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Abstract

The growing interest in addressing asteroid threat scenarios is justified by current estimates of the Po-
tentially Hazardous Objects (PHOs) population and by recent impacts on Earth. This paper presents
and analyses preliminary mission design options for the mitigation of asteroid 2024 PDC25, focus of the
hypothetical impact threat scenario introduced for the Planetary Defense Conference 2025.
Specifically, both a reconnaissance mission and deflection campaigns with different deviation strategies
are proposed. The developed impulsive fast flyby reconnaissance mission allows for the enhancement
of the estimation of asteroid 2024 PDC25’s physical properties. The Multiple Kinetic Impactor (MKI) and
Nuclear Explosive Devices (NEDs) in a “Carrier” configuration are selected and analysed as impulsive
deflection alternatives. Models for the Standard and Enhanced Gravity Tractor (GT), Single and Multiple
Laser Ablation (LA), Single lon Beam Deflection (IBD) and a newly developed technique of Multiple IBD
in Formation Flying are developed as continuous slow push/pull deviation strategies. The selection of
these strategies was mainly based on a sufficiently high Technology Readiness Level (TRL), enabling
near-term applications if their development is prioritised. Being the Kinetic Impactor strategy the only
flight-proven technology, uncertainties in various parameters are also incorporated into the model de-
veloped for the MKI.

Deflection campaigns with the analysed techniques and different timelines are proposed to divert as-
teroid 2024 PDC25 from a collision course with Earth. A final comparison is conducted among the
proposed mitigation options, based on their deflection performance, technological readiness and fea-
sibility within the available warning time. Based on this assessment, the most effective strategies to
deflect asteroid 2024 PDC25 are identified as MKI, stand-off NEDs in “Carrier” configuration and MIBD.
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1. Introduction

The potential impact threat posed by Near-Earth Objects (NEOs) demonstrates the need to enhance
planetary defence techniques, to ensure preparedness in case a real collision hazard is ever discovered.
Since 2015, exercises involving hypothetical hazardous asteroids have been proposed, with various so-
lutions discussed during Planetary Defense Conferences (PDCs). This paper presents and analyses
preliminary mission design options for the mitigation of asteroid “2024 PDC25”, focus of the hypothetical
impact threat scenario introduced for the PDC 2025.

An impulsive fast flyby reconnaissance mission is proposed to improve knowledge of the asteroid’s
physical and orbital properties and inform the design of deflection campaigns. Then, this work focuses
on developing several alternatives for diverting asteroid 2024 PDC25 from a collision course with Earth,
based on both impulsive and slow push/pull techniques.

Among the impulsive techniques, the Kinetic Impactor (KI) has the highest Technology Readiness Level
(TRL), demonstrated by the Double Asteroid Redirection Test (DART) mission [1]. It is a conceptually
simple strategy, requiring no landing or attachment. However, its effectiveness is highly sensitive to
the asteroid’s composition and internal structure [2]. Building on the flight-proven Single Kl, the Mul-
tiple KI (MKI) strategy [3] uses a sequence of impacts from multiple spacecraft to improve deflection
performance. This strategy remains unproven in space and shares the Kl’s sensitivity to the asteroid’s
properties.

Less technically mature strategies have demonstrated to be effective in deviating asteroid 2024 PDC25.
Therefore, this work also focuses on the implementation, from previous literature, and improvement of
models for deflection strategies with a lower TRL compared to the kinetic impactor, but still viable for
near-term applications if their development is prioritised.

Specifically, Nuclear Explosive Devices (NEDs) are a valid impulsive alternative to kinetic impactors,
offering the highest energy density among all deflection techniques [4]. Leveraging the Nuclear Cycler
approach proposed in [5], a model is implemented for stand-off NEDs in a “Carrier” configuration.
Given the warning time available in this scenario, models of slow push/pull deflection strategies are
also developed. The considered techniques include the Standard and Enhanced Gravity Tractor (GT
and EGT), conceptually proposed in [6] and [7] respectively; Single and Multiple Laser Ablation (SLA
and MLA), leveraging the work done in [8] and [9]; Single and Multiple lon Beam Deflection (SIBD and
MIBD), following the concept proposed in [10].

In this study, the models developed for the different deflection techniques include improvements with
respect to previous literature. Specifically, for the MKI strategy, uncertainties in key parameters are in-
corporated into the model to enable robust mission design. For the other techniques, the improvements
focus on refining the deflection models and exploiting different proximity configurations, while ensuring
a feasible spacecraft design for each mission. The approach adopted in this work follows previous stud-
ies aiming at optimising the deflection mission’s performances [11]. In particular, the models for the
various mitigation strategies are integrated into a multi-objective optimisation process to allow for the
identification of viable alternatives for asteroid 2024 PDC25 deflection. MATLAB'’s gamultiobj, a specific
implementation of a multi-objective Genetic Algorithm (GA), is employed for addressing the competing
objectives of maximising b-plane deflection, minimising warning time and total mass at launch, while
ensuring spacecraft design feasibility. The optimisation allows for the identification of Pareto-optimal
solutions. All the solutions belonging to the Pareto sets are associated with bounded optimisation vari-
ables and are forced to satisfy optimisation constraints.

A final comparison is conducted among the proposed mitigation options, based on their deflection per-
formance, technological readiness and feasibility within the available warning time. Based on this as-
sessment, the most effective strategies to deflect asteroid 2024 PDC25 are identified as the MKI, the
stand-off NEDs in “Carrier” configuration, and the MIBD.

2. Asteroid 2024 PDC25 properties and reconnaissance

Asteroid 2024 PDC25 is a fictitious NEO, focus of the hypothetical impact threat scenario specifically
designed for in-depth discussion at the International Academy of Astronautics (IAA) 2025 Planetary
Defense Conference in Stellenbosch (Cape Town), South Africa. The estimated impact probability
for asteroid 2024 PDC25 surpassed the International Asteroid Warning Network (IAWN) notification
threshold of 1 % in late July 2024. As a result, an official warning was issued on 1 August 2024,
referred to as Epoch 1 [12].

At Epoch 1, asteroid 2024 PDC25 is classified as an S-type [12]. The asteroid’s diameter is most likely
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within the range of 90 - 160 m, with a median estimate of 125 and measurements extending from 50 m to
280 m [12]. As an outcome of the analyses started by SMPAG at Epoch 1, the first step for the mitigation
of the threat posed by asteroid 2024 PDC25 would be the implementation of a flyby reconnaissance
mission. This would largely improve the knowledge of the physical properties of the asteroid, mainly
regarding its size and shape.

In this work, the mission analysis for a fast flyby reconnaissance mission is proposed. The design of
this mission is based on a grid-search approach, in which the available departure and arrival windows
are selected as a compromise between the mission design timeline requirements and the need for the
reconnaissance data to be available as soon as possible. In particular, the first launch date is considered
not earlier than 3 years after the IAWN'’s impact probability threshold is met, and the grid search is
successively refined around the 2027 launch and 2028 arrival windows. The resulting trajectory of the
reconnaissance spacecraft is shown in Figure[f] The designed mission involves a launch scheduled for
the 2"¢ of September 2027, with an arrival predicted for the 31% of March 2028.
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Figure 1: Interplanetary trajectory for the fast flyby reconnaissance mission.

