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AAS 20-622

MISSION ANALYSIS OF SPACE-BASED TELESCOPES TO
DETECT IMPACTING NEAR-EARTH OBJECTS

Olga Ramirez Torralba∗ and Jeannette Heiligers†

Recognising the threat of near-Earth objects (NEOs) to life on Earth, many projects
have been developed worldwide with the aim of detecting potential impactors,
most of which are focused on ground-based surveys. However, ∼20% of the
Earth-threatening NEOs are estimated to be approaching Earth from the day-side,
and are thus very difficult to detect using ground surveys. Over the last decade,
several space-based capabilities have emerged in an effort to discover and cata-
logue NEOs in order to better quantify their risk of impact, yet little research has
gone into dealing with imminent-impacting NEOs. The aim of this paper is to
design a space mission that places a telescope in-orbit in order to detect and pro-
vide warning for Earth-impacting NEOs down to 20 m in size, by determining the
performance of both a visible and an infrared (IR) space-based telescope used in
two mission candidates. The first mission candidate consists of a halo orbit about
the artificial equilibrium point sub-L1 of the Sun-Earth (SE) system, which is dis-
placed with respect to the classical L1 point, along the SE direction towards the
Sun, through the use of solar-sail propulsion. As second mission candidate, three
vertical Lyapunov orbits about the libration pointsL3, L4 andL5 of the Sun-Venus
system are considered. A trade-off between detection rates and warning times is
conducted to determine the most suitable space-based NEO survey system. It is
concluded that an IR space-based telescope placed at the SE solar-sail displaced
L1 point is the best option because of the long warning times obtained and the ben-
eficial contribution to existing ground-based NEO surveys. A preliminary mission
analysis is also performed to determine a solar-sail propelled transfer trajectory to
the SE sub-L1 region, assuming a ride-share launch on ESA’s Euclid mission.

INTRODUCTION

The major concern with near-Earth objects (NEOs) is that they are a potential danger to life on
Earth. From the kilometre-size Chicxulub asteroid impactor that killed the dinosaurs and wiped out
almost 80% of life on the planet approximately 65 million years ago, to the metre-size Chelyabinsk
asteroid impactor that injured nearly 1 500 people on 15 February 2013, plenty of evidence has con-
firmed the collisional hazard of NEOs to Earth. Recognising this threat, many projects have been
developed worldwide with the aim of detecting these potential impactors. To date, most efforts
have focused on ground-based surveys with optical telescopes, which have successfully discovered
approximately 90% of NEOs larger than 1 km and ∼30% of NEOs larger than 140 m.1 However,
approximately 15.6–19.9% of Earth-threatening NEOs are estimated to be approaching Earth di-
rectly from the day-side (see References 2 and 3), and are thus very difficult to detect using ground
surveys. Space-based surveys offer a clear advantage over ground-based surveys due to their unique
possibility to look back towards the Earth, and thus monitor those objects coming from the Sun with
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enough time before impact. State-of-the-art space missions and proposals, such as NASA’s NEO-
Cam4, 5 and the Russian SODA project,6 are focused on the discovery of NEOs in order to catalogue
them and, thus, better quantify their risk of impact. However, the discovery of imminent-impacting
NEOs with enough time in advance of impact is little addressed in literature.

This paper presents a preliminary mission analysis of space-based telescopes with the aim of
efficiently detecting and providing warning for Earth-impacting NEOs, as well as complementing
existing ground-based surveys, by determining the performance of both a visible (VIS) and an in-
frared (IR) space-based survey used in two mission candidates. The first mission candidate consists
of a halo orbit about the artificial equilibrium point (AEP) sub-L1 of the Sun-Earth (SE) system,
which is displaced with respect to the classical libration point L1 along the SE direction towards
the Sun, through the use of solar-sail propulsion. Solar sails are a propellant-less form of spacecraft
propulsion system, where sunlight exerts a pressure on a large mirror-like structure, generating a
force that can be controlled by the sail’s orientation and parameters. By using the continuous ac-
celeration generated by the solar sail, it is possible to obtain an orbit around an equilibrium point
closer to the Sun than the classical L1 point. The use of solar sails in the SE sub-L1 region has
never been envisioned for NEO detection, but is expected to significantly improve the effectiveness
of the survey with respect to the classical L1 point. The second mission candidate is designed in the
Sun-Venus (SV) system, such that the NEOs are observed when they are closest to the Sun and at
their brightest, and consists of three periodic orbits about the Lagrange points L3, L4 and L5 of the
SV system in order to always have one telescope between the Earth and the Sun.

In addition to these two mission candidates, both the visible and thermal infrared (TIR) wave-
bands are considered for the space-based telescope. In general, IR detectors are superior to visible
ones because NEOs are easier to be detected in this region of the electromagnetic spectrum, and
they allow characterisation of the size of the objects, which is a key parameter when determining
the impact threat.7 However, in the most recent 2017 NEO SDT report,1 it was concluded that, while
the best cataloguing capability is achieved by a 0.5 m IR telescope, the best warning capability is
achieved by a 0.5 m VIS telescope. Therefore, two different orbit locations and two wavelength
bands are considered in this paper, and thus, a total of four space-based survey systems are mod-
elled. The performance of each space-based survey system in providing warning for impacting
NEOs is then determined in terms of detection rate and warning time, and compared to the per-
formance obtained by existing ground-based surveys. Once the most suitable space-based survey
system is selected, based on a trade-off between detection rates, warning times and integration with
existing ground-based surveys, a preliminary mission analysis is performed in order to determine a
feasible transfer trajectory from Earth’s vicinity to the chosen operational orbit.

