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Abstract

This paper presents two conceptual designs of rep#téecraft swarms used for deflecting Apophis. Bpeltecraft is
equipped with a solar concentrator assembly, wiachses the solar light, and a beaming systempitogects a beam
of light onto the surface of the asteroid. Whenlibams from each spacecraft are superimposeckripetature on the
surface is enough to sublimate the rock, creatidglais plume with enough force to slowly alter tinbit of Apophis.
An overview of the dynamics, control and navigatibrategies are presented along with preliminasyesy budgets.

INTRODUCTION

In 1993, Melosh [1] proposed the use of a mirrers@ar concentrator) to focus the solar energy arémall portion of
the surface of an asteroid. The resulting heat evsublimate the surface material creating a jejasf and dust that
would produce a continuous thrust. Melosh was pgpthe use of a substantially large structurepace, i.e. a
primary mirror of 1 km to 10 km in diameter. In eora recent study, Kahle et al. [2] pointed out anbar of
technological limits of the solar collector ideaposed by Melosh. In particular, the difficultydperate the mirror in
close proximity to the asteroid under the effectaafirregular gravity field and the expected cortetion of the
primary mirror, due to the ejected gasses. Thecditfy of proximal motion control is also shared dryother popular
method, the gravity tractor. Further disadvantagfethe solar collector are the deployment of adamgrror in space,
the control of the solar pressure acting on themary and the power heating up the secondary direaitimirror (even
assuming a reflectivity of 99% and no contamingtion

In 2006, the authors performed a thorough comparisoa number of deflection methods proposed ierdiure:
nuclear explosion, low-thrust tug, gravity tracteojar sublimation, kinetic impact, and mass drivather than using
only one of the comparison criteria used by prewiauthors, the comparison was based on a mukieriapproach.
Miss distance at the Earth, warning time (time betwkunch and expected impact with the Earth), nmesspace
were simultaneously used to assess the optimafity particular method. Furthermore, rather thamgigburely
hypothetical scenarios or simple theoretical cagrsitions, a wide range of real launch opportuniieseach method,
and for different classes of asteroids, over aogeof 20 years were used to characterise the olityntd a particular
method. In order to take into account real misgsipportunities and the three criteria at the same,tithe concept of
set dominance was introduced [3]: given a pair effedttion methods A and B, method A dominates n@tBdf the
number of mission opportunities of A that are daattimg the mission opportunities of B is higher tliha number of
mission opportunity of B dominating the mission ogpnities of A. Where a mission is dominant oveother mission
if all the three criteria are better. In other waré method was better than another if there wevee rmission
opportunities with a better value for all the thoeeria. On top of this, a technology readinessl (TRL) factor was
applied to all the missions delaying the warnimgetito account for the required effort to bring tierent technology to
TRL 9. Note that some methods were excluded fromctitaparison since the beginning because they equnir
excessively long warning time (for example, methbdsed on the Yarkovsky effect). Other methodssatstwere
considered as heavier counterpart of the onesdadlun the comparison (for example, surface abiatith a laser
powered with a nuclear reactor is a heavier copatérof solar sublimation). The methodology usednmdel and



compare the deflection methods has busted somesmiytr example: kinetic impact methods are not yhwaetter

than low-thrust tugs, though from a theoreticalnpaif view it may appear so. In fact the directminthe impact is

rarely optimal while the thrust direction of lowrtist tugs can be steered quite efficiently. Grawiactors are not
insensitive to the morphology of the asteroid bsegwvering at a distance requires knowledge ofthgs distribution
of the asteroid. From the comparison the conclusias that nuclear stand-off explosions were thet raffsctive on

the widest range of asteroids. The second bestsaias sublimation with all the other methods selverders of

magnitude less effective (according to the propasmdparison criteria). Although nuclear explosiovere the most
effective, a subsequent study by the authors [#afestrated that for high level of deflection enerthe risk of a

catastrophic fragmentation of the asteroid is regligible and the total damage caused by a fragedeasteroid is
greater than the expected damage caused by thegordnted asteroid. For lower levels of energy 8teraids either
does not fragment catastrophically or re-aggregdter fragmentation due to gravity forces. Due lte possible
catastrophic outcome of the nuclear option, tharssiblimation method appeared to be the mosteistielg deflection

method. The problem related to its implementatianlma solved if instead of a single mirror, multipié@rors are used.
The idea is to use multiple mirrors of smaller disiens and to superimpose all the beams of focugad dnto the

same spot. If the light of the Sun is directly feed on the surface of the asteroid (direct imageaph spacecraft
would be conceptually similar to the one proposgdMelosh. On the other hand, the collected light be used to
pump a laser, which is then used to sublimate uhface.

