi¢gideveloping a spacecraft mission to an asteroid is
to select a suitable target in close proximity to thetE# near-Earth Asteroid (NEA) is defined as an
object that approaches the Sun to within 1.3 AU or legsging it to within 0.3 AU of the Earth's orbit.

The largest known NEA is 1036 Ganymed, having a dianoét®l.7 km. An NEA is designated a
“Potentially Hazardous Asteroid” (PHA) when its orhbihtes to within 0.05 AU of the Earth's orbit. The
largest known PHA is 4179 Toutatis, which has an averageeader of about 3 km. Since most NEAs are
small, they do not have significant gravity associat#hl them as compared to the Moon or Mars.



Therefore, only a relatively small propulsive altevatis needed for a spacecraft to arrive and depart from
a typical NEO.

Part of the officiaNational Space Policy of the United States of Amddtas of June 28, 2010, includes
the goal of sending astronauts to an NEA in the 2025 tamefr Required propulsive change in velocity
(delta-V, or impulse for departure/return) and roundtripsiarsduration (less than a year) are the most
critical factors in planning human spaceflight endeavdtsTferefore, the first human missions beyond
the Earth-Moon system will necessarily target astisraiith orbits very similar to Earth’s. Not only are
these asteroids close, but their velocity relativeadh is small, facilitating round trip journeys. Rabot
missions could capitalize on such favorable traject@sesell to minimize overall cost, but are not limited
by such constraints otherwise. As a precursor to dewvejeither type of mission, suitable candidates must
be identified, and their physical properties definedltval that constrains scientific and engineering risk.

The first step in evaluating a target asteroid’s suitglfor spacecraft investigation is defining its rb

After that, size, rotation rate and composition becoritiear Table 1 has been derived via the NHATS
initiative [5], and lists a sample of current potentiahdidates for human spaceflight missions. Spin rates
are not available for most of these objects, whigvgnts mission planning from proceeding. Our program
has thus far characterized 6 of the asteroids listectitathie (see Section 3). All of our derived rotation
rates for the study asteroids are very fast, from mématéens of minutes. This suggests that these objects
are likely to be solid, monolithic bodies and not rubblegpiveakly held together by their self gravity.

Designation n Estimated
Diameter (m)
2000 5G9 3302638 27 - 85
1551 VG 2737751 5-16
2006 BZ g 1674416 20- 63
2001 FRys 1618888 30- 96
2008 EAg 1597844 7-22
2010 Ve 1580174 6- 18
2007 UN;z 1443703 4- 14
2006 RH;z 1283817 3-10
2010 Uy 1242487 5-17
2008 HLJy 1227757 6-17
2007 VU 1186502 12- 38
2008 Ulgp 1114827 3-10
2010 UJ 1082350 14 - 45
2011 BQsy 1010896 5-16
2004 QAg, 1008597 6- 20
2001 GPy 980724 10- 32
2008 HEq 970582 18- 56
2010 TRy Q60736 7-22
2008 BD 936504 5-16
2011 MD 936324 G- 18
2010 TE3; 920319 6-20
2008 TLaoy 904774 i-9
2011 BLys 865199 G- 28
2007 YF 791134 7-85
2010 JK, 773964 32- 100

Table 1. Sample list of currently known NEAs that are complianhssessed by the Human Space Flight
Accessible Targets Study (NHATS). The number of @dtdjectory solutions possible is denoted by the
parameten, which has been found to be useful for assessing which MEA$he most accessible (adapted
from Abell et al. 2012). The filter used in deriving trasget list sorts by dynamical trajectory performance
constraints (delta-V less than 12 km/s). Highlighted estdienote objects for which we have collected
lightcurves or spectral data.



The inventory of NEAs shown in Table 1 are effecfimeevaluating opportunities for robotic missions, as
well as for determining the most advantageous roupdrtjectories for human spaceflight missions. The
list also spotlights objects that can be prioritizeddloservation by ground-based telescopes (both optical
and radar) for characterization studies and orbiteafient. Most of the asteroids in Table 1 are very
small—less than 100 m. To date, only these very ssh@tts (having negligible gravity, which prohibits
a spacecraft from “landing”) have orbits with faviaieatrajectories. However, new discoveries are
ongoing, which will add to the choice of possible caatid. Also, the NHATS list only includes near-
Earth asteroids and not comets. Comets have highertecitizs and longer orbital periods making
rendezvous more difficult. Additionally, comets have\acturfaces that could present a hazardous
environment to both astronauts and the spacecrdft itse

3. LIGHTCURVES AND SPECTRA FOR POTENTIAL MISSION TARGE TS

Researchers at the 2.4-meter facility have capitabpedpportunities to observe close-approaching, newly
discovered NEAs to derive better orbits, calculate sties, and to determine compositidrhe section
below details the data collected and analyzed for rotatite and our beginning efforts to estimate asteroid
composition.

