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A B S T R A C T

A comet flyby, like the one planned for ESA’s Comet Interceptor mission, places stringent requirements on
spacecraft resources. To plan the time line of in situ plasma and neutral gas observations during the flyby, the
size of the comet magnetosphere and neutral coma must be estimated well. For given solar irradiance and solar
wind conditions, comet composition, and neutral gas expansion speed, the size of gas coma and magnetosphere
during the flyby can be estimated from the gas production rate and the flyby geometry. Combined with flyby
velocity, the time spent in these regions can be inferred and a data acquisition plan can be elaborated for each
instrument, compatible with the limited data storage capacity. The sizes of magnetosphere and gas coma are
found from a statistical analysis based on the probability distributions of gas production rate, flyby velocity,
and solar wind conditions. The size of the magnetosphere as measured by bow shock standoff distance is
105–106 km near 1 au in the unlikely case of a Halley-type target comet, down to a nonexistent bow shock for
targets with low activity. This translates into durations up to 103–104 seconds. These estimates can be narrowed
down when a target is identified far from the Sun, and even more so as its activity can be predicted more
reliably closer to the Sun. Plasma and neutral gas instruments on the Comet Interceptor main spacecraft can
monitor the entire flyby by using an adaptive data acquisition strategy in the context of a record-and-playback
scenario. For probes released from the main spacecraft, the inter-satellite communication link limits the data
return. For a slow flyby of an active comet, the probes may not yet be released during the inbound bow shock
crossing.
1. Introduction

Comet exploration with a flyby mission was pioneered by the space-
craft flotilla sent to 1P/Halley, with Giotto passing at 600 km distance
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E-mail address: Johan.DeKeyser@aeronomie.be (J. De Keyser).

from the nucleus, and Vega 1 and 2, Suisei, and Sakigake farther
out (Reinhard, 1986). In 1992 Giotto flew by 26P/Grigg–Skjellerup at
200 km distance (Morley, 1991; McDonnell et al., 1993). Other comet
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032-0633/© 2024 The Author(s). Published by Elsevier Ltd. This is an open access
c/4.0/).

https://doi.org/10.1016/j.pss.2024.105878
Received 20 December 2023; Received in revised form 5 March 2024; Accepted 7
article under the CC BY-NC license (http://creativecommons.org/licenses/by-

March 2024

https://www.elsevier.com/locate/pss
https://www.elsevier.com/locate/pss
http://dx.doi.org/10.18758/71021087
http://dx.doi.org/10.18758/71021087
http://dx.doi.org/10.18758/71021087
http://dx.doi.org/10.18758/71021087
http://dx.doi.org/10.18758/71021087
http://dx.doi.org/10.18758/71021087
http://dx.doi.org/10.18758/71021087
http://dx.doi.org/10.18758/71021087
http://dx.doi.org/10.18758/71021087
http://dx.doi.org/10.18758/71021087
http://dx.doi.org/10.18758/71021087
http://dx.doi.org/10.18758/71021087
http://dx.doi.org/10.18758/71021087
http://dx.doi.org/10.18758/71021087
http://dx.doi.org/10.18758/71021087
http://dx.doi.org/10.18758/71021087
http://dx.doi.org/10.18758/71021087
http://dx.doi.org/10.18758/71021087
http://dx.doi.org/10.18758/71021087
http://dx.doi.org/10.18758/71021087
http://dx.doi.org/10.18758/71021087
http://dx.doi.org/10.18758/71021087
http://dx.doi.org/10.18758/71021087
http://dx.doi.org/10.18758/71021087
http://dx.doi.org/10.18758/71021087
http://dx.doi.org/10.18758/71021087
http://dx.doi.org/10.18758/71021087
http://dx.doi.org/10.18758/71021087
http://dx.doi.org/10.18758/71021087
http://dx.doi.org/10.18758/71021087
http://dx.doi.org/10.18758/71021087
http://dx.doi.org/10.18758/71021087
http://dx.doi.org/10.18758/71021087
http://dx.doi.org/10.18758/71021087
http://dx.doi.org/10.18758/71021087
mailto:Johan.DeKeyser@aeronomie.be
https://doi.org/10.1016/j.pss.2024.105878
https://doi.org/10.1016/j.pss.2024.105878
http://crossmark.crossref.org/dialog/?doi=10.1016/j.pss.2024.105878&domain=pdf
http://creativecommons.org/licenses/by-nc/4.0/
http://creativecommons.org/licenses/by-nc/4.0/


Planetary and Space Science 244 (2024) 105878J. De Keyser et al.
flybys that provided plasma and field data included Deep Space 1 at
19P/Borrelly (Boice et al., 2000) and ICE (ISEE-3) at 21P/Giacobini–
Zinner (Brandt et al., 1985). ESA’s Rosetta mission was not a flyby
mission but accompanied 67P/Churyumov–Gerasimenko for a large
fraction of its orbit, staying close to the nucleus for detailed monitoring
of the surface and to study gas coma composition (10–200 km, except
when performing excursions). This constrained the exploration of the
comet’s plasma environment and its interaction with the interplanetary
medium. Also, 67P represents the case of a relatively low-activity
comet (Goetz et al., 2022).

Comet Interceptor (CI), an F-class mission in the ESA Science Pro-
gramme to be launched in 2029, will attempt to flyby a long-period
comet, ideally a dynamically new one (Jones et al., 2024; Snodgrass
and Jones, 2019). One of the scientific objectives is multi-point in
situ observation of the comet environment (Jones et al., 2022). The
main spacecraft (S/C A) plans to make upstream in situ and remote
sensing observations of the target from afar, to protect it from the
dust environment. Two small probes (S/C B1 provided by JAXA, B2
by ESA) will venture closer to the target and carry complementary
instruments to build up a 3D picture of the comet, using S/C A as
communications hub with Earth. Such multi-point measurements are
possible, for instance, with the three magnetometers on A, B1 and B2.

CI will wait around L2 until a target is identified. The design of
a trajectory to intercept the target faces many uncertainties but is
necessary to estimate 𝛥𝑉 and to foresee the corresponding amount
of propellant (Sanchez et al., 2021). The present paper focuses on
uncertainties related to the flyby itself. It tries to assess the duration
of the time windows when in situ plasma and neutral gas instruments
can expect relevant measurements. Such estimates must necessarily be
parameterized by the flyby geometry and comet characteristics. The
motivation is two-fold.

1. First, the estimated time windows must be combined with an
observation plan specifying which instrument modes are used
when, in order to verify that the consumed power remains
compatible with the spacecraft resources during the flyby. Since
the flyby dictates spacecraft attitude (for camera pointing and
keeping the dust shield in the ram direction), direct data trans-
mission to Earth is not possible. Because of this, but also because
the data acquisition rate is much larger than the transmission
rate, the scientific instruments are operated in a record-and-
playback mode. The observation plan therefore must respect the
on-board data storage limits.

2. Second, S/C A performs maneuvers in the run-up to closest ap-
proach (CA), including the release of the probes and telecommu-
nications sessions, all of which require attitude changes and/or
thruster firings. These may interfere with the operation of some
of the instruments (e.g., by changing the thermal environment
or by requiring high voltages to be off during thruster opera-
tions). Ideally, such maneuvers should not interfere with any
time-critical measurements.