Epoch 2 represents a point in time nearly four years after Epoch 1, aligning with the moment when
data from the flyby reconnaissance mission become available. By this stage, it is confirmed that asteroid
2024 PDC25 is on a collision course with Earth, with impact predicted for 24" April 2041, which is 13
years after Epoch 2. As an outcome of the reconnaissance mission, the asteroid is found to have an
elongated shape, approximately twice as long as it is wide, with a spherical equivalent diameter ranging
from 145 to 155 m [12]. In this work, the statistical distributions provided for the asteroid’s physical
properties [12] are utilised in distinct ways, depending on the deflection strategy under consideration.

2.1. B-plane deflection requirements

The performances of the deflection strategies are compared in terms of deviation on the b-plane. At
Epoch 1, the required deflection for the mission to be considered successful must be the entire gravi-
tational capture cross-section of Earth in the b-plane, corresponding to the full length of the impact risk
chord, C = 21850 km. At Epoch 2, however, the region of possible impact locations is reduced, allowing
for a more precise definition of deflection requirements. Asteroid 2024 PDC25 can be deflected either
northward or southward. The northward deflection requirement in terms of impact parameter is approx-
imately 0.34 C (or equivalently 1.16 Rg), and it is lower than the southward one, which is about 0.70 C (or
2.41 Rg). However, a northward deflection would redirect the asteroid towards more densely populated
regions. Conversely, although it requires twice the deflection, the southward deflection offers the ad-
vantage of redirecting the asteroid through fewer countries and towards the Southern Ocean. This is
particularly beneficial in case a full deflection is not achievable, as the impact would occur on the ocean,
where, for asteroids of this size, the resulting tsunamis are unlikely to pose a global threat [13].

For kinetic impactors, a southward deflection is the only feasible alternative: a northward deflection,
which implies imparting impulses in the opposite direction as the asteroid’s velocity, would require plac-
ing one or more spacecraft on a highly energetic orbit. All other deflection strategies analysed in this
work can alter the asteroid’s orbit either southward or northward by applying a perturbing acceleration
in the same or opposite direction of its velocity vector. This results from the use of a low-thrust trajec-
tory, which allows the spacecraft to rendezvous with the asteroid and apply the perturbing forces in any
preferential direction.
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3. Multiple Kinetic Impactor strategy

The KI strategy involves a direct collision between an impactor spacecraft and the asteroid, trans-
ferring momentum to instantaneously alter its orbit. Exploiting multiple impactors reduces the risk of
fragmentation by imparting smaller impulses to the asteroid, while still allowing for effective deflection.
For the specific case of the MKI strategy, a nominal deflection scenario is identified in accordance with a
baseline model representative of the asteroid. Successively, varying conditions are subsequently incor-
porated in the nominal design, including changes in the asteroid’s physical properties and heliocentric
position, and navigation errors. The resulting sensitivity analysis allows for a robust MKI mission design
for 2024 PDC25.

3.1. Nominal MKI mission design

The asteroid is assumed to be non-rotating, homogeneous and spherical, with its density (0.s) and
diameter (d,y) coincident with the mean values of the respective after-reconnaissance distributions.
The momentum enhancement due to the generation of the ejecta plume after the impact is modelled
by exploiting a multiplicative momentum enhancement factor (8) applied to the impact-induced velocity
variation of the asteroid. The value of the momentum enhancement factor is selected based on the Dou-
ble Asteroid Redirection Test mission outcomes. Specifically, the observed linear dependence between
B and the asteroid’s density is utilised [14]:
Past
2400
Table [f] summarises the resulting data considered for the MKI deflection evaluation.

B =361 -0.03 (1)

‘ Diameter [m] ‘Density [kg/m3]‘ Mass [kg] ‘ B ‘
| 150.01 \ 2244.07 | 396677 -10° | 3.345 |

Table 1: Asteroid 2024 PDC25 baseline model.

At this stage, each interaction between the spacecraft and 2024 PDC25 is assumed to have a
deterministic outcome, which is then used as input for evaluating the characteristics of the subsequent
spacecraft-asteroid interactions. The change in velocity imparted by each spacecraft is evaluated based
on the principle of linear momentum conservation during impact, as expressed in Eq. [14].

My Avyg = ms/chel + ms/c(ﬁ - 1)(E : Vrel)E (2)

In the above expression, m;,. is the spacecraft’'s mass at impact, V.. is the spacecraft velocity relative to
the asteroid at impact, expressed in the Sun-Centred Inertial reference frame, E denotes the direction
of the ejecta plume cone’s axis (assumed opposite to V), and Av,y represents the impact-induced vari-
ation of the asteroid’s orbital velocity. The velocity variations are mapped as deviation on the b-plane
by exploiting an analytically formulated State Transition Matrix (STM) [15].

The MKI model considered in this work involves spacecraft which are independently launched in se-
quence. As anticipated, the model is embedded into an optimisation process and the nominal mission
design is subjected to operational constraints. The change in velocity is limited to 10 % to avoid fragmen-
tation. Minimum separations of 10 and 14 days are considered for consecutive launches and impacts,
respectively. Spacecraft masses are compatible with the selected launcher: the Falcon 9 Heavy [16].

Departure DSM Impact mge [kg] AvINH [mm/s] | [|Av,gll b* [km]
[-4.9637] 2606
s/c 1|28 April 2030 | 24 April 2031 | 05 October 2032 | 713.58 -3.0320| | 6.87% Ve [_5696.930}
|—-1.4312]
[—7.1434] 2618
s/c 2|10 May 2030 | 04 May 2031 | 22 October 2032 | 1126.02 —2.3660| [9.58% veye [ ) }
—14578.650
| —2.8457
[—5.1144] 1763
s/c 3|21 May 2030 | 30 May 2031 |07 November 2032 | 794.53 0.6221 6.74% Ve [_20955.895}
—2.3490

Table 2: Three-spacecraft MKI maximum impact parameter mission main features.
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The minimum number of spacecraft required for the nominal design is three. Results are sum-
marised in As expected, optimal deflection is achieved by applying a quasi-tangential impulse
close to the pericentre.

3.2. Uncertainties’ analysis for MKI mission design

The identified three-spacecraft solution is selected as the baseline for the design of an MKI mission
capable of responding robustly to the variation of physical and kinematic parameters.
To this aim, a Monte Carlo (MC) analysis is employed to address the effects of uncertain physical and
kinematic parameters on the final deflection and the impulse magnitudes.
The uncertainties associated with the quantities reported in Table [3|are considered for this purpose.

Uncertainty source \ Variables involved Number of samples
Observations for orbit determination | Asteroid’s position at first impact: 7in, 100, 000
Relative navigation system Relative velocity at impacts: V¢ 200
Impact location on the surface: r. 1,000
Observations for physical properties Asteroid’s mass: M,y 5,000
Momentum enhancement factor: 8 200

Table 3: Monte Carlo simulations settings.