LIGHTCURVES

A lightcurve is a graph that plots the intensityight from an object as a function of time. Because
asteroids are generally non-uniform in shape, whenrthtaye, their surface will reflect different amounts
of light as different areas are oriented toward thénE&dlentifying a repeating pattern in the curve allows
the determination of a rotation rate for the object.

Referring to Table 1 for targets suitable for humaacsflight missions, asteroids 2009 BD, 2011 MD,
2009 BFR, 2009 UD, and 2012 DWhave been studied by this research program to deterntat®no

rates. Fig,’s 2 and 3 show lightcurve plots and orbigidims for asteroids 2011 MD and 2012 {g\the

spin rates derived were on the order of 10’s of minuteerdisl 2012 DW,was also a radar target, and we
worked together with the radar observers to physicallyacterize this object. Fig.’s 4 and 5 depict
lightcurves for asteroids 2009 UD and 2009;Bferived spin rates for these objects are on the oramreof
minute. A definitive rotation rate for asteroid 2009 Bild not be directly derived from its lightcurve
under the observational conditions at the time of tit@ dallection; implied from the data, however, istha
it has a very fast spin rate as well.
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Fig 2. Lightcurve (left) and orbit diagram (right) of cloarth-approaching asteroid 2011 MD; the
asteroid’s diameter is about 11 meters, and its rotpgood was determined to be 0.194 hours. Data was
collected for the lightcurve in June, 2011 using the MRGnZeter telescope; the visual magnitude of the
asteroid was V~17. The object/Earth orbital positimese calculated using the JPL Small-Body Database
Browser fttp://ssd.jpl.nasa.gdvor September 4, 2012.
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Fig 3. Lightcurve (left) and orbit diagram (right) of cloBarth-approaching asteroid 2012 @y\the
asteroid’s diameter is about 18 meters, and its rotpgoiod was determined to be 0.21 hours. Data was
collected for the lightcurve in March, 2012 using the MR® meter telescope; the visual magnitude of the
asteroid was V~19. The object/Earth orbital positimese calculated using the JPL Small-Body Database
Browser [ttp://ssd.jpl.nasa.gdvor September 4, 2012. This target was also under stucyday groups.
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Fig 4. Lightcurve (left) and orbit diagram (right) of clogarth-approaching asteroid 2009 UD; the
asteroid’s diameter is about 18 meters, and its rotpgoiod was determined to be 0.023 hours. Data was
collected for the lightcurve in October, 2009 using the MROmeter telescope; the visual magnitude of
the asteroid was V~18. The object/Earth orbital posstiware calculated using the JPL Small-Body
Database Browsehttp://ssd.jpl.nasa.gp¥or September 4, 2012.
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Fig. 5. Lightcurve (left) and orbit diagram (right) of ceo&arth-approaching asteroid 2009,Bke

asteroid’s diameter is about 27 meters, and its rotpgoiod was determined to be 0.0159 hours. Data was
collected for the lightcurve in January, 2009 using th\VP.4-meter telescope; the visual magnitude of
the asteroid was V~18.5. The object/Earth orbital positieere calculated using the JPL Small-Body
Database Browsehttp://ssd.jpl.nasa.gdp¥or September 4, 2012.

What challenges do fast spin rates present for spacetssion planning? Rapid rotation periods for
small asteroids would likely mean solid, non-rubble jiternal structures; but without loose gravel or
regolith, this may make sample collection, even by admanew, difficult. Fast spins would also mean that
astronauts at a particular site of interest on theadtsurface would tend to be carried away from their
spacecratft. If the asteroid rotated quickly enough, astitsrmight transition out of sight/communication of
the spacecraft during any extra-vehicular activities (E\faking these operations difficult (loss of radio
and visual contact between spacecraft and “surface’/ \wa@ild be unwelcome). As an alternative, the
spacecraft could be maneuvered to match a target astentatisn during EVAS. In any event, spin rates
such as these shown above would present consideratdelebgo overcome.

