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The collision of a moderately large asteroid ora@met, also referred to as a Near-Earth
Object (NEO) with Earth would have catastrophic cosequences. To address this threat, we
present a completely generalized hazardous NEO samip timeline and associated
spacecraft mission design architecture for hazarda NEO response that is intended to
provide a means for designing missions to succesijudeflect any arbitrary NEO predicted
to have a significant likelihood of future collision with Earth. A generalized algorithm for
optimizing the deflection of a NEO via a single implse is presented and applied to the case
of the asteroid Apophis, an asteroid that will closly approach Earth at an altitude of
approximately 32000 km on April 13", 2029 and may pass through a gravitational keyhole
at that time, which would cause Apophis to collidewith Earth in 2036. The case study
performed on Apophis includes preliminary trajectory design that identifies the most
favorable launch windows between 2008 and 2036 amdmputes how much spacecraft mass
can be efficiently brought to rendezvous with the steroid at each launch opportunity for
two possible spacecraft launch vehicle and thrustecombinations. The use of nuclear
explosives as NEO deflection mechanisms is discusse terms of the underlying theory,
advantages, and disadvantages. The Apophis case duconcludes with the presentation of
optimal deflection results for the asteroid indicaing by how much it can be optimally
deflected at any time between the current time andhortly before the 2029 close approach.
Trends in the optimal deflection data and the sensvity of the optimal solutions are
identified and discussed. An outline of a campaigaf missions to Apophis for the purposes of
characterization and, if necessary, deflection isrpsented. Paths for future research and
algorithm development indicated by the current reslts are also discussed.

|. Introduction

HE collision of a moderately large asteroid or coraéso referred to as a Near-Earth Object (NEQh \Earth

would have catastrophic consequences. Such evawmsdtcurred in the past and will occur again efthiure.
However, for the first time in known history, hunitgnmay have the technology to counter this thr&dOs of
sufficient estimated mass, sufficient predictedtiitampact velocity, and for which there is signifit perceived
probability of future Earth impact are considereddrdous
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This paper presents a generalized hazardous NEfaio timeline and an associated generalized Haaar
NEO response mission design architecture. The itimelnd architecture were both designed to be eqig to any
conceivable hazardous NEO scenario. The timeliesgnts all the events that shoaltur from the beginning to
the end of a hazardous NEO scenario, beginning twitimanity’s discovery and recognition of the thread
culminating in the attempt (which is hopefully sassful) to deflect the NEO and thereby preventciblésion of
the NEO with Earth.

No new space hardware technology is predictedet@\ailable; rather, current space hardware teoggois
assumed. Additionally, it is assumed that the ehaseans of eliminating a hazardous NEO is a simgbeilsive
deflection of the NEO, particularly via a nucleapsive detonated in proximity to the NEO. Nucleaplosives
offer the highest energy density of any known ae$eeable technology, by several orders of magmitad hence
are the clear choice in terms of achievable paylbadses for NEO deflection spacecraft using cuteamtch and
space propulsion technology. However, nuclear eskpés have never been tested in space, much leasNiD.
Thus, their effectiveness, while predicted to bificant, has yet to be characterized and so ttscktheory behind
using a nuclear explosive to impulsively defle®BO is presented and discussed briefly but is latagated upon
further. Deflection of the NEO is selected as tteans of eliminating the threat because it requées energy than
fragmenting and dispersing the NEO. Furthermoreypiete annihilation (e.g., vaporization or pulvatian into a
fine-grain dust cloud) of a NEO is well beyond tapabilities of current or foreseeable technology.

An algorithm for optimizing an impulsive NEO defteon is derived and discussed, along with the gdne
structure of the software that implements the atlgor. The algorithm is designed to treat the spedfse of a
single impulse applied to the NEO but is othervdeenpletely general and unconstrained. In particulatoes not
depend on the deflection mechanism, assuming bahtlhe deflection is impulsive in nature.

An optimal deflection case study was performedtiom asteroid Apophis in the 2006 to 2029 timeframe.
Numerical results are presented and discussed.

Finally, the overall results of the studies undken for this paper are summarized and conclugsimngresented,
including the structure of a recommended campafgmissions to Apophis. Future work paths in optim&O
deflection and hazardous NEO response missionmesegenumerated.

[I. Spacecraft Mission Design for Hazardous NEO Response

Discussion of the appropriate response to a hamartiEO scenario identifies the sequence of key teyen
provides a framework within which an effective nissdesign architecture for threat response casels@gned, and
illustrates the means by which hazardous NEO respoan be optimized.

A. Hazardous NEO Scenario Timeline

The hazardous NEO scenario timeline is presentaghically in Fig. 1. The timeline begins with thetial
detection of the NEO. Time is then required to gs@® whether the NEO is indeed hazardous becsadar r
observations of the NEO from Earth must be accuradland processed for NEO orbit determination aadthe
collision prediction. The amount of time required firmly establish that a NEO does indeed have féicgnt
probability of Earth collision to warrant furthectson is a function of the accuracy and quantitytlod orbit
measurements, which is largely dictated by the mabdity of the NEO andelative geometry between the NEO
and Earth, which determine how often observatiars @re available and their length. More frequernt kmger
observation arcs greatly decrease the amount efémuired to make a firm NEO threat assessment.

Once it has been determined that the NEO has ficisnf probability of Earth collision to warranttion,
mission planning for deflection of the NEO beginsmiediately. A certain amount of time must be deddiefore
construction of the spacecraft and launch vehicty fnegin. The time of launch depends on how quic¢kby
spacecraft and launch vehicle can be readied amdelative positions of Earth and the NEO in thaibits.
Additional time will be required for the spacecridt complete the rendezvous with the NEO and tdayeand
prepare the deflection mechanism for activatiohe €arliest time that a deflection is possible mahle start of the
interval during which the deflection may be appliethis interval ends shortly before the time aiohithe NEO
would collide with Earth absent human intervention.

As will be demonstrated, the earlier the defletimperformed, the greater the amount by whichiNB® can be
pushed away from Earth. This can be achieved barekpg our ability to see and track NEOs, udiagth-based
observatories and orbital observatories. Earlifledgons are also enabled by the ability to baifdl launch a NEO
response spacecraft quickly. We can develop thpatudity by performing more NEO rendezvous missiforsthe



purposes of science and deflection system testimog shis will improve oumbility to design and deploy missions
to NEOs quickly. Together, early NEO detection dimel ability to build and launch deflection spacécaickly
serve to minimize the time blocks in the timelirr fletection, threat determination, and designingsponse
mission and preparing it for launch. Finally, ogiing the NEO rendezvous to minimize flight timetlwn the
constraints of spacecraft launch and propulsiomrelogy will minimize the time required to compleiEO
rendezvous. All of this maximizes the size of tbatmuum of available deflection times.
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Figure 1. Hazardous NEO scenario timeline.

B. Spacecraft Mission Design Architecture

A decision procesfor designing missions to respond to hazardous NEQsesented in Fig. 2. The process
begins with the initial detection of the NEO andhclades with the execution of the deflection miesio
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lll. Optimal Impulsive NEO Deflection Theory

A method is presented for optimizing the applmatdf a single impulsive velocity change to a NE@, the
purpose of deflecting ifor an impending close approadhs desired to move the NEQO's close approachadist
as far away from Earth as possible. For an impendailision, it is desired to cause the NEO to not collide with
Earth while passing by Earth at the maximum disgtgmussible.

The relevant geometry is shown in Fig. 3 in the Helidde Inertial (HCI) reference frame. The distance

between the NEO and the Earth is a function of tameach body orbits the Sun and is denoteBiby
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Figure 3. HCI frame NEO and Earth absolute positims and NEO-Earth relative position.

A collision occurs if the condition shown in Eq) {4 true.

