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Earth has been struck and will be struck again byasteroids and comets whose orbits
bring them into close proximity with Earth’s orbit, collectively termed Near-Earth Objects
(NEOs), and such collisions can be catastrophic. @npossible means of eliminating the
threat posed by a NEO on a collision course with Eth is to deliver and emplace explosive
charges into blast holes drilled into the NEO by @&@uman and/or robotic crew. Preliminary
design work has been completed regarding the propdiashion in which to distribute these
charges throughout the NEO to ensure that their detnation breaks the NEO into fragments
no larger than 30 — 50 m in mean diameter so thatng fragment that should still collide with
Earth will burn up in the atmosphere and not harm Earth’s surface. This paper examines
the requirements for a spacecraft mission to delivethis distributed-energy blasting system
to a given NEO by considering four example target EOs drawn from the currently known
NEO population. A preliminary mission outline for completing the NEO blasting operation
is presented that includes basic rendezvous trajemties and deliverable payload mass results
for each target NEO, a survey of NEO proximity opeations methods and considerations,
and a discussion of the issues associated with sopfing a human crew for such a mission.
This study has concluded that current and near-termlaunch and propulsion technology is
insufficient for support of a distributed-energy blasting mission unless the overall blasting
system mass can be dramatically reduced or launcle¢hnology improves significantly. NEO
proximity operations are deemed feasible for the lalsting mission with continued
development. Sustaining a human crew for the duratin of multi-year NEO blasting mission
will also require advances in technology such thatrew health and sustenance can be
ensured in the remote space environment for an extded duration. All of these required
enabling technologies for a blasting mission are ajeneral interest in terms of the overall
advancement of crewed and un-crewed solar systempdaration.

|. Introduction

ARTH has been struck and will be struck again hgrasgds and comets whose orbits bring them inteeclo
proximity with Earth’s orbit, collectively termed edr-Earth Objects (NEOs). These collisions can be
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catastrophic when the impacting NEOs are massieaign generally 1 km or more in mean diameter. Bhisly
examines distributed-energy blasting of an inconiiD as one potential strategy for fragmentingeftetting the
NEO, thereby eliminating it as a threat to Earth.

Methods are being developed to perform distribwtedrgy blasting on a NEO such that the largesaiming
fragment is small enough, no more than 30 — 50 rsiz¢" to burn up in the atmosphere should one or more
fragments still collide with Earth This strategy requires rendezvous with the NEbv@d by proximity and
surface operations to drill all required blast lsofnd properly position all the blast charges ptiodetonation.
Given the complexity of these operations, a contimnaof human and robotic crew members may be requiNote
that drilling into a rubble pile NEO will be mor@mplex than drilling into more solid NEOs in terwfsanchoring
the drilling equipment.

The feasibility of this strategy from a spacecrafission design viewpoint is evaluated in this gtuiy
characterizing how much payload mass can be delivefficiently to each of four sample target NEGsng
current or near-term technology. Additionally, thesequent mission operations required to carntteublasting
process are outlined, with a focus on the spadeprakimity operations trajectories about the NEDe issues
associated with ensuring the health and suster@reduman crew for a multi-year NEO blasting nossare also
discussed. Finally, recommendations are preseegatding space technology development paths thaldwoake
distributed-energy blasting missions more tractable

[I. Target NEO Selections

Four target NEOs have been selected for exammatithis study. These NEOs primarily were chosartlieir
mineability and size classifications, and it isoafelpful that science missions have successfldiyrf to two of the
four targets, these being the Near-Earth AstersAs) Eros and Itokawa. The Stardust mission (2@@tformed
a flyby of comet 81P/Wild-2 and collected partidamples from the coma but did not engage in exténde
operations in the vicinity of the comet. Astero@B86 DA has not yet been visited by a spacecraft.

In practice, a characterization mission must bevfl to any given target NEO prior to the deploymehthe
distributed-energy blasting mission so that thepproset of explosive charges may be chosen, dii# locations
and depths computed, and support equipment selected

In this section we present the orbital charadiessof each target NEO and summarize their physica
characteristics in the context of distributed-egdstasting.

A. Orbital Characteristics

The heliocentric Keplerian orbital elements fockeaf the four target NEOs are presented in TablEh& orbits
are reasonably characteristic of the range of NEftfound in nature, with inclinations betweerl .6 and 10.8°,
semi-major axes between ~1.3 and 3.4 AU, and edcities between 0.22 and 0.58. Rendezvous isliéasiith all
of the NEOs, and the critical question of how muetyload mass can be delivered via efficient rendegus
examined in a subsequent section, which includeslation plots of each NEQO's orbit for reference.

Table 1. Heliocentric Keplerian orbital elements 6r target NEOs at epoch 2454000.5 JD

Asteroid Itokawa Asteroid Eros Comet 81P/Wild-2 Asgeroid 1986 DA
a | 1.3239271241608 AU 1.45814310173926 AU  3.4505366249 AU | 2.80928103722431 AU
€ 0.28008278025999 0.22272517191701b 0.538267561889(03 0.586387346386578
[ 1.62222623973754° 10.8288322885544f 3.23860607728999 4.3097178493379°
W 69.0954733111702° 304.385917264693F 136.133375@8414 64.7887036244007°
w 162.76618539854° 178.650047241258p 41.8388967791372 127.1956757338°
M 193.30712326056° 352.085019984876¢ 157.337135868471 119.176015891677°

" http://neo.jpl.nasa.gov/orbits/



B. Physical Characteristics

NEO orbital characteristics were not the dominfactors considered in target NEO selection. RatN&tQs
were chosen that have been visited previously Ignsfic characterization missions so that meanihdfstributed-
energy blasting operations could be designed femthin Ref. 2. Table 2 summarizes the important ichys
characteristics for each of the target NEOs.