This paper is organised as follows. First, the dynamical framework of the paper is described,
followed by a brief explanation of the design of the orbits for both mission candidates. Then, the
space-based survey model, that is implemented and used in the simulations of the sky surveys, is
introduced, together with all relevant parameters for the space-based telescopes in both wavebands.
Using this space-based survey model, the performance of each space-based survey system in pro-
viding warning for imminent Earth impactors is determined next, and the best NEO survey system
consisting of both space- and ground-based surveys is identified. Once the operational orbit of
the space-based telescope is selected, the paper ends with a preliminary mission analysis with the
aim of finding a time-optimal, solar-sail propelled transfer trajectory from Earth’s vicinity to the
targeted operational orbit, assuming a ride-share launch with ESA’s Euclid spacecraft. Lastly, the
main conclusions derived in the paper are presented.
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Figure 1. Schematic of the circular restricted
three-body problem.

Figure 2. Attitude of the solar sail.

DYNAMICAL MODELS

This section describes the dynamical models that are used in this paper, i.e., the circular restricted
three-body problem (CR3BP) to describe the approximate motion of the spacecraft, the sail accel-
eration model, and the elliptic restricted three-body problem (ER3BP) to describe the orbits of both
the spacecraft and NEOs more accurately than in the CR3BP.

Circular Restricted Three-Body Problem

The CR3BP describes the motion of a body with negligible mass (i.e., the solar-sail spacecraft),
under the gravitational influence of two much larger primary masses, m1 (the Sun) and m2 (the
planet, i.e., Earth or Venus), that move in circular orbits about their common barycentre. In addition,
the gravitational attraction of the small mass on the larger bodies is neglected. The CR3BP is
formulated in a synodic reference frame, as shown in Figure 1, and is defined as follows: the origin
coincides with the barycentre of the system, the x-axis is defined by the line passing through the two
massive bodies and points in the direction of the smaller one, m2, the z-axis points in the direction
perpendicular to the plane in which the two massive bodies move and, lastly, the y-axis completes
the right-handed reference frame. The synodic reference frame rotates at a constant angular velocity
ω about the z-axis, i.e., ω = ωẑ.

During the formulation of the equations of motion, new units are introduced: m1 +m2 is chosen
as the unit of mass, the distance between the two massive bodies as the unit of length, and 1/ω as the
unit of time. As a result, the dimensionless masses of the two massive bodies become m̂1 = 1− µ
and m̂2 = µ, with the mass parameter µ = m1/ (m1 +m2), and ω̂ = 1, which implies that one
dimensionless orbital period of the two primaries around their common barycentre is equal to 2π.

In this reference system, the motion of a body is described by:8

r̈ + 2ω × ṙ−∇U = a (1)

where r = [x y z]T is the position vector of the body and U is the effective potential function,
that accounts for both the gravitational and centrifugal acceleration, given by:

U(x, y, z) =
1

2

(
x2 + y2

)
+

1− µ
‖r1‖

+
µ

‖r2‖
(2)
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where r1 and r2 are the position vectors of the body with respect to the primary bodies m1 and
m2, respectively, defined as r1 = [(µ+ x) y z]T and r2 = [x− (1− µ) y z]T .8 The left-
hand side of Eq. (1) represents the ballistic CR3BP and the right-hand side contains the perturbing
acceleration, a, which in this work only includes the solar-sail acceleration, as, which is defined
next.

Solar-Sail Model

In this paper, an ideal solar-sail model is considered. The ideal solar-sail model assumes that the
sail is a perfectly reflecting mirror, i.e., specular reflection of the incoming photons. As a result, the
solar-sail acceleration vector acts perpendicular to the solar-sail surface, in the direction n̂ defined
in Figure 2, which is described by the cone angle, αs, and the clock angle, δs. The solar-sail
acceleration can then be written as:9

as = β
1− µ
r2

1

(r̂1 · n̂)2 n̂ (3)

where the parameter β is the so-called lightness number,

β =
σ∗

σ
(4)

which is a function of the spacecraft mass-to-sail area ratio σ and the critical solar-sail loading
parameter σ∗ = 1.53g/m2. The required lightness number to maintain the solar-sail halo orbit
about the SE sub-L1 point is selected in the next section, considering a mid-term possibility of
values up to β = 0.1.9

Elliptic Restricted Three-Body Problem

The fundamental difference between the CR3BP and the ER3BP is that the ER3BP takes into ac-
count the elliptic nature of the orbits of the two primaries. Consequently, the equations of motion of
the ER3BP explicitly contain the time through the true anomaly f , and are thus non-autonomous.10

The ER3BP is formulated using a pulsating-rotating reference frame, which is defined similar to
the synodic frame, but that, due to the eccentricity of the orbits of the primaries, pulsates and rotates
with a non-uniform angular velocity. In the pulsating-rotating reference frame, the motion of the
solar-sail spacecraft is described by:10

X ′′ − 2Y ′ =
1

1 + e cos f

(
∂ΩE

∂X
+ as,X

)
Y ′′ + 2X ′ =

1

1 + e cos f

(
∂ΩE

∂Y
+ as,Y

)
Z ′′ + Z =

1

1 + e cos f

(
∂ΩE

∂Z
+ as,Z

) (5)

where 2′ indicates differentiation with respect to the secondary body’s true anomaly, e is the eccen-
tricity of the orbit of the secondary body, as = [as,X as,Y as,Z ]T is the solar-sail acceleration
defined by Eq. (3), and

ΩE(X,Y, Z) =
1

2

(
X2 + Y 2 + Z2

)
+

1− µ
‖R1‖

+
µ

‖R2‖
(6)

with R1 = [(µ+X) Y Z]T and R2 = [X − (1− µ) Y Z]T .10
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SOLAR-SAIL HALO ORBITS IN THE SUN-EARTH THREE-BODY SYSTEM

This section covers the design of the first mission candidate for the operational orbit of the space-
based telescope, i.e., a solar-sail halo orbit around the artificial equilibrium point sub-L1 of the
Sun-Earth system.