In this paper, we will analyze both concepts: splamped laser and direct imaging. The former coneemploys a
parabolic reflector which feeds into a solar-pumpesker. A secondary mirror directs the beam to dbtermined
position on Apophis. The orbits are designed tarfljormation with the asteroid around the Sun, areloptimized to
minimize the spacecraft-asteroid range and avaddebris plume. The latter concept places the spftet floating
artificial equilibrium points around Apophis, batang the gravitational effects of the Apophis ahd Sun with that of
the solar radiation pressure on the spacecraftniitrer focuses the light directly onto the astersiniface, controlling
the beam by adjusting the shape of the mirror sarffhe main advantages of a multi-mirror systeenthat each
spacecraft is relatively small and more easily alable, the solar pressure on each satellitedsiced and the total
power on the secondary mirror is limited. The systenmtrinsically redundant: each spacecraft dogisrepresent a
single point failure and the system is scalablethal satellites are identical, therefore a laragteroid would require
simply more satellites without the need for a nesgign and development. The paper also presentslimipery
analysis of a navigation strategy to simultaneodstgrmine the orbit of the asteroid and to pdirthe beams onto the
same spot on its surface. Finally an initial sysberdget is estimated for both concepts.

CONCEPTUAL BEE DESIGN

Fig. 1 shows a number of conceptual designs fofdbesing system. The designs can essentially bgpgabinto two
categories. For the reflector, either a fixed paliator an adaptable mirror can be used. For tloedmg system, the
only feasible option at present is a solar pumgeerl either directly or indirectly fed. In thispea, the adaptable
mirror (Fig. 1a) using direct imaging, and a trirmai system with solar pumped laser (Fig. 1b) Wwél analysed. The
configuration in Fig. 1c is not presented in theger though it was assessed and found more massize.

(a) Direct imaging using an adjustable (b) Dual reflector system with a solar-fed (c) Solar array for an indirect pumped
reflector laser followed by a steerable mirror laser system.

Fig. 1. Conceptual designs for focusing and bearsifgsystem



ASTEROID DEFLECTION MODEL

The minimum orbital intersection distance (MOID)disfined as the separation distance at the closist petween
two orbits, e.g. Apophis and the Earth. The dewnatiistance is defined here as the differenceaitbetween the
original, undeviated orbit and the deviated orhit,gq [5]. Non-linear equations were derived for detelimy the
difference inr, are expressed as a function of the ephemeriseidith reference frame centred on the asteroidh wit
[Ai,AQ,Aw,AQ] giving the difference in Keplerian angular paramgeteetween the undeviated and deviated orbit [6].
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Fig. 2. Deflection as a function of the number atediites and Fig. 3. Deflection as a function of the number atediites and of
concentration factor per satellite: laser systeeraiing at the concentration factor per satellite: direct iingg
20% efficiency, mirror diameter is 20 m. system, mirror diameter is 60 m.

The change in the orbital parameters are calaillayenumerically integrating the Gauss planetanyagigns using a
tangential thrust vectarge, induced by the sublimation method. The changengukar location, in this case given by
the mean anomaly, is calculated at the MOID by [5],
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wheren is the mean motion. The thrust produced by thiediébn method is a direct function of the rateha expelled
surface matter [3],
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where fin, toy] is the duration for which the point is illumindtgyo, Ymax] are the limits of the vertical component of the
illuminated surface areé&, is the enthalpy of sublimatio®;, is the input power due to the solar concentratQrsg, is
the heat loss due to black-body radiation &qgly is the conduction loss. The magnitude of the ieduacceleration
Ugey Can then determined, wherenPis the scattering factor assuming the debris plisruniformly distributed over a



half-sphereV is the average velocity of the debris particlexoading to Maxwell's distribution of an ideal gasd the
remaining mass of the asteraiy; is calculated by numerically integrating (3). Figshows the deflection that can be
achieved with a mirror pumping a laser system aitloverall efficiency of 20%, i.e. a laser withefficiency of 70%
and a solar array with an efficiency of about 30%e concentration factor is the ratio between tlosssectional area
of the mirror and the area of the illuminated spag. 3, instead, shows the deflection that caadieeved by directly
projecting the light of the Sun onto the surfacethed asteroid. In both cases the deflection opmratstart 4 years
before the first expected impact with the Earth 8rpril 2036.