Table 2. Target NEO physical characteristics relevat to distributed-energy blasting design from Ref2.

NEO Fragmentability Size Constituents Physical Size, km Bulk
Classifcation Density,
glent
81P/Wild-2 Group 0 Class 3 comet (mostly ices 1.65" 2.00" 2.75 15
Itokawa Group 1 Class 2 friable rock (rubble pile)0.535" 0.294" 0.209 1.9
Eros Group 2 Class 3 hard rock 13° 13 33 2.67
1986 DA Group 3a Class 3 metal-rock mix 2.3 (diaamet 5

The fragmentability and size classifications aefirded specifically in the context of distributedeegy blasting
and are discussed in detail in Ref. 2. Brieflygfreentability depends on the structure and composii the NEO
and characterizes the ease with which it is brakgnwhich decreases with increasing group numbgre S
classification is based upon how many blasts agaired, which affects mission duration and the nendf teams
required for blasting operations. Clearly, largdg@é will require more blasts and hence a largerbmimof teams
operating over a longer period of time. Note th@tenof the target NEOs is or ever will be a thtedarth.

. Distributed Energy Blasting for NEO Fragmentation and Deflection
The preliminary designs for distributed-energyskiteg systems have been completed for each targ& M
Ref. 2 and the results are summarized here in Talfier comparison to mission design results preskm a

subsequent section herein.

Table 3. Distributed-energy blasting design valuefr each target NEO from Ref. 2.

NEO General # Blasts Explosives| Equipment Drilling, # Teams Time
Approach Mass, Mass, km Needed,
metric metric yrs
tonnes tonnes
Itokawa destruction 6 11.0 22 6.6 1 0.5
81P/Wild-2 phased 10 4.75 10° 402 2522 20 4.0
destruction
1986 DA Deflection 1-3 2.24 10° 202 346 10 2.0
Eros splitting & 17 3.82 1¢° 10000 1.36 10° 500 20.4
deflection

Asteroid Itokawa is clearly the most tractablegfreentation target, because it is a relatively snaaid
strengthless, low-density rubble pile object. 81HdV¥ is the next most tractable target for fragmagion but the
distributed-energy blasting system requirementsstiieone to several orders of magnitude highemtthose for
Itokawa. Asteroids 1986 DA and Eros would be caatdid for testing deflection mechanisms rather thegets for
fragmentation. For Eros, this is due to its large svhereas for 1986 DA, it is because of its (as=l) metallic
composition. The optimal orientation for the reanttimpulse vector for deflection is beyond thepscof this study
but is treated in detail in other resedrch

Note that the drilling length values in Table 8 #@ne sums of the lengths of the array of drillfshdrilled into a
NEO, and this sum can be considerably larger thamphysical dimensions of the NEO.

The details of the drilling and explosives emptaeat operations are presented in Ref. 2 and areepetted
here, apart from stating that an array of blasefatill be drilled into the NEO at various depthsl &explosive



packages placed within these holes. Note that thblgms associated with providing sufficient norrfaice for
drilling into a rubble pile are immense.

It is assumed that, in general, an independerntfic characterization mission is sent to angeaMEO prior
to the design of a distributed-energy blastingesysbeing sent to the NEO. It is clear from Tabte& the mode of
operation, duration of operation, and mass of rnaterquired for each of the four target NEOs désad here vary
dramatically and thus any arbitrary NEO will alssvb a unique set of requirements.

It may be possible to generate the componentarfanonium nitrate/fuel oil (ANFO) type explosivessitu
when dealing with comets, as described in Ref. Biclwv would significantly decrease the required maks
explosives to be delivered to the NEO. This in-sitanufacturing process is currently estimated ifh Reo be
doable concurrently with blast hole drilling.

The number of years required in Table 3 is basedhe overall system operating (blast hole drillizuwgd
explosive emplacement) continuously 50% of the tiffilee composition of the “teams” has not yet bealty f
defined beyond including at least one human. Addélly, the equipment mass is only an estimatecandd vary
in practice by as much as + 200% or - 50%. Thisgrgent mass estimate also does not include starspackcraft
equipment, crew life support, or robotic systenrsefiplosives emplacement.

IV. Blasting Mission Outline

The NEO blasting mission begins once the requsgtcecraft components are prepared for launch Earth.
The spacecratft will launch at the appropriate tamd rendezvous with the target NEO.

NEO proximity operations begin after the spaceadra$ arrived on orbit with the NEO followed by NEGrface
operations in which the human crew, robots, or saombination thereof drill the blast holes and eaupl the
distributed-energy blast charges. Next, the chaagesietonated in a controlled sequence to fragoredéflect the
NEO. An observation spacecraft on orbit with theON®&ill observe the post-detonation state of the NE@rovide
data for mission evaluation.

We survey these issues and present a generalethlt captures the important steps in the missisouss the
challenges and potential solutions, and provideessimulation and design numbers intended to prostgee first-
order sizing for selected aspects of the overaigieproblem.

