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ABSTRACT

For interplanetary missions and missions to the Lagrangian
points, the compliance with planetary protection requirements
should be verified as spacecraft and launchers used for these
applications may be inserted in a trajectory that will impact
the Earth or other planets. A new tool, SNAPPshot, was
developed for this purpose. A Monte Carlo analysis is per-
formed considering the dispersion of the initial condition and
of other parameters such as the area-to-mass ratio. Each run is
characterised by studying the close approaches through the b-
plane representation to detect conditions of impacts and reso-
nances. The application of the tool to two missions (Solo and
BepiColombo) is presented.

Index Terms— planetary protection, Monte Carlo analy-
sis, b-plane

1. INTRODUCTION

Spacecraft and launchers used for interplanetary missions and
mission to the Lagrangian points may be inserted into or-
bits that can come back to the Earth or impact other planets.
This has already happened as in the case of the third stage of
Apollo 12 that was discovered to be in an orbit that gets tem-
porary captured by the Earth every 40 years [1]. Recently, the
object WT1190F, which is also supposed to belong to a lunar
mission, re-entered in the atmosphere [2].

The probability of these events to happen should be es-
timated during the phase of the design of a mission to en-
sure it is compliant with planetary protection requirements
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[3]. These requirements are in place to limit the risk of con-
tamination of celestial bodies due to space missions and they
prescribe a maximum allowed impact probability that should
be verified over a time window of 50-100 years, considering
possible inaccuracies of the launcher or failures of the propul-
sion system.

For this purpose, a new tool, called SNAPPSHOT (Suite
for the Numerical Analysis of Planetary Protection), was de-
veloped by the University of Southampton under a study for
the European Space Agency. The tool is based on a Monte
Carlo approach to study the dispersion of the initial conditions
of launchers or spacecraft. Each trajectory is then analysed
with the b-plane representation to identify impacts and reso-
nances with celestial bodies. In the rest of the paper, Section
2 will give an overview of the method and Section 3 will show
the application to the launcher of Solo and to BepiColombo.

2. SNAPPSHOT

SNAPPSHOT is a code written in modern Fortran for the
analysis of a mission compliance with planetary protection
requirements, based on a Monte Carlo analysis. Figure 1
shows a block diagram of the tool. The first main block is the
initialisation of the Monte Carlo (MC) simulation. The user
specifies the maximum allowed probability of impact with a
specific body and the desired confidence level, together with
providing the covariance matrix associated to the initial state
and, if necessary, additional distributions such as the one of
area-to-mass ratio (A/M). The tool computes the required
number of Monte Carlo runs and samples the covariance ma-
trix to obtain the initial conditions. Each initial condition is
propagated and then analysed with the representation on the
b-plane of the relevant bodies. The number of detected im-
pacts is computed: if the number is not compatible with the
requirements, the number of MC runs is increased until the
requirements are fulfilled or the maximum number of runs is
reached. At the end of the runs, the output is produced and its
post-processing is performed in MATLAB.
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Fig. 1: SNAPPSHOT building blocks.

2.1. Monte Carlo samples generation

The number of MC runs necessary to verify the planetary pro-
tection requirements is found by applying the expression of
Wilsons’s confidence interval as in Jehn [4] and Wallace [5].
Differently from the latter, the expression for the one-sided
interval is used.

The MC runs can be considered as a binomial process
with only two possible outcomes, generally labelled as suc-
cess and failure, which in the present application correspond
to impact and no impact. In the current implementation, the
user is asked to identify a reference body for this evaluation.
The selection of a reference body is used only to evaluate if
the number of MC runs should be increased, whereas impacts
with all considered celestial bodies are registered. In the re-
sults in Section 3, Mars is set as the reference body, so only
impacts with this planet will trigger the increase of the num-
ber required runs. This is done because Mars has more strin-
gent planetary protection requirements than other planets due
to possible presence of habitats (or their rest) on its surface.

The output of the MC is considered as a binomial variable
X ~ B(n,p), with n number of trials and p the success prob-
ability in each trial. The expression of the one-sided Wilson’s
interval is
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where p is the probability of success estimated from the sta-
tistical sample (e.g. p = ny/n, with n; number of impacts),
Zq 18 the a quantile of a standard normal distribution, « is the
confidence level [6].