A solution is considered robust if it satisfies both the minimum impact parameter requirement and
the asteroid fragmentation threshold, each with a 2¢- confidence level.

Observations for orbit determination. The covariance matrix associated with 2024 PDC25 position
vector in the Sun Centred Equatorial Inertial (SCEI) reference frame at the time of the first impact is
reported in Eq. [3] based on the work by D. Farnocchia shared during internal SMPAG discussion. This
matrix serves as the starting point for the generation of the N,,s = 100,000 Gaussian distributed samples.

5350 -167.62 —-57.00
Py=|-167.62 662.62 161.36|km? (3)
-57.00 161.36  93.30

The MC analysis is performed by considering the nominal deflection of each spacecraft, applied to a
random sample extract from the position error ellipsoid of the asteroid. All realisations satisfy both
southward deflection and fragmentation constraints, as it can be noted from the representation of the
possible deviations reported in As a consequence, the baseline solution is assessed to re-
spond robustly to perturbations of the initial position of the asteroid.

x 10?

-1.6

2.6 ‘ ‘ ‘ ‘
-40 -20 0 20 40 60
¢ [km]

Figure 2: Impact parameter variation due to asteroid’s position uncertainty for MKI nominal
mission.
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Relative navigation system: relative velocity at impacts. When relative navigation uncertainty is
taken into account, each velocity change associated with a position sample is subjected to uncertainty.
The dependence on the navigation’s system accuracy is modelled considering the diagonal 3 x 3 covari-
ance matrix P,,, expressed in the SCEI reference frame [17].

1002 0 0
Puwv=| 0 100> 0 |m?/s?
0 0  100?

Each element of the matrix represents the variance associated with any component of the relative
velocity and allows for the generation of N,,, = 200 Gaussian-distributed samples (§V.,,,), whose com-
ponents are independent one from another.

Once the samples are generated, they are used to compute the corresponding samples associated with
the uncertainty in the impact-induced asteroid’s velocity change. Because the position of the asteroid is
updated based on the sampled navigation error, the position error grows at every impact. With the three
spacecraft considered for the baseline solution, this results in the 2003 possible values for the impact
parameter, progressively displayed in Figure [3]

10*
5400 14
—-5600 =
§ §_1.45
5800 B
-1.5
-6000
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€ [km] & [km] € [km]
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Figure 3: Impact parameter variation due to relative velocity uncertainty for MKI nominal mis-
sion.

None of the samples fail to meet the robustness criteria, neither for the minimum impact parameter
nor for the fragmentation requirements. An increase of almost 200 km in the uncertainty associated with
the component of the impact parameter along the time axis is registered for each spacecraft.

Relative navigation system: impact location on asteroid’s surface. In the proposed nominal Multi-
ple Kinetic Impactor model, the velocity change is calculated by assuming that the relative velocity be-
tween the asteroid and the impactor spacecraft is directed towards the centre of mass of 2024 PDC25.
An additional assumption is made regarding the asteroid’s rotational state: 2024 PDC25 is preliminarily
considered to be non-rotating.
In this section we investigate the effects of different impact locations on the asteroid’s surface because
of relative navigation errors. The asteroid is now assumed to rotate around its axis of maximum mo-
ment of inertia [18] [19] with an assigned rotational period of 3 hours [12]. The misalignment effects are
addressed in terms of overall ||Av,y|| achieved and impact parameter. The orientation of the spin axis
with respect to the SCEI frame is identified by its right ascension (as = 253°) and declination (6, = 74°).
Moreover, the effective ellipsoidal shape of the asteroid is considered, with its semi-axes defined as:
Aot = 59.5 M, by = 122 M, and ¢, = 58.5 m.
Considering all the feasible impact locations on the asteroid’s surface (namely, those visible to the
spacecraft given its incoming relative direction) leads to different outcomes for the resulting velocity
change Av,, due to the different effect associated with the ejecta mass sputtering. To this aim, the as-
teroid surface is discretised into N; different impact locations by exploiting ellipsoidal coordinates. The
ejecta mass depends on the relative orientation between the spacecraft’s arrival velocity and the normal
to the discrete surface element being impacted. Therefore, for each discretised element, the incidence
angle is evaluated, and the corresponding ejecta mass is retrieved from the Impact and Explosion Crater
Database, utilising the Holsapple-Housen web tool [20].

For this analysis, only the propagation of the effect caused by the first impactor is quantitatively
analysed to determine the variation of the impact parameter in terms of order of magnitude. This

6



is because, after the first impact, the asteroid is likely to modify its angular velocity and establish a
tumbling motion, preventing a direct mapping of the impact location’s effect on the b-plane deflection.
However, this condition has not yet been modelled.

Figure [4] clearly illustrates the dependence of the variation of velocity on the impact location on
the surface of asteroid 2024 PDC25. The figure presents both the relationship between the ellipsoidal
coordinates and the variation in the norm of the impact-induced velocity change (on the left), and a direct
mapping between the cratering point and the variation of the norm of the achieved impact parameter with
respect to its nominal value (on the right). Notably, the overall velocity change is affected asymmetrically
by the contribution of the ejecta’s tangential velocity due to the asteroid’s rotation, with the magnitude
differing between enhancement and reduction cases. This is a consequence of the orientation of the
ejecta velocity with respect to the relative velocity between the asteroid and the spacecraft and may
differ if a different mission design is considered.

[B*[| = [1D* o[ [Ferme]
] 40
—sRelative Velocity
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— " 0
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(a) Relative velocity variation with polar and azimuthal angles. (b) Impact parameter variation with respect to the

nominal value.

Figure 4: Variations due to impact location uncertainty.

The designed mission appears to behave robustly with respect to the perturbations considered in
this section, as both the velocity increment and the impact parameter variation are such that the frag-
mentation threshold and the minimum impact parameter requirement are still met.

Observations for physical properties. Variations in the physical characteristics result in different im-
pact parameters and, eventually, different surface escape velocities, yielding different requirements for
the mission’s robustness assessment.

Given the N,, = 5000 possible physical realisations of 2024 PDC25, the difference in the achieved
impact parameter compared to that corresponding to the asteroid’s mean properties is evaluated. Each
physical realisation is defined by a specific density, equivalent diameter, and mass. Moreover, for each
density, N values for the momentum enhancement factor are considered, based on the 1o uncertainty
associated with the empirical relation between the momentum enhancement factor and the asteroid’s
density reported in Eq. (@) [14].

Past

B=(3.61+0.2) 2200 0.03+0.02 (lo) (4)
This procedure yields the distribution in Figure [Glwhere the the red dots mark the realisations that ex-
ceed 10 % of the escape velocity for the second impactor, not respecting the fragmentation constraints.
Quantitatively, the results show that the second spacecraft represents the most critical condition, with
39.76% of the samples not respecting the fragmentation avoidance limit. This is a consequence of the
fact that a mass decrement implies a reduction of the asteroid’s surface escape velocity, while also
yielding an increase in the velocity variation that the impactor provides to 2024 PDC25.
As an outcome, the three-spacecraft optimal maximum impact parameter mission can not be considered
a robust alternative when variability of 2024 PDC25’s physical parameters is taken into account.
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Figure 5: Impact parameter variation with physical properties.

