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Abstract: The main idea of the proposed approach consistargéting a very small asteroid to
impact a larger dangerous one. The minimum sizthisfsmall asteroid is determined by the
ability to detect it and to determine its orbit.elamall object may have a diameter of about 10 -
15 meters. Asteroids are selected from the neathEalass with the fly-by distance from Earth
of the order of hundreds of thousands of kilometacgording to current estimates, the number
of near Earth asteroids with such sizes is highugho So there is a possibility to find the
required small asteroid. Further, the possibility @evaluated of changing the small asteroid’s
orbit so that by application of a very limited deN impulse to the asteroid, the latter is
transferred to a gravity assist maneuver (Earthrgylly) that puts it on a collision course with a
dangerous asteroid. It is obvious that in orderagply the requiredtV pulse it is necessary to
install on the small asteroid an appropriate pragioh system with required propellant mass. A
control system similar to that used on a spacedsaétlso necessary. Of course, any real test of
this (or of any other deflection) strategy shouldtfbe performed on a benign asteroid whose
orbital parameters give the asteroid no significatiance of a natural impact with the Earth
during at least the next million years, even in¢hse of small changes in its orbit.
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1. Introduction

A concept based on the use of small asteroidsdtiecting hazardous near-Earth objects from
the trajectory of their probable collision with tB@arth was proposed at a Symposium held on
Malta in October 2009. The Symposium was devotdtid¢csolution of problems connected with
the prediction and possibilities of prevention o€ls collisions. After the Symposium the paper
describing this concept was published in CosmieBReh Journal #5 in 2010 [1]. The essence of
the concept is applying to a small enough asternidlh the size about 10-15 meters, a
comparatively small velocity pulse (about 10-15 )nwsorder to transfer it on the trajectory to
the Earth where with the use of a gravity assistensaer this asteroid will be put on trajectory of
collision with a hazardous near Earth object, fgample Apophis [2]. The last one (with
estimated size equal 270m) is considered to bebgrctowith one of the higher (but small)
probabilities to hit the Earth. The event is expddip happen in 2036. In [1] it was shown that
the proposed method is by two orders more effedivecompared with the method of direct
targeting of the spacecraft to the hazardous adteiith consequent collision of the bodies. This
estimation of effectiveness is calculated in teohsghe ratio of the hazardous asteroid velocity
change and the mass of the projectile hitting toegerous object.



But in the mentioned paper the question was noveresl: is it possible in the list of reachable
asteroids to find the one which is possible usimgvigy assist maneuver to put it on the
trajectory of collision with Apophis. It was suppaisthat because there are enough of asteroids
having the acceptable size it is possible to chdbseasteroid acceptable for our task solving.
But one needs to understand that to detect so smstdloids and to determine their orbital
parameters is difficult enough problem to be solv@dt we observe now very fast process in
solving this problem: in USA and Europe very antis programs in this area are in the phase
of realization. During last decade of these prograomning it was discovered more near Earth
asteroids than during whole period of precedingeolsions. European Space Agency plans to
launch in 2013 astrometigpacecraft GAIA into vicinity of Solar-terrestribration point L2
with the goal to discover and catalogue severalghnds new near Earth objects [3].

So it is very important to answer the question deesh asteroids exist in the contemporary
catalogue which is possible to transfer on theettayy of collision with Apophis before it close
approach to the Earth in April 2036 supposing that can use only available now launch
vehicles and technologies of spacecraft motionrobritVe mean such scenario realization when
spacecraft with propellant of enough mass is seehbsen small asteroid-projectile, then lands
on this asteroid and after its fixation on the acef spacecraft engine unit gives to asteroid
velocity pulse, which transfer the asteroid to tfaectory of its collision with Apophis using
gravity assist maneuver near Earth.

Given below results of studies are goaled to gigees preliminary confirmation that the
described method of Apophis deflection from itgeictory of possible collision with the Earth is
doable.

Taking into account the last successes in discogarew near Earth asteroids one may state that
the situation with the chances to find requirecel@stl-projectile to implement the proposed
method of Earth defense will be improving.

