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Abstract Near Earth Asteroids have a possibility of impacting thetftand always
represent a threat. This paper proposes a way of changingrititeof the asteroid
to avoid an impact. A solar sail evolving in an H-reversajetctory is utilized for
asteroid deflection. Firstly, the dynamics of the solar&ad the characteristics of the
H-reversal trajectory are analyzed. Then, the attitudéefsblar sail is optimized to
guide the sail to impact the target asteroid along an H-sal¢rajectory. The impact
velocity depends on two important parameters: the minimaiiar glistance along the
trajectory and lightness number of the solar sail. A larggthess number and a
smaller solar distance lead to a higher impact velocityalymthe deflection capability
of a solar sail impacting the asteroid along the H-reversgttory is discussed. The
results show that a 10 kg solar sail with a lead-time of one gaa move Apophis out
of a 600-m keyhole area in 2029 to eliminate the possibilftiisoresonant return in
2036.
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1 INTRODUCTION

The Earth is surrounded by Near Earth Asteroids (NEAs) antesare potentially hazardous objects
(PHOs), which are currently defined based on parametersibasure the object’s potential to make
threatening close approaches to the Earth. Large objettisawninimum orbit intersection distance
from Earth of 0.05 AU are considered PHOs. Objects with dignseof 5—-10 m impact the Earth’s
atmosphere approximately once per year, releasing as resiyyeas the atomic bomb dropped
on Hiroshima, approximately 15 kilotons of TNT. These obgerdinarily explode in the upper
atmosphere, and most or all of the solids are vaporized. dtieeof impact of objects of at least 1 km
in diameter is estimated as two per million years. Assumiiag this rate will continue for the next
billion years, there exist at least 2000 objects with diangteater than 1 km that will eventually
hit the Earth. Therefore, it is necessary to prepare someaugwepts for future use. There are
usually two ways of deflecting dangerous NEAs. One way is ftediethe NEA using low thrust.
The other way is to strike the asteroid at high relative vigyomr use a stand-off nuclear explosion
blast. There are several ways of implementing low thrusiedgéin, such as propulsive devices in
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contact with the asteroid’s surface, surface ablation efabject using a laser or solar concentrator
(Melosh 1993; Gong et al. 2011), the Yarkovsky effect (Jas&lD02), exploitation of solar flux
induced perturbations, mass driver, space tug or non-cbgitavitational tractor (Lu & Love 2005;
Gong et al. 2009). Ahrens & Harris (1992) presented calmriatdemonstrating deflection methods
by radiation from nuclear explosions and nuclear explasmmthe surface. Both utilize the energy
released by the nuclear explosion to eject the mass of tleeo#bt affecting the velocity of the
asteroid. Mclnnes (2004) considered deflecting the astersing a solar sail. A head-on impact is
possible for a solar sail evolving in a retrograde orbit. TThpact energy is comparable with that of
the nuclear explosion for a relative impact velocity larthem 60 km s'. Melosh (1993) proposed
a creative strategy in which a solar sail is used to focusiglinbnto the surface of the asteroid to
generate thrust as the surface’s layers vaporize.

For the directimpact method, the required change in speedetkto be delivered to the asteroid
in order to induce a change in position is a function of theanotggime (1zzo et al. 2005). From the
results of Ahrens & Harris (1992), a velocity change of orflesm s! is required for a typical
lead-time of order 10yr to deflect an asteroid one Earth madihe lead time is the time during
which the impulse is applied at the start of impact, and dagsancount for the time required to
deliver the spacecraft to the asteroid. Given sufficierd{@ae, it is possible for a relatively modest
spacecraft to divert kilometer-sized asteroids. For exantp divert a 2km asteroid with a 10yr
lead-time requires an impact velocity of 10 km'swith a mass of order 60 ton. Raising the impact
speed to 60 kms! leads to a significant reduction in the spacecraft mass to28lton. To deliver
the 2.8 ton spacecraft to a retrograde orbit at 1 AU from theéhEsaescape orbit requires a velocity
increment of about 60 knTs . Using chemical propulsion with a specific impulse Isp of 458@bout
2 x 109 ton of initial mass is required. A specific impulse Isp of 38a4ill leads to a minimum initial
mass of about 22 ton, neglecting trajectory gravity lossekthe dry mass of the propulsion system.
Solar sailing is a more attractive form of propulsion forlsiégh-energy missions. A solar sail can
deliver payloads into such high-energy retrograde orlsitsgithe unique advantages of solar sailing.
Mcinnes (2004) used a low performance solar sail with claristic acceleration of 0.3 mnT$ to
achieve a retrograde orbit. The solar sail spirals inwam@® fL AU to a close solar orbit of 0.25 AU.
The ‘orbit cranking’ maneuver increases the solar saillsitanclination in a monotonic fashion
to obtain a retrograde orbit. The total transfer time to thieograde orbit is about 10yr. Higher
performance solar sails with characteristic acceleratwf0.5 mm s?2 can achieve the mission in
about 6.2 yr. As the performance of the solar sail increabedransfer time decreases.