Artificial Equilibrium Points

Artificial equilibrium points (AEPs) are locations within the CR3BP where the solar-sail space-
craft can remain stationary. Such AEPs can be determined by finding the equilibrium solutions of
the solar-sail CR3BP, i.e. finding those locations at which r̈ = ṙ = 0 in Eq. (1). As derived in
(Reference 9), the required solar-sail lightness number to maintain an AEP is:

β =
r2

1

1− µ
∇U · n̂
(r̂1 · n̂)2 (7)

It is possible to observe that the required lightness number is only a function of the position of the
solar-sail spacecraft within the CR3BP synodic frame. For different sub-L1 AEPs, Equation (7)
yields a larger sail lightness number as the AEP is located farther from Earth in the SE CR3BP,
which is expected to provide longer warning times compared to the classical L1 point.

Solar-Sail Halo Orbits

The generation of solar-sail halo orbits around a sub-L1 AEP in the ER3BP starts by determining
halo orbits around the sub-L1 AEP of the CR3BP. First, the attitude of the sail is fixed to be directed
along the Sun–sail line, i.e., αs = 0. The computation of solar-sail halo orbits around AEPs in the
CR3BP is then conducted following the approach in (References 11 and 12). In this approach, the
equations of motion are first approximated about the sub-L1 AEP by linearisation and expansion
of the potential function and solar-sail acceleration terms with a Taylor series to third order. Then,
these approximated equations of motion are solved with a Lindstedt-Poincaré method. Since this
third-order solution is only a periodic approximation to the solution of the full non-linear system,
a differential correction scheme is thus applied to correct the initial conditions and numerically
obtain integrated solutions to the non-linear equations.13 Lastly, in order to increase the out-of-
plane amplitude, such that the orbit lies outside the solar exclusion zone∗, a continuation scheme is
applied with the z-coordinate of the initial state as the continuation parameter.

Once periodic orbits are found in the CR3BP, a second continuation scheme is applied in order
to obtain periodic orbits in the solar-sail ER3BP. Since for e = 0 the ER3BP reduces to the circular
case, the eccentricity is used as the continuation parameter from a known solar-sail halo orbit in
the CR3BP (e = 0) to a solar-sail halo orbit in the ER3BP with the required e of the planet, i.e.,
e = 0.0167 of Earth. Due to the non-autonomous nature of the ER3BP, any periodic solution of the
solar-sail ER3BP must have a non-dimensional orbital period of an integer multiple of a synodic
year.10 This implies that the selected periodic orbit in the CR3BP, that is used as the initial guess in
the continuation algorithm, also needs to have a period of one synodic year or a multiple thereof.

As there are no suitable solar-sail halo orbits with an orbital period of one synodic year for values
of lightness number up to β ≤ 0.1, a solar-sail halo orbit with a period equal to 2

3(2π) is selected
instead, and three revolutions of this periodic orbit are then used as initial guess. For this periodic

∗The solar exclusion zone is defined by a cone with the apex at the Earth and a half-angle 5◦ about the Earth-Sun line.
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Figure 3. Solar-sail halo orbit around the sub-L1 point in the Sun-Earth ER3BP. Note that the
indicated locations of the sub-L1 and L1 points are instantaneous and only hold valid when
the Sun-Earth distance is 1 au.

orbit, the required lightness number is equal to β = 0.02518 and, using Eq. (7), it can be obtained
that the sub-L1 point is located at a distance xAEP = 0.9862576 from the barycentre. The resulting
solar-sail halo orbit has an orbital period of two synodic years and an out-of-plane amplitude of
∼ 500 000 km in the Sun-Earth CR3BP. The continuation scheme in e then starts with three revolu-
tions of this halo orbit in the CR3BP and increasing e by a suitably small value (∼ 10−6) to find
a new periodic orbit in the ER3BP by updating the initial conditions with a differential corrector,
which largely follows the method introduced in (Reference 13), but a constraint is introduced in
order to ensure that the period of the resulting orbit is kept equal to two synodic years.14

Finally, the orbit of the space-based telescope is designed for an operational lifetime of at least
five years. To this aim, a multiple shooting differential correction scheme is applied, using as
initial guess the solar-sail halo orbit in the ER3BP patched consecutively three times, in order to
find a trajectory that satisfies the dynamics of Eq. (5) along each segment, but presents a slight
discontinuity in position and velocity at each node.15 In this paper, the discontinuities have been
limited to 10−10 in position and 10−5 in velocity, which correspond to a deviation of ∼ 15 m and
∼ 0.3 m/s. The resulting trajectory, shown in Figure 3, is designed for a dimensionless time of 12π,
i.e., six synodic years.

VERTICAL LYAPUNOV ORBITS IN THE SUN-VENUS THREE-BODY SYSTEM

This section covers the design of the second mission candidate for the operational orbit of the
space-based telescope, which consists of three vertical Lyapunov orbits about the libration points
L3, L4 and L5 of the Sun-Venus system.

Libration Point Orbits

For the design of the orbits in the Sun-Venus system, families of LPOs other than halo orbits
are considered since the orbit is no longer constrained to remain outside the solar exclusion zone.
In addition, although halo orbits do exist in the vicinity of the collinear libration points, the halo
family associated to the collinear L3 point consist of very large orbits, which are not suitable for
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the purpose of this paper and also cannot be obtained using the traditional method of successive
approximations16 because the third-order expansions are no longer convergent.17 For these reasons,
the traditional Lissajous and Lyapunov orbits are preferred.

Generally speaking, the motion of an LPO is first approximated by linearisation of the equations
of motion of the ballistic CR3BP, given in Eq. (1) with a = 0, about the libration point. The eigen-
values of this linear system determine the stability of the non-linear system for motion about the
libration points: the linearised motion of an LPO is defined stable if all eigenvalues are different
and purely imaginary. In the case of the collinear points, the system yields two real eigenvalues of
opposite sign, which means that the motion about these equilibrium points is generally unstable.
However, the other four eigenvalues consist of two conjugate pairs of imaginary eigenvalues, which
indicate the potential for generating stable periodic orbits by selecting the appropriate initial condi-
tions that excite only the oscillatory modes. In the case of the triangular points, all four eigenvalues
are purely imaginary for µ < 0.03852. Since for the SV system, µSun−Venus = 2.448 · 10−6, the
non-linear behaviour near L4 and L5 is expected to be oscillatory and bounded.