While this paper addresses the Comet Interceptor mission and in par-
ticular the Dust, Fields, and Plasma sensors (DFP) on S/C A and B2 and
the Plasma Suite (PS) on B1, as well as the neutral gas MANiaC sensors
on S/C A (Jones et al., 2022), the methodology and the results have
broader relevance.

2. Methods

Fig. 1 sketches the typical flyby geometry. The nucleus is the source
of an expanding cloud of neutral gas (yellow) that becomes ionized
(red) by various mechanisms, including photo-ionization. The densest
part of the cometary plasma is referred to as the ionosphere. Ionized
cometary molecules are picked up by the interplanetary magnetic
field, thus slowing down the solar wind (blue), a process known as
mass-loading. As the solar wind is supersonic and super-Alfvenic, a
2

Fig. 1. Sketch of the structure of a comet magnetosphere and a typical Comet
Interceptor flyby geometry. The Sun is to the left. This figure presents a projection
onto the ecliptic plane, while the three S/C trajectories will not all lie in the same
plane. (Size of nucleus and diamagnetic cavity exaggerated).

bow shock forms upstream of the ionosphere. The shocked solar wind
interacts with the cometary plasma and forms a diamagnetic cavity,
which acts as an obstacle in the flow. Magnetic field lines are draped
around the comet ionosphere, enveloping the diamagnetic cavity as the
region from which the field is excluded by currents in the diamagnetic
cavity boundary. This section introduces the models used to assess at
any time during the flyby whether meaningful plasma and neutral gas
observations can be conducted.

2.1. Parameters

Comet activity can be described in terms of the gas and dust
production rates 𝑄gas and 𝑄dust , and (volatile) composition. The flyby
geometry is specified by the cometocentric distance 𝑅CA of the space-
craft at closest approach (in what follows this is applied to S/C A),
the relative flyby velocity vector 𝐯f lyby, the heliocentric distance 𝑟f lyby
of the comet at the time of the flyby, and other orbital parameters.
Environmental parameters that affect the flyby include solar wind
density 𝑛sw, velocity 𝐮sw, and interplanetary magnetic field 𝐁sw. All
parameters are summarized in Table 1.

Since the CI target might not be known even at the time of launch,
most of these parameters remain unknown at present (Snodgrass and
Jones, 2019). To facilitate planning, the CI team has defined plausible
target and flyby parameter values to guide the design of the instru-
ments, of the spacecraft, and of the mission (Pinzan et al., 2023). The
present study statistically examines a range of parameter values around
these typical ones to assess how the uncertainty affects the observation
time line.

The flyby will take place in or near the ecliptic plane, at a helio-
centric distance 𝑟f lyby between 0.9 and 1.2 au (Snodgrass and Jones,
2019). Statistical studies (Jones et al., 2022) show that the flyby
velocity is between 10 and 70 km s−1, with a most probable value of
50 km s−1; the spacecraft must be designed to withstand dust particle
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Table 1
Physical quantities (with value if fixed).

Quantity Symbol Units

General

Cometocentric distance 𝑅 km
Heliocentric distance 𝑟 au
Boltzmann constant 𝑘𝐵 1.38× 10−23 J K−1

Solar wind properties

Solar wind density 𝑛sw m−3

Solar wind velocity 𝐮sw km s−1

Interplanetary magnetic field 𝐁sw nT
Solar wind ion mass 𝑚sw 1 Da
Solar wind ion temperature 𝑇sw𝑖 K
Solar wind electron temperature 𝑇sw𝑒 K
Solar wind plasma beta 𝛽sw
Solar wind magnetic pressure 𝑃sw,mag Pa
Solar wind kinetic pressure 𝑃sw,kin Pa

Comet properties

Radius of the nucleus 𝑅nucleus 2.5 km
Neutral gas production rate 𝑄gas molecules s−1

Dust production rate 𝑄dust kg s−1

Neutral gas density 𝑛𝑛 m−3

Neutral gas expansion speed 𝑢𝑛 1 km s−1

Cometary ion mass 𝑚𝑖 19 Da
Distribution of 𝑄gas (1 au) 𝑓random per bin
Biased distribution of 𝑄gas (1 au) 𝑓biased per bin

Bow shock physics and ion pickup

Ionization rate 𝜈 s−1

Bow shock position 𝑅BS km
Mass-loading region limit 𝑅ML km
Bow shock stand-off distance 𝑅BS,K km
Auxiliary parameter 𝐴
Terminator bow shock position 𝑅BS,K,f lank km
Critical normalized mass flux (𝜌𝑢𝑥)∗crit 4∕3
Ion travel distance to full pickup 𝑅𝑠 km
Ion gyrofrequency 𝛺𝑐𝑖 rad s−1

Ion pickup time 𝑡𝑝 s
Gyration angle before pickup 𝛺𝑐𝑖𝑡𝑝 2𝜋 0.216 rad
Shape model parameter 𝜖 1
Mass-loading limit relative to shock 𝛾 5

Flyby properties

Heliocentric distance of the flyby 𝑟f lyby au
Closest approach distance 𝑅CA km
Zenith angle at closest approach 𝜃CA 30◦

Relative flyby velocity 𝐯f lyby km s−1

Neutral gas density detection limit 𝑛∗𝑛 m−3

Neutral gas detection distance 𝑅𝑛 km
In/outbound bow shock position 𝑅BS1, 𝑅BS2 km
In/outbound mass-loading limit 𝑅ML1, 𝑅ML2 km
Time from CA to 𝑅𝑛 𝑡𝑛 s
Time from CA to 𝑅BS1, 𝑅BS2 𝑡BS1, 𝑡BS2 s
Time from CA to 𝑅ML1, 𝑅ML2 𝑡ML1, 𝑡ML2 s

COMPLIMENT data storage

Total memory available 𝑀 3000 Mbit
Total data recording time 𝑇 s
Fractions spent in each mode 𝑎, 𝑏, 𝑐 ∈ [0, 1]
Housekeeping data rate 𝜌HK 128 bps
Low resolution science data rate 𝜌low 327 bps
Reduced science data rate 𝜌red 9792 bps
Full science data rate 𝜌full 33 435 bps

impacts at these speeds. At 1 au and near the ecliptic plane, solar wind
density is 0.1–10particles cm−3, while solar wind velocity can be 350–
800 km s−1, although a speed around 400 km s−1 is most probable,
depending on solar activity. The gas production rate 𝑄gas (1 au) can
range from around 1028 molecules s−1 (exemplified by 67P with a peak

ater production of 4 × 1028 molecules s−1 at 1.24 au (Hansen et al.,
2016)) or lower, up to 1030 molecules s−1 (as for 1P with 𝑄gas =
6.9 × 1029 molecules s−1 at 0.89 au (Krankowsky et al., 1986)) or even
up to 1031 − 1032 molecules s−1 (C/1995 O1 Hale–Bopp with 𝑄gas =

31 −1
3

3.59 × 10 molecules s around perihelion at 0.91 au (Bair et al.,
2018)). The odds to be able to target a comet with a high production
rate during the mission timeframe are very slim (see Section 3.2).
Some of the backup targets have very low activity, e.g., 𝑄dust∕𝑄dust,1P
is 7 × 10−5 for 15P/Finlay, 2 × 10−7 for 289P/Blanpain, and 8 × 10−6 for
300P/Catalina (Kidger, 2023). Assuming 𝑄dust∕𝑄dust,1P = 𝑄gas∕𝑄gas,1P,
their gas production rate is <1026 molecules s−1.

