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A B S T R A C T

The DESTINY+ spacecraft will be launched to the active asteroid (3200) Phaethon in 2025. The spacecraft
will be equipped with the DESTINY+ Dust Analyzer (DDA) which will be a time-of-flight impact ionization
mass spectrometer. In addition to the composition of impacting dust particles, the instrument will measure
the particle mass, velocity vector, and surface charge. Here, we study the detection conditions of DDA for
interstellar dust during the DESTINY+ mission. We use the interstellar dust module of the Interplanetary
Meteoroid environment for EXploration model (IMEX Sterken et al., 2013; Strub et al., 2019) to simulate
the flow of interstellar dust through the Solar System. Extending earlier work by Krüger et al. (2019b)
we consider the entire DESTINY+ mission, i.e. the Earth-orbiting phase of the spacecraft during the initial
approximately 1.5 years after launch, the nominal interplanetary mission phase up to the Phaethon flyby,
and a four-years mission extension beyond the Phaethon flyby. The latter may include additional asteroid
flybys. For predicting dust fluxes and fluences we take into account a technical constraint for DDA not to
point closer than 90◦ towards the Sun direction for health and safety reasons of the instrument and in order to
avoid electrical noise generated by photoelectrons. For the Earth orbiting phase after launch of DESTINY+ our
simulations predict that up to 28 interstellar particles will be detectable with DDA in 2026. In the following
years the interplanetary magnetic field changes to a focussing configuration for small (≲ 0.1 μm) interstellar
dust particles. This increases the total number of detectable particles to 50 during the interplanetary mission of
DESTINY+ in 2027. In 2028 and 2029/30 approximately 160 and 190 particles will be detectable, respectively,
followed by about 500 in 2030/31. We also make predictions for the detectability of organic compounds
contained in the interstellar particles which is a strong function of the particle impact speed onto the detector.
While organic compounds will be measurable only in a negligible number of particles during the Earth orbiting
and the nominal interplanetary mission phases, a few 10s of interstellar particle detections with measurable
organic compounds are predicted for the extended mission from 2028 to 2031.
1. Introduction

In 2025 the Japanese Space Agency JAXA will launch the DESTINY+

(Demonstration and Experiment of Space Technology for INterplane-
tary voYage Phaethon fLyby and dUst Science) spacecraft to the active
Near-Earth asteroid (3200) Phaethon (Kawakatsu and Itawa, 2013; Arai
et al., 2018; Ozaki et al., 2022), with a flyby at the asteroid planned

∗ Corresponding author at: MPI für Sonnensystemforschung, Göttingen, Germany.
E-mail address: krueger@mps.mpg.de (H. Krüger).

for 2028. Although DESTINY+ was initially designed as a technology
demonstration mission for deep space exploration using solar electric
propulsion, the spacecraft will be equipped with three scientific instru-
ments: Two cameras (the Telescopic CAmera for Phaethon, TCAP, and
the Multiband CAmera for Phaethon, MCAP; Ishibashi et al., 2024), as
well as the DESTINY+ Dust Analyzer (DDA, Kobayashi et al., 2018;
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Simolka et al., 2024). The latter will be an upgrade of the Cosmic
Dust Analyzer on board the Cassini spacecraft which very successfully
nvestigated dust throughout the Saturnian system (Srama et al., 2011).

1.1. Dust at Phaethon

Phaethon is an extraordinary near-Earth asteroid with a diameter of
approximately 5–6 km (Yoshida et al., 2023). Its perihelion distance is
presently 0.14 AU with an orbital period of 1.433 yr. Around perihelion
ts surface temperature reaches more than 1000 K, thus becoming one
f the hottest objects in the Solar System, even exceeding Mercury by
ar. Phaethon is the source of the Geminids (Ryabova et al., 2019), one

of the most active meteor showers visible in the Earth’s night sky. While
parent bodies of meteor showers are mostly comets, Phaethon is an

pollo-type asteroid with a carbonaceous B-type reflectance spectrum,
imilar to aqueously altered CI/CM meteorites, and of hydrated miner-
ls (Licandro et al., 2007). Recently Phaethon was attributed to the rare

CY-type carbonaceous chondrites (MacLennan and Granvik, 2024).
Recurrent dust ejection and a dust tail at perihelion were reported

for Phaethon (Jewitt et al., 2013; Li and Jewitt, 2013; Zubko and
ada, 2023), while electrostatic dust lofting (Kimura et al., 2022) and

hermal mineral decomposition were suggested as mechanisms capable
of triggering dust ejection (MacLennan and Granvik, 2024). However,
recent observations showed that the tail at perihelion can be attributed
to sodium emission rather than dust (Zhang et al., 2023). On the other
hand, neither a coma nor a tail were observed around 1.0 AU (Hsieh
nd Jewitt, 2005; Ye et al., 2018; Kimura et al., 2019).

Visual images of the Geminids meteoroid stream very near to the
Sun revealed that the core of the observable stream is offset radi-
ally outward from Phaethon’s orbit (Battams et al., 2020). Dynamical

odeling of the trail particles showed that this could be explained
by a catastrophic event that affected Phaethon a few thousands years
ago (Cukier and Szalay, 2023). The physical properties of Phaethon
were summarized by Hanuš et al. (2016), however, the mechanisms
driving its activity remain unknown.

The main scientific goal of DDA is to investigate the distribution
and composition of dust released from Phaethon, during the flyby
at the asteroid in 2028. In addition, during its Earth orbiting phase,
the interplanetary voyage to Phaethon and during a possible mission
extension after the flyby, there will be the opportunity to measure other
populations of space dust as well. These include dust in the Earth–
Moon system (Yang et al., 2022), interplanetary dust in the zodiacal
ust complex (Grün et al., 1997; Krüger et al., 2019b), and finally

interstellar dust. In this work we focus on the detection conditions of
interstellar dust particles with DDA. A companion paper by Hunziker
et al. (in prep.) describes the effects of the initial size distribution, and
the dust optical properties on the simulation results.

1.2. Interstellar dust

The origin of interstellar dust particles is related to condensation in
he outflows of evolved stars and stellar explosions, followed by injec-
ion into the interstellar medium (Tielens, 1998, 2012). Such particles
nitially carry the elemental and isotopic signatures of nucleosynthetic
rocesses inherited from their host stars, which can be inferred from
sotopically anomalous interstellar grains that survived in primitive

meteorites from the interstellar cloud from which our Solar System
formed 4.6 Gyr ago (Gail et al., 2009; Leitner et al., 2012; Zinner,
2014). During their residence time in the interstellar medium, these
rains are exposed to ultraviolet irradiation, interstellar shock waves,
nd mutual collisions, leading to amorphization and partially grain
estruction, particularly in the hot interstellar medium. On the other
and, recondensation and agglomeration may also take place in cold,
ense molecular clouds (Tielens, 2005; Zhukovska et al., 2008). Such

recondensed interstellar grains with average cosmic elemental and iso-
topic abundances dominate the interstellar dust population (Zhukovska
 8

2 
et al., 2008), which seems to be supported by direct measurements of
contemporary interstellar dust (Altobelli et al., 2016).

The interstellar dust particles are composed of minerals and organic
compounds (e.g., Herbst and van Dishoeck, 2009; Jørgensen et al.,
2020). The presence of organic refractory components in interstellar
grains has been revealed by observations of near-infrared absorption
bands (Sandford et al., 1991). It is believed that such compounds
orm on the surface of silicate grains as a result of ice accretion
nd subsequent ultraviolet irradiation (Greenberg, 1989). A model of

interstellar dust with a silicate core and an organic refractory mantle
can describe the wavelength dependence of interstellar extinction in
diffuse clouds (Greenberg and Hage, 1990).

