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ABSTRACT
The attitude perturbations caused by large dust particle impacts on a three-axis stabilized spacecraft during
a high velocity encounter with a comet are studied. Specifically, a numerical model is used to make order
of magnitude estimations in relation to the European Space Agency’s Comet Interceptor mission and help
constrain requirements for guidance, navigation and control (GNC). Our model is able to reproduce the
measurements acquired by the spin-stabilized Giotto spacecraft during its encounter with comet 1P/Halley
in 1986. For realistic scenarios the total change in angular velocity that needs to be corrected can reach
1–10 ◦ /s. At closest approach the median shift of the target object on the Comet Camera (CoCa) detector is
typically larger then 10 pixels for the modelled scenarios. Our model shows that the encounter velocity, the
spacecraft radius and the attitude control rate are the most critical factors. For the free parameters scaling
laws are derived.

1. Introduction
All the comets encountered in previous cometary missions (e.g.
Giotto, Stardust, and Rosetta) were short period comets (period < 200
years). Short period comets have passed through perihelion many times
and thus have been altered by many physical processes arising from
passage into the inner Solar System.
Comet Interceptor is a new type of space mission. It is being
developed by the European Space Agency (ESA) with the goal of intercepting a long period comet (LPC), preferably one which is dynamically
new, or an interstellar object [1]. It is the first mission that will be
launched before its primary target has been found. The spacecraft will
be launched towards the Sun–Earth Lagrange Point L2 together with
ESA’s ARIEL mission. Comet Interceptor can wait at L2 for up to three
years until a suitable target is found. Potential back-up targets have
been described by Schwamb et al. [2]. This new approach is enabled by
advance in large sky surveys such as Pan-STARRS and ATLAS and the
next generation of sky surveys such as the Vera Rubin Observatory’s
Legacy Survey of Space and Time (LSST). These sky surveys allow
us to detect long period comets (LPCs) inbound at larger heliocentric
distances which give us longer warning times of their arrival in the
inner Solar System.

However, because the target object is unknown, this approach
comes with new challenges during the design-phase of the spacecraft.
The spacecraft and its instruments need to be designed to be as flexible
as possible to be able to handle a wide range of targets, encounter
geometries and potentially hazardous environments [1].
Here we focus on the dangers to attitude control arising from
dust particle impacts. The potential issues can be appreciated from
consideration of the results from ESA’s Giotto spacecraft. The Giotto
spacecraft passed comet 1P/Halley at a distance of 596 km on 13 March
1986 [3]. During the approach to the nucleus Giotto was repeatedly
hit by dust particles that were large enough to cause attitude perturbations [4]. The total change of Giotto’s velocity was 23 cm s−1 , which
corresponds to a total mass of 0.32 g impacting the spacecraft [5]. At
7.6 s before closest approach the impact of a large particle shifted the
angular momentum vector by more than 1◦ causing Giotto to lose the
telecommunications link to earth.
To illustrate further the importance of this question we can discuss
the imaging system on Comet Interceptor which is Comet Camera
(CoCa). CoCa has a field of view (FOV) of 0.69◦ × 0.92◦ . The size on
the detector of the nucleus of a comet of 10 km diameter at closest
approach (∼1000 km) is 0.57◦ . Thus, attitude perturbations of about
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1◦ would shift the nucleus out of the FOV. To optimize the time
that the nucleus is in the FOV an algorithm using sequential convex
programming has been published by Preda et al. [6]. In their work they
are already considering the possibility large dust particle impacts.
The dust particles will impact the spacecraft at velocities larger then
10 km/s and thus the impacts occur in the regime of hypervelocity impacts and have to be treated as such. Apart from the dust impacts during
cometary flyby missions hypervelocity impacts also occur commonly
due to space debris. To improve the effectiveness of spacecraft shielding
the problem of hypervelocity impact has been studied extensively in the
recent years (e.g. [7]; [8]; [9]).
A large fraction of the dust impacts occur during the time interval
between 50 s before and after closest approach [5]. The same time
interval is also of utmost importance for the acquisition of images
not only because the best resolution is achieved at closest approach,
but also because during this time the nucleus can be observed over
a large range of phase angles giving the most significant photometric
measurements of the nucleus.
This work further explores the issue of potential attitude perturbations caused by dust impacts by modelling different encounter scenarios
numerically. The goal of the work is to make predictions of the attitude
perturbations dust impacts will cause during the encounter for a wide
range of parameters to help constrain requirements on the spacecrafts
guidance, navigation and control (GNC) in order to keep the nucleus in
the field of view of CoCa.