.2. Plasma and neutral gas observation windows

We examine the duration of the time periods around CA during
hich S/C A is able to perform in situ measurements of plasma phe-
omena and of the neutral gas. We distinguish the periods during which
ontinuous observation is recommended in order not to miss any crucial
arts of the comet environment (e.g., the bow shock crossings) and
hose where observations are possible but not necessarily needed. Both
ime periods have direct implications on the planning of the spacecraft
nd instrument operations, the data volume that can be acquired, the
ensor integration times to be used, etc. Pinzan et al. (2023).

The study is conceived as a series of estimates of the locations and
imes when different phenomena can be observed, with an emphasis on
hose that take place relatively far away from the nucleus, since they
et the bounds of the observation windows.

.3. Neutral gas coma

The neutral gas emanating from the comet nucleus expands as it
lows out into space (see Fig. 1). As the coma density 𝑛𝑛 decreases with
ometocentric distance, there is a critical distance 𝑅𝑛 beyond which the
ensity is below the detection limit 𝑛∗𝑛 of the neutral gas sensors.

For the CI/MANiaC Neutral Density Gauge (NDG) a lower pressure
bound of 10−11 mbar is given (Jones et al., 2022). Assuming thermal-
ization in the antechamber to a temperature of 300K, this corresponds
to a density 𝑛∗𝑛 = 105 molecules cm−3, while the Rosetta/ROSINA
COmetary Pressure Sensor (COPS) measured gas density down to
106 molecules cm−3 (Balsiger et al., 2007; Schläppi et al., 2010). The
CI/MANiaC time-of-flight (TOF) mass spectrometer aims at a sensitivity
that is 100 times better at 𝑛∗𝑛 = 103 molecules cm−3 (Jones et al., 2022).

A difficulty will be the spacecraft background created by diffusion,
desorption, and material decomposition. On Rosetta, the S/C back-
ground dropped to a pressure level of 10−10 to 10−11 mbar after a
few years in space (Schläppi et al., 2010), i.e., 105 molecules cm−3.
Rosetta/ROSINA COPS was still capable of measuring this. During the
high-relative-velocity CI flyby, an additional background contribution
can be expected from neutrals sputtered from the spacecraft surface by
hypervelocity dust particle impacts. The CI/MANiaC time-of-flight mass
spectrometer should be able to characterize this background before and
after the flyby as it typically is only present for selected species. As long
as it behaves in a predictable manner so that it can be modeled, the
background can be subtracted away.

For an isotropic and spherically expanding neutral coma, the neutral
density is 𝑛𝑛 = 𝑄gas∕(4𝜋𝑢𝑛𝑅2) with 𝑅 the cometocentric distance and
𝑢𝑛 the neutral gas expansion speed. A typical value is 𝑢𝑛 = 1 km s−1,
which can approximately be taken constant although there might be
a weak dependence on 𝑄gas. In the absence of an extended source of
grains containing ices, and for as long as the amount of ionization is
negligible, the neutral gas detection limit is reached at

𝑅𝑛 =

√

𝑄gas

4𝜋𝑢𝑛𝑛∗𝑛
. (1)

The CI/MANiaC NDG should be able to detect the gas coma out
to 𝑅𝑛 = 3000, 30 000, and 3 × 105 km for 𝑄gas = 1028, 1030, and
1032 molecules s−1, respectively. For the CI/MANiaC TOF spectrometer,
𝑅𝑛 = 3 × 104, 3 × 105, and 3 × 106 km, respectively.

If only the nucleus’ day side is outgassing, 𝑅𝑛 is a factor
√

2
larger. If there are localized outgassing enhancements by a factor of
10, the distances are a factor

√

10 larger. In a collision-dominated
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coma, such local density enhancements diffuse laterally and tend to
disappear with cometocentric distance. At any point in a collisionless
coma, gas originating from different spots on the illuminated surface
is superposed, so that localized density enhancements tend to average
out. Nevertheless, diurnal variations in outgassing by an order of
magnitude are very well possible, especially with a non-convex nucleus,
as observed near 67P (e.g., Hansen et al., 2016), but keeping in mind
that diurnal variations may be hard to identify during a flyby if its
duration is much shorter than the nucleus rotation period. For studies
of coma composition, the detection limit should be compared to the
partial densities of the relevant gas components rather than the total
density, so that 𝑛𝑛 should be at least one order of magnitude larger
than 𝑛∗𝑛, especially if one is interested in minor species and a decent
signal-to-noise ratio.

In conclusion, the neutral gas can be detected from considerable dis-
tances from the nucleus, up to 106 km for very active comets, although
the larger end of the range may be overestimated as photoionization
and dissociative photoionization processes can no longer be neglected
for such long distances. Combining a neutral outflow 𝑢𝑛 = 1 km s−1

with a photo-dissociation and photo-ionization time scale 1∕𝜈 (1 au)
close to 106 s, the maximum size of the gas coma can approach 106 km.
The detectable gas coma of low-activity comets is significantly smaller.
For studies of minor gas coma constituents, the relevant 𝑅𝑛 are cor-
respondingly smaller. The signal-to-noise ratio is highest near CA as
the gas density peaks there. Practical limitations are set by spacecraft
outgassing, so that a good background characterization is needed. Out-
gassing therefore is a key driver of the design of CI/MANiaC and of the
spacecraft near the instrument. Starting observations early, continuing
them regularly throughout the flyby, and ending them only after exiting
from the gas coma, is useful both for assessing changes in the gas
production and for monitoring the evolving spacecraft background.

2.4. Comet bow shock

The neutral gas originating from the nucleus becomes ionized
through various mechanisms. This ultimately creates the comet mag-
netosphere. An important outer boundary of the magnetosphere is the
bow shock (see Fig. 1). The model of Koenders et al. (2013) gives the
bow shock standoff distance as

𝑅BS,K =
𝜈𝑄gas𝑚𝑖

4𝜋𝑢𝑛𝑚sw𝑛sw𝑢sw[(𝜌𝑢𝑥)∗crit − 1 + 𝐴]
− 𝑅𝑠, (2)

in which 𝜈 is the net ionization rate. The (average) cometary ion mass is
taken to be 𝑚𝑖 = 19Da corresponding to H3O+, because photoionization
in a H2O-dominated coma gives rise to H2O+, which in turn may
undergo a proton transfer in reaction with water, leading to H3O+.
Typically H3O+ dominates at low cometocentric distances, while H2O+

dominates farther out (Beth et al., 2019). The solar wind is taken to
consist of protons only, so 𝑚sw = 1Da. The dimensionless quantity
(𝜌𝑢𝑥)∗crit = 4∕3 is the critical normalized mass flux density required for
the solar wind to slow down enough to form a shock (Biermann et al.,
1967; Koenders et al., 2013; Edberg et al., 2023). 𝑅𝑠 is the distance an
ion travels before being accelerated to solar wind speed,