PROXIMAL MOTION DYNAMICSAND CONTROL
Artificial equilibrium points

If solar pressure and the gravity field of the esittare taken into account, then the mirrors cadésigned so that the
two forces are in equilibrium, with the spacectafvering at a given distance from the asteroid, modifying the
shape of the mirror to control the beam. If we adeisthe gravity field of an asteroid with an edigidal shape, the
following set of equations has to be satisfied [7]:
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whereFgp is the force acting on the mirror due to solaspuee andJ,.,; is the gravity of the asteroid. Fig. 4 shows,
for different surface areas of the mirror, the p®@round the asteroid where system (4) is salisfieen the asteroid is
at its perihelion. Fig. 5 instead shows the positid the equilibrium points at different positioakng the orbit. As it
can be seen the position of the equilibrium poiatghanging due to the rotation of the asteroi@ (ghavity field
changes) and due to distance from the Sun (the pmasure changes). Note that, though the raditdrtte changes
significantly the ratio between theand they coordinates remains nearly constant, thereforesfiaeecraft sees the
asteroid from the same angle. Fig. 7 show the obnteded to keep the spacecraft moving back arld &ong the
radial direction, ‘chasing’ the position of the dduium points in the case where the spacecrafinis-y plane.
Equilibrium points with similar characteristics calso be found out of they plane. Fig. 6 shows a possible strategy to
place the spacecraft out of the debris plume inhihee dimensional space.
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Fig. 4. Artificial equilibrium points for differentirror sizes. Fig. 5. Variation of AEP over a full orbit of Apojsh
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asteroid model.
Funnel orbits

An alternate approach is to have the mirrors flyimgormation with the asteroid, orbiting in tandemound the Sun.
The formation orbit can be thought of as an orlwuad the Sun with a small offset in the initial pios and velocity.
This offset[or ov] can be expressed as the difference in the orbétarpeters of Apophis and a spacecraft in the
formation, given bydk =[da de d1 0Q oJow JM]. The two orbits (i.e. Apophis and the spacecnaiil) remain
periodic as long as there is no difference in sewajor axes fa=0). As the mean anomaly is a function of the semi-
major axis, the difference in mean anomaly willoatemain constant throughout the orbit. Schaub amkins [8]
developed a linear mapping between Hill frame cmatgs, and orbit element differences. The lineapping is an
approximation of (1) and holds true so longrgs, > Jr . The valuesdk can be optimised to minimise the distance
from the asteroid and avoid the plume of gas atwlisl¢hat is expected to flow along thexis [9]. If that is done, it is
possible to identify families of orbits, here cdll@nnel orbits for the configuration that can kersin Fig. 8.
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Fig. 8. Set of Pareto-optimal funnel orbits.

Fig. 9. Variation indk elements using a feedback control law.

If the inhomogeneous gravity of the asteroid issidered together with solar pressure and with #méation in the
orbit of the asteroid due to the deviation, them filnnel orbits need to be controlled to mainthia telative position



with respect to Apophis. Fig. 9 shows the variatibthe orbital elements obtained with a feedbamitl law with a
thrust magnitude of 0.05 mN.