outflow. Similar results have been found for comet 67P/Churyumov–
Gerasimenko, the Rosetta target comet [12]. The expression for the
local dust density is derived from the equation for force-free radial
outflow (see e.g. [13] for an introduction to this)
𝜌𝑑 (𝛥) =

𝑄𝑑
4𝜋𝛥2 𝑣𝑑

,

(1)

where 𝛥 is the distance to the point source, 𝑄𝑑 is the dust production
rate and 𝑣𝑑 is the outflow velocity averaged over all particle masses.
The dust mass distribution is modelled by using logarithmic particle
mass bins and assuming that the particles follow a power law distribution. The power law takes the form 𝑛𝑑 (> 𝑚) = 𝑘 ⋅ 𝑚−𝛼 , where 𝑛𝑑 (> 𝑚)
is the cumulative mass dependent number density with 𝑚 being the
particle mass, 𝛼 is the cumulative power law index and 𝑘 is a constant
that is used to normalize the mass dependent dust density to the bulk
dust density calculated with Eq. (1). The cumulative power law index
measured at 1P/Halley is 𝛼 = 0.88 for 10−9 𝑘𝑔 ≥ 𝑚 ≥ 10−13 𝑘𝑔 and
𝛼 = 0.55 for 𝑚 ≥ 10−9 by [14,15], which was derived from a power
law fit to measurements by DIDSY and PIA [16]. We chose to constrain
the range of the dust particles with a lower cutoff 𝑚𝑚𝑖𝑛 = 10−13 𝑘𝑔,
because the contribution of smaller particles to the total mass and the
total momentum transfer is negligible (e.g. [15] Figure 10) and the
chosen power law index is not valid for smaller particles. The higher
mass cutoff, 𝑚𝑚𝑎𝑥 , is chosen such that
𝑚𝑚𝑎𝑥

4𝜋𝛥2 𝑣𝑑 ⋅

∑

𝑛𝑑 (𝑚)𝑚 = 𝑄𝑑 ,

(2)

𝑚=𝑚𝑚𝑖𝑛

2. Methods

where 𝑛𝑑 (𝑚) is the mass dependent number density, which is based
on [15] Figure 10 and 4𝜋𝛥2 is the surface area of the sphere enclosing
the nucleus at a distance of 𝛥 = 600 km. Because the bulk dust velocity
is averaged over all particle masses and heavier particles have lower
velocities the bulk dust velocity is dependent on the higher mass cutoff.
Therefore, the higher mass cutoff needs to be determined by iteration.
The resulting higher mass cutoff is 𝑚𝑚𝑎𝑥 = 101.4 kg ≈ 0.04 kg. For this
model we use ten particle mass bins per decade.
The dust particle impacts are treated as a Poisson process. The
Poisson distribution is given by

Comet Interceptor is at an early stage in its design. Hence, we adopt
a general approach that might also be useful for future missions of this
type.
Because there is only limited knowledge about the spacecraft design
and the target object the modelling is approached by making reasonable
assumptions and using unknowns as free input parameters. In this
section the assumptions and parameters are explained. We use the
following approximations:
• Homogeneous mass distribution and cylindrical shape of the
spacecraft
• Force-free radial outflow of the cometary dust
• Particle size bins that follow a power law size distribution
• Poisson distribution for the number of dust impacts in a given
time
• The absolute dust particle velocity in the momentum transfer
equations has been neglected
• Idealized attitude control system.