In SNAPPSHOT, the user sets the value of the maximum
allowed p and the one of «.. The corresponding z,, is obtained
from a lookup table. At the beginning of the simulation no
impacts are recorded, so p = 0. In this case, Equation 1 can

be easily inverted to find the required number of runs

2
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If after n runs the number of impacts is different from zero,
Equation 1 should be used again, with the new value of p, to
update the value of n. Note that when p = 0, Equation 1
cannot be inverted analytically, so Newton’s method is used.
Jehn [4] proposed an analytical approximation of n = n(ny),
but this was not applied here because Newton’s method has
a fast convergence and the time spent in the computation of
n is negligible compared to the time used for the propagation
of the trajectories. The analysis is terminated when the com-
pliance is demonstrated or the maximum number of runs is
reached. This limit is currently set equal to 500000 runs. Al-
ternatevely, the user can set the desired number of MC runs.
Once the number of runs is defined (or updated), the cor-
responding initial conditions need to be generated. When the
dispersion of the initial condition is described by a covariance
matrix, Cholesky factorisation [7] is used to obtained corre-
lated deviations from random generated numbers. When the
case of the failure of the propulsion system is studied, the
random generated numbers are used to define the instants of
failure and the initial conditions are obtained by linear inter-
polation of the state vector at the closest times. Additional
distributions can be considered such as the one of the area-to-
mass ratio. In this case, the user provides the known values
(e.g. the minimum, the average and the maximum value) and
selects a distribution; currently, the uniform and the triangular
distribution are implemented.

2.2. Trajectory propagation

Once the initial state is defined, the trajectory is propagated
over 100 years, using Cartesian coordinates in the J2000 ref-
erence frame centred in the solar system barycentre. To keep
the tool flexible, the initial state of the object can be provided
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Fig. 2: Timing of the call of the ephemeris routines as a func-
tion of the number bodies.

by the user in a reference systems with different orientation
(e.g. the ecliptic one) or a different centre (e.g. the Sun).
When the results of the MC are shown in functions of the state
vector components (as in Section 3), then the body reference
is used because this reference frame offers a direct connection
to the physics of the evolution of the trajectory.

The integration is carried out in dimensionless variables
and the trajectory is propagated under the effect of gravi-
tational forces and the solar radiation pressure; additional
forces such as relativistic effects, will be included in the fu-
ture. For the solar radiation pressure, a simple cannonball
model is adopted
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where C'g, is the reflectivity coefficient, A/m the area-to-mass
ratio, @ the solar radiation pressure at a reference distance ¢
from the Sun and rgc s, the vector between the object and the
Sun. For the gravitational forces, the resulting acceleration ¥
on the launcher is obtained from
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where G is the gravitational constant, m; indicate the mass
of the celestial body j, rj is the distance between the body
and the object. The user can select which celestial objects to
include in the propagation, among the Sun, the planets, the
Moon and Pluto.

Three possible options for the ephemerides are included
in SNAPPSHOT and the computational time associated to
their calls is shown in Figure 2. The computational time
of ephemeris routines is crucial as it is one of the most ex-
pensive operations in the simulations performed in SNAPP-
SHOT; for the propagation of trajectories as the ones shown
in Section 3, the ephemeris routine is responsible for around
60% of the run time. The first option is the use of analytical
planetary ephemerides by Dysli [8]. These ephemerides are
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Fig. 3: Example of computational time break-down for the
integration of a trajectory using the analytical ephemerides.

