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Abstract. The inner heliosphere hosts a dynamically rich population of dust particles – the Zodiacal Dust Cloud – spanning

sizes from nanometers to hundreds of micrometers and originating primarily from comets and asteroids. Over the past two

decades, a generation of space missions has transformed our observational grasp of this environment. This review consolidates
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the advances enabled by the Wind, STEREO, Parker Solar Probe, and Solar Orbiter space missions, which together observe

from heliocentric distances of 1 au down to less than 0.05 au. Two complementary observational approaches are addressed in5

detail. The first is in-situ dust detection via radio and plasma wave instruments, which commonly measure characteristic voltage

pulses resulting from hypervelocity dust impacts on spacecraft. We describe the underlying physics, signal interpretation, dust

particle mass calibration and machine-learning classification methods for this technique, which constitutes the only in-situ dust

measurement capability on current inner-heliosphere missions. The second approach is remote sensing of the Zodiacal Light

and F-corona through white-light coronagraph and heliospheric imagers. The combination of these approaches has yielded a10

consistent picture of the radial brightness profile of the cloud, provided the first observational evidence for a dust depletion

zone developing sunward of 35 solar radii and a dust-free zone interior to 5 solar radii. The in-situ measurements established

flux densities of dust in hyperbolic trajectories (β-meteoroids) across multiple missions, revealed variable fluxes of nanodust,

and revealed solar-cycle modulation of the interstellar dust flux. This review presents these results, discusses their implications,

and outlines the prospects offered by near-future missions.15

1 Introduction

Cosmic dust particles are a ubiquitous and dynamically rich component of the inner solar system. They span an enormous

range of sizes – from nanometer-scale grains to hundred-micrometer fragments. Originating primarily from cometary activity

and asteroidal collisions (Nesvorny et al., 2011; Mann et al., 2004), they are collectively forming the interplanetary or Zodiacal

dust cloud. Their macroscopic manifestation, the Zodiacal Light, arises from the scattering of photospheric light by Zodiacal20

cloud particles and has been observed from Earth for centuries; it remains visible from the ground just after sunset or before

sunrise, and can be monitored continuously from space. At small elongations from the Sun (≲ 8◦), the Zodiacal light is called

the Fraunhofer (F)-corona, which physically shares the same origin – scattering of solar light by dust – in contrast to the

electron-scattered K-corona.

Continuous brightness observations from space have become possible in recent time. Detectors on spacecraft have measured25

local dust fluxes since the beginning of the space age. Measurements with dust impact detectors from spacecraft have also

shown that interstellar dust particles, alongside interplanetary dust, travel through the interplanetary medium. For example,

through electrical charging and electromagnetic forces, the dust particles are linked to heliospheric processes, and their study

is part of the current space missions to the inner heliosphere. Studying dust in the inner heliosphere is an important subject for

research on the planetary system and the heliosphere, because phenomena of dust dynamics, dust destruction, and interactions30

with the solar wind become especially apparent there. The composition of the dust fluxes and their variability moreover affect

the lunar environment (Farrell et al., 2023) and the Earth’s upper atmosphere (Plane et al., 2018) (and that of other planets).

At the same time, the results obtained are often exemplary and help to improve our understanding of dust in the interstellar

medium and in circumstellar systems.

Exploration of the dust inside 1 au has undergone an important renewal over the past two decades, driven by a generation35

of space missions designed to probe the near-Sun environment. Four spacecraft stand out in this context. The STEREO twin

2

https://doi.org/10.5194/egusphere-2026-4440
Preprint. Discussion started: 17 August 2026
c© Author(s) 2026. CC BY 4.0 License.



probes, drifting ahead of and behind the Earth at ≈ 1 au, provided an extensive observational record for both in-situ antenna

dust detection and remote-sensing heliospheric imaging. The Wind spacecraft, stationed at the Sun-Earth Lagrange point L1

since 2004, has accumulated an unrivaled continuous time series of dust impact data now spanning almost two full solar cycles.

Most recently, Parker Solar Probe (PSP) and Solar Orbiter (SolO) spacecraft have carried the investigation inside 0.5 au, with40

PSP reaching perihelia as close as 9.86R⊙ from Sun center. Together, these missions have opened an entirely new observational

window on the spatial distribution, dynamics, and variability of the dust in the inner heliosphere.

Two complementary observational strategies underpin the results reviewed here. The first is in-situ dust detection via radio

and plasma wave instruments. Rather than dedicated impact detectors, these missions rely on the electric field sensors originally

designed for wave measurements: hypervelocity dust impacts on spacecraft generate plasma clouds, that produce characteristic45

voltage pulses routinely measured by radio and plasma waves instruments. While first applied serendipitously to Saturn’s rings

by Voyager, this detection technique was extended to the interplanetary medium only with STEREO (Meyer-Vernet et al.,

2009; Zaslavsky et al., 2012), before becoming the primary – and only – in-situ dust measurement capability on PSP and SolO.

Because this method is less well known than conventional impact ionization detectors, Section 3 of this review is devoted to

a thorough description of the underlying physics, the signal interpretation, and the associated calibration uncertainties. The50

second strategy is remote sensing of the Zodiacal Light and F-corona via white-light imagers on STEREO and on PSP, which

provide spatially resolved brightness maps of the dust-scattered sunlight from ∼ 1 au down to ≲ 15R⊙ (Howard et al., 2008;

Vourlidas et al., 2016).

The combination of these two approaches has yielded a number of important advances that this review aims to consolidate.

White-light observations through SECCHI and WISPR instruments have characterised the global structure of the Zodiacal55

cloud, including the symmetry plane of the Zodiacal cloud, its radial brightness gradient, and the super-elliptic shape of its

brightness iso-contours. Most strikingly, WISPR observations with PSP have provided the first unambiguous evidence for

a dust depletion zone (DDZ) developing gradually sunward of ≈ 35R⊙, leading to a largely dust-free zone (DFZ) interior

to ≈ 5R⊙. At the same time, in-situ measurements from STEREO, Wind, PSP, and SolO have established consistent β-

meteoroid flux densities, uncovered solar-cycle modulation of the interstellar dust flux, stream-like density enhancements, and60

systematic reductions in impact rates associated with coronal mass ejections (CMEs) and stream interaction regions (SIRs).

Also, interplanetary nanodust were detected in-situ for the first time. This review deals with the in-situ measurements made

with antennas, and we refer the reader to other reviews on dust instruments (Auer, 2001a), and measurements in the outer

heliosphere with Galileo and Ulysses (Grün et al., 1992) and Cassini (Srama et al., 2004).

This review is organized as follows: Section 2 briefly describes the space missions and datasets considered in this review;65

Section 3 provides a detailed account of the radio-antenna detection method: the physics of impact ionisation and electric sig-

nal generation, the interpretation of dipole and monopole measurements, mass calibration, atypical signals including magnetic

signatures and "single-hits" impulses, and the machine-learning classification techniques now routinely applied to large wave-

form databases. Section 4 presents the main observational results, organised by dust population: the large-scale structure of the

Zodiacal cloud (4.2), constraints from in-situ measurements of dust in bound orbit and in hyperbolic orbit (i.e. β-meteoroids)70

(4.3), the dust depletion zone and interaction with solar wind structures (4.4, 4.5), nanodust dynamics and variability (4.6), and
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interstellar dust (4.7); and finally, section 5 summarizes the key results, discusses the broader implications for debris disk and

interstellar dust science, and outlines the prospects offered by ongoing and future missions.

2 Space Missions

This section provides a brief description of the space missions that have yielded the results on dust in the inner heliosphere75

which constitute the focus of this review.

2.1 Solar Orbiter, 2020–present

Solar Orbiter, launched on 10 February 2020, orbits the Sun with an elliptical orbit with perihelia around 0.3 au and aphelia

around 1 au (Müller et al., 2019). It uses repeated encounters with Venus to raise its orbital inclination, eventually reaching

∼ 24◦ out of the ecliptic plane in December 2026. This unique latitudinal tilt allows SolO to routinely sample regions above80

and below the ecliptic plane. Dust impacts have been recorded during the mission by the Radio and Plasma Waves (RPW)

instrument – a complete description of which is given by (Maksimovic et al., 2020), designed to measure and analyze the

electric field fluctuations from near-DC to 16 MHz and magnetic fluctuations from several Hz to 0.5 MHz. The electric sensors

of RPW consist of three monopoles of length L= 6.5 m and radius a= 1.5 cm, mounted on 1 m rigid booms to separate them

from the spacecraft body. They lie in the same plane and make angles of roughly 120◦ with each other. Remote observation of85

the zodiacal dust is performed by the heliospheric white light imager (SolOHI) (Howard et al., 2020).

2.2 Parker Solar Probe, 2018–present

The Parker Solar Probe is in a highly elliptical orbit around the Sun and has used seven Venus gravity assists to change its

orbit and lower its perihelia after each flyby (Fox et al., 2016; Raouafi et al., 2023). PSP was launched on 12 August 2018; its

first Venus gravity assist occurred on 3 October 2018, and it reached a perihelion of 0.16 au (35.55R⊙) on 5 November 2018.90

It reached a perihelion of 0.044 au (≈ 9.86R⊙ on 24 December 2024. The orbit plane is the same as that of Venus, which is

similar to the symmetry plane of the Zodiacal cloud, although the ascending nodes are different. After nearly eight years of

operations, all four instrument suites continue to operate nominally. Although PSP does not carry a dedicated dust detector,

the signatures of dust impacts on the spacecraft are detected by the five electric field antennas of the FIELDS instrument suite

(Bale et al., 2016; Malaspina et al., 2016; Pulupa et al., 2017). The four primary antennas consist of thin-walled niobium C-10395

tubes mounted just behind the heat shield, each approximately 2 m in length and 1/8 inch in diameter. A simple fifth voltage

probe is mounted on the magnetometer boom at the rear of the spacecraft. Some impact plasma clouds are also detected by the

search coil magnetometer (SCM) (Malaspina et al., 2022). FIELDS’ Radio Frequency Spectrometer (RFS) (Pulupa et al., 2017)

also provides a proxy for dust impacts by counting the number of saturated waveforms during each Digital Signal Processor

(DSP) cycle, which is also a metric of dust impacts. However, the RFS dust data have not yet been fully analyzed for scientific100

investigation. The Wide-field Imager for Parker Solar Probe (WISPR) provides white light remote-sensing observations of the
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F-corona/zodiacal light through the scattering of sunlight by interplanetary dust particles along the lines-of-sight (Vourlidas

et al., 2016).

2.3 STEREO, 2006–present

The Solar Terrestrial Relations Observatory (STEREO) mission (Kaiser et al., 2008) consists of two spacecraft, at ≈1 au, both105

drifting away from Earth at the rate of 22.5◦ per year, one drifting ahead of Earth (STEREO-A) and the other drifting behind

Earth (STEREO-B). At the end of the 2 year prime mission, they were 90◦ apart. Having launched in 2006, they operated

continuously for 8 years and were preparing in late 2014 for the superior conjunctions with the Sun in early 2015, when

communications were lost with STEREO-B1. STEREO-A continues to operate well. The spacecraft are equipped with the

STEREO/WAVES (or S/WAVES) radio instrument (Bougeret et al., 2008), consisting of three orthogonal electric antennas (of110

length 6 m and radius ∼ 1.6 cm close to the cylindrical antenna base) (Bale et al., 2008) connected to an electronic analyzer,

designed to provide observations in the radio frequency range (2.5 kHz–16 MHz), including a time-domain sampler (TDS)

providing electric waveforms, which were used to detect and characterize dust impacts on the spacecraft. STEREO is also

equipped with the Sun Earth Connection Coronal and Heliospheric Investigation (SECCHI) remote-sensing instrument suite

(Howard et al., 2008), consisting of the Extreme Ultraviolet Imager (EUVI), two white-light coronagraphs (COR-1 and COR-2115

with field-of-views of 1.4˘4 solar radii and 2˘15 solar radii, respectively), and two white-light heliospheric imagers (HI-1

and HI-2 with field-of-views covering elongation ranges of 4◦ − 24◦ and 18.7.0◦ − 88.7◦, respectively). The four white-light

telescopes provide mapping of the zodiacal dust brightness distribution from Sun to Earth.

2.4 Wind, 1994–present

Wind is a spin stabilized spacecraft launched in November 1, 1994. After some orbits in the Earth’s magnetosphere, Wind was120

placed at the Lagrange L1 point where it has stayed continuously since May 2004. Wind is equipped with the Wind/Waves

electric field instrument (Bougeret et al., 1995), which has been able to record dust impacts on the spacecraft (Malaspina

and Wilson, 2016). The instrument measures voltage between antenna arms, consisting in a long Ex dipole of original length

L= 100 m tip-to-tip (which has been considerably shortened by several breakages due to dust impacts) and another shorter

dipole Ey of length L= 15 m tip-to-tip. Both dipoles lie in the spacecraft’s spin plane. Another Ez dipole (12 m tip-to-tip) lies125

along the spin axis of the spacecraft. The very long uninterrupted Wind data set makes it ideal to study long-term variability of

the interplanetary and interstellar dust fluxes (Baalmann et al., 2024; Hervig et al., 2022).

3 In-situ dust detection by radio and plasma wave instruments

In this section, we review current knowledge on the generation of dust impact signatures in the radio domain, gathered from

space observations and complementary laboratory experiments.130

1A detailed description of the attempts to recover STEREO-B is given in https://stereo-ssc.nascom.nasa.gov/behind_status.shtml
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The electric field sensors onboard Voyager 2 detected dust impacts on the spacecraft within Saturn’s G ring (Aubier et al.,

1983; Gurnett et al., 1983). This serendipitous observation marked the first use of radio and plasma wave instruments to infer

dust fluxes. Similar pioneering measurements were subsequently performed in the dilute ring systems of Uranus (Meyer-Vernet

et al., 1986a; Gurnett et al., 1987) and Neptune (Gurnett et al., 1991; Pedersen et al., 1991) by Voyager 2, as well as in cometary

environments by other spacecraft (Scarf et al., 1986; Meyer-Vernet et al., 1986b; Oberc, 1999).135

It took considerably longer for radio techniques to be applied to probe the zodiacal cloud, as its low dust density generally

renders the associated power spectral signatures below the noise floor of radio instruments under most observational conditions.

The first radio dust measurements in the interplanetary medium were performed by the STEREO mission, benefiting from the

large sporadic impact rate of nano-dust (Meyer-Vernet et al., 2009) and then extended to larger grains (Zaslavsky et al., 2012),

using the S/WAVES time domain sampler, which made it possible to isolate individual impacts. The technique has then been140

used with Wind (Malaspina et al., 2014), Cassini during its cruise phase to Jupiter (Schippers et al., 2014, 2015) and at Jupiter

(Ye et al., 2016, 2018), MMS (Vaverka et al., 2019), MAVEN (Andersson et al., 2015; Ijaz et al., 2024), Juno (Ye et al., 2020)

and it currently provides all the in-situ dust measurements onboard PSP (Szalay et al., 2020) and Solar Orbiter (Zaslavsky

et al., 2021).

3.1 Voltage signatures of dust impacts in space: observations and interpretation145

The detection capabilities of electric sensors depend on the receiver’s characteristics, in particular, whether it is operated in

monopole mode (when the receiver measures the voltage between an antenna and the spacecraft body) or dipole mode (when

the receiver measures the voltage between two antennas). Figure 1 shows a few examples of measurements in monopole and

dipole mode with Solar Orbiter/RPW.

As can be seen in Figure 1, the signals produced by dust impacts are recognizable as sharp pulses, with rise times typically150

of a few tens of µs and decay times typically of a few hundreds of µs (in conditions of interplanetary space at a fraction of

an au). These pulses can reach amplitudes of a few hundred or thousands of mV, making them more intense than most plasma

wave events recorded. Dust impacts will therefore be found en masse in plasma waveform databases selected on the basis of

algorithms that favor large-amplitude signals.

155

3.1.1 Time evolution of a conductor’s potential following a dust impact

To understand how the pulses observed in the electric field instrument data are generated, we first examine the temporal

evolution of the potential of a conductor immersed in the interplanetary medium plasma and located close to a dust grain

impact, whether the impact occurs on the conductor itself or on another spacecraft structure in its vicinity. This evolution

proceeds in several stages, which we describe hereafter. More details can be found in (Zaslavsky, 2015; Meyer-Vernet et al.,160

2017; Mann et al., 2019; Shen et al., 2021a; Rackovic Babic et al., 2022; Kočiščák et al., 2024).
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Figure 1. Examples of waveforms recorded by the Radio and Plasma Wave instrument onboard Solar Orbiter at several heliocentric distances.

Left column: voltage measured by the three monopoles (V 1 in black, V 2 in red, V 3 in blue), each referenced to the spacecraft potential. Right

column: monopole V 2 (blue) referenced to the spacecraft potential, together with two dipole measurements (V 1−V 3 in black, V 2−V 1 in

red). Reproduced from Zaslavsky et al. (2021).

First, free electric charges (ions and electrons) are generated during dust impacts at speeds ≳ 1 km s−1 (a threshold generally

exceeded in interplanetary space), which vaporize and ionize part of the target material as well as the dust grain itself (Drapatz

and Michel, 1974).

This process is called impact ionisation, and the amount of charge generated scales with the mass m and relative speed v as165

Q∼ αmvβ , where α and β depend strongly on the target and impactor materials (Collette et al., 2014). Values often used are

α= 0.7 and β = 3.5 (McBride and McDonnell, 1999), with Q in Coulombs, m in kg and v in km s−1.

Just after impact ionisation, the charges are distributed in a small quasi-neutral cloud. Although there are large uncertainties

regarding the temperature of this plasma just after impact, with conflicting measurements, one can assume a value on the order

of a few eV (Hornung and Kissel, 1994; Ratcliff et al., 1997; Miyachi et al., 2008; Lee et al., 2012; Collette et al., 2014;170

Fletcher et al., 2015; Kočiščák et al., 2020). The cloud expansion is mostly collisionless, and occurs at approximately the ion

thermal speed cs ∼ 5− 15 km s−1, driven by an internal electric field arising from charge separation at the boundary of the
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cloud (Pantellini et al., 2012b). The cloud stays quasi-neutral until this electric field is overcome by the ambient electric field,

determined by the conductor’s potential and the photoelectron and ambient plasma Debye lengths – of the order of ∼ 10 V

m−1 near the spacecraft at 1 au (Meyer-Vernet et al., 2017). This happens when the plasma cloud is a few centimeters size, or175

after a few microseconds.