Therefore, by selecting appropriate initial conditions using the first-order solution, it is possible to
obtain a Lissajous family of quasi-periodic orbits around both the collinear and triangular libration
points. In this paper, the approaches conducted in (References 18 and 19) are followed to determine
these initial conditions and generate Lissajous orbits about the collinear L3 point and the triangular
L4 and L5 points, respectively, in the Sun-Venus three-body system.

Vertical Lyapunov Orbits

Since the families of Lissajous orbits are quasi-periodic, a multiple shooting differential correc-
tion scheme is then applied such that the periodicity is added as a constraint in order to determine
periodic orbits.15 Due to the dynamics around the L3, L4 and L5 points in the SV CR3BP, the
Lissajous families bifurcate into two different families of periodic LPOs: planar Lyapunov orbits
and vertical Lyapunov orbits. Both families of LPOs have a period equal to ∼ 2π, i.e., one Venus
synodic year, which corresponds to approximately 225 sidereal days, and are found to be very stable
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Figure 4. Vertical Lyapunov orbits in the Sun-Venus ER3BP. Note that the indicated locations
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Table 1. Performance characteristics for both VIS and TIR space-based surveys.

Parameter VIS TIR

Aperture [m] 0.5 0.5
Waveband [µm] 0.4–1 6–10
FOV [◦] 10.6×5.3 1.7×7.13
Pixel scale [′′/pixel] 2 3
Exposure time [s] 24 180
Detector type E2V CCD HgCdTe
Pixel size [µm] 10 18
Image FWHM [′′] 1 4
Dark current [e−/s] <0.001 <200
Readout noise [e−] 4 <30
Quantum efficiency [%] 88 60
Optical Transmission [%] 100 100
Well depth [e−] 90 000 65 000
Point-source sensitivity (SNR = 5)∗ 21.7 Vmag 150 µJy

within the framework of the CR3BP. After nine revolutions, i.e., ∼ 5.5 sidereal years, the dimen-
sionless errors in position and velocity with respect to the initial conditions are smaller than 10−12.
Nonetheless, out of these two options, the vertical Lyapunov orbits are preferred due to their out-of-
plane motion. For both the collinear and triangular libration points, the selected vertical Lyapunov
orbits in the CR3BP have an out-of-plane amplitude of ∼ 500 000 km, similar to the first mission
candidate.

Lastly, a continuation scheme in e is applied to obtain the vertical Lyapunov orbits in the ER3BP:
starting with the selected vertical Lyapunov orbits and increasing e by a suitably small value (∼ 10−5),
the new periodic orbits in the ER3BP are found by consecutively updating the initial reference
trajectory with the multiple shooting differential corrector until reaching Venus’ eccentricity, i.e.,
e = 0.00677. Figures 4a and 4b show the resulting trajectories around the L3 and L4 points in the
Sun-Venus ER3BP, respectively, during the expected operational lifetime of the mission. Note that
the trajectory for the vertical Lyapunov orbit around the L5 point is not included in this paper for
brevity, but it is found to be symmetric with the L4 case with respect to the XZ-plane.

SPACE-BASED SURVEY MODEL

This section briefly presents the relevant parameters of both the visible and thermal infrared
space-based surveys and the populations of synthetic Earth impactors that are used in the simulations
of the sky surveys, and defines the overall theoretical framework of the space-based survey model
that is implemented.

Performance Characteristics and Search Regions

The performance characteristics for both the VIS and TIR space-based surveys are summarised
in Table 1, which have been taken from the best-case scenario results in NASA’s 2017 NEO SDT
Report,1 and have been assumed to be independent of the orbit location in this work.
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Table 2. Viewing zones for both VIS and TIR space-based surveys at the sub-L1 point of the
Sun-Earth system and at the L3, L4 and L5 points of the Sun-Venus system.

Viewing zones Location VIS TIR

Solar elongation [◦] SE sub-L1 ±(60-160) ±(45-125)

SV L3,4,5 180±120 180±75

Ecliptic latitude [◦] SE sub-L1 ±80 ±42

SV L3,4,5 ±80 ±42

(a) Note that the same search region is defined for
the sub-L1 point.

(b) Note that the same search regions are defined
for the L3 and L4 points.

Figure 5. Search regions for both surveys at the SEL1 point (left) and at the SVL3, L4 and
L5 points (right) in the VIS (white-dashed) and IR (red-shaded) wavelengths. The orbits and
locations of Earth, Venus and the Moon are not to scale.

Regarding the search regions for each mission candidate, the aim is to design a space-based
survey system that is able to look as close to the Sun as possible and back towards the Earth in order
to monitor potential impactors that are approaching Earth from the day-side. The viewing zones for
both TIR and VIS telescopes at each location are presented in Table 2, specified as ranges in solar
elongation (the Sun-observer-object angle in the ecliptic) and Sun-centred ecliptic latitude.

For space-based surveys at IR wavelengths, the Sun is the main constraint on the search region,
as thermal loading imposes constraints on the minimum solar elongation. At VIS wavelengths, the
main difficulty is to exclude the fully sun-lit Earth and Moon from the instrument’s field-of-view
(FOV). These viewing constraints are incorporated in terms of keep-out zones for the Sun, Moon
and Earth. Figure 5 shows the search regions at IR and VIS wavelengths for both surveys as red-
shaded and white-dashed areas, respectively.

