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Low-Cost Main-Belt Asteroid Sample Return
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A main-belt asteroid sample return without landing on the asteroid is proposed. The spacecraft collects the
sample during the asteroid flyby, crossing the dust cloud produced by a projectile, and delivers the sample to the
Earth. To lower the launch energy, the spacecraft uses a Venus and Earth gravity assist trajectory type maneuver.
Five launch windows in the 2004-2010 period are considered, offering several mission options, with the respective
results of the trajectory design. Most mission options offer other asteroid encounters in addition to the primary
target. On completion of the primary sample return mission, the spacecraft can swing by the Earth to fly by
additional asteroids or a comet. Secondary targets and possible mission extensions are considered for some of
the mission options. Spacecraft navigation and the projectile targeting are also discussed, as well as estimates of
the mass of the sample to be collected. The sample ejection considers two projectile types: passive, using only the

impact energy, and active, carrying an explosive inside.

Nomenclature
Cs = launch energy, km?/s?
D = projectile miss of the nominal impact point in
B-plane, km
E = impact energy, MJ
h = distance between the projectile impact point
and the spacecraft path (see Fig. 4), km
Ly = 2004 launch window (17 February 2004—-12 May
2004)
L, = 2005 launch window (18 September 2005—
. 9 December 2005)
L, = 2007 launch window (1 April 2007-25 July 2007)
Ly = 2008-2009 launch window (17 November 2008—
7 March 2009)
Ls = 2010 launch window (5 June 2010-13 October 2010)
M = ejected mass, kg
m = projectile mass, kg
m, = explosive mass, kg
R = maximum particle distance from the impact at time
T(R=Urt), km
r = distance from the impact point to the spacecraft, km
S = area of the sample collector, m?

Is = time between the projectile separation and the
closest approach, s

= maximum ejection velocity, km/s

ejection velocity, km/s

ejecta volume, km?

spacecraft flyby velocity, km/s

= spacecraft position in the flyby trajectory measured
from closest approach to impact, km

AV = velocity increment for orbital maneuver, km/s

projectile separation velocity, m/s

tangent and normal components of the separation

velocity, m/s
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éd = uncertainty in the asteroid flyby distance,
determined before the projectile separation, km

éh uncertainty in the distance A stipulated by o, km

éo = projectile angular separation error, deg

impact or explosive effectiveness

constant, kg - s/km

collected sample mass, mg

= spatial density of the dust cloud, kg/km?

= projectile separation angle, arctan(Av,/Av,), deg

= time between impact and spacecraft closest

approach to impact point, s

angles for sample ejection model defined in Figs. 5

and 6, deg

X = specific energy of the explosive, MJ/kg
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Introduction

HE main-belt asteroid sample return is of great interest for

science because it can answer many questions about the solar
system origin. However the conventional way for the sample return,
including landing on the asteroid, is quite costly because the main-
belt asteroid flyby velocity is higher than 4 km/s. This flyby velocity
requirement means that a AV greater than 8 km/s is needed to land
the spacecraft on the asteroid and then to launch it back to the Earth.
According to a very optimistic assessment, to return a 200-kg space-
craft with recoverable capsule containing the sample to the Earth,
the initial three-stage spacecraft mass should be about 7 metric tons.
The problem could be solved using solar electric propulsion (SEP).
However, use of SEP generates other problems, such as the necessity
of large solar panels and the difficulty of control.

NASA Stardust comet sample return mission uses an alterna-
tive method for the sample return, which does not include landing.
This alternative sample collection procedure was also independently
considered for the proposed phobos sample return mission! and the
proposed Aladdin Phobos and Deimos sample return mission. The
alternative mission concept is the following: 1) The spacecraft is
launched into a trajectory that performs a rendezvous with the as-
teroid and returns to the Earth. 2) Before the encounter, a projectile
is separated from the spacecraft, which hits the asteroid and pro-
duces a dust cloud. 3) The spacecraft crosses the cloud and picks
up the dust particles into a collector. 4) The collected samples are
placed into a recoverable capsule, which is detached from the space-
craft before reentry into the Earth’s atmosphere. In the present paper
some asteroids of different existing classes were selected as possible
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targets of a sample-return mission, based on the scientific return that
its analysis will bring to a more complete understanding of the for-
mation and evolution of the asteroids and the solar system as a
whole.

This approach will be further detailed in the remainder of this
work, considering asteroids located in the main belt. It is also pro-
posed to use a Venus and Earth gravity assist (VEGA) maneuver
for the spacecraft launch to the main belt. The VEGA maneuver
significantly lowers the launch energy. Thus, the considered mis-
sion concept performs the sample return with low launch energy
and without any significant midcourse maneuver. A very close ap-
proach to the asteroid will be needed, but the Deep Space 1 (DS1)
mission has proven that this is possible.>> Note that a few more
asteroids can be also encountered as secondary targets during the
extended mission.

Selection of Mission Targets

To understand correctly the formation and evolution of our solar
system, it is important to analyze some of its most primitive objects,
such as asteroids and comets. The mineralogical composition of
the asteroids can indicate not only the elements present in the solar
nebula, but especially the thermal processes undergone by these
objects since their formation. Note that the present mineralogical
composition and structure of an asteroid is a direct consequence of
the degree of heating it has passed through. In this sense, the most
primitive objects would be those that have undergone no thermal
processes, preserving an original homogeneous composition.

The surface mineralogical composition of asteroids can be in-
ferred through diverse techniques* such as photometry and spec-
troscopy in the visible and near-infrared region. The diverse data
set with information about the surface characterization of a great
number of asteroids permits the organization of them in classes.’
Disregarding small details, most of the taxonomies define an S class
(metal’ plus olivine plus pyroxene), recently divided in seven sub-
classes from S(I) up to S(VIL); a C class (carbon plus hydrated
silicates plus organic material); a D and/or P class (anhydrited sili-
cates plus carbon plus organic material), an M and/or E class (metal
plus enstatite); and a V class (pyroxene plus feldspar).