A. NEO Rendezvous Trajectory Design

The NEO rendezvous trajectories presented hengincanic section ballistic arcs computed via a Larhb
targeting algorithm, the derivation of which is falin the literatur® Two-body dynamics are assumed, with the
Sun as the central body. The orbital geometry &ardezvous is presented in Fig. 1la and the Earthrtlep
geometry is shown in Fig. 1b.
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Figure 1. (a) Geometry for Lambert targeting betwea the Earth and a NEO and (b) Earth departure
geometry.



The functional form of the Lambert targeting algan is given in Eq. (1). The TOF and initial anica
heliocentric position vectors are selected a priand the gravitational parameter of the Sun ividem as known
input.

(vi \V; ): Iamberl(ri I, TOF, ngUN) 1)

The outputs of the algorithm are the requirediahivelocity on the rendezvous trajectory arc ahd final
velocity on the rendezvous arc at the time of alriafter the TOF has elapsed. The total changaeérgy, and
hence required fuel, to complete the rendezvousncan be computed. Two phases are examined: depaahd
arrival.

The departure geometry is shown in Fig. 1b. Therggnrequired for departure is characterized byotientity

denoted a€C,, given by Eq. (2).
C3 =V§ =||Vi - VE”2 (2)

The available launch mass for a particular lawnhicle is typically specified as a function of thg, required

by a given rendezvous trajectory. Note that thgainvelocity in Eq. (2) is computed via the Lambalgorithm as
shown in Eq. (1) and the velocity of the Earthlet time of departure, obtained from an ephemefisbsequent

sections will show the dependence of launch mas&gtfior the launch vehicle chosen for this study.

Figure 2 depicts the geometry at the time of spade arrival on orbit with the NEO, which markseth
completion of the orbital rendezvous phase of th&sion. The final velocity of the spacecraft on thedezvous
trajectory is provided by the Lambert algorithm ahe position and velocity of the NEO are obtaiffien an
ephemeris. In order to complete the rendezvous,spgaeecraft must use its rendezvous thruster ttornpera
maneuver that matches its velocity to the requidcity for rendezvous, which is equal to the tabvelocity on
the NEO'’s heliocentric orbit at the arrival poifightly behind the NEO along its orbit, as showrFig. 2.

Rendezvous
Trajectory

NEO
Orbit

Figure 2. Geometry at NEO arrival.
The final position vector at the arrival pointlistermined by applying a small change to the NE@is anomaly

at the time of arrival to yield a position on th&®'s orbit slightly behind the NEO, as shown in E2). Note that
the spacecraft may also arrive ahead of the NERaifis deemed more advantageous for the mission.

re =TIy (n(tARR)' Dn) 3

Similarly, the required velocity at the time of imal is equal to the velocity on the NEO’s orbittae point of
arrival, as shown in Eq. (4).



Varr = Vn (n(tARR) - DV) (4)

The final velocity of the spacecraft along the mendbus trajectory arc is provided by the Lambegbathm as
shown in Eq. (1), allowing the arrival maneuvetb® computed via Eg. (5). The magnitude of this maeeis a
key factor in the payload mass calculations.

DVARR = HVARR - Vi H )

Once the orbital rendezvous is complete, the spaftenill have consumed all of its arrival fueldawill jettison
the arrival thruster and associated tankage toceeds mass and improve its inertia tensor, malsnbgsequent
proximity operations and attitude maneuvers, resgeyg, more efficient. The proximity operations neavers will
bring the spacecraft and its payload into closeipmity with the NEO so that surface operations cammence in
which the blast holes are drilled and the distelluénergy explosives emplaced for detonation.

The launch vehicle must contain in its payloadrigi all of the mass required by the spacecrafis Tdtal launch
mass is the sum of many important spacecraft systéam components, but for this study we initiatlgus on three:
fuel mass for arrival maneuver, the dry mass of dlival thruster, and the deliverable payload magsich
includes distributing-energy blasting equipmengvwgrand crew equipment, including the habitat spade This
logical categorization of mass is depicted in Big.

s 3
Fae € Mass of fuel required for arrival maneuver.
Spacecraft launch mass,
a function ofCs. m_< > M, ¢ Total spacecraft mass at the time of arrival.
3
Mony «———— Deliverable spacecraft payload mass.
L } m G———— Dry mass of arrival thruster.

Figure 3. Logical spacecraft mass categorization.

The delivered payload mass is the true quantitjntgrest as it includes, among other things, thecscraft
structure, thrusters, sensors, instruments, poverergtors, communications hardware, and the paylufad
distributed-energy blasting equipment. Additionallyis deliverable payload mass must account fgrrabots or
humans as well as life support and habitationtHeriumans, along with thrusters and fuel to retiienrhuman crew
to Earth. Note that the additional mass for humamaeturn can be eliminated by a fully robotic sii&. A further
constraint is that the entire launch payload mitdhfthe payload fairing of the launch vehicle. Wéhwe cannot
examine this factor at the current stage of thégdesrocess, it may turn out that the number ofinegl launches
will be driven by the total volume rather than tateass of the equipment.

The objective is to compute the delivered payloess as a function of the rendezvous trajectorgrpeters and
the launch vehicle and arrival thruster capabditié/e begin with a form of the rocket equation,spreged in Egs.

