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A B S T R A C T

A comet flyby, like the one planned for the Comet Interceptor mission, takes place under conditions that
remain largely unknown up to the moment of encounter. A detailed trajectory design phase, which includes
verification of the technical limitations implied by the flyby geometry, precedes target comet selection. Thus
the flyby velocity and the solar zenith angle at closest approach are known in advance. Solar irradiance and
the neutral gas expansion speed can be estimated reasonably well. However, the comet outgassing rate, the
dust production rate, and the solar wind conditions are only known within broader uncertainty margins. The
present paper aims to optimally choose the one degree of freedom that is available for tuning the flyby
conditions: the distance of closest approach. This choice is based on a simplified formalism that expresses,
on one hand, the science return to be expected as a function of the closest approach distance, and, on the
other hand, the risks implied by a close approach. This is done by performing Monte Carlo simulations over
a large sample of possible comet flyby configurations, based on the expected probability distributions of the
gas and dust production rates and the solar wind conditions, for different closest approach distances. For
small flyby distances, a spacecraft has the opportunity to study the nucleus, the neutral gas coma, and the
induced magnetosphere from up close, benefiting the science return. There is a trade-off to be made against
the cometary dust collision risk, which becomes larger close to the nucleus. This trade-off is illustrated for
the case of the Comet Interceptor main spacecraft and the two probes it plans to release. The change of the
optimal flyby distance with gas and dust production rate, solar EUV flux, and flyby speed is discussed.
1. Introduction

Apart from the European Space Agency’s (ESA’s) Rosetta mis-
sion (Taylor et al., 2015), comet exploration has been conducted
with flybys. The most notable ones visited 1P/Halley, with the Giotto
spacecraft passing at ∼600 km distance from the nucleus, and Vega 1
and 2, Suisei, and Sakigake farther out (Reinhard, 1986). Other flybys
include Giotto’s passage past 26P/Grigg–Skjellerup (Morley, 1991;
McDonnell et al., 1993), Deep Space 1 at 19P/Borrelly (Boice et al.,

∗ Corresponding author at: Space Physics Division, Royal Belgian Institute for Space Aeronomy (BIRA-IASB), Ringlaan 3, B-1180, Brussels, Belgium.
E-mail address: Johan.DeKeyser@aeronomie.be (J. De Keyser).

2000), ICE at 21P/Giacobini-Zinner (Brandt et al., 1985), Stardust at
81P/Wild 2 (Brownlee et al., 2006) and at 9P/Tempel (Veverka et al.,
2013), and Deep Impact at 9P/Tempel (A’Hearn et al., 2005) and at
103P/Hartley2 (A’Hearn et al., 2011). Despite the short period during
which scientific measurements of the comet environment can be made,
a flyby allows to study these intriguing objects at a limited cost.

Preparations are currently underway for Comet Interceptor (CI), an
F-class mission in the ESA Science Programme, that will attempt a flyby
of a long-period comet, ideally a dynamically new one (Snodgrass and
https://doi.org/10.1016/j.pss.2024.106032
Received 11 July 2024; Received in revised form 4 November 2024; Accepted 17 D
vailable online 24 December 2024 
032-0633/© 2025 The Authors. Published by Elsevier Ltd. This is an open access art
c-nd/4.0/ ). 
ecember 2024

icle under the CC BY-NC-ND license ( http://creativecommons.org/licenses/by- 

https://www.elsevier.com/locate/pss
https://www.elsevier.com/locate/pss
https://orcid.org/0000-0003-4805-5695
https://doi.org/10.18758/nn9g6vno
https://doi.org/10.18758/nn9g6vno
https://doi.org/10.18758/nn9g6vno
https://doi.org/10.18758/nn9g6vno
https://doi.org/10.18758/nn9g6vno
https://doi.org/10.18758/nn9g6vno
https://doi.org/10.18758/nn9g6vno
https://doi.org/10.18758/nn9g6vno
https://doi.org/10.18758/nn9g6vno
https://doi.org/10.18758/nn9g6vno
https://doi.org/10.18758/nn9g6vno
https://doi.org/10.18758/nn9g6vno
https://doi.org/10.18758/nn9g6vno
https://doi.org/10.18758/nn9g6vno
https://doi.org/10.18758/nn9g6vno
https://doi.org/10.18758/nn9g6vno
https://doi.org/10.18758/nn9g6vno
https://doi.org/10.18758/nn9g6vno
https://doi.org/10.18758/nn9g6vno
https://doi.org/10.18758/nn9g6vno
https://doi.org/10.18758/nn9g6vno
https://doi.org/10.18758/nn9g6vno
https://doi.org/10.18758/nn9g6vno
https://doi.org/10.18758/nn9g6vno
https://doi.org/10.18758/nn9g6vno
https://doi.org/10.18758/nn9g6vno
https://doi.org/10.18758/nn9g6vno
https://doi.org/10.18758/nn9g6vno
https://doi.org/10.18758/nn9g6vno
https://doi.org/10.18758/nn9g6vno
https://doi.org/10.18758/nn9g6vno
https://doi.org/10.18758/nn9g6vno
https://doi.org/10.18758/nn9g6vno
mailto:Johan.DeKeyser@aeronomie.be
https://doi.org/10.1016/j.pss.2024.106032
https://doi.org/10.1016/j.pss.2024.106032
http://crossmark.crossref.org/dialog/?doi=10.1016/j.pss.2024.106032&domain=pdf
http://creativecommons.org/licenses/by-nc-nd/4.0/
http://creativecommons.org/licenses/by-nc-nd/4.0/


J. De Keyser et al. Planetary and Space Science 256 (2025) 106032 
Fig. 1. Sketch of the structure of a comet magnetosphere and a typical Comet
Interceptor flyby geometry (dimensions not to scale). The Sun is to the left. Probe B1
and later B2 are released from S/C A some time before the flyby. The figure presents
a projection onto the ecliptic plane; the trajectories will not all lie in the same plane.

Jones, 2019; Jones et al., 2024). It consists of a main spacecraft (S/C A)
that serves as a data relay and as an observing platform that stays rather
far away from the nucleus, while two small probes (S/C B1 provided
by the Japan Aerospace Exploration Agency, B2 by ESA) take more risk
and will venture closer to the nucleus (Jones et al., 2024).

The flyby geometry is sketched in Fig. 1. Neutral gas from subli-
mation of ices on the nucleus forms an expanding comet atmosphere
or gas coma, with a gas speed in the order of 1 km s−1 near 1 au. This
gas is ionized by various mechanisms, forming a dense ionosphere.
As soon as neutral cometary molecules are ionized in the solar wind
region, they start gyrating around the interplanetary magnetic field.
This ‘‘pick-up’’ phenomenon effectively deflects and slows down the
solar wind, a process known as mass-loading. The supersonic and super-
Alfvenic solar wind forms a bow shock upstream of the ionosphere. The
shocked solar wind interaction with the ionosphere creates a diamag-
netic cavity, within which the magnetic field vanishes. Magnetic field
lines drape around the comet ionosphere and extend into the comet
plasma tail (Goetz et al., 2022). At the same time, dust embedded in the
sublimating ice is set free. Gas drag accelerates the dust particles until
the expanding gas density and the corresponding drag have become
negligible; dust terminal speeds therefore depend on dust mass and
size but usually are small (in the order of m/s). Some dust particles
may remain gravitationally trapped around the nucleus. The dynamics
of very fine dust is influenced by solar radiation pressure. The dust
coma extends into a comet dust tail in which the largest particles follow
Keplerian orbits similar to that of the comet.

The CI flyby will take place near the ecliptic plane, between 0.9 and
1.2 au (Snodgrass and Jones, 2019), with flyby speed between 10 and
70 km s−1 (Jones et al., 2024). S/C A intends to release probe B1 38 h
before closest approach (CA) and B2 20 h before CA (these times are
subject to change as the mission operations plan is not definitive yet).
After release, the probes drift away from S/C A. They are switched on
upon release and remain active either until the S/C battery is depleted
(for B2) or until their distance from S/C A becomes too large for the
2 
inter-satellite link (ISL) via which the probes transmit their telemetry
(for B1 and B2). The ISL is required to last until at least 3 h after CA,
essentially until the end of life of B2. It is assumed here that the ISL is
able to maintain contact with B1 throughout the entire encounter.