The basic question is to understand the degree of differentiation
undergone by the distinct classes of asteroids. In a differentiation
process, the object undergoes a complete melting with subsequent
separation of the materials, based on their density. If a collision
would disrupt such a body the fragments from the core would be
classified as M, those from the mantle as S(I) or E, and those from
the crust as S(VI), S(VI), or V. This model, although very simple
and compatible with laboratory experiments, has been questioned
due to the high temperatures needed to differentiate bodies of the
size of asteroids in the early phases of the solar system formation. On
the other hand, the asteroid 4 Vesta has been known as the only big
asteroid that apparently has undergone a complete differentiation
process. The comparison in laboratory of lunar samples with those
from Vesta will help to solve the fundamental question about this
asteroid: Why is it the only one that produced a basaltic crust? The
same question can be answered by the analysis of a sample from
2 Pallas, which is larger than 4 Vesta. Therefore, some asteroids
of each class were selected as possible targets of a sample-return
mission, based on the scientific return that its analysis will bring to
a more complete understanding of the formation and evolution of
the asteroids and the solar system as a whole.

Mission Opportunities

‘We consider spacecraft trajectories to the main belt of asteroids
and returning to the Earth in two or three years. The direct flight
requires a launch energy C of 37.7 and 83.4 km?/s? for the two- and
three-year flights, respectively. The VEGA maneuver can provide
both two- and three-year Earth—asteroid—Earth loops with C3 from
9 to 15 km?/s?. Therefore, the direct flight to the main belt is not
considered in this paper despite that the VEGA maneuver makes the
mission longer by 1217 months. Thus, the total mission duration
in the case of the VEGA maneuver is between 3 and 4.45 years.
The maneuver also limits the number of the reachable asteroids,
although this number is still quite considerable. It is also possible

Note: each tick on the
spacecraft trajectory
represents 30-day
interval

Three-year

oo ¥ Earth swingby
and return

Fig. 1 Spacecraft trajectory returning to Earth two and three years
after the VEGA maneuver.

to insert the spacecraft into a heliocentric orbit of 2.5-year period
after the VEGA maneuver with return to the Earth in five years after
the Earth swingby, that is, after two revolutions of the spacecraft
and five revolutions of the Earth around the sun. The paper does not
consider such a mission because the duration is too long.

Note that the return to the Earth in two years after the Earth
swingby makes the mission shorter (three-year mission), but in this
case the spacecraft reaches just a narrow internal part of the main
belt, whereas in the case of the return in three years after the swingby
(four-year mission), the spacecraft trajectory covers the entire belt.
Figure 1 shows the belt coverage. Also, contrary to the four-year
mission, it is nearly impossible to encounter more asteroids (sec-
ondary targets) for a reasonable additional AV in the three-year
mission. However, this disadvantage can be compensated by an ex-
tended mission. A subsequent section of the paper gives more details
about the secondary targets and mission extensions.

Spacecraft launch is within the time frame 2004—2010. There are
five launch windows L;_s within that period when the VEGA ma-
neuver can be performed with launch energy C; < 15 km?/s?. The
launch windows are defined in the Nomenclature section. The selec-
tion of the asteroids for the mission used the following constraints:
1) taxonomic types V, M, E, P, D, S(I), SAV), S(VII), and B-type
asteroid 2 Pallas; 2) asteroid diameters > 20 km; 3) launch energy
C3 < 15 km?/s?; and 4) midcourse AV < 0.5 km/s.

Table 1 shows the asteroids that can be taken as candidates for the
sample-return mission under the given constraints. Note that there
are many other asteroids of the selected taxonomic types that can be
encountered for the considered launch dates (especially asteroids of
the numerous M and S types). Nevertheless, Table 1 indicates a sig-
nificant number for the mission targets for the subsequent analysis.
Table 1 also shows the asteroid spin rates and their reliability.®

The mission options are considered in more detail. The trajec-
tory design for the options uses the patched-conic approach. The
planet state vectors were derived from the compressed ephemeris
using the SOLSYS FORTRAN routine, both developed by the U.S.
Naval Observatory in 1987-1988. The asteroid states were taken
from the Bowell’s orbital elements’ and then propagated using the
Runge—Kutta-8 propagator taking into account perturbations of all
of the planets. Table 2 gives the following parameters for a 10-day
launch periods: launch and asteroid flyby dates, total mission du-
ration, launch energy Cs, total necessary midcourse AV, asteroid
flyby velocity, reentry velocity into the Earth atmosphere, distances
from the sun and Earth during the asteroid encounter, sun—Earth—
spacecraft (S-E-SC) angle during the encounter, and the asteroid
illumination phase, that is, the illuminated fraction of the asteroid
front view as seen from the approaching spacecraft.

Launch in 2004

Table 2 shows that there are three mission options for 113
Amalthea asteroid: two three-year missions, which differ by the
date of the asteroid encounter, and one four-year mission option.
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Table1 Primary targets

Asteroid Diameter, km Taxonomy type Spin rate, h Reliability? Launch window
2 Pallas 525.0 B 7.813 a L3

4 Vesta 510.0 A% 5.342 a Ly

7 Iris 203.0 S(IV) 7.139 a Ls

8 Flora 141.0 S(IV) 12.8 c L3, Ly
16 Psyche 264.0 M © 4.196 a Ly

21 Lutetia 99.5 M 8.16 b Ly, L3, Ly
27 Euterpe 131.0 S(IV) 11 d Ly, L3, Ls
33 Polyhymnia 65.8P SIV) 18.60 b Ls

40 Harmonia 111.0 S(VID) 8.9 c Ly

44 Nysa 73.3 E 6.421 a Ls

55 Pandora 67.5 M 4.804 a Ly, Ls
56 Melete 117.0 P 18.14 b Ly

64 Angelina 63.1°¢ E 8.755 a Ly, L3
67 Asia 60.3 S(IV) 15.9 c Ly, Ly
69 Hesperia 143.0 M 5.66 b Ls

75 Eurydike 58.3 M 5.36 b Ly

80 Sappho 81.7 S(Iv) 14.03 b Ly
102 Miriam 86.0 P e  — L3
110 Lydia 89.1 M 10.92 b L3

113 Amalthea 47.6 S 9.9 c Ly, Ls
115 Thyra 83.5 SIv) 72 c Ly
140 Siwa 114.0 P —_ —_— Ls

161 Athor 45.7 M 7.29 b Ls
214 Aschera 26.8 E 6.8 c Ly
250 Bettina 85.5 M 5.054 a Ly
317 Roxane 22.6 E 8.17 b Ly, L
336 Lacadiera 72.0 D 13.73 b L3, Ls
406 Erna 53.8 P _— N Ly, Ly
613 Ginevra 82.0 P —_ R Ly
773 Irmintraud 99.1 D — e L
1036 Ganymed 38.5 S(VID 10.31 b L3

#Reliability of the spin rate knowledge: a, reliable pole position exists; b, a very accurate synodic rotation period is available;
¢, the error in the rotation period is smaller than 1 h; and d, the error is several hours.