𝜆𝑥
.
(3)
𝑥!
In our case, 𝑃 (𝑥) is the probability that there are 𝑥 dust impacts
in a given time and 𝜆 is the expected number of impacts in this given
time. The position of impact on the shield is drawn from a uniform
probability distribution. Due to the random nature of the dust particle
impacts we are running the simulation for many iterations in order to
make probabilistic statements. If not explicitly stated otherwise, we use
1000 iterations per scenario.
The velocity of individual large dust particles ejected from comet
1P/Halley were estimated to be in the range of 22–45 m s−1 for a dust
particle with a mass of 1.4 mg and 5.5–11 m s−1 for a dust particle with
a mass of 14 mg [17]. Compared to the expected encounter velocity for
Comet Interceptor in the range of 10–80 km/s [1] the velocity of the
dust particles is negligible. The velocity of the dust particle is therefore
ignored for the calculation of the momentum transfer.
For simplicity the modelled attitude control system is idealized,
which means that it is able to return the spacecraft to the original attitude instantaneously. In addition, the angular velocity of the spacecraft
is reset to zero each time the attitude control system acts. We currently
have no knowledge of the implementation of the GNC and we consider
this to be a best case. This approach is not a realistic representation of
an actual attitude control system, but it allows us to study on which
time-scale the attitude control system should act.
The unknowns can be reduced to the following parameters that are
used as inputs to the numerical simulation:
𝑃 (𝑥) = 𝑒−𝜆 ⋅

Without the knowledge of the specific spacecraft design we need to
make an educated guess about the moments of inertia of the spacecraft.
For the sake of simplicity it is assumed that the spacecraft has a
homogeneous mass distribution. Further, the shape of the spacecraft
is approximated by a cylinder. Therefore the first and second principal
1
moments of inertia are given by 𝐼1 = 𝐼2 = 12
𝑀(3𝑅2 + 𝐻 2 ), where 𝑀 is
the mass, 𝑅 is the radius and 𝐻 is the height of the spacecraft. The third
principal moment of inertia is 𝐼3 = 12 𝑀𝑅2 . A homogeneous Giottosized cylinder would have moments of inertia of 𝐼1 = 𝐼2 = 183.5 kg m2 ,
𝐼3 = 249.4 kg m2 . For comparison, the moments of inertia of Giotto at
the encounter were 𝐼1 = 201.9 kg m2 , 𝐼2 = 210.9 kg m2 , 𝐼3 = 241.3
kg m2 [10].
The local dust density around the nucleus is calculated by approximating the nucleus as a point source and assuming force-free radial outflow. Observations by the Halley Multicolour Camera (HMC) onboard
Giotto showed that the azimuthal average (azimuthally integrated dust
reflectance multiplied by the impact parameter) is approaching a constant value for distances larger than 60 km, which was equal to about
11 nucleus radii [11]. If the azimuthal average is constant the dust
velocity can be assumed to be constant, implying a force-free radial

• mass of the spacecraft, 𝑀
• radius of the spacecraft, 𝑅
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•
•
•
•
•

Table 1
Power law fitting parameters for the mass dependent dust velocities. The power law
has the form 𝑣𝑑 (𝑚) ≈ 𝑘 ⋅ 𝑚−𝑞 .

height of the spacecraft, 𝐻
dust production rate, Q𝑑
relative velocity at encounter, 𝑣
distance to nucleus at closest approach, 𝛥𝐶𝐴
time interval between attitude corrections, 𝛥𝑇