(6). Note thatl 5 is @ measure of the efficiency of the arrival then and is in units of seconds. The paraméger
is the acceleration of gravity at Earth’s surfe&80665 m/&

— 9lsp
M =My €7 -1
(6)

mTOT = mF + mDRY



Equations (6) can be written in terms of the masmtjties specified in Fig. 3 and the arrival mamgunagnitude
given in Eq. (5), as shown in Eqgs. (7).

DVARR
— IS
Me e = (Mo + mTDRY) er -1
)
M, = Mee ¥ Meay + Mr
Rearranging Egs. (7) and solving for the delivezgddyload mass yields Eq. (8).
— rnle
Mppy = Diprn mTDRY (8)
e 9lsp

Equation (8) specifies the deliverable payload sves a function of the rendezvous trajectory patarsethe
launch vehicle capability, and the arrival thrudiegl efficiency. The most efficient trajectoriesaximize Eq. (8),
allowing the maximum mass to be delivered to amiM&EO for subsequent on-orbit operations. The laurahicle

performance profile utilized in this study is shoimnFig. 4, which depicts launch payload mass astfan of C,

for the Boeing Delta-IV Heavy, one of the most pdwklaunch vehicles currently available. The aatithruster
used is the Pratt & Whitney RL-10, a LOX/LH thrusteaturing one of the highest specific impulsesilable in a
contemporary upper stage engine, 451 seconds tramg) snterplanetary mission heritage

Figure 4. Launch payload mass performance for the @ing Delta-1V Heavy.

The NEO initial conditions in Table 1 were utilizealong with Earth ephemerides, in a Lambert targe
trajectory scanning software tool written for thisalysis to compute and characterize trajectooiesth target over
a range of launch and arrival times beginning i6®@and extending 30 years into the future. Thettayies were
characterized according to Eq. (8) in order to iiigrthe trajectory for each NEO that delivers thmaximum
amount of mass given the launch vehicle and arthvaister performance. This maximized deliverediqey mass
was then compared to the required explosives anghegnt mass totals from Table 3 for each NEO tmmate a
first-order estimate of the number of launches iregll assuming them to be mass limited and notgaalyfairing
size limited. These results are all summarizedahl@ 4.

It is clear from the data in Table 4 that sigrfit advancements in launch vehicle capability aguired to
accommodate the payload masses called for by thertudistributing-energy blasting system desigrise one

" http://www.pratt-whitney.com
" http://elvperf.ksc.nasa.gov/elvMap/



exception is asteroid Itokawa, which can be accodaten in 6 launches, which is tractable. Thousandsns of

millions of launches are required for the othee¢hNEQOs, and such launch operations are clearlieasible.

Table 4. Maximum delivered payload mass trajectoryesults and number of required launches for blastig.

Destination NEO Departure Date Flight Time m [kq] Number of
PAY

Launches

Asteroid 1986 DA March 4, 2019 6 months 1215.42 1.843 10°

Comet 81P/Wild 2 November 11, 2028 7 months 686.22 7.508 10°

Asteroid Eros February 8, 2035 8.5 months 2839.75 1.349 10°

Asteroid Itokawa May 18, 2036 6 months 5981.94 6

For reference, Figs. 5a thru 5a show each NEQt atbng with Earth’s orbit and the maximum delivétre
payload mass rendezvous trajectory. Figures 5b3hrshow how the delivered payload mass variesfasaion of
launch date and TOF for each NEO rendezvous secen@e dark blue areas in the plots represent chedde

zZzones.

(a) (b)
Figure 5. (a) Maximum Payload Mass Rendezvous witAsteroid 1986 DA and (b) Maximum Payload Mass
as a Function of Departure Date and Time of Flight

(@) (b)

Figure 6. (a) Maximum Payload Mass Rendezvous witBomet 81P/Wild 2 and (b) Maximum Payload Mass
as a Function of Departure Date and Time of Flight



(@) (b)
Figure 7. (a) Maximum Payload Mass Rendezvous witAsteroid Eros and (b) Maximum Payload Mass as a
Function of Departure Date and Time of Flight

@) (b)
Figure 8. (a) Maximum Payload Mass Rendezvous witAsteroid Itokawa and (b) Maximum Payload Mass
as a Function of Departure Date and Time of Flight

B. NEO Proximity Operations

Proximity operations around a NEO are a direcemsibn of well known proximity operations between
spacecraft operating in Earth orbit. The technicqaesreadily extended to the case where the cemb@dy is the
Sun, the reference orbit is the NEQO’s orbit, anel tdrget object about which the spacecraft maneisvitie NEO.
The two primary challenges arise in either harmgssir overcoming the NEQO’s own gravitational fiedehd
computing proximity operations maneuvers in thespnee of the NEQ's orbital eccentricity; traditibpaoximity
operations equations are derived only for circoéderence orbits and the dynamics do not includerispacecraft
mutual gravitation. Note that there is significtetritage to build upon, such as the NEAR-Shoemakssion of
2001, which operated in close proximity to the @tk Eros for an extended period and the more tecen
Haybusa/MUSES-C mission to asteroid Itokawa, whalBo operated in close proximity to the asteroid.
Furthermore, the aforementioned proficiency withximity operations in Earth orbit ensures that NEO©ximity
operations for the distributed-energy blasting moissare tractable though rigorous analysis andgiess still
required.