𝑅𝑠 =
𝑢sw

𝛺𝑐𝑖[𝛺𝑐𝑖𝑡𝑝 − sin(𝛺𝑐𝑖𝑡𝑝)]
(3)

with 𝛺𝑐𝑖 = 𝑒𝐵∕𝑚𝑖 in rad s−1 the ion gyrofrequency of singly charged
ions in magnetic field 𝐵 and 𝑡𝑝 the pick-up time in seconds. A value
𝛺𝑐𝑖𝑡𝑝 = 2𝜋 0.216 rad is typical (Koenders et al., 2013). The dimension-
ess quantity

=
𝜈𝑄gas𝑚𝑖

4𝜋𝑢𝑛𝑛sw𝑚sw𝑢sw(𝑢𝑛∕𝜈 + 𝑅nucleus)
(4)

where 𝑅nucleus is the radius of the nucleus, taken here to be 2.5 km)
imits the standoff distance for high gas production to

≤ 𝑢 ∕𝜈. (5)
4

BS,K 𝑛 r
We have evaluated Koenders’ model for heliocentric distances
0.9 au, 1.0 au, and 1.2 au, the range accessible by CI (Jones et al., 2022,
2024). 𝑄gas is taken to scale with heliocentric distance as

𝑄gas(𝑟f lyby) =
𝑄gas (1 au)

𝑟6f lyby
(6)

where the exponent is the average of the inbound and outbound varia-
tion seen at 67P (Hansen et al., 2016). The ionization rate is assumed
to follow an inverse square law with heliocentric distance so that

𝜈(𝑟f lyby) =
𝜈 (1 au)
𝑟2f lyby

, (7)

with 𝑟f lyby in au and 𝜈 (1 au) = 7×10−7 s−1 the ionization rate in a water-
dominated coma at 1 au, corresponding to the average solar activity
from the Rosetta era (Vigren et al., 2019; Edberg et al., 2023); this
value fits in the range given by Huebner and Mukherjee (2015). We
do not consider here the variability of the EUV flux with solar activity
(which can be up to an order of magnitude). The above scaling assumes
that photoionization dominates and that the coma is not opaque. A loss
of opacity occurs for high activity in the inner coma and quenches the
comet’s activity (Beth et al., 2019). While in principle valid only for
low activity, the model of Koenders and this scaling of 𝜈 still hold
pproximately for more active comets. Typical solar wind speed is
sw = 400 km s−1. At 1 au, representative values of solar wind density
sw = 11particles cm−3 and magnetic field strength 𝐵sw = 7.6nT are
onsidered, leading to 𝛺𝑐𝑖 = 0.0386 rad s−1, 𝑡𝑝 = 35.1 s, 𝑅𝑠 = 3900 km.

Solar wind density and magnetic field strength scale with 1∕𝑟2f lyby and
1∕𝑟1.348f lyby, while solar wind velocity does not change (Khabarova and
Obridko, 2012). The results are shown in Fig. 2 for 𝑄gas (1 au) varying
from 1028 to 1032 molecules s−1. The panels show the neutral gas
detection limit 𝑅𝑛 corresponding to 𝑛∗𝑛 = 105 and 103 molecules cm−3

for the MANiaC NDG and TOF spectrometer (see Section 2.3, dashed
red lines) that varies with 𝑄gas as a power law (slope 1∕2), the bow
shock standoff distance 𝑅BS,K for the parameters given above (solid
blue line), and the bow shock distance at the terminator following
the shape model explained below (dashed green line). The bow shock
standoff distance levels off for high 𝑄gas to 𝑢𝑛∕𝜈 = 1.4 × 106 km at
1 au (from Eq. (5)) so that 𝑅BS,K does not change much for 𝑄gas (1 au)
> 1031 molecules cm−3. No bow shock exists at 1.2 au for 𝑄gas (1 au)
< 2 × 1028 molecules s−1 as outgassing is too weak there (gray shaded
area). From Rosetta at 67P it is known that a ‘‘bow wave’’ or ‘‘infant
bow shock’’ may exist in this situation, rather than a fully developed
bow shock (Gunell et al., 2018).

A shape model is required to make predictions about where S/C A
will cross the bow shock. A model that is often used for planetary bow
shocks is of the form

𝑅BS = 1 + 𝜖
1 + 𝜖 cos 𝜃

𝑅BS,K , (8)

where 𝜃 is the angle relative to the solar wind ram direction (there
generally is a small aberration angle with respect to the sun–comet line)
and where 𝜖 > 0 is a dimensionless free parameter. The position of the
ow shock at 𝜃 = 90◦ is then

𝑅BS,K,f lank = (1 + 𝜖)𝑅BS,K . (9)

A trajectory passing close to the nucleus, with 𝑅CA ≪ 𝑅BS,K , oriented
at an arbitrary angle, will cross the bow shock at a distance below
𝑅BS,K,f lank during the inbound leg and above it during the outbound
leg, or the reverse, with a total distance traveled inside the bow shock
> 2 (1 + 𝜖)𝑅BS,K . The dashed green line in Fig. 2 represents 𝑅BS,K,f lank
or 𝜖 = 1. This value has been established by Edberg et al. (2023). They
ave examined a collection of observed bow shock crossings from the
iterature. Using the shape model, the corresponding standoff distances
ave been inferred. Furthermore, they have used published results
f comet simulations to obtain the standoff distances directly. The
esulting set of bow shock standoff distances combines data for different
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Fig. 2. Bow shock standoff distance 𝑅BS,K as a function of 𝑄gas (1 au) (solid blue line),
bow shock distance at terminator (green), and neutral gas detection limits for MANiaC
NDG and TOF (red). The horizontal black line gives the maximum 𝑅BS,K possible. When
outgassing is too weak, a proper bow shock may not exist (shaded area).

ionization rates and different solar wind conditions, corresponding
to different heliocentric distances, all inside 3 au. When plotted as a
function of 𝑄gas, the bow shock standoff distances compared well to
the model of Koenders with parameters typical for 1 au, for 𝑄gas ranging
from 1027 to 1032 molecules s−1.

It can be concluded that the position of the bow shock is well de-
scribed by the model of Koenders combined with a simple shape model.
Nevertheless, predicting the bow shock position remains difficult:
5

• If 𝑄gas is known up to an order of magnitude, the uncertainty in
𝑅BS,K is also an order of magnitude, except for very active comets
where 𝑅BS,K is close to the upper limit of Eq. (5).

• The gas production rate may vary due to diurnal or seasonal
effects, and the spatial distribution of the gas may be nonuniform
due to nucleus geometry (Hansen et al., 2016). As CI flies by the
comet, it detects gas released from different positions at different
times corresponding to different nucleus spin phases.

• Solar wind properties and solar EUV flux fluctuate all the time.
• The shape of the magnetosphere can be asymmetric due to aber-

ration effects and due to the anisotropy introduced by the inter-
planetary magnetic field (Nilsson et al., 2021).