∗The point-source sensitivity indicates the ‘faintest’ object that the telescope can detect. It is defined differently for
the VIS and TIR telescopes, as explained in (Reference 1).
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Synthetic Population of Impacting Near-Earth Objects

For all simulations of space-based surveys in this paper, the population of synthetic Earth-impacting
NEOs generated in (Reference 2) is used to estimate the detection rate and evaluate the effective-
ness of each survey system at providing warning for NEOs. This population contains a total of 2 451
Earth impactors distributed in the range of absolute magnitude H = 23− 30. This implies that, for
a given albedo pv, each orbit is associated to one NEO with a size that can be estimated with:

D =
1.329 · 106

√
pv

10−0.2H (8)

where D is diameter of the object, in metres.20 Nonetheless, for the purpose of determining the
performance of a survey system at detecting NEOs of all sizes, the physical properties of each object
of the population are detached from its orbital elements, assuming thus that there is no correlation
between physical size and orbit.

While NASA is aiming at finding NEOs larger than 140 m,1, 5 this paper is focused on detecting
and providing warning for potential impact threats of smaller NEOs. To this aim, four different
synthetic populations of impactors are used in the simulations:

• Population #1: follows the expected size-frequency distribution.1

• Population #2: assumes the same absolute magnitude for all objects, H = 22.

• Population #3: assumes the same absolute magnitude for all objects, H = 24.

• Population #4: assumes the same absolute magnitude for all objects, H = 26.

For an albedo of pv = 0.14, the lower boundary of H = 22 corresponds to a diameter of ∼ 140 m,
which is NASA’s cataloguing objective, while the upper boundary of H = 26 corresponds to
∼ 22 m, which is approximately the size of the Chelyabinsk asteroid impactor. In the first popula-
tion, the absolute magnitude for each object is thus randomly assigned within the range of absolute
magnitudes between H = 22 and H = 26, according to the distributions given in (Reference 1).

Since the objects in the NEO population are defined in terms of absolute magnitude H , and
not size, three different values of the albedo pv are considered in the following simulations: 0.05,
0.14 and 0.25. However, at VIS wavelengths, initial results from test simulations showed that this
parameter does not have a major impact on the results, and is thus set to a default value of pv = 0.14.

Detectability of Near-Earth Objects

Whether an object can be detected in an image or not, depends on its Signal-to-Noise Ratio
(SNR), i.e., the ratio of the signal (the NEO) to the noise, at the detector. The computation of
the SNR follows the approach defined in (Reference 21), which assumes that most of the light is
collected in the centre pixel, due to the Gaussian shape of the light source, and only the percentage
of light within this centre pixel is thus considered. The SNR is then computed with:

SNR =
Se(

Se + kdarktexp + k2
read + Be

)1/2 (9)

where Se is the object’s signal in electrons, Be is the background’s signal in electrons, and the rest
of the terms account for various noise sources at the detector (assumed to be independent). In this
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paper, the sources of noise considered are the dark current noise, kdarktexp, which is the electric
current that flows without light, kdark, during the exposure time texp, and the readout noise, k2

read,
which accounts for the loss of signal during the read-out of the charge from a single pixel.

Given the asteroid’s irradiance at the detector, the object’s signal is computed with:

Se =
1

hc
Aefftexpppx

∫ λ2

λ1

FA(λ)τ(λ)QE(λ)λdλ (10)

where h is the Planck constant, c is the speed of light, Aeff is the effective area of the sensor, ppx

is the percentage of light within the centre pixel, FA(λ) is the object’s irradiance at the detector as
a function of wavelength λ, τ(λ) is the optical transmission, QE(λ) is the quantum efficiency, and
λ1–λ2 is the waveband of the detector. At VIS wavelengths, the object’s irradiance is given by the
apparent magnitude of the object, which is computed using the approach for Solar-System bodies.22

At IR wavelengths, the object’s irradiance is given by the thermal emission of the object, which is
described by the Near-Earth Asteroid Thermal Model (NEATM).20

Similarly, given some background irradiance, the background’s signal is computed as follows:

Be =
1

hc
Aefftexppixelscale2

∫ λ2

λ1

FB(λ)τ(λ)QE(λ)λdλ (11)

where FB(λ) is the background’s irradiance at the detector as a function of wavelength. The pixel
scale is used to take into account the apparent size of a pixel of the telescope, i.e., the FOV per
pixel. In this paper, the background signal is mainly driven by the zodiacal light, neglecting thus
the contribution of any other light sources. At VIS wavelengths, the background’s irradiance due
to zodiacal light has been taken from (References 23 and 24), which provide tabulated zodiacal
fluxes as a function of ecliptic latitude and longitude for an observer at Earth. At IR wavelengths,
the background’s irradiance due to the thermal emission from zodiacal dust is determined using the
three-dimensional density model in (Reference 25). For both wavebands, the zodiacal background
is assumed to vary with heliocentric distance according to Figures 55 and 56 in (Reference 24).

SIMULATION OF SKY SURVEYS

This section presents and discusses the results of the sky surveys using the different space-based
survey systems considered. The performance of each space-based survey system in providing warn-
ing for imminent Earth impactors is determined and compared to existing ground-based surveys, in
order to demonstrate the benefit and necessity of space-based surveys.

Survey Simulation Assumptions

The space-based survey model assumes that a NEO is detected in an image when the following
conditions are satisfied simultaneously:

• The NEO is inside the field of regard (FOR) of the telescope.

• The NEO is bright enough, i.e., satisfies the sensitivity of the telescope (see Table 1).

• The SNR of the NEO is equal or greater than five.

• The Earth and/or the Moon are not in the FOV of the telescope.
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Table 3. Detection rates for different orbit locations and wavebands of the space-based tele-
scope, using four different populations of impacting NEOs and one year of observation win-
dow before impact.