Dr (tCOLL) = Rearm 1)

At the time of collision, denoted bl , , the distance between the NEO and Earth will heaktp the Earth’s

equatorial radius denoted byRgarTH . CONStituting a collisioh For the case in which the NEO closely approaches
Earth but does not collide, the distance betweenNEO and Earth at the time of closest approadeimoted by
Dr(tCA) where t., is the time of close approach. By definition thistance is greater thaRgzry by some

amount since a collision does not occur.
Since we desire to deflect the NEO, we must applympulse to it at some time prior to the evemieti whether

it be too or te,. Let usdenote the time at which the deflection is appéied .. andthe NEO’s true anomaly at

the time of deflection ag . .

The application of an impulsive velocity changeneaver to the NEO for the purpose of deflectiodapicted
in Fig. 4. The goal of the optimization is to detére the optimal time at which to apply the defleat t,.-, and
the optimal deflecting impulselDv. We will first define the appropriate performarioeex for this problem and
then specify the complete set of parameters that tmel determined in order to completely specifplat®on. The

performance index is the distance between the Eaththe NEO at closest approach. This index,is presented
as a function of the undeflected trajectory andl@8ected counterpart in Fig 5. There will be aselst approach of
Earth by the NEO on both trajectories and the @tergoal is to cause the NEO to miss the Earth.

" The Earth’s equatorial radius, 6378.137 km, islusare to define a bounding sphere about the Earthe
Eurposes of defining when a collision occurs geoicety.

The bounding sphere around the NEO is assumed $oall enough in comparison to Earth’s boundirgesp
that it may be neglected and the NEO treated aéra mass for the purpose of geometric collisiofirgigon.
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Figure 4. Application of an impulsive velocity chage maneuver to a NEO for the purpose of deflection
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Figure 5. Graphical presentation of the performane index for optimizing a NEO deflection.

Note that the subscriddEF refers to the deflected NEO trajectory and the stbisUNDEF refers to the
undeflected NEO trajectory. The minimum NEO-Eartistahce on the undeflected trajectory is denoted by

[Drvqu ]UNDEF and the minimum NEO-Earth distance on the deftetigjectory is denoted b[,DerN ]DEF . Thus
the performance index is written as shown in E}j.d2noted byP .
P= [DrMIN ]DEF ) [DrMIN ]UNDEF &)

For any given scenarlo[,DrM,N ]UNDEF only needs to be computed once since it is a aahst However,

[Drvqu ]DEF is a function of the deflection parameters andtrhescomputed every tim® is evaluated during the
optimization. We have already established that pameter in the optimal solution is the time dtich the
deflection is appliedt -, but it remains to specify the remaining paransteil of which are involved in
specifying the applied deflecting velocity chandsay .

Figure 6 shows the applied impulsive velocity admifor deflection in the NEQ’s Radial, In-Track,08s-Track
(RIC) reference frame at the time of deflectionnglavith the parameters that define it. TB¥ is parameterized
by its magnitude,Dv, and two spherical coordinate angles, azimuh) @nd elevation ¢ ). A third angle is also



introduced, called the velocity angl@}, which lies in the plane defined bigv and the NEO's velocity vector
expressed in the RIC frame, denoted [Mquo(tDEF- )]RIC' Note that — and + signs in thg,. subscript

distinguish between the instant in time immediafalipr to deflection and the instant in time imnadly after.
This concept was expressed graphically in Fig. 4.
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Figure 6. Applied deflecting impulse vector geomey in the NEO’s RIC frame at the time of deflection

Following the conventions shown in Figs. 4 andh@, application of the deflecting impulse vectoeigpressed

mathematically as shown in Eqg. (3). Note that thatr'erTHRC',C (tDEF_) in Eq. (3) is the time-dependent

transformation matrix that transforms vectors fritie RIC frame to the HCI frame and is always caséd at the
instant in time immediately prior to the deflection

[VNEO (t DEF+ )] HCI = [VNEO (t DEF- )] HCI + THRé? (t DEF- )[D/RIC ] (3)

Figure 6 also shows the applied deflecting impwsetor in terms of the spherical coordinate angled its
magnitude, as shown in Eq. (4).
coda)codd)
DVgc = Dv sin(a)codd) 4)
sin(d)

Thus the applied impulse vector is expressedringeof three intuitive quantities. Fig. 6 also @ms an angle,
f , which is the flight path angle of the NEO. Thisge is used to facilitate the relationship betwée velocity

angle, @, and the two spherical coordinate angla@s,and @, given in Egs. (5) and (6). Note that the rangéhef
velocity angle isOE g £ p .
q = arCCOﬂDO] RIC >{\7NEO (tDEF )] RIC) (5)

g = arccossin(f ) coda ) codd) + codf ) sin(a ) codd)) (6)



The velocity angle is used to characterize thdeabgtween the optimal deflecting impulse vectat tie NEO's
velocity vector. Figure 7a shows the variation fod flight path angle through its entire range oftioro for the

asteroid Apophis, the asteroid which is the subjéet case study in a subsequent section. Figndiadtes thatf
varies between approximately + 11°. Figure 7b shalWw possible values off in azimuth-elevation space for a
nominal value off , according to Eq. (6). The entire range of possiblvalues was considered but the results were
found to not vary appreciably so only one surfdog is shown.

S

=

//,
.

.
,//
.

Flight Fath Angle, d=g

0

) 100 180 200 260 20 s 400 Elevation [ceg] o Azimuth [deg] seg
True Anomaly, d=g

(a) (b)
Figure 7. (a) Variation of the flight path angle hroughout one orbit for Apophis and (b) variation o velocity
angle through all values in azimuth-elevation spactr a nominal flight path angle value.

While an optimal velocity angleg, will be computed in the post-processing of deitet data in order to
characterize the orientation of a deflecting impwector with respect to the NEOs’ velocity veatiection, g
itself is not one of the parameters that is diestilved for as part of the optimization process.

Thus the parameters that completely specify a Nie@ection aret,.-, Dv, &, and @. The goal of the

optimization is to find the combination of thesaufajuantities that maximizes the deflection, actwydo the
performance index in Eq. (2). The ranges of possitalues for each quantity form the parameter spaicéhe
deflection problem, which in turn maps to a spacgesformance index values, as shown in Fig. &farity.
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Figure 8. Complete single impulse optimal NEO defktion parameter and solution space.

Previous research has indicated that there isyalaaglobal optimum forlP (Ref. 1). Figure 8 also shows that
each of the four parameters are sampled at a gesalution along their respective axes. Note thatresolution



along an axis does not have to be constant, na theeresolution at which one parameter is samipéee to be
equal to any other resolution.

Thus, the single impulse optimal NEO deflectiorolgem is a multi-dimensional non-linear optimizatio
problem. The non-linearity arises in the mappingaofliven set of deflection parameters to the cpmeding
performance index value. Thigquires the numerical integration of the NEO'sidedntric orbit including the
applied impulse. In order to achieve sufficientwracy, particularly over the long time scalestfia several tens of
years, preferably) involved, the force models usedhe propagation of the NEO’s deflected state tnies of
sufficient fidelity. Previous research determiribdt the force model must at least include thec&ffef the Sun’s
gravity and the Earth’s gravity on the NE@nd this is the force model utilized in this stuffyture research will
examine the effects of utilizing higher-fidelityréee models that include the gravity of other planeblar radiation
pressure, and the Yarkovsky effect, which is anigit thermal re-radiation from the NEO’s surfaagridg its
rotation about its spin axis. Increasing the caxity of the force model also dramatically increagsbe
computational expense associated with evaluatiagénrformance.

It is important to note that the large mass of giwgn NEO, combined with current and foreseeastdnology
levels, means that the best we can do is perterNEO’s state. Thus, if the undeflected eventdslision, at best
we will cause the collision event to transitioratalose approach event. If the undeflected eeatciose approach,
at best we will cause it to transition to anothlese approach at a greater distance.