3.3. Robust MKI mission design

Modifications to the baseline mission must be considered in order to identify a MKI solution capable
of performing robustly across all the uncertainty sources taken into account. A robust solution can be
identified by scaling the optimisation constraint relative to the maximum possible impact-induced veloc-
ity change, to ensure that the 10% escape velocity threshold is maintained for cases where momentum
enhancement factors reach values up to 6, including also a 30 % margin.

A mission involving six spacecraft ensures that 100% of the physical realisations comply with the frag-
mentation limit and guarantees that 97.95% of the physical realisations meet the minimum impact pa-
rameter requirement. Robustness is achieved by employing spacecraft with smaller launch masses,
which allow respecting the fragmentation requirement while still leveraging the optimal trajectory de-
sign. The mission design is summarised in Table [4] while impact locations are displayed in Figure 6]
For this particular solution, some refinements of the bounds associated with the optimisation variables
were needed for such a mission design. In particular, the minimum separation between launches was
reduced to three days.

—2024 PDC25 orbit e First Impact = Third Impact ¢ Fifth Impact
—Earth orbit 4 Second Impact # Fourth Impact e Sixth Impact

Figure 6: Impacts location along the asteroid’s trajectory for the robust MKI strategy.



Departure DSM Impact mge [kg] AvIN [mm/s]|  [|Av,ql] b* [km]
[—2.0026] 5 555
s/c 1|19 April 2030 | 21 April 2031 | 27 September 2032 | 288.89 -1.7211 3.18% v,y [—2387.056}
| -0.4090|
[—2.8894]
s/c 2|23 April 2030 | 15 April 2031 | 11 October 2032 | 453.84 —1.4346 3.89% v,y [—539252388}
| -0.5254
[~1.6884] 4305
s/c 3|28 April 2030 | 14 April 2031 | 25 October 2032 | 440.30 2.1139 3.54% v,q [—9485.468}
| -1.2398
[—-1.4367] C 4580
s/c 4| 03 May 2030 | 17 May 2031 | 08 November 2032 | 451.57 2.2438 3.55% Vese
13350 | —13022.296 |
[-0.4816] T
s/c 5|07 May 2030 | 15 May 2031 | 22 November 2032 | 310.99 2.6452 3.42% v,y _15656.365
| -1.0204] : :
[-1.5867] g5
s/c 6| 11 May 2030 | 10 June 2031 | 06 December 2032 | 218.36 1.3553 2.51% Ve S ei0153
—0.2836 - .

Table 4: Robust MKI mission main features.

The remainder 2.05% of physical realisations fail to meet the minimum impact parameter require-

ment. These realisations result from a high asteroid mass associated with a low momentum enhance-
ment factor; both these characteristics represent very unlikely extremes of the probability space, enforc-
ing the likelihood of a successful mission, supporting the choice of a 20 confidence level for assessing
mission robustness.
The six-spacecraft mission is a robust alternative for 2024 PDC25’s threat mitigation. This MKI mission
also enables the exploitation of successive pericenter passages of the asteroid to iteratively refine the
deflection, should the effective impact parameter fall outside the bounds predicted by the simulations
conducted in this study. This flexibility supports the decision not to design additional MKI campaigns
at this stage, as such follow-up missions can be planned at a later time based on the outcomes of the
primary campaign.

The mission design incorporates various sources of uncertainty, relying on models established in
previous research. However, selecting different models may lead to variations in key design parameters.
This is particularly relevant in the case of the momentum enhancement factor, whose value remains dif-
ficult to predict through empirical observations or numerical simulations. As a consequence, alternative
deflection strategies are considered. Even if characterised by a lower TRL, they are, in general, less
sensitive to the asteroid’s physical properties and still viable for near-term implementation.

4. Mission design for rendezvousing deflection strategies

4.1. Mission optimisation process

Differently from the MKI strategy, which exploits an impulsive trajectory design to reach the asteroid,
the remaining deflection strategies analysed in this work require to rendezvous with the target to perform
the deflection operations. Therefore, within the optimisation process a computationally efficient shape-
based low-thrust trajectory [21] is integrated with one of these deflection strategies models. For the
rendezvousing strategies, the global search of solutions through the genetic algorithm is the first stage of
the performed mission design. Once obtained the Pareto front, among its solutions the one maximising
the deflection on the b-plane of the close encounter is selected. The key parameters from the shape-
based low-thrust trajectory of the extracted mission, including the departure date, the spacecraft total
mass at launch my,,, the excess energy provided by the launcher, and the time of flight, are used
to refine the initial guess for the co-states and arrival time in the developed trajectory optimisation
algorithm. Exploiting the Pontryagin Maximum Principle [22], this algorithm determines the time-optimal
low-thrust trajectory to rendezvous with the asteroid while still ensuring a feasible spacecraft design.
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The minimum-time option is chosen as it enables the earliest possible arrival at the NEO, which can
be a great advantage especially for slow push/pull mitigation strategies, whose effectiveness directly
depends on the available time to perform the deflection.

4.2. Spacecraft subsystems design

For each rendezvous deflection strategy analysed, the design of the most critical spacecraft subsys-

tems is performed within the optimisation process. Their masses are then expressed as a percentage
of the total spacecraft mass at launch, my,,. The sum of these percentages is subtracted from unity to
determine the remaining mass available for the structure and any additional payload. To ensure mission
feasibility, optimisation constraints require this remaining fraction to be greater than 13% of m,,, and
the total fuel stored on board the spacecraft to be less than 65% of m,, .
Given the high TRL of NEXT-C thrusters, which were employed for the DART mission [23] and in accor-
dance with other mission analysis teams at SMPAG, these thrusters are selected for all the rendezvous
missions designed in this work. Furthermore, since in each mission the spacecraft mounts multiple
thrusters, they are all considered identical units. Therefore, they all share the same common properties
of NEXT-C, which are reported in Table [5]

| Pinyanax [KW] [ Fona, IN] | L 81 | 57 [=] | e, [ |
] 7.78 | 0235 [ 4190 | 06208 | 50 |

Table 5: NEXT-C thrusters main properties [24].

Specifically, in accordance with the NASA team at SMPAG, each NEXT-C thruster requires Piy, max =
7.78 KW at full power and produces a maximum thrust of Fn,, = 0.235 N. The specific impulse is
selected as I,, = 4190 s, as indicated in [24], and it is assumed constant throughout the entire mission.
Consequently, to maintain these agreed properties, the corresponding thruster efficiency, also assumed
constant, must be computed as shown in Eq. (5).

Fmax1 Isp 80

5
2Pin],max ( )

nr =
The solar panels sizing follows the approach in [25]. Moreover, radiators are designed to dissipate the
excess power generated throughout the mission, including its peak occurring at beginning of life.