The elemental abundances of dust in our local interstellar environ-
ent (Local Interstellar Cloud, LIC) are consistent with core–mantle

grains consisting of Mg-rich pyroxene and Mg-rich olivine with ad-
ditional less abundant minerals in the core, and organic refractory
compounds of C, N, and O in the mantle (Kimura et al., 2003). The
mass of the organic refractory mantle is comparable to the mass of the
silicate core.

Observations of the gaseous interstellar and circumstellar media
revealed more than 150 different C-containing molecular species, ap-
proximately 50 of them contain 6 or more atoms (Herbst and van

ishoeck, 2009; Jørgensen et al., 2020). The majority of these com-
ounds are believed to be formed on icy dust grains. The formation

and evolution of interstellar complex organic molecules during the
ormation of stars and planets has recently been reviewed by Jørgensen
t al. (2020) and Ceccarelli (2023). More recent observations with

the James Webb Space Telescope (JWST) revealed even more complex
molecular species (Rocha et al., 2023).

In our local environment, the Sun and the heliosphere are sur-
rounded by the LIC of warm diffuse gas and dust where dust is assumed
to contribute about 1% to the cloud mass (Mann, 2010; Kimura, 2015;
Krüger et al., 2015). The Sun’s motion with respect to this cloud causes
an inflow of interstellar matter into the heliosphere (Frisch et al., 1999).

In situ measurements performed by dust instruments onboard space-
raft are now a state-of-the art method for measuring the physical

properties of individual dust particles in space. Modern impact ion-
ization dust analyzers allow us to study the mass, impact speed and
irection, electrical charge as well as elemental and molecular com-
osition of sub-micrometer to micrometer sized particles (Grün et al.,

1992a,b; Kissel et al., 2003; Srama et al., 2004; Altobelli et al., 2016;
Khawaja et al., 2023).

After initial predictions based on zodiacal light measurements in the
970s (Bertaux and Blamont, 1976; May, 2007), the dust instruments

on board the Ulysses and Galileo spacecraft showed that a collimated
stream of interstellar dust passes through the Solar System due to the
Sun’s motion relative to the LIC (Grün et al., 1993; Baguhl et al., 1995).

he measured heliocentric speed of the dust flow is approximately
6 k m s−1 (Grün et al., 1994; Krüger et al., 2015) and its direction is
ompatible with the measured direction of the inflowing interstellar

neutral helium gas (Baguhl et al., 1995; Witte, 2004; Strub et al., 2015;
Swaczyna et al., 2023). Recent reviews about interstellar dust in the
Solar System and beyond were published by Mann (2010), Sterken et al.
(2019, 2022).

The Cosmic Dust Analyzer on board the Cassini spacecraft analyzed
36 submicrometer-sized interstellar dust particles in situ (Altobelli
et al., 2016). The measurements are in agreement with Mg-rich parti-
cles of silicate and oxide composition, partly with Fe inclusions. Major
ock-forming elements (Mg, Si, Fe, and Ca) are present in cosmic
bundances, with only small grain-to-grain variations, but S and C are
epleted. The interstellar particles in the solar neighborhood appear
o be homogenized, likely by repeated processing in the interstellar
edium.

The Stardust spacecraft performed two types of interstellar dust
measurements while traveling to its main mission target comet
1P/Wild 2: (1) seven submicrometer-sized interstellar particles were
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Fig. 1. Schematics of the DDA sensor head. Dust enters from the top. Structures drawn in black are electrically grounded. Blue color represents negative bias voltages, whereas
red color stands for positive bias voltages. Measurements are taken at the trajectory sensor grid electrodes, ion ring, ion grid, target and ion detector (multiplier). On the left side
of the figure, the flight path of the cations generated during a dust particle impact is illustrated.
successfully collected in a dedicated aerogel collector and returned to
Earth (Westphal et al., 2014). The particles were diverse in elemental
composition, crystal structure, and size. The presence of crystalline
grains and multiple Fe-bearing phases, including sulfide, in some
particles indicates that individual interstellar particles diverge from any
one representative model of interstellar dust inferred from astronomical
observations and theory. (2) Stardust also carried the Cometary and
Interstellar Dust Analyzer (CIDA) on board which was an impact-
ionization time-of-flight mass spectrometer (Kissel et al., 2003). The
spectra of 45 presumably interstellar particles analyzed by CIDA during
the spacecraft’s interplanetary cruise, showed the presence of high mass
organics (most probably aromatics together with O- and N- bearing
moieties), without any certainty on the composition of the organic
component (Krueger et al., 2004; Kissel et al., 2004). The authors did
not describe the reasoning why they believe that these are interstellar
rather than at least in part interplanetary particles, so their origin
remains somewhat elusive.

Although these results by Cassini and Stardust opened a new win-
dow for a better understanding of the processes in the LIC, many open
questions remain which will be addressed by DDA with its highly
improved measurement capabilities as compared to earlier dust in-
struments (cf. Section 2 and Simolka et al. (2024)). These are the
compositional diversity of the particles in the LIC, the inventory of
organic compounds and the significance of dust processing in the
interstellar medium, just to name a few, see also Section 5.

One particular aspect addressed in this paper is the organic com-
ponent of the interstellar particles. A much better particle detection
statistics together with measurements over a wide range of impact
speeds in combination with the significantly higher mass resolution of
DDA will very likely give an improved knowledge about the inventory
of organic particle constituents. This will lead to a better understanding
of the chemical processing of the grain constituents.

In addition to dust released from Phaethon – to be measured during
the flyby of DESTINY+ at the asteroid in 2028 – the in situ analysis
of interstellar dust particles is one of the major scientific drivers for
3 
the DDA measurements. The interstellar dust flux in the inner Solar
System is time-dependent on a 22-year timescale due to the particles’
interaction with the time-varying interplanetary magnetic field (e.g.
Landgraf et al., 2003; Sterken et al., 2013). Therefore, the interstellar
dust flux is predicted to reach a maximum in the early 2030s (Strub
et al., 2019). Given our expectation that the proposed DESTINY+

extended mission will still be active at that time, in this paper we
study the detection conditions for interstellar dust beyond the Phaethon
flyby. A companion paper (Hunziker et al. in preparation) describes the
modeling results for interstellar dust, using two different calibration
methods and various material assumptions, and includes a discussion
on the heliosheath filtering.

Krüger et al. (2019b) performed an initial analysis of the detection
conditions of interplanetary and interstellar dust by DDA. In that
work we focussed on the interplanetary mission phase of DESTINY+,
employing the planned spacecraft trajectory and DDA design available
at the time. In that scenario the launch of the spacecraft was planned for
2022 with a Phaethon flyby scheduled for August 2026, and two DDA
sensor heads with a total sensitive area of 0.035 m2 were foreseen. In
the meantime, the launch was shifted to 2025 with a Phaethon flyby in
January 2028, and the DDA instrument was reduced to one sensor head
with a total sensitive area of 0.03 m2 (Fig. 1). In addition, there have
been considerations for a mission extension into the 2030s by JAXA,
with additional asteroid flybys if spacecraft health allows.