Afterwards, the ion and electron populations lose their electrostatic coupling and evolve essentially independently. The

conductor will sense these charges and see its electric potential modified. The time evolution of this potential is determined by

the dynamics of impact-ionisation charges and by the exchange of charges between the conductor and the surrounding solar

wind plasma.180

First, we examine the dynamical behavior of the charges generated by impact ionization. The electron thermal speed is of the

order of 500 km s−1, so their displacement over meter-scales typical of the spacecraft or antennas systems occurs on timescales

∼ 2 µs, shorter than the sampling time of most radio instruments. This fast motion sees electrons getting collected, or, for a

fraction of them, escaping away. After a few microseconds, only a cloud of positive ions remains in the vicinity of the conductor.

This cloud, of total charge ∼Q, influences the conductor so as to produce a change of its potential δφions ∼Q(1− r/R)/C185

(Meyer-Vernet et al., 2017) where R is the typical size of the conductor, r it distance to the ion cloud and C the conductor’s

capacitance.

We define ϵ as the fraction of electrons that escape. This fraction is smaller than 0.5 because, owing to their quasi-isotropic

velocity distribution immediately following ionisation, half of the electrons are initially directed inward and are collected by

the positively charged target (for sunlit surfaces in interplanetary space), while a fraction of those initially moving outward190

will subsequently return, depending on the conductor potential relative to the electron temperature. The collected fraction

induces a change of potential δφcol. =−(1− ϵ)Q/C. Hence, a few µs after the impact, the conductor potential has increased

by δφesc. = δφcol. + δφions = ϵQ/C : this manifests as a fast precursor, or “pre-shoot”, the amplitude of which reveals the

amount of escaping charge ϵQ (Rackovic Babic et al., 2022).

The electrostatic influence of the ion cloud on the conductor evolves with time under two effects: (i) its distance r to the195

conductor varies, and (ii) its charge is screened by the photo-electron sheath that surrounds any sunlit conductor in interplan-

etary space. Effect (i) occurs over a timescale ∼ 100 µs assuming a cloud expansion speed of ∼ 10 km s−1 – although in the

vicinity of an antenna, whose radius is typically of the order of a centimetre, transverse displacements of the order of a few

tens of centimetres or even less can have a significant effect on the potential, and reduce this time scale to around 10 µs. Effect

(ii) occurs over a timescale τph depending on the density of the photoelectron sheath (or the plasma sheath in shadow), which200

depends on the distance to the Sun and amounts to a few tens µs at 1 au, increasing with distance to the Sun as d2/3 and impact

charge as Q1/3 (Meyer-Vernet et al., 2017). Hence in general, one expects the electrostatic shielding effect to dominate the

time evolution of the change in potential induced by the ion cloud δφions, even though fast signature of the ion cloud dynamics

close to antennas might also be seen. The decrease of δφions down to zero on a timescale τph reduces the potential of the

conductor down to a minimal value determined by the amount of electron charge collected ∼ δφcol. =−(1− ϵ)Q/C. So, the205

amplitude of the pulse from the preshoot to the minimal value gives an estimate of the total charge collected, Q/C – at least if

one can neglect the effect of charge exchange during the timescale τph, as we discuss in the following.
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Figure 2. Schematic depiction of the variation of the potential of a spacecraft embedded in the interplanetary plasma at around 1 a.u., after a

hypervelocity impact by a dust grain occurred. The dominant process shaping the signal in each phase is coded in color: orange for processes

related to the impact charges dynamics, collection and screening; blue for charge exchange with the surrounding plasma. Adapted from

Kočiščák (2024).

While evolving under the effect of the impact ionisation cloud dynamics, the potential of the conductor also evolves accord-

ing to the exchange of charges with its environment. In the absence of dust impact, the equilibrium between the photoelectron

escape current and the ambient plasma electron collection current drives the conductor’s floating potential to a few times210

the photoelectron temperature, φeq ∼ 5− 10 V. The deviation from this equilibrium potential induced by the impact charges

changes these currents so that the conductor’s potential relaxes to its equilibrium value. This occurs on a timescale τrelax ∼ 200

µs at 1 au for a collector surface S = 10 m2 and typical solar wind plasma parameters. At 1 au, this time is much larger than

the timescales of cloud dynamics. Hence, to a good approximation, the potential evolves first according to collection/influence

effects, reaches a value −(1− ϵ)Q/C, and then exponentially relaxes to equilibrium on a time τrelax. However, at heliocentric215

distances d≲ 0.4 au, the solar wind density is sufficiently high to make the relaxation timescale of the order of (or smaller

than) the typical rise time τph of the pulse. In this case, the exchange of charges with the solar wind makes the potential

relax faster than it changes under the effect of the impact charges; the overall amplitude of the pulse is then reduced by a

factor ∼ τrelax/τph (Zaslavsky, 2015). Figure 2 illustrates the different stages of the variation of the potential discussed in this

section, in the case where the relaxation time is much larger than the dynamics/screening times of the ion cloud.220
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3.1.2 Implementation on electric field instruments. Dipole and monopole configurations.

An electric field instrument measures the voltage difference between two conductors: either an antenna and the spacecraft

(monopole mode) or between two antennas (dipole mode) – a difference that produced apparently conflicting results in early

measurements (Meyer-Vernet et al., 1996). In both cases, the wiring of the receiver and the mechanical base of the antennas

induce stray capacitance in the system, which decreases the measured voltage (Bale et al., 2008; Zouganelis et al., 2010). The225

transfer function accounting for this imperfect coupling, which generally depends on the frequency of the signal measured, is,

in the range of interest for dust impacts, Γ≃ Ca/(Ca+Cstray), with the antenna capacitance Ca calculated from the ambient

plasma properties (Meyer-Vernet and Perche, 1989); Γ is of the order 1/2 for most devices.

Since most impacts occur on the spacecraft body, which has a much larger surface than the antennas, the potential of

the spacecraft body is most likely to vary – following the scenario presented in the previous section – than the antennas.230

As a consequence, the monopole configuration is usually more favorable to the detection of dust: the receiver measures

Vmonopole(t) = Γ(δφant(t)−δφsc(t))≃−Γδφsc(t), except when δφant is not negligible compared to δφsc (see below). Thus,

the pulse V (t) recorded is proportional to the spacecraft potential variation, and makes it possible to determine the value of the

total charge Q from the pulse amplitude.

In a dipole configuration, the spacecraft potential (the "common mode") is rejected from V (t), which consists of the dif-235

ference of potential between the two antenna booms. Since the antenna booms are usually rather far from the impact location

and their surface is much smaller than that of the spacecraft, they do not collect much charge (O’Shea et al., 2017), and their

variation in potential is essentially determined by the influence from the ion cloud, which is different from an antenna to

another, depending on the impact location (Meyer-Vernet et al., 2014; Shen et al., 2021a). Without prior information on the

impact location, estimating the total charge released is much more challenging for dipole measurements than for monopole240

measurements (Shen et al., 2023). As an order of magnitude, an impact relatively close to an antenna of length Lant will induce

a potential variation of amplitude δφant ∼Q/(4πε0Lant) if the distance is smaller than the ambient Debye length. The effi-

ciency of dipole measurements can then be inferred from two parameters: the ratio of the distance between the antenna bases

to the antenna length, and the ratio η = C/(4πε0Lant)(Meyer-Vernet et al., 2014), where C is the spacecraft capacitance. If

both ratios are small compared to unity, all the antennas will measure roughly the same signal, which is much smaller than the245

voltage measured in monopole mode. In this case, the efficiency of dipole measurements is small, and δφant does not affect the

monopole measurement. On the other hand, if the ratios are of the order of unity or larger, the impact position that will usually

occur closer to a particular base will produce imbalances, roughly of the order of V (t)∼ Γδφant – a value of the same order

of magnitude as the signal measured in monopole mode. In this case, the dipole measurement is as effective as the monopole

one, and the latter is affected by δφant, making the evaluation of Q more difficult. For spacecraft like Solar Orbiter and Parker250

Solar Probe, the imbalances are of the order of the monopole signal itself – these imbalances have indeed been measured on

these spacecraft by (Page et al., 2020; Kočiščák et al., 2024). On the other hand, spacecraft such as STEREO or Wind have

rather poor dipole efficiencies (at least, concerning Wind, before one of its Ex dipole arm was cut, making it asymmetric).
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3.1.3 Mass calibration

Finally, we discuss how to estimate the mass of the impacting dust from the measured signals. As we have seen, the pulse255

amplitude, in the best case of monopole measurements with η ≪ 1, provides a good estimate of the total charge Q generated

by impact ionization. Given the charge yield of the impacted material Q= αmvβ , we can derive the mass of the particle only

if we know the impact speed, which we cannot measure independently. Models for a grain’s speed as a function of mass v(m)

derived from numerical simulations (e.g. (Czechowski and Mann, 2010; Poppe et al., 2011; Poppe and Lee, 2020; Mann and

Czechowski, 2021)) can be used to determine an estimate of the size from a measured voltage pulse (see fig.6 of Zaslavsky260

et al. (2012) or fig.7 of Zaslavsky et al. (2021)). This approach entails significant uncertainties stemming from the neglected

spread in impact velocities for a given mass, uncertainties in the charge yield, and the estimation of Q from the impact voltage.

As a consequence, the mass of a particle cannot be reliably estimated from a single impact – but robust statistical estimates can

be made on the impact voltages expected from different populations of interplanetary dust.

Nanometer grains, which can reach drift speeds of ∼ 300 km s−1 at 1 au, generate impact charges of a few pC, and monopole265

pulses ∼ 2−10 mV, for typical spacecraft capacitance Csc ∼ 200 pF and gain factor Γ = 1/2, except when the perturbation of

the photoelectron sheath increases the signal (see Sec. 3.3.3). Grains in the 100 nm range, or β-meteoroids, have typical radial

velocities ∼ 80 km s−1 and will produce ∼ 10− 100 pC impact charges, and pulses ∼ 20− 200 mV – the latter population

constitutes the broad majority of the impacts detected. Grains with micron size have roughly Keplerian impact speeds – as the

spacecraft orbital speed – and the charge they produce will depend on the distance to the Sun and the spacecraft position on its270

orbit. At 1 au, it is typically ≳ 500 pC, producing voltage pulses ≳ 1 V. The latter will tend to saturate radio receivers, whose

dynamic range is often limited to a few hundred mV.

3.2 Voltage signatures modeled and observed in laboratory experiments

Dust impacts on spacecraft release electric charge that produces transient voltage signals detectable by electric field antennas

(Aubier et al., 1983; Gurnett et al., 1983, 1981). These signals arise from impact ionization, a process in which the high-275

speed impact of a dust particle (> 1 km s−1) generates a rapidly expanding plasma cloud (Auer, 2001b). The properties of

this impact plasma govern the observed antenna response and must therefore be understood to interpret dust-induced electric

signals and infer basic particle parameters, such as mass. Direct experimental investigation of antenna-based dust detection

became possible through laboratory simulations using a dust accelerator. Such experiments enable controlled characterization

of impact plasmas, including charge generation yields for spacecraft-relevant materials, plasma composition, and the energy,280

velocity, and angular distributions of plasma particles. Laboratory studies employing scaled models of spacecraft–antenna

systems have further clarified the physical mechanisms by which the expanding plasma cloud couples to antennas and produces

measurable electric signals.

For completeness, we note that dedicated dust detectors and analyzers based on impact ionization have been developed

and flown on several missions, e.g. (Auer, 2001b; Srama et al., 2004; Horányi et al., 2014; Simolka et al., 2024; Kempf285

et al., 2025; Horányi et al., 2025a). These instruments are highly sensitive and well calibrated in the laboratory, enabling
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accurate determinations of particle mass, speed, and composition, whereas antenna-based detection benefits from the much

larger spacecraft impact area and is therefore sensitive to relatively large, low-abundance particles.

3.2.1 Dust accelerator

The dust accelerator employed, and the results of which are discussed in the following, is operated at the University of Colorado290

at Boulder (Shu et al., 2012). The facility is an electrostatic accelerator with a design heritage tracing back to earlier systems

(Friichtenicht, 1962; Mocker et al., 2011) and is capable of accelerating particles with diameters of ∼ 0.02−2 µm to velocities

relevant to space applications (Figure 3). Each accelerated particle is characterized in flight in terms of its velocity and mass

using two pickup-tube detectors installed along the beamline (Shu et al., 2012; Thomas et al., 2013). The accelerator can operate

with conductive or electrically dissipative particles, whereas dielectric materials require the application of a thin conductive295

coating. Several techniques have been developed to deposit nanometer-scale polymer, platinum, or palladium coatings for this

purpose (Hillier et al., 2009; Fielding et al., 2015). As a result, a broad range of dust samples – including minerals and organic

materials – is now available for experimental studies (Hillier et al., 2009; Hillier et al., 2012; Hillier, 2018; Fielding et al., 2015;

Eckart et al., 2023; Mikula et al., 2024). Iron dust is commonly used for fundamental impact studies where composition is not

critical, owing to its reliable accelerator performance and its historical use in the calibration of spaceborne dust instruments.300

3.2.2 Impact Ionization and Characteristics of Impact Plasmas

Impact ionization provides one of the most sensitive techniques for detecting and analyzing the composition of dust particles in

space (Auer, 2001b). The transient, partially ionized plasma generated upon impact consists of ions, electrons, and neutrals. A

number of models have been proposed to explain its observed characteristics, including plasma, shock-wave, and desorption-

ionization models (Hornung and Michel, 1972; Drapatz and Michel, 1974; Knabe and Krueger, 1982; Kissel and Krueger,305

1987; Hornung et al., 1996, ?). Despite these efforts, a first-principles understanding of impact ionization remains incomplete,

as the properties of the impact-generated plasma are largely constrained by laboratory measurements rather than derived from

fundamental theory.

For the detection of dust particles using antennas, the relevant parameters of the impact plasma include the charge yield,

ion composition, energy (or velocity) distribution, and angular distribution. It is important to note that impact ionization is310

inherently non-deterministic, exhibiting substantial variability in the generated charge and other plasma characteristics even

for nearly identical particles impacting the same material at the same velocity. Among these parameters, the impact charge

is relatively well characterized, largely as a result of extensive laboratory calibration of spaceflight instruments. The impact-

generated plasma contains approximately equal amounts of positive and negative charge carriers, which can be separated by

modest electric fields (Auer, 2001b). The impact charge, or charge yield, is commonly described by a power-law relation,315

QIMP = αmvβ , where m and v denote the particle mass and velocity, respectively, and the empirically derived coefficients

α and β depend primarily on the target material rather than on the projectile (e.g., (Horányi et al., 2014)). Over a broad

velocity range, a single power law fails to capture the observed behavior, and the normalized charge yield QIMP/m exhibits a

characteristic S-shaped dependence on impact velocity (Dietzel et al., 1972; Mocker et al., 2013; Kempf et al., 2025; Horányi
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Figure 3. Typical mass–velocity distribution of iron particles produced by the accelerator (Shu et al., 2012). The color scale indicates the

probability of occurrence for particles with the given parameters.

et al., 2025a). A recent review of charge yields for spacecraft-relevant materials is provided by (Collette et al., 2014). For fixed320

m and v, the uncertainty of the impact charge QIMP follows a log-normal distribution, with an error factor of approximately

2 for standard surfaces; for highly polished target surfaces, this factor decreases to about 1.6 (Horányi et al., 2025a). Surface

cleanliness also influences charge yield, which generally decreases with increasing cleanliness. Also the density ratio of the

dust particle versus impact surface plays a large role in impact ionization (Hornung and Drapatz, 1981; Hunziker et al., 2022).

Several laboratory investigations have examined the ion composition of impact plasmas, which reflects the chemical makeup325

of both the dust and target materials but varies strongly with impact velocity (Hillier et al., 2012; Hillier, 2018; Fiege et al.,

2014; Goldsworthy et al., 2002; Goldsworthy et al., 2003; Mikula et al., 2024). At lower impact velocities (≲ 5 kms−1),

alkali metal ions such as Na+ and K+ dominate the spectra due to their low ionization energies, even when present only as

minor contaminants (Auer and Sitte, 1968). At impact velocities of ∼ 10 kms−1, alkali ions remain prevalent, while additional

species such as H+ and C+ (likely originating from surface contamination), as well as atomic or molecular ions derived from330

the dust and target materials, become prominent. At higher impact speeds (≳ 16 kms−1), the relative abundance of alkali

ions decreases, whereas H+, C+, and ions representative of the dust composition increasingly dominate the spectra (Mocker
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et al., 2013). At still higher velocities, extensive molecular fragmentation leads to a reduction in the average ion mass. Organic

materials, if present, generate a broad distribution of ion masses arising from both fragmentation of the parent molecules and

clustering processes within the impact plasma (Mikula et al., 2024). Composition measurements are often conducted using335

precious-metal targets. Among these, Au and Ir exhibit minimal ionization due to their high ionization energies (e.g., (Mikula

et al., 2024)), whereas Ag and Rh targets contribute substantially to the total ion content of impact plasmas at velocities

above 5− 10 kms−1 (e.g., (Hillier et al., 2012; Fiege et al., 2014)). For impacts occurring on typical spacecraft surfaces, such

materials are therefore expected to constitute a significant fraction of the ions produced. An example mass spectrum measured

by the laboratory prototype of the Interstellar Dust Experiment (IDEX) instrument is shown in Figure 4.340

Figure 4. Time-of-Flight (ToF) mass spectrometry can be used to determine the composition of the impact plasma. The spectrum shown

corresponds to an 11 km/s impact of iron dust onto a clean gold target surface. The abundant alkali ions, Na+ and K+, originate from

minor contamination of the dust particles and/or the target material. Hydrogen and carbon ions are also commonly observed due to surface

contamination. At this impact speed, the abundance of gold ions (Au+) is negligible and therefore not shown in the figure.