NAVIGATION

A number of systems, such as the control law, reckriowledge of the position and velocity of theeesid relative to
the spacecraft in the formation. It is assumed tiatinertial position and velocity of each spaaécare known from
ground measurements. Furthermore, it is assumece#th spacecraft can measure its attitude wittaratcker. In
order to determine the location of the asteroidoinoard camera is used to first determine thelangirection of the
asteroid. Using the formation, the range can thardétermined by triangulation. With the same temtaiwe can
coordinate the steering of all the beams in ordehit the same spot on the surface of the astefidid. navigation
strategy has two goals: to coordinate the pointimgtrol of all the spacecraft in order to intersibet beams and hit the
same spot on the surface of the asteroid, andtitnags the position of the asteroid during the elgtfbn manoeuvre.
The navigation strategy consists of two steps: fingt asteroid is acquired by the camera of a datégnleading
spacecraft. Once the asteroid is in view of thearamthe camera aligns the centroid of the imagbefsteroid with
the boresight of the camera (i.e. the origin (@@)he camera image plane). The second step istérsection of the
beams and the triangulation of the position ofakeeroid. If each camera is aligns the centre @irttage plane on the
estimated centre of the asteroid, then all the casnghould be pointing along the spaceeaateroid vector. Logically
then, the intersection point(s) of these beams axilhte the spot area. For this simulation, théreesf the NEO was
used. The spacecraft-asteroid vector (i.e. front#meera to the centre of the NEO) can be writtgrairametric form,

[x:th+x0 y=wt+y, Z=W2t+ZO:| (5)

measured in the inertial reference frame. Fromnaulsition point of view, with the angles determindgde only
remaining factors to solve atgandt, (corresponding to two spacecraft). This can beesbby a minimization function
wheret is the free variable. Fixing the direction of cae@ointing vector, the intersection point is mouetil the
second camera vector is aligned with the estimegetre of the asteroid from second spacecraft.
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Fig. 10. Mean and standard deviation (error bafrgstimated centres relative to the actual cesftigpophis.

Measurement errors were introduced on the posiistimate of the spacecraft in inertial space, dre attitude
determination of each spacecraft. To compensatihése errors, plus those introduced by rasterisatihe intersection
points were calculated for each pair of spacecfaf.spacecraft funnel formation was used, giviOgeatimated values
for the centre of the NEO in inertial space. Fig.shows the mean and standard deviation of a stiwhated centres
relative to the actual centre of Apophis in thedwintric inertial reference frame, over one fulbib The camera was
assumed to have a CCD array of 1768 x 1768 pizeistal field of view of 10and a focal length of 2.5 mm. As seen
from the figures, the method shown for the navagativorks in principle provided that the positiontbé satellites is
known with good accuracy. Although an accuracy &frilin position has to be expected for a singlespi@ft in deep
space, a formation can improve this accuracy byhioimg the intersatellite position measurementdwlite position
measurement based on other navigation approachesisehof intersatellite measurements, in fact, d/itter out all



position errors with opposite sign. A substantmpiovement in the estimation of the position of #pacecraft was
theoretically proven for the mission LISA in a retstudy [9]. Note that the estimated relative posibf the asteroid
with respect to the satellites has a much loweareatue to the higher precision of the intersatelibsition.

SYSTEM BUDGET

In order to assess the dry mass for a single mireer, a range of technology levels have been asktnom existing
flight hardware (e.g. Inflatable Antenna Experimehtpugh to a conceptual membrane system with eddzbdensing
and actuation. The key driver for the mirror bee sriasdget is the areal density of the adaptive afteassembly (see
Tables 1-2). It will be assumed that the reflectassnincludes all associated control hardware. Theegpaft bus is
assumed to be comparable to the NEAR spacecrafisaeg@resentative of a miglzed bus operating in deep space at a
solar distance of up to 2.2 AU. The NEAR dry mas48% kg, therefore a 500 kg bus is assumed with% dtass
margin given the flight heritage of the NEAR spaeéc The bus is assumed to provide power, teleconmications and
attitude sensing functions. In addition to the aiapreflector and bus, with appropriate mass nmaga system
contingency of 20% is added to provide margin fdegration of the bus and adaptive reflector. Fpyevious studies
[3][5] we could see that a rendezvous with Apoplith a low thrust transfer could take about 470 gjayith a
maximum thrust level of 0.6 N for a 3000 kg spaaficand arlg, of 3200 s. For these types of transfers, we havena
optimised propellant consumption of 30% of thei@inass. We maintain the same assumption in #tisation of the
total mass of the spacecraft. Therefore, the massdchhe augmented by a factor of 1.4 (includindksqudue to the
transfer cost. The orbit control in the case ofAli#> solution is negligible and could be performéth FEEP engines
(I, = 10000 s) with a negligible mass consumption coengpéw the transfer.