In this paper, a new kind of retrograde trajectory for a seélris utilized to deflect the asteroid.
The H-reversal trajectory is achieved by reversing the nrdora of the spacecraft using the solar
radiation pressure. Different from the ‘orbit cranking’ neaiver, the retrograde orbit is not achieved
by continuously increasing the inclination. Instead, trmmantum of the spacecraft is continuously
decreased until the orbit is reversed. In this case, theegpait evolves in a retrograde hyperbolic
orbit when impacting with the asteroid. Therefore, the istp&locity can be greatly enhanced. First,
the solar sail dynamics is introduced and the retrogradéisrdichieved by reversing the momentum
using the force of solar radiation pressure. Then, the @isteleflection problem is stated and is
converted into a parameter optimization problem. Findlig deflection capability of a solar sall
evolving in an H-reversal orbit is discussed.

2 SOLAR SAIL DYNAMICS

An ideal plane solar sail is assumed. The lightness numbgreo$ail is used to describe the solar
radiation pressure acceleration that can be expressed as

f =B (R-n)’n, )
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Table 1 Normalized Units

Length (km)  Velocity (ms!)  Acceleration (ms?2) Time (d)

1.496x 108 29.24 8.5565 10> 58.1310

wheref is the lightness number of the sal is the position vector of the sail relative to the Sun,

1 is the solar gravitational constant, ands the unit vector directed normal to the sail surface. The
performance of the sail is characterized by the sail ligkgmaumber, related to the density of the sail

(McInnes 2007) by

p==2 (2)

The unit fore is g m2.

Atwo-body model is adopted and the gravitational pertudatof other celestial bodies are not
included. Only the solar gravity and solar radiation presgarce (SRPF) are exerted on the solar
sail. An inertial frame is used to discuss the dynamics oftiiar sail. A system of nondimensional
units is introduced for convenience. The distance unitdsrtaas an astronomical unit, while the time
unit is chosen such that the solar gravitational parametenitary. The conversions between the
nondimensional units and international units are giveraibld@ 1. With such a choice, the dynamical
equation of motion in the inertial frame can be given by

R=V,
1
R3

The sail acceleration vector can be described by two agtirdyles, the cone angleand the
clock angled. Then, the solar radiation pressure acceleration can lewas

3)

: 1
V=— R—f—ﬁﬁ(R-n)zn.

fe = Bcos® a/R?,
fi = Bcos® asinacosd/R?, 4)

fu = Bcos® asinasind/R?,

wheref,, fi andf}, are acceleration components along the radial, on-trackarss-track directions
respectively, as shown in Figure 1. Since the SRPF cannairbvessd, the cone angle is in the range
[—7/2,7/2] and the clock angle is if), 27]. The transition matrix between the radial-on-track-cross
track frame and inertial frame is determined by the posiéind velocity vector of the sail.