SPECTRA

Composition information aids in the determination ofdtze/mass of the asteroid by constraining possible
albedo (reflectivity) ranges. An object's absolute mitage determined at discovery can be converted to a
specific size only if its albedo is known. However, #fteedos of near-Earth asteroids vary considerably.
Therefore, an asteroid's diameter can only be estin@atgithin about a factor of two from its absolute
magnitude in the absence of composition data. Spect@sumements are consequently a desirable
component of characterization studies.

For practical purposes, it is also helpful to know dyaghat an asteroid’s surface roughness and
composition might be, for example, to properly design arschiotools that can easily burrow under the
upper layers. Carbonaceous asteroids are the most doornaily diverse and contain a rich mixture of
volatile material (e.g., water), complex organic maoles, rock, and metals. They make up about 20% of
the known population, and would be desirable mission targets

Our program, through a collaborative with JPL and EdwAndBorce Base, has access to a visible
wavelength spectrometer mounted on the 2.4-meter telescopartcterize artificial satellites in Earth
orbit. In 2012, we began to extend this instrumentationneyts space situational awareness applications
to the study of asteroids. Fig. 6 is one of the firsttspage have taken of a potential mission target:
asteroid 2012 HM (see Table 1). The spectral informatidicates that this asteroid is an S-type, or of
silicate composition. Asteroids that are S-type havetspdisplaying a moderately steep slope at
wavelengths shorter than 0.7 pm, and an absorption éeegtntered near 0.63 pm. S-Types also have
moderate to weak absorption features around 1 pmnitiiabie the presence of silicates (stony minerals);



the wavelength range of our spectrometer unfortunatdipal extend that far red. We have not yet
determined a rotation rate for this object.

Fig. 6. Spectral characteristics (visible wavelengths) o il mission target 2012 HM; the spectrum
indicates that it is likely an S-type asteroid: charastiersteep slope shortward of 0.7 um, and a small dip
at 0.63 pm. This object was also extensively studied B grdups.

The spectrum shown in Fig. 6 (resolution R~70 and 0.7wams)taken when 2012 HM was making a close
approach to the Earth (~0.009 AU), and the asteroid watial magnitude V~ 16.6. Average exposures
were 3 - 10 minutes, and the object spectrum was ditigdde solar analog star 16 Cygni B to yield
surface reflectance. Relative reflectance was nazethto 0.55 um. The large error bar near 0.76 pm is
due to the atmospheric oxygen@ne not faultlessly corrected.

4. LIGHTCURVES FOR ACTUAL MISSION TARGET 1999 RQ 36

Scheduled for launch in 2016, the OSIRIS-REXx spacecraftanisgll collect and send back the first
samples ever taken of a carbon-rich near-Earth astdi@®® RQs. The asteroid was discovered in 1999
by the LINEAR survey at MIT's Lincoln Laboratory. 1999 g@as an average diameter of approximately
500 meters. The mission aims to reveal valuable insigherding the origin of life on Earth by studying
this object and later the regolith it will capture aatirn for analysis. Asteroid 1999 R(s also a
potentially hazardous object, with a small probabilayrrently a 1-in-1000 chance) of impacting the Earth
in the year 2182 [6].

1999 RQ36 is on a low delta-V orbit with respect to Earild, @mes close enough for favorable
observations once every six years; this cadence ditkegdisnescales for ground-based data collection.
During the 2011 closest approach in early September, 1999wR® 10.9 million miles away from the
Earth. This apparition was the last chance to studydhget asteroid from Earth before the OSIRIS-REXx
spacecraft launches in 2016. High precision in the lighécperiod is needed to enhance sample return
success (a technically challenging maneuver) and margnasters around the world studied the asteroid
to acquire the necessary data.

MRO 2.4-meter telescope researchers also participated observing campaign: we collected data from
late September 2011 through April 2012. Fig. 7 shows a plbedfghtcurve with the derived period of
4.295 hours for the asteroid for a subset of data takitre iRall of 2011. At the time these observations
were made, conditions were somewhat challenging fommualerate-sized telescope: visual magnitude
varied from V~ 20.5 — 21, so optimizing signal-to-noise wgrimary concern. The object was also
extensively studied by the Arecibo and Goldstone radar granpsye once again worked in concert with



researchers from this community to maximize the sei@eturn possible from the asteroid’s last favorable
alignment before spacecraft launch.

Fig. 7. Lightcurve for NEA 1999 Rg3 acquired in September and October, 2011 using the MRO 2.4-
meter telescope. The spin period is 4.295 hours. Approxwigtael magnitude for the asteroid at the time
the observations were taken was V~21.