PDiameter was calculated assuming albedo = 0.16, typical for S-type asteroids.

“Diameter was calculated assuming albedo = 0.38, typical for E-type asteroids.

The first three-year option has slightly bigger launch C3 than the
second one. However the first three-year option has an advantage:
The phase during its approach is better than in the second three-
year option because the spacecraft approaches the asteroid in the
ascending part of its trajectory. (The asteroid phase is 0.76 in the
first option and 0.22 in the second option; see Table 2.) There are also
two options for the asteroid 317 Roxane sample return: three-year
and four-year options. The communication conditions during the
asteroid encounter are sufficiently favorable for all of the mission
options, that is the angle S—E-SC is large enough.

Launch in 2005

This year is the only launch year among the considered ones when
a V-type Vesta asteroid sample can be returned. Table 2 shows that
the launch in 2005 is characterized by higher (on average) asteroid
flyby velocities compared to launch in 2004. The communication
conditions are favorable for all of the mission options.

There are two options (three- and four-year mission durations)
for Vesta and Lutetia; each of the options has advantages and
disadvantages. Advantages of the three-year Vesta mission are its
short time frame and low flyby velocity. However, in the four-year
mission, the launch Cj is lower, and the communication conditions
during the encounter are better. (The encounter is closer to the Earth.)
Note that both 64 Angelina and 214 Aschera asteroids can be en-
countered in one mission as the next section of the paper shows.

Launch in 2007

Table 2 indicates that the Pallas sample can be returned if the
launch is in 2007. Table 2 also shows that midcourse active maneu-
vers (with AV ranging from 30 to 500 m/s) are needed for all options
of the 2007 launch year. The asteroid flyby velocities are higher, on
the average, than those for launch in 2004. However, there is an
option with the lowest flyby velocity among all of the considered
options within all launch dates (102 Miriam, 4 km/s; see Table 2).
The communication conditions during the encounter are poor for 2

Pallas, 69 Hesperia, and 110 Lydia and just slightly better for 1036
Ganymed because of the very narrow S—-E-SC angle.

Launch in 2008-2009

In the case of launching in 2008-2009, the return to the Earth
three years after the VEGA maneuver, that is, the four-year missions,
needs rather high launch C3 (406 Erna; see Table 2) or a significant
AV during the Earth swingby to be performed in 2010 as a part
of the VEGA maneuver (21 Lutetia and 613 Ginevra; see Table 2).
Thus, as Table 2 shows, the mission duration is 3-3.4 years for most
of the options. The communication angles are favorable in all cases
except for the 613 Ginevra option.

Launch in 2010

Note that the launch in 2010 allows the lowest launch C; (less than
8.4 km?/s?) for performing the VEGA maneuver among all consid-
ered launch dates. However, as Table 2 shows, all of the options need
launch C; greater than 10 km?/s?. Thus, the lowest launch energy is
not actualized in the specific mission options. The asteroid flyby ve-
locities are rather high, and the communication angles are relatively
favorable for all of the options. The 44 Nysa and 336 Lacadiera
asteroids can be encountered in one mission. This possibility will
be considered in more detail in the next section.

Secondary Targets and Mission Extensions

Most of the mission options considered allow close approach to
one or more asteroids with a reasonable additional AV . This exten-
sion of the mission is mainly true for the four-year missions having
longer duration and covering the entire main belt. However, in most
cases only small unnumbered asteroids are among the secondary
targets.

The asteroid sample-return mission can be extended as follows:
After the recoverable capsule is detached to reenter the Earth atmo-
sphere, the spacecraft can be targeted to another asteroid or a comet
using EGA. There are many asteroids that can be reached during the
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Table 2 Mission parameters
Launch Midcourse Flyby Reentry Distance  Distance