These input parameters create a parameter space where all the
parameters, except frontal area and height of the spacecraft, are linearly
independent. Thanks to the linear independence, the parameters can be
studied separately from each other. The changes in velocity and angular
velocity have a inverse linear relationship with the spacecraft mass at
the time of the encounter. The radius of the spacecraft is needed to
calculate the frontal area 𝐴 = 𝜋𝑅2 , which describes the cross-section
for collisions with the dust particles. The dust production rate describes
how active the object is. After the dust particles leave the surface of the
nucleus, they get accelerated by the outflowing gas because of the drag
force. To estimate the dust outflow velocity as a function of the dust
production rate a separate insulation driven model is used.
We generate our simulation results using the simulation pipeline
first described in [18] and used in several publications thereafter [12,
19–22]. In the simulations the gas flow is calculated with a DSMC
(Direct Simulation Monte Carlo) code in 3D around a spherical nucleus
of radius 𝑅𝑁 = 2 km out to a spherical boundary of 10 km from the
nucleus centre. The calculations for the gas field become expensive in
terms of computational power when increasing the production rate and
we therefore limit our maximum simulated gas production rate to 𝑄𝑔
= 200 kg/s. The dust-to-gas ratio is assumed to be 1. The dust particle
dynamics is calculated in a second step by taking into account forces
of gas drag (𝐹𝐷 ) and nucleus gravity (𝐹𝐺 ) through application of an
equation of motion of the form:
𝑚𝑑 ⋅ 𝑎⃗ = 𝑚𝑑 𝑔⃗𝑥 +

1
𝐶 𝑚 𝑛 𝜋𝑟2 |𝑉⃗ − 𝑉⃗𝑑 |(𝑉⃗𝑔 − 𝑉⃗𝑑 ),
2 𝐷 𝑔 𝑔 𝑑 𝑔

Production rate

2 kg/s

20 kg/s

200 kg/s

𝑞
𝑘

0.169
0.082

0.164
0.268

0.154
0.910

velocity of the dust particles, because the velocity of individual dust
particles is neglected.
In terms of dust hazard the encounter geometry is spherically symmetric, because a point source approximation is used. Therefore, the
only parameter needed to describe the trajectory of the spacecraft is
the distance to the nucleus at closest approach 𝛥𝐶𝐴 .
Because of our simplified modelling approach we get only one
input parameter in relation to the attitude control system. The input
parameter is the time interval in between the instantaneous corrections
of the attitude control system.
3. Theory/calculation
The relation of the change in velocity 𝛥𝑣 of the spacecraft with a
mass 𝑀 to the total mass of dust 𝑚0 impacting the spacecraft at a
velocity 𝑣0 is given by momentum conservation
(5)

𝑚0 𝑣0 = 𝛥𝑣𝑀 − 𝑚𝑟 𝑣𝑟 ,

where 𝑚𝑟 and 𝑣𝑟 are the mass and velocity of the ejected particles. This
equation implicitly assumes that velocities of the impact and ejected
particles lie along the same line. This assumption is justified by the
fact that due to symmetry reasons the momentum transfer in other
directions is cancelling itself out as illustrated by . Using Eq. (5), 𝛥𝑣
can be related to 𝑚0 as
(
)
𝑚 𝑣
𝑚 𝑣
𝑚𝑣
𝛥𝑣 = 0 0 1 + 𝑟 𝑟 = 0 0 (1 + 𝜖) ,
(6)
𝑀
𝑚 0 𝑣0
𝑀

(4)