Location Band pv

Population #1
(Distributed H) Population #2

(H=22)
Population #3

(H=24)
Population #4

(H=26)
Unrefined Refined

SE sub-L1

VIS 0.14 91.76% 48.27% 51.94% 45.74% 42.88%

TIR
0.05 59.34% 40.08% 60.75% 51.37% 40.02%
0.14 58.83% 39.09% 55.16% 43.57% 37.05%
0.25 56.83% 36.64% 50.71% 24.39% 35.54%

SV L3,4,5

VIS 0.14 3.1% 2.98% 48.59% 14.73% 0.69%

TIR
0.05 56.22% 29.66% 48.10% 43.66% 20.97%
0.14 26.52% 16.69% 44.92% 33.41% 6.28%
0.25 11.1% 8.16% 43.61% 25.54% 1.26%

Then, it is assumed that a NEO is observed when at least one tracklet is built, which consists of
four detections/images taken ∼1 – 1.5 hours apart over a 9–hour span.

As a last remark, the space-based surveys that are simulated do not follow any survey cadence.
Instead, any NEO that satisfies the detection conditions for which a tracklet can be built is considered
as a ‘potential’ observed object. During post-processing, the pointing direction during the surveying
of each object is cross-checked in order to see whether the telescope would be able to cope with the
sequence of observations, discarding the overlapping ones accordingly.

Detection and Warning Efficiency of each Space-based Survey System

As mentioned in the introduction, two different mission candidates and two wavelength bands are
considered, and thus, a total of four space-based survey systems are simulated and evaluated. The
performance of each space-based survey system is defined in terms of detection rate (i.e., number
of observed and missed impacts) and time between observation and impact (i.e., warning time).

Table 3 presents the detection rates for each space-based survey system considered, using the
four different populations of impacting NEOs and an observation window of one year before impact.
First, the survey results obtained using the Earth impactor population #1, which follows the expected
distribution inH , are addressed, and then, the survey results using populations #2, #3 and #4, which
have a constant absolute magnitude of H = 22, H = 24 and H = 26, respectively, are discussed in
order to determine the performance of the space-based telescopes as a function of size.

Survey of Earth impactor population distributed in absolute magnitude
First, regarding the orbit location of the space-based telescope, it is possible to see that the SE
mission candidate clearly outperforms the SV case for both the VIS and TIR wavebands. Moreover,
it is important to highlight that the ‘un-refined’ survey results for the SE mission candidate, which
do not take into account the pointing direction of the observations, show that the VIS case is able to
detect approximately 90% of the objects, and the TIR case up to 60%. Since the NEO population
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Figure 6. Histogram of the solar elongation, from an observer on Earth, at the detection time
of all the observed impactors by a VIS and a TIR space-based survey at the SE subL1 point,
and a ground-based survey.

consists of Earth impactors, the space-based telescope at the SE sub-L1 point acts as a 24/7 security
camera, that is able to capture (almost) all NEOs before impact. Instead, the performance of the
mission candidate at the SV L3, L4 and L5 points highly depends on the likelihood of the NEO
passing through the FOR on its collision course with Earth.

Regarding the waveband, the space-based telescope at VIS wavelengths seems to perform slightly
better than at IR wavelengths, as the best survey results are obtained using a VIS telescope at the
SE sub-L1 point, with a detection rate of almost 50% of the impactors. However, the consider-
able improvement of the SV results from the VIS to the TIR case indicates that surveying at TIR
wavelengths is more effective. The larger detection rate of the VIS space-based telescope over the
TIR one at the SE orbit location can be attributed to a FOR that is closer to Earth, thus observing
the objects on their collision courses for a longer time. This is shown in the form of a histogram in
Figure 6, which represents the solar elongation, for an observer on Earth, at the moment of detection
of all the observed impactors by both space-based surveys. It is possible to see how the TIR ob-
servations are mainly obtained at smaller solar elongations than ∼125◦, while the VIS observations
reach values up to 170◦, i.e., close to opposition, where the NEOs are at their brightest.

Figure 7 then shows the fraction of impactors observed as a function of the warning time for each
space-based survey system considered and an albedo of 0.14. This plot clearly shows the advantage
of surveying NEOs in IR; e.g., it detects almost 15% of the objects with a warning time of at least
one month, while the VIS telescope can only detect less than 5%. For the SE mission candidate, the
two wavebands get the same detection rates for a warning time up to one week, and then the VIS
one slowly starts to obtain larger detection rates for shorter warning times. Nonetheless, while all
the detections made by the TIR telescope have a warning time of at least one day, there are many
observations by the VIS telescope that have a warning time of less than 12 hours, which might not
be long enough depending on the size of the object. For the SV mission candidate, the TIR case not
only provides a larger detection rate, but also longer warning times.
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Figure 7. The fraction of impactors observed at a given time before impact, for different orbit
locations and wavebands of the space-based telescope, using NEO population #1. The ground-
based results using ESA’s Flyeye telescope are also presented individually and combined with
the space-based survey results.

Survey of Earth impactor population for a constant absolute magnitude
For an absolute magnitude of H = 22 (population #2), it is possible to see that the detection
rates obtained in both mission candidates are fairly similar, with the SE case outperforming the SV
case by only ∼3% and ∼10% at VIS and TIR wavelengths, respectively. Moreover, with similar
detection rates, the SV mission candidate obtains longer warning times at VIS wavelengths than the
SE case. This clear improvement over the survey results using population #1 indicate that, while
the mission candidate at Venus orbit is not a good option for observing the smaller objects in the
population, i.e., fainter than H = 22, it is a potential candidate for discovering larger NEOs. For
the SE case, the IR waveband obtains longer warning times and also detects more objects.

When considering fainter objects with an absolute magnitude of H = 24 (population #3), the
detection rates for the SV candidate starts to decrease more rapidly than the SE case, especially
at VIS wavelengths, which drops from almost 49% to approximately 15%. Therefore, the TIR
waveband is again the better option for surveying NEOs with H = 24 with a detection rate of
∼33% obtained in the SV mission candidate, which also obtains significantly longer warning times.
For the SE case and an absolute magnitude of H = 24, surveying at VIS wavelengths starts again
to perform slightly better than at IR, with detection rates of ∼46% and ∼44%, respectively, which
was not the case for H = 22. However, longer warning times are obtained by the TIR waveband.