4. FUTURE TARGETS: POTENTIALLY HAZARDOUS OBJECTS

To best assess and plan for mitigation of an asterpect with the Earth, an improved understanding of
the physical parameters (impact strength, size, spinstaépe) that characterize the near-Earth population
of objects that are potentially hazardous (PHAS) is reduirerther, sometimes small asteroids can come
very close to the Earth without hitting it, but insteads through the geosynchronous satellite zone (this
occurred several times in 2011). Studying such bodies canimglications for the health and safety of
man-made objects in orbit around the Earth.

Mitigation planning for PHAs that have a high probabitifyEarth collision would almost certainly require
a precursor spacecraft mission. Therefore, the sapach to planning and executing ground-based
observational campaigns for potential human spacecradtanitargets is taken in addressing the threat of
PHAs. Presently there are two asteroids, 2013ak@ 2002 GT, which have generated some concern
regarding their future impact probability.

ASTEROIDS 2011 A@nd 2002 GT

Asteroid 2011 AGwas discovered by the Catalina Sky Survey, and has a diaohetsout 140 meters.
Observations to date indicate there is a slight ohémat 2011 Agcould impact Earth in 2040, making it a
PHA. If it hit, damage from an asteroid this size coufdctfa local region at least a hundred miles wide.
Possible mitigation planning is contingent on whetheg p&&sses through a 227-mile-wide keyhole in
early February 2023. If it does, Earth's gravitational gaulild divert its orbital path enough to align it for
an impact with the Earth on February 5, 2040. If the astensses the keyhole, an impact in 2040 will not
occur.

In the next four years, analysis of space and ground-basedvations will likely show that 2011 A@uill
miss the Earth. However, if the above keyhole scemarites to pass, NASA will probably prepare an
investigatory spacecraft mission after 2023. However, groasdebobservations between now and then



are crucial to pin down the asteroid’s orbit in anticipaf risk assessment. Several observatories
(including our team) monitored 2011 A@uring its discovery apparition (near January 2011) before i
moved too far away and became too faint. Observatiams since been limited because of its present
location beyond the orbit of Mars and in the daytitkyean the other side of the Sun (see Fig. 8). In 2013,
conditions will improve to allow ground-based telescdpdsetter track the asteroid's path. MRO 2.4-
meter researchers will be participating in the datlectbn efforts to help constrain the risk.

Another potentially hazardous object under study is 2002I&@Deep Impacspacecratft is on course for
a January 2020 flyby of this PHA. Plans for a characteozatampaign to support and enhance the flyby
science are underway. 2002 GT is not observable atdh@ent (see orbit schematic in Fig. 8) but will
make a relatively close pass near the Earth in June 2&k3ying visual magnitude V~16. The MRO 2.4-
meter telescope researchers will join the collalmmagince a significant focus will be to get lightcurves
periodically through the entire apparition to support the gatation of a rotation rate, which is as yet
unknown. Radar observations will also be desirable naay help reveal whether the object is a binary
asteroid.

Fig. 8. The object/Earth orbital positions for PHAs 2011:AlBft) and 2002 GT (right) were calculated
using the JPL Small-Body Database Browseipf//ssd.jpl.nasa.gpor September 4, 2012.

6. SUMMARY

Researchers at the Magdalena Ridge Observatory’s 2et-takscope are investigating various methods
to enhance and improve existing capabilities for charaatg potential and actual spacecraft mission
targets in the near-Earth zone. Included in the exexisalaborating with radar groups to enhance the
science information that can be acquired.

Physical characterization (including spectral studies) afr¥karth asteroids that are potential spacecraft
targets enhances our knowledge of the formation and¥yistour solar system, contributes to hazard
mitigation planning for PHAs, and provides a mechanisna fenorter, simpler, dry-run for astronauts
traveling to Mars. Planning and development for futureespraft missions is made possible by ground-
based efforts to detect and characterize small, nedr-&steroids, however timing is crucial.
Observational efforts must commence at or near ithe &f discovery for the objects to ensure favorable
parameters for data collection. Subsequent optimal digparfor an asteroid may be decades away. 2.4-
meter telescope researchers are well positioned toracgugh data since their ongoing NEO follow-up and
characterization program collects data monthly througtiheuyear on the smallest NEAs being discovered.
At the current asteroid discovery rate, the numbenofua mission opportunities will continue to increase
as studies for a 2025 manned mission to an asteroid praegatogram will also continue to target these
objects.
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