expressed in terms of orbital parameters, so they are not di-
rectly suitable for the current application. In fact, the saving
in the computational time associated with the analytical for-
mulation vanishes because of the need of conversion to Carte-
sian coordinates (Figure 3). The other options are the use of
ESA routine for planetary ephemerides, based on JPL DE422
file, or the use of JPL SPICE toolkit'. The two approaches,
ESA planetary ephemeris routine and SPICE, and their inte-
gration in SNAPPSHOT were validated through the compari-
son with the ephemerides available on the Horizons platform?
for different objects (e.g. Apophis, New Horizon, Herschel).
The comparison between the two approaches highlighted that
the ESA planetary ephemeris routine runs faster than SPICE
toolkit, with a computational time lower than one fifth of
the one with SPICE for the studied cases. The bottleneck in
SPICE run time appears to be connected to the repetitive read-
ing of the binary kernel where the data on the ephemerides is
stored. For this reason, the attempt to speed-up SPICE by us-
ing low level functions (e.g. with restricted options in terms
of the reference system) resulted only in a marginal improve-
ment, with a reduction of the computational time around 12%,
so still far from the performance of ESA planetary ephemeris
routine. In addition, ESA planetary ephemeris routine allows
a thread-safe implementation, such that shared memory par-
allel programming (e.g. OpenMP) can be used. Even if paral-
lel programming has not been implemented yet in the current
version of SNAPPSHOT, future work aims to perform the MC
runs taking advantages of this possibility.

The trajectories are integrated with Runge-Kutta meth-
ods and two possible step size control techniques are imple-
mented. The first one is the classical adaptive step-size tech-
nique developed by Dormand and Prince [9]. Within this
class, the propagators RK4(3), RK5(4) and RK8(7) are cur-
rently implemented. SNAPPSHOT is implemented in such

'Available at http://naif.jpl.nasa.gov/naif/toolkit.
html.
2 Available at http://ssd. jpl.nasa.gov/horizons.cgi.



a way that additional Runge-Kutta integrators can be easily
added by only providing the corresponding values of their
Butcher tableau because a general function is used for all the
Runge-Kutta routines.

The other step-size control technique is the one of the reg-
ularised steps by Debatin et al. [10]. They observed that, in
the case of close approaches, the gravitational pull from the
planet can be considered as a quasi-impulsive force. If the
prescribed integration step, as obtained from the estimation
of the truncation error, is too large, the effect of the close ap-
proach may be missed. With the regularised step control tech-
nique this is avoided by relating the step size to the gravitation
component of the force acting on the object. The scaling fac-
tor for the step is obtained from the maximum eigenvalue A
of the Jacobian of the dynamics (considering only the effect
of gravitational forces) and Debatin et al. [10] provide an an-
alytical approximation for it
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where p; is the gravitational constant of the j-th considered
body. During the integration, the step is rescaled as

A(ty,)
A(thrl) .

To initialise the method and have a reference on its accuracy
level, the first step of integration is performed using the adap-
tive step-size control technique, using a propagator with the
same order as the one where the regularised steps are applied.
For this reason, the regularised-step technique was adopted
for the propagators RK4, RK5 and RKS8. Also in this case an
extensive comparison was performed, finding that the clas-
sical adaptive technique presents the shortest computational
time and no issues in dealing with close approaches.

In addition to the implementation of the Runge-Kutta
method, the propagator in SNAPPSHOT includes two fea-
tures. The first one is the ability of obtaining the value of
the state vector on a finer time grid than the one used for
the propagation (dense output). This is achieved by using a
continuous Runge-Kutta formulation for the adaptive method
RK5(4) [11] and a Hermit cubic interpolation for the other
cases [12]. Future work will implement a continuous Runge-
Kutta formulation also for the RK8(7). The second feature
is the possibility for the user to provide event functions, i.e.
conditions that trigger the stop of the propagation or the sav-
ing of the state vector. For example, event functions are used
in the current application to halt the propagation when the
object is colliding with a planet (i.e. distance from the planet
smaller than the radius of the planet). The event function can
depend on a combination of values of the state vector (as in
the case of the distance) and a defined threshold value (e.g.
the radius of the planet). The user can decide if the event
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Fig. 4: B-plane definition (in blue). In grey the trajectory of
the object at the close approach. U is the object planetocentric
velocity.

should be registered whether the threshold is reached from
larger or smaller values or any case. The user can also decide
if the condition when the event happens needs to be precisely
identified: this option, not used at the moment, will be useful
in the future to trigger the analysis of a close-approach on the
b-plane, described in Section 2.3, directly at the entrance of
the sphere of influence and not in post-processing as in the
current implementation.