Here we update and extend our earlier investigation of the DDA dust
detection conditions published by Krüger et al. (2019b). In addition
to using an updated DESTINY+ trajectory and DDA sensor profile, we
now include the early mission phase after launch when DESTINY+ will
still be orbiting the Earth, and we study a mission extension beyond
Phaethon flyby until 2032. Furthermore, we take an instrumental con-
straint into account which implies that DDA should not point closer
than 90◦ towards the Sun for health and safety reasons and to avoid
instrumental noise. Finally, we evaluate the detectability of organic
matter in the interstellar particles which is significantly affected by the
particle impact speed (Khawaja et al., 2019, 2023). Dust at Phaethon



H. Krüger et al. Planetary and Space Science 254 (2024) 106010 
Fig. 2. The effective sensitive area of DDA as a function of incidence angle 𝜃.

was studied by Szalay et al. (2019), and for the detection conditions
of interplanetary dust we refer the reader to our earlier paper (Krüger
et al., 2019b).

2. DESTINY+ Dust Analyzer

The DESTINY+ Dust Analyzer (DDA) is an impact ionization dust
analyzer dedicated to performing in situ measurements of individual
micrometer and sub-micrometer sized dust particles (Figure 1; Simolka
et al., 2024). It has evolved from the dust analyzers previously flown on
board the Giotto, Stardust and Cassini spacecraft (Kissel, 1986; Kissel
et al., 2003; Srama et al., 2004). DDA will be equipped with a two-axes
pointing mechanism which can turn the instrument by 90◦ in elevation
and 180◦ in azimuth, respectively. The pointing mechanism allows us to
scan the sky and point the sensor aperture in the direction of the dust
flow so that it can be operated like a dust telescope (Simolka et al.,
2024). The dust sensor including the pointing mechanism are mounted
on the exterior of the DESTINY+ spacecraft.

In addition to the composition of impacting dust particles, the
instrument will measure the particle mass, velocity vector, and surface
charge. For measurements with a sufficiently large signal-to-noise ratio,
the velocity vector will be determined with an accuracy of approxi-
mately 10% for the speed and with an angular accuracy of about 10◦.
The particle mass can be determined with an accuracy of better than a
factor of ten. This will allow us to constrain the trajectory, and thus the
source population, of each detected particle individually (Hillier et al.,
2007).

The sensor head consists of a cylindrical housing with an aperture
of 287 mm in diameter (cf. Fig. 1). A door cover protects the inte-
rior of the sensor head from contamination during ground handling
activities and during launch. The cover will be opened approximately
six to eight weeks after launch. Inside the housing there are a series
of functional modules for measuring incoming dust particles: (i) the
rejection module, (ii) trajectory sensor, and (iii) a mass spectrometer.
The key elements of the DDA mass spectrometer are the impact target
covered with a 25 μm thick gold surface layer, the acceleration stage,
reflectron and ion measurement module. The positively charged ions
released during the particle impact at the target are measured with an
electron multiplier (Simolka et al., 2024). The setup is illustrated in
Fig. 1.

Taking into account all grids at the sensor entrance, the effective
total sensitive area for normal incidence is 0.03 m2. The sensitive area
gradually decreases with increasing incidence angle, and reaches zero
at a maximum incidence angle of approximately 45◦ (Fig. 2). Dust
analyzers similar to the DDA instrument are also under development
4 
Fig. 3. Minimum detectable particle size (detection threshold) of DDA for silicate
particles (density 𝜌 = 3000 k g m−3) as a function of particle impact speed 𝑣 onto the
sensor target.

for the Interstellar Mapping and Acceleration Probe (IMAP) and the
Europa Clipper missions, respectively (Sternovsky et al., 2022; Goode
et al., 2023).

In the atomic mass range of 1 to 100 u, the mass resolution 𝑚∕𝛥𝑚
is sufficient to resolve individual ion species, i.e. 𝛥𝑚 < 1 u (Simolka
et al., 2024). A mass spectrum covers a mass range between 1 and
1000 u which allows for the detection of high mass organics as well
as molecular fragments and clusters.

The detection threshold of impact ionization dust sensors is a strong
function of the particle impact speed (Göller and Grün, 1989). For DDA
this is shown in Fig. 3 which shows the minimum detectable particle
size for varying impact speeds. For example, at 10 k m s−1 the smallest
detectable particles are expected to be approximately 0.05 μm in radius.

Based on the sensor design, the DDA instrument shall not measure
during direct Sun exposure. Given that the instrument’s electron mul-
tiplier faces towards open space, solar illumination of the inner sensor
may lead to multiplier degradation. Furthermore, given that target
cleanliness is critical for the DDA measurements, heating of the sensor
target due to solar illumination may lead to the formation of complex
organic target contamination from more simple compounds present
even after the most intense target cleaning before launch. Finally,
photoelectrons released from the inner sensor wall may lead to strong
electrical noise. Elevated noise rates were registered, for example, by
the dust detectors on board the Ulysses and Nozomi spacecraft when
the Sun illuminated the inner sensor walls (Baguhl et al., 1993; Senger,
2007). These requirements imply that the sensor shall not point closer
than 90◦ towards the Sun direction (in the following called DDA Sun
avoidance constraint).

3. Interstellar dust simulations

Similar to our earlier paper (Krüger et al., 2019b), we use the
Interplanetary Meteoroid environment for EXploration (IMEX) inter-
stellar dust model developed by Sterken et al. (2012, 2013) and Strub
et al. (2019) to simulate the flow of interstellar dust through the Solar
System. The model takes into account solar gravity, solar radiation
pressure and the electromagnetic interaction with the interplanetary
magnetic field. To describe the detection geometry, we use an updated
DDA sensor profile with one DDA sensor head and a total sensor area of
0.03 m2 (Figure 1; Kobayashi et al., 2018; Simolka et al., 2024). Based
on these assumptions we derive dust fluxes and fluences during various
mission phases defined in Section 3.1. All dust impact directions,
impact speeds, and dust fluxes/fluences are given in a spacecraft-fixed
reference frame. We take into account a DDA pointing constraint which
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Fig. 4. Left: Trajectory of DESTINY+ during its Earth orbiting phase between 12 November 2025 and 16 December 2026 (Earth radius RE = 6378.1 k m). Right: Interplanetary
trajectories of DESTINY+ from 10 October 2026 to 16 May 2032 (red) and (3200) Phaethon (green) projected onto the ecliptic plane. Black arrows at the bottom indicate the
flow of interstellar dust particles with a ratio of solar radiation pressure over gravity 𝛽 = 1, assumed to be co-aligned with the flow of interstellar neutral helium (Witte et al.,
2004; Wood et al., 2015). The impact directions of these particles in the spacecraft-fixed coordinate system at selected times are indicated by blue lines where the line length is
proportional to the particle impact speed. Vernal equinox is to the right. DESTINY+ trajectory from JAXA/ISAS, see text for details.
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implies that for health and safety reasons and to avoid noise events, the
DDA instrument shall not measure during direct Sun exposure and thus
the sensor shall not point closer than 90◦ towards the Sun direction
(see Section 3.2). Finally, for our dust modeling we assume that the

DA sensor always points into the direction of the interstellar dust flow
veraged over all simulated particle sizes. This is necessary because the
low directions of the different particle sizes typically differ by 20-30◦
n periods when the dust flux is high.