All of this results in an uncertainty on the bow shock standoff distance
that is hard to eliminate in advance, so that it is difficult to adjust the
operations planning to it. One therefore must continuously measure the
plasma so as not to miss the bow shock crossings, especially since the
bow shock has been identified as an important CI science topic (Jones
et al., 2022, 2024).

2.5. Unperturbed solar wind, mass loading, pick-up ions and associated
plasma waves

The solar wind–comet interaction starts well in front of the bow
shock. Neutrals become ionized and these ions are picked-up by the
solar wind, resulting in a solar wind deceleration as the energy for
pick-up ion acceleration is drawn from the solar wind kinetic energy
(see Fig. 1). The ion particle distributions change as a consequence of
pickup (Coates, 2004). As indicated by Edberg et al. (2023), pick-up
ions have been observed more than an order of magnitude farther out
than the bow shock. Unperturbed solar wind measurements must be
acquired to assess the solar wind forcing of the comet magnetosphere.
By performing solar wind measurements before entering into and after
exiting from the mass-loading region, these can be matched up to solar
wind models to estimate the actual conditions during the flyby, which
is important since no upstream solar wind measurements are available
while the S/C are near CA.

The ion pick-up process upstream of the bow shock, and the asso-
ciated solar wind deceleration, have not yet been studied very well
at comets, with information mostly from Giotto’s Halley and Grigg–
Skjellerup flybys. The CI/DFP-SCIENA ion spectrometer could make
a valuable contribution on this topic. Because of the lack of detailed
information, it is simply assumed here that the mass-loading region is
within

𝑅ML = 𝛾𝑅BS, (10)

where 𝛾 = 5 reflects how far this region extends out into the solar
wind, although we do not know the exact shape of that region. Hybrid
simulations show pick-up to occur out to such distances (e.g. Delamere,
2006; Simon Wedlund et al., 2017). In conclusion, mass loading starts
at a distance that is an order of magnitude larger than the bow shock
position. While scientifically interesting, continuous measurements in
this region are not mandatory.

3. Statistics of observation window duration

To deal with the difficulty of predicting where and for how long
the comet’s neutral gas and plasma environment can be sampled, a
statistical analysis has been carried out. The analysis examines the
situation for a range of hypothetical comets, flyby properties, and solar
wind conditions to find the probability distribution of the observation
window durations.
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3.1. Analysis for given 𝑟f lyby and 𝑄gas

In a first step, the comet properties are considered given, with a
fixed value of 𝑄gas and with the 𝜈, 𝑢𝑛, 𝑚𝑖, 𝛺𝑐𝑖𝑡𝑝, 𝑅nucleus, and 𝜖 values
introduced earlier (see Table 1).

The comet flyby trajectory is assumed to be within the ecliptic plane
at a given heliocentric distance 𝑟f lyby, with a closest approach of S/C

at 𝑅CA = 1000 km. This currently is the nominal distance but it
an be fine-tuned somewhat shortly before the flyby as a function of
he comet gas and dust production rates. Closest approach is taken to
ccur at a solar zenith angle 𝜃CA = 30◦ in the pre-noon sector, the
onfiguration shown in Fig. 1. This leads to inbound and outbound bow
hock crossings at 𝑅BS1 and 𝑅BS2, respectively, that are characterized
y 𝑅BS,K < 𝑅BS1 < 2𝑅BS,K < 𝑅BS2. If closest approach occurs on the
ayside with 𝜃CA close to zero, then 𝑅BS,K ≤ 𝑅BS1 ≈ 𝑅BS2 < 2𝑅BS,K . If
losest approach occurs at larger solar zenith angle, 𝑅𝐵𝑆2 can become
ignificantly larger than 2𝑅BS,K . A similar reasoning applies to 𝑅ML,
ith the caution that not much is known about the actual shape of

he mass loading region. In our statistical analysis, the geometry is
ept fixed in order to simplify the problem, but also because 𝑅BS,K
ictates the scale size of the plasma observation window regardless of
he specifics of the flyby geometry.

A parameter that is of major importance is the flyby velocity. We
onsider 𝑣f lyby to follow a 𝛽 distribution defined over the domain
10, 70] km s−1 with 𝛼 = 6 and 𝛽 = 4, which is asymmetric with a
aximum around 50 km s−1, i.e., a distribution of the form

(𝑣f lyby) ∝ 𝑥𝛼−1(1 − 𝑥)𝛽−1

here 𝑥 = (𝑣f lyby [km s−1]−10)∕60; this distribution represents the
bservational data in Jones et al. (2024, Figure 37).

Solar wind speed is randomly chosen between slow (normal distri-
ution centered around 400 km s−1 with standard deviation 30 km s−1)
nd fast (normal distribution centered around 650 km s−1 with standard
eviation 50 km s−1), with slow wind 3 times more likely than fast
ind (McComas et al., 2000). Plasma temperature at 1 au is taken to

hange with speed, with 𝑇sw𝑖 (1 au) = 700(𝑢sw [km s−1]) − 200 000K and
sw𝑒 (1 au) = 𝑇sw𝑖∕5 (Elliott et al., 2012). Magnetic pressure 𝑃sw,mag (1 au)
s taken from a normal distribution centered around the pressure cor-
esponding to a reference magnetic field of 7.6 nT, with a 5% standard
eviation. From this, the magnetic field 𝐵sw (1 au) is computed and
caled to 𝐵sw(𝑟f lyby) (Khabarova and Obridko, 2012). Solar wind plasma
eta is taken from a lognormal distribution: log10(𝛽sw (1 au)) has a
ormal distribution around −0.2 with a standard deviation 0.5 (Mullan
nd Smith, 2006). Then the kinetic pressure at 1 au is found from

sw,kin (1 au) = 𝛽 (1 au)𝑃sw,mag (1 au) (11)

nd hence solar wind density is computed from

sw (1 au) = 𝑃sw,kin (1 au)∕𝑘𝐵[𝑇sw𝑖 (1 au) + 𝑇sw𝑒 (1 au)], (12)

hich is then scaled to obtain 𝑛sw(𝑟f lyby). These choices provide repre-
entative solar wind characteristics.

Fig. 3 shows the results for comet flybys at 1 au. The top half of
he figure gives the probability distributions for the relevant positions,
hile the bottom half displays the distributions of the corresponding

imes from closest approach. The calculation is performed for 𝑄gas =
028 (red curves), 1030 (green) and 1032 molecules s−1 (blue).