The energy and ion velocity distributions of impact plasmas have been characterized using optical diagnostics, linear time-of-

flight (TOF) techniques, and measurements of ion expansion under near field-free conditions. Optical observations have been

used to infer impact-plasma temperatures by modeling the emission as blackbody radiation. Reported temperatures typically

range from (2− 6)× 103 K, with temperature increasing with impact velocity (Eichhorn, 1975, 1976; Tsembelis et al., 2008;

Collette et al., 2013). Some measurements indicate substantially higher temperatures, up to (1− 3.5)× 104 K (Miyachi et al.,345

2008). The corresponding characteristic ion energies are approximately 0.2− 0.5 eV and 1− 3 eV, respectively.

In linear TOF measurements, the ion energy distribution is inferred from the widths of the mass spectral peaks. These

measurements indicate relatively high ion energies. One study reported ion energies ranging from 10–70 eV, depending on the
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ion species (Burchell et al., 1996); another found energies of 20–40 eV with only a weak dependence on dust impact velocity

(Ratcliff et al., 1997); and a third study observed ion energy distributions spanning tens of eV for impact speeds ≤ 10 km s−1,350

increasing to hundreds of eV at higher impact velocities (Hillier et al., 2006).

Lee et al. (2012) investigated the free expansion of impact plasmas and determined a mean expansion speed of 20.8 kms−1,

largely independent of dust particle mass or impact velocity. Collette et al. (2016), using a basic retarding field analyzer,

measured the effective temperatures of both positive and negative ions in impact plasmas at speeds of 4, 10, and 20 kms−1.

Their findings showed that positive ion temperatures increased from about 4 eV to 20 eV, with the latter observed at speeds355

exceeding 20 kms−1. Similar energy values were reported by Nouzák et al. (2018, 2020) in experiments using a scaled-down

antenna model. Kočiščák et al. (2020) measured energy distributions for cations from olivine particles coated with polypyrrole,

impacted at velocities between 2 and 18 kms−1. Their results indicated that cation energy remained around 7 eV with little

dependence on dust impact speed. Meanwhile, negative charge carriers, likely consisting of free electrons and anions, exhibited

energies between 1−10 eV with non-monotonic variation based on impact velocity. Shen et al. (2021a, b) employed a physical360

model to interpret antenna signals, successfully fitting laboratory data and estimating an expansion velocity of approximately

10 kms−1 for cations in impact plasmas at dust impact speeds of 20 kms−1 or greater.

Experimental studies have also investigated the free expansion of impact-generated plasma under field-free conditions. Lee

et al. (2012) reported a mean expansion speed of 20.8 kms−1, largely independent of dust mass or impact velocity (Lee et al.,

2012). Shen et al. (2021a, b), on the other hand, estimated a lower expansion velocity of ∼ 10 kms−1 for cations produced at365

dust impact speeds ≳ 20 kms−1 (Shen et al., 2021b, a). Studies employing retarding field analyzers have measured effective

ion temperatures in impact plasmas. Collette et al. (2016) found that cation temperatures increase with impact speed, from

∼ 4 eV at low velocities to ∼ 20 eV above 20 kms−1, while negative charge carriers exhibit lower energies of 1–10 eV.

Similar ion energies were reported in antenna-based experiments (Nouzák et al., 2018, 2020). Measurements using olivine

particles coated with polypyrrole indicate that cation energies remain near ∼ 7 eV with weak dependence on impact velocity370

over 2–18 kms−1 (Kočiščák et al., 2020).

A recent and particularly relevant study by Nouzák et al. (2025) measured the temporal and spatial distributions of ions

emerging from impact plasmas using a large-area delay-line detector. The resulting velocity distributions were broad, extending

to ∼ 10 kms−1 for low-speed impacts (2–5 kms−1) and exceeding 50 kms−1 for impact speeds above ∼ 10 kms−1. By

separating contributions from the dominant ion species in the plasma (Fe+, Na+, C+, and H+), the authors showed that the375

translational energy of the expanding ions typically lies in the range 3–8 eV, with an additional thermal component of ∼ 1 eV

that exhibits little dependence on impact speed or ion species. The wide velocity range is therefore attributed to different

ion species expanding with approximately the same kinetic energy. An example velocity distribution for impacts is shown in

Figure 5.

Nouzák et al. (Nouzák et al., 2025) also measured the angular distribution of the expanding ions and found it to follow a380

cosine power-law distribution, cosn θ, with n= 1. Their measurements were, however, limited to angles θ = 13◦–45◦ relative

to the surface normal. Other investigations have reported cosine distributions ranging from n= 0 (isotropic emission) (Hillier

et al., 2006) to n= 2–3 (Ratcliff and Allahdadi, 1996). Measurements by Abramov et al. investigated the angular distribution
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Figure 5. Average cation velocity distribution (black) from plasmas produced by iron dust impacts in a velocity range of 10–15 kms−1.

The measured distribution can be reconstructed as a sum (orange) of contributions from three major ion species present in the impact plasma

(Fe+ (red), C+ (blue), and H+ (green)). Data accepted from Nouzák et al. (2025), see text for details.

at lower impact speeds, between 1 and 11 kms−1 (Abramov et al., 1991). They observed peak emission at angles between

16◦–36◦, and the reduced ion occurrence near the surface normal was attributed to ion shielding by residual dust fragments.385

3.2.3 Physical processes of antenna signal generation

Direct simulation of antenna signals using dust accelerators has also led to the development of first-principles physical models

that complement those described in Sec. 3.1.1. Early models assumed that antenna signals arise primarily from the direct

collection of a significant fraction of the impact-generated charge (Gurnett et al., 1983, 1987). A theoretical analysis by Oberc

(1999) identified three mechanisms responsible for voltage generation: charging of the antenna, charging of the spacecraft,390

and detection of the electric field associated with charge separation in the expanding impact plasma. This work emphasized

the strong dependence of the antenna response on the impact location, particularly for dipole configurations. Zaslavsky (2015)

later introduced the floating-potential perturbation model, in which both the spacecraft and antenna recollect portions of the

impact plasma, and the observed waveform is governed by their differing discharge time constants. Meyer-Vernet et al. (2017)

highlighted key aspects of signal generation, noting that electrons in the impact plasma rapidly become isotropically distributed395

and that the expanding plasma induces charging on both the spacecraft and antennas, with the plasma expansion dynamics also

contributing to the observed signal waveforms.

Laboratory simulations of the underlying physical processes began with a simple configuration consisting of an impact

plate and a single antenna. Measurements by Collette et al. (2015) identified three relevant mechanisms: spacecraft charging,
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antenna charging, and induced charging. They further showed that antenna charging is significant only for impacts occurring400

very close to the antenna base, a conclusion later supported by numerical modeling, which confirmed that this mechanism

is of secondary importance (O’Shea et al., 2017). Subsequent laboratory measurements were performed using a scaled-down

model of the Cassini spacecraft and the Radio and Plasma Wave Science (RPWS) instrument, operated in both monopole and

dipole configurations (Nouzák et al., 2018, 2020). The measured waveforms showed good qualitative agreement with in-situ

measurements and illustrated how key waveform characteristics depend on the spacecraft bias voltage. The experiments further405

demonstrated that antennas operated in dipole mode are largely insensitive to dust impacts on the spacecraft body (cf. section

3.1.2), and that the ambient magnetic field influences electron recollection from the impact plasma through gyro-motion effects.

These laboratory measurements collectively led to the development of a first-principles electrostatic model of antenna signal

generation reported by Shen et al. (2021b, a), which was recently extended by Smith et al. (2025) to incorporate a more realistic

description of impact-plasma expansion. A simplified laboratory configuration, consisting of a spherical target spacecraft and410

four coplanar antennas, was developed to validate the model and refine key parameters. For a full description of the electrostatic

model, the reader is referred to Refs. (Shen et al., 2021a; Smith et al., 2025); only its key elements are summarized here.

The model rests on four fundamental components, the first of which concerns the energetics of the impact plasma. The total

impact charge, QIMP, is composed of equal populations of free electrons and cations. These charge carriers separate from one

another over spatial scales small compared to the spacecraft’s size. Owing to their high thermal velocities, electron dynamics415

occur on timescales that are often not temporally resolved by measurements. Instead, a fraction of the electrons, κQIMP,

is recollected by the spacecraft body, while the remaining fraction, (1−κ)QIMP, escapes rapidly. Model fits to laboratory

measurements indicate κ≈ 0.5. This result is interpreted physically as evidence that the electrons have an approximately

isotropic velocity distribution, with roughly half propagating toward the spacecraft and subsequently being recollected. The

cation dynamics are modeled following the work of Nouzák et al. (2025), assuming an initial cosine angular distribution420

and three distinct ion populations with characteristic velocities of 4, 14, and 36 km s−1. These populations correspond to

light, intermediate-mass, and heavy ions present in the impact-generated plasma (see also Figure 5). The recent update to the

electrostatic model demonstrated that incorporating physically realistic cation dynamics enables good agreement between the

model and the measurements (Smith et al., 2025).

The second component of the model concerns the calculation of induced charging on each independent element due to the425

expanding plasma cloud. A numerical solver is used to determine the fraction of charge at location r that is induced on the

spacecraft and on each antenna. This fraction is described by the geometry function gx(r) (with values between 0− 1), where

x denotes the spacecraft or a given antenna, and is evaluated throughout the relevant vicinity of the system. The induced charge

on any element at a given time during the plume expansion is calculated as
∫
ρi(r, t)gx(r)d

3r, where ρi(r, t) is the charge

density distribution of the plasma cloud.430

The third component of the model employs the capacitance matrix, [b], of the spacecraft-antenna system to compute the

transient voltages induced by the impact plasma on each independent element via the relation [δV (t)] = [b]−1[δQ(t)]. Refer-

ence (Shen et al., 2021a) presents a detailed methodology for constructing the capacitance matrix based on the system geometry

and physical dimensions of the spacecraft and antennas, supplemented by calibration measurements that account for the effects
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of the electronics, cabling, and related components. In this formulation, δQ(t) represents the time-dependent charge on each435

component and includes contributions from the initially recollected electrons, the induced charge associated with the expand-

ing plasma cloud, and the cumulative charging and discharging of the elements through interconnected resistors and through

charge collection from the ambient plasma environment.

Figure 6. Laboratory measurements (blue) fitted with the updated electrostatic model (red). The figure shows the early-stage evolution of

the antenna signal following a dust impact at t= 0. For comparison, see Figure 2. From (Smith et al., 2025), © AAS. Reproduced with

permission.

The final component of the model involves solving for δV (t) to obtain the temporal evolution of the voltages on the

spacecraft and antennas. This is accomplished by numerically tracking the dynamical evolution of the impact plasma cloud440

using appropriately chosen time steps. The model is based solely on first principles and has been shown to provide excellent

agreement with accelerator-based measurements (Smith et al., 2025). It was further demonstrated that incorporating the ex-

perimentally determined velocity and angular distributions from Nouzák et al. (2025) yields excellent fits independent of the

impact location relative to the antennas.

Figure 6 shows the early-time evolution of the antenna signal following a dust impact and the good agreement with the model.445

The initial negative-going excursion arises from rapid electron escape, leaving the spacecraft temporarily positively charged.

The subsequent increase in antenna potential results from the induced charging associated with the dynamically expanding

plasma cloud. The scientific value of a first-principles model lies in its ability to fit the data with higher fidelity and to extract

key physical parameters, such as the impact charge. In addition, detailed modeling of antenna signals enables localization of

the dust impact position on the spacecraft and provides constraints on the particle’s orbital parameters, thereby aiding in the450

identification of the dust source or origin.
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3.3 Atypical signals

In this section, we review various dust impact signatures observed with electric field instruments, but which are not fully

described by the charge collection and electrostatic influence effects as described in sections 3.1 and 3.2.

3.3.1 Magnetic signatures of dust impacts455

It happens that electric signals associated with dust hits on PSP or SolO are accompanied by a high-frequency magnetic signal

detected by the search-coil magnetometers (SCM) (Malaspina et al., 2022; Rackovic Babic et al., 2022; Dudok de Wit et al.,

2022). Recent studies suggested that this signal may originates either from the initial escape current of free electrons within

the impact-generated cloud (Rackovic Babic et al., 2022) or from an ionic current associated to the expansion of the ion cloud

produced after an impact (Malaspina et al., 2022).460

These magnetic signals usually occur simultaneously with the electric field antenna dust impact signals, and are characterized

by timescales that can be very short (< 10 µs) for signals of electron current origin, or much larger in the case of plasma cloud

expansion (Figure 7). Both PSP and SO have 3-axis SCMs, but only one axis on each includes a double band X-antenna capable

of capturing the highest-frequency magnetic signals, covering 10 kHz to 500 kHz on SO and 10 kHz to 1 MHz on PSP (Jannet

et al., 2021).465
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Figure 7. Example of dust impacts with magnetic signatures captured by SolO RPW/TDS (left panel) and from PSP/FIELDS (right panel),

illustrating dust impact events. The top panels display the voltages, while the bottom panels show the SCM data. Voltages variations present

characteristic signatures of dust impacts, while bottom panels clearly show corresponding signals in the magnetic field.

Both the SolO and PSP probes have detected events with remarkable similarities. The vast majority of these events exhibit

large-amplitude voltage-channel signals – often saturating the SolO RPW instrument. This suggests that particularly large

and/or fast dust grains impacts generate these signals. On SolO, a large proportion of the magnetic pulses coincide with the
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onset of the voltage pre-shoot associated to the electron escape, suggesting that the magnetic pulses may originate from initial

electron escape currents within the plasma cloud formed after the impact (Rackovic Babic et al., 2022). On PSP, small timing470

differences between the peak of the electric field response and the SCM response to a dust impact, combined with the ∼ 6-m

separation between the electric field antennas in the plane of the heat shield and the boom-mounted SCM, enable estimates

of the impact plasma cloud expansion velocity. An analysis of ∼ 60 events yielded a typical expansion velocity of ∼ 15 km/s,

consistent with a magnetic signature primarily driven by the ion cloud expansion velocity (Malaspina et al., 2022).

A more detailed analysis of the magnetic signals, along with a better understanding of the relationship between the magni-475

tudes of the electrical and magnetic responses, is needed to resolve the extent to which plasma cloud electron and ion dynamics

contribute to the formation of the magnetic field signature. Detailed analysis of these events can also yield new insights into

the properties of large, fast-moving dust grains, an area that remains largely unexplored when using electric field instruments

for dust studies. Furthermore, comparing signatures between SO and PSP may elucidate the role of spacecraft geometry in

interpreting dust impacts. For example, a strong correlation between the electric and magnetic signal magnitudes is observed480

in PSP data from antenna V5, which is located near the SCM. This indicates that dust impacts in the vicinity of the search coil

lead to a stronger coupling between electrical and magnetic signatures(Dudok de Wit et al., 2022).

3.3.2 Long duration events

While most dust-impact electric signals have a characteristic duration of a few microseconds to milliseconds, longer-duration485

waveforms – lasting from seconds up to several minutes – are occasionally observed both in the inner heliosphere and in

the Earth’s magnetosphere. These signals are attributed to impacts by relatively large (> 10 µm) grains, whose hypervelocity

collisions with the spacecraft generate an extended debris cloud of micron-sized fragments. This cloud undergoes surface

charging in the ambient solar wind, producing a long-duration electrical potential perturbation in the vicinity of the spacecraft

as well as streaks in the white-light imager caused by sunlight reflected from the debris. Similar streak events associated with490

dust impact voltage perturbations were observed by STEREO (St. Cyr et al., 2009).

On PSP, such signals are usually associated with impact-produced debris captured by the white-light imager, magnetic field

perturbations as discussed in Sec. 3.3.1, as well as impact-driven plasma waves (Malaspina et al., 2022). Fitting the observed

electric signal to a theoretical debris-cloud model yields total released charges of ∼ 10−10 C during such events and debris-

cloud radial expansion speed of ∼ 8 cm/s. The occurrence rate of these events showed a radial evolution peaking at a distance495

of 40–50 R⊙ (∼ 0.2 au) from the Sun.

Long-duration signals have also been observed by the Solar Orbiter’s low-frequency receiver (LFR) as presented in Fig. 8.

Compared to PSP, the SolO detections occur at larger heliocentric distances and at rates roughly an order of magnitude higher,

due in part to the different operational modes used by the SolO/RPW and PSP/FIELDS instruments. While many of the long-

duration signals were associated with the spacecraft debris for PSP, no such evidence of large fragments has been observed for500

SolO so far. Finally, note that Earth-orbiting spacecraft occasionally record long-duration signals with timescales of around

10 seconds, consistent with impacts by millimetre-sized particles (Vaverka et al., 2018). The presence of these long-duration
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Figure 8. An example of a long-duration signal (∼a minute) observed by the SolO Low frequency receiver in the continuous waveform data

sampled at 256 samples/s.

signals highlights how grain size, impact speed, and the plasma environment shape the morphology of dust-impact electrical

signatures in a highly nonlinear regime.

3.3.3 Single hits and photo-electron sheath perturbation505

As discussed in Sec. 3.1, typical voltage pulses recorded after dust impacts on independent antennas are simultaneous, with

essentially the same peak amplitude and recovery phase. In these events, only considering the most frequent situation of a

positive spacecraft potential (with respect to the surrounding plasma), the voltage pulses are primarily due to the charging

of the spacecraft body through the recollection of electrons from the plasma cloud generated by a ≲ µm dust impact on the

spacecraft body itself. The case of single hits, first observed on the STEREO spacecraft (Zaslavsky et al., 2012), and later510

on Solar Orbiter (Kočiščák et al., 2024), is different: the voltage pulse is much stronger on one antenna with respect to the

others so that charge recollection by the spacecraft body cannot be an adequate explanation. On typical single hits observed

by STEREO/WAVES, a small signal – most of the time below the noise level – on two out of three antennas is interpreted as

being due to charge collection after the impact of a small dust particle, in the nanometer rather than in the µm range, whereas

the large signal is produced by an amplification mechanism that is not fully elucidated. The flux of dust particles decreases515

with increasing size (Meyer-Vernet et al., 2009; Mann, 2010), it is not surprising that triple hits are generally outnumbered by

single hits (Zaslavsky et al., 2012; O’Shea et al., 2017) when the latter are present.

