Conceptual design of a multi-mirror system for asteroid deflection
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This paper presents the conceptual design of multiple spacecraft system for the use of deflecting Near Earth
Asteroids. Each spacecraft is equipped with a solar concentrator assembly, which focuses the solar light, and a
beaming system that projects a beam of light onto the surface of the asteroid. When the beams from each spacecraft
are superimposed, the temperature on the surface is enough to sublimate the rock, creating a debris plume with
enough force to slowly alter the orbit of Apophis. An overview of the dynamics, control and navigation strategies are
presented along with simulated results of the deviation distance achieved for various mission configurations.
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semi-major axis, km

area, m*

speed of light, 299792.458 km/s
inequality constraint function
concentration ratio

diameter

eccentricity

true anomaly

force, N

enthalpy of sublimation, J

height, m

inclination, rad

objective function

jet constant

set of Keplerian orbital elements
Boltzmann constant, 1.3807E-23 J/K
mean anomaly, rad

molecular mass, kg

mass, kg

normal vector

power, W

heat loss, J

position, km

distance at 1 AU, 149597870.7 km
solar flux at 1 AU, 1367 W/m®
orbital period, days or temperature, K
time, s

perturbing acceleration vector, km/s”
velocity, km/s

albedo

degradation factor, %

efficiency, %

true latitude (f + w), rad

K adiabatic index

A scattering factor

u gravitational constant, km’/s”

p density, kg/m3

v absorption coefficient

[0) elevation angle, rad

1) angle of reflection, rad

10} argument of periapsis, rad

Q right ascension of ascending node, rad
Subscripts

0 : initial

A : asteroid or NEO

cnd : condensation

cond : conduction

dev : deviation

exp : expelled (debris)

lim : limit

M : mirror

pert : perturbations

rad : radiation

sc . spacecraft

spot : spot on the asteroid surface

Srp : solar radiation pressure

subl : sublimation

sun : Sun

sys © system

thrust  : thrust produced by deviation action

warn : warning before a epoch

1. Introduction

In 2004, astronomers first sighted the asteroid Apophis.
Based on tracking data, it is known that in 2029 the asteroid
will have a close approach with the Earth. Depending on the
interaction with the Earth’s gravity field, Apophis might be
put into a resonant return orbit with the first potential impact



in 2036. Apophis is only one of 6190 Near Earth Objects
(NEO) detected, with 1053 listed as potentially hazardous by
the IAU Minor Planet Center . Due the danger posed by an
impact, many scientists in the last few decades have proposed
several deflection methods. Based on a quantitative
comparison of the various options for NEO deflection Y one
of the more interesting and promising methods, initially
proposed by Melosh and Nemchinov ? in 1993, and later
assessed by Kahle et al. ?, employs solar sublimation to
actively deviate the orbit of the asteroid. The original concept
envisioned a single large reflector; this idea was expanded by
the authors to a formation of spacecraft orbiting in the vicinity
of the NEO, each equipped with a smaller concentrator
assembly coupled with solar pumped laser capable of focusing
a beam of light at a distance around 1 km and greater. This
relieved the strict constraint on the proximity to the asteroid
surface, mitigating the effects of the inhomogeneous gravity
field, the contamination due to the debris plume, as well as
temperature concerns by the high magnification ratio.

The following paper presents results of a hypothetical
deflection mission of the NEO Apophis including the orbital
dynamics, control and navigation strategies, accounting for
solar radiation pressure, the gravity field of the asteroid, and
the deviation of the NEO orbit. Trade-offs are presented based
on the warning time, thrust period, and total deviation distance
achieved versus a number of system design parameters.

2. Focusing and beaming system

In order to sublimate the rock, the asteroid surface must be
heated to a minimum temperature of 1800 K; the sublimation
temperature of forsterites . A number of different system
configurations were examined that concentrates the solar flux

(Sp = 1367 W/m®) to the power density required on the surface.

The system used in the following analysis consists of a
primary paraboloidic reflector which focuses the solar
radiation onto an indirect-pumped laser system, which is then
re-directed onto a specific spot on the NEO by a small
directional mirror. The concentration ratio, C,, is defined as
the ratio between the total surface area of the primary mirror
normal to the Sun vector, and the surface area of the spot on
the NEO. The laser system is composed of a semi-conductor
laser, which while at a lower technology readiness level
(TRL) than solid-state lasers offers potentially much higher
power conversion efficiencies, which is powered by a set of
solar arrays. Using a laser plug efficiency Y of 73% and a
solar cell efficiency * of 50%, the total efficiency would be
36.5%. To be conservative, a value of #,,, = 25% was used for
the simulations ®. The laser system, directional mirror and
radiators are placed in the shadow of the primary mirror to
help reduce excess heat.