2. Gravity assist maneuver as a tool to target asteid-projectile to hazardous near Earth
object.

Asteroids which are considered as small have nmamst 4500 tons so to control their motion in
classical use of this word i.e. by applying puléeocket engine in order to change their velocity
by several kilometers per second is hardly possiug if gravity assist maneuver is used as the
tool to amplify orbital parameters change when smake of velocity (delta-V) allows changing
the pericenter height of controlled body (astenmidiectile) when it fly-bys the planet (Earth) by
value sufficient to turn the relative velocity vectby dozens of degrees, then we receive
extremely efficient tool of orbital control for theky body having so huge mass as compared
with the usual spacecratft.

By choose of relative velocity position at infinityith respect to the fly-by planet (with fixed
pericenter radius) we receive any required planeelaitive orbit with appropriate direction of
relative velocity vector after fly-by. This is iktrated by Fig.1 where cylinder of possible vectors
of relative velocities (at infinity) at arrival an@sulted after fly-by cone of velocity vectors of
departure are imaged.
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Figure 1. Cylinder of possible vectors of relativerelocities at arrival and resulted after fly-
by cone of velocity vectors of departure are imaged

Geometry of gravity assist maneuver is illustratgdrigure 2

Figure 2. Geometry of gravity assist maneuver in ardinate system connected with Sun

In Fig.2 V2 V,is velocity vector of the planet withfly-by during gravity assist maneuver (the
Earth in our case) given in coordinate system cot@oewith the SunV,is arrival velocity
vector in the same reference (coordinate) systednVar V, is relative with respect to planet
velocity vector of asteroid at the moment of itdval to the Earth referred to infinity (if gravity
of the Earth would be equal zero this vector wdutdequal the one we consider). After planet



fly-by this vector is turned by the angle which can be calculated using the followfmgnulae
[4]:

1

.
Sin— =————
1+rVelu

1)
where

r — pericenter radius, V — relative velocity ofeasid-projectile at infinityu — gravitational
constant of the planet.

As one can see from the formulae with decreasiegptiricenter radius the angle of relative
velocity vector turn due to fly-by increases reaghil80 degrees if pericenter radius reaches
zero. Thus if there are no limits constraining penter radius lowest value, then vector of
relative asteroid velocity will change its initidirection on opposite one. The whole family of
the departure velocity vectors forms in this cdse $phere with V radius. Asteroid velocity
vector in reference system connected with the Suthé sum of planet velocity vector and
relative vector of asteroid with respect to plaiearth) V. Thus asteroid velocity vector in
coordinate system connected with Sun may be antpwve@ath initial point in the same point as
planet vector and any final point on the mentiogptere. But this is valid in case if radius of
planet is zero. If one will take into account tlaglius of the planet, then only part of the sphere
may present the possible surface for the reactadézoid vectors after gravity assist maneuver.
This part is constrained by the cone with the aasciding with arriving vector of asteroid
relative velocityVo. Semiangle of this cone is equabmax, calculated by use of given above
formula where pericenter radius is equal minimulovegéd one. With increasing allowed radius
of pericenter of fly-by trajectory from zero to imity the area of reachable departure velocity
vectors shrinks from the whole sphere to the onetpehich is the end point of arriving velocity
vector. Accordingly decreases the area of achievaklocity vectors of planet fly-by body
(asteroid-projectile).

3. Lambert problem as the principal constituent oftrajectories design with the use of
gravity assist maneuvers.

Scenario of mission for deflecting hazardous neartlEobject from trajectory with Earth
collision consists from the following phases:

e start of spacecraft from the Earth to trajectoryransfer to asteroid intended to be use as
controlled spacecratft of large size for its tanggtio hazardous object;

e landing and fixing the spacecraft on asteroid sgrflay use of its engine unit to decrease
the relative velocity of spacecraft with respectasteroid to zero level and fulfilling the
procedure of docking with asteroid;

e flight of controllable asteroid in passive modeilurgaching the moment of its start to
trajectory to the Earth;

e applying to the asteroid-projectile the velocitygauiin order to transfer it to the trajectory
of the Earth fly-by in regime of gravity assist neamer by use engine unit of the
spacecraft landed and fixed on asteroid surface;

e flight along trajectory to the Earth with executingcessary correction maneuvers to
reach required parameters of fly-by trajectory widtessary accuracy;



e executing gravity assist maneuver transferring rasterojectile to the trajectory of
collision with hazardous near Earth object, in case Apophis is chosen;

o flight along Apophis hitting trajectory with exetuj necessary correction maneuvers
with final collision with this object which is toeflect the asteroid-target from initially
dangerous orbit with possible hit of the Earth.