4.3. Asteroid 2024 PDC25 percentiles properties

Table [6] presents the relevant physical properties of the most representative asteroid realisations,
which are extracted from the distribution provided in [12] and considered for the rendezvous deflection
strategies missions. Specifically, it includes the asteroid effective spherical diameter, d,sy = 2 Ry, itsS
bulk density, p.¢, mass, M.y, and albedo, as. Using the first three parameters, the surface escape
velocity, vese, €can be computed for each case. It is worth noting that the asteroid size range at epoch 2 is
around the 75" percentile of the size distribution at epoch 1. However, an uncertainty factor of 3.5 in the
asteroid mass still causes significant differences in deflection mission performance across the asteroid
size cases considered.

Case | du [m] | pus Tkg/m’] | M [kg] | s [-] | v [em)/s] |
Lowest Mass 147 1211 2.00x 10° | 0.221 6.05
50" Percentile 150 2207 3.93x10° | 0.179 8.33
Highest Mass 155 3598 7.03x10° | 0.090 10.99

Table 6: Asteroid 2024 PDC25 percentiles properties at Epoch 2 [12].

4.4. Rationale and timelines of rendezvous strategies campaigns

As described in Section asteroid 2024 PDC25 can be deflected either northward or southward
with any of the rendezvousing strategies. The following sections present solutions for both northward
and southward deflection missions, expressing the achieved deviation as a percentage of the impact
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risk chord length C. Specifically, for each mission designed the deflection is initially attempted in the
southward direction. If the requirement is respected, the achieved deviation is highlighted in blue. If
the southward requirement cannot be fulfilled, a northward deflection is attempted and, if successful,
the achieved deviation is marked in . However, if also deflecting northward cannot prevent the
asteroid impact, the best alternative would be to redirect the asteroid towards the Southern Ocean,
therefore the solution indicates the corresponding partial southward deflection in red.

The campaigns presented for the rendezvousing strategies are distinguished based on their departure
timing. Specifically, the early campaign involves a launch soon after the departure window opens in
June 2029, providing a stringent but still feasible mission development timeline. The primary campaign
launches in June 2031, the secondary campaign in May 2033, and the late one in June 2035. Finally,
it is important to note that the slow push/pull deflection missions presented in this study continue until
the asteroid close encounter with Earth in 2041. Therefore, the deflection performance indicated in the
results is fully achieved at the hazardous MOID.

5. Stand-off NEDs in “Carrier” configuration

The developed nuclear deflection strategy exploits one or more NEDs transported to the asteroid
on board a “Carrier” spacecraft. The rendezvous “Carrier” configuration allows to release the nuclear
devices from a vantage observation point. The detonations occur on the far side of the asteroid with
respect to the spacecraft, which is shielded from radiation and debris [5].

In the proposed model, the rendezvous with the asteroid is constrained to happen 4 - 23 months be-
fore perihelion, providing sufficient time to perform observations, collect data and prepare for deflection
operations. The NEDs are detonated in the vicinity of the following perihelion, with a time separation
of 14 days to allow the asteroid to recompact after each explosion. This commonly accepted interval
was selected in accordance with latest results from the DART mission [2], indicating that the ejecta from
Dimorphos no longer represented a threat after about two weeks from the spacecraft impact.

Following [5] and [26], the total impulsive évny. delivered to the asteroid by a nuclear stand-off explo-
sion results from the consequent energy release, primarily through X-rays, neutrons, gamma radiation,
and debris impacting the NEO surface. Given the greater energy release, fusion-based devices are
selected, with the fractions of energy among the components retrieved from [26]. To avoid an undesired
fragmentation of the asteroid, a limit must be imposed on the imparted 6vnu... The current heuristic
criterion proposed by NASA, based on the analyses of the DART mission outcome [14], indicates a
threshold between 4% and 10% of the asteroid surface escape velocity, v, depending on the value
of the momentum enhancement factor, 5. For this strategy, a conservative assumption is adopted by
setting 8 = 2. Accordingly, the fragmentation limit applied to each impulse is defined in Eq. (6).

OVNue < 4% Vese (6)

Since the stand-off detonation distance H strongly influences the Svn. imparted to the asteroid, it is
considered as an additional optimisation variable of the model. This enables the optimiser to control the
imparted impulses and respect the imposed fragmentation threshold.

5.1. Missions with stand-off NEDs strategy

The optimised early, primary, secondary and late deflection missions for asteroid 2024 PDC25 using
stand-off NEDs in the “Carrier” configuration are described in Table[7} where the deflection is expressed
as a percentage of the impact risk chord length C. Each campaign exploits a later asteroid perihelion to
perform the detonation events, consequently requiring an increasing number of devices to ensure the
deflection of the asteroid, at least northward, across all the considered size cases. To accommodate
an increased number of NEDs onboard, a corresponding decrease in the yield per device is required to
ensure spacecraft design feasibility. Reducing the charge of each device is not an issue, as the fragmen-
tation threshold already limits the maximum impulse that can be delivered. Additionally, the stand-off
detonation distance, H, introduced as an optimisation variable, can be adjusted by the optimiser to de-
liver an impulse as close as possible to the fragmentation threshold, to maximise the deflection. The
maximum number of devices needed to deflect the asteroid even at the last useful perihelion before the
close encounter with Earth is thirteen, each with a charge of 0.2 Mt. Future studies should investigate
the potential benefits of deploying even more devices, each with a lower yield of 0.1 Mt.
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Early (2032 Perihelion) | Primary (2034 Perihelion) | Secondary (2037 Perihelion) Late (2039 Perihelion)

5x0.4Mt | 7x0.3Mt| 5x0.4Mt 7 x 0.3 Mt 7 x 0.3 Mt 9 x 0.3 Mt 13 NEDs x 0.2 Mt
mge, kgl 10754.72 | 10813.41 | 10775.73 10819.65 10377.72 10871.90 11170.07
Lowest Mass 73.03 101.95 76.76
50" percentile 101.91 140.81 76.59 105.34 70.29 88.89
Highest Mass 134.56 185.82 101.05 139.52 92.70 115.24 74.83

Table 7: Stand-off nuclear deflection campaigns for asteroid 2024 PDC25.

The fragmentation limit, imposed directly on the imparted impulse and defined as a small percent-
age of the asteroid’s surface escape velocity, also explains the counter-intuitive result of larger deflection
achieved for larger asteroid size cases. Higher-mass asteroids are characterised by a greater escape
velocity, which allows the application of stronger impulses while still respecting the imposed fragmenta-
tion threshold, resulting in a larger deflection compared to lower-mass asteroid cases.