with 𝑚𝑑 and 𝑟𝑑 being the dust particle mass and radius and 𝑎⃗ is the
dust acceleration. 𝑚𝑔 and 𝑛𝑔 are the gas molecular mass and number
density and (𝑉⃗𝑔 − 𝑉⃗𝑑 ) is the relative velocity of the dust particle to the
gas flow [23]. We only considered H2 O outgassing in our simulations.
𝐶𝐷 is the drag coefficient calculated using the relation given in [24] and
𝑔⃗𝑥 is the local gravitational acceleration. To calculate the gravitational
acceleration we assumed a bulk density of 537.8 kg/m3 [25] corresponding to the bulk density of comet 67P/Churyumov–Gerasimenko
measured during the Rosetta mission. Our simulated dust particles in
the size range between 10 nm and 1 dm are spherical and have a
similar density of 533 kg/m3 . In the sub-solar direction the gas drag
force dominates dust particle motion in the coma up to a certain size
limit dependent on the production rate. Particles for which the drag
force cannot overcome gravity are not lifted from the surface. The final
dust velocities for each particle size are then acquired by averaging the
velocities in all simulation cells between 9 and 10 km nucleus-centric
distance in a 30◦ cone around the sub-solar direction. In our analysis,
we used results from five simulated particle size bins per size decade.
The velocity of dust particles as a function of their radius is approximated by a power law fit of the form 𝑣𝑑 (𝑚) ≈ 𝑘⋅𝑚−𝑞 . The corresponding
fitting parameters are listed in Table 1. From these basic power law
relationships, we can estimate a dust velocity for an arbitrary particle
in our predefined range of 10−13 − 0.04 kg. To estimate a dust velocity
for higher dust production rates the velocities are extrapolated with a
power law fit of the form 𝑣𝑑 (𝑄𝑑 , 𝑚) = 𝑎(𝑚) ⋅ 𝑄𝑑 𝑏(𝑚) , where 𝑣𝑑 (𝑄𝑑 , 𝑚) is
the dust velocity of a given dust mass and 𝑎(𝑚) and 𝑏(𝑚) are the fitting
parameters. The bulk dust velocity is then estimated by averaging the
mass dependent dust velocities over all the mass bins by using the
total mass of each mass bin as weighting. This allows us to define 𝑣𝑑
in Eq. (1).
The encounter velocity describes the velocity of the spacecraft in the
reference frame of the comet. Looking at it from the reference frame
of the spacecraft, the encounter velocity is equivalent to the impact

𝑚 𝑣

where the momentum enhancement factor 𝜖 = 𝑚 𝑟 𝑣𝑟 is introduced
0 0
to describe the increase in momentum transfer due to hypervelocity
impact processes such as cratering [5]. The momentum enhancement
factor is depended on the impact velocity. We fit the momentum
enhancement factor by
𝜖 = 0.144 ⋅

(𝑣0 − 0.55)2
,
𝑣0

(7)

where 𝑣0 is the impact velocity in [km s−1 ] [26]. The change in angular
velocity caused by a single dust impact is
𝑚 ⋅ 𝑣 ⋅ 𝑎𝑖
𝛥𝜔𝑖 = (1 + 𝜖) 𝑑
,
(8)
𝐼𝑖
where 𝑚𝑑 is the mass of the dust particle and 𝑎𝑖 are the projections of
the impact position on the x- and 𝑦-axis. The x- and 𝑦-axis are defined
perpendicular to the movement direction. Explicitly this can be written
as 𝑎1 = 𝑎 ⋅ sin(𝜙) and 𝑎2 = 𝑎 ⋅ cos(𝜙), where 𝑎 is the distance of the
impact position to the 𝑧-axis and 𝜙 is the angle between the 𝑥-axis
and the
√ impact position. The total change in angular momentum is
𝛥𝜔 = 𝛥𝜔21 + 𝛥𝜔22 .
For spin-axis stabilized spacecraft such as Giotto, dust impacts
produce nutation. The magnitude of the nutation can be quantified by
𝛥𝐿
the nutation angle 𝜃 which is defined by tan 𝜃 = 𝐿 𝑇 , where 𝛥𝐿𝑇 is
3
the total change in transverse angular momentum and 𝐿3 is the third
⃗ The total change of transverse
component of the angular momentum
𝐿.
√