Launch Date of Mission €3 AV, velocity, velocity, fromsun, from Earth, S-E-SC Phase
Asteroid period flyby duration, yr  km?/s? km/s km/s km/s AU AU angle, deg (1 = full)
16 Psyche March 2004 17 Jan. 2007 4.33 8.84 0.00 4.53 14.4 3.19 2.49 127 0.43
55 Pandora March 2004 7 June 2007 4.35 9.42 0.15 6.03 14.5 3.11 3.19 77 0.18
67 Asia April 2004 27 Dec. 2007 433 8.93 0.00 6.84 14.4 2.45 2.93 52 0.10
113 Amalthea  March 2004 13 July 2006 3.31 9.39 0.00 6.11 14.3 223 3.05 30 0.76
113 Amalthea  April 2004 8 Dec. 2006 3.34 8.90 0.00 6.50 14.5 2.17 2.85 39 0.22
113 Amalthea  April 2004 15 April 2006 4.37 8.88 0.00 12.40 145 2.30 2.30 77 0.96
317 Roxane March 2004 4 June 2006 3.01 12.68 0.00 5.86 13.7 2.21 3.16 17 0.21
317 Roxane March 2004 18 Dec. 2007 4.33 9.24 0.06 8.69 14.4 2.44 2.90 53 0.04
406 Erna March 2004 7 Dec. 2006 4.29 11.34 0.27 4.73 14.5 3.18 2.61 116 0.36
773 Irmintraud  March 2004 16 Oct. 2006 4.34 8.97 0.05 7.56 14.4 3.07 3.65 48 0.77
4 Vesta Nov. 2005 16 Dec. 2007 3.16 15.00 0.25 5.26 14.4 224 2.99 34 0.56
4 Vesta Oct. 2005 23 Aug. 2007 4.26 10.44 0.22 11.21 14.3 2.16 1.77 29 0.95
21 Lutetia Oct. 2005 12 Oct. 2007 3.19 14.46 0.05 8.84 14.2 2.11 2.29 67 0.88
21 Lutetia Oct. 2005 22 Aug. 2007 4.24 10.46 0.43 14.23 14.3 2.18 1.79 98 0.97
27 Euterpe Nov. 2005 10 Feb. 2008 3.27 11.41 0.00 7.21 14.6 2.25 3.05 31 0.86
56 Melete Oct. 2005 23 May 2008 3.20 13.62 0.00 10.62 14.2 2.09 2.48 56 0.11
64 Angelina Nov. 2005 13 March 2008 4.26 10.27 0.03 7.02 14.8 2.99 3.92 18 0.90
67 Asia Nov.2005 28 July 2009 4.26 10.58 0.00 14.13 14.5 2.33 2.59 64 0.03
214 Aschera Nov. 2005 5 June 2009 4.25 10.49 0.34 8.85 14.8 2.61 3.38 35 0.08
250 Bettina Nov. 2005 13 March 2009 4.27 13.02 0.00 6.94 14.7 2.97 3.83 26 0.30
317 Roxane Oct. 2005 1 Aug. 2009 423 11.26 0.34 12.83 144 - 213 1.94 86 0.03
2 Pallas May 2007 24 Sept. 2009 3.45 8.99 0.05 12.82 13.9 2.28 3.28 6 0.36
21 Lutetia May 2007 12 Feb. 2011 4.27 10.84 0.23 7.51 14.3 2.38 2.68 62 0.08
27 Euterpe May 2007 11 May 2009 4.40 14.19 0.21 8.42 14.3 2.19 1.95 89 0.93
64 Angelina May 2007 10 Dec. 2010 4.24 9.05 0.45 11.10 14.3 2.61 3.39 32 0.05
69 Hesperia May 2007 9 Oct. 2010 4.25 10.18 0.50 10.64 14.3 2.81 3.81 1 0.07
102 Miriam June 2007 24 April 2010 4.29 14.24 0.17 4.09 14.4 3.21 2.22 168 0.73
110 Lydia June 2007 12 Nov. 2010 4.27 11.63 0.23 7.04 14.4 2.81 3.79 4 0.14
113 Amalthea  May 2007 2 April 2011 4.43 14.92 0.34 12.54 14.6 2.30 2.39 73 0.03
336 Lacadiera  May 2007 4 April 2010 3.39 12.71 0.03 8.34 14.4 2.04 2.19 68 0.12
1036 Ganymed May 2007 14 Oct. 2010 4.45 11.30 0.46 7.05 15.0 2.98 3.95 11 0.74
8 Flora Jan. 2009 24 Sept. 2011 3.36 13.56 0.00 8.14 14.8 2.19 2.95 33 0.09
21 Lutetia Dec. 2008 14 Aug. 2012 4.19 10.44 0.50 13.49 14.5 2.36 2.68 61 0.03
40 Harmonia Jan. 2009 29 April 2011 3.04 9.22 0.00 5.69 13.6 2.17 2.90 36 0.25
75 Eurydike Dec. 2008 3 July 2011 3.19 10.20 0.00 10.67 14.1 2.16 2.86 38 0.08
80 Sappho Jan. 2009 20 Aug. 2011 3.07 9.06 0.00 11.43 13.7 1.89 1.72 83 0.08
115 Thyra Dec. 2008 24 March 2011 3.06 14.45 0.13 5.55 13.5 220 3.07 24 0.64
406 Erna Feb. 2009 24 Dec. 2011 4.33 14.46 0.00 4.81 15.3 3.22 2.47 132 0.33
613 Ginevra Dec. 2008 2 March 2011 4.20 11.00 0.37 8.99 14.5 2.83 3.80 10 0.90
7 Iris Aug. 2010 12 Nov. 2012 4.30 12.31 0.00 9.85 14.6 2.80 3.70 21 0.96
27 Euterpe July 2010 3 Jan. 2014 4.19 10.75 0.50 8.34 14.3 2.74 3.66 17 0.04
33 Polyhymnia Aug. 2010 6 June 2014 4.21 15.00 0.22 9.55 14.4 2.02 1.59 99 0.10
44 Nysa Sept. 2010 18 Dec. 2012 4.32 13.00 0.00 8.63 15.3 2.77 3.57 30 0.94
55 Pandora Aug. 2010 26 May 2014 4.30 11.59 0.00 10.07 14.8 241 2.75 60 0.10
140 Siwa Sept. 2010 22 June 2014 4.30 11.51 0.00 14.42 14.9 2.28 2.38 72 0.04
161 Athor Sept. 2010 7 June 2013 3.31 12.12 0.00 9.47 15.1 2.16 2.66 50 0.13
336 Lacadiera  Sept. 2010 16 July 2014 4.32 12.97 0.04 12.54 15.3 2.33 2.54 67 0.03
extended mission and that only require orbit corrections maneuvers,
as well as a maneuver to avoid atmospheric reentry. 1981 EO8

A few mission options including secondary targets and exten-
sions are considered next. Tables 3-5 give the following mission
parameters: names of the celestial bodies; diameters and taxonomic
types of the encountered asteroids; date of launch and dates of the
bodies flyby; outgoing excess velocity for the launch, incoming ex-
cess velocities for the gravity assists, and flyby velocities for the
encountered asteroids; minimal altitudes of the initial low Earth or-
bit and planets swingbys; distances in astronomical units (AU) from
the sun and Earth during the asteroid encounter; S~E-SC angle dur-
ing the encounter; and illumination phase of the celestial bodies as
seen from the approaching spacecraft (from the departing spacecraft
for the launch). The close approach to the secondary targets needs
the additional AV given in the footnotes. Tables 3—5 do not give
the spacecraft withdrawal AV necessary for the extended missions
because they depend on the capsule reentry angle and the capsule
separation time.

16 Psyche Primary Target (Launch in 2004)
The 16 Psyche sample-return mission can include three secondary
targets, using an additional AV of 300 m/s: the very large asteroid

317106 .. ... .