NEO proximity operations begin once the final\atimaneuver is completed and the spacecraft @rloit with
the NEO, trailing (or leading it) by some nomindatence. The initial proximity operations maneuwsils bring the
spacecraft within a few kilometers of the NEO, &ich point final approach maneuvers will begin. Banulti-year
operation it is necessary to place the crew hapitaich possibly also serves as the crew returmciehin a parking
posture (hovering or orbiting) near the NEO that ba maintained with minimal fuel. The crew habitaght also



be anchored to the NEO's surface to conserve fugher trade studies are required to determinethgremass is
saved by including habitat anchoring equipmentaathan habitat station-keeping fuel. Note thatghm/tumble
state of a NEO will complicate communications aigthting. One possible strategy is to have the cspacecraft
station-keep relative to the NEO and let the NE@/ggmble in front of the spacecraft to achieve NE@face
coverage from the spacecraft.

Subsequent to that, the crew must deploy to th@'BlESurface and begin surface operations, possibiyg
environment suits equipped with small thrusterswiface tethers or both. We also recommend plaaiingast one
supporting spacecraft, termed the NEO orbiter, éfoae orbit about the NEO to provide the crew WO surface
observations to aid in navigating to the correcttemns for blast hole drilling. The NEO orbiter ynalso relay
communications signals if line of sight between ammication points is ever lost. These consideratiatong with
fuel efficiency and optimal solar panel pointingllinfluence the trajectory design for the NEO ibel.

The design of proximity operations around the Niaany purpose is performed in one or both of regimes:
NEO-captured orbits that harness the NEO'’s ownityrand NEO-independent trajectories for which spacecraft
guidance, navigation, and control (GNC) systemtsrdhe NEQO’s gravity as yet one more perturbatiorbé
rejected, either implicitly or explicitly. The spaaraft GNC system will have to fight solar gravifylanetary
gravity, solar radiation pressure, and thermaladiation regardless. Additionally, in the case whtre NEO's
gravity is utilized, the fact that the NEO’s grational field is severely non-spherical (owing teeverely non-
spherical and non-homogenous NEO mass distributidhfomplicate matters. Both of these regimessareveyed
in the sections that follow. Note that specific ximity operations design is not possible at thegst of analysis
since specific drilling and explosive emplacemeauerations have not yet been defined.

1. NEO-captured Orbit Considerations

Analysis of NEO captured orbits begins with ttenaepts of the Sphere of Influence (SOI) and Sploére
Activity "(SOA) centered at the NEO’s center of mass. Botthe§e concepts are related to defining a volume of
space around the NEO where its own gravity hasltiiley to dominate the motion of an object thatésy small in
comparison to the NEO.

In this study we assume that the NEOs are sphevitta homogeneous mass distributions and thaiptim@ary
gravitational competitor to the NEO is the Sun.tRer studies will have to refine these assumptibns,for now
they readily provide initial sizing information. Hation (9) specifies the radius of the SOI in tewhshe NEO'’s
mass, heliocentric orbit semi-major axis, and tkessof the SunEquation (10) specifies the NEO’s SOA radius as
a function of the same parameters as the SOI, lsatiacludes the NEO's orbital eccentriCityThe difference
between the SOI and the SOA is mostly operatiahal;SOI is intended to characterize the region shguanet
within which the patched conic approximation isidza@nd the SOA is intended to characterize a thambr system
in which one body is relatively tiny, e.g., a spaedt near a NEO but also experiencing solar gyauitterms of the
volume in space around the second-largest bodyNEf@) for which the tiny body can be in a captuoebit about
the second-largest body.

2

_ Myeo
I'sor = @neo (9)
Mgy
1
Myeo
I'soa® Queo (1' eNEo) (10)

3mSUN

To characterize the altitudes of both the SOI &A@\, a NEO orbital eccentricity was chosen thahésaverage
of the eccentricities presented for the four tafgBOs in Table 1, which is 0.407, and the semi-majdis was
varied between the minimum and maximum values ibldd. The NEO radii were varied between the raofge
NEO sizes presented in Table 2 for the target NH®& produces a parameter space that is repréisentd the
NEOs discussed herein. The SOI results are shoWwigirda and the SOA results are shown in Fig. 9b.

" The “Sphere of Activity” sometimes goes by othames in the literature, e.g., the “Hill's Sphere'tlee “Roche
Sphere.”
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(a) (b)
Figure 9. (a) Sphere of Influence altitude and (bpphere of Activity altitude for NEOs of varying radii and
heliocentric orbit semi-major axis length.

In Figs. 9a and 9b is clear that the SOI radiismaller than the SOA radii by approximately a daaif three
and hence the SOl is treated as the more conserwedgtimate of the volume of space around a NE@hith a
spacecraft can find stable NEO-dominated orbits.

Next, the surface gravity, surface escape velpoityital velocity in a circular NEO-captured orhotbital period
in this NEO-captured orbit, SOI radius, and SOAiuadvere computed for all four target NEOs andrdsults are
presented in Table 5. For these calculations ede€® Mas modeled as a homogeneous sphere with thestar
ellipsoidal semi-axis length being used for the NEfat have known elliptical dimensions in Table 2.

Table 5. NEO gravitational field analysis results.