It is obvious that during the whole mission all éafale tracking instruments and facilities are to
be involved in the solving the navigation taskshwihaximum achievable accuracy. The
importance of this part of the mission operatiomsmuch higher than in case of the usual
spacecraft motion control because the values agectbon maneuver to great extent determined
by accuracy of orbital parameters determinatiomastandard space missions, but in terms of
propellant consumption it means that the mass a@pgitant for correction may exceed its mass
for nominal maneuvers.

The task of the mission design at large consisthenchoose of all available free parameters in
such a way which with maximum payload reachablecbyptemporary available launch vehicles
allows to receive maximum deviation of velocity w@cof target asteroid (Apophis) after hitting
it by controllable asteroid-projectile.

This task is multi parametrical so it is to be sal\by several phases.

First step id0 choose optimal transfer of the spacecraft from hear Earth satellite orbit to the
asteroid chosen as candidate asteroid-projectde.tiis the Lambert problem is to be solved
with goal to minimize required delta-V to executestmission. As it is well known the Lambert
problem [5, 6] consists in choice of such initiabital parameters which during given time
allows to transfer along Keplerian orbit the zerassh object from one given point to another.
Our goal is to choose from possible dates of lawamah arrival the optimal one in terms of total
delta-V. During this phase acceptable candidatera@isis are to be chosen as the dates of their
departure and arrival. It should be mentioned dimatthis phase of calculations of asteroid motion
the gravity field is supposed to be central wite tenter in Sun. The coordinates of Earth and
coordinates of asteroids are taken from appropcat@ogue contained in SPICE system [7].
Next step is to find transfer orbit from the EatwhApophis with date and time of start the same
as the ones of arrival to the Earth of asteroijgutde. Besides the module of relative with
respect to Earth velocity vector is chosen the sasnéne module of arriving velocity vector. As
a result of this second (modified) Lambert problsofution we receive the departure relative
velocity vector and transfer trajectory for astdrprojectile at large. Practically it was confirmed
that standard algorithm of Lambert problem solutagty be used for both part of the trajectory:
for approaching to the Earth part and for the frarh the Earth to Apophis. For this it is enough
to minimize the sum of the delta-V for transfereasid-projectile from its initial orbit to the otbi
reaching Earth and difference of modules of argvamd departing relative velocities in Earth
point of the arriving and departing trajectoriess Aalculations showed the result of such
minimization is zero difference of these modulesatvbxactly correspond to the demand of
mutual match of these trajectories, so we receive oninterrupted trajectory of asteroid-
projectile from the first correction velocity pulsgthe collision with asteroid Apophis.

With the use of described method and the catalotige solar system bodies orbital parameters
contained in SPICE calculations have been fulfibétied to choose the candidate asteroids for
targeting them to Apophis with the use of graviggiat maneuver near Earth. The criterion of
selection of these asteroids was the required-tettatransfer asteroid from its original orbit to
the trajectory of collision with Apophis after gigvassist maneuver near Earth. The sizes of the



asteroids were also taken into account as the sageslelta-V to deliver the spacecraft onto
surface of asteroid-projectile. Five the best astisy satisfying described demands were chosen
by our studies and their key characteristics arergin Table 1.

Table 1. Results of candidate asteroids choose aarbits design

Asteroid 2006 XV4 | 2006 SU49 1997 XF11 2011 UK10 94®V
Delta-V value, m/s 2.38 7.89 10.05 15.94 17.72
Perigee radius, km 16473.19 15873.40 4285184 39912 7427.54
Velocity in perigee 9.61 5.03 14.08 8.98 13.37
with respect to

Earth, km/s

Angle of the

relative to the 23.98 59.78 5.14 21.14 50.85
Earth velocity turn,

deg.