The target comet is selected before launch or during the early stages
of the mission (Jones et al., 2024). In either case, the flyby parameters
are known at least several months before the encounter. The only
mission design parameter that can be tuned (within certain limits) is
the closest approach distance 𝑅CA. For the probes, the flyby distances
depend on their speed relative to S/C A as well as on their release times,
which are constrained by the probe lifetimes. The nominal CA distances
are 1000, 850, and 400 km for S/C A, B1, and B2, respectively (Jones
et al., 2024). It is important to adapt these values to the expected
comet properties to maximize the scientific output, while at the same
time limiting the risks associated with comet dust impacts. This is a
choice that can typically be deferred until a few months or weeks before
the encounter, allowing time to verify the technical feasibility of the
flyby timeline, while the trajectory correction manoeuvres to fine-tune
the flyby distance continue up to days before CA. The present paper
describes a methodology for making this decision. Section 2 introduces
a formalism for quantifying the science return and the dust impact risk.
Section 3 explains how a trade-off between science return and risk can
be made. The result of this analysis is reported in Section 4 for different
conditions. The paper concludes with a discussion.

2. Science return and risks

Describing the science return of a mission that carries many instru-
ments in an exhaustive and quantitative manner is beyond the scope of
this work. Instead, a simplified approach is proposed in which each type
of observation is described by a quantity 𝑞 that indicates the quality of
that kind of observation. Let 𝑞∗ denote the nominal value for which one
would consider the science return ‘‘as expected’’. The science return is
then evaluated as

𝜙(𝑞∕𝑞∗) = 1 − 𝑒−𝑞∕𝑞∗ , (1)

which is constructed to map a broad range of 𝑞∕𝑞∗ values onto [0, 1].
For small 𝑞, the science return grows with 𝑞 as any measurement is
relevant. If 𝑞 = 𝑞∗, the science return is 0.63, which corresponds to
the nominal value. When 𝑞 > 𝑞∗, the science return approaches 1 as
it exceeds original expectations. As an example, the different types of
comet observations made by CI are described in more detail below. For
the reader’s convenience, the notation is summarized in Table 1.

CI originally envisaged an encounter with a dynamically new comet
with high activity (Jones et al., 2019; Snodgrass and Jones, 2019).
1P/Halley-like activity would correspond to 𝑄gas ≈ 5×1029

molecules s−1 at 1 au (Krankowsky et al., 1986). Chances that CI will
encounter a comet with such an activity level, however, appear to
be slim (De Keyser et al., 2024). Therefore, a comet activity 𝑄∗

gas ≈
5×1028 molecules s−1 at 1 au is used here as a reference instead. Comet
surveys show that such a gas production rate is not unusual (e.g.
A’Hearn et al., 1995), though on the high activity end of commonly
detected comets (Cochran et al., 2012).

2.1. In situ study of the neutral gas coma

The study of the neutral gas coma and its composition is of prime
importance to understand the origin of the ices on the nucleus. On CI
this is addressed by the Mass Analyzer for Neutrals in a Coma (MANiaC)
instrument on S/C A. MANiaC uses a gauge to measure gas density and
a time-of-flight mass spectrometer to analyze composition (Jones et al.,
2024).

The duration of the neutral gas measurements on a trajectory with
flyby distance 𝑅CA,A, i.e., the time period 𝑇n during which the gas
density 𝑛n is above the sensitivity limit of the instrument (𝑛0,MANiaC =
103 molecules cm−3 for the time-of-flight mass spectrometer (Jones
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Table 1
Physical quantities.

Quantity Symbol Units

comet parameters
cometocentric distance 𝑅 km
closest approach 𝑅CA km
flyby speed 𝑣f ly by km s−1

radius of the nucleus 𝑅nucleus km
gas production rate per unit area 𝜖n molecules m−2 s−1

neutral gas instrument
neutral gas production rate 𝑄gas molecules s−1

neutral gas density 𝑛n molecules m−3

neutral gas density detection limit 𝑛0,MANiaC molecules m−3

neutral gas detection distance 𝑅n km
time for neutral observations 𝑇n s
neutral expansion velocity 𝑢n km s−1

plasma instruments
H2O ionization rate 𝜈 s−1

in/outbound bow shock distance 𝑅BS1, 𝑅BS2 km
time inside bow shock 𝑇BS s
diamagnetic cavity radius 𝑅DC, km
time inside diamagnetic cavity 𝑇DC s
in/outbound mass loading distance 𝑅ML1, 𝑅ML2 km
time inside mass loading region 𝑇ML s

dust instrument
dust production rate 𝑄dust kg s−1

dust-to-gass mass ratio 𝛿DG
dust expansion velocity 𝑢dust km s−1

dust mass spectrum 𝑚 kg−1

masses of spectral breaks 𝑚0, 𝜁 𝑚0 kg
dust mass spectrum exponents 𝜇1, 𝜇2
relevant dust particle mass 𝑚dust kg
relevant dust mass fraction 𝛼dust
relevant dust particle number density 𝑛dust m−3

relevant dust particle column density 𝑁dust m−2

instrument cross-section 𝑆dust m2

detected number of particles dust

remote sensing instrumentsa

camera resolution 𝛾r s rad pixel−1

number of pixels of nucleus image 𝑁r s pixel
distance with nucleus > 1pixel 𝑅r s km
observation duration (pointing) 𝑇point,r s s
observation duration (fixed) 𝑇f ixed,r s s

critical dust impact riskb

critical dust particle impact energy cr it J
critical dust particle mass 𝑚cr it kg
critical dust mass fraction 𝛼cr it
critical dust particle number density 𝑛cr it m−3

critical dust particle column density 𝑁cr it m−2

S/C cross-section 𝑆SC m2

critical number of particles cr it
science return and survival probabilitybc

probability density of 𝑞 𝑃 (𝑞)
science return function for 𝑞 𝜙(𝑞)
science return from instruments 𝐹inst r
weights for instruments 𝑤inst r
weights for S/C 𝑤SC
weights for pre- and post-CA parts 𝑤pr e, 𝑤post
survival probability for instrument on S/C 𝐺inst r,SC
survival probability for S/C 𝐺SC
data acquisition probability for S/C 𝛤SC
expected science return for S/C 𝐻SC
expected science return for CI 𝐻CI

a Subscript ‘‘rs’’ = CoCa, MIRMIS, NAC, WAC, HI, OPIC, EnVisS.
b Subscript ‘‘SC’’ = A, B1, B2.
c Subscript ‘‘instr’’ = any instrument.

et al., 2024)), can be computed from

2
√

𝑄gas 2
𝑇n = 𝑣f ly by 4𝜋 𝑢n𝑛0,MANiaC
− 𝑅CA,A (2) m

3 
with gas production rate 𝑄gas, neutral gas expansion speed 𝑢n, and
flyby velocity 𝑣f ly by, assuming spherically symmetric gas production,
he absence of an extended gas source, and an adequate correction for
he S/C background (Schläppi et al., 2010).

The signal-to-noise ratio 𝑛n∕𝑛0,MANiaC changes during the flyby as it
rises to a peak value 𝑛n(𝑅CA,A)∕𝑛0,MANiaC at closest approach and back to
zero on the outbound part of the flyby trajectory, if gas production stays
constant during the flyby. To be able to distinguish the contributions of
minor species, the peak density must exceed the background by several
orders of magnitude. For instance, one of the stated ambitions is to
measure the D/H ratio (Jones et al., 2024), which requires a density
contrast of 104 (Altwegg et al., 2015).

Taking into account measurement duration and maximum signal-to-
noise ratio, the observation quality for the neutral gas measurements is
efined here as

𝑞gas = 𝑇n log10
𝑛n(𝑅CA,A)
𝑛0,MANiaC

. (3)

Defining 𝑇 ∗
n = 1h of continuous observations as being a reasonable ba-

sis for success, with 4 orders of magnitude contrast at closest approach,
he reference is 𝑞∗gas = 4 × 1h.