3.1. DESTINY+ Mission Phases and Trajectory

The DESTINY+ trajectory is shown in Fig. 4. For our simulations we
distinguish three mission phases:

(1) An early phase when the spacecraft is on a spiraling orbit around
the Earth. This phase lasts from launch in 2025 until approx-
imately the first lunar flyby in late 2026. The presently avail-
able DESTINY+ trajectory for this mission phase covers the time
interval from 12 November 2025 to 16 December 2026.

(2) The lunar flyby phase and the nominal interplanetary mission.
Trajectory data are available from 10 October 2026. In our sce-
nario this phase ends in January 2028 after the flyby at the
asteroid Phaethon.1

(3) An extended mission which begins in January 2028 after the
Phaethon flyby.1 Trajectory data are available until 16 May 2032.

For our simulations we use sample trajectories for DESTINY+ pro-
vided by JAXA/ISAS for study purposes. They are available as supple-
mentary online material. The final spacecraft trajectory will depend on
the exact launch date of DESTINY+ among other factors and will very
likely be different. Given that DESTINY+ will stay in a heliocentric
distance range close to 1 AU during its entire mission, the effect of
a trajectory update for our simulation results for interstellar dust is
expected to be minor, in particular smaller than the uncertainties of
our simulation results, see Section 5.

1 JAXA considers the time period until May 2028 as the nominal mission,
while for our simulations we assume that it ends in January 2028 with the
lyby at Phaethon for simplicity.
5 
3.2. DDA Sun avoidance constraint

As described in Section 2 the sensor shall not point closer than 90◦

owards the Sun direction (DDA Sun avoidance constraint). Therefore,
or our dust simulations we have to determine the time intervals when
he angle between the average interstellar dust impact direction (aver-
ged over all sizes) and the Sun direction (dust–spacecraft–Sun angle
easured in the spacecraft-based reference frame) is larger than 90◦.
o this end, we assume that the interstellar dust inflow is co-aligned
ith the direction of the interstellar neutral helium gas flow into the
olar System (Witte et al., 1996; Lallement and Bertaux, 2014; Wood

et al., 2015; Swaczyna et al., 2023), in the following called nominal
interstellar dust direction. For the inflowing dust particles this means
that the ratio of solar radiation pressure over gravity is assumed to be
𝛽 = 1. This approximation is strictly valid only for a limited particle size
of approximately 0.3–0.5 μm radius (Kimura et al., 2003; Kimura, 2017).
arger and smaller particles with other 𝛽 values approach the spacecraft
rom somewhat different directions. Thus, strictly, the time when the
ust–spacecraft–Sun angle reaches 90◦ depends on the particle size.
evertheless, we calculate the Sun avoidance constraint as the time
hen 𝛽 = 1 particles reach a dust–spacecraft–Sun angle of 90◦ for

implicity.
Throughout this paper we take the DDA Sun avoidance constraint

nto account. Any additional constraints potentially restricting the sen-
or pointing like, e.g., the spacecraft orientation or shielding by the
arth, are not considered. They are beyond the scope of this paper.
imilarly, gravitational focussing by the Earth, which may affect both
he dust approach directions and the fluxes, is not taken into account

in the IMEX interstellar dust model.

3.3. Interstellar dust model

The IMEX model uses the same initial conditions as Landgraf (2000)
and Sterken et al. (2012, 2013): Dust particles immersed in the LIC,
through which the Solar System currently passes, penetrate the plan-
etary system (Grün et al., 1994; Mann, 2010; Krüger et al., 2019a;
Sterken et al., 2019, and references therein). The interstellar particles
nter the heliosphere from the Sun’s apex direction with the speed of

the Sun relative to the local interstellar cloud (26 k m s−1), and an inflow
direction from an ecliptic longitude 𝑙 = 259◦ and latitude 𝑏 =
ecl ecl
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8◦ (Witte et al., 1996; Frisch et al., 1999).2 Typically, interstellar dust
moves through the Solar System on unbound, hyperbolic trajectories.

ithin the measurement accuracy, the dust inflow direction is the same
s the direction of the neutral interstellar helium gas inflow into the

Solar System (Grün et al., 2001; Witte, 2004; Lallement and Bertaux,
2014; Wood et al., 2015; Strub et al., 2015; Swaczyna et al., 2023).
This is equivalent to the interstellar particles being at rest with respect
o the LIC.

Strub et al. (2019) performed simulations of interstellar dust parti-
cles near Earth orbit using the IMEX model. The IMEX model simulates
the dynamics of charged micrometer and sub-micrometer sized in-
terstellar particles taking into account solar gravity, solar radiation
pressure, and the electromagnetic interaction due to a time-varying
interplanetary magnetic field. In contrast to interplanetary dust, the
predicted impact speeds and fluxes of the interstellar particles at the
Earth exhibit strong variations due to the motion of the Earth around
the Sun. Their impact speeds and fluxes near Earth orbit become max-
imal in spring when the Earth moves head-on to the interstellar dust
stream, thus leading to maximum impact speeds exceeding 60 k m s−1
while in autumn the impact speeds are below 20 k m s−1 (Strub et al.,
2019, see also Figures 7 and 11). Given that the trajectories of the
interstellar particles are affected by solar radiation pressure and the
solar magnetic field, the impact speeds and fluxes are also modulated
by the solar activity. Such modulations will be detectable by DDA
because DESTINY+ will move around the Sun on a nearly circular
trajectory at approximately 1 AU (Fig. 4, right panel).

The IMEX interstellar dust model simulates the dynamics of particles
in the size range from 0.05 μm to 5 μm in 12 size bins. The dynamics of
each of these sizes was simulated individually, assuming the adapted
𝛽 curve for astronomical silicates (Sterken et al., 2012). In the IMEX

odel, the dust density in the Solar System is calibrated with the
lysses interstellar dust measurements, again individually for each size
in (Strub et al., 2019). Due to the variable interplanetary magnetic
ield (IMF), the model is time-dependent. A detailed description of the
orces acting on the particles and the resulting general interstellar dust
low characteristics was given by Sterken et al. (2012). A comparison

of the IMEX model predictions with the interstellar dust measurements
of other spacecraft (Helios, Galileo, Cassini) was performed by Krüger
et al. (2019a), while a detailed comparison with the Ulysses data was
made by Landgraf et al. (2003) and Sterken et al. (2015).

The IMF shows systematic variations with time, including the 25-
day solar rotation and the 22-year solar magnetic cycle, as well as
local deviations caused by disturbances in the interplanetary magnetic
field, due to, e.g. Coronal Mass Ejections (CMEs) and Corotational
Interaction Regions (CIRs). The dust particles in interplanetary space
are typically charged to an equilibrium potential of +5 V (Mukai, 1981;
Horányi, 1996; Kimura and Mann, 1998; Kempf et al., 2004). Small or

ore porous particles have a higher charge-to-mass ratio, hence their
ynamics is more sensitive to the interplanetary magnetic field. The
ajor effect of the magnetic field on the charged interstellar dust is
 focussing and defocussing relative to the solar equatorial plane with
he 22-year magnetic cycle of the Sun (Gustafson and Lederer, 1996;

Landgraf, 2000; Landgraf et al., 2003; Sterken et al., 2012, 2013).
Modifications of the particle dynamics by solar radiation pressure and
he Lorentz force acting on charged dust particles have to be taken into
ccount for a proper interpolation of the interstellar dust properties to
he interstellar medium outside the heliosphere where these particles