Date of maneuver | 2029/03/17| 2027/06/11 2027/04/27  2025/09/13  2028/09
execution 12

Date of perigee 2031/12/11| 2029/01/23 2028/10/26  2026/10/10 2031/04
reaching 13

Date of collision of

asteroid-projectile | 2034/04/08| 2029/10/06| 2030/08/06| 2027/08/06 | 2031/12/
with Apophis 24
Impact velocity 15.3 4.9 11.0 2.3 14.1
with Apophis, km/s

Magnitude 24.87 19.54 16.9 24.91 27.46
Size of asteroid- 25~60m | 330750 | 1=~2km 25~ 60 m 8~19m
projectile m

VZ at infinity after 47.182 30.128
s/c launch from 3.7 0.36 6.447 (1.488%) (2.427%)
near Earth orbit,

km?/s”

Delta-V of braking 0.543 0.543

for landing S/C on 9.6 4.67 7.89 (5.571) (6.860%)
an asteroid, km/s

*for departure delta-V optimization

4. Optimization of spacecraft transfer trajectory with start from low near Earth orbit and
landing on asteroid-projectile surface.

Natural criterion of optimization for choice of theajectory of spacecraft delivery to the
asteroid-projectile surface is the maximum magb@fspacecraft after landing. For our studies it
is enough to use instead of this criterion veryelto it one: the totalV; required to start from
low near Earth orbit and to execute the maneuvdand spacecraft on asteroid surface. For
calculating first constituentAl/s) of the delta-V we assume that the spacecraftssteam the
circular near Earth orbit with 200 km height. Tleeend constituent we estimate as the relative
velocity of spacecraft with respect to asteroid wheaching it.



In order to minimize available software [8, 9, X0pdification, the other approach for solving
the problem was used: we minimized the function WC3+W,* AV, where G is the square
of relative asymptotic velocity with respect to thaof departing to asteroid trajectoVy , is
relative velocity of the spacecraft with respectasteroid at the moment of arrival to asteroid,
W, W, are the weight factors for the used procedure foEtion minimization. Several values
of W, were tested keeping W1 for all cases. It is obvious that with incregsihe W; value the
influence of arriving velocity on the solution igsising. In the presented table of received
solutions which includes the data of start, dataaoifval, square of asymptotic velocity at
departure, delta-V required for departure, relatiglcity (equal delta-V, necessary for landing)
at arrival to asteroid. Table 2 presents key orbi@ameters for transfer mission of the
spacecraft to be landed on 2011 UK10 asteroid bt by the method of optimization for
different weight factors Wy W,. The search of optimal trajectory was done for shacecraft
departure inside interval of dates beginning widpafture not earlier than 2020-01-01 and
ending by arrival not later than 2025-08-15.

Table 2. Key orbital parameters for transfer missim of the spacecraft to asteroid-projectile