The neutral gas detection limit is at a fixed 𝑅𝑛 regardless of the
olar wind conditions, because it only depends on 𝑄gas and 𝑢𝑛; solid
nd dashed lines correspond to the 105 cm−3 and the 103 cm−3 limits
or the CI/MANiaC NDG and TOF sensors. 𝑅𝑛 scales with

√

𝑄gas. For a
omet with low activity, neutral measurements are relevant essentially
ithin a few thousand kilometers, while for an extremely active one

he gas coma can be detected up to 106 km, comparable to the scale
ength of loss of neutral H2O molecules due to photoionization. The
6

orresponding times 𝑡𝑛 are identical for the inbound and outbound
Fig. 3. Probability distributions of relevant distances and times for flybys at 1 au,
or comets with 𝑄gas (1 au) = 1028, 1030, and 1032 molecules s−1 (red, green, blue,
espectively). The spatial extent of the neutral gas detection region 𝑅𝑛 is set by activity;
𝑛1 and 𝑅𝑛2 reflect the detection limits for the CI/MANiaC NDG and TOF spectrometer,

espectively. The corresponding times 𝑡𝑛1 and 𝑡𝑛2 show a spread due to the unknown
f lyby . The distributions of the in- and outbound bow shock crossing positions, 𝑅BS1 and
BS2, are broad but can never be inward of 𝑅CA. The distributions of the corresponding

imes, 𝑡BS1 and 𝑡BS2, show an even larger spread due to 𝑣f lyby . Note that the inbound bow
hock crossing may occur before the release of probe B1 and/or B2. The distributions of
ntry into and exit from the mass-loading region, 𝑅ML1 and 𝑅ML2, and the corresponding
imes, 𝑡ML1 and 𝑡ML2, are broader by the factor 𝛾.

eg of the flyby. Their values show a spread according to the 𝑣f lyby
ariability. For low comet activity and high flyby speed, the time
uitable for neutral measurements is only a few minutes, while for
xtreme activity and low flyby speed, the period extends over many
ours. For 𝑄gas = 1030 molecules s−1, measurements are possible within
04 s (3 h) around CA for a 50 km s−1 flyby. For smaller comas, 𝑡𝑛
epends on 𝑅CA.

A large spread is observed in the bow shock crossing positions due
o the varying solar wind properties. The distribution of 𝑅BS is sharply
runcated at 𝑅 at its lower edge for low activity comets, because the
CA
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Table 2
Typical extent and duration of the observation windows for 𝑄gas = 1030 molecules s−1 and 𝑣f lyby =
50 km s−1.

𝑟f lyby
0.9 au 1.0 au 1.2 au

Neutral observations

2𝑡𝑛 (limit 105 cm−3) 1.6 × 103 s 1.2 × 103 s 0.6 × 103 s
2𝑅𝑛 (limit 105 cm−3) 8 × 104 km 6 × 104 km 3 × 104 km
2𝑡𝑛 (limit 103 cm−3) 1.6 × 104 s 1.2 × 104 s 0.6 × 104 s
2𝑅𝑛 (limit 103 cm−3) 8 × 105 km 6 × 105 km 3 × 105 km

Plasma observations — continuous

𝑡BS1 + 𝑡BS2 10 × 104 s 8 × 104 s 4 × 104 s
𝑅BS1 + 𝑅BS2 5 × 106 km 4 × 106 km 2 × 106 km

Plasma observations — desired

𝑡ML1 + 𝑡ML2 5 × 105 s 4 × 105 s 2 × 105 s
𝑅ML1 + 𝑅ML2 2.5 × 107 km 2 × 107 km 1 × 107 km
bow shock is not traversed when 𝑅BS < 𝑅CA, so that 𝑡BS = 0. Bow
hock crossing distances may be up to 106 km even in the low activity
ase. The corresponding time duration inside the bow shock can reach
04 s, i.e., several hours. For 𝑄gas = 1030 molecules s−1, the bow shock
s at a few times 106 km and the duration up to 105 s, about a day, for
50 km s−1 flyby. For the extreme activity situation, the bow shock

rossings are situated around almost 107 km. The corresponding time
nterval of interest is several times 105 s, i.e., several days, but this
ituation is very unlikely. With the approximation adopted here it is
lear that the distances 𝑅ML and relevant times 𝑡ML are up to 5 × larger
han 𝑅BS and 𝑡BS.

A similar analysis has been conducted for flybys at 1.2 au and 0.9 au
Figs. 4 and 5). Using the scaling of Eq. (6), the gas production at
f lyby = 1.2 au is reduced by a factor of 3 compared to 1 au. From the
odel of Koenders, it is expected that the bow shock position scales as

BS ∝
𝜈𝑄gas

𝑛sw
∝

(1∕𝑟2f lyby)(1∕𝑟
6
f lyby)

1∕𝑟2f lyby
= 1

𝑟6f lyby
, (13)

t least when 𝐴 and 𝑅𝑠 can be ignored. 𝑅BS thus decreases farther
rom the Sun, which leads to shorter observation durations. Conversely,
t 0.9 au the gas production is enhanced by a factor of 1.9 and thus
he comet magnetosphere is larger. For very high activity, however,
he model of Koenders limits the standoff distance to 𝑢𝑛∕𝜈, so that
BS ∝ 𝑟2f lyby. The physical interpretation is that photoionization is lower

arther away from the Sun and thus the bow shock forms farther out.
his counteracts the effect of the lower gas production rate farther from
he Sun. As a result, the size does not change much with 𝑟f lyby for large
gas.

Table 2 presents the results for 𝑄gas = 1030 molecules s−1 at 1 au,
omewhat higher than the 1P/Halley-like activity that CI originally
et out to be able to deal with. The most likely science observation
indows for neutral measurements (2𝑡𝑛) and for plasma measurements
𝑡BS1 + 𝑡BS2 and 𝑡ML1 + 𝑡ML2) are listed, corresponding essentially to

the 50 km s−1 flyby speed, but should be considered with care. There
is a spread on the results due to solar wind variability and uncertain
flyby speed. The comet activity 𝑄gas itself varies in space and time.
The neutral gas expansion speed was considered constant, while in
reality it varies somewhat with 𝑄gas. The observation window for
neutral measurements depends on a successful spacecraft background
correction. For plasma measurements, the model of Koenders has its
limits, especially at low 𝑄gas where a bow shock even may not exist
and at high 𝑄gas where additional ionization mechanisms should be
accounted for. Despite all these caveats, the order of magnitude should
be correct. For a 1030 molecules s−1 comet, the most likely science
observation window is 3–5 × 105 s, i.e., 4 to 6 days, not necessarily
centered around the time of closest approach, with considerable spread.
Continuous observations are needed for 0.6–1 × 105 s, i.e., 16 to 27 h.
7

Fig. 4. Probability distributions of relevant distances and times for flybys at 1.2 au;
layout identical as for Fig. 3.
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Fig. 5. Probability distributions of relevant distances and times for flybys at 0.9 au;
layout identical as for Fig. 3.

3.2. Analysis for given 𝑟f lyby and target selection bias

The observation window strongly depends on comet activity. There-
ore, as a next step, the expected comet activity distribution is incor-
orated in the statistical analysis. Kidger (2023, Table 2) gives the
ecurrence frequency of comets as a function of their peak dust activity
elative to 1P. These numbers are obtained from the 173 ‘‘new’’ comets
bserved between 1880 and 1978, which have a perihelion inside
.2 au. In what follows, it is assumed that this peak activity does not
iffer much from the activity at 1 au, at least in a statistical sense.