Finally, for an absolute magnitude of H = 26 (population #4), both the detection rates and
warning times obtained are very similar (slightly worse) to the first survey results using the NEO
population #1, which is to be expected as it mostly contains small objects.
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Table 4. Detection rates for different orbit locations and wavebands of the space-based tele-
scope, using NEO population #1, combined with the ground-based results using ESA’s Flyeye
telescope.

Location Band pv Only space + Ground

SE sub-L1
VIS 0.14 48.27% 63.36%

TIR 0.14 39.09% 60.67%

Conclusions
To summarise the analysis in this subsection, a VIS space-based telescope located at the SV L3,
L4 and L5 points is a good candidate for the survey of larger and brighter objects than H = 22.
However, considering that the expected size-frequency distribution of a NEO population consists
mostly of smaller objects, the better candidate is either a VIS or TIR space-based telescope located
at the SE sub-L1 point; while a visible space-based telescope at this orbit location detects more
objects, a TIR space-based telescope generally provides longer warning times.

Similar simulations of sky surveys have been performed using a VIS and a TIR space-based
telescope in a halo orbit around the classical Sun-Earth L1 point, which is the proposed location for
both NEOCam and SODA projects, in order to estimate the advantage of using solar-sail propulsion
to displace the L1 point sunward for detecting NEOs. From the sub-L1 point, a larger detection
rate of ∼3-4% is achieved over a telescope in a classical halo orbit, at VIS and TIR wavelengths,
respectively, and slightly longer warning times. Although this improvement is not significant, solar-
sail propulsion is also assumed to be used to obtain an efficient (propellant-less) transfer trajectory
from Earth to the sub-L1 region (see later on in this paper), and is thus worth exploiting to increase
the performance of the space-based telescope once arrived in the sub-L1 region.

Benefit of Space-based Surveys to existing Ground-based Surveys

In this subsection, a more detailed trade-off between the two wavebands for the SE sub-L1 point
mission candidate is performed in order to determine which option is better when combined with
existing ground-based surveys, and the benefit of launching a space-based telescope is estimated.
To this aim, a simulation of a ground-based survey is performed, using the NEO population #1 and
the observation tool explained in (Reference 2). The selected ground-based telescope is the Flyeye
telescope, ESA’s first NEO survey telescope, which is expected to be deployed in Monte Mufara
(Sicily) in 2020 and is designed to search for the very small and faint NEOs that are expected to
collide with Earth.

Table 4 presents the detection rates obtained by a VIS and TIR space-based survey at the SE
sub-L1 point, combined with the ground-based survey results. First, it is important to highlight
that the Flyeye telescope alone is able to detect up to 32% of Earth impactors. However, when
combining all observations from ground- and space-based surveys, the detection rates are doubled.
This indicates that space-based surveys are necessary in order to detect the missed NEOs by the
ground-based telescopes and also achieve longer warning times. As shown in Figure 6, ground-
based surveys are only able to observe objects with a minimum solar elongation of approximately
40◦, while space-based telescopes can survey and detect objects much closer to the Sun. Second,
Table 4 also shows how the difference in results between the VIS and TIR wavebands at the SE sub-
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L1 point decreases considerably when combined with the ground-based results, from 10% to 3%,
respectively, which indicates that surveying at IR wavelengths better complements ground-based
surveys. This can also be seen in Figure 6; many observations obtained at larger solar elongations
with the VIS space-based telescope, that cannot be reached when surveying at IR wavelengths, can
also be obtained with ground-based surveys. In addition, the warning times obtained with the TIR
space-based telescope are generally longer. As shown in Figure 7, both space-based telescopes are
able to detect the same number of Earth impactors with a warning time of at least one day and
thus, the slight increase in the detection rates for the VIS case is only due to detecting NEOs with a
warning time shorter than a day.

Therefore, it can be concluded that the best way to detect as many Earth impactors as soon
as possible is combining a TIR space-based telescope at the SE sub-L1 point with existing ground-
based telescopes. When considering multiple space-based telescopes instead of only one, the survey
results (which are not included in this paper for brevity) show that the best NEO survey system
consists of two TIR space-based telescopes at the SE sub-L1 point, combined with ground-based
surveys, which is able to efficiently detect and provide warning for almost ∼72% of all NEOs at
least one day before impact.26

TRANSFER TRAJECTORY PRELIMINARY DESIGN

Now that the operational orbit of the space-based telescope is selected, the aim is to find a time-
optimal, solar-sail propelled transfer trajectory from Earth’s vicinity to the solar-sail halo orbit
around the SE sub-L1 point.

For the design of the transfer trajectory, a ride-shared launch on ESA’s Euclid mission is as-
sumed,27 i.e., the solar-sail spacecraft is assumed to travel together with Euclid towards the SE L2

region for some time, before deploying the solar sail and diverting away from Euclid’s trajectory,
towards the SE sub-L1 region. A schematic of this transfer model is shown in Figure 8.

Figure 8. Schematic of the transfer model: Euclid’s trajectory (dashed blue line), solar-sail
propelled phase (solid yellow line), and halo orbit around the SE sub-L1 point (solid red line).

The design approach consists of three steps. First, a genetic algorithm is used to find near-feasible
transfer trajectories based on a limited number of design variables and the search for a heteroclinic
connection between the LPOs at the SE L1 and L2 points. These near-feasible transfer trajectories
are then used as a first guess for a multiple shooting differential correction algorithm to find feasible
transfer trajectories for a fixed time-of-flight. In the third and last step, a continuation scheme in
eccentricity is applied in order to find a transfer trajectory in the ER3BP that targets the desired
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Figure 9. Attitude of the solar sail, in terms of cone angle αs and clock angle δs, along the
transfer trajectory in the SE CR3BP.

orbit. More details of this approach can be found in (Reference 26) and is a slight modification
of similar methods in literature, which have been proven successful in finding locally time-optimal
trajectories in the solar-sail CR3BP (see References 28 and 29).