3. Proximal motion dynamics and control

The formation orbits are based on the proximal motion
equations " fora chief-deputy arrangement.

* IAU Minor Planet Center, http://www.cfa.harvard.edu/iau/mpc.html
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Adapted to this case, the chief orbit is that of the NEO, and the
deputy orbit is the one of the spacecraft. The NEO-spacecraft
vector is given by Or = [x, y,z] in radial-transverse-normal
directions.

Fig. 1 Dual reflector system with an indirect-pumped rear laser system.
The arrows show the direction of solar radiation pressure on each surface.

Nonlinear equations for the relative position in the local Hill
reference frame were developed as a function the difference
between the angular Keplerian elements of the NEO and those
of the spacecraft *.
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At small distances (i.e., dr <r, ), these are equivalent to the
linearised set of relative motion equations developed by
Schaub 7.

The same nonlinear proximal motion equations were used to
calculated the total deflection distance of the asteroid Arg,,
using the change in Keplerian between the original and
deviated orbits at a given time, in this case the time at which a
minimum orbit interception distance (MOID) occurs 9,

The set of orbital element differences,

Sk=k, —k,=[6a=0 Se 6i &K v M] (3)

was optimized based on two different sets of objective
functions. The difference in semi-major axis is set to zero to
ensure the periodicity of the two orbits (i.e. spacecraft and
NEO).
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Fig. 2. Set of 20 Pareto-optimal orbits for objective functions J;, J>.

The first optimization aimed to maintain a constant distance Jr
from the NEO subject to a constraint to ensure that the
spacecraft remain outside a limiting sphere based on the
gravitational field of the NEO *.

511{11}1 J, =0r, rérku? J, =x* + 2 subject to C,,,, = 6r >1;,, (4)

The optimal direction of thrust, given a suitable warning
time, is along the direction of velocity, or in this case along
the y-axis. Given the possible wide scattering of the debris, the
second set aims instead to maximize the allowable region for
the debris plume through the centre of the orbit.

=miny>r, (5)
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Fig. 3. Set of 25 optimized orbits for objective function Js.

Two major disturbances to the orbits are the solar radiation
pressure (SRP) acting on the mirror surfaces, and the
gravitation effect of the asteroid. The orbits were intentionally
situated at a distance far enough away such that the gravity
field can be considered as a point source. In order to maintain
the orbit, a feedback control law in employed which
minimizes the difference between the actual and desired orbit
element differences vector, Jk. The control law also
compensates for the continual deviation of the NEO 0,

The orbits of the spacecraft and asteroid were propagated by
integrating Gauss’ form of the variational equations ' The
acceleration produced by the deflection method is a direct
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Fig. 4. Variation of Jk elements using the feedback control algorithm.

function of the rate of the expelled surface matter 1),
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where the limits of integration are [t,, ,,], giving the duration
for which a point on the surface is sublimating, and [yy, Ve,
the limits of the vertical component of the illuminated surface
area. The scattering factor A is set to (2/m), corresponding to a
worst case thrust level. The power on the surface of the
asteroid is defined below, with an albedo a, of Apophis of 0.2.
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The perturbing acceleration vector accounting for the SRP
and the 3™ body effect of the NEO is as follows,

F., . or r_+or
W = L n, +u, T ®)
m. |5r| rA|
where the force due the solar radiation pressure is given by,
2
"N,
Fogp =217, A T_O{ﬂ] cos’ ¢ )

and acts in the direction normal to the mirror surface n,, .

Fig. 4 shows the change in orbital elements differences for a
representative formation orbit, given by Jk = [0, 6.9071E-12,
-1.7903E-9, -2.3827E-8, 3.1574E-8, 8.9855E-9]. The mass of
the spacecraft is set to 2000 kg with a 20 m diameter primary
mirror. The required control is on the order of 0.05 N in the
transverse y direction. The total perturbing force is between
1.2-2.2 mN in the radial direction, 0.27 mN in the y-direction
and 0.08 mN in z-direction. The major effect is on the
semi-major axis of the orbit, moving the spacecraft by roughly
25 m/hr if left uncontrolled. As can be seen from the plots, all
the orbital elements are all within the range of tolerance of
0.01%.
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(a) Measurement errors of £5 m and +0.003°.
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(b) Measurement errors of £1000 m and £0.01°.