To obtain the activity statistics for the CI target, however, besides
he statistics of the comets as they occur in nature, one needs to take
nto account also selection effects related to the discovery of potential
argets. The CI project plans to exploit the observations of the Vera
. Rubin survey telescope, formerly known as the LSST, Ivezić et al.
2019) to detect comets when they are still far away from the Sun,
o that the spacecraft has enough time to cruise towards the intercep-
ion point (Snodgrass and Jones, 2019). Discovering faraway comets
8

adds potential targets but also leads to an observational bias towards
larger and higher albedo objects. Another selection effect comes from
accessibility considerations: It is not because the comet orbit has a
perihelion inside 1.2 au that its ecliptic crossings occur in the 0.9–
1.2 au range. Mission operations constraints create an additional bias.
For instance, the flyby preferably should not take place when the
comet is too close to the Sun’s direction as seen from Earth, which
could hamper radio communication. The statistics of CI targets also
depend on the decision logic of the CI team. Will the project go for the
first comet that is discovered and that fits the technical constraints?
Will the project choose the most active comet among the potential
candidates, because this facilitates neutral gas composition studies or
because it offers a fluid-scale magnetosphere as opposed to the kinetic-
scale magnetosphere of 67P? Or will the team avoid too active comets
because of the dust impact risks? Some of these topics have been
already addressed by Vigren et al. (2023). The statistical results for two
strategies are presented below.

The first strategy is to pick a target comet randomly among the
candidates, with the only requirement that the mass production rate is
above 𝑄gas = 1028at 1 au. This is assuming that the discovery selection
effect is negligible for comet nuclei with such activity levels, and that
the accessibility and technical constraints do not introduce a bias.
Above this lower activity limit, the risk of too low neutral gas densities
and/or of not even crossing the bow shock is virtually zero. The corre-
sponding distribution 𝑓random(𝑄gas (1 au)) is shown as the red histogram
in Fig. 6. This distribution is obtained from the recurrence frequencies
of Kidger (2023), extrapolated towards lower and higher activity using
power laws, constrained to the interval [1028, 1032] molecules s−1, and
normalized (see also Table 3). While Kidger (2023) gives the distribu-
tion in terms of dust activity relative to 1P, we translate this into gas
production rate relative to 1P, with a reference value 𝑄gas,1P (1 au) =
3.4 × 1029 molecules s−1 (scaled from the Krankowsky et al. (1986)
value using Eq. (6)) in the assumption that gas and dust production
rates scale proportionally. Lower-activity objects clearly dominate the
distribution. The odds for a target with 𝑄gas (1 au) > 1029 molecules s−1

are only 3%; the odds that it has 𝑄gas (1 au) > 1030 molecules s−1

are practically zero. Following Kidger (2023), one can expect about 2
comets with 𝑄gas > 0.05𝑄gas,1P (1 au) ≈ 2 × 1028 molecules s−1 during a
6-year mission like that of Comet Interceptor. Performing the statistical
analysis for 𝑅𝑛, 𝑅BS, 𝑅ML and for 𝑡𝑛, 𝑡BS, 𝑡ML, for a sample where
𝑄gas (1 au) follows the 𝑓random distribution, results in the red curves
shown in Fig. 7 for 𝑟f lyby = 1.0 au. Not surprisingly, these distributions
are broad and only slightly shifted upward from those obtained for
𝑄gas (1 au) = 1028 molecules s−1.

The second strategy considers a modest observational or target
selection bias towards higher 𝑄gas, which is more realistic. This dis-
tribution is obtained as

𝑓biased(𝑄gas (1 au)) ∝ 𝑄gas (1 au)𝑓random(𝑄gas (1 au)), (14)

the green histogram in Fig. 6, where the maximum of the distribution
is very broad and centered around 1029 molecules s−1. The odds for a
target with 𝑄gas below or above 1029 are 79% and 21%, respectively;
the situation 𝑄gas > 1030 molecules s−1 occurs in about 0.2% of the
cases. It is therefore logical that the overall distributions shown in
green in Fig. 7 are broad, covering ranges between those for 1028 and
1030 molecules s−1. Adding such a further selection bias reduces the
number of potential targets even further; one simply may not have the
luxury to do so.

4. Implications for data acquisition

The analysis of neutral gas and plasma observation windows has
shown that an observation time of 105 s (continuous observation + se-
lected observation periods in the solar wind and mass loading regions)
is not unlikely. This has implications for the onboard data storage,
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Fig. 6. Distribution of 𝑄gas (1 au) for the random (red) and biased (green) target
selection scenarios. See main text for more explanations.

Table 3
Random and biased comet activity distributions.
log10 𝑄gas (1 au) 𝑓random 𝑓biased
[molecules s−1] [per bin] [per bin]

28.0–28.1 0.1996 0.0756
28.1–28.2 0.1700 0.0814
28.2–28.3 0.1404 0.0857
28.3–28.4 0.1203 0.0910
28.4–28.5 0.0985 0.0935
28.5–28.6 0.0759 0.0921
28.6–28.7 0.0621 0.0916
28.7–28.8 0.0493 0.0933
28.8–28.9 0.0331 0.0786
28.9–29.0 0.0203 0.0618
29.0–29.1 0.0137 0.0513
29.1–29.2 0.0086 0.0397
29.2–29.3 0.0046 0.0257
29.3–29.4 0.0020 0.0146
29.4–29.5 0.0009 0.0084
29.5–29.6 0.0004 0.0055
29.6–29.7 0.0003 0.0035
29.7–29.8 0.0001 0.0024
29.8–29.9 0.0001 0.0014
29.9–30.0 0.0000 0.0010
30.0–30.1 0.0000 0.0008
30.1–30.2 0.0000 0.0005
30.2–30.3 0.0000 0.0003
30.3–30.4 0.0000 0.0002
30.4–30.5 0.0000 0.0001
30.5–30.6 0.0000 0.0001
30.6–30.7 0.0000 0.0001
30.7–30.8 0.0000 0.0000

given that S/C A will record all data during the flyby for later transmis-
sion to ground. Data storage is examined here for the Langmuir probe
and Mutual Impedance experiment CI/DFP-COMPLIMENT, part of the
Dust-Fields-Plasma instrument (Jones et al., 2022, section 4.1.4.3), but
the other plasma sensors face a comparable situation.

The COMPLIMENT data must be stored locally in the 8Gbyte
flash memory of the DFP-A Dust and Plasma Processing Unit (Soucek
and Kolmasova, 2023). The exact partitioning of that memory among
the DFP-A sensors has not yet been decided. Let 𝑀 be the storage
available to COMPLIMENT during the flyby, with data acquisition
rates (Rothkaehl et al., 2022a,b):

• housekeeping rate 𝜌HK = 128bps
• low resolution science rate 𝜌low = 327bps
• reduced science rate 𝜌red = 9792bps
• full science rate 𝜌full = 33 435 bps

The instrument operation is identical for the low, reduced science, and
full science modes; they only differ in how much of the data is kept
9

Fig. 7. Probability distributions of relevant distances and times for flybys at 1 au, for
comets with 𝑄gas (1 au) following the 𝑓random (red) and 𝑓biased (green) statistics. The
spatial characteristics 𝑅𝑛1, 𝑅𝑛2, 𝑅BS1, 𝑅BS2, 𝑅ML1 and 𝑅ML2, as well as the corresponding
imes 𝑡𝑛1, 𝑡𝑛2, 𝑡BS1, 𝑡BS2, 𝑡ML1 and 𝑡ML2, tend to be somewhat larger for the biased scenario
hich features higher activity on average.

n memory. There is no data compression prior to storage. A margin
f 20% is applied to the above data acquisition rates for packetization
nd overhead.