¥ Psyche
; 1/12/07
“fJosephina
3107

“Pallas
 8121/09:

Note: each tick on the
‘|" spacecrat trajectory
represents 30-day

interval

ORO -
3/4/08

Earth.
7/31/05
7727108

Fig. 2 Spacecraft trajectory for the Psyche sample-return mission.
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Table 3 Psyche sample return mission including secondary targets and extensions®

Hyperbolic Distance Distance
Taxonomy approach Periapsis  fromsun, from Earth, S-E-SC Phase
Name Diameter, km type Date of flyby  velocity, km/s  height, km AU AU angle,deg (1 =full)
Earth 1 April 2004 2.95 200 1.00 0.00 0 0.53
Venus 17 Sept. 2004 5.60 11,600 0.72 0.94 43 0.89
Earth 31 July 2005 9.24 300 1.02 0.00 0 0.00
8457 1981 EOS8 6.82 17 March 2001 10.44 2.23 2.08 85 0.93
16 Psyche 264.0 M 12 Jan. 2007 4.58 3.18 2.55 122 0.43
303 Josephina 103.0 21 March 2007 5.71 3.19 2.26 154 0.34
4733 ORO 6.20 4 March 2008 12.55 2.03 1.66 97 0.03
Earth 27 July 2008 9.63 2,700 1.02 0.00 0 0.12
2 Pallas 525.0 B 21 Aug. 2009 14.60 2.57 2.74 70 0.83
or
Earth 27 July 2008 9.61 8,400 1.02 0.00 0 0.12
4 Vesta 510.0 \" 21 Aug. 2010 8.45 2.45 2.29 87 0.88
aLaunch C3 = 8.71 km?/s?, midcourse AV = 0.30 kmy/s.
®Diameter calculated assuming albedo =0.15.
Table4 Angelina or Aschera sample return mission including extensions®
Hyperbolic Distance Distance
Diameter, Taxonomy approach Periapsis  from sun, from Earth, S-E-SC Phase
Name km type Date of flyby  velocity, km/s  height, km AU AU angle, deg  (1=full)
Earth 3 Nov. 2005 3.18 200 0.99 0.00 0 0.57
Venus 1 April 2006 527 12,800 0.72 0.74 46 0.72
Earth 7 Feb. 2007 9.35 300 0.99 0.00 0 0.00
64 Angelina 63.1° E 15 March 2008 6.96 2.99 391 19 0.90
214 Aschera 26.8 E 4 June 2009 8.78 2.61 3.38 34 0.08
Earth 9 Feb. 2010 9.49 1,500 0.99 0.00 0 0.13
12 Victoria 117.0 S 25 June 2010 20.66 2.33 2.07 92 0.91
or
Earth 9 Feb. 2010 9.53 17,200 0.99 0.00 0 0.13
27 Euterpe 131.0 S 19 Oct. 2010 13.29 2.65 2.93 64 0.89
2 aunch C3 = 10.11 km?/s2, midcourse AV =0.37 km/s.
bDiameter was calculated assuming albedo = 0.38 typical for the E-type asteroids.
Table 5 Nysa or Lacadiera sample return mission including extensions®
Hyperbolic Distance Distance
Diameter, Taxonomy approach Periapsis  from sun, from Earth, S-E-SC Phase
Name km type Date of flyby  velocity, km/s  height, km AU AU angle, deg (1 =full)
Earth 27 Sept. 2010 3.56 200 1.00 0.00 0 0.52
Venus 12 March 2011 7:59 10,300 0.73 1.13 39 0.97
Earth 20 Jan. 2012 10.63 400 0.98 0.00 0 0.00
44 Nysa 733 E 16 Dec. 2012 8.74 2.77 3.56 31 0.94
336 Lacadiera 72.0 D 16 July 2014 12.56 2.33 2.54 67 0.03
Earth . 20 Jan. 2015 10.62 14,300 0.98 0.00 0 0.09
2 Pallas 525.0 B 6 Jan. 2017 9.71 2.89 3:33 55 0.83
or
Earth 20 Jan. 2015 10.57 4,500 0.98 0.00 0 0.09
135 Hertha 82.0 M 14 Sept. 2015 10.44 2.34 2.86 49 0.86

2L aunch C3 = 12.65 km?/s%, midcourse AV =0.21 km/s.

303 Josephina, 2 Pallas, and 4 Vesta. Table 3 gives the mission pa-
rameters and also shows that the flight to Vesta takes more than two
years after the main mission. The Earth flyby altitude also is higher
in the case of Vesta, which leads to the higher spacecraft withdrawal
AV . Figure 2 shows the mission for Pallas as an extended target.
Note that if Vesta is the extended target, then one more asteroid
4667 Robbiesh can be approached before the Vesta encounter (on
15 January 2010) for an additional AV of about 90 m/s.

64 Angelina or 214 Aschera Primary Target (Launch in 2005)

Table 4 shows another mission option to be launched in 2005.
As is seen in Table 4, the two E-type 64 Angelina and 214 Aschera
primary targets can be reached in one mission. One of them has
to be treated as a secondary target because both of the asteroids
are of the same taxonomic type. Otherwise Aschera can be consid-
ered as a backup primary target if the Angelina sample collection
fails. This particular selection raises the mission reliability, although
two projectiles are needed. As is seen in Table 4, 12 Victoria and
27 Euterpe asteroids are among the possible extended mission tar-

gets. The Victoria extended mission is very short, just 4.5 months,
and the encounter conditions are better for this option than in case
of the Euterpe extended mission (distances from the sun and Earth
are shorter). The Earth flyby altitude and the necessary spacecraft
withdrawal AV, respectively, are quite low for the Victoria extended
mission. However, as is seen in Table 4, Victoria flyby velocity is
quite high, 20.7 km/s.

44 Nysa and 336 Lacadiera Primary Targets (Launch in 2010)

Table 5 shows that the missions to the 64 Angelina and 214
Aschera asteroids to be launched in 2010 can be combined in one
mission. The asteroids are of different taxonomic types; therefore, it
would be interesting to take samples from both of them. There are no
other secondary targets for the mission with an acceptable additional
AV. As is seen in Table 5, 2 Pallas and 135 Hertha are among the
possible extended mission targets. Hertha is a convenient secondary
target because the extended mission duration to it is rather short,
about eight months (most of the other interesting extended mission
options have their duration longer than one year). The Earth fiyby
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altitude and the spacecraft withdrawal AV, respectively, are also
much smaller for Hertha than for Pallas.

Spacecraft Navigation

The spacecraft motion relative to the encountered asteroid is ap-
proximately uniform and rectilinear, in the vicinity of the closest
approach. For instance, the difference in the spacecraft relative ve-
locity near the closest approach, as well as in the previous 10 days,
does not exceed 40 m/s and 0.15 deg in the velocity value and direc-
tion, respectively, for any mission option. Therefore, we can assume
that the spacecraft relative velocity is constant in the vicinity of the
closest approach; this assumption simplifies the subsequent analysis.

To fulfill the mission goal, the spacecraft has to approach the
asteroid very closely. This very close approach is possible only
using an autonomous optical navigation. All of the primary targets
considered are bright, and the onboard observations of the asteroids
can begin quite long before the closest approach if sensitivity of
the spacecraft camera is higher than 8 stellar magnitude. Even the
relatively small 317 Roxane asteroid with poor approach conditions
(phase = 0.04; see Table 2) is bright enough to be observed from the
spacecraft quite in advance.