2.3. B-plane analysis

Once the trajectory of the studied object is propagated, the
characteristics of the close approaches, if any, are analysed
through the representation on the b-plane. A close approach
is detected when the distance of the object from any celestial
body is lower than the radius of the sphere of influence of the
body. The radius of the sphere of influence (Rsor) of the body
7 is defined as

2
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where a; is the mean value of the semi-major axis, j; is the
gravitational constant of the body, s the one of the refer-
ence body, which is the Sun when j refers to the planets and
Pluto, and it is the Earth when j refers to the Moon. When the
distance from a body j becomes lower than Ry, ;, the object
trajectory starts to be represented on the b-plane of the body.

The b-plane is defined as the plane perpendicular to the object
planetocentric velocity U (Figure 4). The following reference
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Sphere Of Influence. Figure re-adapted from Davis et al. [13].

system is defined [14]:
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where U is the relative velocity of the object with respect with
the celestial body, and vy, is the body velocity around the Sun.
The coordinate 7 is parallel to the planetocentric velocity U; é
is parallel to the projection of the velocity of the body vy, in the
b-plane, but with opposite direction; é completes the positive
reference system. The point B is obtained as the intersection
of the incoming asymptote and the b-plane and its distance, b,
from the centre is called impact parameter.

An impact is detected when the impact parameter is
smaller than the radius of the planet: this case is indicated by
the red dot in Figure 5. In the same figure, also the blue point
result into an impact as it is within the impact region defined
by the grazing trajectories to the planet. Besides the detection
of impacts, the b-plane offers additional information as it
allows the separation of the effect of the distance and of the
phasing in the analysis of the close approach.

For example, Figure 6 shows the b-plane for the close en-
counter of Apophis with the Earth in 2029. In this case, the
point of close encounter has a large value of the ( coordi-
nate meaning that the impact does not occur because of the
phasing between the Earth and Apophis. On the other hand,
a large value of £ would indicate a large geometrical distance
between the two orbits. Therefore, the representation of the
close approaches on the b-plane offers a deeper characterisa-
tion of the close approach than the study of the miss distance
only.

Another state that can be represented on the b-plane is the
resonance between the object and a celestial body. Thanks
to the analytical theory by Valsecchi et al. [15], these condi-
tions can be represented on the b-plane as circles (Figure 6),
whose radius and centre depends on the geometry of the close
approach and on the value of the resonance. Beside the de-
tection of impacts, SNAPPSHOT also identifies conditions of
resonances and these states are used to characterise the single
MC run.
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Fig. 6: Representation of the close approach of Apophis with
the Earth on the b-plane. The thick black line represents the
radius of the Earth, the dashed line the radius of the impact
region and the grey circles the conditions of resonances.

Even if multiple close approaches may be recorded in a
single trajectory, only one state should be selected to charac-
terise the trajectory. Two options are currently implemented
in the tool: the choice of the condition at the first close ap-
proach or the one at the worst encounter. The first option
was motivated by the fact that the first close encounter is also
the one with the lowest uncertainty and the detection of res-
onances can be used to estimate the probability of impacts
in the future. However, when the compliance with planetary
protection requirements should be verified, it becomes essen-
tial to perform the numerical propagation for the whole pre-
scribed time window. As a consequence, the conditions to
identify the worst close encounter should be defined. Also in
this case two options are considered in SNAPPSHOT. In the
first case, indicated as distance-based selection, the close ap-
proaches are chosen considering their distance from the celes-
tial body, which may or may not be normalised by the radius
of the sphere of influence of the planet. In the second case,
called state-based selection, the identification of the worst
close encounter depends on the state of the trajectory (e.g.
simple close approach, resonance, impact) and on the celes-
tial body involved in the encounter. This approach is partic-
ularly suitable for the application to planetary protection as
the planets have different requirements. When using this ap-
proach, the user can provide a list of priority of the celestial
bodies (e.g. events with Mars are more important than the
ones with Mercury) to ensure that the close approaches with
specific celestial bodies are highlighted.



3. RESULTS

The method was applied to verify the compliance of a mission
considering two scenarios: in the first case, the dispersion of
the initial condition due to the inaccuracy of the launcher is
considered; in the second case, the dispersion derives from
potential failures of the propulsion system on the spacecraft.
Two applications belonging to the first scenario are discussed
in [16], where the compliance with planetary protection re-
quirements is studied for the launcher of Gaia and the one of
BepiColombo. In the following, the case of the launcher of
Solo will be presented, together with the study of the failure
of the propulsion system of BepiColombo.