The origin of these single hits has been debated, and Kellogg (2017); Kellogg et al. (2018) have advocated that they may

be the result of some spacecraft internal noise. But a physical model for the amplification of these signals has also been the

subject of extensive works, that we cover in the following. As a first step, using data from STEREO A and B, Zaslavsky et al.520
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(2012) have shown that the signal on the antenna with the strong signal scales remarkably well with the portion of the antenna

located inside the impact-generated plasma cloud at the time of its maximum expansion. The conclusion one may draw is that

the potential of the one antenna, which finds itself partly inside the plasma cloud (the other two being unfavorably placed), is

modified either because it collects some of the cloud’s charge or because it is exposed to the cloud’s electrostatic field. Due to

its small cross-section, the collection efficiency of a boom antenna is believed not to exceed 1% of the cloud’s charge (O’Shea525

et al., 2017), possibly reaching 5% with a favorable set-up and no photo-electrons as in some laboratory experiments (Collette

et al., 2015).

For a 10−20 kg nanodust grain that impacts the spacecraft at 300 km/s, the charge released in the expanding cloud is of the

order of Q= 3×10−12C (Meyer-Vernet et al., 2009; Pantellini et al., 2012b). As a reference, on one of the three boom antennas

on STEREO, with a capacitance C ≈ 60 pF, the voltage pulse would peak at a negligibly small amplitude of ∼ 0.01Q/C =530

0.5mV only, to be compared to the typical pulse amplitudes of the order 102 mV (Zaslavsky et al., 2012). Variations of the

antenna’s potential due to its partial exposure to the cloud’s field have not been observed in laboratory experiments (O’Shea

et al., 2017).

A more plausible scenario evoked to explain the occurrence of a large signal on only one of the three antennas on STEREO

rests on the hypothesis that the electrostatic field of the expanding plasma cloud is sufficiently intense to efficiently interrupt535

the photo-electron return current to a nearby antenna (Pantellini et al., 2012b, 2013). Photo-electrons, emitted by the antenna

at a temperature of Tph = 2.5 eV have to overcome a potential well of the order of 10V to escape to infinity. This implies that

most of them cannot escape, and simulations indeed show that 9 out of 10 emitted electrons return to the antenna. A thermal

photo electron of energy 1.5Tph = 3.75 eV reaches a maximum radial distance of 7.8 cm (i.e. ∼ 7 times the antenna radius)

before returning to the antenna.540

Sample trajectories of photo-electrons emitted at different energies E0 and angles θ with respect to the radial direction

are shown in Figure 9. If unperturbed, the emitted electrons return to the antenna on sub µs time scales. However, even a

small energy kick δE given to the particle near the apex of its trajectory may increase its angular momentum sufficiently to

make the particle miss the antenna surface on its next flyby. In the examples of Figure 9, a small energy kick δE = 0.01 eV

prevents the particles from returning to the antenna. Hence, even a small perturbation of the cloud’s electrostatic field can545

prevent a significant fraction of photoelectrons from returning to the antenna, inducing a transitory accumulation of positive

charge. Such a perturbation is easily provided by a plasma cloud generated by a nanodust impact on the spacecraft body,

where voltages of the order 0.01V are still expected for clouds having expanded to a radius of the order 1m (Pantellini et al.,

2013). Now, if during a time interval τ a significant fraction of photo-electrons are prevented from returning to a portion of

the length l of an antenna of radius a, its charge must rise by δQ∼ jph2alτ , where jph is the photoemission current emitted550

by the antenna. On STEREO, the charging time is of the order τ = 40µs. Given an antenna radius a= 1.15 cm, l = 0.5m

and a photoemission current jph = 40µA/m2 (a rather conservative value at STEREO), one finds that the antenna’s charge

must increase by δQ∼ 1.8410−11C. Given an antenna capacitance C ≈ 60pF, one obtains a voltage pulse δQ/C = 300mV,

which is large enough to account for the observed single-hit voltages, which are generally in the range 10 to 102 mV. It has

been argued that the charging time τ , could be of the order of the inverse plasma frequency of the electron cloud, i.e. the555
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Figure 9. Trajectories of selected photo-electrons emitted at different energies E0 and angles θ with respect to the radial direction in the

typical electrostatic field of a cylindrical antenna. A small energy kick δE = 0.01 eV at the indicated location prevents the electrons from

falling back onto the antenna. No velocity component parallel to the antenna axis is given to the particles, which move in a plane perpendicular

to the antenna axis. The green disc of radius 1.15 cm represents the antenna cross-section.

cloud’s restoring time (Pantellini et al., 2012b, 2013). However, as shown by Kellogg (2017), emitted photo-electrons miss the

antenna as long as the potential around the antenna is nonaxisymmetric. Now, even after redistribution of the photo-electrons,

the surrounding field is not axisymmetric during the time ∼ rmax/vp of the cloud’s expansion. Hence, for a maximum cloud

extension rmax = 0.5m at the time of its merging with the surrounding plasma and a typical energy of 2eV for the protons in

the ejecta, the expected charging time is of the order (2eV/mp)
1/2 = 36µs, in good compliance with the measurements.560

The above scenario appears to be plausible for the most common single-hits observed on STEREO, where the antenna

potential goes positive with respect to the spacecraft body (see e.g. Figure 1a in O’Shea et al. (2017)). It has also been advanced

as a plausible explanation for the imbalanced single or double hits observed by the RPW instrument aboard Solar Orbiter

(Kočiščák et al., 2024).

We finish by mentioning the existence of single-hits for which the antenna potential goes negative (see e.g. Figure 1b in565

O’Shea et al. (2017)), and for which the above single-hit is clearly inappropriate. They constitute around 7% of the total

number of single hits measured on STEREO. A likely scenario is a direct hit on the antenna, followed by recollection of the

electrons in the ejecta onto the antenna itself, inducing a potential drop. On STEREO, the impact cross-section for a dust

particle hitting one of the three antennas perpendicularly to its axis is 2al = 0.138m2. This is the largest possible collecting

surface for a single antenna, which one may use as a rough estimate of the cumulative cross-section of the three antennas. On570

STEREO, the observed number of negative to positive spikes is effectively of the order of the ratio of the exposed surfaces of
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the antennas to the exposed surface of the spacecraft body (of the order ∼m2). However, whether negative potential spikes

observed on a single antenna are due to direct dust impacts on its body remains an open question.

3.4 Automated detection and machine-learning classification of dust impacts

In practice, the scientific output of antenna-based dust measurements relies not only on the observational capabilities of the575

receiver system, but also on the procedure used to identify relevant signals in large waveform databases. The purpose of the de-

tection software is to categorize recorded waveforms into classes that are useful for the intended analysis, here focusing on dust

impacts. As discussed in Section 3.1.1, the observed dust impact waveform is dependent on spacecraft charging and the local

plasma environment. At the same time, electromagnetic wave activity (notably solitary-wave-like structures (Vaverka et al.,

2018) and nonlinearly steepened plasma waves) may induce resembling electric field signatures, complicating the separation580

of dust impacts from the plural of other signal shapes recorded by radio and plasma-wave receivers (Kvammen et al., 2023).

Dust candidates have traditionally been identified using rule-based procedures. Most missions select short-duration high-

rate waveform data onboard for telemetry back to Earth using a set of simple criteria (e.g. Wind/Waves, STEREO/WAVES,

Solar Orbiter, and Parker Solar Probe/FIELDS (Meyer-Vernet et al., 2009; Malaspina and Wilson, 2016; Bale et al., 2016)),

and report the maximum measured electric field amplitudes at a low cadence (Bougeret et al., 2008; Maksimovic et al., 2020;585

Malaspina et al., 2023; Chadda et al., 2024)). In either data set type, identification of dust impacts is typically carried out

in subsequent ground-based analysis. For Solar Orbiter/RPW, an onboard classification step is additionally used to pre-select

waveform snapshots for downlink (Soucek et al., 2021).

Recent work on Solar Orbiter/RPW demonstrates that supervised machine learning methods are suitable for classifying

waveform snapshots into physically meaningful categories with higher reliability than rule-based onboard logic (Kvammen590

et al., 2023). In particular, convolutional neural network classifiers trained on expert-labeled waveforms substantially out-

perform the onboard algorithm, improving the dust detection precision from about 75% to ∼94% (Kvammen et al., 2023),

reducing contamination by dust-like plasma-wave transients and yielding waveform catalogs better suited for statistical dust

distribution studies (Kočiščák et al., 2023).

4 Observational results595

This section presents the main observational advances on dust in the inner heliosphere delivered by the spacecraft described

in Section 2, covering brightness observations and in-situ antenna measurements. Results are organised by dust population

and physical process: the large-scale structure of the Zodiacal cloud and its brightness distribution (Section 4.2), constraints

on the bound and unbound (β) meteoroid populations from in-situ measurements (Section 4.3), dust depletion near the Sun

(Section 4.4), interaction with solar wind structures (Section 4.5), nanodust (Section 4.6), and interstellar dust (Section 4.7).600

Before addressing spacecraft results, Section 4.1 establishes the necessary context. It summarises the state of knowledge

from near-Earth observations, introduces the reference interplanetary dust flux model, and defines the terminology for the main

dust populations (bound dust, β-meteoroids, nanodust, interstellar dust) that is used throughout the remainder of the paper
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4.1 Zodiacal dust mass distribution, meteoroid fluxes and populations

This section exposes our understanding of dust and meteoroid fluxes near Earth, where the mass and size distribution are605

known over a broad range. The mass distribution is crucial for identifying particle sizes responsible for observed brightness

and dominant fluxes in in-situ measurements, and it also affects the dust cloud’s collisional evolution.

4.1.1 Mass distribution near Earth

The interplanetary dust cloud forms as fragments of asteroids and comets undergo collisional evolution, forming a size distri-

bution in which the number density increases steeply towards smaller sizes, typically described by a power law. By combining610

different observational constraints from meteors, lunar micro-craters, and in-situ measurements, an empirical mass distribution

– the interplanetary dust flux model – was derived by Grün et al. (1985). It is characterized by a combination of three power

laws across different mass regimes, and has long served as the reference model for the meteoroid environment near 1 au.

Making robust flux estimates remains however challenging: different techniques (zodiacal-light photometry, satellite and

spaceborne dust detectors, radar observations, and accumulations of cosmic spherules in ice cores and sediments) yield total615

cosmic dust influxes to Earth that vary by more than an order of magnitude from each other. Deviations from the interplanetary

dust flux model were for instance found with the impact crater analysis of the Long Duration Exposure Facility (LDEF) (Love

and Brownlee, 1993). Recent atmospheric and geochemical studies suggest a global input of order a few tens of tonnes per

day, but with substantial systematic uncertainty (Plane et al., 2018; Carrillo-Sanchez et al., 2016; Carrillo-Sánchez et al., 2020;

Hervig et al., 2022). This illustrates that the absolute normalisation of the flux remains poorly constrained, even if the overall620

shape of the size distribution is reasonably well established.

Despite uncertainties, the Grün interplanetary dust flux model (Grün et al., 1985) remains a baseline for studying interplan-

etary dust: The latest spacecraft risk assessment models, such as NASA’s MEM3.1 ((Moorhead et al., 2026)) and the ESA

IMEM2 model ((Soja et al., 2019)) for the inner Solar System, account for distinct source populations as well as orbital and

size-frequency distributions while still capturing the general characteristics of the interplanetary flux model. This general char-625

acteristic implies that sub-micron and nanometer-sized grains dominate in-situ flux measurements due to their higher number

densities. It also implies that the grains in the 1–100 µm size range (approximately 10−11 g to 10−5 g) generate the main

geometric cross-section of dust and hence determine the brightness of the Zodiacal light (Nesvorny et al., 2011; Pokorný et al.,

2024). Although the zodiacal light represents only a specific size range of the interplanetary dust cloud, which may change

with distance from the Sun, it is nevertheless often referred to as the zodiacal cloud, see 4.2 for further discussion.630

4.1.2 Meteoroid flux from Earth-based observations

An important complementary perspective on the near-Earth flux comes from meteor and bolide observations in Earth’s at-

mosphere, which sample particles from the sub-millimetre to multi-metre regime. High-power meteor radars (Weryk, 2014;

Janches et al., 2015), combined with specular and head-echo systems, monitor sporadic and shower meteoroids with masses of
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roughly 10−9–10−3 kg, providing continuous measurements of fluxes, radiant distributions, and temporal variability on diurnal635

to solar-cycle timescales.

Multi-station video meteor networks (Jenniskens et al., 2011; Vida et al., 2020) – including CAMS (Jenniskens et al., 2011),

SonotaCo (SonotaCo, 2009), EDMOND (Koseki, 2019), FRIPON (Colas et al., 2020), DFN (Devillepoix et al., 2020), MOROI

(Nedelcu et al., 2018) and the Global Meteor Network (GMN) (Vida et al., 2020) – constrain the flux and orbital distribution

of millimetre- to centimetre-sized meteoroids, corresponding approximately to masses of 10−7–10−2 kg, with high astrometric640

and photometric precision. GMN, which now deploys hundreds of low-cost CMOS cameras worldwide, provides long-term

global monitoring of radiants, fluxes, and size distributions through an open-source pipeline (Vida et al., 2020; Vida et al.,

2022).

For larger meteoroids, satellite and ground-based bolide observations, complemented by infrasound and seismic detections,

constrain the flux of decimetre- to multi-metre objects. Brown et al. (2002) showed that 1–10 m objects follow a cumulative645

power law that smoothly extends the near-Earth object distribution, anchoring the high-mass tail. Subsequent multi-sensor

analyses have refined entry frequencies and detection thresholds (Ens et al., 2012), and well-observed events allow optical

impact-energy measurements to provide the best constraints on decimetre-scale impactors (Anghel et al., 2021). Across tech-

niques, advances in CCD/CMOS sensors and machine-learning–based event detection (Galindo and Lorena, 2018; Gural,

2020; Anghel et al., 2023) have substantially improved data fidelity, and recent cross-method analyses show that the next650

improvements would come from applying novel machine learning to model the physical properties of such impacts (Anghel,

2026).

Figure 10 shows the radiant distribution measured by these video networks, colour-coded by geocentric velocity. The high-

velocity radiants clustered trace retrograde Halley-type and long-period cometary populations, while the lower-velocity pop-

ulations concentrated along the ecliptic reflect prograde, low-inclination orbits typical of Jupiter-family comet and asteroidal655

parent bodies (Wiegert et al., 2009; Nesvorný et al., 2010). The latter supposedly being the same dynamical reservoirs that feed

the bound meteoroid population probed in-situ by PSP and SolO (see Sect. 4.1.3).

These Earth-based observations confirm that the meteoroid flux exhibits genuine temporal variability, driven by meteor

showers, sporadic source variations, and changes in parent small-body populations. Establishing a quantitative link between

fluxes inferred from spacecraft measurements in the inner heliosphere and those from meteor, bolide, and cosmic-dust influx660

observations therefore remains a key step towards a unified description of the Zodiacal dust and meteoroid environment across

the entire mass range.

4.1.3 Forces and Trajectories: Distinguishing Dust Populations

Interplanetary dust grains are mainly influenced by solar gravitation, solar radiation pressure, and the Lorentz force (Morfill

and Grün, 1979; Leinert et al., 1978; Burns et al., 1979). As gravitation and radiation pressure both scale as 1/r2, with distance665

r from the Sun, their ratio β is independent of heliocentric distance (Burns et al., 1979). The β depends on the light scattering

properties of the grain, and with this on properties like composition, density, size, shape (Wilck and Mann, 1996; Kimura and

Mann, 1998b; Kolokolova et al., 2006). Grains who are pushed on hyperbolic orbits by the outward directed radiation pressure
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Figure 10. Radiants of measured meteoroid impacts onto Earth plotted in equatorial coordinates. Each point shows the apparent radiant of

a meteor in right ascension and declination, projected using a sinusoidal (equal–area) projection and coloured by its geocentric velocity νG

(colour bar on the right). The map combines multi-station orbits from all networks over the period 2007–2024 (data from the IAU Meteor Data

Center video database; Porubcan and Jopek, 2015) and reveals the established meteor showers and sporadic background sources sampled by

the global video networks. The background data are available on the International Astronomical Union – Meteor Data Center2

force are often denoted as β-meteoroids(Berg and Grün, 1973); their typical size range is around ∼ 100’s nm. The Lorentz

force depends on the charge and the motion of a grain relative to the interplanetary magnetic field (Morfill and Grün, 1979).670

The total surface charge of a grain in the interplanetary medium depends on the composition and over most sizes considered

here increases linearly with the size of the grains (Kimura and Mann, 1998; Mann et al., 2014). In result, the charge to mass

ratio scales with size s like 1/s2, so the Lorentz force has a strong effect on nanodust – i.e. grains of sizes around 10 nm or

less. Depending on which of the forces has a major effect one can note characteristics in the fluxes distinguishing dust in bound

orbits, β-meteoroids and nanodust.675

Bound dust particles for which (β ≪ 1) follow Keplerian elliptical orbits. The bound orbits lose orbital angular momentum

due to Poynting-Robertson (e.g. Burns et al., 1979) and solar wind drags (Minato et al., 2004); they approach the Sun over

thousands to millions of years or shorter (Burns et al., 1979). Zodiacal light is predominantly produced by these gravitationally

bound particles. Note that some works use the terminology “α-meteoroids” to refer to the entire dynamical class of gravitation-

ally bound dust grains (e.g. Szalay et al., 2021; Malaspina et al., 2022; Zaslavsky et al., 2021; Szalay et al., 2024; Szalay et al.,680
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2025) – although this terminology was historically introduced to refer to a specific category of bound grains on very eccentric

orbits (cf. Sommer (2023) for a detailed discussion). This use has the advantage of unambiguously defining α-meteoroids on

intrinsic dynamical properties, and allows for simple grouping between α (bound) and β (unbound) meteoroids. Therefore, in

this review, α-meteoroids (when used for instance in Section 4.3), corresponds to “dust on bound orbits”.