Determining the optimal solution requires the ditbn of four vectors of design space parametargector of
deflection times, a vector of applied impulse magies, a vector of azimuth angles, and a vectal®fation
angles. The performance index specified in EqigZomputed for each element in the set of unigualinations
of all elements in the four vectors of deflectiargmeters.

The performance index for each unique combinatibdeflection parameters is computed by forming ftrst
time derivative of the NEQ's state vector at th&tamt in time when the deflection has been apptisghown in Eq.

(7).

VNEO (t DEF+ )

(7)
I'neo (t DEF- )

RNEO (t DEF+ ) =

Note that the deflected NEO velocity in the stagetor specification is computed according to E{. T8e second
time derivative of the NEQO’s position vector is pijnthe acceleration acting upon its center of nessomputed

by whatever force model is being utilized and dostsdepend on any deflection parameters other thap.
Next, the state vector derivative in Eq. (7) itegrated forward in time from timéy.-, to time t.,, via
whatever numerical integration scheme is beingget, as shown in Eq. (8).

tCA+

[RNEO (t )] oer = Rueo (t DEF+ )dt 8

tpeF+

The position portion of the resulting NEO statedihistory is then used to compute the minimumadist between
the NEO and Earth for the deflected NEO trajectmyghown in Eq. (9).

[DrMIN ]DEF = min(“[rNEO(t)]DEF = TearTh (t)“) 9)

Finally, the result of Eq. (9) is used in Eq. (8) dompute the performance index value correspontbnthe
combination of deflection parameters used. Ashal¢ombinations of deflection parameters are sainpléurn, a
vector of performance index solutioni,, to which the list of combinations map is formed.

The two conditions for the optimal solution arattt? is maximized overaland that the condition of non-
collision holds over the time interval spanning time immediately following deflection up to a tirrabsequent to

the closest approach of the NEO to Earth on théectefl trajectory, denoted b&cm]DEF , which is generally

close to but not the same as the time of collisionlose approach on the undeflected trajectorgithdr condition
is sufficient alone though both are necessaryomhination they are necessary and sufficient.



Future work includes determining how to mathenadlyc incorporate an additional condition into the
performance index: that the NEO not be deflecténl angravitational keyhole, which would cause tHeONto return
to strike Earth some number of years later. Howesegn if the NEO were to be deflected onto suttajactory, at
least we avert the first collision and are ablprevent the second collision with a second defhecthission.

Equation (10) expresses the first necessary amiioin condition and Eq. (11) expresses the seoendssary
optimization condition. The time interval over whiEqg. (11) must be satisfied is given in Eq. (12).

Posr = max{P) (10)
[DI’ (t)] DEF (REARTH +M SAFE) (11)
toers ELE [tCA+]DEF (12)

Following from the optimization condition of EdLQ), and requiring that Eq. (11) is satisfied oftrex interval
given in Eq. (12), Eq. (13) expresses the definititbthe optimal deflection solution vector itself.

{tDEF ’ Dv’a’d}OPT ' P= PMAX (13)

Equation (13) states that the optimal solution @eds the combination of deflection time, applietpulse
magnitude, azimuth angle, and elevation angledludtally maximizes the performance index.

Given the fact that there is no analytical solutto the N-body gravity equations of motion andt ttie force
model used may also include solar radiation presand the Yarkovsky effect, a direct analyticalimj#ation is
not deemed feasible for this problem. Direct nuioaroptimization schemes may be able to handleptblem,
however, and further research will examine variousierical optimization schemes in the hope of figdone that
handles the problem efficiently.

The deflection parameter sampling method offeis #avantages over direct methods. First, it igantaed to
identify the optimal solution provided the samplirggolutions are fine enough. Second, it autoraiyiprovides
the data required to quantify the sensitivity of ichieved deflection to deviations from the optismution. This
information is crucial for determining the requirpcecision that must be exercised during a deflecthission, or
conversely, by how much unanticipated errors in dpglication of the deflection will degrade the iacled
deflection

The disadvantage to the sampling method is thatery computationally intensive. Future reseancto i
numerical optimization algorithms applicable tostiuroblem should alleviate the computational intgnissue.
One final advantage of the methods presented hésdimat they are crucial for validating any directmerical
optimization scheme and they also can complimeditect optimization by providing sensitivity datchl to the
optimal solution in the design parameter space.

The computational intensity of the sampling metiwthitigated by the fact that the set of deflectmrameters
to sample can be partitioned easily and the alyoris readily parallelized since each evaluatiothefperformance
index is independent of all other evaluations, willgy the calculations to be completed rapidly onoanputing
cluster or other distributed computing network.

The algorithm presented herein will be upgradedréat the case of optimizing a NEO deflection gsih
impulses, that is, the application of multiple dite impulses to the NEO at successive times rdltzar a single
impulse, in future research efforts. This will thbe extended to the case of continuous, rather thanlsiye,
deflection. In this case a (necessarily) smalishis applied to the NEO over some time duratiwh ifiis necessary
to optimize the orientation of the applied thrusttor over time as well as the on-off sequencdherthruster; that
is required because of the NEO's intrinsic spirtesta

The penultimate optimal NEO deflection system ipooates all aspects of the overall mission andipces a
complete mission design as output given a wide easfghigh-level requirements and scenario definititata as
input. Such a system will also draw upon an irdegt database of mission equipment, including lawahicles,
transit and maneuvering thrusters, and deflectewicgs. The software system will make no a préggumptions
and instead allow the optimal overall mission dedig be computed with only logistical constrainppleed. A
variety of algorithms may be employed here. Faneple, a genetic algorithm could be used to litgralolve
optimal NEO deflection missions.



If the holistic NEO deflection mission optimizatigystem is designed in a very general manihean then be
further generalized and extended such that it besaargeneral optimal spacecraft mission desigesystat, given
high-level requirements and mission objectivesasit, produces an optimal end-to-end mission ddsam launch
to mission conclusion. The system may also produertire set of mission designs, including theohlts optimal
(assuming that there is a global optimal in theraWealesign space), that satisfy the mission regoéents. This
mission design system would be an invaluable aaaEsgngineering tool. It is an excellent examgla @ery
general and powerful design tool evolving from MIEO deflection research effort and is a strongboremended
technology development path.

1. Optimal Solution Trends

It is intuitive and verified in Ref. 1 that earlideflections generally perform better than latees The time of
deflection is generally selectable, within the &iigial constraints of a particular hazardous NE@nado (e.g.,
launch windows, which are a function of orbital maxics) and within the constraints of the launchiter
technology of the era.

Also, increasing the magnitude of the velocity uige, when properly applied, will increase the acad
deflection. However, the cumulative effect of riplé velocity impulses is not known (i.e., lineaxponential,
logarithmic, etc.). This study attempts to chagdee this behavior. Note that in a given NEO @gtfbn scenario,
the magnitude of the applied velocity change igcthyr a function of the nature and power of theleeion
mechanism, the NEO physical properties, and thesipaly coupling between the deflection mechanism tued
NEO. Thus, for a deflection mechanism and spacedtedre is an upper limit to the velocity impulkbat can be
applied to a given NEO.

The orientation of the applied impulse, parameéati by the azimuth and elevation angles, is gelgeral
selectable. For instance, a standoff nuclear @¢itim can be performed by placing the nuclear dewicywhere
around the NEO prior to detonation. This can mawplished by rendezvousing with the NEO and thering to
the desired position relative to it. This contsagith the case of the kinetic impactor, for whitle conflicting
requirements of minimizing mission fuel requirenseand attaining a high relative impact velocitycglaserious
constraints on the directions of the applied impuBrevious research presented in Ref. 1 indidhidhe optimal
elevation angle is generally zero, meaning thaboihténal deflecting impulse vector always lies ne tNEO’s orbit
plane. Current research has found that this isitrmeost, but not all, cases.