3.1. Dispersion of the launcher

For the first application, the dispersion of the initial condition
of Solo is studied with the approach presented in Section 2.
The covariance matrix associated with the initial state vector
of the launcher is used to generate the dispersion of position
and velocity. The parameters of the simulations are reported
in Table 1. A test with 1000 MC runs was performed; the
effect of solar radiation pressure is not considered.

Figure 7 shows the dispersion of the MC runs in terms of
the deviation from the initial nominal velocity: Av, indicates
the velocity deviation in the along-track direction and Awv, the
deviation in the radial direction. Each dot corresponds to one
MC run and the colour depends on the classification based on
the worst close approach. It is interesting to observe how the
trajectory of the launcher of Solo can interact with three dif-
ferent celestial bodies. The vast majority of the cases (989)
enters in the sphere of influence of Venus, with 266 cases
of resonances and 51 impacts. A few cases (10) result into
resonances with the Earth and one case in a close approach
with Mars. As in previous results obtained for the launcher
of BepiColombo [16], the different trajectory states appear as
bands in the diagram of the velocity dispersion.

The distribution of the close approaches with Venus on its
b-plane is shown in Figure 8. For the launcher of Solo, the tra-
jectories go directly to Venus, differently from the case of the
launcher of BepiColombo, where a fly-by of the Earth was re-

Table 1: Parameters for the simulation of the dispersion of
the launcher of Solo.

Number of MC runs 1000
Number of impacts 51 (Venus)
Propagation length 100 years
Propagator RKS8(7)
Ephemeris Improved ESA routine
Computational time 17 minutes
When multiple CA worst case

Worst definition state-based
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Fig. 7: Velocity dispersion and trajectory characterisation for
the Monte Carlo analysis on the launcher for Solo. CA indi-
cate a close approach. Awv, is the velocity deviation in the
along-track direction, Aw,. is the velocity deviation in the ra-
dial direction.
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Fig. 8: Representation of the worst close approaches for the
1000 Monte Carlo runs of the launcher of Solo on the b-plane
of Venus.



sponsible for the entrance in the sphere of influence of Venus
[16]. From Figure 8 it appears how the dispersion of the ini-
tial state affects mostly the phasing between the launcher and
the planet (variation of the coordinate ().

3.2. Failure of the propulsion system

In this second application, the failure of the propulsion sys-
tem of BepiColombo is studied, considering potential fail-
ures of the propulsion system during the Earth-to-Earth arc.
The trajectory is provided to the program as an input text file.
SNAPPSHOT generates random failure time instants within
the thrust arcs. The state vector associated to the failure time
is obtained by linear interpolation of the state vector between
the two closest times. The parameters of the simulations are
reported in Table 2. The number of 54114 corresponds to the
verification of the planetary protection requirement of a prob-
ability of impact with the reference body (Mars) lower than
10~4, with a confidence level equal to 99%. In total, 28 im-
pacts with the Earth were found.

Figure 9 shows the summary of the Monte Carlo analysis,
representing for each run the coordinates of the worst close
encounter on the b-plane of the Earth, so the points may refer
to different time of close approach. The blue points repre-
sent conditions of impact: as explained, they are found also at
distances larger than the radius of the Earth, indicated in the
figure by the thick black line, because all the points within
the impact region defined in Section 2 result in impacts. The
light blue points indicate conditions of resonance and 6542
runs belongs to this category. Finally, dark grey points rep-
resent simple close approaches, i.e. all the cases where the
spacecraft enters the sphere of influence of the Earth. This
happens for more than 35% of the simulated cases (including
the ones that result in impacts and resonances). Looking at
Figure 9 one can notice how the points are distributed along
a distinct vertical line (and some less defined ones). These
lines corresponds to close approaches with similar conditions
at the entrance of the sphere of influence, with only a variation
in the phasing between the spacecraft and the Earth.

Figure 10 shows the distribution of resonances and im-
pacts with the failure time and the minimum distance from

Table 2: Parameters for the simulation of the failure of the
propulsion system of BepiColombo.