Table 1. Adaptive primary mirror with 0.5 kgfrareal density.  Table 2. Adaptive primary mirror with 0.05 kgfrareal density.

tem TRL Area  Mass Margin - Total Item TRL Area Mass Margin Total
(m9) (kg) (%) (kg) m  (kg) (%) (kg)
;Sgeaor g 3000 5105000 11(-)5 515225 Reflector 2 3000 150 20 180
Contingency 20 455 Bus . 9 500 10 550
Dry Mass 2730 Contingency 20 146
Dry Mass 876

Table 3. Fixed primary mirror plus laser.

Component Specific mass Mass (kg) Margin (%) Subtotal (kg) Accumulative (kg)
Primary mirror 0.05 kg/fh 15.71 25 19.63 19.63
Directional mirror 0.1 kg/fh 0.665 25 0.813 20.44
Laser 0.005 W/ 601.24 50 901.86 922.30
Solar arrays 1 kg/fn 3.15 15 3.611 925.91
Cables 0.2Nye 185.18 0 185.18 1111.09
Radiator (solar array) 1.4 kgfm 420.0 20 504.0 1615.09
Radiator (laser) 1.4 kgfm 112.0 20 134.4 1749.49
Radiator of reflective mirror 1.4 kgfm 9.79 20 11.76 1761.25
Bus - 500 20 600 2361.25
Propellant 0.41yry 944.51 0 944.51 3305.76
Tanks 0.1mqq 94.51 0 94.51 3400.27

If a laser system is used instead of the direcginma the spacecraft is more complex and requiresenelements.
Table 3 shows the mass budget for a primary pa@ioti spherical) solar collector, solar arrays eowert the solar
energy into electric power, a semiconductor lasdseaming system, and cooling system for solaysuaad laser. The
mass of the bus and of the primary mirror are basethe previous estimation for the direct imagsygtem. The laser
mass accounts for the mass of the semiconductotrendavity but no optics. We use however a mao§ib0% to



include the mass of the casing and optical elem@iits assumption here is that the laser can opkesteeen 8C and
40°C while the solar array cannot operate above’@0Bssuming the efficiency of the laser can go @y$%, the
largest part of the power needs to be dissipat#ukedirst stage since we do not expect an effwyesf the solar arrays
higher than 40%. For this mass budget, we assumefé@nce case of a solar collector with a surtaea of 314 m
collecting 429.5 kW of power at 1 AU and a surfacea of the array also of 3.14.nif the solar array is operating at
40% efficiency, the cooling system will have togiimte 2.57 MW at the first stage. The radiat@etand solar arrays
are located in the shadow of the primary mirroisekondary reflective mirror reflects the conceetitdight through a
hole in the primary mirror to the back of the prinalrhe solar array and the laser are directly cotetkto the radiator.
If we assume a reflectivity of the secondary miroér99% we would need an additional radiator atalcko the
secondary with a total area of 7 fassuming an absorptivity of 0.2).

CONCLUSION

In this paper we presented two possible solutionglace the mirrors in close proximity to the asigtbut out of the
debrus plume. The analysis performed in this stimbyved that both the direct imaging concept anddbker concept
appear feasible. From the computation of the madgdt for the direct imaging system, a swarm-6f&atellites, each
carrying a 60 m diameter mirror at TRL 4, would defflapophis by 5e5 km with 4 years of warning tinmel@ mass at
launch of each spacecraft between 3.5 and 4.5 fomsore reasonable swarm would need a lighter adaptirror,
which at present appears to be at TRL 2.

A system based on a solar pumped laser with a pyimarror of smaller size (20 m in diameter) wolldve a
comparable mass per spacecraft with the same nushlspacecraft. It should be noted that for bothdirect imaging
and laser systems, the mass is directly propoftimnthe surface area and therefore proportiondghéosquare of the
aperture size of the collector. This would suggedtdth cases to go for many spacecraft of smadl, sather than a
single large one. Furthermore, multiple superimgdseams provide a higher thrust than an equivatenéase in the
concentration factor of a single beam, allowing shgellites can be placed at longer distances.TRle of the laser
solution strongly depends on the TRL of the laserafritie solar arrays. Most of the assumptions ased on current
laboratory tests in both areas (which means TRL ligirer) but the overall system for space applicegtioas still to be
developed (TRL 2-4). The investment in the develognoérighly efficient lasers and solar arrays gbegond the
deflection of asteroids and is progressing verydag to the thousands of commercial applications.
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