2.2. In situ study of the plasma environment

The study of the comet plasma environment involves multiple as-
pects. To properly understand the configuration of the induced mag-
netosphere, one must know the state of the solar wind during the
lyby, which can be assessed from observations before and after the
lyby. Upstream of the bow shock, there is the pick-up region which
tself is of scientific interest. Important plasma boundaries, such as the
iamagnetic cavity boundary and the bow shock (or a ‘‘bow wave’’
r ‘‘infant bow shock’’ (Gunell et al., 2018) for less active comets),

offer insights into the dynamics of the solar wind–comet magnetosphere
interaction (see, e.g. Goetz et al., 2022). Whether these regions and
boundaries are observed, depends on the size of the comet magneto-
sphere and the flyby distance. The regions tend to be larger closer to
the Sun, where the comet is more active and the ionization rate is
higher. The dynamic ranges of the plasma instruments are designed to
be usually sufficient for the different regions involved. There might be
difficulties with the ionospheric density becoming too high near CA so
that some instruments are saturated; this aspect has not been included
in our assessment of plasma observation quality but can be verified
after the trade-off 𝑅CA has been found. The model proposed by Timar
et al. (2017), based on the interplay between gas production and solar
wind pressure, is used to estimate the size of the diamagnetic cavity,
𝑅DC, and the time 𝑇DC spent therein. The in- and outbound extent of
the mass-loading region, 𝑅ML1 and 𝑅ML2, the bow shock positions 𝑅BS1
and 𝑅BS2, and the time durations during which the S/C are immersed
in the mass-loading region, 𝑇ML, and inside the bow shock, 𝑇BS, can
be computed from models (Koenders et al., 2013; Edberg et al., 2023;
De Keyser et al., 2024) and are a function of the gas production rate,
the ionization rate, the solar wind conditions, but also of the encounter
geometry. Depending on the solar zenith angle at CA, the duration from
the inbound bow shock crossing to CA may differ strongly from the
time span from CA to the outbound crossing, but 𝑇BS and 𝑇ML do not
ensitively depend on the orientation of the trajectory relative to the
omet. The computations presented here have been performed for a
olar zenith angle at CA of 30◦. The following quality indicators are
roposed:

𝑞ML = 𝑇ML, 𝑞BS = 𝑇BS, 𝑞DC = 𝑇DC, (4)

with 𝑞∗BS = 𝑇 ∗
BS = 𝑇 ∗

n , 𝑞∗ML = 5𝑇BS, and 𝑞∗DC = 𝑇 ∗
BS∕100 as the

orresponding reference values.
Plasma sensors are present on S/C A as part of the DFP-A instrument

suite (magnetometer, ion and electron spectrometers, Langmuir probes,
passive and active plasma wave sensor), probe B1 carries the HI instru-

ent (magnetometer, ion mass spectrometer), and probe B2 has the
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DFP-B2 magnetometer (Jones et al., 2024). Because of mass and power
onstraints the instrument packages on B1 and B2 are limited, with the
nly type of sensor present on all three S/C being a magnetometer.

2.3. In situ study of the dust environment

A spherically symmetric dust coma is considered, with a dust den-
ity 𝑛dust that varies with the inverse square cometocentric distance
i.e., no trapped dust population, no particles reflected by solar radi-
tion pressure). The DISC dust instrument on CI measures impacting
ust grains with momentum in the range 5 × 10−11–5 × 10−4 N s

(particles with higher momentum are counted, but their mass cannot
be determined accurately) corresponding to a mass range of 10−15–
10−8 kg (Della Corte et al., 2023; Jones et al., 2024).

The dust particle mass spectrum 𝑚(𝑚) is approximated here by
 combination of power laws, based on Rosetta observations of the

67P dust environment (Rotundi et al., 2015); see the Appendix for
ore details. It is assumed that the spectrum retains the same shape
ith cometocentric distance, although one can expect some changes
s the dust particles progressively lose their volatile content and may
reak apart. Since 𝑣f ly by is much larger than the dust speed relative
o the nucleus, the momentum distribution has the same shape as the
ass distribution. The number of particles in the DISC momentum

ange constitute a mass fraction 𝛼dust of the total dust mass as given
y Eq. (40) in Appendix. For simplicity, these particles are described

here by a single representative dust mass bin 𝑚dust given by Eq. (41). If
he dust particles stream away from the nucleus with speed 𝑢dust , their
umber density is
𝑛dust =

𝛼dust𝑄dust

4𝜋 𝑢dust𝑚dust𝑅2
(5)

with 𝑄dust the dust mass produced per unit time. Since 𝑢dust ≪ 𝑣f ly by, the
number of dust particles 𝑁dust in the relevant mass bin that are scooped
up by the instrument per unit cross-section is obtained by integrating
𝑛dust along the trajectory. Hence, the number of particles recorded by
an instrument with exposed cross-section 𝑆𝑑 𝑢𝑠𝑡 is

dust = 𝑆dust𝑁dust =
𝑆𝑑 𝑢𝑠𝑡𝛼dust𝑄dust
4𝑢dust𝑚dust𝑅CA

. (6)

This provides a computationally cheap method to evaluate the dust par-
ticle number, which in the context of this statistical study is preferred
above more sophisticated models, such as the Engineering Dust Coma
Model (Marschall et al., 2022).

For the DISC momentum range one obtains 𝛼dust = 0.1 from Eq. (40)
nd 𝑚dust = 2.5×10−9 kg from Eq. (41), as the break in the mass

spectrum is at 𝑚0 = 5×10−7 kg assuming a mass density of 1 g cm−3

(see Appendix). The DISC dust collection area is 𝑆dust = 84 mm ×
84 mm (Jones et al., 2024). For the reference mission to a moderately
ctive comet with a water-dominated coma and a dust-to-gas mass

ratio 𝛿∗DG = 2 (McDonnell et al., 1991), the dust production rate is
𝑄∗

dust = 3000 k g s−1. For a flyby distance 𝑅∗
CA,A = 1000 km, the expected

umber of dust grains registered on S/C A is  ∗
dust ≈ 200 if one assumes

dust = 1m s−1. Recording a high number of particles is scientifically
nteresting but if there are too many, the odds that a larger particle

would damage the instrument are significant. DISC is present on both
S/C A and probe B2. As 𝑅CA,B2 < 𝑅CA,A, the number of detected
particles becomes higher, and so does the risk of a fatal dust particle
hit.

Taking as observation quality indicator the quantity 𝑞dust = dust ,
ne finds

𝑞dust
𝑞∗dust

=
dust

 ∗
dust

=
𝑄dust𝑣

2∕3
f ly by𝑅∗

CA

𝑄∗
dust𝑣

∗2∕3
f ly by𝑅CA

, (7)

where the instrument-specific proportionality factors disappear, at least
f 𝑢dust does not change with activity. Depending on 𝑣f ly by, the DISC
omentum range corresponds to a different part of the mass spectrum

nd thus to a different expectation for the number of particles that is
ollected. Note that it is implicitly assumed here that 𝑣f ly by𝑚0 always
emains within the DISC momentum range.
4 
2.4. Remote sensing of nucleus and near-comet environment

Remote sensing of the nucleus benefits from approaching the nu-
leus up close, allowing to resolve smaller spatial structures on its

surface. During a very close flyby, exposure times must remain short to
avoid motion blur if the flyby is also a fast one, depending on whether
he camera can follow the moving target; it is assumed here that CA is
ufficiently far away.

A large nucleus permits interesting data to be taken already from far
way. For a given flyby distance, a larger nucleus will fill a bigger part
f the field of view. Depending on the flyby speed and on the rotation

rate of the nucleus, imaging can cover a larger fraction of the nucleus
surface and its 3D shape can be better determined.

Nucleus size can be inferred from nucleus brightness and an as-
sumed albedo well in advance of the flyby. Another option, which is
ollowed here, is to assume that comet activity is roughly proportional
o illuminated area,

𝑄gas = 𝜖n𝜋 𝑅2
nucleus, (8)

where 𝜖n is the average gas production rate per unit surface (for a spher-
cal nucleus) at 1 au. Since 1P/Halley has 𝑅nucleus ≈ 5 km (Reinhard,

1986), a value 𝜖n = 6.4×1021 molecules m−2 s−1 is found. It is thus
ossible to infer 𝑅nucleus from 𝑄gas, which should give a reasonable
rder of magnitude. For a reference activity 1∕10th that of 1P/Halley,
ne finds 𝑅∗

nucleus = 1.6 km. This matches the situation at 67P reasonably
ell, with 𝑄gas = 3 × 1028 molecules m−2 s−1 at 1.24 au (Hansen et al.,

2016) and a nucleus measuring 4.3 × 2.6 × 2.1 km (Jorda et al., 2016).
The Comet Camera (CoCa) on S/C A sports a resolution of 𝛾CoCa =

8𝜇r ad pixel−1 (Jones et al., 2024). The image of a spherical nucleus at
CA has

𝑁CoCa = 𝜋
(

𝑅nucleus
𝛾CoCa𝑅CA,A

)2
=

𝑄gas

𝛾2CoCa𝜖n𝑅
2
CA,A

(9)

pixels (if 𝑅nucleus ≪ 𝑅CA,A). For a comet with the reference activity,
∗
CoCa ≈ 0.12Mpixel while the detector has 3Mpixel, so the nucleus

nd inner coma out to 5 comet radii fill the field of view.
The distance within which the comet nucleus is more than 1pixel

cross is

𝑅CoCa =

√

√

√

√

𝑄gas

𝛾2CoCa𝜖n
, (10)

which scales linearly with 𝑅nucleus; for the reference case one finds
𝑅∗
CoCa = 3.5×105 km. The time during which sensible nucleus images

can be taken, then is
𝑇point,CoCa = 2

𝑣f ly by
√

𝑅2
CoCa − 𝑅

2
CA,A

≈
2𝑅CoCa
𝑣f ly by

∝

√

𝑄gas

𝑣f ly by
. (11)