Dust in hyperbolic orbits, i.e. β-meteoroidsexist in the heliosphere in considerable amounts, even though for most inter-685

planetary grains gravitational force exceeds radiation pressure. They form as a result of the collisional fragmentation. When

collisions between large grains produce smaller fragments, those have the specific kinetic energy of the initial grain but less po-

tential energy than before the collision, since they are subject to stronger repelling radiation pressure force. Hence, depending

on their initial speed the orbits of grains with (0.5≤ β ≤ 1) can become hyperbolic.

Nanodust, i.e. grains with sizes of about 10 nm, are strongly affected by the Lorentz force. The dynamics of nanodust in the690

interplanetary magnetic field result in complex trajectories or pickup-ion-like entrainment in the solar wind (Morfill et al., 1986;

Czechowski and Mann, 2010; Schwadron and Gloeckler, 2007; Poppe and Lee, 2020, 2022). The effects of electromagnetic

forces, also notably change the orbital planes of the nanodust with respect to the one of their parent bodies. It is worth noting

that the effect of gravitation and radiation pressure keeps the orbital plane unchanged, implying that dust in bound orbits share

a similar three-dimensional distribution to their parent objects, which leads to the Zodiacal cloud being concentrated to the695

ecliptic.

One can show that grains in circular orbits that move to the Sun due to the Poynting - Robertson drag would form a cloud

with number density increasing closer to the Sun, proportional to the solar distance raised to the power of −1 for circular orbits

(Leinert et al., 1976) and an exponent close to 1 is indeed consistent with Zodiacal light observations. This is however not the

full picture because most of the bound dust present at 1 au experiences at least one collision before reaching the vicinity of700

the Sun where sublimation becomes effective (e.g. Mann et al., 2004; Mann and Czechowski, 2005). Model calculations of the

collision evolution have shown that in order to describe the dust cloud with the mass distribution from the interplanetary dust

flux model at 1 au ((Grün et al., 1985)) and the Zodiacal cloud model increase with distance raised to the power of −1 (Leinert

et al., 1976) is only possible by assuming additional dust production, e.g. from meteoroids inside 1 au (Ishimoto and Mann,

1998).705

While its is helpful to distinguish these three components of the interplanetary dust cloud, they are overlapping and condi-

tions may be different locally and for individual grains. A fourth, but distinct component comprises the interstellar dust grains

that stream into the heliosphere from the direction of the Sun’s motion toward the galactic apex.

4.2 Zodiacal cloud structure derived from brightness observations

The Zodiacal light brightness arises from sunlight scattering and thermal emission by dust particles; most observations of the710

dust cloud inside Earth orbit are in visible wavelengths. The Zodiacal light extends from close to the Sun into the solar corona

and to 1 au and beyond (Stenborg et al., 2022, 2024; Leinert et al., 1981; Kimura and Mann, 1998a). The white light corona

consists of dust-scattered light (F-corona) and Thomson scattering by electrons (K-corona); the components are separated

using polarization models using the fact that Thomson scattering varies strongly by polarization (Koutchmy and Lamy, 1985;
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Hayes et al., 2001). A further ambiguity (aside from the F - and K - corona separation) arises from the fact that the observations715

provide integrated brightness along the line of sight, which is influenced by the number density and the scattering properties of

grains along the line of sight (Mann et al., 2004).

From space, the structure of the Zodiacal cloud inside 1 au (Figure 11) has been studied extensively from instruments onboard

five missions - the Skylab White Light Coronagraph (1973–1974) (Ise and Cagle, 1974; MacQueen et al., 1974), the Helios

Zodiacal Light Photometer (1974–1984) (Porsche, 1981; Leinert et al., 1981), the Clementine Star Tracker Camera (1994)720

(Nozette et al., 1994; Hahn et al., 2002), the STEREO Sun Earth Connection Coronal and Heliospheric Imager (SECCHI)

(2007–present) (Kaiser et al., 2008; Howard et al., 2008) and the Wide Field Imager for the Solar Probe (WISPR) (Vourlidas

et al., 2016) on board the Parker Solar Probe.

Figure 11. The Zodiacal Light from 0.07–0.39 au (15−84R⊙). Constructed using 8 images from the STEREO-A SECCHI-HI1 instrument

taken during a 360◦ calibration roll. The position and size of the Sun are represented by the yellow circle in the center. The color differences

reveal a decrease in intensity within the super-elliptical intensity structure of the Zodiacal Light. The boundaries of the images can be seen as

dark lines due to the motion of the spacecraft in its orbit around the Sun, and thus viewing the scene from a slightly different point in space.

Reproduced from Stenborg et al. (2018), © AAS. Reproduced with permission.
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Before the launch of Parker Solar Probe, only the Helios missions enabled studies of the Zodiacal light with optical measure-

ments at distances inside 1 au. The Helios Zodiacal Light Photometer, ZLP, consisted of three photometers, which scanned the725

sky at ecliptic latitudes of 16◦, 31◦, and 90◦. The photometers on the two spacecraft thus scanned different hemispheres and

reached a minimum distance to the Sun of about 0.09 au (or 20 R⊙) (Leinert et al., 1980). They showed that the Zodiacal light

had a plane of symmetry located at an inclination of 3.0◦ and an ascending node of 87◦ in ecliptic longitude. Photometry of

the Zodiacal light was quite stable for observer locations between 0.3 and 1.0 au (Leinert et al., 1981; Leinert and Blanck, 1982;

Leinert et al., 1982) with the intensity on the symmetry axis as a function of heliocentric distance following I(R) ≈R−2.3±0.05.730

The upper and lower limits were the deviations they found for large and small elongations, respectively, from the Sun.

At 1 au, the Clementine observations (Hahn et al., 2002) provided a number of interesting results for the short mission

lifetime. The Clementine star tracker camera had a field of view of 29.3◦ x 44.5◦. The CCD detector was a 2D array of

384 x 576 pixels, giving a plate scale of 0.0756◦/pixel The surface brightness was similar to that of the Helios mission,

≈R−2.45±0.05, a little steeper than that of Helios. They also found asymmetries in both east-west and north-south directions735

on the order of ≈ 10%.

With STEREO starting in 2006, images from SECCHI-HI1 (Howard et al., 2008; Eyles et al., 2009) were used to perform

a detailed study of the Zodiacal light inside 1 au; Figure 11 reveals the Zodiacal light pattern at 0.07–0.39 au distance from

the Sun. The results were reported in a series of papers (Stenborg and Howard, 2017b, a; Stenborg et al., 2018; Stauffer et al.,

2018). The nearly 6 years of SECCHI data confirmed models from Helios of the surface of symmetry, only adding a decimal740

point. The inclination was ≈ 3.7◦, and the ecliptic longitude of the ascending node was ≈ 83◦. However, further inward at

about 11◦− 14◦ both the inclination and the ascending node, respectively, start to evolve to 6◦ and ≈ 57◦ at 5◦, the inner limit

of the HI1 FOV. In addition, the center of symmetry was shifted to ≈ 0.5R⊙ to the side of the hemisphere containing Jupiter.

The slope of the radial gradient of the axis of symmetry found by SECCHI-HI1 is -2.315 for the entire range of elongations,

5◦ − 24◦, with a standard deviation of 0.002 (Stenborg et al., 2018). The Helios data had indicated that the slope increased745

toward the Sun, and SECCHI-HI1 showed the same effect - for three increasing elongation regions, 5◦ − 14◦, 9◦ − 18◦, and

14◦−24◦, the slopes were -2.41, -2.31, and -2.18 (Stenborg et al., 2018). As also seen in the Helios data, the intensity profiles

are symmetric about the ascending node. The SECCHI-HI1 data showed (Stenborg et al., 2018; Stauffer et al., 2018) that the

shape of the Zodiacal light contours (defined by the flattening index (Koutchmy and Lamy, 1985)) could be well described

by a super-ellipse function with exponents ranging from about 1.53–1.64 and then 2 close to the Sun (Saito et al., 1977). The750

flattening of the Zodiacal light in the north and south hemispheres exhibited a periodicity (Stauffer et al., 2018) and showed

that the Zodiacal light intensities in the north and south were asymmetric when the observer was at the maximum north and

south inclinations of the ecliptic plane compared to when they were at the ascending and descending nodes.

With Parker Solar Probe, WISPR observations from distances down to 0.336 au found brightness profiles that matched

those from earlier missions (Howard et al., 2019), whereas, for observer distances below that point, they showed a dependence755

on observer position. Parker orbits 10–16 all had the same orbital parameters, including the perihelion distance: the range

of heliocentric distances was 0.25 au down to 0.0617 au (≈ 53.78− 13.28R⊙) and the range of heliocentric longitudes was

20◦ − 270◦. Figure 12 shows the evolution of the Symmetry Axis (SA) determined for all of the data for the seven perihelion
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passes for two Lines of Sight (LOS) (Stenborg et al., 2024). The LOS are 54.7◦ for the left plot and 100.8◦ for the right

one. Plotted along with the SA location are the orbits of Venus and Jupiter. Note that for both plots, the SA is close to the760

JOP for the inbound part of the orbit, but the outbound SA separates from the JOP and for the LOS closer to the Sun clearly

approaches the VOP. The SA are very dependent on the observer position. It was suggested that these variations are probably

due to a combination of the barycenter location, the gravitational effects of Jupiter, and the inclination variation of PSP’s orbit

(Stenborg et al., 2024).

Figure 12. Elevation of various features in the HPC system as a function of spacecraft helioecliptic latitude (HAE) for two selected Lines

of Sight (LOS) in WISPR-O (54.7◦ and 100.8◦). The four features are the measurements of the symmetry axis (SA) inbound (in blue) and

outbound (in light blue), and the projections of the Jupiter and Venus orbits (JOP in red and VOP in green, respectively). The orange line

delineates a fifth-degree polynomial fit to the measurements of the location of the SA at the corresponding LOS. The black line at 0° elevation

delineates the projection of the solar equator. The dashed pink lines in the bottom right panel connect locations in the inbound and outbound

segments at equal heliocentric distances (namely, at [0.25, 0.15, 0.11, 0.085, 0.068] au). The encounters start at the lower left and proceed

counterclockwise around the plots. The odd excursions in the SA are due to planets or dust streaks in the images throughout an encounter.

From an analysis of the east-west asymmetry of the zodiacal light brightness, Stenborg and Howard (2017a) found that the765

center of the Zodiacal cloud in the SECCHI-HI1 analyses from 2007–2014 was shifted away from Sun center to ≈ 0.5R⊙ in

the direction of Jupiter. At that time the barycenter varied between 0.8−1R⊙ in comparison to its location from 2021 to 2023

during orbital encounters E10 to E16 of the Parker Solar Probe mission, when the barycenter was located at 2.0R⊙ from the

Sun center. Also, the inbound segment of the encounters was on the opposite side of the Sun to the barycenter and the outbound

segment was on the same side of the Sun as the barycenter (Stenborg et al., 2024). The left panel of Figure 13 gives the relative770

brightnesses of the two segments in each orbit. The radial profiles have been divided into four segments of different distance

ranges: 30−50R⊙, 50−70R⊙, 70−90R⊙ and 90−105R⊙, with solid lines being inbound and dashed lines being outbound.

The inbound segments, indicated by the solid lines, show a 2− 3% increase over the normalized median brightness for each

perihelion pass, while the outbound segments, dashed lines, are, initially, 2− 3% dimmer for the first 3 passes. But then the

median brightness decreases with a steady rate, which was shown to be consistent with the motion of Jupiter away from the775

barycenter (Stenborg et al., 2024), illustrating the significant effects the planets have on the zodiacal dust cloud.
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Figure 13. Normalized median brightness per encounter and segment in selected elongation distance ranges (as specified in the inset labels).

The colored circles (diamonds) depict the median brightness values in the inbound (outbound) segment of the PSP encounters. The brightness

trend in the different elongation distance ranges, for the inbound and outbound segments, are delineated with the colored solid and dashed

lines, respectively. Reproduced from Stenborg et al. (2024), © AAS. Reproduced with permission.

4.3 Constraints from in-situ observations

The previous section discussed the dust cloud structure inferred from remote sensing, and in particular from the analysis of

white light images. A complementary view is reached from in-situ detection of interplanetary dust by using dedicated dust

detectors or electric field instruments, which measure signals when a hyper-velocity impact occurs on a spacecraft (see Sec. 3780

of this review for a detailed description of such measurements).

Four spacecraft have probed the inner zodiacal dust cloud in the past 20 years (STEREO, Wind, Solar Orbiter, and Parker

Solar Probe) and observed the Zodiacal cloud by detecting dust impacts with antenna measurements.

In this section, we focus on in-situ measurements of dust in bound orbits and β-meteoroids performed by these spacecraft –

in-situ measurements of nano-sized grains and of dust of interstellar origin are covered in the forthcoming sections 4.6 and 4.7785

of this review.

4.3.1 β-meteoroids

The β-meteoroid population was previously characterized with the few sparse flux estimates obtained from the data of the

in-situ dust analyzers aboard Pioneers 8 & 9 (Berg and Grün, 1973; Grün et al., 1985) and Ulysses (Wehry and Mann, 1999).

While those observations were performed with dedicated dust instrumentation, they had limited statistics due to the smaller790
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Figure 14. Positions of the solar system barycenter, Jupiter, and Saturn during the 10-day Parker solar encounters, E10–E16. The Sun is the

yellow circle. The positions of the barycenter are indicated by the blue dots, about 1R⊙ from the solar limb. The blue and red dashed lines

indicate the direction toward the positions of Jupiter and Saturn, respectively. Reproduced from Stenborg et al. (2024), © AAS. Reproduced

with permission.

effective areas on these instruments compared to antenna-based measurements. In the past 20 years, β-meteoroids fluxes have

been measured by various spacecraft at and within 1 au from the Sun via antenna measurements, which, while more challenging

to interpret than dedicated dust observations, leverage the large effective area of the spacecraft to enable improved count rates

and associated statistical uncertainties.

These results, summarized in Figure15, demonstrate good overall agreement with the Grün interplanetary dust flux model795

(Grün et al., 1985).

At 1 au, an analysis of STEREO/WAVES data over the period 2007–2011 provided a flux of 1−6×10−5 m−2s−1 for grains

in the 100–300 nm range (10−17 to 5× 10−16 kg) (Zaslavsky et al., 2012); a β-meteoroids flux of 4.3× 10−5 m−2s−1 was

also obtained as a by-product an interstellar dust flux evaluation by S/WAVES (Belheouane et al., 2012). A subsequent study

by Malaspina et al. (2015), extending the analysis to 2014 and taking into account later measurements of impact ionization800

charge yield on STEREO cover provided a similar value of 3− 7× 10−5 m−2s−1 for particles with mass ≳ 8× 10−18 kg.

At 1 au, Wind/WAVES reported an interplanetary flux of 2.7± 1.4× 10−5 m−2s−1 for grains roughly 0.3− 1 µm (not only

β-meteoroids , but with a dominant contribution from them) in size (Malaspina et al., 2014).
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The eccentric orbits of SolO and PSP made it possible to scan the β-meteoroids flux densities radial distance to the Sun

within 1 au, showing in both cases radial profiles approximately following 1/vβr
2, consistent with flux conservation where805

grains having an approximately constant radial velocity vβ outside a few 10’s of solar radii (Szalay et al., 2020; Mann and

Czechowski, 2020; Malaspina et al., 2020; Zaslavsky et al., 2021). The flux density measured by the RPW instrument aboard

SolO was first estimated at 8× 10−5m−2s−1 for particles about ≳ 100 nm (Zaslavsky et al., 2021), before being refined by

a Bayesian modeling to 1.1± 0.2× 10−4 m−2s−1 (Kočiščák et al., 2023). The flux measured by the FIELDS instrument

aboard PSP, interpolated 1 au, was estimated at 4− 8× 10−5 m−2s−1 (Szalay et al., 2021) during the first two years of the810

mission, consistent with analyses of further three years of measurements (Kočiščák et al., 2024). Overall, SolO measures higher

fluxes than the other spacecraft, with comparisons to PSP under similar orbital conditions showing a systematic factor of 2–3

difference (Kočiščák et al., 2024). This is likely because SolO detects smaller dust, with its RPW instrument’s voltage pulse

(3.1) lower bound threshold of ∼ 3 mV set about 10 times lower than that of STEREO or PSP. The PSP threshold is set high

to exclude frequently high amplitude plasma waves observed closer to the Sun (Malaspina et al., 2023).815

Additional constraints on β-meteoroids have recently been obtained using a dedicated dust detector. Preliminary results

from the ASTERISC 3U CubeSat mission (Ishimaru et al., under review) provide measurements of β-meteoroids near 1 AU.

The spacecraft carries a deployable polyimide-film dust detector instrumented with piezoelectric transducer sensors that detect

elastic waves generated by impacts of dust particles. Impact signal amplitudes provide estimates of impact momentum, which

are consistent with an origin through collisional fragmentation of larger parent bodies. Assuming production interior to Earth’s820

orbit, the inferred particle masses and the observed flux are broadly consistent, within uncertainties, with those derived from

Parker Solar Probe observations.

The difference in the impact rates on SolO when the spacecraft was going in the sunward and anti-sunward directions enabled

a direct determination of the radial velocity of the β-meteoroids in a range of distance to the Sun of 0.5–1 au, which yielded a

value of 63± 7 km s−1 (Zaslavsky et al., 2021; Kočiščák et al., 2023) – cf. Figure 16, consistent with grains having a ratio of825

radiation pressure to gravitational forces β ≃ 0.6, and created by fragmentation of larger grains between 0.05 and 0.1 au.