2 Recently, the inflow vector of the interstellar neutral helium was de-
termined at 𝑙ecl = 255.73◦ ± 0.19◦, 𝑏ecl = 5.04◦ ± 0.15◦, speed 𝑣 = 26.63 ±
0.17 k m s−1 (Swaczyna et al., 2023), i.e. an offset of 4.44◦ relative to the
irection assumed in our simulations (Strub et al., 2019). Taking into account
DA’s opening angle of approximately 45◦, and its sensitivity profile (Fig. 2),

his leads to uncertainties ≲ 10% and can be neglected given the overall
uncertainties in the dust measurements and the width of the simulated ISD
stream of 10–20◦ (Strub et al., 2019).
 e

6 
originate from (Slavin et al., 2012; Sterken et al., 2013). In particular,
strong filtration of small grains due to electromagnetic forces occurs at
the heliospheric boundary, leading to a strong modification of the size
distribution and fluxes of grains measured inside the heliosphere (Linde
nd Gombosi, 2000; Slavin et al., 2012; Godenko and Izmodenov,

2024).
Statistical errors affect the modeling in two different ways: first,

the error from the statistical limitations of the Monte Carlo simulation
itself, which can be maintained by the trade-off between computation
time and the Poisson error of the number of test particles passing
through the cells of the simulation data cube. The number of test
particles was chosen such that this error is ≲ 10%. Second, there is a
statistical error in the normalization of the particle densities due to the
limited number of particles available in the Ulysses dataset used for
calibration.

With a total of about 600 measured particles used to determine the
normalization of 10 size bins, and the number of particles distributed
unevenly with the particle count per bin increasing towards smaller
sizes, the statistical error can reach up to 30%, with only 10 particles
in the largest size bin used in this simulation (1 μm).

These uncertainties mostly affect the density and flux. The velocity
and directionality of the particles are much better constrained, as these
quantities are essentially determined by the particle position relative to
the Sun. They vary only slightly throughout a cell in the data cube.

The testing of the model predictions is hampered by the scarcity
of observations of the interstellar dust flow through the Solar System.
To this date, 15 years after the mission’s end, the Ulysses dataset is
till the most comprehensive dataset of interstellar dust in the Solar
ystem available. Due to this, the IMEX model still represents the
urrent understanding of interstellar dust in the Solar System, and
mplements the 𝛽 curve that is the best fit for the Ulysses dataset. A
arameter study of different materials and a variety of 𝛽 curves using
he same simulation code is currently underway (S. Hunziker et al. in
reparation).

The largest uncertainties, however, are not statistical in nature,
hey rather are due to uncertainties in the material properties of the
ust particles (composition, porosity, 𝛽), and for the smallest particles,

interactions with random outflows of solar material, such as CMEs and
CIRs (Flandes et al., 2011; Baalmann et al., 2024).

In this work, the dust particles are assumed to be astronomical
ilicates (Draine and Lee, 1984), but scaled to match the radiation

pressure factor 𝛽 = 1.6 suggested by Landgraf et al. (1999), based
n measurements by Galileo and Ulysses. The authors also argue that
articles with 𝛽 ≳ 2 are incompatible with the observed dynamics.

Carbonaceous particles can have maximum 𝛽 values in the range of 1–2
or even higher depending on particle porosity, while the maximum 𝛽
values of pure silicate particles do not exceed unity (Kimura and Mann,
1999). Thus, the 𝛽 values derived by Landgraf et al. (1999) are in agree-
ment with carbonaceous particles rather than silicate particles, while
the interstellar particles identified in the Stardust sample and the ones
analyzed with Cassini/CDA are mostly composed of silicates (Westphal
et al., 2014; Altobelli et al., 2016). Interstellar carbon particles have
not been identified in any in situ dataset yet, and while a minor
contribution cannot be ruled out, they likely do not play a major role
n the overall picture of interstellar dust in the Solar System.

Ongoing work by Hunziker et al. (priv. comm.) uses the same
interstellar dust simulation code to examine a broader range of material
parameters of 𝛽 and particle size. Preliminary results indicate that the
lux predictions depend on the choice of 𝛽 curve, i.e. the choice of

material and porosity. Within a range of parameters compatible with
previous work (i.e. no significant contribution of carbon, 𝛽 < 2), the
lux predictions using different 𝛽 curves are within a factor of 2 or less
f the baseline simulation presented in this work.

This factor of two uncertainty is in agreement with the empirical
estimate of the model uncertainty of a factor of 2–3 derived in Krüger
t al. (2019a). In that work, the authors compared the flux predictions
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Fig. 5. Angle between the nominal interstellar dust direction and the direction towards the Sun in the spacecraft-centered reference frame during the Earth orbiting phase of
DESTINY+. Interstellar dust will not be measurable during the intervals when the angle is below 90◦ due to the DDA Sun avoidance constraint.
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of the IMEX model with in situ observations of the interstellar dust flow
by four different missions, namely Helios, Galileo, Ulysses, and Cassini,
and concluded that the model’s predictions were within a factor of 2–
3 of the observed fluxes. In order to improve on this, a much higher
number of interstellar particle detections is needed, e.g. using a new
generation large area dust detector on a long-term mission, and an
improved understanding of the composition of the interstellar particles
flowing through the Solar System.

As discussed earlier and shown in Fig. 3, the detection threshold
for 10 k m s−1 impact speed is approximately 0.05 μm and this implies
 mass threshold of 10−19 k g which we use for our interstellar dust
imulations. Given that the impact speeds of interstellar particles onto
DA are usually much higher than 10 k m s−1, during long time periods

the instrument will likely be able to detect even smaller particles than
hose covered by our simulations (cf. Section 4), if they are able to
ass through the heliospheric boundary regions. For more details of
he model and its earlier application to DESTINY+ the reader is referred
o Strub et al. (2019) and Krüger et al. (2019b).

4. Results

In this Section we present our simulation results for the DESTINY+

mission phases described in Section 3.1.

4.1. Earth orbiting phase

The DESTINY+ trajectory during the Earth orbiting phase is shown
n the left panel of Fig. 4. Presently, trajectory data for this phase are

available from 11 November 2025 to 16 December 2026.
Early in the mission during the first few months after launch, the

orbital period of DESTINY+ will be only a few hours. Tests of the
spacecraft and the instruments will be performed during this mission
hase, and passages through the Earth’s radiation belts will occur twice
er spacecraft orbit, among other restrictions resulting in a reduced
DA measurement time. No dedicated interstellar dust measurements
re presently foreseen for this early phase.

During the Earth orbiting phase the DESTINY+ orbit will be grad-
ually raised by the ion engines of the spacecraft, leading to a slowly
ncreasing orbital period. There will be two dynamical factors affecting

the dust particles’ velocity vector, i.e. the particle impact speed and
irection, in the spacecraft-centered reference frame: (1) The motion of
ESTINY+ around the Earth will lead to a modulation of the interstellar
ust flow vector during each spacecraft orbit and (2) There will be an
nnual modulation caused by the Earth’s motion around the Sun.

Fig. 5 shows the angle between the nominal interstellar dust direc-
tion and the direction towards the Sun (dust–spacecraft–Sun angle) in
 f

7 
the spacecraft-centered reference frame. Interstellar particles can only
be measured if this angle is larger than 90◦, i.e. above the dashed line
(cf. Section 3.2). This is the case roughly between mid March and mid
August 2026. The Sun avoidance constraint excludes approximately
50% of the total time in this mission phase from interstellar dust mea-
surements. The superimposed sawtooth pattern is due to the variation
of the interstellar dust direction in the spacecraft-centered reference
frame during one spacecraft orbit around the Earth.