Optimal Optimal Cs, AV,, | Duration AVs, AVy,
W, time of time of km?%<s® | km/s of km/s km/s
departure arrival to transfer
from Earth | 2011 UK10 days
1 | 2021/12/10 | 2022/08/25 1.4879 5.5709 257.9243 023.3| 8.873
2 | 2021/12/08 | 2022/08/21 2.0283 5.2113 255.1062 3.326 8.537
6 | 2022/08/20 | 2023/08/02 6.99 3.4856346.7858 3.537 7.033
10 | 2022/08/24 | 2023/08/06 7.448  3.4306346.9625 3.567 6.970
12 | 2022/08/28 | 2023/08/08 8.1783 3.3644845.7742 3.599 6.963
13.5| 2022/09/18 | 2023/08/17 16.77772.6997 | 332.2901 3.971 6.670
14 | 2022/09/21 | 2023/08/18 18.56872.5698 | 330.8983 4.047 6.617
14 | 2022/10/13 | 2023/12/10 46.9768.55489| 422.8127 5.193 5.747
15 | 2022/10/13 | 2023/12/09 47.0000.55327| 422.5287 5.194 5.747
20 | 2022/10/13 | 2023/12/09 47.1820.54275| 422.5234 5.201 5.744
Optimal Optimal Cs, AVa, Duration AV, AVy,
W, | time of time of | km%s® | km/s of km/s km/s
departure arrival to transfer
from Earth 1994 GV days
1 | 2027/04/17 | 2028/06/07 1.9758 7.3286416.8176 3.324 10.653
2 | 2027/03/17 | 2028/04/22  2.4656 6.86 401.9748 63.34 10.206
6 | 2027/05/04 | 2028/05/17 8.3888 5.20598B78.4848 3.609 8.815
7 | 2027/05/04 | 2028/05/16 8.39 5.2057378.4707 3.609 8.815
7.5 | 2027/05/04 | 2028/05/16 8.3904 5.2067 378.4551 60%B. 8.815
7.8 | 2027/05/04 | 2028/05/16 8.3904 5.2067 378.4952 60%B. 8.815
7.9 | 2026/03/17 | 2028/03/21 30.1262.4273 | 734.737 4.526 6.954
8 | 2026/03/17 | 2028/03/21 30.127 2.4273734.7517 4.526 6.954
10 | 2026/03/17 | 2028/03/21 30.1282.4271| 734.6328 4.526 6.954
20 | 2025/12/03 | 2028/01/02 50.6314€.5913 | 1056.6681 5.333 5.924




As one can see from the table the last string ptes@e optimal trajectory with total delta-V
equal 5.744 km/s. The impulse required to land epadt on asteroid surface is equal only
0.5427 m/s.

This trajectory is imaged on Fig.3a in ecliptic jprtion together with orbits of inner planets and
orbit of 2011 UK asteroid. As one can see from &ablthe first string variant corresponds
practically the case when only departure delta-wpmized with ignored arrival value of delta-
V. And it can be easy to see that in this casel#parture delta-V is practically minimal which
allows leaving Earth gravity giving to the spacécthe velocity almost equal parabolic one.
This trajectory is imaged on Fig.3b and repeatedFan5 together with other trajectories
illustrating the mission at large.

Rough estimations show that standard Proton lawatficle with Breeze upper stage using
optimal transfer trajectory can deliver to the aoef of 2011 UK10 asteroid (after consumption
total delta-V equal 5.744 km/s) the payload wit@@&g mass.

Analogous calculations have been fulfilled for 199¥ asteroid. The studies were done for the
spacecraft start options beginning not earlier tA@a5-01-01 and arrival to asteroid not later
than 2012. For this asteroid-projectile option &mdmentioned above allowed dates of transfer
mission to asteroid, the minimum total delta-V i8®! km/s (departure delta-V is 5.3131 km/s,
arrival delta-V is 0.5913 km/s), departure dat2d25-3-12, arrival date is 2028-2-1, duration of
transfer from Earth to 1994 GV is 1056.67 days. ffagctory of transfer is presented by Fig.3c.
The same launch vehicle and upper stage can delivier this asteroid surface payload with
2270 kg mass.

Fig.3d illustrates the case when for 1994 GV reaglihe departure delta-V is minimized.

a) b)
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Figure 3. a - Optimal transfer trajectory to 2011UK asteroid with minimum total delta-V,
b - Transfer trajectory to 2011 UK asteroid with minimum departure delta-V, ¢ - Optimal
transfer trajectory to 1999 GV asteroid with minimum total delta-V, d - Transfer
trajectory to 1999 GV asteroid with minimum departure delta-V.

5. Comparison of Lambert problem solution and resuks of numerical integration of
differential equations of Solar System bodies motio

For 2011 UK10 (#3582088 in SPICE system) the studaese been fulfilled in order to compare
the results of numerical integration of differehguations system, which describes the asteroid
motion taking into account solar system gravitydfigenerated by Sun and planets, with the ones

calculated by Lambert problem solution.
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Figure 4. Delta-V value to transfer asteroid
to gravity assist maneuver trajectory for

Aponhis impact.