A well-known method of maximizing the effect oWvalocity impulse on an orbiting body applies to NEOTo
maximize the energy change produced by a givencitglampulse, the velocity change should be applé&d
periapsis, collinear with the velocity vector. Tlian be seen analytically by examining the specifachanical
energy of the NEO, given in Eq. (14).

2
\"
o = NEO _ My (14)
2 rNEO
The result of computing the partial derivative af. £14) with respect to velocity is shown in Ecp).1
Dé\eo = VoDV (15)

What is not obvious from Eq. (15) is how much ofa@ivantage is gained by deflecting at perihelion.

IV. NEO Deflection via Nuclear Device

Of all the devices or systems that can impartnapuise to a NEO, a nuclear explosive device otfieeshighest
energy density by at least several orders of madejtmeaning that a nuclear explosive deflectiatesy of a given
mass will have the potential to deliver a much kigBv than any other device with an equivalent masss i
extremely important due to the limitations of labnand space propulsion technology and the impoetaofc
rendezvousing with a hazardous NEO as quickly asipke.

A nuclear explosive device is best applied to @NB& a standoff or surface detonation mode. Inghesdes of
operation, the nuclear device is placed at thenggticoordinates relative to the NEO and then de&sharhe



neutron radiation from the blast penetrates altyer of NEO surface material, perhaps 10 to 2Qdeep, causing
this shell of material to vaporize and blow off zero pressure. The result is an impulsive thruglieg to the

NEO’s center of mass, causing a velocity impulE®/,, to be applied to the NEO. An artistic conceptifna
standoff nuclear detonation is presented in Fig. 9.

Research has been conducted over the past seearalto produce models that predict the requireltl yand
hence the mass of a nuclear explosive device rdjuo impart a given velocity increment to a NEQlddpple
indicates that a 1 Mt nuclear explosive deviceeiguired to impart a 1 cm/s velocity increment tNEBO 1 km in
mean diameter, at a standoff detonation distanc23ofn from the asteroid’s surfécérhe key parameter is the
required NEO momentum change. The mass of theregjnuclear device is directly related to the sifehe
required momentum change. For reference, a 1 Mieau@xplosive device has a mass of about 1000ned,
within the capabilities of current launch vehichelaspace propulsion technoldgy

Figure 9. Artistic conception of a standoff nucleadetonation performed on a NEG.

Holsapple's work in Ref. 2 shows that placing tlielaar explosive device at the proper distance fiteenNEO
is important to ensure thdDv is maximized. Additionally, in order to achieveetbptimal direction forDv , it is
necessary to position the nuclear device not ohiye proper distance from the NEO but also atdberdinates
relative to the NEO in the RIC frame that yield tygimal direction forDv . The associated geometry for the case
of a spherical NEO is shown in Fig. 10.

~
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Figure 10. Nuclear device positioning geometry foa standoff nuclear detonation applied to a sphera NEO.

" Wilkins, Peter A. Computer rendering of asteroiodel and standoff nuclear detonation. (NovembeB5200



Figure 10 shows that thBV resulting from the standoff nuclear detonatiorl é in the opposite direction of
the position vector of the device at the time ofodation, relative to the NEO’s center of mass. Diptimal
coordinates for the device, incorporating the optidetonation distance and optimal azimuth andatier angles,
the definitions of which are shown in Fig. 6, aeadily computed using equations in Ref. 1. WhileOdEare not
generally spherical and have surface topology thast be accounted for, the spherical case demoestthe
important concept; a more detailed model can bemgded that computes the optimal detonation coatéiwhile
accounting for the actual shape and surface togolafga given NEO, and this will be required for it
deployment of nuclear devices for NEO deflectiosthtto test the technology and utilize it in a teumsergency.

As with all technologies, there are advantagesdisddvantages associated with the use of nuckédces as
NEO deflection mechanisms. These are summariz&dlafe 1, along with means of addressing the disadges.

Table 1. Advantages, disadvantages, and means &ifrénating disadvantages associated with the use of
nuclear devices for NEO deflectiofi

Advantages Disadvantages Means of Addressing
Disadvantages
Most of the required technology is | Not all types of NEOs are Testing nuclear devices on harmless
currently available at TRL 9, excep| susceptible to standoff nuclear NEOSs in order to determine which
for nuclear device payload handlin¢ detonation; very porous NEOs or | types of NEOs are susceptible and
and precision NEO proximity “rubble piles” may not be which are not. Testing will also
operations. significantly affected. correct our models for the coupling
NEO deflection provides a The coupling and interaction and interaction between a nuclear
beneficial use for nuclear explosive between a nuclear explosion in spg explosion in space and a NEO.
and a NEO is unproven. Additionally, repeated testing will
The impulsive and vigorous nature| Proper selection of the nuclear lead to more robust models that can
of nuclear explosives makes it device requires knowledge of the | provide good predictions of the
possible to deflect NEOs with target NEO'’s physical parameters { proper nuclear device to use even |f
relatively little warning (5 — 10 a level of detail requiring a a preliminary science mission to a
years). preliminary science mission, and | NEO is not possible.

such a precursor mission may not |
possible for a scenario with low

warning time.
No anchoring of equipment to the | If the launch vehicle explodes whil§ Nuclear devices have already beern
NEO’s surface is required. still in Earth’s atmosphere, it is designed to not accidentally detonate
possible that some radioactive even if subjected to a launch vehicle

material could be scattered on Ear{ explosion. All that remains is to
design methods for packaging then
within the launch vehicle to
minimize or eliminate the risk of
radioactive material being scattered
should the launch vehicle fail.

=

The NEQ's spin state is not a facto| There is an international treaty The appropriate international parties
forbidding the detonation of nuclea| can amend the treaty prohibiting
devices in space. nuclear device detonation in space|to

allow it for the purpose of NEO
deflection device testing and the use
of such devices in a true hazardous
NEO scenario.

No extended on-orbit operation of
equipment is required.

Nuclear explosives offer the higheg
energy density of any current or
foreseeable practical technology.




Despite the clear technical reasons for employgiungjear devices as NEO deflection mechanisms, tmer¢hose
who disagree. Some people believe that using nudieaces for NEO deflection would be taken advgetaf by
malicious world leaders as a means to justify firthuclear device stockpiling. There is a verprgrargument
that this is not true. No world leader would beeatd make a case for creating substantially langetear device
stockpiles solely for NEO defense purposes becaoseery many nuclear devices are required foreeitbsting on
NEOs or being prepared for an actual hazardous Ngtficient nuclear devices exist today. Furtherenoa
malicious leader will gain far more public suppfart nuclear device stockpiling by appealing to plublic’s fear of
another nation, which is readily personified anified, rather than trying to incite public fear NEOs, which are
remote distant objects that do not provoke theageperson’s emotions nearly as much as natioigd pr fear of
terrorism and war do.

More importantly, nuclear devices are not goinglisappear simply because some individuals viewnthe an
icon of human aggression and destruction. Thes&e®are tools like any other, and any space faspegies,
which humans aspire to be, most certainly requiogds that can generate large bursts of energyhénspace
environment for a variety of non-malicious purpodesshort, nuclear devices are a technology thadnity is
going to be forced to learn to live with maturelggardless of whether we ever use them for NEGedidin.

V. Asteroid Apophis Case Study

Asteroid Apophis, initially designated 2004 MN4w numbered 99942, was discovered on Jurfe 2004.
The initial orbit determination for Apophis indieat that it had a high probability of colliding witbarth in 2029.
Subsequent radar observations reduced and evenaliaiinated the probability of impact in 2029, bApophis
still has the distinction of being the most apptyetiangerous NEO yet discovered.