angular momentum is 𝛥𝐿𝑇 = 𝛥𝐿21 + 𝛥𝐿22 with 𝛥𝐿𝑖 = (1 + 𝜖) ⋅ 𝑎𝑖 ⋅ 𝑣 ⋅ 𝑚𝑑 .
To compare the simulated change in angular velocity 𝛥𝜔 with the
nutation angle measured by Giotto an equivalent formulation which
states 𝛥𝐿𝑖 = 𝐼𝑖 ⋅ 𝛥𝜔𝑖 can be used.
For the sake of simplicity it is assumed that there is no initial
nutation (𝐿1,0 = 𝐿2,0 = 0). Thus, the initial angular momentum of the
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Table 2
Comparison of our model with measurements taken by Giotto. The measured 𝛥𝑣 of Giotto is taken from [27]. The measured nutation angles are
taken from [4] (Fig. 1). The following input parameters are taken from [28] and [29]: 𝛥𝑇 = ∞, 𝑀 = 573.7 kg, 𝑄𝑑 = 30000 kg∕s,𝐻 = 1.1 m,
𝛥𝐶𝐴 = 596 km, 𝑣 = 68.373 km∕s, 𝑅 = 0.93 m.
Percentile

Total 𝛥v [cm s−1 ]

Nutation angle att = −200 s [◦ ]

Nutation angle att = −50 s [◦ ]

25th
50th (Median)
75th
95th
Measurement data

7.15
18.61
57.79
650.61
23.2

0.0003
0.0010
0.0047
0.0854
∼ 0.03

0.0052
0.0192
0.1025
2.3852
∼ 0.07

Fig. 1. The attitude perturbation at closest approach of each iteration are sorted from smallest to largest. The figure on the right shows the steep increase between the sorted
iterations 900–1000 on a logarithmic scale. The input parameters are set as 𝛥𝑇 = 1 s, 𝑀 = 500 kg, 𝑄𝑑 = 30000 kg∕s, 𝐻 = 1.5 m, 𝛥𝐶𝐴 = 1000 km, 𝑣 = 60 km∕s, 𝑅 = 1 m.

⃗ 𝑖𝑛𝑖𝑡𝑖𝑎𝑙 | = 𝐿0 = 𝐿3 = 𝐼3 ⋅ 𝜔3,0 with 𝜔3,0 = 2𝜋 where
Giotto spacecraft is |𝐿
𝑇3,0
𝑇3,0 is the initial spin period of the spacecraft. Hence, the initial spin
period of the spacecraft is required as an additional input parameter
for the modelling of Giotto.

Table 3
Percentiles for the number of impacts per particle mass decade. The relevant input
parameters are set as 𝑄𝑑 = 30000 kg∕s, 𝛥𝐶𝐴 = 1000 km, 𝑅 = 1 m.
Percentile

99th
90th
75th
50th

4. Results
4.1. Validation with the Giotto results
To validate we chose to apply our model to the Giotto mission
and compare it to measurements acquired during the encounter with
comet 1P/Halley. The model of the encounter of Giotto with comet
1P/Halley is different in only one aspect compared to the model used
for Comet Interceptor, which is that the spin-axis stabilization of Giotto
is taken into account when calculating the attitude perturbations. For
this comparison we use both the total change in angular velocity and
the nutation angle at 200 and 50 s before closest approach, which are
listed in Table 2.
Due to the random nature of the dust particle impacts it is important to understand the probabilities associated with the attitude
perturbations. To show this the iterations were sorted by the attitude
perturbation at closest approach in Fig. 1. In the specific simulation
case shown in Fig. 1 the expected value of the attitude perturbation
which is described by the mean is in the 99th percentile. Hence the
mean value provides a poor representation of the data-set as a whole
whereas percentile ranges provide a better representation.

Expected number of impacts per particle mass
1g

100 mg

10 mg

1 mg

100 μg

1
0
0
0

2
1
0
0

6
3
0
0

13
9
5
4

40
27
21
16

Table 4
Exponents b fitted to the medians based on a power law of the form 𝑓 (𝑥) = 𝑎 ⋅ 𝑥𝑏 using
a least-squares fit as seen in Fig. 4.
Parameter