6. Single and Multiple lon Beam Deflection

Following the lon Beam Deflection (IBD) concept proposed in [10], the spacecraft is oriented such
that the ion beam from the primary thruster impinges entirely on the asteroid, transferring momentum
that gradually alters its orbit. Meanwhile, the nominal position of the spacecraft is maintained by sym-
metric firing of the opposing secondary ion thruster. This study implements two methods to enhance
the effectiveness of the IBD strategy. The spacecraft can be equipped with multiple pairs of identical ion
thrusters and more spacecraft can be considered to simultaneously target the asteroid with ion beams
from different positions. Therefore, the additional optimisation variables for the IBD models are the inte-
ger number of thruster pairs on each spacecraft, N, and the integer number of spacecraft, Ny..
Multiple spacecraft must be properly spaced to prevent interfering with each other. This can be achieved
by placing them in formation flight with the asteroid on a periodic orbit. However, a key consideration
in this setup is the partial cancellation of the deviation force exerted by multiple IBD spacecraft evenly
spaced on a formation orbit, applying thrust from opposing directions. While this reduces the net ac-
celeration imparted to the asteroid, results demonstrate that the MIBD strategy in formation flight still
achieves significantly better deflection performance than a single IBD spacecraft. The formation orbits
design ensures that each spacecraft remains within the maximum distance at which its ion beam fully
intercepts the asteroid surface. Simultaneously, the spacecraft must not be too close to the asteroid. In
fact, the closer they are, the larger is the contribution of deviation force cancelling out and the stronger
is the back-sputtering effect.

The instantaneous perturbing force experienced by the asteroid expressed in the local TNH reference

frame, FdTgH(t), is equal and opposite to the total force exerted by the primary thrusters on the space-
craft, as reported in Eq. (7).
Nyje
FINU(0) = =Npis Y Fpi(0) (7)

i=1

Where F;ff}*(t) is the instantaneous force vector produced by one primary thruster of each spacecraft,
also expressed in the local TNH reference frame centred at the asteroid.
In the single IBD model (Vs = 1), the spacecraft hovers in a position always aligned with the asteroid
velocity vector, either ahead or behind it depending on the direction of the desired deflection. Conse-
quently, the force produced by the primary thrusters is assumed to act along the tangential direction of
the asteroid heliocentric orbit. In the MIBD strategy, the total deviating force produced by the primary
thrusters, considering all pairs, Np.irs, @and all spacecraft simultaneously performing the deflection, N/,
accounts for the different firing directions of each spacecraft in the formation orbit. The perturbing ac-
celeration exerted on the asteroid by the Single or Multiple IBD spacecraft, a(r) = ajg; (1), is obtained by
dividing the instantaneous perturbing force by the asteroid mass, M.
As for the LA strategies, also in the IBD case the negative tugging contribution is taken into account.
Therefore, the total perturbing acceleration, a(¢), used in Gauss’ planetary equations to compute the
IBD deflection, also considers the tugging acceleration, a.,(7) expressed in the TNH reference frame,
as shown in Eq. (8).

a(t) = afpy (1) = @ug(0) (8)
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As the asteroid moves away from the Sun towards its aphelion, where the deflection is least effective,
the decreasing available power reduces the produced thrust, further diminishing the deflection perfor-
mance. To avoid inefficient fuel expenditure, the SIBD and MIBD models developed in this work allow
the thrusters to throttle down to half power, deactivating them when the available power per thruster
falls below this threshold. As a result, the deflection action is performed in arcs around each asteroid
perihelion and it is suspended while moving towards the aphelion.

6.1. Single and Multiple lon Beam Deflection missions

The optimised early, primary and secondary campaigns to deflect asteroid 2024 PDC25 with the

Single and Multiple IBD strategies are reported in Table (8l The approach adopted in these missions
design is to determine the minimum number of spacecraft needed to achieve a southward deflection
of the asteroid. For the smaller asteroid sizes and earlier campaigns, multiple IBD spacecraft are not
required to achieve a southward deflection. Specifically, the early mission with one spacecraft ensures
the deflection of the asteroid, at least northward, in all size cases. Instead, later campaigns and larger
asteroid size cases need an increasing number of spacecraft to achieve a southward deflection.
Since the optimisation variable Ny.i-; can vary from 3 to 6, the genetic algorithm explores feasible space-
craft configurations for all acceptable thruster pair values, leading to different deflection performances
in the Pareto front. Because the mission extracted from the Pareto front is the one achieving maximum
deflection, all the optimised mission options presented for this strategy employ the maximum allowed
number of thruster pairs, that is Ny.irs = 6. This corresponds to a power requirement at 1 AU of 93.36 kW.
Table [8 also highlights the large spacecraft mass required at launch for the IBD strategy, mostly due to
the significant amount of fuel needed to perform the deflection action.

Early - Launch June 2029 | Primary - Launch May 2031 Secondary - Launch June 2033
Mysye, kgl | Nyje [=1| 11671 [% C1| myye, [kgl | Noje (=1 16711 [% C1| mse, kgl | Ngje [=1] 11671 [% C]

Lowest Mass | 12171.07 1 153.75 |10651.21 1 114.00 11920.59 3 127.82
50" percentile | 12416.02 1 74.26 | 10304.53 2 102.69 10475.57 4 79.32
. 12413.23 2 76.11 | 10680.19 3 80.53 10427.69 6 98.68
Highest Mass
12176.69 1

Table 8: IBD deflection campaigns for asteroid 2024 PDC25.

It is worth mentioning the reduction of fuel amount per spacecraft required by a secondary IBD
mission, which loses two perihelia arcs compared to the early mission and one perihelion arc compared
to the primary mission to accomplish the deflection. Conversely, due to its high fuel requirement, the
spacecraft design for the IBD early mission is the closest among all strategies to the constraint on the
structure and any additional payload mass fraction being larger than 13% of m, .

7. Single and Multiple Laser Ablation

The Laser Ablation (LA) model developed in this work follows the one presented in [8] and [9]. Since
asteroid 2024 PDC25 is confirmed to be an S-type [12], the assumed material is forsterite (Mg, SiO,), a
common variety of olivine, typically used to represent the composition of S-type asteroids. The instan-
taneous perturbing acceleration imparted to the asteroid is expressed in Eq. (9), in which the asteroid
mass decreases in time due to the sublimated material expelled from its surface. The product of the
ejecta velocity, v, and the instantaneous sublimated material mass flow rate, ri,;,(¢), provides the instan-
taneous force acting on the asteroid, Fy,;, = S v ing(f). The parameter S ;. = 2/n is the scattering factor
of the ejecta plume, assumed constant.

S sc v msub(t)

Agup(1) = M) (9)

The sublimation acceleration is assumed to be aligned with the instantaneous tangential direction of the
asteroid heliocentric orbit, therefore it is expressed in the TNH reference frame as a,(¢) = [a,(?) 0 0]7.
In the Single LA configuration, the spacecraft maintains a stable hovering position, aligned with the
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tangential direction of the asteroid heliocentric orbit. The hovering distance is an additional optimisation
variable that significantly affects the deflection performance. In fact, the ablated material is assumed
to permanently deposit on exposed sensitive surfaces, such as solar panels, accumulating over time
and gradually reducing the solar array power output, which in turn decreases the ablation system per-
formance [9]. Therefore, achieving substantial deflection with a single spacecraft would require an
impractically high-power laser system. An alternative approach proposed in [27] involves one or more
spacecraft flying in formation with the asteroid. This configuration avoids low elevation angle regions,
characterised by a higher density of the ejecta plume. As a result, it reduces the degradation of the laser
system throughout the mission by limiting the accumulation of ejecta material on sensitive surfaces.