Solar Orbiter also provided estimations of the β-meteoroids cumulative flux power-law index between 0.3 and 1 au. This

was made through two methods: either by making power-law fittings of the distributions of the measured impact voltages, or

by assuming cumulative fluxes of the form F (m>m0) = F0(m/m0)
−δ , and fitting the impact rates along the eccentric orbits

of these spacecraft. The two methods provided a consistent value of δ ≃ 0.3− 0.4 (Zaslavsky et al., 2021).830

4.3.2 Dust in bound orbits

For most of PSP’s and SolO’s orbits so far, bound dust – or α-meteoroids as they are broadly referred to in SolO and PSP

litterature – is not the main contributor to impact rates but must be considered to explain variations, and becomes more impor-

tant especially near PSP’s perihelia: under the assumption that the bound orbits dust population is entirely on circular prograde

orbits, the impact rate on PSP is nearly completely due to bound dust during a few days period after perihelion (Szalay et al.,835

2024), as illustrated by Figure 17. This feature was used to determine the power exponent of the cumulative flux of dust on

circular orbits at 0.1–0.25 au from the Sun. By fitting of the voltage distributions observed during the α-dominated intervals, a

34

https://doi.org/10.5194/egusphere-2026-4440
Preprint. Discussion started: 17 August 2026
c© Author(s) 2026. CC BY 4.0 License.



Cu
m
ul
at

iv
e 

Fl
ux

 a
t 
1 

au
 (
m

-2
 s

-1
)

10-10

10-9

10-8

10-7

10-6

10-5

10-4

10-3

10-2

10-1

100

101

102

Mass (kg)
10-22 10-20 10-18 10-16 10-14 10-12 10-10

SolO
Kociscak '23 PSP

Szalay '21
WIND

Malaspina '14

STEREO
Zaslavsky '12
Malaspina '15

SolO
Zaslavsky '21

Ulysses
Wilck & Mann '99STEREO

Zaslavsky '12
STEREO

Meyer-Vernet '09

Gruen '85

Gruen '85

Extrapolated

1 nm 10 nm 100 nm
Radius assuming Old Cometary composition

1 μm 10 μm

Figure 15. Comparison of measurements of β-meteoroids fluxes with different spacecraft. PSP and SolO fluxes are rescaled to 1 au. Wind

measurements not only include β-meteoroids . Two crosses at small masses indicate STEREO measurements of nanodust. The interplanetary

dust flux model of Grün et al. (1985) is represented as a solid black line, and its interpolation as a power law represented by a dashed line.

power-law exponent δ = 1.1± 0.3 was obtained for dust of size ∼ 0.6− 1.4 µm within 0.25 au, and δ = 1.3± 0.2 at distances

smaller than 0.15 au (Szalay et al., 2024) – an interesting result which implies that close to the Sun, the mass of the dust cloud

is mainly contained in small fragments (rather than in large ones when δ < 1, as is usually observed). Using another method,840

i.e., fitting the impact rate curves along the trajectory of PSP and assuming a composite model of α and β-meteoroids, a smaller

power exponent was found, δ ∼ 0.15−0.4, for the bound dust population between 0.15 and 0.5 au (Kočiščák et al., 2024). This

apparent inconsistency may be due to an evolution of δ with distance from the Sun, and to slightly different assumptions on

the bound dust dynamics.

PSP results between 0.15 and 0.5 au also made it possible to infer the number density radial slope for dust in bound orbits,845

assuming n(r)∝ r−γ . The study gave −2< γ <−1 (Kočiščák et al., 2024), consistent with expected values for bound dust

(Ishimoto and Mann, 1998), and more specifically with the value of γ = 1.3 reported from Helios and PSP measurements

of the zodiacal light (Leinert et al., 1981; Stenborg et al., 2021), and cf. Section 4.2. Additionally, multiple telescopes on

the PSP ISOIS instrument were punctured by dust impacts. Using the location and pointing of these punctures, a data-model

comparison was performed to independently estimate the density of dust in bound orbits in the inner solar system, consistent850

with the FIELDS-based constraints (Shen et al., 2025).
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Figure 16. Dust detection rate observed by SolO RPW/TDS between June 29, 2020 and November 27, 2021 in the inbound (grey) and

outbound (red) parts of the trajectory, with branches being separated by Venus gravity assists on December 26, 2020 and August 8, 2021.

The lines are the results of non- parametric fitting. The differences in outbound and inbound impact rates arise from the non-zero radial

velocity of the measured dust population. Reproduced from Kočiščák et al. (2023)

We finally mention the systematic decrease or “dip" in the dust impact rate onto PSP that was observed around nearly every

close perihelion of the spacecraft (Szalay et al., 2021; Malaspina et al., 2023; Kočiščák et al., 2024), which can be seen on

panel (a) of Figure 17. It can be attributed to the velocity alignment of PSP velocity vector with the prograde bound dust; a

model assuming that the α-meteoroids population all have circular orbits indeed predicts the observation of a dip which can855

be well fitted to the data (Szalay et al., 2021). On the other hand, it was shown that including a spread in the eccentricities

or inclinations of the grains’ orbits reduces or even completely smears this dip (Kočiščák et al., 2024). Other explanations are

needed to explain this decrease in the impact rate. Possibilities include a decrease in PSP’s detection efficiency within 0.15 au

or a physical decrease in the dust density, may be linked to the dust depletion zone observed in white light (Stenborg et al.,

2021).860
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Figure 17. (a) Impact rate from PSP/FIELDS, representative of encounters 10–16, along with modeled abundances of bound dust and β-

meteoroids, from a 2 compenent best fit to the data (Szalay et al., 2021). (b) Fractional contribution of bound dust and β-meteoroids to total

modeled impact rate. (c) Same information as panel (b) shown in the ecliptic J2000 x-y plane with example circular and hyperbolic orbits.

Adapted from Szalay et al. (2024), © AAS. Reproduced with permission.

4.3.3 Variability, streams and collisional evolution

The values of the fluxes presented in the previous paragraph are averaged over long time periods – months, or even years

or decades in the case of STEREO and Wind. But the impact rates present variations on relatively small timescales, which

overcome by far variations due to counting statistics. Typically, PSP observes a ∼ 50% variability in dust densities (Malaspina

et al., 2020; Szalay et al., 2025; Malaspina et al., 2025) on the timescale of its ∼ 100-day orbits, corresponding to structures of865

size ∼ 105 km. This variability exists in both the bound and unbound (β-meteoroids ) populations, suggesting that the zodiacal

cloud is internally structured on these small spatial scales (Szalay et al., 2025). These spatial fluctuations propagate to the very

near-Sun environment via PR drag and may directly drive variability in the production of inner source pickup ions (Szalay

et al., 2026a), providing a signature of the near-Sun dust environment that could be measured remotely from in-situ particle

instruments (Schwadron and Gloeckler, 2007).870

An example of such an enhancement in the β-meteoroids flux was found in a post-perihelion period after PSP’s orbits 4 and

5 (Szalay et al., 2021; Pusack et al., 2021), at a location where PSP crosses Phaethon’s orbit. Phaeton – the parent body of the

Geminids meteoroid stream, which dust trail was also imaged by PSP’s WISPR imager (Battams et al., 2020), had an estimated

mass loss of 6− 40 kg s−1, sufficient to produce the β-stream fluxes (impact rates of 0.1− 30 hr−1) observed by PSP (Szalay

et al., 2021). Furthermore, the location of the Geminids stream observed by WISPR (Battams et al., 2020; Battams et al., 2022)875

allowed for model comparisons on the formation of this stream (Battams et al., 2025), and revealed the Geminids may have

been produced from a catastrophic breakup of its parent body (Cukier and Szalay, 2023).

Just as Phaethon, every airless body releases grains that populate the vicinity of its orbit, either due to cometary activity

(Whipple, 1951), disruption (Knight et al., 2010), or to a lesser extent, impact ejection from zodiacal cloud impacts (Szalay
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and Horányi, 2016). The more than 104 airless bodies that orbit the inner solar system and their associated dust trails could880

be at the origin of the observed dust variability and internal meteoroid and β-meteoroids streams observed in-situ. The remote

observation of such streams is a complicated task, since a 50% density variation would only manifest as a ∼ 3% variation in

line-of-sight integrated brightness (Szalay et al., 2025), but a few in-situ stream detections have been documented for Helios

(Krüger et al., 2020), Ulysses (Krüger et al., 2024), and Parker Solar Probe (Malaspina et al., 2025). Therefore, it can be

anticipated that numerous meteoroid streams intersect the zodiacal cloud, which can erode the very local density distribution885

due to collisions (Steel and Elford, 1986).

Collisions are currently understood to be an important process eroding the zodiacal cloud, expelling ∼100’s kg/s (Szalay

et al., 2021) to 10 tons/s (Grün et al., 1985) from the heliosphere via β-meteoroids. The high velocity collisions also generate

considerable amounts of free molecules and atoms that are quickly dissociated and ionised by solar UV and deflected in the

solar wind contributing to the inner source pick up ions in the solar wind (Mann and Czechowski, 2005; Schwadron and890

Gloeckler, 2007). The β-meteoroids fluxes values presented in this review have provided a bit lower estimates, ∼100’s kg/s

for fluxes around 5× 10−5m−2s−1 of particles ∼ 10−17 kg – at least considering that the mass flux is dominated by smaller

particles. However, the amount of mass loss by emission of β-meteoroids depends on the exponent of the β-meteoroids flux

as a function of its mass, which is currently not very well constrained, and may also indicate a different collision rate than

previous estimated (Pokorný et al., 2024). For values of δ < 1, for instance assuming δ ∼ 0.4 (Zaslavsky et al., 2021) and a895

maximum mass of a β-meteoroid to be 10−15 kg, one finds a value of the mass loss rate 2.6 tons/s, more compatible with

Grün et al. (1985). Anyhow, it must be noted that these numbers characterize only the collisional loss due to production of

β-meteoroids , and, for this reason, constitute a lower bound on the actual collisional mass loss rate (Szalay et al., 2021).

4.4 Dust near the Sun: sublimation and dust free zone

The prediction (Russell, 1929) that there should be a transition from a space filled with dust to a dust free region around900

any star has generated many attempts to find it experimentally and theoretically. If the dust particles were SiO2, then it was

estimated (Over, 1958) they would be sublimated at ≈ 4R⊙. A summary was made by Mann et al. (2004) of the results of

reported analyses of the sublimation distance of various species, as well as identifying other possible mechanisms for dust

depletion. There were 28 reports from 1971–1992 of using IR emission to reveal the sublimation zones, but the results were

evenly divided between detection and non-detection ((Mann et al., 2004) and references therein).905

With the first orbit of Parker, WISPR-I observed a slight decrease in the brightness of the SA starting at ≈ 19R⊙ when

the spacecraft was at 0.238 au and at an elongation of about 20◦ (Howard et al., 2019). The brightness continued to decrease

steadily as the spacecraft approached perihelion at 0.166 (Stenborg et al., 2021). At the perihelion distance, the decrease

extended to the inner limit of the field-of-view at 10R⊙. The brightness decrease was simulated with Raytrace (Thernisien,

2011) which performs forward modeling of brightness created by the distribution of the line-of-sight dust distribution. The910

density model used, was a simple linear decrease with radius from 19R⊙ down to 3R⊙. The result of that model is shown in

Figure 18, where the blue line is the model results and the blue dots are the observations. Figure 9 of Stenborg et al. (2021)
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shows the excellent agreement between the observations and the modeling. The impact of the dust depletion results in a slight

change in the slope.

Later, using WISPR-O data for orbits 10–16, a nearly circumsolar sublimation zone was found by Stenborg et al. (2024),915

as shown in Figure 19, starting at ≈ 35R⊙ and increasing in brightness to a 4% peak at 25R⊙. The peak was followed by a

smooth decrease in total brightness down to about 10R⊙. The variations in the curves below that point are due to K-corona

structures, which become significant below ≈ 10R⊙. The Figure 19 shows all the data for the 7 orbital perihelia for both

inbound and outbound segments. The range of longitudes being crossed during the 10-day period is ≈ 270◦, and there is no

departure from the overall trend. The increased width of the blue profile for the outbound segment is due to the gravitational920

effect from Jupiter, as discussed in Figure 13.

Figure 18. Forward modeling of the brightness of the dust depletion model inside 32R⊙. Shown is the ratio of the modeled brightness relative

to the brightness at 19R⊙, the beginning of the dust depletion zone (DDZ label) assuming a linear dust density decease from 19R⊙ down to

3R⊙. The dashed, vertical line gives the innermost radial distance observed by the WISPR-I. Credit: Stenborg et al. (2021), reproduced with

permission © ESO.

The implication of the brightness decrease is that the dust is being depleted continuously beginning at 25R⊙ in this dust

depletion zone and is completely gone by ≈ 5R⊙, where the dust free zone begins. (Howard et al., 2019)), (Stenborg et al.,

2021), and (Stenborg et al., 2022) all performed empirical calculations using the same dust depletion model that reduced the

dust density by a linear factor from 1 at 19R⊙ down to 0 at ≈ 5R⊙ from the density at 19R⊙. The calculations could reproduce925

the radial brightness profile. The inner limit of 5R⊙ is not very firm and may depend on solar activity. They also noted that

the dust sublimation ring was not seen in WISPR-I simply because the increase was followed by a decrease, which together

obscured by the LOS integration, driving the start of the depletion region closer to the Sun, from 25R⊙ down to 19R⊙.

The very extended dust depletion region of ≈ 30R⊙ had been suggested earlier (Mann et al., 2004). Superimposed on that

decline is an increase in the brightness for the first 10R⊙, consistent with the ideas of brightness enhancement caused by the930

sublimation process (e.g. Peterson, 1963; Kobayashi et al., 2009, and references therein).
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Figure 19. Ratio of the Observed to Background Modeled Brightness from Parker/WISPR-O. The red and blue dots show the 5σ filtered

data from encounters 10–16 for the inbound and outbound segments, respectively, divided by the fifth percentile background model for each

segment. The uptick at ≤ 10R⊙ is due to the presence of K-corona structures. Reproduced from Stenborg et al. (2024), © AAS. Reproduced

with permission.

Figure 20. Image of the CME front as it was passing through the FOV of WISPR-Inner on 2022 Sep 9. It was a very complex, fast, and

massive CME.
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4.5 Interaction with solar wind structures

The influence of the solar wind in the interplanetary medium is evident in brightness observations of comet: the observation of

a comet ion tail disruption led (Biermann, 1957), and reference therein, to suggest that there is a corpuscular stream of particles

from the Sun. The tail was extending radially away from the comet nucleus, and observed disruption event was suggestive of935

plasma flowing radially and a magnetic field reconnecting with the ion tail. Many such disruption events of the plasma tail have

been noted since (see review by (Voelzke, 2005)).

The influence of transient structures in the solar wind on dust particles has not often been observed in brightness measure-

ments to date. Interactions of Coronal Mass Ejections (CMEs) with the dust tails of comets C/2006 P1 (McNaught) and comet

C/2002 V1 (NEAT) have been reported in unpublished works (Lisse et al., 2003; Jones et al., 2004, 2008). In those observa-940

tions, the tail is somewhat distorted. More recent brightness observations possibly show the influence of CME on the entire

inner zodiacal cloud.

The Parker/WISPR instrument has observed the loss of dust behind a very fast and massive CME on 5 Sep 2022 (Stenborg

et al., 2023; Paouris et al., 2023) during the orbit 13 perihelion. The first image of the CME is shown in Figure 20. The

brightness evolution as the CME event is continuing outward is shown in three panels of Figure 21, with time proceeding left945

to right. The three panels, left to right, show the post-CME flow with energetic particles hitting the detector, the complete

absence of electron scattering, and reduced dust scattering, leaving a clear view of the stars, and finally, the spacecraft is

proceeding toward the boundary of the CME, depleting and viewing the undisturbed corona in the distance.

Figure 21. Evolution of the corona behind the 2024 Sep 05 CME. Time proceeds left to right. In the left panel, there is still a post-CME

structure, which is virtually completely gone in the middle panel. In the third panel, the spacecraft is approaching the far boundary of the

volume that the CME traveled through, as the brightness of the normal corona is starting to reappear. The explanation is that the CME swept

up both the dust and electrons in its transit through the corona.

Dust depletion was identified when the radial brightness profile was lower than the F-corona model brightness profile. This

is illustrated in Figure 22. The top panel shows the variations of the baseline brightness profiles from orbits 10 to 13, for950

heliocentric distances from 10 R⊙ to 15 R⊙.
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The variation from orbit to orbit is due to the variation of the K-corona. The amount of dust along the LOS is greatly reduced

by the location of Parker being close to the Sun, eliminating the dust from 1 au from the LOS. In addition, the reduction of dust

in the Dust- Depletion Zone makes the contribution of the K-corona more significant.

The differences are quantitatively revealed in the lower panel of Figure 22, which gives the ratios for the same four orbits955

to the F-corona brightness model. The ratios give ranges from nearly 10% greater than the F model to about 2% lower than

the model, indicating that the 5 Sep CME event in orbit 13, somehow swept out (or sputtered?) dust grains, in addition to

the electrons. CMEs have been known to sweep up electrons, (e.g. Howard et al., 1985), but no evidence has been noted for

sweeping up dust particles.

Figure 22. Coronal height evolution of the baseline brightness level for E10 (orange), E11 (light blue), E12 (green), E13 (dark blue),

Background for E10 to E13 (dashed black line), and the baseline of the modeled F-corona (dashed red line). Note that the background model

E10 to E13 is overlaid with the E13 from 10 R⊙ up to about 14 R⊙. The x-axis is restricted to the heights where the E13 brightness drops

below the model F-corona to allow for a direct comparison among the sets. (b) The same data as in (1) plotted as percentage excess ratios.

The color code is the same as in panel (a). The E13 minimum brightness is about 2% lower than the modeled F-corona baseline level in the

11 to 14 R⊙ range. Reproduced from Stenborg et al. (2023), © AAS. Reproduced with permission.