NEO Mass, Surface Surface Circular Circular NEO SOl | NEO SOA
metric Gravity Escape Orbit Orbit Radius, Radius,
tonnes Acceleration, | Velocity, | Velocity at | Period at | NEO radii | NEO, radii

m/s’ m/s Twice Twice
NEO NEO
Radius, Radius,
m/s hrs
Itokawa 3.270 10’ 0.000030 0.0040 0.0020 14.62 9.03 93.98
81P/Wild-2 | 7.127 10° 0.000252 0.0263 0.0132 11.54 39.47 183.9p
1986 DA | 3.185 10" 0.001607 0.0608 0.0304 4.18 69.92 264.16
Eros 7.797 10" 0.001911 0.2511 0.1256 14.51 22.83 112.34

The surface gravitational acceleration and escagbecity are crucial parameters for planning NEQfae
operations because they characterize the effortntiiat be expended to keep the crew on the NE@aiduring
drilling operations. These values are very smatl aighlight the challenges in providing the necegsaaction
forces to operate the drilling equipment on the NEO

The NEO SOI and SOA radii, expressed in terms BONadii for each NEO, provide a measure of assgran
that captured NEO orbits are possible for all fbl#Os though it is a bit tenuous for Itokawa, thastemassive
NEO. Note that the stability of captured orbitstire presence of the full dynamics model has notbgsn
evaluated, and this will drive the amount of fueduired to maintain NEO-captured orbits for theation of the
blasting mission.

Examining the simple case of circular orbits ceedeon the NEO, assuming two-body dynamics withNE©
as the central body, indicate very small orbitdbeities and orbit periods on the order of tendofirs for orbit
radii twice the NEO radii. This indicates that dsbtan constructed that complete full revolutiorsmuad the NEO
quickly enough or slowly enough to be useful, dejieg on what is needed.
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2. NEO-independent Orbit Considerations

Trade studies may show that in many cases itsgatde to design relative motion about a NEO thedits the
NEOs’ gravity as a perturbation. This is feasiberduse the NEO’s gravity is weak enough for a spafteto
maneuver independently of it, even near the NEhsttler Figs. 10a and 10b from two previous invesibms,
which show the trajectories followed by a spacdccafcumnavigating a NEO by flying through a seriefs
waypoints that form a regular octahedron around\B© for the purpose of viewing the entire surfatéhe NEO
with sensors.

(@) (b)
Figure 10. Waypoint-based relative motion trajectoies about a NEO (a) showing both linearized dynamsc
motion and non-linear dynamics motion including NEOgravity” and (b) showing only linearized motion and
waypoints’.

The magnitudes of the velocity change maneuvedstlaa flight times per trajectory segment in Fi8a and
10b are of the same order as those presented ie Balor NEO-captured orbits. Figure 10a showslithearized
trajectory computed using standard CW targeting@iwith the non-linear motion resulting from proptigg the
spacecraft’'s motion using a full n-body gravitatbmodel that includes the NEO’s own gravity actimgpn the
spacecraft. It is clear that the non-linear motiewiates from the linear model, but not catastrcgihy. As long as
the spacecraft’s navigation sensor measurementsf argficient quality and the navigation filter ihe spacecraft’s
flight software is capable enough, the spacecraft control to follow the targeted trajectories mhtty as is
required. The issues at this point are how muchifuesquired for the duration of the mission armivhlong the
spacecraft can continuously maneuver before itdvane begins to fail or its fuel is exhausted. Rerrttrade studies
are required to address these issues.

Regarding the issues of computing spacecraft memedor proximity operations in the presence ofifinear
dynamics and navigation uncertainty, we presers.Figa, 11b, and 11c, which are the result of atedlprevious
work performed by the authors for spacecraft praimperations in Earth orbit; the same principeply around a
NEO. Figure 11a presents all the relevant geonfetryan algorithm to compute spacecraft proximitye@ions
maneuvers using Lambert targeting, the same typdaafeting used to compute the previously discussed
interplanetary NEO rendezvous trajectories, inste@W targeting. The advantage gained in doingssthat
Lambert targeting is a non-linear method that ideki two-body orbital mechanics whereas CW targeing
linearized dynamics method that is necessarily fssirate. The advantage of using CW targetindnas it is
somewhat less computationally intensive. Furtheddrstudies are required to assess which apprestis#tisfies
the requirements for proximity operations arourdiEO.

Figure 11b shows the relative motion trajectomtesed on a target spacecraft that results fronyaggpcontrol
based upon estimated spacecraft states generafétiyg noisy measurements, which is exactlyresgntative of
what any spacecraft faces during a mission. Thdtrissclearly that the spacecraft is able to aoinivell enough to
tightly follow the desired trajectory and arriveadk the scheduled waypoints. Figure 11c showsctiverol history
and fuel consumption over time.
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Figure 11. (a) Vector geometry for relative motiorguidance using Lambert targeting, (b) relative mabn
achieved using Lambert relative guidance and applacontrol with navigation error in simulation, and (c)
associated control history and fuel consumption iterms of v expenditure.

To bring the NEO proximity operations conceptsethbgr and prepare for a discussion of surface tpasa we
present Fig. 12., which shows a NEO with relevaftnence frames, an example blast hole drillingtion on the
surface, and an example surface feature that rbightsed for navigation by the human or robotic criéigure 12
also shows a support spacecraft orbiting the NE@ diEO-centered orbit that is, in general, the pobaf forced
and natural motion, where the applied control iselolon the estimated spacecraft state providedhéynboard
navigation system. The reference frames shown gn F2 are the standard Radial, In-Track, CrossK (&iC)
relative motion frame and the NEQO'’s body-fixed fea(hNEO-BOD).
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Figure 12. Reference frames and NEO-centered suppaspacecraft orbit required for proximity and surface
operations.