In this work, the formation orbits design follows the one reported in [28]. The spacecraft in close prox-
imity of the asteroid exert a gravitational pull on it, which is a negative tugging contribution to the overall
pushing effect produced by the ablation process. Therefore, the total perturbing acceleration to be
used in the Gauss’ planetary equations, reported in Eq. (10), also considers the tugging acceleration
expressed in the local TNH reference frame centred at the asteroid, a(?).

a(t) = agp(t) - atug(t) (1 0)

The laser power requirement at 1 AU, Py, is introduced as an additional optimisation variable reaching
up to 91 kW, a limit imposed by the sizing of solar panels, which become impractically large at higher
power levels. With this high power demand, each spacecraft requires a dedicated launch. However,
cost is not expected to be a main driver for an asteroid impact threat scenario, therefore this design
strategy is exploited to achieve better deflection performance for asteroid 2024 PDC25.

7.1. Single and Multiple Laser Ablation missions

For the single LA strategy, only two variations of the early deflection campaign are considered, as

later launches of one spacecraft yield insufficient deflection performance due to the power limitations
adopted in this study. In contrast, deploying multiple LA spacecraft in formation flight with the asteroid
significantly improves deflection performance, enabling the feasibility of early, primary, and secondary
deflection campaigns.
The two early campaigns for the single LA strategy are reported in Table[9] The key difference between
them lies in the hovering distance range. In fact, with the model developed in this work, hovering
closer to the asteroid leads to a greater accumulation of deposited ejecta material on solar panels,
significantly degrading their power generation capacity throughout the mission. This, in turn, reduces
the efficiency of the laser ablation system and ultimately lowers the achieved deflection. Conversely,
increasing the hovering distance mitigates the accumulation of deposited ejecta during the deflection
process. Although the spacecraft remains at zero elevation angle, where the plume density is highest
for a fixed distance from the illuminated spot, a greater distance results in a lower overall ejecta plume
density. This helps sustain a higher laser system efficiency over time, leading to greater deflection
performance. Specifically, the larger hovering distance option allows a southward deflection in the
Lowest Mass case and a northward deflection for the 50" percentile. Conversely, the lower hovering
distance campaign fails to prevent the asteroid impact, regardless of its size.

Early campaign - Launch June 2029

Low hovering distance High hovering distance
My, [Kgl| dnover (M| Pr,,, [KWT 1B [% C1| myye, [Kg | dhover [m] | Pp,,, [KW]|167]] [% C]
Lowest Mass | 8321.96 | 526.47 90.00 29.91 8401.83 | 1127.68 90.29 74.01
50" percentile | 8771.85 | 443.92 90.51 10.93 |9269.89 | 1154.30 | 90.26
Highest Mass | 8608.10 | 535.83 90.67 8.14 9244.37 | 1178.60 90.43 19.35

Table 9: SLA deflection campaigns in hovering configuration for asteroid 2024 PDC25.

A strong improvement in deflection performance is achieved when considering the formation flight
configuration, which proved to be highly advantageous even when using a single LA spacecraft. In
fact, as shown in Table [T0] one spacecraft operating in formation flight with the asteroid is sufficient to
achieve a southward deflection in the Lowest Mass and 50" percentile cases of the early campaign,
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as well as in the Lowest Mass case of the primary campaign. For later missions and larger asteroid
size cases, an increasing number of spacecraft is required to ensure a southward deflection, reaching
a maximum of four in the Highest Mass case of the secondary campaign. This value is lower than the
corresponding maximum number of spacecraft required in the IBD campaigns. However, this is primarily
due to the high power levels considered for the laser ablation system, and the partial cancellation of the
net thrust applied to the asteroid affecting the deflection performance of the MIBD strategy.

Early - Launch July 2029 Primary - Launch May 2031 Secondary - Launch May 2033

Pr,y [%CY | Ny [=1 16711 [% C1 | Pry, [KWT | Ny [=1]11671 [% CT | Pp,,, [KW]| Nyje [=1] 115711 [% C]
Lowest Mass 86.78 1 154.71 89.26 1 126.43 88.74 2 133.90
50" percentile| 86.92 1 78.83 89.56 2 118.21 89.86 3 99.28
Highest Mass | 87.10 2 89.57 88.78 3 104.54 89.50 4 76.16

Table 10: MLA deflection campaigns in formation flight with asteroid 2024 PDC25.

8. Standard and Enhanced Gravity Tractor

The standard Gravity Tractor model developed in this work follows the hovering configuration pro-
posed in [6]. This slow-pull technique exploits the mutual gravitational attraction between the NEO and
the spacecraft to apply a small but continuous perturbing acceleration, which is reported in Eq. (11).

G ms/c(t)
d2

hover

(11)

agt(t) =

Where diover is the hovering distance, my,.(¢) is the instantaneous spacecraft mass, decreasing due to
the consumption of fuel needed for hovering, and G is the universal gravitational constant.

The Enhanced Gravity Tractor improves the standard GT technique by collecting mass from the asteroid
surface to increase the spacecraft mass and enhance the gravitational attraction [7]. This work accounts
for the material collection with an additional fuel allowance equal to 5% of m,,, and a one-month pe-
riod after rendezvousing with the asteroid to acquire My, = 50 x 10° kg, before starting the deflection
process. The instantaneous perturbing acceleration imparted by the EGT spacecraft is expressed in
Eq. (12), where diov kot is the hovering distance of the EGT spacecraft, which increases with respect to
the GT case due to the larger spacecraft mass. The parameter mg.ggr(t) = myc(f) + Myin follows the
same decreasing law of the GT strategy, but with the spacecraft mass augmented of 50 tons and the
asteroid mass reduced by the same amount.

G [mS/C(t) + Mgain]

2
dhov,EGT

(12)

agct(?) =

Similarly to the LA models, the acceleration imparted by the GT and EGT is assumed aligned with the
instantaneous tangential direction of the asteroid heliocentric orbit.

8.1. Standard and Enhanced Gravity Tractor missions

For the GT and EGT strategies, only the early and primary campaigns are proposed in Table

as later missions do not provide sufficient warning time to achieve a significant deflection of asteroid
2024 PDC25. The standard GT option proves largely ineffective for this scenario. Even in the early
campaign, it fails to achieve a southward deflection in any of the asteroid size cases analysed. A
northward deflection is possible in the early mission for the Lowest Mass and 50" percentile cases,
while in the primary mission it is only feasible for the Lowest Mass case.
The EGT strategy significantly improves deflection performance compared to the standard GT. In the
early EGT campaign, a southward deflection is achieved for the Lowest Mass case, while a northward
deviation is possible for the other two cases. In the primary mission, the Lowest Mass case can still be
deflected southward, the 50" percentile allows for a northward deviation, whereas for the Highest Mass
case, the impact cannot be prevented.
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Early campaign - Launch June 2029 Primary campaign - Launch June 2031
Standard GT Enhanced GT Standard GT Enhanced GT
dhover [m] | [167[| [% C1 | dnov.ecr [m] | [1B*]| [% C1| dhover [m] | [167]| [% C1 | dhov.ecr [m] | 157 [% C]
Lowest Mass | 85.74 14717 124.32 85.29 148.74 80.52
50" percentile| 99.69 196.92 98.99 22.26 195.36
Highest Mass | 119.95 24.87 256.70 122.20 17.28 255.07 26.78

Table 11: Standard and Enhanced GT deflection campaigns for asteroid 2024 PDC25.