Note that usually 𝑅CoCa ≫ 𝑅CA,A, so that 𝑇point,CoCa is essentially
ndependent of 𝑅CA,A. CoCa can continuously image the target thanks
o the Rotating Mirror Assembly (RMA), which points to the nucleus

throughout the flyby, while S/C A maintains a constant attitude with
its dust shield facing the ram direction. From the CoCa point of view,
n encounter with the reference comet at 𝑣∗f ly by = 50 km s−1 would

result in 𝑇 ∗
point,CoCa being about 4h. Outside that time period CoCa can

still observe the inner dust coma (though at low resolution) so that
the useful observation time may be longer. A CoCa remote sensing
observation quality parameter is constructed by including both the
duration and the best achievable resolution,

𝑞CoCa = 𝑁CoCa𝑇point,CoCa, (12)

so that

𝑞CoCa
𝑞∗

=
𝑄3∕2

gas𝑅∗2
CA,A𝑣

∗
f ly by

∗3∕2 2
, (13)
CoCa 𝑄gas 𝑅CA,A𝑣f ly by
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which no longer depends on the specific CoCa properties.
The Modular InfraRed Molecules and Ices Sensor (MIRMIS) on S/C

A consists of three infrared sensors (Jones et al., 2024). Its performance
depends on the spatial resolution and the duration of the observa-
ions, so that 𝑞MIRMIS ∝ 𝑞CoCa and 𝑞MIRMIS∕𝑞∗MIRMIS = 𝑞CoCa∕𝑞∗CoCa.
his is a simplification that disregards MIRMIS scanning mirror speed

imitations.
The Narrow Angle Camera (NAC) on probe B1 has a fixed look

direction. It has an angular resolution of 𝛾NAC = 19𝜇r ad pixel−1 (Jones
et al., 2024). For a fixed B1 orientation, it images the nucleus as
it moves through its 3.5◦ × 2.6◦ field of view. Near CA and looking
perpendicular to the ram direction, this happens in a matter of seconds
as

𝑇f ixed,NAC = 2
𝑣f ly by

𝑅CA,B1 t an
𝜙
2

(14)

with 𝜙 the width of the field of view traversed by the comet. NAC thus
provides a snapshot of the nucleus. As observation quality parameter,
it is appropriate to consider

𝑞NAC = 𝑁NAC, (15)

from which
𝑞NAC
𝑞∗NAC

=
𝑄gas𝑅∗2

CA,B1

𝑄∗
gas𝑅

2
CA,B1

. (16)

The Wide Angle Camera (WAC) on B1 has a 90◦ × 90◦ field of
iew (𝛾WAC = 770 μrad pixel−1). Therefore 𝑇f ixed,WAC, with 𝜙 = 90◦,
mounts to tens of seconds to minutes, but WAC will benefit from B1

attitude manoeuvres to collect observations over a longer time period.
A reasonable observation quality parameter is
𝑞WAC = 𝑁WAC𝑇f ixed,WAC, (17)

(or a multiple thereof) from which
𝑞WAC
𝑞∗WAC

=
𝑄gas𝑅∗

CA,A𝑣
∗
f ly by

𝑄∗
gas𝑅CA,A𝑣f ly by

. (18)

The Hydrogen Imager on probe B1 observes the spatial distribution
f Hydrogen in the inner coma (Ly-𝛼 observations at 121.6 nm) with
 Cassegrain telescope with 4.2◦ × 4.2◦ field of view (𝛾HI = 350

μrad pixel−1). Also taking advantage of the B1 reorientations, the useful
time is a multiple of 𝑇f ixed,HI. The observation quality is defined as

𝑞HI = 𝑁HI𝑇f ixed,HI, (19)

so that
𝑞HI
𝑞∗HI

=
𝑞WAC
𝑞∗WAC

. (20)

The Optical Periscopic Imager for Comets (OPIC) on probe B2 offers
ucleus and inner coma images from far away with its forward looking
eriscope (𝛾OPIC = 155 μrad pixel−1). In this case, there is much value
n the fact that its observations commence well before CA, so that the
seful time is a multiple of 𝑇point,OPIC, with early coma views but little or
o nucleus image resolution. The nucleus is lost from the 18.2◦ × 18.8◦
ield of view centered on the forward direction shortly before CA, at
hich time the periscope mirror moves out of the way, allowing the
ucleus to be imaged once every spin period. The observation quality
an be considered proportional to the total duration of the observations
nd to the nucleus resolution (or the resolution of inner coma features),
o that

𝑞OPIC = 𝑁OPIC𝑇point,OPIC∕2, (21)

from which

𝑞OPIC
𝑞∗OPIC

=
𝑄3∕2

gas𝑅∗2
CA,B2𝑣

∗
f ly by

𝑄∗3∕2
gas 𝑅2

CA,B2𝑣f ly by
. (22)
5 
Table 2
Instrument contributions to the science merit for each spacecraft.

Instrument A B1 B2

MANiaC 0.20
DFP-A, PS, DFP-B2 0.20 0.33 0.25
DISC 0.20 0.25
CoCa 0.20
MIRMIS 0.20
NAC 0.17
WAC 0.17
HI 0.33
OPIC 0.25
EnVisS 0.25

The Entire Visible Sky (EnVisS) all-sky imaging system on B2 has
 science return that is not very sensitive to the actual flyby distance.
aking such images from deep within the coma is one of the objectives,

ut neither the resolution nor the duration of the observations strongly
epend on the flyby distance. A constant quality 𝑞EnVisS = 𝑞∗EnVisS is
herefore adopted.

2.5. Science return

The science return from each instrument is obtained as follows:

𝐹MANiaC = 𝜙(
𝑞gas
𝑞∗gas

),

𝐹DFP−A = 1
3
𝜙(
𝑞ML,A

𝑞∗ML,A
) + 1

3
𝜙(
𝑞BS,A
𝑞∗BS,A

) + 1
3
𝜙(
𝑞DC,A
𝑞∗DC,A

),

𝐹PS = 1
3
𝜙(
𝑞ML,B1

𝑞∗ML,B1
) + 1

3
𝜙(
𝑞BS,B1
𝑞∗BS,B1

) + 1
3
𝜙(
𝑞DC,B1
𝑞∗DC,B1

),

𝐹DFP−B2 = 1
3
𝜙(
𝑞ML,B2

𝑞∗ML,B2
) + 1

3
𝜙(
𝑞BS,B2
𝑞∗BS,B2

) + 1
3
𝜙(
𝑞DC,B2
𝑞∗DC,B2

),

𝐹DISC−A = 𝜙(
𝑞dust,A
𝑞∗dust,A

),

𝐹DISC−B2 = 𝜙(
𝑞dust,B2
𝑞∗dust,B2

),

𝐹r s = 𝜙(
𝑞r s
𝑞∗r s

),

with r s = CoCa, MIRMIS, NAC, WAC, HI, OPIC, and EnVisS.
The overall science return per spacecraft is a weighted combination

of the contributions of all instruments,

𝐹SC =
∑

inst r
𝑤inst r,SC𝐹inst r , (23)

for SC = A, B1, B2, and where ∑

inst r 𝑤inst r,SC = 1, ensuring that 𝐹t ot al ∈
[0, 1]. The chosen instrument weights are given in Table 2. While their
alues are somewhat arbitrary, this choice balances the different types
f measurement. The outcome of the optimization is not very sensitive
o the exact values.