Q𝑑

v

𝛥𝑇

R

Scaling law exponent b

0.82

3.61

2.85

3.63

the iterations is shown. The saw-tooth shape is visualizing how the
idealized GNC acts.
In Fig. 3 the attitude perturbations during the approach without any
attitude control are shown. We demonstrate that there is a net change
in the angular momentum of the spacecraft. In other words, the angular
momentum transfers of all the dust particle impacts are not cancelling
each other out, but there is a type of random walk occurring. This
shows that the momentum transfer to the spacecraft is dominated by
discrete impact events. The nucleus is shifted out of the FOV of CoCa
at 50.5 +48.9
seconds (median ± 25th and 75th percentile) before closest
−30.0
approach.
The model can also be used to calculate how many particles of a
certain mass impact the spacecraft. In Table 3 the percentiles of the
number of impacts per decade are shown for particle masses from 10−7
kg to 10−3 kg.
In Fig. 4 we show how the input parameters affect the resulting
attitude perturbations. The exponents of the trendlines, which are listed
in Table 4, give insight into the importance of a parameter. The effects
of the spacecraft height is shown in combination with the spacecraft
radius in Fig. 5. There are two input parameters that are not studied
in further detail, because their relation to the attitude perturbations
is apparent from the basic equations. They are the spacecraft mass 𝑀
and the distance at closest approach 𝛥𝐶𝐴 . Because of the assumption

4.2. Comet interceptor calculations
Here we are modelling the attitude perturbations for Comet Interceptor with a focus on the shifts these perturbations cause on the
detector of CoCa. The telescope of CoCa is a heritage of the CaSSIS
telescope (e.g. Thomas et al. 30) with a focal length of 875 mm and
an aperture of 13.5 cm. The detector size is 1504 × 2000 pixels with a
pixel scale of 8 𝜇rad.
In Fig. 2, we compare the attitude perturbations of a single iteration
to the median over all the iterations. The discrete nature of the dust
particle impacts is demonstrated in Fig. 2(a). Further, we show that
large dust particle impacts can happen tens of seconds before closest
approach. In Fig. 2(b) the median of each time point taken over all
246
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Fig. 2. The input parameters are set as 𝛥𝑇 = 5 s, 𝑀 = 500 kg, Q𝑑 = 30000 kg∕s, 𝐻 = 1.5 m, 𝛥𝐶𝐴 = 100 km, 𝑣 = 60 km∕s, 𝑅 = 1 m.

Fig. 3. Expected attitude perturbations without attitude control. The table shows the total change in the angular velocity of the spacecraft during the encounter. The input
parameters are set as 𝛥𝑇 = ∞, 𝑀 = 500 kg, 𝑄𝑑 = 30000 kg∕s, 𝐻 = 1.5 m, 𝛥𝐶𝐴 = 1000 km, 𝑣 = 60 km∕s, 𝑅 = 1 m.

of a homogeneous mass distribution the moments of inertia of the
spacecraft are proportional to the mass of the spacecraft. Thus, the attitude perturbations the spacecraft experiences are proportional to the
reciprocal of the mass. In a similar fashion, the attitude perturbations
are proportional to the reciprocal of the distance to the nucleus squared
𝛥(𝑡)−2 , because of the radial outflow approximation.

provide relevant results. Further, it implies that the approximations and
assumptions are appropriate when modelling the encounter with comet
1P/Halley by Giotto. However, the goodness of the approximations can
be different when modelling Comet Interceptor. More specifically the
approximation of the spacecraft as a cylinder with a homogeneous mass
distribution is good in the case of Giotto, but might eventually be poor
in the case of Comet Interceptor. In particular, larger structures like
solar panel or antennas that could potentially increase the frontal area
of the spacecraft significantly without adding a proportional amount
of mass could lead to significantly smaller moments of inertia than
estimated by using the assumption of a homogeneous mass distribution.
Therefore, the assumptions need to be reevaluated once the basic
spacecraft design is specified.
The exponents of the trendlines shown in Fig. 4 and listed in
Table 4 give us an estimate of the proportionality of the attitude
perturbations to the free parameters. The most crucial parameters are
the encounter velocity 𝑣, the spacecraft radius 𝑅 and the time interval