If the total observation time is 𝑇 , the average science data rate is

𝜌⟩ = (𝑀 − 𝑇 𝜌HK)∕𝑇 , (15)

here the numerator represents the amount of memory available for
cience data. One then has

𝜌low + 𝑏𝜌red + 𝑐𝜌full = ⟨𝜌⟩, with 𝑎 + 𝑏 + 𝑐 = 1, (16)

here 𝑎, 𝑏, 𝑐 are the time fractions spent in each of the science modes.
or a given ratio 𝑐∕𝑏, and defining the quantity

∗ =
𝜌red + 𝜌full𝑐∕𝑏 , (17)
1 + 𝑐∕𝑏
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Table 4
Data storage strategies for COMPLIMENT for a range of science observation window durations.
𝑇 [s] 𝑐∕𝑏 = 0.1 𝑐∕𝑏 = 0.5 𝑐∕𝑏 = 1.0

𝑎 𝑏 𝑐 𝑎 𝑏 𝑐 𝑎 𝑏 𝑐

10 000 0.00 0.00 1.00 0.00 0.00 1.00 0.00 0.00 1.00
20 000 0.00 0.00 1.00 0.00 0.00 1.00 0.00 0.00 1.00
50 000 0.00 0.00 1.00 0.00 0.00 1.00 0.00 0.00 1.00

100 000 0.00 0.00 1.00 0.00 0.00 1.00 0.00 0.00 1.00
200 000 0.00 0.00 1.00 0.00 0.00 1.00 0.00 0.00 1.00
500 000 0.00 0.83 0.17 0.22 0.52 0.26 0.36 0.32 0.32

1 000 000 0.44 0.51 0.05 0.62 0.25 0.13 0.70 0.15 0.15
5 000 000 0.92 0.07 0.01 0.94 0.04 0.02 0.96 0.02 0.02

10 000 000 0.98 0.02 0.00 0.99 0.01 0.00 0.98 0.01 0.01
s
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one finds

𝑎 =
𝜌∗ − ⟨𝜌⟩
𝜌∗ − 𝜌low

, 𝑏 = 1 − 𝑎
1 + 𝑐∕𝑏

, 𝑐 = 1 − 𝑎 − 𝑏, (18)

so that the recorded data amounts to the available memory 𝑀 . If 𝑎 < 0,
here is sufficient memory so that low resolution is not needed. One
hen sets 𝑎 = 0 and computes

=
𝜌full − ⟨𝜌⟩
𝜌full − 𝜌red

, 𝑐 = 1 − 𝑏, (19)

here 𝑐∕𝑏 is bigger than the originally specified one. If in this situation
< 0 (or, equivalently, 𝑐 > 1), 𝑀 is large enough to store all full science
ata.

This procedure has been employed to compute the optimum mem-
ry usage strategies in Table 4 with 𝑀 = 1Gbyte = 8000Mbit and three
ifferent values of 𝑐∕𝑏. As can be seen from the table, all data can be
ecorded at full resolution for 𝑇 ≤ 200 000 s. Above 𝑇 = 106 s, only a
ew percent of the total science data can be recorded at full resolution.
or long-duration flybys, an acceptable compromise for the scientists
ould be to work with a lower time resolution. Since the smaller scales
re to be found in the densest plasma, near closest approach, it makes
ense to plan the reduced and full science mode periods around closest
pproach or, if a limited degree of on-board processing is possible, to
elect a posteriori which data have to be stored at high time resolution
nd which do not. For 𝑇 > 107 s, it is no longer possible to store all
ata.

For the B1 and B2 probes, memory size may not be the limitation,
ut the capacity of the inter-satellite link. The link capacity decreases
ith time as the probe separation increases. For probe B2, in addition,

here is its limited lifetime that constrains which measurements can be
cquired and transmitted.

. Conclusions

Comet Interceptor is an ambitious mission in many respects. Since
ittle is known about the potential target comets and flyby conditions,
t must prepare for a broad range of possible situations and expect late
odifications up to the beginning of the flyby. For S/C A, the observa-

ion window durations range up to 106 s, with continuous observations
ecommended up to 105 s, or even more in the unlikely case of a very
ctive target, a slow flyby speed, and/or slow solar wind conditions.
or the probes B1 and B2 the durations are slightly longer as they are
loser to the nucleus (though this duration may be limited by their
ime of release from S/C A and by their lifetime). For high activity,
he probes may even not have been released yet at the time of the
ow shock crossings. For very low activity comets, including most of
he backup targets, no bow shock forms and there might be little of a
agnetosphere to study. Such a situation would also be very restrictive

or neutral gas coma science.
At this point, it is not possible to accurately predict when scientific

ey events such as interesting plasma boundary crossings (there are
ore than the bow shock) will occur. It therefore appears highly
esirable to plan for the plasma and field sensors on S/C A to re-
ain in science acquisition mode during the entire flyby (including
10
lews, communication sessions, thruster firings and other spacecraft
anoeuvres) over a time interval of 105 s around closest approach, to

e sure to cover these key events, as long as this is compatible with
ission and spacecraft constraints. As an example, the COMPLIMENT

ensor can deal with an extended time window within the current
emory allocation, simply by playing with the relative proportions of

he low resolution, reduced, and full science modes; similar strategies
an be adopted by the other sensors. It is more acceptable to be in a
educed science mode for a longer time, than to be OFF completely
uring shorter periods. For some sensors, it might be advantageous to
witch to lower resolution during spacecraft slews and communications
essions, if the changing attitude would degrade the quality of the
bservations. Keeping some sensors ON (or in STANDBY) also helps
o ensure thermal stability and thus facilitates data calibration. The
nstruments on probes B1 and B2 are operated based on power and
nter-satellite link considerations.

Planning for a long observation duration on S/C A does not exclude
dapting when more precise information becomes available. Once a
arget comet is identified, the heliocentric distance of the flyby, flyby
peed and geometry can be determined, which helps to retire much
f the uncertainty. Based on these quantities, the simulations can be
epeated, still with unknown solar wind conditions and the uncertainty
n 𝑄gas, since it may be hard to predict the gas production rate at the
ime of the flyby when the comet is still far away from the Sun. Closer to
he actual flyby, an even better assessment is possible. A well-informed
ecision can then be made concerning the scheduling of the different
perational modes of the in situ instruments, thereby optimizing the
cience return of the multi-point Comet Interceptor mission.

To a certain extent, the flyby geometry is scalable: for higher 𝑄gas,
he flyby distance can be increased somewhat. However, there are
imitations to that, as the time of release of the probes is fixed (B1 38

before CA, B2 20 h before CA). This is because of the limited range
f the inter-satellite communications link, as well as the finite lifetime
f B2 battery power. A particular consequence is that, if the comet is
ery active, the spacecraft will see the inbound bow shock before probe
elease and the probes may already be out of communication range
uring the outbound bow shock pass, so that multi-point observations
f the bow shock, e.g., with the three magnetometers, are out of reach.
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