On the Fig. 4 zero value of time corresponds
to the optimal time point of maneuver sending
asteroid projectile to the Earth, calculated in
framework of Lambert problem solution,
which gives minimum delta-V of such
maneuver. Accordingly the solid blue line is
function of delta-V of time for this approach.
The red diamonds correspond to the case when
the orbit was calculated by numerical
integration for the same times of maneuver
and arrival to the perigee of the fly-by orbit (in
Lambert case it is arrival in the Earth center).
The red stars correspond to the case where the
maneuver dates are as shown but arrival to the
Earth perigee dates are optimized for the case
of numerical integration. Blue stars curve is
received by shift of red stars curve to the right
side by 15 days in order to show that by such



shift we receive the initial solid blue line. Inher words this fact confirm that solution of
Lambert problem gives the same results (in termsdedfa-V for maneuver) as more precise
solution with use of numerical integration. Theyodifference is the mentioned shift by 15 days

in time in the whole window of possible initial meuver.

Table 3. trajectory parameters corresponding minimum delta-V

Numerically
Use Lambert| Numerically integrated
problem integrated trajectory with
trajectory optimization by
choose TandT;
Date and time of maneuver execution -2025-09-13 2025-09-13 2025-08-24
LB 10:37 10:37 10:37
Delta-V value, m/s 15.9 22.0 15.6
Date and time of perigee reaching- T 2026-10-10 2026-10-10 2026-10-10
13:07 07:06 13:02
Perigee radius, km 31912.7 31578.7 31683.7
Velocity in perigee with respect to 8.98 8.977 8.995
Earth, km/s
Date and time of collision of asteroid- 2027-08-06 2027-08-06 2027-08-07
projectile with Apophis - T 07:13 08:54 10:27
Apophis impact velocity, km/s 2.25 2.26 2.28

Thus the data given in the above list of key triapcparameters confirm that for our studies
related to the possibilities of the use small astisrto deflect the dangerous ones from their
original trajectory hazardous by some nonzero gihiba of collision with the Earth, can be
done using Lambert problem solution methods.

6. Two mission’'s examples intended for Apophis dedttion using small asteroids as
projectiles.

Full mission to hit Apophis by 2011 UK asteroidllastrated by Fig.4 where ecliptic projection
of the trajectories of bodies, involved in the rnossto deflect Apophis from its original
trajectory is presented. The key points and dafeth® mission are marked on the Fig.4,
beginning from the start of the spacecraft from Haeth to be landed on 2011 UK asteroid and
ending Apophis impact by this asteroid. These oané the following:

. 2021-12-10: Launch of spacecraft from the Earth

II. 2022-08-25: Spacecraft arrive to 2011 UK10 andilamd
. 2025-09-13: Applying the velocity impulse to thel20QUK10 asteroid
IV. 2026-10-10: Perigee passing by asteroid duringityragsist maneuver
V. 2027-08-07: 2011 UK10 asteroid impact to Apophis
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Figure 5. Trajectories of Earth, Apophis, asteroidprojectile 2011 UK and
spacecraft transfer trajectory from Earth to 2011 K

The Apophis asteroid trajectory is presented byglgl&arth by green, 2011 UK asteroid by blue

crosses before maneuver pulse applying and salie &iter maneuver, spacecraft to be landed
on 2011 UK by crimson.

Fig. 6-8 given below show as a function of time thstance from the center of Earth to 2011

UK10 and Earth — asteroid - Sun angle during thesion beginning from the asteroid start to

the Earth for gravity assist maneuver and endingdblysion with Apophis.



Distance, km

Distance, km

B8 \ T T T T T T T 100000 T T T
N\
\
\
25408 3
\
\ 80000 |- -
\ 1 |
20408 | \ Pt TR \ p 4 g
\ il N /
\ / N
\ s % 4
\ g N .'/
\ / E0000 B / _
15e+08 [~ \ / 2] \ Fi
\ \,
/
\\ \ ."/
\\ P
/
\ / &% /
12408 \ / -~ 5
\ if 40000 |- -
/ .
\ / - " 4
— / —l
Se+07 e " \ ’;i -
N\ /
\ /
'\_\ /
\ / 20000 |- 2
8
0 I I 1 1 1 1 L
0 100 200 300 400 500 500 700
2025-08-24 2026-10-10 20270t
Time from asteroid start pulse, days
o 1 1 1 | | 1 | | |

Figure 6. Distance from the 2011 UK10
asteroid to the Earth center for the time
interval from asteroid start pulse to the
impact with Apophis.
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assist maneuver.