In Fig. 6 we show the simulated dust fluxes for all relevant particle
sizes. Dashed areas indicate the time intervals when interstellar dust
will not be measurable. Our simulations predict that no particles in
the size bins 0.16 μm and 0.23 μm will be detectable because they are
strongly affected by the solar radiation pressure and thus prevented
from entering the inner Solar System (e.g., Sterken et al., 2013; Strub
t al., 2019). The sawtooth pattern, which is particularly evident in the
ottom panel showing the flux added together for all particle sizes, is
gain due to the spacecraft motion around the Earth.

For the smallest particles (0.05 μm and 0.07 μm, top panels in Fig. 6)
the time intervals with rather high predicted fluxes partially coincide
with the time period when interstellar dust will be undetectable due
to the DDA Sun avoidance constraint. Here, the predicted dust fluxes
are high because the spacecraft and the dust approximately move
in opposite directions, leading to high dust impact speeds. However,
he flux maxima are predicted for the first half of the interval when
DA will be allowed to point into the interstellar dust flow, i.e. from
pproximately mid March until end of June 2026. Fig. 7 shows the

particle impact speeds and impact direction (averaged over all sizes)
together with the fluxes for three selected particle sizes. For all these
sizes the expected impact speeds are rather high in the range of 40
to 60 k m s−1 during the time interval when interstellar dust will be
detectable.

For the intermediate size (0.11 μm and 0.34 μm) particles the situa-
ion is similar. The highest fluxes are also expected from approximately
arch to May 2026, but with somewhat lower impact speeds between

40 and 50 k m s−1. For the biggest particles (0.49 μm and 0.72 μm) the
ituation is different. Here the flux peaks occur when the Earth is in the

downstream region of the interstellar dust behind the Sun with respect
to the incoming direction of the interstellar dust flow. Unfortunately,
the DDA Sun avoidance constraint largely excludes this region from
interstellar dust measurements.

Finally, the fluences for individual particle sizes are displayed as a
histogram in Fig. 8 and summarized in Table 1. Our simulations predict
that 28 particles will be detectable between 14 March and 10 Septem-
ber 2026. Six of these particles are in the size range of approximately
.3 to 0.5 μm radius, the rest having radii of 0.1 μm or less. Note that
hese are optimistic numbers that neither take constraints by spacecraft
perations into account nor times when the Earth may be in the DDA
ield of view.
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Fig. 6. Dust fluxes for the Earth orbiting phase of DESTINY+ for all relevant particle sizes individually (top three rows) and for all sizes added together (bottom panel). The
forbidden time intervals due to the DDA Sun avoidance constraint are indicated by the dashed areas. The time resolution along the spacecraft trajectory is 1/20 day. The numbers
at the top right in each panel give the particle radius in micrometers.
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4.2. Interplanetary mission

4.2.1. Nominal mission
For the interplanetary mission phase of DESTINY+ the interstellar

dust direction is illustrated in the right panel of Fig. 4: Only in the
bottom part of the Figure in quadrants III and IV will the dust–
spacecraft–Sun angle become larger than 90◦ for most of the time. Here,
interstellar dust will be measurable. On the contrary, interstellar dust
will be undetectable in most of quadrants I and II.

Our simulations for this mission phase start on 10 October 2026.
ESTINY+ will leave the Earth’s orbit in April 2027 after two con-

ecutive gravitational swingbys at the Moon. The flyby at Phaethon is
cheduled for January 2028, and additional asteroid flybys may occur
ater during an optional mission extension (see Section 4.2.2).

In Fig. 9 we show the dust–spacecraft–Sun angle for the DESTINY+

interplanetary mission. As before, interstellar dust can be measured
above the dashed line when this angle is larger than 90◦. Similar to
he Earth orbiting phase, interstellar dust can be measured during only
pproximately half of the mission time, and the time intervals allowed
or interstellar dust detection are again listed in Table 1.
8 
In Fig. 10 we show our simulated dust fluxes for all relevant particle
sizes for the entire interplanetary mission, and Fig. 11 shows the
particle impact speeds and impact direction together with the fluxes
for three selected particle sizes. All quantities are an average over all
particles in each cubic grid cell of 0.25 AU side length. In general, the
situation is similar to the one in the Earth orbiting phase (Section 4.1).
or the smallest particles (0.05 μm and 0.07 μm, top panels in Fig. 10)

the flux peaks partially fall in the time interval when interstellar dust
will be undetectable due to the DDA Sun avoidance constraint. The
ighest flux typically occurs within the first half of the allowed intervals
hen the expected impact speeds are in the range of 40 to 60 k m s−1.

For the intermediate size particles the situation is also similar to
the Earth orbiting phase: The highest fluxes are again expected during
approximately the first half of the allowed time interval, although with
somewhat lower impact speeds between 30 and 50 k m s−1. For the
biggest particles the flux peaks occur when the spacecraft is in the
downstream region of the interstellar dust behind the Sun with respect
to the incoming interstellar dust flow. This region is largely excluded
from interstellar dust measurements due to the DDA Sun avoidance
constraint.
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Fig. 7. Simulated impact rate, and dynamical parameters for particles with radius 𝑟𝑑 = 0.07 μm (left column), 0.34 μm (middle column), 0.72 μm (right column) in the spacecraft
reference frame during the Earth orbiting phase of DESTINY+. Time intervals when interstellar dust particles will not be measurable based on the DDA Sun avoidance constraint
are indicated by dashed areas. From top to bottom: impact rate, impact speed, impact direction of particles in ecliptic latitude 𝛽ecl and ecliptic longitude 𝜆ecl, and the 1 𝜎 width of
the interstellar dust flow. These quantities are averaged over all simulated particles hitting a grid cell of 0.25 AU side length. The time resolution along the spacecraft trajectory
is 1/20 day.
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Fig. 8. Dust fluences for the Earth orbiting phase of DESTINY+ for all relevant particle
sizes, taking into account the DDA Sun pointing constraint (cf. Fig. 6).

The dust fluences for the individual particle sizes are shown in
Fig. 12, top left panel and summarized in Table 1. In total, 53 par-
ticle detections are predicted for 2027. Most of these detections are
predicted for the sizes approximately 0.1 μm and smaller, while only
seven particle detections are predicted with approximately 0.4 to 0.5 μm
radius.

4.2.2. Mission extension beyond Phaethon flyby
The interplanetary magnetic field presently undergoes one of its

transitions from the defocussing to the focussing configuration for
interstellar dust. The strongest focussing is expected for the first half of
the 2030s (Strub et al., 2019). In order to study the detection conditions
of DDA for interstellar dust in this time interval, we performed our
imulations until the end of the available DESTINY+ sample trajectory
n 2032. In Fig. 4 this extended part covers the outermost portion of the
ESTINY+ trajectory. Here two revolutions of the spacecraft around the
un are superimposed.

The dust fluxes for this extended mission phase are also shown in
Fig. 10. The fluxes of the smallest particles below 0.1 μm significantly
increase beginning in 2028 due to the increased focussing of the dust
low towards the ecliptic plane. It mostly affects the smallest particles
ue to their strong electromagnetic interaction with the IMF as com-
ared to the bigger ones. Furthermore, the interstellar dust detections
9 
benefit from the larger heliocentric distance of DESTINY+ where the
filtering of particles with high 𝛽 is weaker.