DS1 has proven® that the autonomous navigation can lower the
uncertainty of the relative spacecraft-to-asteroid position down to
3 km in B-plane and allow the spacecraft to approach the asteroid
to the distance of 15 km. However, it may be necessary to provide
smaller relative position uncertainty and closer approach to the as-
teroid for the sample-return mission. The autonomous navigation
system similar to DS1 can provide the crosstrack error in the mu-
tual spacecraft and asteroid position down to 0.5 km in 6 h before
the closest approach.? However, this error holds true only for a small
asteroid because of the asteroid centroiding problem. The problem
appears due to the not full illumination phase of the asteroids as
is seen from the approaching spacecraft and the possible irregular
asteroid shape. Assuming that the asteroid can be centroided with
an error of 1% of its diameter (which is quite optimistic), we obtain
the error of about 5 km for Pallas and Vesta, about 2 km for Psyche,
and more than 1 km for several other mission options (see Table 1).
There is another serious problem of the spacecraft and projectile
targeting: The asteroid of an uncertain, irregular shape can put its
elongated part in the spacecraft path during the closest approach,
which will lead to the spacecraft collision with the asteroid. Or, vice
versa, the asteroid can turn by its short side at the projectile approach
time, and the projectile will miss the asteroid. There are various pos-
sible solutions of the problem. For instance, the simplest solution
is to consider only small asteroids for the sample-return mission,
for example, of 5-10 km in diameter. One possible solution is to
use (for the navigation only) the asteroid images obtained exactly at
times equal to integer numbers of the asteroid rotation period. In this
case, the asteroid will be in the same attitude at the closest approach
as it will have been seen in the images used for the spacecraft and
projectile targeting. The asteroid centroiding also is not needed in
this case: The spacecraft motion can be determined with respect to
the asteroid illuminated limb. The rotation periods are known for
most of the asteroids considered as the primary mission targets®?®
(see Table 1). The following assumptions are used: 1) the onboard
observations of the asteroid begin 10 days and end one asteroid
rotation period before the closest approach, 2) the reference star po-
sitions in the onboard catalog are accurate to 1 arc-s (5 urad), and
3) angular resolution of the spacecraft camera is 2 arc-s [10 urad,

the DS1 MICAS camera resolution was 13 prad (Ref. 10), although
the initial requirement was 5 urad (Ref. 8)]. Therefore, the aster-
oid and star positions in the camera image can be measured with
errors within 1 arc-s. Assuming that the errors in the same image
are independent, and taking into account the independent errors of
the reference star catalog, one can obtain the asteroid angular posi-
tion with accuracy of about ./(3) =~ 1.7 arc-s (8.4 urad). The final
assumption is that the errors of different observations separated by
one or more asteroid rotation periods are independent.

The proposed navigation method gives an error in the B-plane
within 1.5 km one asteroid rotation period before the closest ap-
proach for the following considered primary targets: 4 Vesta (error
0.8 km), 16 Psyche (0.5 km), 40 Harmonia (1.5 km), 55 Pandora
(0.8 km), 115 Thyra (1.2 km), 250 Bettina (1.0 km), 317 Roxane
(1.4 km). For all other asteroids with known rotation periods, the
errors are between 1.6 and 8 km. Thus, this simple and elegant so-
lution provides quite good accuracy of the spacecraft-to-asteroid
position in the B-plane for a few mission options.

Note that the time of the closest approach carries an error, which,
nevertheless, will not significantly influence the suggested method.
The procedure assumes an uncertainty in the relative spacecraft and
asteroid position equal to 300 km along the spacecraft path. Then,
as can be easily calculated from the asteroid rotation period and the
spacecraft flyby velocity, the error in the asteroid attitude will be of
about 1.5 deg for Psyche and less than 1 deg for other asteroids. This
error cannot noticeably change the asteroid cross section orthogonal
to the spacecraft path.

The rotation periods of some of the asteroids contains rather large
errors.>® However, the knowledge of the rotation periods can be
improved before the mission using more asteroid observations.

A more technically complex solution yet is to consider a ma-
neuvering projectile. The projectile can be controlled by the main
spacecraft (the case of a spin-stabilized projectile propelled by a
pressurized cold gas is shown in Fig. 3). The projectile can be de-
signed as a small autonomous spacecraft targeting itself to the aster-
oid. In all cases, a secondary target encountered before the primary
one can be used for the navigation testing.

Projectile Targeting
Figure 4 illustrates the projectile targeting. When it is assumed
that z;, > 0, T >0, and £ > 1, the ejected particles will have widely
varying velocities after the impact. However, considering a typical
ejection velocity u provides t ~ h/u. The necessary condition for
the ejection of a considerable amount of the sample using the impact
energy is

uLv (@8]

Fig. 4 Projectile targeting.

QP il
T4 B

Fig. 3 Active spacecraft and projectile targeting till the impact.
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The sample ejection velocities and the delay time t are considered
in more detail in the next section of the paper. In the framework of
the considered uniform linear motion model

Av, = h/t;, Av, = v(t/ty) 2)

Then
tano = Av,/Av, = hjvt R ufv KL 1 3)

Thus, the separation angle is small and does not depend on the
separation time and flyby distance and

Av =/ Av? + AvE = Ay, 4)

Consider the projectile angular separation error §o. The uncer-
tainty in the distance 4 stipulated by the error is

8h = Avyt;80 = vido = (v/u) héo 5)

Thus, the uncertainty also does not depend on the separation time
and flyby distance. Because the uncertainty and the projectile sep-
aration error are independent, the projectile miss D of the nominal
impact point in the B-plane is

D = +/8d? + 8h? 6)

The miss distance is very important for the projectile targeting
because it determines the maximum limit for the distance of the
targeting point to the asteroid local horizon. Error in the separa-
tion velocity value only influences the delay time T and is not as
important.