3 H-REVERSAL TRAJECTORY BY A SOLAR SAIL

Vulpetti (1996) was the first researcher who addressed theversal trajectory and he investigated
both 2D and 3D H-reversal trajectories, including the aisged dynamics and applications for inter-
stellar missions (Vulpetti 1996, 1997). Recently, Zend &2911) discussed the applications of this
trajectory. To achieve a high cruise speed for asteroid dédle the sail has to gain enough energy
to enter a hyperbolic orbit. A double or triple solar appitohas been extended to acquire enough
energy when using a low performance solar sail (Mclnnes Rt for a high performance solar
sail, two kinds of trajectories for solar approaches havenloposed, which are the direct flyby
and the H-reversal trajectory. For an H-reversal trajgcthie solar radiation pressure force is used
to decrease the velocity of the solar sail and decrease thdarmomentum at the same time until
the velocity of the sail is parallel to the position vectosaine point, where the angular momentum
is zero. Further decrement of angular momentum will dirketdail into a retrograde orbit. The sail
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Fig. 2 Atypical H-reversal trajectory for a solar sail.

decelerates further to a point where the velocity of the @ailes at the minimum. Then, the salil
begins to accelerate to the perihelion. Compared with tliredti-flyby cases, the transfer time can
be greatly reduced. Most important, the escape velocitygldr than that of the flyby trajectory.
Furthermore, the impact angle is always larger thah $iice the reversal trajectory evolves in a
retrograde orbit. A typical H-reversal is shown in Figurd e sail departs from the initial point A
and the SRPF is used to decrease the velocity. Before gratithe point C 4 = 0), the sail will
reach a maximum radius from the Sun at point B. Then the sdipass through the perihelion D
with negative angular momentum and escape from the soltarayts infinity.

For a given solar sail, we will first identify the possibilibf using the fixed-cone-angle to pro-
duce the H-reversal trajectory. The fixed-cone-angle mdansone angle is a constant during the
whole trajectory. In order to seek the feasible regiomdhat generates an H-reversal trajectory, a
critical value ofa corresponding to the trajectory with a perihelion of zermlentified. If the value
of « is larger than the critical value, the H-reversal trajegicain be achieved. The range®that
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can generate an H-reversal trajectory increases withnegstnumber. Vulpetti (1996)’s results show
that the H-reversal trajectory only exists for high perfanoe solar sails. He gave an approximate
interval of \,, = [ cos «a within [0.5, 1) to achieve the H-reversal mode trajectoitye H-reversal
trajectory is also possible for a solar sail of lightness haniess than 0.5 if the sail attitude angle is
variable.

A sail with the same parameters in the H-reversal mode canupienore energy than the direct
flyby. This can be revealed from the fixed-Sun-angle trajgcfithe work to change the mechanical
energy of the sail is done by the SRPF. For the H-reversaldiajy, the mechanical energy begins to
increase before arriving at perihelion. With a sharp inseazf the mechanical energy, the sail is able
to achieve a hyperbolic orbit when approaching the penelHowever, for the direct flyby with
only one solar approach, the sail will always decrease itshaugical energy to achieve the required
perihelion and then escape the solar system. This meanshehdi-reversal trajectory begins to
increase its mechanical energy before the perihelion @oidtcan gain more energy than the direct
flyby trajectory with the same solar sail.

Departing from the perihelion in a retrograde hyperbobgetctory, the SRPF can be adjusted to
guide the spacecraft into a head-on impact with an astefbid.whole transfer trajectory includes
several phases. During the first phase, the pitch angle ofatés adjusted to guarantee that the
transverse component of solar radiation pressure forceed to decelerate the sail and reverse the
angular momentum. The angular momentum of the final point@first phase is zero. During the
second phase, the solar radiation pressure force is usadide the sail to the perihelion to gain
kinetic energy. The third phase is from the perihelion toithpact point. The trajectory control of
this phase is difficult since the sail evolves in a hyperbtbgectory and the velocity of the sall
is very large. Therefore, the direction and opportunityddryperbolic trajectory at the perihelion
should be optimized properly so that the sail may impact #nget asteroid with a high relative
velocity. In this paper, the pitch angle and clock anglemlyigach phase are optimized to maximize
the impact energy.

4 ASTEROID DEFLECTION USING A REVERSAL TRAJECTORY
4.1 Asteroid Apophis

Asteroid Apophis, also known as 2004 MN4, is an NEA with a 92820 m and mass of about
4.6 x 10'9kg. It was previously predicted that Apophis will pass ab®8i850 km above the Earth
on 2029 April 13. Recent observations using Doppler radéeagiant Arecibo radio telescope in
Puerto Rico confirmed that Apophis will swing by at about 3@ @ above the Earth in 2029, but
with a chance of resonant return in 2036.