During the multiple shooting differential corrector, the discontinuities across the nodes along the
trajectory are limited to 10−12 in position and 5 · 10−5 in velocity, which correspond to a deviation
of ∼ 0.15 m and ∼ 1.5 m/s. At the boundary nodes, a second continuation scheme has been applied
to reduce these discontinuities down to 10−5 (∼1 500 km) and 5.0 · 10−5 (∼ 1.5 m/s), respectively,
which are assumed acceptable for the scale of the transfer designed.
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Figure 10. Feasible transfer trajectory in the SE ER3BP. Note that the indicated locations of
the sub-L1 and L2 points are instantaneous and only hold valid when the Sun-Earth distance
is 1 au.
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During the first step of the multiple shooter, the sail attitude is also adjusted at each node, result-
ing in a solar-sail propelled trajectory with a different, but constant, sail attitude along each of the
segments. Figure 9 provides the profile of the solar-sail attitude along the designed transfer trajec-
tory, in terms of the cone angle αs and the clock angle δs. Note that, during the first phase of the
transfer, the solar sail is yet to be deployed, hence αs = π

2 . Although the attitude profile obtained
is not perfectly smooth, all the required attitude changes throughout the flight satisfy the imposed
maximum rate of change of 24◦ per day. Lastly, Figure 10 shows the final transfer trajectory to the
operational orbit of the space-based telescope in the SE ER3BP, which takes 427.25 days.

CONCLUSIONS

The aim of this paper was to design a space mission that places a telescope in-orbit in order
to detect and provide warning for impacting near-Earth objects (NEOs). Two mission candidates
were envisioned for this purpose: the first mission candidate consists of a solar-sail halo orbit about
the artificial equilibrium point sub-L1 of the Sun-Earth (SE) system, and the second one consists
of three vertical Lyapunov orbits about the libration points L3, L4 and L5 of the Sun-Venus (SV)
system. The performance of a space-based telescope used in each of these mission candidates was
estimated by means of a space-based survey simulation tool, that determines whether the object is
observable by the visible (VIS) and/or thermal infrared (TIR) space-based telescope before impact,
for four different synthetic populations of impactors in the range ∼22–140 m in diameter.

For surveying NEOs down to 20 m in diameter, the simulations of space-based surveys clearly
show that the SE mission candidate performs better than the SV one in terms of detection rates, for
both wavebands considered. The results indicate that the space-based telescope at the SE sub-L1

point is able to observe between ∼40% and ∼50% of the impactors, depending on the waveband,
while the space-based telescopes at the SV L3, L4 and L5 points are only observing ∼3–17%.
Regarding the waveband, although the results differ between the two mission candidates, it is con-
cluded that surveying at IR wavelengths is more effective due to the longer warning times obtained,
which is key for providing warning for impacting NEOs. The results indicate that the TIR space-
based telescope at the SE sub-L1 point is able to detect∼40% of all NEOs with a warning time of at
least one day. Therefore, a TIR space-based telescope placed at the SE solar-sail displaced sub-L1

point is concluded to be the best option, mainly due to the long warning times obtained. Moreover,
a space-based telescope surveying at IR wavelengths is able to contribute more to existing ground-
based NEO surveys, as it is able to detect those NEOs at small solar elongations, that are missed by
ground telescopes, with enough warning time before impact. It is also concluded that the best NEO
survey system consists of one or two TIR space-based telescopes at the SE sub-L1 point, combined
with ground-based surveys, which is able to efficiently detect and provide warning for almost∼72%
of all NEOs at least one day before impact.

Lastly, a feasible transfer trajectory from Earth’s vicinity to the operational orbit of the space-
based telescope was designed in the elliptic restricted three-body problem (ER3BP), which assumes
a ride-share launch with ESA’s Euclid spacecraft and takes 427.25 days.
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We would like to show our gratitude to Dr. Rüdiger Jehn and Dr. Detlef Koschny from ESA’s
Planetary Defence Office for sharing their expertise with us throughout this research work, as well
as their constructive comments and nice suggestions during the preparation of this conference paper.

18



NOTATION

Aeff Effective aperture area of the detector, m2

as Solar-sail acceleration, ms−2

Be Signal of the background noise, e−

c Speed of light, 2.998 · 108 ms−1

D Diameter of the object, m
e Eccentricity

FA, FB Irradiance of the object and the background at the detector, Wm−2m−1

f True anomaly, rad
H Absolute magnitude
h Planck constant, 6.626 · 10−34 Js

kdark Dark current noise, e−s−1

kread Readout noise, e−

m1,m2 Mass of the primary and secondary bodies of the restricted three-body problem, kg
n̂ Solar-sail normal vector

ppx Percentage of light within the centre pixel
pv Visual albedo
r Position vector of the solar-sail spacecraft with respect to the barycentre in the CR3BP

Ri Position vector of the solar-sail spacecraft with respect to the i body in the ER3BP
ri Position vector of the solar-sail spacecraft with respect to the i body in the CR3BP
Se Signal of the object, e−

texp Exposure time, s
U Effective potential function in the CR3BP

x, y, z Position coordinates in the synodic reference frame
X,Y, Z Position coordinates in the pulsating-rotating reference frame
αs, δs Solar-sail cone and clock angles, rad

β Solar-sail lightness number
λ Wavelength, µm
µ Mass parameter
σ Solar-sail loading, gm−2

τ Optical transmission
ΩE Effective potential function in the ER3BP
ω Angular velocity of the synodic reference frame, rads−1

2̇, 2̈ First- and second-time derivatives
2′, 2′′ First and second derivatives with respect to true anomaly
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