Previously, Ragot and Kahler (2003) had reported on the possibility of a CME reducing the dust density in the volume it960

traversed through. But the mechanism proposed by these authors – scattering to higher latitude orbits by the action of the strong

transient magnetic field of the CME on dust smaller than around 3 µm is efficient much closer to the Sun (at 4− 5 R⊙) than

these observations and would have moved the dust to higher or lower latitudes instead of just having removed the dust as it

appears on the white light images.
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Temporary dust flux reductions related to CMEs have also been reported, based on the Wind/WAVES and STEREO/WAVES965

data. Péronne (2024) – based on the original study by St Cyr et al. (2017) and reductions previously found in dust fluxes

correlated with Corotating Interaction Regions (CIRs) (Baalmann et al., 2024) – reported that the dust impact rate detected by

Wind/WAVES had decreased on average by 16% for the 401 CMEs listed by Nieves-Chinchilla et al. (2018). Stream Interaction

Regions (SIRs) showed a similar pattern: the dust impact rate decreased by on average 21% over 480 SIRs (Baalmann et al.,

2024), and 19% for the 867 SIRs (Péronne, 2024) listed by Jian et al. (2006); Jian (2021); Hajra and Sunny (2022). These970

results are illustrated in Figure 23 (top, from (Péronne, 2024), and bottom adapted from (Baalmann et al., 2024) in (Péronne,

2024)). The decrease in the dust impact rate is, on average, most intense during the CME or SIR events that have a high

magnetic field intensity (Péronne, 2024).
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Figure 23. Average number of dust impacts per day, calculated from the dust impacts summed over all CMEs (top panel, from (Péronne,

2024)) and over all SIRs (bottom panel, from (Péronne, 2024), adapted from (Baalmann et al., 2024)), over an interval of ±2 hours (red

curve) or ±15 minutes (gray curve). The period before the events (interval [before, start] on the time axis) and the one after the events

(interval [end,after]) both have a length of two days. The highlighted period ([start,end], yellow for CMEs and green for SIRs) represents

the typical duration of the events. Because different CMEs or SIRs vary in duration, they were rescaled before the superposition. The shaded

red area represents a 95% statistical interval of confidence for the number of dust impacts per day. The top panel shows a clear decrease in

the number of dust impacts per day during the CMEs, and the bottom panel shows a clear decrease for SIRs that appears shifted towards the

beginning of the events.

Baalmann et al. (2024) discovered a Solar rotation signature in the Wind/WAVES dust database and found the decrease in

the dust impact rates for CIRs to be most likely responsible for the observed Solar rotation signature (see also Section 4.7.3).975

Similarly to Baalmann et al. (2024) on Wind, Chadda et al. (2024) highlighted a Solar rotation signature in the STEREO

dust database. They carried out numerical simulations that suggested that the origin of such a signature could be due to the

switches of polarity in the general structure of the interplanetary magnetic field (and, unlike (Baalmann et al., 2024), does not

require a disruption by CIRs).

The effect of interplanetary transients was also studied using STEREO/WAVES by Le Chat et al. (2015), with a particular980

focus on nanodust grains of size around 20 nm, cf. next section. They found that the nanodust fluxes were higher on average
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within SIRs events (∼ 1.8 m−2 s−1) and within CMEs (∼ 2 m−2 s−1) than on average during the whole mission (∼ 1.2 m−2

s−1): a trend opposite to the results for larger dust. The authors acknowledged that the physical process at the origin of these

measurements was not understood, but proposed that nanodust previously accelerated to speeds close to the solar wind speed

could get trapped in the CMEs magnetic field (a mechanism also considered by Ragot and Kahler (2003)).985

Finally, it must be emphasized that these results, based on the analysis of voltage signals detected by Wind and STEREO,

suffer from some limitation: first, the lower detection limit of Wind/WAVES for dust grains is probably higher (∼ 100− 300

nm) than the maximum size (∼ 10−30 nm) of the dust strongly affected by CME and SIR magnetic fields at 1 au. On the other

hand, the background plasma parameters, to which the dust impact detection technique is quite sensitive, are very different

during the transients than in the unperturbed solar wind. Therefore, it is conceivable that the increase/decrease of dust fluxes990

observed are related to systematic changes in the detection thresholds during these events. Still, until now, all the possible

instrumental biases verified in Baalmann et al. (2024), Le Chat et al. (2015), and Péronne (2024) have been ruled out, and the

question remains open.

4.6 Nanodust

Nanodust, produced by collisional break-up of larger particles, lies at the lower end of the mass distribution of small bodies995

in the solar system. A nanodust grain, of size between 1 and 100 nm (from the norm ISO TS27687), which contains typically

a few tens to a few 107 atoms or small molecules (if compact), lies at the frontier between macro-molecules and bulk matter.

Its size can be smaller than many basic physical scales and ensures a large size-to-volume ratio, yielding a number of peculiar

properties (Mann et al., 2014; Meyer-Vernet et al., 2015).

These properties enabled nanodust to be inferred in the interstellar medium a long time ago via a variety of phenomena (Li1000

and Mann, 2012), which cannot be observed in the solar system because of the small integrated depth. We are only aware of one

attempt to infer the existence of nanograins in the inner heliosphere from brightness observations: Polarisation measurements

made during the 21 June 2001 solar eclipse were interpreted in terms of silicon nanoparticles in the solar corona (Habbal et al.,

2003). However, the presence of silicon so close to the Sun was ruled out based on the condensation sequence of meteoric

material (Mann and Murad, 2005). Even though these observations did not provide a clear indication of the existence of1005

nanoparticles, they motivated further studies that found evidence that nanodust in the heliosphere can reach high velocities

(Mann et al., 2007; Czechowski and Mann, 2010). And high velocities lead to high fluxes that can be readily detected in situ.

In the absence of dedicated instruments (see O’Brien et al. (2014) for a concept), nanodust in the interplanetary medium has

thus been observed only recently, with antenna measurements and other instruments that were not designed for that purpose.

Notable exceptions are the detections of nanodust with dust experiments who discovered dust streams at Jupiter (Grün et al.,1010

1993) and Saturn (Kempf et al., 2005), and the detection of nanodust during the fast flyby at comet Halley (Utterback and

Kissel, 1990)).
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4.6.1 What nanodust properties enable its detection in the interplanetary medium?

Most dust detections by spacecraft rely on impact ionization; successful detection therefore depends on the generation of a

sufficient number of free charges during the impact. This makes the detection of nanograins challenging. But the impacts of1015

low-mass particles can still generate sufficient amounts free charges when the impact speed is high, that is the particles are

fast – and their detection can rely on amplification mechanisms around a specific antenna, as discussed in Section 3.3.3. The

charge-to-mass ratio q/m of the dust grains increases with decreasing size so that the smallest ones are more affected by the

solar wind magnetic field. The dynamics of the nanoparticles resembles more those of heavy ions, and their trajectories, while

not identical, are similar to the pick-up process undergone by ions in the solar wind (Czechowski and Mann, 2010).1020

Indeed, the electric charge of a dust grain is proportional to its radius, except in very cold media of large Landau radius

(Mann et al., 2014), yielding q/m∝ r−2. The Lorentz force pushes the grains out of their orbital planes and when their

gyroradii (∝m/q) are much smaller than the scale of variation of the magnetic field B, their motion has a component that

gyrates around the frozen-in field lines moving with solar wind velocity V so that they move roughly at the E×B drift speed

vD ≃ E×B

B2
(1)1025

where E ≃ −V×B (2)

which exceeds 300 km/s farther than 1 au, plus a smaller vertical drift vθ ∝m (Northrop, 1963). Nanoparticles can be trapped

in the vicinity of the Sun, roughly inside 0.2 au and because the trapping critically depends on initial dust orbits, solar wind,

magnetic field and magnetic field conditions (Czechowski and Mann, 2012; Czechowski and Mann, 2021; Stamm et al., 2019),

trapped nanograins are possibly released intermittently.1030

Fast dust grains impacting a spacecraft vaporize and ionize part of the target and of the grain itself, generating a charge

roughly proportional to their mass and to the relative speed to the power β ∼ 3− 5 (Section 3). Therefore, even though an

impacting nano particle generates an electric signal somewhat smaller than does a beta meteoroid (of mass 103 times higher

and speed roughly five times smaller), the large nanodust flux can generate a very large power spectral density. These properties

enabled nanodust to be detected by the wave instruments inboard STEREO and Cassini.1035

An indirect detection of the nanodust grains was also proposed based on pick-up ions in the solar wind. The charge exchange

processes of solar wind impacting dust grains are suggested to lead to the formation of low charge state ions in the interplanetary

medium which contributes to the inner source pick-up ions (Wimmer-Schweingruber and Bochsler, 2003; Schwadron et al.,

2000). Due to their large surface area the nanodust grains were suggested being the best candidate for producing the inner

source pick up ions (Szalay et al., 2021).1040

4.6.2 Nanodust measurements by STEREO and Cassini

The capability of wave instruments to detect nanodust was shown for the first time when Cassini/RPWS detected high-speed

nanodust streams ejected from Jupiter’s magnetosphere, simultaneously with conventional dust detectors (Meyer-Vernet et al.,

2009), setting the stage for nanodust detections in the interplanetary medium. The first measurements of nanodust accelerated
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by the solar wind were performed at 1 au by STEREO/WAVES (Meyer-Vernet et al., 2009), and were later extended using the1045

time domain sampler, which could isolate individual impacts (Zaslavsky et al., 2012). Cassini/RPWS confirmed and extended

these detections to greater heliospheric distances (Schippers et al., 2014, 2015), and confirmed the speed given by Eq.(1)

(Meyer-Vernet et al., 2017). The interplanetary nanodust fluxes measured by STEREO/WAVES are presented on fig.15.

These measurements were fostered by two instrumental properties, whose ignorance caused unfounded criticisms (Kellogg

et al., 2018). Cassini had a very large spacecraft surface area (larger by one order of magnitude than STEREO), ensuring a large1050

impact rate, and its waveform detection was very sensitive (Gurnett et al., 2004). On the other hand, since its aim was planetary

exploration, it had only rare occasions to detect dust in the interplanetary medium, when the instrument was episodically turned

on during its cruise phase with a large enough integration constant (Schippers et al., 2015). For its part, the STEREO detection

was facilitated by the large radius and the position of the forward antennas, a part of which was lying along and close to a plane

face of the spacecraft (Bougeret et al., 2008); thus the ion cloud produced by the impact could perturb the photoelectron sheath1055

of these antennas (Pantellini et al., 2012a, 2013), increasing considerably the signal (cf. Section 3.3.3).

Figure 24 shows the cumulative flux at 10 nm (10−20 kg) deduced from Cassini/RPWS measurements during its cruise

phase to Jupiter by the high frequency receiver in monopole mode. These observations (Schippers et al., 2014, 2015) are

compatible with a power law decrease close to d−2 outwards of 1 au, consistent with numerical simulations of nanodust

dynamics (Belheouane, 2014). The value at 1 au is consistent with the survey of five years of STEREO/WAVES data (2007–1060

2011) by Le Chat et al. (2013), with the STEREO value lying near the low bound of Cassini results.

Could nanodust be detected by other spacecraft? The nano dust impact signal was too small to be measurable by the dipoles

of Wind/WAVES (Meyer-Vernet et al., 2014), which had too thin antennas (Bougeret et al., 1995) for the perturbation of the

photoelectron sheath to play a role (Pantellini et al., 2012a). Nanodust will be difficult to measure on PSP and SO because

inward of 0.3 au, the drift speed (Eq.(1)) may not be large enough to produce a detectable dust impact charge, except in the1065

presence of solar wind perturbations (Section 4.6.4).

4.6.3 Nanodust flux long-term variability

The nanodust flux near the ecliptic, where most spacecraft orbit, is critically determined by the heliospheric magnetic field,

which reverses roughly every 11 years. When the solar radial magnetic field in the northern hemisphere is ingoing, the solar

wind electric field (Eq.(2)) points towards the heliospheric current sheet (HCS), driving the posively charged grains towards1070

it ((Meyer-Vernet, 2007) – pages 291–308 and 352–356). In this focusing geometry, nanodust is driven near the ecliptic when

the HCS is weakly tilted. In contrast, a defocusing electric field drives nanodust away from the equator, except for the smallest

particles (≤ 10 nm), which have a slower vertical drift vθ (Juhász and Horányi, 2013; Poppe and Lee, 2022). Furthermore,

the HCS guides nanodust through the inner heliosphere via “current sheet surfing” (Czechowski and Mann, 2012). Figure 25

shows that both STEREO and Cassini nanodust observations took place in focusing conditions (Meyer-Vernet, 2025). Those1075

of STEREO (2007–2011) stopped when the HCS tilt angle increased too much (Poppe and Lee, 2022), which suggests that

STEREO detected large nanodust (≥ 10nm), which has a large vertical drift. On the contrary, the occurrence of Cassini/RPWS

nanodust observations near solar activity maximum, when the HCS was highly tilted most of the time, suggests that it measured
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Figure 24. Nanodust flux measured by Cassini as a function of heliocentric distance d (Schippers et al., 2014, 2015) (red bars = mean ±1σ;

dotted bars = mean ±3σ) superimposed to the peak of the flux distribution measured on STEREO from 2007 to 2011 (Le Chat et al., 2013)

(blue circle) and to a variation as d−2.

Figure 25. Polar solar magnetic strength (in Gauss) from the solar Wilcox Observatory (+ North: solid blue, - South: dashed red, average:

medium solid, smoothed average: heavy solid). Negative (positive) north magnetic field produces a focusing (defocusing) electric field for

positive charges. Both STEREO and Cassini nanodust observations took place during a focusing configuration. Adapted from Meyer-Vernet

(2025).

particles somewhat smaller than 10 nm (Meyer-Vernet, 2025) which are weakly affected by the vertical drift. Since the flux

increases with decreasing size, this might explain why STEREO measurements lie at the lower bound of the Cassini ones1080

(Figure 24).
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4.6.4 Nanodust short-term variability

The nanodust flux measured by STEREO and Cassini was highly variable, with bursts of high count rate separated by periods

of very low rate. This high variability is caused by the variable production rate, transient magnetic field changes, and complex

dynamics in the presence of the HCS (Czechowski and Mann, 2012; Juhász and Horányi, 2013; Poppe and Lee, 2022). The1085

variable production rate was confirmed by PSP (Szalay et al., 2021), whereas Cassini observations (Meyer-Vernet et al., 2017)

showed that nanodust follows closely the fluctuations of the solar wind velocity component perpendicular to the magnetic field

(Eq.(1)), as predicted by dynamics.

Effects of solar wind transients on the nanodust flux were also identified with S/WAVES, discussed in Section 4.5.

4.7 Interstellar dust1090

Observational evidence that Interstellar Dust (ISD) grains traverse the heliosphere began to emerge in the 1970s, from dust flux

variations measured from spacecraft near 1 au (Bertaux and Blamont, 1976). This was confirmed in 1993 with measurements

of the dust detector aboard the Ulysses space probe (Grün et al., 1993).

The basic picture explaining the ISD flow is that the grains come from the interstellar medium that the Sun is currently

traversing. The interaction of the interstellar medium plasma and the solar wind leads to the formation of the heliosphere. This1095

interaction deflects most ionized components of the interstellar medium gas and smaller grains while the interstellar neutral

gas and more massive dust grains stream into the heliosphere (Frisch et al., 1999).

With Ulysses, notably, ISD and neutral interstellar helium were observed from the same direction and on the same spacecraft.

In the frame of the Sun they have velocities of approximately 26 kms−1 (Grün et al., 1994; Witte, 2004; Frisch et al., 1999).

This corresponds to the Sun’s velocity relative to the local interstellar cloud. While the ISD in the heliosphere is also consistent1100

with brightness observations (Grün et al., 1993; May, 2008; Rowan-Robinson and May, 2013), it is more apparent in the in

situ measurements. Ulysses detected ISD grains with diameters ranging from 0.05 µm to not much more than 1 µm (Krüger

et al., 2015; Baalmann et al., 2024), which typically contribute little to the observed brightness (cf. 4.1). Finally it was in favor

of the Ulysses ISD discovery that the interplanetary dust flux is decreasing at larger distance from the Sun and above and below

the ecliptic, all regions which Ulysses traversed (Grün et al., 1997).1105

ISD grains are also observed in the inner heliosphere by the current space missions that are at the focus of this review, and a

view of the principal forces acting on the ISD helps to place these observations into broader context. The mass of ISD measured

with Ulysses ranges from 10−19 to 10−11 kg (Baalmann et al., 2024). The predominant forces on dust particles in this range

of mass are solar gravitation, solar radiation pressure, and the Lorentz force. Their relative importance varies depending on the

dust properties and surrounding plasma and magnetic field conditions; most importantly they change with mass, respectively1110

size. For the ISD grains approaching the heliosphere, one can distinguish some processes that approximately dominate in

different mass ranges (Mann and Kimura, 2000): The smallest grains (≈ m< 10−18 kg) do not enter the heliosphere because

they are deflected at the heliopause. The ISD that enter the heliosphere are deflected in the solar magnetic field, this deflection

is most apparent for ISD with masses, m< 10−17 kg. The effects of radiation pressure force are most important for particles
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with masses (10−17 kg <m< 10−16 kg) and finally gravitational focusing by the Sun affects the flow of even larger ISD1115

(m> 10−15 kg). The antenna measurements in the inner heliosphere have enabled observations of the ISD flow over many

years now and the measurements still continue. Below we present these results after examining ISD filtering at the heliospheric

boundary and its modulation within the heliosphere.

4.7.1 Interstellar dust at the boundaries of the heliosphere

The dust grains in the interstellar medium carry a surface charge that is small, but sufficient so that the smallest grains are1120

strongly deflected at the heliopause (Kimura and Mann, 1998). The deflection and entry conditions that lead to the “filtering” of

the ISD flow were investigated in several works considering the dust flows traversing the heliosheath, which is characterized by

the encounter of the solar wind and interstellar medium plasmas; these studies illustrate the effects like charge fluctuation, dust

properties and local features (Linde and Gombosi, 2000; Czechowski and Mann, 2003a, b; Slavin et al., 2012; Sterken et al.,

2015; Alexashov et al., 2016; Godenko and Izmodenov, 2024). An interesting finding was that in spite of the deflection force,1125

the wavy structure of the heliospheric current sheet that separates regions of opposite magnetic field direction can facilitate

the passing of tiny ISD because they quickly pass regions of different field polarity (Czechowski and Mann, 2003b; Godenko

and Izmodenov, 2024; Baalmann et al., 2025). Recently, a method was developed to infer the filtering in the heliosheath from

experimental data (Baalmann et al., 2025): this was applied on the Ulysses data and is a promising approach for future dust

measurements with trajectory information. Measurements of the flux of ISD of different spacecraft at 1 AU can help unravel1130

the permeability of the outer heliosphere for ISD. However, obtaining the full picture of the ISD processes at the edges of the

heliosphere requires a dedicated dust instrument on an Interstellar Probe (e.g., Sterken et al., 2023).