The results in the reference (Wie 2007) show that a very samadlunt of velocity variation in
2026 is required to move Apophis out of a 600-m keyhole ar@®29 to eliminate the possibility of
its resonant return in 2036. Keyholes are very small regadrike first encounter b-plane such that
if an asteroid passes through them, it will have a resonamtrrémpact with the Earth. In this paper,
asteroid Apophis is used as an illustrative target asteresdming that it will pass through a 600-m
keyhole in 2029. Both the Keplerian elements of the Earth Apadphis in the J2000 heliocentric
ecliptic reference frame are used for simulations, as shiowable 2.

4.2 Optimization of the Deflection Trajectory

There are several parameters to be determined to achievepatt trajectory from an H-reversal
trajectory: the time of sail after departing from the Eattie time of sail before impacting with the
asteroid and the attitude history of the sail. The attitutigsad determines the SRPF and is always
treated as a control variable. To maximize the impact vgtpan optimal control problem can be
defined.



1128 S. P.Gong et al.

Table 2 Classical Elements of the Earth and Apophis

Earth Apophis
MJD 5478 5478
a (AU) 1 0.92239
e 0.0167168 0.19104
i (rad) 0.000015454 0.05814
Q (rad) 3.061420552 3.568535
w (rad) 5.0198422625 2.205485
M (rad) 6.2347323914 0.361472

The literature on low-thrust and optimal solar sail conisatxtensive. Primarily, there are two
types of methods for solving the resulting nonlinear optioatrol problem: indirect methods and
direct methods (Olympio 2010). In an indirect method, fosler necessary conditions for opti-
mality are derived from the optimal control problem via thaceilus of variations. The primary
advantages of indirect methods are their high accuracytadgsurance that the solution satisfies
the first-order optimality conditions. However, indirecethods suffer from several disadvantages,
including small radii of convergence, and the need for amte initial guess for the co-state. A
direct method is an alternate approach to identify the ogitimansfer arc. In a direct method, the
problem is parameterized by discretizing the trajectoy@mntrol variables, and explicit or implicit
numerical integration schemes are used to satisfy the digadoonstraints. In this study, a direct
shooting method is adopted to solve the optimal control lgrabThe control variables are param-
eterized along the transfer trajectory to maximize the ichpalocity. The trajectory is divided into
several segments. Over each segment, the control variatdeérseated as constant and the differen-
tial equations are numerically integrated forward. Thetcmvariables and the total flight time are
optimized to ensure that the sail arrives at the targetaistarhile maximizing the impact velocity.
The whole trajectory design problem is converted into apetar optimization problem.

As defined in Figure 1, the cone angle is betweery2 and /2 since the SRPF cannot be
sunward. In addition, the cone angle has an extra consteed@ichieve an H-reversal trajectory before
the sail arrives at the point of zero momentum. This constrean also be satisfied by enforcing
angular momentum conservation. A small search space fartimization parameters can reduce
the optimization time and increases the probability of figdan optimal solution. Therefore, the
cone angle bound is enforced and the lower and upper bouadgtermined by numerical methods.
To avoid losing an optimal solution, a looser bound is prediind the momentum conservation
enforcement guarantees the momentum reversal. The wiagdetory is divided into two sub legs
by the zero momentum point, where the first leg is from thelE&rtthe zero momentum point,
which is discretized equally int®/; segments, and the second leg is from the zero momentum point
to the impact point, which is discretized equally imte segments. During each segment, the cone
angle and clock angle stay fixed. Now, the trajectory desighlpm is transformed into a parameter
optimization problem; the optimization problem hagV; + Ny) + 2 parameters, including the
departure time from the Earth and arrival time at the astlefDie optimization parameters can be
given by

P=[tot; al 6 -~ ak, o4, a2 62 - a3, 0%, 1", (5)

wheret, is the departure time from the Earthy; is the arrival time at the asteroid;} and J}

(i = 1...N;) are the cone angle and clock angle ofifesegment during the first leg, respectively;
a? andé? (i = 1...N,) are the cone angle and clock angle of tHesegment during the second
leg, respectively. The bounds of optimization parametandie specified. For example, the departure
timet, can be assumed to be between 2015 and 2020. The arrival tobtgisied by assuming that
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the total flight time is less than 4 yr. Regarding the attitadgles, the cone angle of the first leg, that
is a}, is betweenyy,i, andauy,ax, Wherea,i, anday,., are determined by numerical methods. The
bounds of other attitude angles are determined by the @nsthat the SRPF cannot be sunward,
whichare-7/2 < a? < m/2, -7 < §} <7, —7 <2 <.