2.6. Dust risk

The spacecraft is exposed to high-speed comet dust impacts during
he flyby, the effects of which can be dramatic (Jones et al., 2024). The

spacecraft design helps to mitigate the risk but it cannot be completely
liminated. A dust hit may perturb S/C attitude, depending on the
article momentum and the place where it hits (Haslebacher et al.,

2022). Another possibility is that dust impacts with an energy above a
ritical value cr it perforate the dust shield and destroy S/C subsystems.
he focus here is on the second type of failure where particles with a

mass exceeding

𝑚cr it =
2cr it
2

(24)

𝑣f ly by
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cause fatal damage. From Eq. (6), and with 𝑆SC the S/C cross-section,
the number of critical impacts is
cr it =

𝑆SC𝛼cr it𝑄dust
4𝑢dust𝑚cr it𝑅CA

. (25)

Computing cr it from this expression requires cr it to be known. Its
value, however, depends on unknown properties of the impacting par-
icle and of the mechanical spacecraft structure. Using the expression
rom Eq. (42) for the mass fraction 𝛼cr it of particles with mass > 𝑚cr it ,

one finds

cr it
 ∗

cr it
=
𝑄dust𝑚

∗4∕3
cr it 𝑅∗

CA

𝑄∗
dust𝑚

4∕3
cr it𝑅CA

=
𝑄dust𝑣

8∕3
f ly by𝑅∗

CA

𝑄∗
dust𝑣

∗8∕3
f ly by𝑅CA

, (26)

with  ∗
cr it the number of critical particles for the reference conditions,

showing how the number of critical impacts strongly depends on the
flyby speed. One can obtain cr it from

cr it =  ∗
cr it

(

cr it
 ∗

cr it

)

(27)

if one specifies the value of  ∗
cr it , the risk for a fatal S/C hit in the

reference case.
The survival probability of the spacecraft can in general be written

as

𝐺SC = 𝑒−cr it . (28)

If cr it ≪  ∗
cr it , the survival probability is close to 100%. With

cr it =  ∗
cr it , the survival probability corresponds to the one specified

or the reference conditions. For higher cr it∕ ∗
cr it the survival chances

decrease rapidly.
The survival probabilities of the different S/C for the reference

scenario should reflect the different possible failure modes. Here, S/C
A is assumed to have a 99.5% survival probability for the reference
scenario, so that  ∗

cr it,A = 0.005. As a rough estimate, this would
correspond to a critical mass of ∼5 g, which could vaporize ∼0.5 k g of
S/C material. Note that for Halley-type activity, the risk is 10× higher,
i.e., 95% survival probability. Since for B1
cr it,B1
cr it,A

=
𝑆B1𝛼cr it,B1𝑚cr it,A𝑅CA,A

𝑆A𝛼cr it,A𝑚cr it,B1𝑅CA,B1
(29)

=
𝑆B1𝑅CA,A

𝑆A𝑅CA,B1

( cr it,A
cr it,B1

)

4
3
, (30)

one finds  ∗
cr it,B1 = 0.012 because 𝑆B1 ≈ 0.25m2 and 𝑆A ≈ 2.56m2

Jones et al., 2024), and because the dust shielding on S/C A is more
efficient, expressed here by cr it,B1∕cr it,A = 0.1. Similarly, with 𝑆B2 =
𝑆B1 and cr it,B2 = cr it,B1, one finds  ∗

cr it,B2 = 0.026. Probes B1 and
2 thus have a survival probability that is lower than that of S/C A,

despite being smaller.
Apart from the risk to the S/C, there is the risk to the instruments.

Most of them have a sensor that necessarily is exposed to the ambient
environment and therefore very sensitive to dust hits, while their data
processing unit is well-protected. Therefore, if an instrument sensor
takes a fatal hit, the data recorded up to that moment are not lost. To
simplify the risk analysis, each instrument sensor is considered to be 5×
s vulnerable as the S/C on which it is hosted. This cannot be entirely
orrect as the survival probability of a sensor may scale differently than
hat of its host, since it may be sensitive to a different part of the dust
ass spectrum. The risk also depends on instrument size. Sensors may
ave different mechanical resistance against impacts (e.g. Della Corte

et al., 2025), which may lead to differences in risk scaling too. The
nstrument survival probability is
𝐺inst r = 𝑒−5cr it . (31)

As the dust coma is assumed to be spherically symmetric, the survival
robabilities for the time spent either before or after CA are equal, with

= 𝐺 =
√

𝐺 and 𝐺 = 𝐺 =
√

𝐺 .
inst r,pr e inst r,post inst r pr e,SC post,SC SC

6 
3. Trade-off methodology

Armed with these estimates of science return and of instrument
and S/C risk, a number of comet flyby scenarios has been studied for
different flyby distances.

3.1. Parameters

The analysis is set up for the typical situation where one has to
ecide on a choice of the flyby distance a few months or weeks before
he actual flyby. At that moment, the heliocentric distance of the flyby
s known; in the example studied hereafter it is taken to be 1 au. The
olar zenith angle at closest approach is defined once the S/C trajectory
o the target comet has been defined. A value of 30◦ is adopted here.
he flyby velocity 𝑣f ly by is also known once the S/C trajectory is
efined. S/C A is assumed to perform its flyby in the plane defined

by the Sun–comet line and 𝑣f ly by with closest approach occurring after
passing through the noon meridian (𝜓CA = 30◦). To keep things simple,
the neutral gas outflow velocity 𝑢n = 1 km s−1 is deemed constant,
although in reality it may vary somewhat with the gas production rate.

For several other parameters only estimates are available, so that a
ange of values has to be considered.

• The gas production rate can be predicted with modest precision.
Apart from time variations, there may be spatial structure such
as the day/night difference; small-scale spatial inhomogeneity in
surface outgassing is washed out at typical flyby distances. We
assume 𝑄gas has a lognormal distribution around the estimated
value, with a 1𝜎 spread of 25%. Values of 1027–1029 molecules s−1

are the most likely for CI (De Keyser et al., 2024).
• It is hard to properly estimate the dust-to-gas ratio 𝛿DG

(Choukroun et al., 2020; Laurent-Varin et al., 2024). A lognor-
mal distribution is considered here, with a 1𝜎 spread of 50%
around the estimated value (ensuring a range of values of more
than an order of magnitude), from which one obtains 𝑄dust =
𝛿DG𝑄gas. The reasoning is as follows. The production of OH or
of CN, both of which correlate to within 15% (Cochran et al.,
2012), can be obtained from spectroscopic observations from
Earth. Both directly relate to the water production. By using
the typical volatile composition, and noting that water is the
most abundant constituent, the (diurnally averaged) 𝑄gas can be
estimated with 20% uncertainty or better. Dust coma brightness
𝐴𝑓 𝜌 is found from observations with a precision of a few % or
better (e.g. Garcia et al., 2020; Gillan et al., 2024). However, the
conversion of 𝐴𝑓 𝜌 to 𝑄dust is very sensitive to the dust properties
and their size spectrum (Fink and Rubin, 2012; Garcia et al.,
2020; Gillan et al., 2024; Marschall et al., 2022). There are
several ways to constrain the dust properties, e.g., by ratioing
𝐴𝑓 𝜌 values at different wavelengths to obtain the mass spec-
trum power law index (Haslebacher et al., 2024), by exploiting
spectropolarimetric measurements to infer a characteristic dust
size and porosity (Kwon et al., 2022), or by analyzing infrared
spectra (Lellouch et al., 1998). The dust production rate can then
be determined within an order of magnitude (Marschall et al.,
2022) or better. Anticipating detailed ground-based studies of the
target comet, a 𝛿DG estimate with a 1𝜎 uncertainty of 50% should
be available before the flyby. This estimate can be extrapolated
to the moment of encounter as 𝛿DG changes only slowly with
time (e.g. Marschall et al., 2020, Fig. 11), except if the flyby
would happen to occur exactly at the time of a change of seasons
or in case of a nucleus break-up; for an encounter near 1 au, there
is no need to worry about dust outbreaks associated with the onset
of sublimation of hypervolatiles that occur at large heliocentric
distances.
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• The ionization rate 𝜈 at 1 au varies with the solar UV flux. A
lognormal distribution is used around the estimated value with
a 1𝜎 spread of 5%. It is assumed that the gas coma is water-
dominated and that photo-ionization of water molecules is the
principal ionization channel. The average value 𝜈(1 au) = 3–
7 × 10−7 s−1 depends on solar activity (Huebner and Mukherjee,
2015), but there can be significant short-term variability.

• Solar wind conditions change continuously at time scales from
seconds to years. The approach of De Keyser et al. (2024) is re-
used here to compute 𝑇DC, 𝑇BS and 𝑇ML, in which solar wind
properties are randomly chosen between those of slow and fast
wind (with slow wind 3 times more likely than fast wind), while
following empirical scaling laws.