It is now known that on Friday, April 32029 at 21:46:13.44 TDB Apophis will closely apach Earth at a
distance of approximately 38331.57 km (0.000256 ,Allgcing the asteroid at an altitude of 31953.44 Which is
3832.43 km closer to Earth than our geosynchrosatadlites. During this close approach event, tieee2.2 10°
probability (0.0022% chance) that Apophis will passugh a gravitational keyhole approximately 600wvide’,
causing Apophis to collide with Earth exactly 7 rgedater, in 2036. The asteroid’s estimated plajsic
characteristics and predicted speed and deliveredyg for a 2036 impact are presented in Table 2.

Table 2. Apophis physical characteristics and 203iBnpact metrics.

Scientific Units’ Equivalent Intuitive Units
Estimated Mean Diameter 250 m 0.155 miles
Estimated Mass 2.1 10%kg 59350 fully loaded 747 airliners
Estimated 2036 Earth Impact Speed 12.59 km/s 28163 mph
Estimated Earth Impact Energy 400 Mt 20000 Hiroshima bombs (20 kt each)

Apophis is potentially the most hazardous NEO alisted to date. While Apophis is not of sufficiesite to
have globally catastrophic consequences shouldikesEarth, the damage would still be tremenddus Apophis
impact would create tsunamis on the coastlinesdsorg any ocean struck and cause extremely widadpdeath
and destruction should it strike land near popdlaeas. There is no doubt that a deflection misgid be sent to
Apophis if it is found to be headed towards a 2B836th impact.

Apart from the uncertainty regarding whether Apsphkvill collide with Earth in 2036, there are other
unanswered questions. For instance, Earth’s gravigyt have a disruptive effect on Apophis during 2029 close
approach. In 1992, comet Shoemaker-Levy 9 wasitdora dozens of fragments during a close appro&dupiter;
21 of the fragments collided with Jupiter 2 yeatsd in 1994

The following sections present an analysis of Apsgendezvous trajectories and discuss the payheask
deliverable to the asteroid by two different launahicle and arrival thruster configurations. Thigalysis then
relates the payload mass to cost. Available lawicidows for rendezvous with Apophis between 2008 2036

" http://earn.dIr.de/nea/099942.htm

" Email correspondence with Dr. John Junkins, AesosfEngineering Faculty Member, Texas A&M Univarsit
* http://neo.jpl.nasa.gov/risk/a99942.html

$ http://en.wikipedia.org/wiki/Comet_Shoemaker-Levy



are identified, followed by a detailed optimal @efion analysis for Apophis. Finally, all of thesuvits are
synthesized to generate a brief outline for a cagmpaf missions to the asteroid.

A. Rendezvous with Apophis

In order to facilitate the optimal deflection ayss$, a set of initial conditions for Apophis’s tetavere generated
that precisely reproduce the 2029 close approadanuvititegrated forward in time under the influené¢he force
model chosen for this study. The same initial statetilized for all trajectory calculations as WweAn N-body
gravitational force model is used that includes $um, Earth, and Apophis, with the Sun fixed atabeter of the
HCI frame. An Adams method (predictor-correctorplitit numerical integration scheme with a maximarder of
12, found within the LSODE solver in ODEPAGKwas used for all state propagations for bothettajry
generation and optimal deflection analysis.

The initial state generated for the analyses hdasepresented in Table 3, along with the statermftion at the
same epoch as provided by the JPL HORIZONS systemoimparison. The data in Table 3 show that thephis
orbit used here in is slightly different from thifaund within HORIZONS, as is expected due to theedomodel
utilized herein. This very slight difference doest alter the character of the asteroid’s orbitlaaad hence the
initial conditions generated for this study areteugufficient for both the trajectory design andimgl deflection
analyses.

Table 3. Apophis state information used at the et 2454000.5 JD.

Orbital Element This Case Study HORIZONS
a (semi-major axis) 0.921932799661088 AY  0.9222630752897020 AU
€ (orbital eccentricity) 0.191323254392897 0.1910585040960234
i (orbital inclination) 3.3460887568784° 3.331325583225698°
W (Right Ascension of Ascending Nod 3)204.1984002037990 204.4600025734231°
W (Argument of Perihelion) 126.405963008497° 126.3955232966237°
M (Mean Anomaly) 82.4540741738348° 84.78650698839441°

Trajectories were computed via Lambert targetiog dringing a spacecraft to rendezvous with Apoghys
sampling a space consisting of departure date isve df flight on the rendezvous trajectory. Thedfies of this
algorithm are expounded upon in other researthe algorithm characterizes all rendezvous ttejées according
to the maximum amount of payload mass that candligeled to the asteroid for a given combinatiodaafnch
vehicle and arrival thruster. Optimal trajectorgge those that deliver the largest payload mass wbenpared to
neighboring trajectories.

Two spacecraft configurations are considered apdsammarized in Table 4. The first is a Discoveigss
configuration similar to the hardware utilized blyet2001 NEAR-Shoemaker mission to the asteroid .Eros
Discovery Class mission criteria established by RABe that maximum cost of the mission cannot eckck299
million and the mission must go from concept tanketuin no more than 36 months

The second configuration is a Heavy Lift configioa that uses a Boeing Delta-1vV Heavy launch vighione of
the most powerful launch systems currently ava@lalbind a Pratt & Whitney RL-10 thruster that hastrang
performance record and one of the highest speaificilse ratings for contemporary upper stage esgine

" http://www.netlib.org/odepack/opkd-sum
" http://ssd.jpl.nasa.gov/horizons.cgi
* http://solarsystem.nasa.gov/missions/future5.cfm



Table 4. Spacecraft configurations considered foApophis rendezvous.

Discovery Class Heavy-Lift

Launch Vehicle Rendezvous Thruster Launch Vehicle Rendezvous Thruster

Boeing Delta-11-2925-9.5 NEAR* (l sp = 313 SeC) Boelng Delta-IV-4050H-19 P&W RL-10 (l sp = 451 sec)

The performance parameters for each spacecrafigcwafion in Table 4 were obtained and programnmgd ihe
trajectory computation software. Figures 11a arld dHow the resulting maximum deliverable payloadsrfar the
two spacecraft configurations as a function of diepa date and flight time. The payload massesdireaccount
for the fuel expended during the arrival maneuVéere are several clearly advantageous launch wisddth one
local optimal per advantageous launch window. Lagetions of the departure date vs. flight timecepare found
to be unreachable with the spacecraft configuratmmsidered here (the dark blue regions).

In particular, there is a region of viable depegtdates, approximately 1 year wide, centered ah ed the
optimal departure dates, which are given in Tabferhe Discovery Class configuration and in Tabléor the
Heavy Lift configuration. The general trend is ththe Discovery Class configuration is capable ddcpig
approximately 400 kg on orbit with Apophis whileesthleavy Lift configuration is capable of deliveriagd300 to
4400 kg spacecraft. The Discovery Class performamedgthin expectations as the mass of the NEAR-spaft
was approximately 450 kg. Other spacecraft conéitions would deliver overall performance somewhm®veen
the Discovery and Heavy Lift classes discussed. here
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Figure 11. Deliverable payload mass for (a) Discevy Class configuration and (b) Heavy Lift configurtion.

There are three particular missions of interestMpophis. The first is a small and simple orbiteteination
mission whose sole objective is to determine Apgighirbit accurately enough to conclusively deteemivhether
Apophis will indeed pass through the 2036 impagtlede in 2029. This is potentially a very low-masission and
readily accommodated by the Discovery Class conditipn. As an example, an X-band transponder beacon
transmitting with only 5 W of power to a 35 m rageg dish on Earth can achieve position accuractherorder of
100 m and velocity accuracy on the order of 0.1 snat/range of up to 2 AU from Eaftfirhe second mission is a
combination science and orbit determination misswinose objectives are to perform high-accuracy torbi
determination on Apophis and conduct a thorougbndific characterization of the asteroid. The sceedata would
be quite interesting from the point of view of urgtanding NEOs in general. Moreover, if the orlatedmination
finds that Apophis is going to pass through thehkdg, then the science data on Apophis’'s compaosiéind
structure will be absolutely crucial to the desidrhe deflection system deployed against Apophis.