3. General NEO Proximity Operations Considerations antigary
Smooth and continuous natural motions about a N&®©result from the linearized equations of rekatinotion

proceed with a period equal to that of the NEOloleentric orbit. This means that a spacecrafttorgia NEO on
such a trajectory will take around a year to makallithe way around once since most NEO orbitsehasemi-
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major axis around 1 AU. By contrast, a capturedt@ibout the NEO that makes use of the NEQO'’s gyasain have

a much shorter period, on the order of hours, as/slpreviously. We have also presented anotheowoptvhich is

to use the equations of relative motion to consteuset of trajectories relative to the NEO thaigeed through a
series of waypoints relative to the NEO. In thishi@n a complete circumnavigation of the NEO can be
accomplished in a matter of hours or days instdaa year or more. All these possibilities must Ipalgzed for
stability and resultant fuel requirements in orderassess feasibility and synthesize the best mean$EO
circumnavigation for the purposes of constructiraykpng orbits and placing support spacecraft on NieO-
centered trajectories they need to be on to do jibies.

Key to the assessment of guidance and controibiigsfor NEO proximity operations trajectory riggation is
assessment of our ability to accurately navigateodnit with the NEO. Both the absolute (Heliocenthnertial,
HCI) state and the state of spacecraft relatiili¢oNEO, e.g., in the NEQO’s RIC frame, are impadrtdinese states
must be able to be determined by the spacecrafufficient accuracy in order for operations to ged. This
essentially requires that the spacecraft’'s absealnterelative navigation measurements are condligtefnsufficient
quality to yield a serviceable certainty of a cotneavigation solution when processed by onboavigasion filters.
Further trade studies are required to charactbozeaccurately we can navigate in proximity to aON&ith respect
to navigation accuracy requirements for the missidrich themselves need to be derived in detdilare work.

Understanding and accounting for the NEO's spatesis critical since the ultimate goal is to defidrilling
equipment and explosive charges to very specifiatpamn the NEO's surface, which will be rotatinfits own
accord beneath any spacecraft in proximity to tHeON provided that the spacecraft are not exertiogtrol
authority in order to remain fixed above a pointtbe NEO's surface. De-spinning a NEO is currebtyond our
technological capabilities due to the tremendoussrend size and hence tremendous angular momerftam o
rotating NEO.

One final note is that it is possible that attagnthe level of launch and propulsion technologyieed to deliver
a tremendous mass of blasting material to the NEe first place implies having the technologyateo de-spin
the NEO, but this cannot be assessed at this timterestingly, this further implies that we mighé@then have the
technology to deal with a NEO using far more powerhethods than chemical or nuclear explosives, vbeit
currently do not have enough information to assgisgpossibility.

C. NEO Surface Operations

NEO surface operations primarily consist of mi#tipuman and robot crews traversing the NEO’s sarfand
drilling blast holes at the required locations.Uf&12 shows an example blast hole drilling locatibwhich a shaft
will be drilled. The position of a blast hole loat is specified by a vector naturally coordinateda reference
frame fixed to the NEO body, which is generallyatotg. Meanwhile, a support spacecraft may be iogpithe
NEO, along with the crew habitat. The support spefe may be providing telemetry to the crew to tid crew in
navigating successfully to the blast hole collaakions.

One possible method for aiding surface navigat®omandmark tracking on the part of the supportiigO
Orbiter. Recognizable surface features, predomiyantpact craters and pieces of rubble, are plehtiin all
observed NEOs and their locations are fixed in MEO’s body-fixed frame. Optical landmark tracking
measurements have been successfully used previfmushavigation in close proximity to the Moon cugilunar
missions. Additionally, terrain recognition algbiits employed by terrestrial cruise missiles mayehapplication
here.

Other currently unsolved surface operation chglsrinclude the anchoring of drilling equipmenttie NEO to
generate the required reaction forces for drillibgs conceivable that thrusters might also badhted to the drilling
apparatus armature to aid reaction force generatidnto drive drill motion. Further design cyclesldrade studies
are required to address these issues.

One final issue mentioned for consideration isrteed to precisely determine the NEO’s spin statecgnter of
mass location from observations on orbit. It isfulsthat previous studies have already developgdriahms for
performing these determinations on tumbling spadetry processing optical observations to deterrsipia state
and center of mass locatfbn

D. Crew Life Support Issues
Throughout the entire mission, from Earth laureproximity and surface operations and drilling axglosives

emplacement operations, the crew must be kept alidehealthy. This will require a crew habitat aedirn vehicle
that will keep the crew warm and provide an adegjaatsupply. Sufficient water and food suppliesstrie carried
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along, and methods to reclaim and recycle watgraw food will minimize the associated mass. Finalhe crew
must be protected from the harsh radiation presennterplanetary space. All of the required equimtnwill
contribute to the overall equipment mass required the mission and further trade studies are requio
characterize how much mass is required to supplautizan crew of a given size.