3.2. Analysis for a single spacecraft

For each 𝑅CA, a large number of encounters has been simulated.
For the parameters for which only a range is known, parameter values
are generated according to the probability distribution. For each sim-
ulated encounter, the science return and the survival probabilities are
determined, giving a net return

𝐻SC = 𝐹SC 𝛤SC (32)

with the data acquisition probability

𝛤SC = 𝐺SC (𝑤pr e,SC
√

𝐺inst r,SC +𝑤post,SC𝐺inst r,SC), (33)

for SC = A, B1, B2. Quantities 𝑤pr e,SC and 𝑤post,SC reflect the contribu-
tions of the pre- and post-CA parts:

𝑤pr e,A = 𝑤pr e,B1 = 0.5 (1 + sin𝜓CA) (34)

𝑤post,A = 𝑤post,B1 = 0.5 (1 − sin𝜓CA) (35)

𝑤pr e,B2 = 0.9 (1 + sin𝜓CA) (36)

𝑤post,B2 = 0.1 (1 − sin𝜓CA). (37)

Equal weight is given to both if 𝜓CA = 0◦, at least for A and B1, with
pr e + 𝑤post = 1. For B2, the post-CA part is smaller, reflecting the

limited fraction of battery life foreseen for this part (𝑤pr e + 𝑤post < 1
in this case). If 𝜓CA > 0◦, i.e., if the CA happens after passing through
he noon meridian, the inbound trajectory receives more weight. This
s justified for the in situ instruments, as the most interesting aspects of
he solar wind–comet interaction occur upstream. It is also appropriate
or the remote sensing instruments, as they observe a larger illuminated
art of the comet prior to CA. The converse is true if CA happens

before passing through noon. Eq. (32) combines the weighted science
return with the survival probabilities in a simplified manner. Pre-CA
cience is considered acquired when the sensor survives the first part
f the encounter and the S/C the entire encounter, with probability
𝐺inst r,SC𝐺SC, while post-CA science requires surviving both the in-

nd outbound parts, with probability 𝐺inst r,SC𝐺SC, since both the sensor
nd the spacecraft must survive the entire encounter. Note that an
symmetry appears with respect to the sign of 𝜓CA: passing through
oon prior to CA allows to collect more relevant data with less risk.

Collecting the results from the individual simulations, one obtains
the probability distribution functions for the science return, the survival
probabilities, and the net return for that particular 𝑅CA. In a final step,
the percentiles of the distribution of 𝐻SC are examined to find out for
which 𝑅CA the net return is maximum.

3.3. Analysis for a multi-spacecraft mission

S/C A, B1, and B2 are designed for given survival probabilities at
their nominal flyby distances. Different flyby distances can be con-
sidered but in the present study they are scaled together as the risk
is proportional to 1∕𝑅CA, so that the relative survival probabilities

B1∕𝐺𝐴 and 𝐺B2∕𝐺𝐴 remain the same.

7 
Starting from the net return for the three spacecraft, a measure of
mission success can be defined as follows:

𝐻CI = 𝑤A𝐻A +𝑤B1𝐻B1𝐺A +𝑤B2𝐻B2𝐺A, (38)

with 𝑤A+𝑤B1+𝑤B2 = 1, so that 𝐻CI ∈ [0, 1]. S/C A plays a special role
since it acts as a data relay for B1 and B2. S/C A, B1, and B2 perform
measurements at a high data rate so that transmitting them to Earth
in real time is impossible; a store-and-forward approach is used (Jones
et al., 2024). If S/C A fails during the encounter, the data from B1 and
B2 is lost, which is why 𝐺A is a factor in the last 2 terms of 𝐻CI. A
destruction of B1 or B2 near CA should not be regarded as a complete
failure: They are designed to be expendable (their inbound data are
recorded by S/C A, and most of B2’s battery power is consumed before
CA anyway). This is partially taken into account by giving B1 and B2
less weight. The choice 𝑤A = 0.50, 𝑤B1 = 0.25, 𝑤B2 = 0.25 has been
made here.

A multi-spacecraft mission must offer more than the sum of the
hree individual spacecraft. This is especially true for CI, where simul-
aneous in situ measurements are expected to provide insight in the
-dimensional structure of the coma. With the above formulation, it is
lear that maximizing 𝐻CI requires the 3 S/C to survive together (𝐺A,
B1, 𝐺B2 all close to 1) so that the multi-spacecraft aspect is guaranteed.

The mission analysis can be performed by examining the percentiles
f the distribution of 𝐻CI and finding the 𝑅CA-values for which the net

return is maximum.

4. Results

In this section the trade-off between science return and risk is
illustrated for a flyby whose estimated characteristics are the refer-
ence parameters, i.e., 𝑄gas = 5 × 1028 molecules s−1, 𝛿DG = 2, 𝜈 =
5 × 10−7 s−1, and 𝑣f ly by = 50 km s−1. Thereafter, it is shown how the
optimal flyby distance depends on the different parameters.

4.1. Science return

The single- and multi-spacecraft analysis has been carried out by
performing Monte Carlo experiments, 5000 times simulating a flyby
with values sampled from the log-normal distributions for 𝑄gas, 𝜈, and
𝛿DG, as explained in Section 3.1. Fig. 2 shows the resulting proba-
bility distribution functions for the various physical quantities that
determine the science return for gas, plasma, dust, and remote sensing
measurements for S/C A, B1, and B2, and for the reference flyby
distances.

The distribution of 𝑄gas values is reflected by the spread on the
obtained values of 𝑅n and the corresponding 𝑇n. S/C A can study the
neutral gas above the detection limit during ∼40minutes on average,
which is not far from the 𝑇 ∗

n that is hoped for. Like 𝑄gas, 𝑛n(𝑅CA) has
a log-normal distribution. The neutral gas densities at closest approach
seen by S/C A are around 4×106 cm−3, implying a signal-to-noise ratio
of 4000. By stacking spectra, determining the D/H ratio should be
possible.

The diamagnetic cavity extends out to 400 km on average for the
ssumed 𝑄gas and solar wind property ranges. The diamagnetic cavity

boundary would be observed by A and B1 in roughly a quarter of
the cases, while the probability to see it with B2 is about 50%. B2
ypically stays inside the cavity for up to a few tens of seconds. The
nbound bow shock crossing by S/C A takes place at 50000 km from
he comet on average; the outbound crossing is a few times farther
ut. This results in a median stay of about an hour inside the induced
agnetosphere, similar to the 21P/Giacobini-Zinner and 19P/Borrelly

lybys (Edberg et al., 2023), but 𝑃 (𝑇BS) does show a large spread. In 6%
of the cases, the dwell time inside the bow shock is less than 5 minutes.
In fact, there is a 10% probability of not even entering into the comet’s
induced magnetosphere at all. Conversely, 𝑇BS > 10000 s has a 17%

probability. The distributions are slightly altered for probe B1 and B2.
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Fig. 2. Probability distributions for neutral gas, plasma, dust, and remote sensing observations for a 50 km s−1 flyby at 1000 km, 850 km, and 400 km CA distance for S/C A, B1,
nd B2, of a comet with 𝑄gas = 5×1028 molecules s−1 and 𝛿DG = 2, and ionization rate 𝜈 = 5×10−7 s−1 at 1 au. Note that some curves may overlap.
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In principle, S/C A may already be inside the bow shock when the
probes are released, but this does not seem to be the case as the 𝑃 (𝑅BS1)
curves for A, B1 and B2 all coincide, except at the low end where the
distributions are cut off at the respective 𝑅CA. Because of the finite
probe lifetime and limited ISL range, the effective end of observation by

1 and B2 may occur before their outbound bow shock crossing. From
he cutoff of 𝑃 (𝑅BS2) just below 106 km for B2 and the lack thereof for
1, it is apparent that the finite B2 battery lifetime implies a premature

end of plasma observations, making it impossible to detect a far-out
outbound bow shock. This does not happen for B1, which is assumed
o always remain within the ISL range in the simulations. This explains
he peak in 𝑃 (𝑇BS) for B2, while there is no such peak for B1. Similar

conclusions can be drawn for the crossings into and out of the mass-
loading region, 5× farther out than the bow shock (De Keyser et al.,
2024). In this case, however, there is a cutoff at the high end in 𝑃 (𝑅ML1)
for B2 (not for B1) indicating that there are situations where the entry
8 
into the mass loading region occurs between the B1 and B2 release.
he peak in the 𝑃 (𝑅ML2) distribution for B2 is at the same position as

n 𝑃 (𝑅BS2), both being due to the probe’s end of life. This explains the
hape of the 𝑇ML distribution for B2. There is a considerable spread on
he estimated time spent inside the bow shock and mass-loading region,
ue to uncertainties on 𝑄gas, 𝜈, and the solar wind conditions.