The second example of trajectories of the natumdl atificial bodies participating in Apophis
deflection mission is presented by Fig.9 for 199443 asteroid-projectile.
The key points of the mission are the following:

I. 2027-030-17 start of the spacecraft from the E@rthsteroid-projectile

Il. 2028-04-22 landing spacecraft onto asteroid 1994s@Y¥ace

lll. 2028-09-12 start maneuver of asteroid targetirig the vicinity of the Earth for gravity
assist maneuver

IV. 2031-04-13 perigee passing during gravity assistaneer

V. 2031-12-24 collision of 1994 GV with Apophis.

The colors are the same as the ones used in Fighet.only difference is that asteroid-
projectile is 1994 GV instead of given in Fig.4eastd 2011 UK10

Dz
15k Trajectory of “asteroid-projectile”
_ Orbit of Apophis
#11, 2028-04-22: _ « Trajectory of S/C
05+ F Arrive to 1994 GV and landing ", \\ before landing
: : N
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< ot
> Sun
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Figure 9. Trajectories of the Earth, Apophis, asteid-projectile 1994 GV and spacecraft
transfer trajectory from the Earth to 1994 GV.

7. Analysis of results for ideal cases

The figures given in Table 1 and presented by kagipeters of trajectories found by our studies
are received for ideal cases, i.e. for the onesnwthgectory is nominal when deviation real
trajectory from calculated trajectory is zero. Bor the considered missions the part of
propellant to be consumed during mission for cdaibecmaneuvers may be comparable with
those for nominal ones.



If one consider the mission effectiveness onlyeimis of nominal trajectory then from presented
by Table 1. 5 cases, the most promising case imthsion with the use asteroid 1994 GV. The
main argument for such chose is the estimated wfaasteroids presented in the Table 1. The
closest in size asteroids are 2011 UK10 and 2008 Ak supposed (if their densities are the
same) to have by factor 30 higher. Assuming thasmd 1994 GV asteroid is 1350 tons (radius
6 meters, density 1.5 tAn in order to change its velocity by required P7ri/s using engine
unit with specific impulse 3300 m/s one needs tescme 7.23 tons of propellant. It means that
4 Proton launch vehicles are to be used in ordeletwer the required amount of propellant to
the asteroid surface. It is doable but looks assmple enough. In addition some consumption
of propellant is necessary in order to fulfill #ejory correction maneuvers. If one refers to the
Deep Impact mission to estimate of required deltéol/these maneuvers than the expected
figures may reach a few dozen meters per secorid lfIheans that for implementation of the
proposed technology of dangerous asteroid deflectie® need to search more asteroids
satisfying our demands in terms of their size aqgluired delta-V to target them to dangerous
object like Apophis. For example if 2006 XV4 wouldve the same size as 1994 GV and similar
required delta-V to reach it then the required nwgzopellant to target it to Apophis would be
only 0.98 tons if one would not take into accouhe tpropellant needed for correction
maneuvers.

But one needs to mention that even with the us&OoProton launches intended to realize the
proposed technology for the case chosen is by rfaift@7 is more effective than the direct
targeting of spacecraft to Apophis.

As to correction maneuvers there is the possidito decrease them significantly by the use of
responder to be delivered to the surface of thepAobefore execution of mission for its
deflection.

8. Conclusions

The described method of dangerous asteroids defhefrtbm the trajectory of collision with the
Earth as it was shown on the example of Apophis beagonsidered as doable. It was found that
very small delta-V (2.38 m/s) may be required snsfer small asteroid to the trajectory, what
includes gravity assist maneuver near Earth, faldwby collision of this asteroid with the
hazardous object like Apophis. Proposed methodvallim change velocity of dangerous object
by the value unachievable by any other contempdeaniynologies. For practical implementation
of the proposed approach some further progressroadening the catalogue of candidate
asteroid-projectile in needed especially as ielated to small asteroids. Also additional studies
are required for reaching lower demands for colwaahaneuver delta-Vs.
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