5. Discussion
The attitude perturbations simulated by our numerical model for the
Giotto case are in the same order of magnitude as the measured perturbations (see Table 2). Hence, the numerical model is able to reproduce
the measurements described by [4,27]. Because the measurements of
Giotto are only one data point of an observation that is subject to large
statistical fluctuations (see Figs. 1 and 2) we cannot draw any more
precise conclusions from this comparison. The reproduction of those
measurements does suggest however that the numerical model can
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Fig. 4. Boxplots showing the attitude perturbations at closest approach in dependence of (a) dust production rate, (b) encounter velocity, (c) time interval between the attitude
corrections and (d) spacecraft radius. The boxplots show minimum, 25th percentile, median, 75th percentile, mean (green triangle) and maximum. The trendlines are fitted to the
medians based on a power law of the form 𝑓 (𝑥) = 𝑎 ⋅ 𝑥𝑏 using a least-squares fit. The input parameters are set as 𝛥𝑇 = 1 s, 𝑀 = 500 kg, 𝑄𝑑 = 30000 kg∕s, 𝐻 = 1.5 m, 𝛥𝐶𝐴 =
1000 km, 𝑣 = 60 km∕s, 𝑅 = 1 m.

Fig. 5. Median attitude perturbation at closest approach for different combinations of the spacecraft radius and height. The other input parameters are set as 𝛥𝑇 = 1 s, 𝑀 = 500 kg,
𝑄𝑑 = 30000 kg∕s, 𝛥𝐶𝐴 = 1000 km, 𝑣 = 60 km∕s.

between attitude corrections 𝛥𝑇 . There are two different approaches to
rank the importance of the parameters. The first approach is to look
at the exponent of the trendlines whereas the second approach is to
look at the range of attitude perturbations inside the chosen range
of the parameter. With the first approach the spacecraft radius and
the encounter velocity are considered the most crucial followed by
the interval between attitude correction. However, with the second
approach the order is reversed with the time interval between attitude
corrections considered to be the most crucial parameter, followed by
encounter velocity and spacecraft radius.
The attitude perturbations 𝛥𝛷 are roughly proportional to the encounter velocity cubed (to be precise: 𝛥𝛷 ∝ 𝑣3.61 ) as shown in Fig. 4(b).
Hence, the difference between encountering an object with a prograde
orbit (𝑣 ≈ 30 km∕s) or with a retrograde orbit (𝑣 ≈ 60 km∕s) is about an
order of magnitude in terms of the experienced attitude perturbations.
This is due to the difference in the momentum of the dust particles,
the difference in the momentum of recoil particles (see momentum
enhancement factor Eq. (6)) and the difference in the number of dust
particle impacts in a given time interval. More precisely, the difference
in the total angular momentum change is proportional to 𝑣2.31 . But,

for a higher encounter velocity the spacecraft experiences the angular
momentum changes in a smaller time span. Thus, the attitude perturbations are larger unless the GNC is acting on a shorter time scale. As
seen in Fig. 4(d), the proportionality of the attitude perturbations to
the spacecraft radius is 𝛥𝛷 ∝ R3.61 for a given height of 1.5 m. There
is a stronger dependence on the radius for larger spacecraft heights
and a weaker dependence for smaller heights. The relationship between
attitude perturbations and time interval between attitude corrections is
𝛥𝛷 ∝ 𝛥𝑇 2.85 . However, there are many more free parameters associated
with the GNC than modelled in this idealized case. Therefore, the
implementation of the GNC is possibly more crucial than the encounter
velocity or the radius of the spacecraft.
One of the less influential input parameters is the dust production
rate. The attitude perturbations are proportional to 𝑄𝑑 0.92 . This can
be explained by the fact that the local dust density is proportional to
𝑄𝑑 ∕𝑣𝑑 and the bulk dust velocity is faster for higher production rates.
The least important input parameter is the height of the spacecraft,
because as seen in Fig. 5 the effect of the height is negligible in
comparison to the radius of the spacecraft. However, although the
attitude perturbations are only slightly lower for a higher spacecraft
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