The dust production rate shows a log-normal distribution as it
results from the product of two log-normal variables. It is centered
round 3000 kg s−1 assuming the gas coma consists entirely of water;
ncertainty and variability regarding the neutral composition would
dd an additional spread. The distribution of the number of grains

recorded by the dust instrument tends to be very broad. Comparing
DISC-A and DISC-B2, the number is seen to scale with 1∕𝑅CA. Note that
the number of dust particles estimated here is computed by binning
all the particles into a single mass bin. Taking into account the actual
distribution, the number of particles can be a multiple of that but with
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Fig. 3. Probability distributions for the science return of neutral gas, plasma, dust,
nd remote sensing observations, for a 50 km s−1 flyby at 1000 km, 850 km, and 400 km

CA distance for S/C A, B1, and B2, of a comet with 𝑄gas = 5×1028 molecules s−1 and
𝛿DG = 2, and an ionization rate 𝜈 = 5×10−7 s−1 at 1 au. Note that some curves may
overlap.

Fig. 4. Probability distributions for the S/C science return, S/C data acquisition
robability, expected S/C science return and expected mission return, for a 50 km s−1

lyby at 1000 km, 850 km, and 400 km CA distance for S/C A, B1, and B2, of a comet
ith 𝑄gas = 5×1028 molecules s−1 and 𝛿DG = 2, and an ionization rate 𝜈 = 5×10−7 s−1 at
au.

predominantly lower mass particles.
CoCa would observe a reference scenario nucleus that fills 4% of

he image at CA on S/C A. The nucleus is visible as more than a single
ixel within a distance of 4×105 km. This lasts for 1.4×104 s. NAC on B1
roduces a nucleus image that covers about 0.03 Mpixel, corresponding
o a linear spatial resolution that is 2× coarser despite B2 getting closer.
he other remote sensing instruments produce lower resolution images,
hile HI and WAC in particular aim at imaging the inner coma rather

han the nucleus itself. All these quantities are computed with the
ypothesis that outgassing is proportional to the illuminated nucleus
urface area; uncertainties on this scaling should be added to the results
hown here.
 p

9 
Fig. 5. Trade-off between science return and risk. From top to bottom: 2%, 50%, and
8% percentiles of the S/C science return, data acquisition probability, expected S/C
cience return and expected mission science return, obtained for the same conditions
s Figs. 2 and 3 but for a range of flyby distances. The horizontal axis gives the flyby

distance of S/C A; the flyby distances of B1 and B2 are scaled correspondingly.

Given the results reported in Fig. 2, the probability distributions
of the science return values for the different instruments are obtained
Fig. 3). It is not surprising that the return for all types of measure-

ments is reasonable (>0.2) to very good (>0.8), except for the plasma
easurements that show a wide spread, a relative paucity of values

f 𝐹DFP−A and 𝐹PS immediately above 2∕3 corresponding to situations
here 𝐴 and 𝐵1 do not enter into the diamagnetic cavity, and even a
oor return (<0.1) in 20% of the situations (when the bow shock is not
ven crossed).

As defined here, the science return probability distribution 𝑃 (𝐹SC) is
imilar for A, B1 and B2 (Fig. 4, top). The data acquisition probability
istribution 𝑃 (𝛤sc) (Fig. 4, 2nd panel) reflects the fatal impact risks
n sensors and on the spacecraft as outlined in Section 2.6; the data
cquisition probability is rather high for B2 because of the low weight
iven to the post-CA data. The expected S/C science return 𝐻SC com-
ines both science return and risk (Eq. (32)), and results in distributions

with a lower return. High science return is linked to strong comet
activity, which implies higher risk, which is why 𝐻SC values close
to 1 are improbable (unless for B2, which is considered expendable).
The probability distribution of the expected mission science return
𝐻CI computed from Eq. (38) (Fig. 4, bottom) indicates that, for the
eference flyby, a reasonable overall science return is expected.

4.2. Flyby distance trade-off

The analysis of the previous section can be repeated for flyby
istances 𝑅CA,A = 200 km, 300 km, …, 2000 km, with 𝑅CA,B1 and 𝑅CA,B2
eing scaled correspondingly. For each set of flyby distances, the prob-
bility distributions of the S/C science return, the S/C data acquisition

probability, the expected S/C science return and the expected mission
cience return are computed. The percentiles at the 2%, 50%, and 98%
evels of these distributions are plotted in Fig. 5. While the science
eturn decreases with 𝑅CA, the data acquisition probability increases.

Consequently, both for the individual S/C and for the mission as a
whole, there exists a sweet spot where the expected science return is

aximum.
The optimal flyby distance trade-off is performed here for the 2%

ercentile, i.e., the situation in which the actual mission science return
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Fig. 6. Left: Variation of the optimum flyby distance based on the 2%, 50%, and 98% percentiles with (from top to bottom) gas production rate, ionization rate, dust-to-gas ratio,
and flyby speed. Right: Corresponding values of the expected mission science return.
t

is higher than this value in 98% of the cases. The maximum of 𝑝2%(𝐻CI)
is obtained as the maximum of a smooth linear spline fit of the values
computed at the discrete set of 𝑅CA,A flyby distances. This optimum
flyby distance for S/C A of about 730 km (620 km for B1, 290 km for B2)
s marked by a vertical dashed line in Fig. 5. Since 𝑝2%(𝐻CI) is relatively

flat near its maximum, the optimum is not sharply defined. The role
of the weights attributed to the S/C is not negligible. Maintaining the
relative scaling of the flyby distances of the different spacecraft is not
strictly necessary. Relaxing that requirement can improve the mission
return as more free parameters are introduced in the optimization
problem. In view of the simplified description of the science return used
ere, doing so may not be justified. Note that the optimum distance

depends on the percentile considered.

4.3. Variation of flyby distance with main parameters

The dependence of the optimum flyby distance on the main param-
eters has been studied to highlight the underlying trends. The results
are reported in Fig. 6.

First, the gas production rate is varied over the range expected for
the CI target. The optimum flyby distance is found to increase with
𝑄gas, which is due to the fact that 𝑄dust and thus the dust impact
risk increase as well. At first, the science return at the optimum flyby
distance improves as the comet is more active, because there is more
neutral gas, a larger induced magnetosphere, and a larger nucleus to be
studied. But from a certain point on, the safe distance from the comet
is so far away that the science return diminishes. The optimum comet
activity for CI is found to be in the range 1028–1029 molecules s−1.

Changes in the ionization rate 𝜈 affect only the plasma measure-
ments. Since these already show a large spread, e.g., due to the role of
olar wind variability, there is only a small improvement of the overall
cience return as the induced magnetosphere is expected to become

larger on average, while there is no effect on the risk.
More dramatic are changes in the dust-to-gas ratio, since these

directly affect the dust flux and hence the risk. The optimum flyby
distance increases with 𝛿DG and the science return degrades, because
he neutral gas, plasma, and nucleus characteristics do not change.

Dust particle impact energy depends on 𝑣2f ly by. High flyby speeds
re therefore much more risky than low flyby speeds and thus require

a larger flyby distance. Moreover, a slow flyby allows the neutral
as, plasma and remote sensing instruments to obtain more data, thus
mproving the science return.
10 
5. Discussion and conclusions

In this study a methodology has been described that allows to com-
pute the optimal closest approach distance for a comet flyby mission. It
has been applied to the case of Comet Interceptor. The relatively simple
technique can be employed in the weeks prior to the flyby to tune the
flyby distance so as to minimize the dust impact risk and to maximize
the science output, benefiting from the known flyby speed and the best
available estimates of the comet activity, the dust-to-gas ratio, and the
ionization rate at that moment in time. Although a flyby at 1 au has
been considered here, the procedure can easily be applied for a flyby
anywhere in the 0.9 to 1.2 au range that is accessible to CI (Jones et al.,
2024).

The analysis relies on several approximations. There are simplifica-
ions in the description of the science return:

• The science return from the instruments is judged from just a
few parameters. Ideally, one may attempt to define the science
return based on the mission’s science requirements but not all
of these requirements are easily quantifiable, nor is their relative
importance defined.

• The bow shock stand-off distance and the size of the diamagnetic
cavity are quite variable as they depend on solar wind pressure.
The present analysis considers random solar wind conditions
that remain fixed throughout the flyby, and thus it ignores the
associated plasma boundary motion. This is especially the case
for slower flyby speeds, for which the solar wind is sampled
over a longer time period. Therefore, the chances of crossing
the bow shock or entering into the diamagnetic cavity may be
underestimated.

• Similarly, the gas production rate may vary with time and thus
the ionospheric density, also leading to changes in plasma bound-
ary positions during the flyby.