Table 1 shows that the yearly fluences increase by approximately a
factor of three to four as compared to 2027. This leads to a total number
of 160 to 190 detectable interstellar particles per year beginning in
2028, and a maximum of about 500 per year in 2030/31. It should
be noted that these numbers are strongly dominated by the smallest
particles below approximately 0.1 μm where we have the largest uncer-
tainties in the model (Landgraf, 2000; Sterken et al., 2012; Strub et al.,
2019).

Fig. 12 shows the size distributions for these time intervals. As
pointed out before, very few particles with sizes of approximately
.5 μm and bigger will be detectable. The vast majority of the detectable
nterstellar particles will be approximately 0.1 μm in size and smaller.

In 2032 the available DESTINY+ trajectory covers only a fraction
of the allowed detection window for interstellar dust which leads to
a somewhat low fluence in that interval. The average impact rate,
however, is even higher than in 2030/31 due to the continued focussing
by the IMF.

4.3. Detection conditions for the spectral features of organic compounds

The measurements of the Cassini Cosmic Dust Analyzer at Enceladus
have shown that spectral features of simple and more complex organics
n the ice grains strongly depend on the particle impact speed and

can be seen in impact spectra recorded below approximately 20 k m s−1
Kissel and Krueger, 2001; Goldsworthy et al., 2002, 2003; Burchell

and Armes, 2011; Hillier et al., 2014; Fielding et al., 2015; Khawaja,
2017; Postberg et al., 2018; Khawaja et al., 2019, 2023) (see also
Section 5). In order to estimate the expected number of particle impacts

ith good measurement conditions for organic compounds with DDA
e have considered two impact speed ranges: average impact speed (1)
p to 30 k m s−1 and (2) up to 20 k m s−1, respectively. The numbers of
redicted particle detections in these two speed ranges are summarized
n Table 2.

It turns out that during the Earth orbiting phase and in the nominal
mission, the expected number of impacts with speeds below 20 k m s−1
s very small, only three particle detections are predicted. Our simula-
ions show that the extended mission is essential to get a statistically
eaningful number of interstellar particles with good measurement

onditions for the spectral features of organic compounds. The situation
−1
is somewhat better if we assume a higher speed limit of 30 k m s , but
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Fig. 9. Angle between the nominal interstellar dust direction and the direction towards the Sun in the spacecraft-centered reference frame during the interplanetary mission of
DESTINY+. Interstellar dust will not be measurable during the intervals when the angle is below 90◦ due to the DDA Sun avoidance constraint. In late 2026 and early 2027 the
spacecraft is still in orbit around the Earth which leads to the wiggles, and the spike in May 2028 is due to a flyby at the Earth.
Table 1
Dust fluences and impact rates for the mission periods in Earth orbit and during the interplanetary mission which are allowed
for interstellar dust measurements based on the DDA Sun avoidance constraint.

Mission phase Time Fluence Impact Rate
[yyyy-mm-dd] [day−1]

Earth orbit 2026-03-14 to 2026-09-10 28 0.14

Nominal mission 2027-03-10 to 2027-09-25 54 0.24

Extended mission 2028-03-12 to 2028-10-05 162 (100a) 1.09
2029-07-19 to 2030-02-04 191 0.96
2030-11-18 to 2031-06-06 519 2.60
2032-03-19 to 2032-05-16b 191b 2.98

a Time interval from 2028-03-12 to the end of the nominal mission on 31 May 2028.
b This time interval covers the entire allowed detection window for interstellar dust in 2032 only partially due to the limited
availability of DESTINY+ trajectory data.
Table 2
Same as Table 1 but for two different ranges of the particle impact speed.
Mission Phase Time Fluence Impact Rate

[yyyy-mm-dd] [day−1]

v < 20 k m s−1
Earth orbit 2026-07-27 to 2026-09-10 1 0.02
Nominal mission 2027-07-31 to 2027-09-25 2 0.04
Extended mission 2028-08-07 to 2028-10-05 2 0.03

2029-11-28 to 2030-02-04 9 0.13
2031-04-09 to 2031-06-06 15 0.26

v < 30 k m s−1
Earth orbit 2026-07-05 to 2026-09-10 2 0.03
Nominal mission 2027-07-09 to 2027-09-25 7 0.09
Extended mission 2028-07-16 to 2028-10-05 7 0.09

2029-11-03 to 2030-02-04 27 0.29
2031-03-21 to 2031-06-06 37 0.48
a
a

in this case a larger number of compounds will likely be destroyed
uring the impact process.

5. Discussion

Our simulations show that for the small particle sizes below ap-
roximately 0.1 μm the highest dust fluxes occur during approximately
he first half of the time intervals allowed by the DDA Sun avoidance
onstraint (Figs. 6 and 10). Thus, interstellar dust measurements should
referentially be made during these intervals. The particle impact
peeds are high in the range of 40 to 60 k m s−1 in these periods which

would allow for a distinction of interstellar from interplanetary dust
10 
if impact speeds can be determined with sufficient accuracy. DDA will
measure the particle impact speeds with the trajectory sensor at the
entrance of the instrument with approximately 10% accuracy which
should be sufficient to distinguish interstellar from interplanetary par-
ticles (cf. Section 2 and Fig. 1), given that in the inner Solar System at
pproximately 1 AU heliocentric distance, the fluxes of interplanetary
nd interstellar dust are in the same range (Grün et al., 1997). It is addi-

tionally planned to constrain impact speeds by analyzing the recorded
mass spectra, i.e. the occurrence of specific impact speed-dependent ion
species (cf. Section 4.3).

During the second half of the intervals allowed by the DDA Sun
avoidance constraint the speeds are significantly lower, which makes
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Fig. 10. Dust fluxes for the interplanetary mission of DESTINY+ for all relevant particle sizes individually (top three rows) and for all sizes added together (bottom panel). The
forbidden time intervals due to the DDA Sun avoidance constraint are indicated by the dashed areas. The time resolution along the spacecraft trajectory is 1 day. The numbers at
the top left in each panel give the particle radius in micrometers.
the identification of interstellar particles by the speed ambiguous.
On the other hand, these significantly lower speeds may open the
possibility to analyze organic compounds in the particles which may
be destroyed at higher impact speeds.

For the measurement of organic compounds, in addition to the
mpact speed, the degree of fragmentation (i.e. survivability) depends
n the type of organics. Complex organic compounds, like hydrocarbon
hains with aromatic structure and polyaromatic hydrocarbons, might
how complex features above 100 u even above 20 k m s−1.

Between 15 and 25 k m s−1 organic features occur in the mass range
6 to 31 u and probably also at 39 to 45 u (Srama et al., 2009;

Hillier et al., 2014). If the organic material is complex and stable like
Polycyclic Aromatic Hydrocarbons (PAHs) or Insoluble Organic Matter
IOM), complex spectral features might be observable above 50 u. Some
mpact experiments show spectral features at around 30 k m s−1 that can
e designated to organics between masses 26 to 31 u.