The hovering distance for the EGT strategy is larger compared to that of the standard GT strategy

for the corresponding asteroid size percentiles. This outcome is expected, as the gravitational attraction
increases significantly with the addition of M., to the spacecraft mass. As a result, the two thrusters
operating at full power are unable to maintain a closer hovering position.
Because of the additional fuel demand for the mass collection operations and for hovering with an aug-
mented spacecraft mass, the EGT strategy requires a fuel amount comparable to that of IBD missions,
yet the latter offers superior deflection performance. Furthermore, it is worth mentioning that the mass
collection subsystem was not explicitly designed, as it falls outside the scope of this work. However,
all EGT missions allocate sufficient mass for the structure and non-modelled subsystems, including the
collection mechanisms.

9. TRL considerations and preferred strategies

The GT strategy has a relatively high TRL, as it requires a spacecraft to simply hover near the as-
teroid. However, its performance to deflect asteroid 2024 PDC25 is very low given the warning time
available. The EGT improves deflection performance, but adds complexity to the mission architecture
due to the uncertainty and low TRL of the mass collection system. Furthermore, differently from the
GT, the EGT is affected by the asteroid properties and composition. Given these limitations, the gravity
tractor strategies can be ruled out as viable options to deflect asteroid 2024 PDC25.

The SLA strategy does not achieve sufficient deflection of the asteroid. However, using multiple laser
ablation spacecraft in a formation flight configuration significantly improves deflection performance. With
the considered laser system power levels, MLA requires fewer spacecraft than MIBD to ensure a south-
ward deflection of the asteroid. Despite this, laser ablation suffers from a lower TRL compared to ion
beam deflection. In fact, laser-based deflection technologies have never been operated at the high
power levels required to deflect asteroid 2024 PDC25. In contrast, IBD technology is expected to un-
dergo flight testing in upcoming space debris removal missions. Thus, while MLA offers promising
performance, IBD remains a more technically mature solution to deflect asteroid 2024 PDC25.

The MKI strategy has the highest TRL among all the considered strategies, enabling a relatively short
development time. This allows for the design of a single mission capable of exploiting the asteroid’s
2032 pericentre, while still granting the possibility to use successive perihelion passages. Table [12]
summarises the characteristics of the effective MKI mission for asteroid 2024 PDC25 full deflection.

Launch Ny [-]1 | Mass in space [kg] Perihelion Development time
April - May 2030 6 3229 1t November 2032 Sufficient

Table 12: Summary of MKI mission for asteroid 2024 PDC25.

The stand-off NEDs technique is the most effective single-spacecraft strategy for deflecting asteroid
2024 PDC25, with existing technology capable of delivering as many impulses as needed. Table
summarises the early, primary, secondary and late stand-off NEDs deflection campaigns for asteroid
2024 PDC25. A maximum of thirteen impulses is required to fully deflect the asteroid, at least northward
in all asteroid size cases, even when detonations are performed around the last useful perihelion before
the close encounter one.
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Mission Launch Mass in space [kg] Perihelion Nneps [—1
Early June 2029 10754.72 15t November 2032
Primary May 2031 | 10775.73 — 10819.65 | 15" December 2034 -
Secondary | June 2033 | 10377.72 — 10871.90 27" January 2037 -
Late June 2035 11170.07 12t March 2039 13

Table 13: Summary of stand-off nuclear deflection campaigns for asteroid 2024 PDC25.

The feasibility of a nuclear deflection mission is limited by the lack of full-scale tests of NEDs in
space, as well as significant political and legal constraints. Therefore, apart from the proposed MKI
deflection mission, the most promising deflection strategy among the others analysed remains I1BD,
whose early, primary and secondary campaigns are summarised in Table[14]

Mission Launch Ny [-] Mass in space [kg] Development time
Early June 2029 12416.02 Stringent
Primary May 2031 2-3 | 20609.06 — 30913.59 Sufficient
Secondary | June 2033 3-6 31426.71 — 62853.42 Extensive

Table 14: Summary of IBD campaigns to deflect asteroid 2024 PDC25.

The early IBD campaign with one spacecraft ensures a full deflection of the asteroid, at least north-
ward, in all asteroid size cases. However, it might have a too stringent mission development timeline.
Therefore, the primary campaign remains the most promising to deflect asteroid 2024 PDC25. Launch-
ing two spacecraft enables a southward deflection for the Lowest Mass and 50" percentile cases, while
a northward deflection for the Highest Mass case. Instead, launching three spacecraft ensures a south-
ward deflection also for the Highest Mass and provides redundancy if the asteroid turns out to be the
smaller size cases. The secondary campaign remains a back-up or alternative mission, providing longer
development time, but requiring more spacecraft to ensure a southward deflection of the asteroid.

10. Conclusion

This study has developed and optimised trajectory, reconnaissance and deflection missions to mit-
igate the hypothetical impact threat posed by asteroid 2024 PDC25. A robust mission design is pro-
posed with the MKI strategy, which includes uncertainty analyses in the key parameters associated with
this deflection technique. The mission design demonstrated the effectiveness of the MKI strategy in
successfully deflecting asteroid 2024 PDC25, while preserving sufficient flexibility to exploit the entire
warning time for additional deflection campaigns.

Less technically mature strategies also proved to be efficient in deflecting asteroid 2024 PDC25. This
work also focused on implementing and improving models of deflection techniques with a lower TRL
compared to the kinetic impactor, yet still feasible for near-term application with sufficient technological
advancements. Specifically, these deflection strategies rely on a low-thrust trajectory to rendezvous with
the asteroid, allowing for both a northward and southward deflection. As an impulsive alternative to the
Kinetic Impactors, the stand-off NEDs in “Carrier” configuration proved to be the most effective single
spacecraft strategy among all deflection techniques analysed. Instead, several continuous push/pull de-
flection strategies were deemed sufficiently advanced in TRL to be considered in this work: Single and
Multiple Laser Ablation, Standard and Enhanced Gravity Tractor, and Single and Multiple lon Beam De-
flection. For the rendezvousing strategies, optimised deflection campaigns were proposed with different
timelines, and a final comparison was conducted, based on their performance, technological readiness,
and feasibility within the available warning time. The stand-off NEDs in “Carrier” configuration and the
IBD techniques emerged as the most viable options to deflect asteroid 2024 PDC25. Nuclear deflec-
tion, while highly effective from the performance viewpoint, faces significant political and regulatory
constraints that currently limit the possibility of testing nuclear devices in space. Instead, IBD balances
technological and political feasibility, deflection performance and scalability, making it the optimal choice
along with the MKI, under realistic TRL advancement timelines.
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