Sample Ejection
Inert Projectile
In this case a projectile produces the asteroid sample ejection by
means of the impact energy. Because the impact velocity is nearly
equal to the spacecraft flyby velocity v, then the impact energy is

E = mv?/2 @)

where m is the projectile mass. Speeifie impact energy is quite high
for the mission options considered here and varies from 8.4 to 103
MJ/1 kg of the projectile mass (see flyby velocities in Table 2).
However, only part nE of the energy can be transformed into the
ejection, where 7 is the impact effectiveness. The effectiveness is
low because a significant part of the impact energy is transformed
into heating. It may be reasonable to drop a cluster of projectiles (as
it is proposed for the Aladdin mission?) covering an area under the
spacecraft path. This cluster of projectiles can raise the mission reli-
ability because a single projectile hitting a rock can produce an aside
ejection that does not cross the spacecraft flyby trajectory. Several
projectiles separated with slightly different separation angles can
compensate the uncertainty in Eq. (5) due to the separation error.

Exploding Projectile
Considering a projectile containing an explosive inside, the ex-
plosion energy is

E = xm, 3

The highest values for x (1.4 MJ/kg) are found for the explosives
hexogen (RDX) and octogen (HMX)." This energy is much lower
than the projectile impact energy. However, using explosive has a
few advantages, such as the following. First, a pencil-like-shaped
projectile can penetrate the asteroid to some depth, and then the
explosion will provide samples from deeper layers. Second, the ef-
fectiveness 7 of the explosion probably can be higher than the one
with the impact. Third, perhaps it is possible to direct the explosion
upward somehow, thus raising the spatial density of the dust cloud
in the way of the spacecraft. It is also possible to increase the trans-
ferred energy by using both the impact energy and the explosion for
the ejection.

Ejection Model

Assuming that the asteroid particles are ejected with velocities
u uniformly distributed between 0 and U, that is, the ejected mass
having velocity u is

dM(u) = A du

where A is a constant. Because the entire ejected mass is
M U
M:/ dM:k/ du = AU
0 0

. dM(u) = % du 9

it follows that

The effective energy transformed into the ejection of the mass M is

1 (M v MU?
nkE == uszz—Ai/ wrdu = v
2 Jo U Jo

2 6
Thus,
M = 6nE/U? (10)

The model assumes that the projectile impact or explosion energy,
transformed into the sample ejection, dissipates uniformly between
two circular conical sectors with axis collinear to the projectile ve-
locity and apex angles ¢, and ¢,, respectively, and sector angle
(Fig. 5). This model is quite general because by varying the an-
gles it provides different shapes of the ejected cloud. Gravitational
acceleration near the considered asteroids (see Table 1) is within
0.25 m/s?. Therefore, it is possible to neglect the ejection velocity
change during a few tens of seconds if the velocity is in the order
of 100 m/s. Then, the volume of the dust cloud in time 7 after the
impact will be = ¥ c¢R3/3, where R = Ut is the maximum particle
distance from the impact, ¢ = cos ¢; — cos ¢,. Elementary volume
at the distance r =ut < R from the impact is

AV (r) = Yer?dr

Equation (9) gives
dM (r) o dr
7y = —
R

The spatial density of the dust cloud at the distance r from the
impact, using Eq. (10), can be found as

dM M 6nE
plr)y ==

= = 11
dV  Yer?R Yer?RU? (1D

Sample Collection

Because of condition (1), it is assumed that the ejected dust cloud
is not changed during the time of its crossing by the spacecraft. The
mass u of the collected sample can be estimated as follows:

X0
n= S/ p(r)dx
X

where S is area of the sample collector, x is the spacecraft position in
the flyby trajectory counted from the closest approach to the impact,

Fig. 5 Sample ejection
model.
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Fig. 6 Crossing the dust cloud.

60

"
o}
©
pe
=)
o 30
5
2
.C
a

0 x> L L | R S
30 60 90 120 150 180
Phi1 angle, deg.

Fig. 7 Optimal ¢y angle vs 1 angle.
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Fig. 8 Different cases of the optimal crossing of the dust cloud.

x =hcote (Fig. 6). Taking into account Eq. (11) and relations
r=~h/sing and R = h/ sin ¢, then

6nES & 6nES )
w= —wcthﬂ / dp = —__wcthz (p1 — o) singy (12)
%0

Note that in a particular case angle gy can be equal to ¢,. It is
assumed that the parameters U, ¢;, and ¢, are a priori known; they
can be estimated theoretically or by means of ground experiments
if there is a guess about the asteroid soil hardness and cohesion. It
is assumed that

v =g, P <T—¢ (13)

An optimal value of the angle ¢, providing the maximum in
Eg. (12) can be easily found. Note that the necessary condition of
maxg, (¢1 — @o) sin gy is the equation

@o +tangy = @1 (14)

Asis seen from Eq. (14), o < ¢1/2, the optimal value of ¢, vs ¢,
angleis givenin Fig. 7. There are four different cases shown in Fig. 8:
1) 0 < g1 < 127.43 deg and ¢, > ¢y, where ¢y is defined by Fig. 7,
then optimal ¢o = ¢, (Fig. 82); 2) 0 < ¢ < 127.43 deg and ¢, < ¢y,
where g is defined by Fig. 7, then optimal ¢, is given by the as-
cending curve in Fig. 7 (Fig. 8b); 3) 127.43 < ¢; < 139.29 deg, then
optimal gp = 180 deg — ¢; (Fig. 8c); and 4) 139.29 < ¢; < 180 deg,
then optimal gy =40.71 deg (Fig. 8d).

Note that the parameters E, 77, ¥, and A do not influence the opti-
mal flyby configuration. Note that the second constraint of Eq. (13)
is empirical and means that the ejection resultant cannot be directed
backward with respect to the projectile motion. However all results

given earlier can be easily generalized for the case ¢, > 7w — @;.
After the g angle value is found, the delay time 7 can be calculated
as follows:

T=R/U =h/Using, (15)

Consider the particular case when 90 < ¢; < 139.29 deg, ¢, =
180 deg — ¢1, and ¥ = 180 deg, which corresponds, for example, to
an explosion in all directions orthogonal to the projectile longitudi-
nal axis ejecting the asteroid soil in upper hemisphere. In this case
@wo = ¢, and Eq. (12) gives

u= GBnES/mh*U%)( — 2¢;)tan ¢, (16)

Note that the Egs. (12) and (16) are very approximate because
of inevitable uncertainties in the &, 5, U, ¢;, ¢5, and ¥ parameters
and the assumption about the uniform distribution of the ejection
velocities. Neither of these expressions can be used directly for the
spacecraft targeting. For instance, due to a possible error in 4 value,
it is reasonable to increase a little the delay time 7 to not miss the
dust cloud. This delay time increase will lead to a lower spatial
density of the crossed dust cloud and higher projectile separation
velocity in the value At/t, where At is the delay time increment.
Nevertheless, the results obtained allow one estimation of the col-
lectable sample amount; in addition, the delay time 7 and projectile
separation velocity Av can be estimated from Egs. (2), (4), and (15).