Fig. 6. Mean and standard deviation of the set of 20 estimated positions
points relative to actual position of the centre of the NEO.

4. Navigation

A key requirement for the successful implementation of the
multi-mirror approach is that each spacecraft must know their
position relative to both the NEO and the other spacecraft in
the formation, and be able to find and maintain the direction
of the beam onto a precise spot on the surface of the asteroid.

The navigation strategy is based on the attitude
measurements, given by an onboard star tracker, the inertial
position of each spacecraft, and the 2D image from a rotating
onboard camera. Once the formation is deployed in the
vicinity of the NEO, one spacecraft is temporarily designated
as leader and searches the predicted location of the NEO until
it is within the field of view of the camera. Using simple
geometry, the centroid of the image is determined and aligned
with the boresight of the camera. The pointing vector from the
lead spacecraft is then relayed to the whole formation. Once
all the spacecraft have acquired the centre of the NEO, the
spacecraft-asteroid range can be triangulated ©.

s/cB

Estimated
centre of NEO

Fig. 5. Diagram of navigation and position estimation strategy.

For the simulation, a 5-spacecraft formation was used giving
20 estimated values for the centre of the NEO in inertial space.
Fig. 6 shows the error difference between the estimated and
actual centre of Apophis in the heliocentric inertial reference
frame, over one full orbit. The camera was assumed to have a
CCD array of 1768x1768 pixels, a total field of view of 10°
and a focal length of 2.5 mm. For Fig. 6a, the mean error on
the position is 3.172 m with a standard deviation of 4.98 m.
By comparison, Fig. 6b has a mean position error of 211.65 m
and a standard deviation of 88.16 m.

While an accuracy of 1 km in position is to be expected for a
single spacecraft in deep space, a formation can improve this
accuracy by combining the intersatellite  position
measurements with position measurements based on other
navigation approaches. The use of intersatellite measurements,
in fact, would filter out all position errors with opposite sign.
The estimated relative position of the asteroid with respect to
the spacecraft, therefore would have a much lower error.
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Fig. 7. Effect of orbital location at the start of thrust period on the
required duration to achieve a deflection of 10000 km using a single 60 m
mirror with a concentration ratio of 1000.

5. Simulation results

The ephemeris for Apophis was taken from the online NEO
Dynamic Site (NEODys)', with an estimated mass of 27E9 kg
and rotational period of 30 hrs. The nominal spacecraft orbit is
the same as the given above for the control law.

The deflection distance is defined as the difference in

¥ NEODys: http:/newton.dm.unipi.it/neodys
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Fig. 8. Deflection distance (km) including mirror degradation for a 20 m
diameter primary mirror, a warning time and thrust period of 27.
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Fig. 9. Deflection distance including mirror degradation for a 20 m
diameter primary mirror, with concentration factor C, of 2000.
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Fig. 10. Deflection distance including mirror degradation for a 5 m
diameter primary mirror, with concentration factor C, of 2000.

position vector from the Earth to Apophis at the true anomaly
of the MOID. For the following, the simulations use the
MOID at ty0;p =13252.06736 MJD2000 (13 April 2036). The
start of the thrust leg is given by (Z,,0;p —fwary) fOr a duration
of Aty.g Due to the eccentricity of the orbit of Apophis
(ey = 0.1912), the effect of the thrust on the deflection distance
changes depending on the orbital location. For an equal

comparison therefore, the warning and thrust times are given
as multiples of the orbital period of the NEO (T, =323.56
days) so the starting true anomaly is always the same, in this
case fyo;p =—2.6908 rad. Fig. 7 shows the difference in
required thrust time for a set of warning times of 1294-1941
days.

Fig. 8 to Fig. 10 show the achieved deflection distance at the
MOID with the Earth in 2036 varying the number of satellites,
concentration ratios and warning time/thrust duration. The
limit on the effectiveness of increasing the concentration ratio
can also be seen from both graphs.

Fig. 11 shows the total mass of the expelled debris from the
NEO versus a fixed system concentration ratio of 3000, i.e.
the number of spacecraft times the concentration ratio of each
individual spacecraft. The thrust magnitude depends on the
input power and surface area illuminated by the beam. As the
concentration ratio increases, the area, for a fixed size mirror,
decreases and therefore the thrust does not improve. On the
other hand, superimposing the beams increases the power
density and leaves the size of the spot area unchanged.
Therefore, rather than increasing the concentration ratio, the
ideal strategy would be to increase the number of beams with
constant concentration ratio.