• The science return of the remote sensing instruments is based
on a simple proportionality between gas production rate and
illuminated surface. This may be a crude approximation, but it
is reasonable within the snow line.

• Several effects of 𝑣f ly by have not been included in the analysis,
such as the secondary electrons produced by neutral impacts on
the spacecraft (affecting the plasma instruments), the influence of
flyby speed on the impact fragmentation of molecules (relevant
for MANiaC), and the amount of ionization produced by dust
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impacts (used by the DFP-A/COMPLIMENT Langmuir probes for
nanodust detection).

• The description of the science return does not include technical
constraints such as the limited scanning rate of the RMA and OPIC
mirrors that matters when the flyby is too close and/or too fast,
thermal constraints due to the orientation with respect to Sun and
Earth, limits on the telemetry when the flyby takes place close
to the Sun as seen from Earth, etc. The delivery error, i.e., the
finite precision on the trajectory determination and corrections,
prohibits too close flybys, as one then effectively loses control
over the risk as it sharply increases near the nucleus. Large flyby
distances imply large separations between S/C A and B1/B2 that
may exceed the ISL range. Therefore, one must verify a posteriori
whether the trade-off described in this paper satisfies all technical
constraints and the flyby scenario must be adapted accordingly.

There are also important simplifications in the risk model:

• To evaluate the dust risk, a realistic dust mass distribution has
been used but this remains uncertain; see the Appendix for a more
detailed discussion.

• The dust risk does not account for spatially or temporally variable
dust emission. To be on the safe side, one can perform the analysis
with a worst-case 𝛿DG.

• The fatal impact risk of the sensors has been considered to be 5×
higher than that of the platform they are located on, which avoids
the need for instrument dust impact risk models but is not very
precise.

• S/C survival has been linked here to dust particle impact energy.
The consequences of attitude control perturbations due to impact
momentum have not been considered.

Despite these shortcomings, the model captures the essence of the
problem. All in all, the proposed methodology offers a handy tool to
determine the optimal flyby distance. It definitely shows that having
the flexibility of targeting flyby distances between a few hundred and
2000 km is very useful.

The methodology can also play a role in the target comet se-
ection process. The mission science return at the optimal flyby dis-

tance is best for a slow flyby of a moderately active comet (1028–
1029 molecules s−1) with low dust-to-gas ratio, preferably closer to the
Sun where the ionization rate is largest. Selecting a comet with activity
< 1028 molecules s−1 leads to a poor science return for the neutral
gas and plasma instruments, while choosing a very active one forces
the spacecraft to stay >2000 km from the nucleus (Fig. 6, top left).
The methodology can be used to compare flyby scenarios at different
potential targets, once an intercepting trajectory has been designed
and screened for technical feasibility. At the time of selection, the
targets are likely still far from the Sun and uncertainties on their gas
roduction rate and dust-to-gas ratio are large, which may limit the

usefulness of such a comparison.
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Fig. 7. Dust mass spectrum. See main text for a detailed explanation.
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Appendix

Dust particles are a subject of scientific investigation but also the
ause of impact damage sustained by the spacecraft and/or its in-
truments during the flyby. The dust spectrum considered here is a

combination of power laws as shown in Fig. 7. Below a reference mass
0, the differential dust particle number flux is ∝ 1∕𝑚𝜇1 , with 𝜇1 < 1. In

an intermediate mass range 𝑚0 ≤ 𝑚 < 𝜁 𝑚0, the differential flux is ∝ 1∕𝑚.
Above 𝜁 𝑚0, the differential number flux is ∝ 1∕𝑚𝜇2 with 𝜇2 > 1. This
spectrum is inspired by the Rosetta measurements reported by Rotundi
t al. (2015, Fig. 2), who observed 𝜇1 ≈ 2∕3 for grain diameters of tens

to hundreds of microns, but a 1∕𝑚 distribution for mm-sized particles.
The power law exponent 𝜇2 > 1 is necessary to make the spectrum
integrable. Below mass 𝑚0∕𝜉, at the nanometer-scale, no dust particles
are to be found. This spectrum can be expressed as
𝑚 = 0 𝑚 < 𝑚0∕𝜉

= 𝑚0
(

𝑚0
𝑚

)𝜇1
𝑚0∕𝜉 ≤ 𝑚 < 𝑚0

= 𝑚0
𝑚0
𝑚 𝑚0 ≤ 𝑚 < 𝜁 𝑚0

= 𝑚0𝜁𝜇2−1
(

𝑚0
𝑚

)𝜇2
𝜁 𝑚0 ≤ 𝑚

(39)

with

𝑚0 =
𝑄dust

𝑚0[(1 − 𝜉𝜇1−1)∕(1 − 𝜇1) + log 𝜁 + 1∕(𝜇2 − 1)] ≈
𝑄dust
9𝑚0

,

where the numerical value is obtained for 𝜇1 = 2∕3, 𝜇2 = 4∕3 and
= 𝑒3 ≈ 20, and noting that 𝜉 ≫ 1. The exact shape of the low-mass

art of the spectrum does not really matter as it contributes a negligible
ass fraction.

The dust detector momentum range [𝑝𝐿, 𝑝𝐻 ] is assumed to be always
in the range [𝑚0𝑣f ly by∕𝜉 , 𝑚0𝑣f ly by], for all flyby velocities considered
here. The mass fraction in the detector range (shaded red region in
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Fig. 7) is

𝛼dust = ∫

𝑝𝐻 ∕𝑣f ly by
𝑝𝐿∕𝑣f ly by

𝑚d𝑚∕𝑄dust ≈
1
3

(

𝑝𝐻
𝑚0𝑣f ly by

)1∕3
. (40)

which depends on 𝑣f ly by. The representative mass is
𝑚dust = ∫

𝑝𝐻 ∕𝑣f ly by
𝑝𝐿∕𝑣f ly by

𝑚𝑚 d𝑚 ∕ ∫

𝑝𝐻 ∕𝑣f ly by
𝑝𝐿∕𝑣f ly by

𝑚d𝑚 ≈
𝑝𝐻

4𝑣f ly by
. (41)

The critical dust particle mass is assumed to be always > 𝜁 𝑚0, for
ll 𝑣f ly by values considered. The corresponding mass fraction (shaded
reen region in Fig. 7) is

𝛼cr it = 1
3

(

𝜁 𝑚0
𝑚cr it

)1∕3
, (42)

where 𝑚cr it = 2cr it∕𝑣2f ly by depends on the flyby velocity.
Below, this model is compared to the EDCM (Marschall et al., 2022)

nd ComMoDe models (Reynier et al., 2024).
First, it is used to determine dust to estimate the performance of

he dust instrument. Rather than the absolute number of particles, the
resent paper is interested in how dust scales with the parameters. The
caling with 𝑄dust is linear, as is the case for the EDCM and ComMoDe.
he scaling with 𝑣f ly by is more complicated as the flyby velocity defines
he momentum of the particles and thus which fraction of the mass
istribution is seen by DISC. The shape of the mass spectrum matters.
he model described above uses distinct mass ranges, with exponent
∕3 for the DISC mass range, i.e., a size spectrum exponent −2, while
DCM and ComMoDe use a single power law with size spectrum
xponent −3.2 to −4.5, which is steeper. In short, with respect to the
ust instrument, the steeper spectrum of EDCM and ComMoDe would
ead to more smaller particles in the relevant mass range. That means
hat for larger 𝑣f ly by, the number of detected particles would increase
aster than with the above model, as many more small particles enter
he DISC momentum range from the lower end than there are particles
hat leave it at the upper end.

The second and more important role of the dust model is in deter-
mining the likelihood of being hit by a particle with mass > 𝑚cr it , at the
high mass end of the power law. Mass spectrum exponent 𝜇2 = −4∕3
corresponds to a size spectrum exponent −4, while the EDCM uses size
spectrum exponents −3.2 to −4.5. Therefore, the scaling of the dust
flux with 𝑣f ly by is very similar (idem for ComMoDe which follows the
EDCM). What might be different is the coefficient of the power law.
However, by rescaling the number of critical particles to a specified
survival probability, the role of that coefficient is removed. In short,
with respect to fatal dust impacts, there is no fundamental difference
between the present model, EDCM or ComMoDe.

Note that in the present paper, only flybys mostly located on the
sunward side are considered, for which the assumption of a quasi-
spherical dust coma should not differ substantially from EDCM and
ComMoDe.

Data availability

This paper does not rely on data. The code underlying the results is
hared at https://doi.org/10.18758/nn9g6vno.
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