Numerical Example

Considering the 16 Psyche sample return mission to be launched
in 2004 (see Table 2 and Fig. 2). This option is quite good because
the asteroid itself is of a certain interest, the launch C; and flyby
velocity are very low compared with other options, and there are
three possible secondary targets. However, the launch date for this
option is too close in the future.

The example assumes that the onboard observations of the aster-
oid begin 10 days before the closest approach (CA). At that time the
spacecraft will be at 3.9 x 10° km from Psyche, the asteroid angular
diameter will be about 14 arc-s (67 urad), and its brightness will be
of 1.5 magnitude. Considering the autonomous navigation method,
which uses only images made in time multiples of the asteroid ro-
tation period (which equals 4.196 h for Psyche®?2; see Table 1).
The example also assumes that the maximum observation error in
inertial space is 1.73 arc-s (8.4 urad) and that the uncertainties
in the spacecraft position and velocity with respect to the asteroid
due to the ground observations are 300 km and 1 m/s, respectively.
Figure 9 gives the maximum error of the flyby altitude determina-
tion by means of the onboard observations vs observation time. Two
days before CA (after the 46th observation, when the error is 5 km,
see Fig. 9) the example supposes that the first trajectory correction
maneuver (TCM1) is performed, targeting the spacecraft in about 10
km above the asteroid limb. The flyby altitude uncertainty defines
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Fig. 9 Error of the flyby altitude determination for 16 Psyche asteroid.
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the error to be corrected by the maneuver, due to the ground observa-
tions, assuming that the error is maximum, that is, equal to 300 km.
In this case the TCM1 value is about 1.7 m/s. As is seen in Fig. 9,
the maneuver deteriorates the altitude determination accuracy due
to an error in the maneuver execution. The calculation assumes that
the error is random and equal to 2% of the maneuver value in any di-
rection. The last, 57th, onboard observation is made 4.196 h before
CA. About 40 min after this observation (3.5 h before CA), the sec-
ond trajectory correction maneuver (TCM2) is carried out targeting
the spacecraft 3 km above the asteroid limb. Assuming that TCM2
corrects 15-km offset in B-plane (7-km difference between the first
and second targeting plus 7.8-km error after TCM1; see Fig. 9), then
TCM2 is about 1.2 m/s. The final flyby altitude error, taking into
account TCM2 execution error, is about 0.7 km (see Fig. 9). This
error is larger than the error mentioned in the discussion of space-
craft navigation (0.5 km) because errors of the correction maneuver
executions were not taken into account in that section. However,
note that the example considers the worst cases, when both TCM1
and TCM2 have maximum values. The 2% execution value is also
rather pessimistic. Therefore, it can be expected that the real Psyche
flyby altitude uncertainty will be between 0.5 and 0.7 km.

The example is for a projectile separation 30 min after TCM2, that
is, 3 h before CA, targeted 2 km below the asteroid local horizon.
Thus, the nominal value of the 4 distance is 5 km. A sample collector
area of 0.5 m? is assumed, which is much bigger than the 0.1-m?
Stardust spacecraft collector.!

When it is assumed that several 1-kg inert projectiles separated
from the spacecraft and that a successful impact produces an ejection
with efficiency n=0.1, ejection angles ¢; =90 deg, @, =45 deg,
and ¥ = 120 deg (see Fig. 5), and a maximum ejection velocity
U =200 m/s, then the values of the parameters of the projectiles
separation, impact, and the sample collection are the following:
Av=14.8 m/s,c =1.8 deg, 5h=0.9km, D=12km, 1 =355,
@o =45 deg, and u = 1.2 mg for each successful impact. When it is
assumed that the projectile mass is 10 kg, the explosive mass is 5
kg, the explosion efficiency 7 = 0.3, the maximum ejection velocity
is U = 500 m/s, the ejection angles are ¢; = 120 deg, ¢, = 60 deg,
and ¥ = 120 deg. Then Av=4.9 m/s, 0 =5.5 deg, 6h =0.3 km,
D=0.8km, =125, ¢y =60 deg, and u =0.2 mg.

Thus, for the considered example, the maximum collected mass
can be on the order of 0.1-1 mg. Note that the goal of the Stardust
mission is to recover more than 1000 comet dust particles larger than
15 pm diameter; the mass of this amount is of order of 0.01 mg.

Note that the demands to the projectile targeting accuracy can
be lowered if the projectile separation time is closer to the impact
time. The short time between these two events also will give more
time for the orbit determination and projectile targeting. However,
in this case the projectile separation velocity will increase. As is
seen in the numerical example, this increment is quite possible for
the case of the projectile explosion with the considered parameters,
for which the separation velocity is low. Note that if the projectile
separation mechanism is available, it may be reasonable to calculate
the separation time assuming the separation velocity as large as the
mechanism permits.

Conclusions

The paper proposes a flyby main-belt asteroid sample-return mis-
sion, that is, one without landing on the asteroid. The sample is
collected when the spacecraft crosses the dust cloud produced by a
projectile that is detached from the spacecraft. The sample is then
returned to the Earth. The mission uses VEGA maneuvers, which
considerably lower the required launch AV. The VEGA maneuver
and the absence of substantial midcourse active maneuvers signifi-
cantly lowers the spacecraft total mass, launcher requirements, and,
hence, mission costs.

We consider five launch windows within the 2004—2010 period
as examples, with many different asteroid mission options and their
respective trajectory design. Most missions can be extended to en-
counter secondary asteroid targets. Possible navigation alternatives
for the asteroid flybys are presented. Projectile targeting, asteroid
dust ejection, and the sample collection are modeled and numerical
simulation results are presented. The presented results indicate the
feasibility of a main-belt sample-return mission with relatively low
cost.

Further studies, however, are needed to deal with potential dif-
ficulties in the proposed sample-return missions. For example, the
engineering of the projectile subsystem or the uncertainties about the
properties of the asteroid surface must be investigated. Our analy-
sis assumes the use of known solutions for the sample collector
and the recoverable capsule, such as those designed for the Stardust
aerogel panel and the Aladdin conical concentrators, respectively.
Nevertheless, other solutions to the sample collector design may be
recommended after further study.
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