Given that NEO blasting missions are likely torbalti-year missions, as indicated in Table 3, psjyobical
impacts on the crew must be accounted for and sixteriraining and conditioning for the crew will bequired.
Crew injuries are possible and on-site medical canst be available. Such considerations will hedfing crew
member roles. Adequate measures must be takenstoeesthat the crew's physical bodies do not atrajehthe
point of uselessness in the microgravity environtmémng term microgravity health studies and desahn
countermeasures to the adverse affects of micriagrake required, and some progress along thess lias been
made by NASA in the International Space Statiors}ISrogram.

The crew must also have adequate environmentthaitpermit sufficient mobility and dexterity fdrilling and
explosive emplacement operations while still prowid adequate thermal and radiation shielding ad asl
sufficient atmospheric pressure. The suits wilbatgve to be robust in the presence of abrasive N&@ace
material and drilling debris.

Finally, crew scheduling and equipment availapifitust be accounted for. In Table 3, the time tmglete the
blasting operations is computed with the assumgpiifdially productive activity 50% of the time. Thaccounts for
downtime for equipment maintenance and repair,aanddditional discount for working with unfamilisystems in
an unfamiliar and hostile environment. Furthedératudies are required to address these issues.

E. Terminal Mission Operations

Once all the blast holes are drilled and all thgl@sives are in place, the crew will return toithebitat vehicle
and move to a safe distance from the NEO, whicht lnesdetermined from the given mission paramet&trshis
point the explosives are detonated in sequenceefalbp producing the desired fragmentation or ddftan of the
NEO. As mentioned previously, there may be severditemplace-detonate cycles before the destractib the
NEO is complete, and the crew will have to retrieat safe location prior to detonation for eachaitien. The
determination of a “safe distance” or “safe staffdkcation” for the spacecraft and crew duringdtiag has not
been determinedOnce destruction or deflection is complete, thevcspacecraft will then embark upon an Earth
return trajectory and the NEO Orbiter may stay bétb continue observing the post-detonation ei@iudf the
NEO'’s trajectory or the trajectories of the NEOragments. The telemetry gathered will be studiecEarth in
order to characterize mission success and appthatlis learned to subsequent NEO blasting missiororder to
improve performance and efficiency.

V. Conclusion

We have discussed a conceptual mission desigmeditir deploying a distributed-energy fragmentatimission
to a NEO using four example target NEOs to sizeupaters relative to the mission. Given the effecewnergy
density of the overall distributed-energy blastimgthodology, which includes the mass of explosieemal,
deployment equipment, crew life support, and spademass, the required launch mass even for tlalash NEO
considered is daunting. Launch masses for modgraiekd to large NEOs are beyond current or negan-te
propulsion technology, requiring an extremely estea and time-consuming campaign of launches ahdexjuent
operations for rendezvous and system deployment.

Furthermore, given the fact that an actual haassddEO will need to be rendezvoused with and dgstt@r
deflected wthin a specific timeframe, we will profyanot have the luxury of waiting for the most iopdl launch
window and taking large amounts of time to perfaangradual rendezvous, especially one involving etiary
flybys for gravity assist to conserve fuel. Ratreereliable means of eliminating a threatening NEE@st be agile
enough to launch quickly and rendezvous quickly.

Bringing distributed-energy blasting up to a stiéfnt readiness level will require an initial cangpaof on-orbit
testing to refine the process and become proficieith rapid and reliable deployment, even in adeers
circumstances. The ability to deploy missions ofhsumagnitude implies improvements in space propalsi
technology that may even allow NEO fragments coimgi useful material and of safe size to be rewitioeLunar
orbit or Earth-Moon Lagrange points for subsequesburce utilization and study.

The primary advance in space propulsion technoteguired is the development of ultra-high spedifipulse
thrusters that also offer high thrust magnitudesibéing a high-mass payload to perform rendezvaitis avgiven
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NEO quickly. Launch technology must be improvedhia same way, though alternative launch strateyigisdo
not rely upon conventional exhausting thrusterg.{(& space elevator) but can deliver high-mastopdyg to Earth
orbit may be employed if available. It is also pblesto build bases on the Moon from which spadéaan be
launched on NEO rendezvous trajectories with lessgy.

In the meantime, other strategies have been ceoeteif that are theoretically capable of elimingthrazardous
NEOs by means of deflecting them using ultra higargy density systems, such as nuclear explosisp®yed in
standoff or surface burst modalities as describe®ef. 3. Future research into distributed-eneriggtng will
investigate using the distributed-energy techniguémpart an impulse to a NEO with a specific otéion and
magnitude, where the orientation and magnitudeaahdeved through proper placement of the chargds @asign
of the detonation sequence. The algorithms foreaihg this impulse vector will also account for itndry NEO
shape, surface topology, composition, physicalcttine, and other relevant factors. Additionallyese algorithms
will make use of research conducted regarding dhgothe optimal orientation of the applied impulsector,
detailed in Ref. 3.

NEO proximity operations have been surveyed andddao be feasible based on first-order analysey.tkade
studies have been identified that will yield robaigforithms and systems for satisfactory GNC arcaiEO.

The issue of sending a human crew to perform NEdind and explosives emplacement duties or owerse
robots performing those duties have been survepddtlze key challenges identified. Heritage is boddin this
area from our experience in the near-Earth envienirbut this must be extended to interplanetargiois in order
to make a multi-year crewed mission to a NEO fdasibterms of crew survivability.
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