" The “Discovery Class” profile is meant to matchavtvas used in the 2001 NEAR-Shoemaker missioheto t
asteroid Eros. The NEAR spacecraft's primary tteusad a specific impulse of 313 seconds andpbheesraft
was launched on a Delta-11-7925-8 rocket. The 788%es has since been re-designated 2925 andhtiie 9
diameter fairing is the closest currently availahlieing to the 8 ft fairing used for the NEAR miss.



Table 5. Maximum delivered payload mass trajectoryesults for Apophis rendezvous with Discovery Clas

configuration.
Departure Date Flight Time, days | Maximum Deliverabk Payload Mass, kg
October 7, 2012 120 409.14
February 4, 2021 105 413.59
March 17, 2029 105 445.44

Table 6. Maximum delivered payload mass trajectoryesults for Apophis rendezvous with Heavy Lift

configuration.
Departure Date Flight Time, days | Maximum Deliverabk Payload Mass, kg
October 22, 2012 120 4475.88
February 4, 2021 105 4332.99
March 17, 2029 105 4448.22

There are two very favorable available rangesaahth times for rendezvous with Apophis prior te #029
time frame. The first range of favorable launahds is on or around 2012 and the second is ononindr2021.
The only favorable launch times between 2029 ar&b20e during 2029, right around the time of clagproach.

The trajectory for a characteristic maximum deiade payload mass rendezvous with Apophis is shoviig.
12a, which is specifically for a rendezvous in @12 timeframe; the rendezvous trajectories for dliger
advantageous timeframes look approximately the samlehence are not shown here. The delivered paytass
performance in the 2012 timeframe is shown in ER@p. Note that the advantageous launch opportsnigépeat
each time that Earth and Apophis are close to edbhr. The synodic period of the Earth-Aphopis pair

approximately 8 years.
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Figure 12. (a) Maximum mass rendezvous with Apophkiin 2012 and (b) delivered payload mass to Apophis
in the 2012 timeframe as a function of departure d& and flight time.
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A logical sequence of events is to reconnoiter g#p® in the 2012 timeframe, gathering precise orbit

determination data and conducting a thorough séienharacterization of the asteroid. The delivepayload mass
numbers in Table 5 for the Discovery Class configjon suggest that such a mission could be perforateor
below the cost of the 2001 NEAR-Shoemaker missidrich characterized the asteroid Eros for a Dispp@ass
budget of approximately $300 million dollars. Th@l2 Apophis mission obtains a valuable science pedduct
regardless of whether the asteroid will in faciksttEarth in 2036. The orbit determination segnurthe mission
would provide sufficient information to determinda@ther a 2036 impact would actually occur. [108&impact is
found to be certain, the 2021 launch window camded to launch one or more deflectors. If no impapends,
our attention can be focused elsewhere.

Nature, it seems, has provided humanity with &emtstraightforward and readily soluble hazardodsON
scenario, yet the 2012 characterization missionrnwasyet even been planned. It is clear that thedgspace
agencies have a vested interest in sending sciaigstons to asteroids and comets as we have visited thus far



and plan to visit more; it seems that, out of alkgible target NEOs for science missions, the rtosatening
NEOs, however small the perceived probability oftE@mpact, would be at the top of list of scietamets. Since
we currently know so little about NEOs in genettalere is no reason for Apophis to be considered lasy
interesting from a scientific standpoint than Itekaor Eros, both of which have been reconnoitergcddience
spacecraft.

The current strategy seems to be to wait for nadar observations of Apophis, which will hopefulbe
available in the 2012-2013 timeframe. It will befartunate if these observations indicate a prdipluf a 2036
impact that is too high to ignore because our ~2@Lach windows will have passed and we cannotyebsion-
orbit with Apophis until 2021. This greatly reduct®e time interval between the time at which we lapmp
deflection to Apophis and time of close approachisTdelay reduces the optimal deflection perfornsanc
dramatically.

The current study examines optimal deflection bdji@s for Apophis in the pre-2029 era, with theal of
applying an optimal deflection to Apophis pre-2GRat pushes it well clear of the keyhole regioerétby averting
a 2036 impact. Should Apophis be allowed to passutith the keyhole and become locked into a 2036hEar
impacting orbit, we would have to launch a defl@etmission between 2029 and 2036. The trajectoayyais data
above shows only one advantageous range of depatates around the March 2029 timeframe. Thus wedv
essentially be launching immediately prior to Apigfthkeyhole passage and rendezvousing shortly, &ftevhich
point we would deflect it from a 2036 Earth impdetiture work will perform an optimal deflection &ysis for this
case.

B. Optimal Deflection Results for Apophis

The approach taken in this study to prevent arsgipdity of a 2036 collision is to deflect ApopHi®m passing
through the keyhole during 2029, meaning that imes of deflection considered are all prior to A", 2029.
Thus the performance index meters the amount bgtwhi given deflection pushes Apophis further awaynf
Earth, and hence further from the keyhph closest approach. So, to compute the Eas8echpproach distance
for any given “deflection” value presented heraimply add the “deflection” value to the origindbse approach
distance of 38331 km.

While a wide range of possible times of deflecttwa considered in order to characterize the oMveedlavior of
the optimal solutions, it is important to note thiae available launch windows for Apophis rendezvdiscussed
previously must be taken into account in orderdntify which times of deflection are accessibléu3 the true
optimal solution is also a function of availabledezvous trajectories. Deflecting earlier is betésrdemonstrated
in the data that follows, but this is constraineztduse the mission has to carry a certain amoumass of
deflection equipment to the NEO and how quicklystiniass can be transported to rendezvous is adanctiboth
the technology of the era and the relative orloitedlamics between Earth and the NEO.

The total optimal deflection analysis for Apophssdivided into three cases and the parameteiigadiin each
case are summarized in Table 7. The specific eefiéach case are discussed in turn.

Table 7. Summary of optimal deflection analysis paameters for Apophis by case.

Case 1 Case 2 Case 3
Number of Deflection Times, t 5¢r 76 25 5
Applied Impulse Magnitudes, Dv 0.1, 1.0, 10.0 cm/s 1.0 cm/g 1.0 cm/s
Azimuth Angles, a 0° to 359° 0° to 359° 0° to 359°
Azimuth Resolution, & e 1° 3° 3°
Elevation Angles, @ 0° -90°to 90°|  -90° to 90°
Elevation Resolution, Oreq N/A 15° 15°

" Technically, pushing the asteroid closer to Eattblosest approach can be effective for collisivaidance,
provided the asteroid misses the keyhole. Howeverstill do not consider deflections that push zandous NEO
closerto Earth to be desirable.



In all figures that present optimal deflectionuies in what follows, please note that all datanp®ithat
correspond to Apophis perihelion passage are deérmtdlue markers.

1. Case 1 Results

Apophis passes through its perihelion 25 timeerpio the 2029 close approach, and each of thesestare
sampled as deflection times in Case 1. Case lsalsples two evenly spaced times of deflection leeford after
each perihelion passage, when the asteroid is@tmomalies of 135° and 222°. The only exceptiorkis are the
first two times of deflection, at which Apophisisié anomalies are 104° and 189°. All of these anmmaly values
at deflection times are shown in Fig. 13. Thus Cassamples a total of 76 times of deflection, beiig on
September 22, 2006 (22.56 years before close apipraad ending on November 25, 2028 (140 days beaflmse
approach). The September 2006 deflection is intgtashow by how much Apophis could have been deftehad
we sent a deflection mission during a February 2@806ch window, illustrating what would have bearsgible if
humanity had become proficient at deflecting NE@srpto discovering Apophis. The azimuth angle spah to
359° at a 1° resolution and the elevation angléixisd at 0°. Three applied velocity impulse magdés are
sampled, 0.1, 1, and 10 cm/s. This leads to 4ab682080 deflections sampled in Case 1. Intemgsti 1819 out of
the 82080 deflections (2.2%) actually cause Apophicollide with Earth in 2029. The applied impuisagnitude
for all of the 1819 collision cases was 10 cm/kede 1819 inadvertent collision cases are collelgtivonsidered to
be an inadmissible region of the deflection paramspace.