The H-reversal impact trajectory uses one solar approagéitoenergy for a high impact veloc-
ity. A smaller solar approach radius (the smallest distdrara the Sun during the solar approach)
leads to higher energy increment. Therefore, the impacicityl increases as approach radius de-
creases, which means that the maximum impact velocity @indd when the sail's direction tends
toward the Sun. However, a zero approach radius leads tartgalarity of the dynamical equa-
tion and is also impossible in engineering practice. Th@eefa constraint on the approach radius
should be added to the optimization problem to avoid thetsaiding toward the Sun. This process
constraint can be given by

R(t)ZRminv tOStStf7 (6)

whereR(t) is the solar distance at timeand R,,,;,, is the minimum allowed distance from the Sun
during the total mission time.

The position error between the sail and the asteroid shaailshtall enough to guarantee that
the sail will impact the asteroid. Usually, this conditiersatisfied using an equality constraint.

R(ty) — Rq(ty) =0, (7)

whereR(t;) and R,(t;) are position vectors of the sail at the final time of the sad asteroid,
respectively.

The objective function of the problem tries to maximize timpact velocity, which is the relative
velocity between the sail and asteroid.

7= Rty - Ra(tp)]. (8)

Now, the optimization problem can be stated as: find the @dtparameter vectd? that maximizes
the objective functiory subject to the inequality constraint given by Equation (&) ¢he equality
constraint given by Equation (7).

The inequality constraint is a process constraint that fficdit to deal with using a direct
method. In fact, the inequality constraint is equivalerdanaequation constraint since the actual solar
distance is always equal to the minimum allowed distancéhisrobjective function. The treatment
of inequality and equation constraints is similar. Theatise from the Sun is calculated for discrete
points in each segment, which will notincrease the compurtatburden since all the orbital param-
eters are calculated during integration of the dynamicahéqgn. The objective function is assigned
a very small value if the constraint is violated.

The number of optimization parameters increases with tinebau of segments. Usually, a large
number of segments leads to difficulty in convergence to fhtéral solution and a small num-
ber cannot generate good results. In addition, a large numbans more sail attitude maneuvers.
Therefore, the number of segments should be chosen prapemiyake the result close to the true
optimal solution but not too large that it causes excessivaputation. To avoid local optimal re-
sults, the particle swarm optimization (PSO) (Kennedy & iBlaet 1995) is employed to obtain the
solution for a given number of segments. Through simulatioihdifferent segmentsy; = 3 and
N, = 6 are chosen since larger segments cannot generate bettgois®land smaller segments
generate worse solutions. For PSO parameters, the papusdtie is 100 and the maximum number
of generations is 1000.
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4.3 Simulations

The change in position is determined by the lead time andgdhanvelocity. The lead time can
be increased by reducing the transfer time while the chamgelbcity increases with the impact
velocity. Therefore, the impact velocity and transfer tiane the two parameters most related to the
design problem. The lightness number of the solar sail de=cthe acceleration ability of the solar
sail. A solar sail of large lightness number can gain largedat velocity, as derived by qualitative
analysis. Another very important parameter is the minimustadce from the Sun during the solar
approach. It is known that a smaller solar approach distaanegain more energy. However, the
minimum distance is limited by how much the sail’s materiah dear the hostile environment in
space, such as high temperature extremes and differerst &frrddiation. Therefore, a proper mini-
mum distance can be chosen for a given sail material. To figeds how the lightness number and
minimum distance affect the impact velocity and transfereti the following cases are simulated.
Firstly, solar sails of different lightness number are usedchieve the trajectory for a given mini-
mum solar distance. Then, we can fix the lightness number gtichiae the trajectory for different
minimum solar distance constraints.