Major scientific questions related to interstellar dust are likely to
be answered by DDA measurements: First, of major importance is a
more precise evaluation of interstellar dust chemical composition, that
11 
can be addressed by the increased mass resolution of the DDA time-
of-flight-mass spectrometer when compared to CDA (Altobelli et al.,
2016; Simolka et al., 2024), and the here inferred higher number
of measured particles, in particular during an extended mission of
DESTINY+. In particular, the upper limit of the fraction of chemically
and isotopically anomalous circumstellar dust grains (Leitner et al.,
2012) versus recondensed ‘‘ISM born’’ grains (Zhukovska et al., 2008)
provides strong experimental constraints on models of the lifetime of
interstellar dust, particularly time scales of destruction and reconden-
sation, and models of cycling of grains between the various phases of
the hot and cold interstellar medium (Trieloff et al., 2022). Another
unresolved question related to the CDA measurements of interstellar
dust by Altobelli et al. (2016) is an apparent deficit of volatile elements
including carbon, which could be related to the loss of organic matter
due to sublimation within the heliosphere (Kimura et al., 2020). In this
context, measurements of interstellar dust particles impacting at low
speed are particularly important in order to identify complex organic
molecular fragments, which is possible during distinct time intervals
identified in this study.
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Fig. 11. Simulated impact rate, and dynamical parameters for particles with radius 𝑟𝑑 = 0.07 μm (left column), 0.34 μm (middle column), 0.72 μm (right column) in the spacecraft
eference frame during the interplanetary mission of DESTINY+. Time intervals when interstellar dust particles will not be measurable based on the DDA Sun avoidance constraint
re indicated by dashed areas. From top to bottom: impact rate, impact speed, impact direction of particles in ecliptic latitude 𝛽ecl and ecliptic longitude 𝜆ecl, and the 1 𝜎 width
f the interstellar dust flow. The time resolution along the spacecraft trajectory is 1 day.
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Figs. 8 and 12 show that the relatively big interstellar particles
exceeding approximately 0.5 μm in radius will remain basically un-
detectable for two reasons: (1) Based on the interstellar dust size
distribution, their abundance significantly drops towards larger particle
sizes, and (2) they are concentrated in the downstream direction behind
the Sun where DDA cannot measure them due to its Sun avoidance
constraint.

Interstellar particles in each size bin approach from a somewhat
ifferent direction because of their individual susceptibility to solar
adiation pressure and the electromagnetic forces, and the DDA sensor
rientation can be optimized for the expected approach direction of
ach particle size. Thus, the low detection number of big particles may
e increased to some extent by pointing the DDA sensor towards the

approach direction of these particles for some time. However, this leads
to a reduced number of detections in the other size bins and in general
a reduced overall dust fluence.

In order to investigate the significance of a DDA sensor pointing
towards the approach direction of different sized particles, we have
made IMEX simulations with an assumed DDA sensor pointing in the
approach directions of the three particle sizes displayed in Figs. 7 and
11. When pointing the sensor towards the biggest particles (0.7 μm) the
fluence of the particles with radius of approximately 0.5 μm is increased
y about a factor of two, at the same time the fluence of the particles
.3 μm and smaller is reduced by almost a factor of two. Thus, the total
luence is reduced by about 40%. The same is true if we optimize the
ensor pointing for the 0.3 μm or the 0.07 μm particles: The fluence of
hese particles is increased by up to a factor of two but the total fluence
s again reduced. This analysis shows that the largest overall fluence is
btained for a sensor pointing in the optimized sensor orientation as
e have assumed throughout this paper.

The IMEX interstellar dust model has been calibrated with the
lysses in situ dust measurements (Strub et al., 2019). In order to check

the applicability of the model to other regions in space and time, we
compared the modeled dust fluxes with the actual dust measurements
obtained by other spacecraft (Galileo, Helios, Cassini; Krüger et al.,
2019a). It showed that the model agrees with the measurements within
 factor of 2 to 3. We expect that this accuracy is also valid for our
redictions for DESTINY+ presented in this work.

6. Summary

We used the IMEX interstellar dust model (Sterken et al., 2013;
Strub et al., 2019) to predict dust fluxes and to study the dust detec-
tion conditions of the DESTINY+ Dust Analyzer (DDA) on board the
 u

12 
DESTINY+ spacecraft which will be launched to the active asteroid
(3200) Phaethon in 2025. We took into account the latest available
pacecraft trajectory, the sensitivity profile of DDA, as well as the DDA
un avoidance constraint.

Previously, CDA has reported on mass spectra for 36 submicrometer-
sized interstellar dust particles. Our simulations show that due to
the focussing configuration of the interplanetary magnetic field for
interstellar dust which mostly affects the smallest particles below
approximately 0.1 μm in radius, the fluences of such small particles
significantly increase during the DESTINY+ mission time. For the Earth
orbiting phase of DESTINY+ we predict that up to 28 interstellar
particles will be detectable in 2026. For the interplanetary mission
phase in 2027 this number increases to approximately 50 due to the
increased focussing of interstellar dust by the interplanetary magnetic
field. In 2028 and 2029/30 approximately 160 and 190 particles will
be detectable, respectively, followed by a maximum of about 500 in
2030/31. The predicted impact rates of the particles are approximately
0.2 day−1 in 2026 and 2027, reaching 2.5 to 3.0 day−1 in the time interval
2030 to 2032. We believe that the uncertainty of these numbers is a
factor of 2–3, based on a comparison of the predictions of the IMEX
model with existing in situ spacecraft dust measurements (Krüger et al.,
2019a).

As discussed above, the IMEX interstellar dust model has a sys-
tematic uncertainty of a factor of 2. We use this factor to calculate
lower and upper limits to the model predictions. For the Earth orbiting
phase in 2026, this gives a range of 14 … 56 particles, 25 … 100 particles
in 2027, 80 … 320 in 2028, 95 … 380 particles in 2029/30, reaching
a maximum of 250 … 1000 in 2030/31. While this uncertainty may
seem large, the current understanding of the flow of interstellar dust
is limited by the availability of data. To date, the Ulysses dust dataset
that ended with the instrument’s deactivation in 2007 is still the most
comprehensive, homogeneous dataset for interstellar dust in the solar
system. With DDA, a modern instrument will cover both the defo-
cussing and focussing phases of interstellar dust, and provide valuable
insights into the understanding of the dust flow and a foundation for
improved models.

Interstellar particles larger than approximately 0.5 μm will most
likely remain undetectable due to the interstellar dust size distribution
which significantly drops towards large particle sizes. Furthermore,
they are concentrated in the downstream direction behind the Sun
where DDA cannot measure them due to its Sun avoidance constraint.

Measurements of interstellar dust particles impacting at low speed
re particularly important in order to identify complex organic molec-
lar fragments. This is possible during distinct time intervals identified
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Fig. 12. Dust fluences for the interplanetary mission intervals when ISD will be detectable from 2027 to 2032 as given in Table 1 and Fig. 10. The numbers above each histogram
bin give the number of particles detectable in that bin during that mission phase. 𝑁 gives the total number of interstellar particles detectable during that mission period.
d
o

in this study. While organic compounds will be measurable only in
a negligible number of particles during the Earth orbiting and the
nominal interplanetary mission phases because of the low survivability
of organics at impact speeds above about 20 k m s−1, a statistically
meaningful number of interstellar particle detections with measurable
organic compounds is predicted for an extended mission after 2028.

The dust telescope DDA will measure the elemental, molecular and
sotopic constituents of each detected dust particle with high mass res-
lution. In combination with its large sensor area and highly improved
apabilities for measuring the particle trajectory in space it will open
 new window for in situ dust analysis in space. A significantly higher

particle detection statistics as compared to previous missions together
ith measurements over a wide range of impact speeds, in combination
ith the improved mass resolution, will provide new insights into the

ompositional diversity of the LIC particles. This will include grain
ormation and destruction processes as well as the significance of
hemical processing of organic compounds in the interstellar medium.
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