Number of MC runs 54114
Number of impacts 28 (Earth)
Propagation length 100 years
Propagator RKS8(7)
Ephemeris Improved ESA routine
Computational time 104 minutes
When multiple CA worst case
Worst definition state-based
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Fig. 9: Worst close approaches of BepiColombo represented
on the b-plane of the Earth.
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Fig. 10: Close approach state represented as a function of the
time of failure and of the distance from the Earth. Thrust arcs
extend from 6953 to 7021 and from 7115 to 7242.
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Fig. 11: Distribution of the time of worst close approach for
the failure of BepiColombo propulsion system. The time O
refers to the epoch 6953 MJD2000.

the Earth. Focussing on the dark blue dots on the x-axis, one
can notice how failures in both the considered thrust arcs may
result into impacts with the Earth. Moreover, the probability
of impact and resonances seems the same for failures in both
thrust arcs.

Finally, Figure 11 shows the distribution of the time of the
worst close approach, considering as origin of the x-axis the
epoch of the first point of the first thrust arc (6953 MJD2000).
The two thrust arcs cover a period of nine months and a half;
failures from both arcs contribute to the peak in Figure 11
between one and two years after the reference epoch. The
peak contains more than 12000 cases.

4. CONCLUSIONS

The compliance with planetary protection requirements needs
to be verified for all interplanetary missions and missions to
the Lagrangian points as the spacecraft and the launchers used
for these applications may be inserted into trajectories that
can impact a celestial body. The requirements are usually de-
fined in terms of a maximum allowed impact probability over
50-100 years and they should be verified considering possible
inaccuracies in the launch system or failures on the spacecraft.

A new tool, SNAPPSHOT, was developed for this pur-
pose: it is based on a Monte Carlo approach and the represen-
tation of close encounters on the b-plane. The simulation is
initialised by setting the maximum allowed impact probabil-
ity and the desired confidence level. From these two param-
eters, the number of runs necessary to verify the requirement
is derived and increased if impacts with a reference celestial
body are detected. The method can be applied to study the
dispersion of the launcher, as described by covariance matrix,
or the failure of the propulsion system, generating random
failure times. In both cases, additional distributions, such as

the one of the area-to-mass ratio, may be considered.

Each initial condition is propagated using a Runge-Kutta
method. The effect of gravitational forces and of the solar ra-
diation pressure is considered. Three options are available for
the ephemerides of the celestial body, among which the ESA
routine proved to be the fastest. Several integrators based on
Runge-Kutta methods are available, together with two main
techniques for the control of the step-size. The first one is the
traditional adaptive technique, the second, called regularised
steps, scales the steps according to the evolution of the dy-
namics.

Once the trajectory is obtained, it is analysed to detect
close approaches with celestial bodies. The entrance in the
sphere of influence of a body is used as the definition of a
close approach and, under this condition, the representation
on the b-plane is used. This enables the identification of im-
pacts and resonances with a celestial body. If along a trajec-
tory more close approaches are registered, the first one or the
worst can be used to define the output of the MC run. In the
latter case, the worst close approach can be defined as the one
with the minimum distance from a celestial body or as the
most critical one depending on the state of the trajectory (e.g.
resonances) and the involved celestial body.

SNAPPSHOT was applied to study two cases: the evolu-
tion of the trajectory of the launcher of Solo and the failure
of the propulsion system of BepiColombo. In the first case, it
was found that the trajectory of the launcher can interact with
Venus, Earth, and Mars. The distribution of the different tra-
jectory state with the initial velocity deviation shows the pres-
ence of bands corresponding to specific states (e.g. impacts
with Venus). In the second case, the failure of the propulsion
system of BepiColombo was studied. 54114 Monte Carlo
runs were performed to demonstrate that the probability of
impact with the reference planet (Mars) is below 1074, with
a confidence level equal to 99%. Whereas no impacts with
Mars were detected, 28 impacts with the Earth were regis-
tered, originating from failures in both the studied thrust arcs.

The propagation for 100 years and the trajectory analysis
require around 1 s for each Monte Carlo run in the case of the
launcher of Solo and even less for the case of BepiColombo.
For this reason, this approach appears suitable for the study
of a large number of samples. A similar approach could be
extended to the study of robust manoeuvre design and to the
one of deflection strategies for asteroids.
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