Figure 3 gives a case of lightness number being 0.85. Thdeis optimized for a minimum
solar distance value between 0.25 and 0.5 AU. The impacedses sharply as the minimum dis-
tance increases while the transfer time almost stays fixeekefore, as long as the sail material can
bear the environment, the solar sail should approach theaSwiose as possible. Figure 4 gives a
case of the minimum solar distance being 0.3 AU. The probkoptimized for lightness number
between 0.75 and 0.9. The impact velocity increases lipeath the lightness number but the trans-
fer time increases slowly with it. From the simulations,ande concluded that a small minimum
solar radius and a large lightness number lead to high imgatity. In addition, the transfer time
changes slowly with the minimum solar radius and lightnessloer.

Figure 5 shows a typical impact trajectory and Figure 6 gihescorresponding parameters
along the trajectory, whengis the angle between the velocity of the sail and normal ofik The
sail accelerates foy < 90° and decelerates for > 90°. The time for acceleration and deceleration
are similar during the journey. Before the point where: 90°, the variation of energy of the sail is
small. However, the energy increases quickly when the pait@aches the Sun, which can be seen
from the energy history of the sail. That is because the acatbn ability increases when the sail
approaches the Sun.
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5 DISCUSSION OF DEFLECTION CAPABILITY

Itis assumed that the momentum of the system is conservathdhie impact. The impact is almost
a head-on impact. A scalar equation of conservation of mamnerns used here to describe the
velocity change of the asteroid along the velocity dirattio

MVy +mVa = (M +m) Vs, 9)

whereM andm are the mass of the asteroid and solar sail, respectiVendV; are the velocity of
the asteroid and solar sail before impact, respectivglys the velocity of the asteroid after impact.
Then, the change in speed to be delivered to the asteroidecabthined as

AV = Vi =V = 2 (Vo = V&), (10)

The velocity of the asteroid before and after impact is vdoge. It means thats — V5 is very
close to the impact velocity of the solar sail. Therefore, thange in the speed of the asteroid is
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determined by the mass ratio and impact velocity. The asteeflection is determined by the lead-
time and the speed change of the asteroid. The formula ussddolate the asteroid deflection can
be given as (Wie 2007)

AL = AV - At, (11)

whereAt is the lead-time.

Utilization of the H-reversal trajectory can raise the imipeelocity to about 100 kms'. For
an impact velocity of 90 kms!, the deflection capability for different sail masses andi{emes
is shown in Figure 7. A 140kg solar sail with a lead-time of 2@gnerates a deflection of about
140km. To move Apophis out of a 600-m keyhole area in 2029itoiehte the possibility of its
resonant return in 2036 requires only a 10kg solar sail witkaal-time of one year. Compared
with a regular spacecraft, a solar sail using an H-reveragdtory requires less mass. The impact
velocity of a typical spacecraft along a Keplerian orbitt®at 30 km s*. A solar sail evolving in a
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retrograde Keplerian orbit can raise the impact velocitgtiout 60 km s'. The solar sail utilizing
an H-reversal trajectory raises the impact velocity furtoeabout 90 kms'. Therefore, the impact
energy can be greatly enhanced per unit of mass and the imifia@ncy is much higher. One weak
point of the H-reversal approach is that a high performaonta sail is required, which means that
a much larger area of sail film is required for the same maspaifecraft. In addition, the solar sail
leaves the Sun at a high velocity. To impact the asteroid desihigh precision in the navigation,
guidance and control systems since a small error may malsathmiss the asteroid.

6 CONCLUSIONS

A high performance solar sail can evolve in an H-revers@ttary. A typical H-reversal trajectory is
achieved by reducing the angular momentum of the solar séllitis reversed. Then, the solar sail
approaches the Sun to gain energy and leaves the Sun alopggbbiic trajectory and impacts the
asteroid head-on. An optimization method is utilized to immaze the impact velocity. The impact
velocity is dependent on the minimum solar distance aloadrtjectory and lightness number. For a
minimum distance less than 0.3 AU, the impact velocity stidnal above 90 km's'. For this impact
velocity, a solar sail of 10 kg with a lead-time of one year cave Apophis out of its 600-m keyhole
area.
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