280 T T

2 2 =
2 2 g
T
T I 1

True Anomaly of Deflection, degrees

&
I

1] ] . 1
25 20 A5 -10 -5 [u]
‘Years Before Event

Figure 13. True anomalies at each time of deflectn for Case 1.

Figures 14a, 14b, and 14c show the optimal deflecis a function of time for applied impulse magdes of
0.1, 1, and 10 cm/s, respectively. Several keyfeatare evident in these data plots. First, coimgatll three plots
makes it clear that there is a fine structure ®dhta that increases in uniformity as the magaitidthe applied
impulse increases. In fact, the breakdown of this Gtructure is readily apparent in Fig. 14a, Wwhitiows the
optimal deflection results for an applied impulsagmitude of 0.1 cm/s, a very tiny impulse.
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Figure 14. Optimal deflection vs. time of deflectin for (a) 0.1 cm/s, (b) 1 cm/s, and (c) 10 cm/s.



This breakdown in structure with decreased appiepulse magnitude makes sense because as thesenpul
magnitude decreases it becomes more and more ef@aparturbation that does not have enough powesrnpete
with the force fields that dominate the NEO’s matio

Because of the breakdown in fine structure for@Hecm/s data, the second interesting feature imalyifests in
the data for 1 and 10 cm/s applied impulse mageg&ud@he feature, seen in Figs. 14b and 14c, isllkeat are two
slopes followed by the optimal deflection valuegtaey linearly decrease with decreasing time whtise approach.
The inflection point where the slope changes spgiroximately 15 years before close approach ftr tiee 1 an 10
cm/s data sets, and the cause for this changeji® $6 not known at this time but will be investaghin further
studies.

Finally, the optimal deflection vs. time of deflien data for all three impulse magnitudes cleadynonstrate
that deflections applied at perihelion significgralutperform deflections applied far from perihali@nd the degree
to which the perihelion deflection outperforms dletdion applied at another time is directly depemdon the
angular distance from perihelion at the other tifikis validates the prediction of Eq. (15) thatilpelion
deflections are the most advantageous and matebgsdvious findings in Ref. 1.

Figures 15a, 15b, and 15c all show the optimalaitt angle as a function of deflection time fophgd impulse
magnitudes of 0.1, 1, and 10 cm/s, respectivelythkee figures further demonstrate the breakdawstiucture as
the applied impulse magnitude decreases. The optiehacity angles for an applied impulse of 0.1 srahly track
the NEO’s velocity direction loosely, with many exsions out to approximately 15° and some out teentban
30°, whereas the optimal velocity angles for impalsf 1 and 10 cm/s track the NEO velocity directiouch more
closely. Moreover, the 10 cm/s impulse optimaloe#l angles track the NEO velocity direction almbsice as
tightly as the 1 cm/s optimal velocity angles do.
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Figure 15. Optimal velocity angle vs. time of dediction for (a) 0.1 cm/s, (b) 1 cm/s, and (c) 10 csn/
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The one optimal velocity angle trend that all hirmpulse magnitudes have in common is the tendenbggin
deviating from the NEQ's velocity direction shargly the time interval between the time of deflecand the time
close approach becomes small. In fact, it is wbegr in Figs. 15b and 15c that there is a critiaisition point at
which the optimal velocity angle goes from beingmaximately 10° to just over 30°. The cause andineabf this
transition point is currently unknown and will bleet subject of future research. Figures 16a, 164, l&t all
demonstrate the same trends in terms of optimadwthi angle as a function of deflection time.
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Figure 16. Optimal azimuth angle vs. time of defigtion for (a) 0.1 cm/s, (b) 1 cm/s, and (c) 10 cm/s
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One of the key advantages to the deflection patemsampling method for optimization utilized hé&s¢hat data
on the sensitivity of the achieved deflection teidgons from the optimal solution is readily awdile while it is not



available at all from a direct numerical optimipatischeme. Sensitivity results are presented is. Higa, 17b, and
17c for 0.1, 1, and 10 cm/s, respectively. Thesalte show the range in azimuth angle that stédlds 95% of the
optimal deflection. Again, the breakdown with desiag impulse magnitude is apparent by notingtti@atrange of
95% optimal azimuth angles varies largely throughimilection time space for a 0.1 cm/s impulseidubostly
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Figure 17. Azimuth angle range for 95% of optimal @flection magnitude vs. time of deflection for (aD.1
cm/s, (b) 1 cm/s, and (c) 10 cm/s.

constrained to between 25° and 37° for 1 cm/s arel/én more tightly constrained to between 34° 36fdfor 10
cm/s. Note also that while the 95% optimal azimarlyle range begins to increase significantly adithe interval
between deflection and close approach becomes sniadth the 0.1 and 1 cm/s cases, there is no isucbase for
the 10 cm/s impulse. Figures 18a thru ¢ and 19adtpresent the 90% and 85% optimal azimuth aragige data,
respectively, and demonstrate the same trended&@56&# data. The primary difference is that the sfzihe azimuth
angle ranges obviously increases since the pegeitderances are looser (90 and 85%).
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Figure 18. Azimuth angle range for 90% of optimal @flection magnitude vs. time of deflection for (ap.1
cm/s, (b) 1 cm/s, and (c) 10 cm/s.

B

=]
8

g, cRgre:
8 8

B
—

&

a1
Jﬁ&ifﬁ% o o Al
l k& F‘& ‘g d

%5 20 15 -0 5 0 25 20 15 10 5 [} 25 20 15 -0 5 0
Years Before Event Vears Before Event Years Before Event

(@) (b) (c)
Figure 19. Azimuth angle range for 85% of optimal @flection magnitude vs. time of deflection for (aD.1
cm/s, (b) 1 cm/s, and (c) 10 cm/s.
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Figure 20 presents the performance index surfacémpulse magnitude vs. deflection time space. The
oscillatory nature of the optimal deflection betwemerihelion and other true anomaly values careke,sas well as



the general decrease in optimal deflection magaitasl the time interval between deflection and chgggroach
decreases; the inflection point in the slope isawestly visible.

The primary feature of interest in Fig. 20 is ttia optimal deflection appears to decrease ndiaggrly with
decreasing applied impulse magnitude, with no fis&wucture to the behavior. This feature can bensee
guantitatively by comparing the optimal deflectiealues in Figs. 14a, 14b, and 14c; it is clear th#ctor of 10
increase in applied impulse magnitude causes thienalpdeflection to increase by a factor of almegactly 10.
Furthermore, the optimal deflection values all temdlards zero at the time of close approach and #pa same
amount of deflection time space, meaning that tbkdr the magnitude of the applied impulse, theste the slope
of the decrease in optimal deflection with respgectlecreasing time interval between deflection tane time of
close approach. This feature is readily appareRtgn20 and can be deduced by comparing Figs. 14tg,and 14c.
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Figure 20. Optimized deflection as a function of &th applied impulse magnitude and time of deflectio.
2. Case 2 Results

Case 2 samples 25 times of deflection correspgnidireach of the 25 perihelion passages that Agopiakes
between September 22, 2006 and the April 13, 2G2thEelose approach. The final deflection time daohjis 227
days prior to the close approach. The applied isguhagnitude for each deflection is 1 cm/s andattimuth
angles sampled range from 0° to 359° at a 3° réealwhile the elevation angles sampled range 8@ to 90° at
a 15° resolution.