5.1. Mirror contamination and degradation

The contamination of the mirror surfaces due to the debris
plume was modelled based on the work by Kahle et al. ' The
study is based on a number of initial assumptions regarding
the expansion of the plume and sublimation process. The first
assumption holds that the sublimation process is comparable
to the generation of tails in comets. The asteroid is assumed to
contain a reservoir of material underneath the surface, with the
gas expanding both outwards as expected, and inwards
through a throat into vacuum within the asteroid itself. This
assumption holds true, for example, for a loose rubble-pile
asteroid model. The second assumption is that the plume
expansion is similar to the expansion of gas of a rocket engine
outside the nozzle.

The density of the gas is computed analytically,

2
mexp spot

Py (1) = Jo———
Y ‘ Aspmvexp (2r+d‘vpm )2

= ( 1 0)

(cos®)

where r is the distance from the spot on the surface of the
asteroid, and © =7p/2¢,  where ¢ is the elevation angle of
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Fig. 11. Mass of asteroid debris expelled by sublimation versus a fixed
system concentration ratio, assuming each spacecraft has 40 m diameter
mirror, thrusting for a duration of 27}, equal to the warning time.
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Fig. 12. Estimated spacecraft mass in orbit versus primary mirror
aperture diameter.

the spacecraft in Hill reference frame. The jet constant j- was
set to 0.345, the maximum expansion angle ¢,,,, = 130.45°,
and adiabatic index k = 1.4, based on the values for diatomic
particles '\

The third assumption made is that all the particles impacting
the surface of the mirror condense and stick to the mirror. The
flow of particles per unit area is given by the product of the
density p(r,p) and expelled particle velocity v, , modelled
using Maxwell’s distribution for particles of an ideal gas. "

Vo = A[SKT [ TM,, g =552.028 mis (11)

The exhaust velocity is constant, therefore the thrust
depends only on the mass flow. A higher thrust results in a
higher mass flow and thus in a faster contamination.

In our case, the primary mirror never faces the asteroid or
the plume. In particular, for more than half of the orbit the
primary mirror is shielded by the spacecraft itself. The
steering mirror, on the other hand, though it is in the plume is
not perpendicular to the flow. Following the approach used to
compute the contamination of surfaces due to out-gassing, a
view factor ¢ was added equal to the angle between the laser
beam and the directional steering mirror (M; in Fig. 1),

Aoy _ Msin ¢ (12)

At Py
The debris velocity is multiplied by a factor of 2 to account
for the expansion of the gas in a vacuum. The layer density
Player 18 t0 set to 1 g/cm3. The power density on the asteroid

surface is decreased based on the contamination of the mirrors.

A degradation factor is applied to the power calculated in
Eq. (7) based on the Lambert-Beer-Bouguer law Y,

y=exp Ve (13)

where v = 10* cm™ is the absorption coefficient for forsterite.

Eqgs. (6) and (12) are numerically integrated, along with the
Gauss equations, for the period of the mission. Due to the
design of the orbit, which aims to avoid the plume, the effect
of the contamination is small. For e.g., a 20 m mirror with a
thrust duration of 7 years generates a maximum of 0.1 pm of
contaminant, equivalent to a degradation factor y of 98%.

An important consideration is that the gas flowing toward
the steering mirror is continuously illuminated by the laser
beam, therefore either the wavelength of the laser is such that

there is no interaction or the gas is not cooling down but is
further heated up. The additional heat will further expand and
likely ionize the gas. If the gas is ionized a simple electrostatic
field would maintain the mirrors clean. If the gas is not
ionized, since it is not cooling down a condensation is less
probable. Assuming that the gas is actually condensing on the
surface of the mirror, the condensed layer will be constantly
illuminated by the laser, therefore either it is not absorbing the
light of the laser or it is heated up and will evaporate again.
Thus, it is possible that the laser system is also keeping the
mirrors clean.

6. Conclusions

This paper shows that a formation of solar concentrators
coupled with a solar pumped laser can be a flexible and
scalable solution for asteroid deflection. The TRL of the
system is expectedly high, between 4 and 5, due to the limited
size of the mirrors and the use of current technology for the
laser and the solar cells. Further improvements can be
obtained by an optimizing the trade off between warning time,
number of spacecraft, size of the spacecraft, deflection and
total operation time. Future work will improve the model by
taking into account the distortions caused by the projection
(elongation of the spot) and 3D irregular surface of the NEO.
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