The optimal elevation angle was found to alway®heas expected, and the optimal azimuth and itglaogles
are such that the applied impulse vector tendsacktNEQO's instantaneous velocity direction to itlseveral
degrees, also as expected. The key result of Casec@nfirmation that the optimally oriented applianpulse
vector lies in the NEO'’s orbit plane, which is csisnt with intuition and previous research respitssented in
Ref. 1..

Sample results are presented for three of the legngeflection times, 10.37, 9.48, and 8.59 yeaiar o the
2029 close approach event. The results for these times are completely representative of theltsefar all other
sampled times of deflection in Case 2. These paaticthree times of deflection are presented bexdhey
represent the deflection achievable by a defleatmission launched to Apophis in the 2021 timefrafigure 21a



shows that the optimal available deflection for end/s impulse ranges from approximately 10500 k@00 km
and Fig. 21b indicates that the optimal appliedutsg orientation tracks the NEO’s instantaneousargl direction
to within approximately 3° to 6°.
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Figure 21. (a) Optimal deflection magnitude and (poptimal velocity angle as a function of time of dflection.
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The results for the sensitivity of the achievefled#ion to deviations from the optimal solution edound to be
the same for all three times of deflection showrehend these results are summarized in Table & Mt the
overall trends for the sensitivities were alreadysented over the entire deflection time spaceaseCl and hence
are not repeated here.

Table 8. Achieved deflection sensitivity to devians from the optimal solution at 10.37 years befa close

approach.
Achieved Deflection Azimuth Range Elevation Range
95% of Optimal 10007.36 km 33° 30°
90% of Optimal 9480.66 km 48° 30°
85% of Optimal 8953.95 km 60° 60°

Figures 22a and 22b show the optimal azimuth debBon angles, respectively, for each time oflatgion.
The optimal elevation angle is clearly always O°ilevithe azimuth angle corresponds to the trackifighe
instantaneous NEO velocity direction by the optiaggblied impulse vector, as discussed previously.
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(a) Optimal azimuth angle and (b) optiral elevation angle as a function of time of defleicn.




Figures 23a and 23b show the azimuth-elevatiomespaerformance index surface and correspondingthre
dimensional plot of the optimal applied impulse tee@nd the NEO’s instantaneous velocity vectordoe of the
times of deflection in Case 2. Only these figures provided because they are of the same charastall other
such figures for Case 2 data.
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Figure 23. (a) Azimuth-elevation space performancmdex surface and (b) three-dimensional plot of gpied
impulse vector and NEO velocity vector, both at theime of deflection.

3. Case 3 Results

For Case 3 the magnitude of the applied impulstovés 1 cm/s and five times of deflection are pld, 6.12,
4.68, 3.36, 1.92, and 0.6 months prior to the Ap#f, 2029 close approach. During these times Apophisis
anomaly changes from approximately 65° to 218°.

Figures 24a and 24b show the optimal deflectiogmitade and optimal velocity angle, respectivelyeach
time of deflection. The optimal deflection magnikudecreases non-linearly and crosses zero betweesetond
and third time of deflection. This marks a tramsitpoint for which the maximum value of the perfarme index is
less than zero, meaning that even the optimal ctédle pushes the NEO closer to Earth rather thatihdu away.
From the point of view of steering the NEO cleartbé keyhole this may be just as effective as atipes
performance index value of the same magnitude,gihave generally consider negative performance inddves
as mapping to inadmissible regions of the deflecparameter space. Furthermore, the performanea irsdnot
designed to recognize that, for the special cagmshiing away from a keyhole, the sign of the perénce index
does not matter, only the magnitude.
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Figure 24. (a) Optimal deflection magnitude and (poptimal velocity angle as a function of time of dflection.

Note that in Fig. 24b the optimal velocity anglenges rapidly from being in the vicinity of the Q@E velocity
direction to being mostly radial and then movesang the direction opposite the NEO’s velocity dian.
Additionally, Fig. 25a shows a corresponding eviolubf the azimuth angle. Furthermore, Fig. 25bvghthat the



optimal elevation angle transitions from being zerdeing 15° up out of the NEO's orbit plane floe tast two
times of deflection, which are 1.92 and 0.6 momitisr to the close approach.

a) ( (b)
Figure 25. (a) Optimal azimuth angle and (b) optiral elevation angle as a function of time of defleicin.

This is particularly significant because the optirelevation angle was found to be 0° for all priiones of
deflection. Thus we have discovered that therecidtizal point in the deflection parameter spazaticularly along
the deflection time dimension, for which the optirakevation angle is non-zero, but only when thmeetiinterval
between the time of deflection and time of closprapch is very, very small. Formulating an explamafor this
phenomenon that is consistent with the system digzamill be the topic of future research. Figuré&maand 26b
show the complete azimuth-elevation space perfocmandex surfaces at 6.12 months and 0.6 montls fwi
close approach, respectively.

(a) (b)
Figure 26. Azimuth-elevation space performance irek surface at (a) 6.12 months and (b) 0.6 monthsfbes
close approach.

Figures 26a and 26b clearly show the azimuth atrgiesition though the elevation angle transitismot as
readily visible. However, Figs. 27a and 27b shasthbthe azimuth and elevation angle transitionsrtye In
particular, Fig. 27b shows the optimal impulse wegiointing up out of the NEQO’s orbit plane (RadiaTrack
plane) and tending towards opposing the NEO velatiiection.



@) (b)
Figure 27. Three-dimensional plot of applied impude vector and NEO velocity vector at (a) 6.12 monshand
(b) 0.6 months before close approach.

C. Summary of Apophis Response Mission Design

Based upon the mission design architecture predentFig. 2 and the results of this study, we neo@nd a
campaign of missions to Apophis that includes dimpieary science and orbit determination sent tmplpis in the
2012 timeframe. The NEAR spacecraft had a mass4&f kg and was capable of providing excellent
characterization of the asteroid Eros. Since oefimpinary trajectory design results for Apophis igate that a
Discovery Class type of mission can deliver arod@ kg to Apophis in 2012, it is very likely thaetdiled
trajectory optimization can increase this perforogarHence, a Discovery Class reconnaissance migsidpophis
in the 2012 timeframe is recommended for the pwepas accurately determining Apophis’s orbit andviing a
comprehensive scientific data product on the agtsrphysical nature.

If the orbit determination indicates that therenis possibility of Apophis passing through the 208tpact
keyhole during the 2029 close approach, then rnibdéamissions are required and we will have gathargaluable
science data product and at the same time increageNEQO response mission proficiency. Howevegdfurate
orbit determination shows that Apophis will defalit pass through the keyhole in 2029 or even haweeschance
of doing so, then a follow-up deflection missiorregjuired.

Our preliminary trajectory design results indicttat the best time to launch a follow-up deflectiission is in
the 2021 timeframe. Given the launch date and nainflight time, this allows the deflection to bepdipd to
Apophis at the perihelion passage occurring appratély 7.7 years prior to the 2029 close approaal, so the
data for this time of deflection will be referendedm Figs. 14a, 14b, and 14c.

The 2021 deflection mission to Apophis has to admpe of two strategies. The first strategy is &flett
Apophis by the maximum amount possible, in keepiritly the philosophy that pushing the asteroid asafsay
from Earth as possible is the safest course obmaciihe second strategy is to deflect Apophisgustugh to steer it
clear of the 2036 keyhole. Since the keyhole iy 6n600 m wide and even the smallest deflectiores@nted
herein (1 mm/s) are in the hundreds of km, thisliespthat only a very small impulse needs to beliagpo
Apophis in this case, perhaps a tiny fraction afirh/s.Note that the applied impulse magnitude must bécgerit
to clear the keyhole region by a safe margin, &edstize of this safe margin has not yet been datetn

The data acquired in 2012 on Apophis’s physicaumawill influence the de