4.7.2 Interstellar dust measurements with electric-field instruments, and long-term variability observations

The Ulysses ISD dataset contains 16 years of dust impact data over 1.5 solar cycles (Krüger et al., 2015) that have been analyzed

concerning their mass distribution, flow direction, and variability, and have been compared to ISD dynamics modeling (Strub1135

et al., 2015; Sterken et al., 2015).

Since then, electric field measurements of ISD were developed, and enabled long-term coverage of the interstellar flux.

The principle of ISD measurements with radio and plasma waves instruments is intrinsically statistical: one usually cannot

differentiate if a single impact is from interstellar or solar system origin. This principle is based on the identification of the

orbital modulation produced in the impact rate onto the spacecraft because of the variation of ISD velocity vector in the frame1140

of the spacecraft along its orbit. When the spacecraft moves "into the stream", relative velocity is high and consequently so

is the impact rate; whereas the relative velocity, and impact rates, are low when the s/c moves together with the ISD stream

(cf. Figure 26, panel b). A refinement of this effect comes from the variation of the detection threshold on the orbit: at higher

impact speeds, a voltage pulse of given amplitude will be produced by a smaller grain than at smaller impact speeds – this

effect amplifying the observed modulation. The large surface area of collection enabled by the electric field measurements1145

make this statistical approach very effective in determining ISD fluxes.
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The first observation of this orbital modulation was done by Zaslavsky et al. (2012) with S/WAVES data, benefiting from

the large ISD flux at the launch of STEREO mission, which occurred in magnetic focusing configuration and solar minimum.

Fitting the impact rate on STEREO gave a value of the ISD flux at 1 a.u. of ≈ 8.10−5 m−2.s−1, and of the latitude of the

dust inflow – the latter value of ≈ 258◦ aligning well with the known direction of neutral hydrogen inflow, and confirming the1150

interstellar origin of the dust. This initial study was refined by Belheouane et al. (2012), confirming the value of the flux, and

identifying rather important time variations in the direction of the ISD inflow – with minimum about 250◦ and maximum at

almost 280◦ on the 2007-2011 period.

The identification of the ISD orbital modulation was then carried on Wind/WAVES data by Malaspina et al. (2014). The

derived ISD flux was smaller than on STEREO – consistent with the idea that Wind/WAVES dipole detects overall larger dusts1155

than S/WAVES monopoles, cf. Section 3. The ISD flux was also found to be very variable in direction, with noted variations

of about 25◦ between march 2008 and march 2009.

The Wind and STEREO dust impact data cover up to almost a full Hale cycle of observations (< 22 years) of ISD impacts.

Databases have been constructed and are open for use (e.g., Malaspina et al., 2016). The extended time span and differing

vantage points (with respect to the ISD flow) of these missions enable the investigation of how the ISD flux evolves and how it1160

is modulated by solar activity (Hervig et al., 2022; Baalmann et al., 2024).

Observations from the Wind spacecraft from 2005 to 2023 reveal long-term variations in the ISD flux at 1 au, as can be seen

on the left panel of Figure 26. On this figure, superimposed on the orbital modulation of the impact rate discussed above, is the

solar-cycle-driven trend: a gradual increase in ISD flux during the focusing phase up to ca. 2010, followed by a steady decline

during the subsequent defocusing phase. Instrumental effects, such as reduced sampling from 2011 and outages in 2013–2014,1165

temporarily impacted sensitivity, but do not obscure the overall trend that is in line with theoretical expectations and numerical

models of ISD modulation by solar activity (Morfill and Grün, 1979; Landgraf, 2000; Sterken et al., 2012; Strub et al., 2019).

Figure 26. (a) Dust impacts per day observed by Wind at L1 (2005–2023). Blue points represent daily counts; the black curve shows a

91-day moving average. Annual peaks occur near 25 March (yellow diamonds). The long-term trend reflects solar cycle modulation, with

instrumental effects marked in pink, orange, and red (reproduced from Baalmann et al. (2024)). (b) Geometry of the orbital modulation

produced in the impact rates by the interstellar flow.
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Long term monitoring from the STEREO A spacecraft at 1 au (Rackovic Babic, 2022) and at distance from Earth during the

period 2007–2022 reveal a consistent ISD signal, corresponding to a focusing phase of the solar magnetic cycle on the period

2007-2012. After 2012, a gradual decrease in ISD detections is observed, reflecting the onset of a defocusing phase associated1170

with magnetic field polarity reversal. STEREO B provided data until late 2014, after which contact was lost. Despite differences

in viewing geometry and data availability between the two spacecraft, the overall modulation pattern caused by heliospheric

magnetic conditions over solar-cycle timescales remains evident.

Long term monitoring showed differences in the longitude of the interstellar flux upstream direction derived from the impact

data of different spacecraft and at different times (Belheouane et al., 2012; Malaspina et al., 2014; Rackovic Babic, 2022).1175

The values derived from the antenna measurements range between 244 and nearly 280 degree. For the first years of Ulysses

measurements, the ISD upstream direction was found to be around 259o ecliptic longitude and 8o latitude and coincided

with the neutral interstellar helium flow (Frisch et al., 1998; Landgraf, 2000). Flow directions vary: there is for instance, an

unexplained change in latitude in dust flow direction from Ulysses data (Strub et al., 2015), which most likely is attributed to

the Lorentz force (Sterken et al., 2015) by comparing computer simulations with the data.1180

We note that no clear identification of ISD modulation has been made with SolO and PSP to date (July 2026). Factors ex-

plaining this are the important β-meteoroids impact rates on these spacecraft, their elliptical orbits which makes this impact rate

vary with distance, and, probably more critically, the fact that they were both launched in magnetic defocusing configuration,

where the modulation on STEREO or Wind is hardly distinguishable (see Figure 26). It is possible that ISD orbital modulation

will be identified on these spacecraft at the next favorable solar magnetic configuration (around 2029).1185

4.7.3 Interstellar dust short-term variability

In the short term, the measured dust impact rates are (on average) reduced during CIRs, causing a solar rotation frequency

in the impact data by Wind (Baalmann et al., 2024) (note that Wilson et al. (2023) reports on a solar rotation frequency

in the spacecraft charging data). The exact mechanism of the reduction in measured flux is yet to be understood and it is

possible that also some outgoing interplanetary dust (e.g., β-meteoroids) is subject to this modulation. The solar rotation1190

frequency in the dust impact data has been confirmed by the measurements from the STEREO antenna (Chadda et al., 2024),

where modeling pointed rather in the direction of a modulation in the dust impact rate due to the motion of interstellar dust

through the heliosphere’s alternating magnetic field polarity during the solar minimum of focusing phase. However, case

studies in Baalmann et al. (2024) of the sector structure of the Heliospheric Current Sheet showed no correlation with these

frequencies.1195

4.7.4 Interstellar dust measurements in the heliosphere in relation to interstellar conditions

In-situ spacecraft measurements of interstellar dust (ISD) complement astronomical observations because they yield direct

measurements of individual grain sizes and masses instead of only ensemble-averaged properties inferred from remote obser-

vations. Ulysses’ detection of ISD include larger grains than those predicted by many of the models based on astronomical

data notably the often used model to explain interstellar extinction (Frisch et al., 1999; Draine, 1994). Knowledge of the ISD1200
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allowed the first sample collection from spacecraft with Stardust (Westphal et al., 2014) and led to some elemental composition

results from the Cassini dust detector (Altobelli et al., 2016). The in-situ ISD flow also allowed estimation of the dust-to-gas

mass ratio in the interstellar medium surrounding the heliosphere (Frisch et al., 1999; Krüger et al., 2015), which affects in-

terpretation of the polarization properties of the interstellar medium (Hiltner, 1949; Angarita et al., 2023), itself a probe of

the interstellar magnetic field (Andersson et al., 2015). While the dust-to-gas ratio is important for astrophysics studies, such1205

estimates are affected by uncertainties in the selection of ISD and in deriving the dust mass from the instrument data (Baalmann

et al., 2025). Aside from the experimental uncertainty there arises the question to what part of the interstellar medium the dust

is characteristic. For this it is helpful to have a view of the local interstellar medium.

The grains detected are identified as ISD based on their velocity and direction that can be explained with grains that are

dynamically coupled to the local interstellar medium. On the other hand, the length of the friction coupling, which scales1210

linearly with size, is approximately 300 parsecs for a micrometre grain under warm interstellar cloud conditions near the

heliosphere (Mann et al., 2000). This 300 pc length is of the order of the size of the Local Bubble (O’Neill et al., 2024) in

which the Sun resides. The Sun is more locally in a complex of warm interstellar clouds that extends 15 pc (Zucker et al.,

2025). These local conditions have also been used to investigate the properties of the ISD that enters the heliosphere (Kimura

et al., 2003b, a). The local interstellar medium clouds have different velocities (Redfield and Linsky, 2008), they are possibly1215

overlapping and mixing (Swaczyna et al., 2022) and possibly better described as one cloud that is subject to disturbances

(Linsky et al., 2022; Linsky and Redfield, 2023). Because of the coupling scale it is quite possible that the ISD flow in the

heliosphere is made up by grains of these different clouds or from a heterogenous cloud. Another factor is that the interstellar

medium is locally perturbed by the presence of the heliosphere (Slavin et al., 2012) and grain flows are part of this. Given this

background, the differences in the ISD flow directions that were found in the observations (cf. Section 4.7.2) and the changes1220

in direction seen with by Ulysses, STEREO and Wind may also reflect interplanetary medium conditions, as shown in Sterken

et al. (2015) for the latitudinal shift in dust flow direction ca. 2005-2006.

5 Summary of recent advances and perspectives

The combination of new brightness observations and in-situ measurements, and the combined measurements of Wind, STEREO,

PSP and SOlO has yielded a number of important advances that this review aimed to consolidate. The progress in the in-situ1225

studies was made possible by using radio and plasma wave instruments as dust detectors, and are summarized in Section 5.1.

Progress with the whitelight observations is summarized in Section 5.2. We discuss the implications of these measurements

for other astrophysical environments in Section 5.3 and end with the near-term space missions and future perspectives for the

study of the Zodiacal cloud, in Section 5.4.

5.1 Radio and plasma wave instruments as dust detectors1230

An important methodological advance reviewed here is the maturation and use of radio and plasma wave instruments as dust

flux monitors in the inner heliosphere. The technique covers the full projected surface of the spacecraft body and antenna
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system, providing an effective collecting area that can exceed that of conventional dust instruments by several orders of mag-

nitude. This geometrical advantage enables statistically robust flux measurements even at the low dust number densities of the

interplanetary medium. Over the past twenty years, the technique has been applied to an expanding fleet of spacecraft operating1235

at a wide range of heliocentric distances – and in particular to STEREO and Wind near 1 au, and most recently Parker Solar

Probe (PSP) and Solar Orbiter (SolO) inside 0.5 au – yielding the most extended in-situ record of inner-heliosphere dust fluxes

to date.

Recent modeling advances and dedicated laboratory hypervelocity impact experiments have substantially refined waveform

interpretation and dust-mass calibration (Sections 3.1.1 and 3.2). The first-principles electrostatic model (Shen et al., 2021a;1240

Smith et al., 2025) is currently being applied to specific spacecraft (e.g., STEREO) to demonstrate that the individual wave-

forms from the three antennas can be accurately reproduced by the model using refined impact-charge values. In addition,

variations among the three signals reveal the location of the impact on the spacecraft, which further constrains the orbital

elements and thus the origin of the dust particle. Automated detection pipelines and machine-learning classifiers (Section 3.4)

have made it practicable to process the large waveform archives now routinely accumulated by PSP and SolO. Nevertheless,1245

open questions remain: the charge-yield calibration still relies on laboratory measurements performed under conditions that

do not fully replicate the interplanetary environment, and the interpretation of signals in complex multi-antenna configurations

continues to evolve and will require further modeling efforts or satellites with cross-calibration capabilities between impact

ionization dust detectors and plasma wave antennas.

5.2 Main observational results1250

White-light observations through STEREO/SECCHI and PSP/WISPR instruments have characterised the global structure of

the Zodiacal cloud. Photometric analyses have established the symmetry plane, radial brightness profile (I ∝ r−2.3 (Stenborg

et al., 2018)), and iso-contour morphology of the inner Zodiacal cloud (Stenborg et al., 2018; Stauffer et al., 2018), and have

provided the first observational evidence for a dust depletion zone developing sunward of ≈ 35R⊙ (Howard et al., 2019;

Stenborg et al., 2024), and a largely dust-free zone interior to ≈ 5R⊙ (Howard et al., 2019; Stenborg et al., 2021, 2022).1255

At the same time, in-situ measurements from STEREO, Wind, PSP, and SolO have established consistent β-meteoroid flux

densities in the range 4–10× 10−5 m−2 s−1 at 1 au (Zaslavsky et al., 2012; Malaspina et al., 2015), with a radial dependence

close to r−2 inside 1 au, and have resolved the bound dust population close to PSP’s perihelion (Szalay et al., 2021; Zaslavsky

et al., 2021; Kočiščák et al., 2024). Interplanetary nanodust were detected in-situ for the first time and their highly variable

dynamics has been explored. The interstellar dust flux was identified for the first time in radio and plasma waves data, benefiting1260

from the magnetic focusing configuration in place during the first years of the STEREO mission (Zaslavsky et al., 2012;

Belheouane et al., 2012), and then identified with Wind/Waves (Malaspina et al., 2014). This discovery enabled monitoring the

ISD flux over almost 30 years, revealing solar-cycle modulation of the interstellar dust flux, and a solar rotation modulation is

likely linked to CME and SIR passages (Baalmann et al., 2024). Long term monitoring of dust impacts also made it possible

to identify stream-like flux enhancements in the bound meteoroid and β-meteoroid populations, and possible signatures of1265

interactions of these grains with solar wind transients as CMEs and SIRs.
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5.3 Relevance for interstellar dust and debris disk studies

Observations of interstellar dust (ISD) in situ by spacecraft complement astronomical measurements by providing direct grain-

size and mass determinations. Observations of large ISD grains in the heliosphere provide a basis for studies of ISD formation

and dynamics in the surrounding interstellar medium. New in-situ compositional measurements with IMAP can exploit ISD1270

fluxes derived from Wind and STEREO (and possibly in the future PSP, and Solar Orbiter) to separate the interstellar com-

ponent in the IMAP dust measurements that just started (Horányi et al., 2025a; Szalay et al., 2026b). With robust statistics

and observational records spanning more than 20 years, the derived ISD fluxes can trace time-dependent heliospheric struc-

ture in a manner analogous to constraints from Galactic cosmic rays. Improved understanding of dust detection via antenna

measurements now permits these data to be used to derive an ISD mass distribution. Nonetheless, these studies would benefit1275

substantially from velocity-resolved, large-area detectors; coordinated, multi-point long-term measurements; and co-located

antennas and dedicated dust instruments for cross-calibration, as suggested by e.g. Sterken et al. (2023).

Understanding the interactions of the ISD flow with the heliosphere and the entry conditions serves as an example for the

conditions of astrospheres (Sterken et al., 2022) and the circumstellar debris disks of theses systems. Planetary debris disks are

optically thin, gas-poor dust disks around main sequence starts that are containing planetesimals and possibly planets. Most of1280

them are identified by infrared/submillimetre excesses in the spectral brightness curves and considered analogues of the early

solar system as their their dust clouds are denser than the zodiacal cloud. The notable difference is that the debris disks are

usually observed at several 10 au from the stars in a region that is more comparable to the Kuiper belt (Poppe, 2016). The

outer heliosphere is analogous to planetary debris disks, and measurements by the New Horizons mission have yielded new

insights into its dust cloud (Poppe, 2016). The observations have continued (Bernardoni et al., 2022) and enable studies of dust1285

trajectories and destruction processes specific to the outer heliosphere (Corbett et al., 2025).

Nonetheless, the dust interactions observed up close in the inner heliosphere also play a role in debris disks and comparisons

can be made (Mann et al., 2006). One example is the role of β-meteoroids , which have been measured in the inner heliosphere

in recent years: in debris disks these particles trigger collisions in the outer disk; and these collisions are a possible source of

the observed gas components in the beta Pictoris system (Czechowski and Mann, 2007). Aside from radiation pressure, also1290

the stellar and solar wind direct momentum transfer work in a similar way (Minato et al., 2006). The parameters of dust–dust

collisions in astrophysics and space physics are highly uncertain because the relevant conditions can only be reproduced in

the laboratory to a limited extent. Detailed analyses of dust mass distributions in the inner heliosphere, based on Parker Solar

Probe (PSP) and Solar Orbiter (SolO) observations (Zaslavsky et al., 2021; Kočiščák, 2024; Szalay et al., 2024) and moreover

the combination with models of collisional evolution (Szalay et al., 2021; Pokorný and Brown, 2016; Pokorný et al., 2024),1295

can therefore provide inputs for constraining the dust collisions in the debris disks.

The dynamics of nanodust in the inner heliosphere (e.g. Czechowski and Mann, 2010), and in particular their magnetic

trapping, is also relevant for dust around other stars. An example are dust particles that remain near stars despite strong

radiation pressure. The existence of such dust particles has been proposed to explain the observed emission brightness in some

systems (Su et al., 2013) and explained with the pile up of nanograins (Rieke et al., 2016). The discussion of the astronomical1300
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observations motivated further theoretical investigations into the conditions for dust pile-up in the coronae of other stars, and

these studies showed that the pile-up critically depends on a number of initial conditions (Stamm et al., 2019; Czechowski and

Mann, 2021).

5.4 Near-term prospects and upcoming missions

Looking ahead, an anticipated near-term development is the exploitation of Solar Orbiter’s high-inclination phase, currently1305

underway, during which the spacecraft will reach heliographic latitudes exceeding 30◦. These out-of-ecliptic in-situ observa-

tions will for the first time systematically probe the latitudinal structure of the inner Zodiacal cloud in-situ. The continued

deepening of PSP’s perihelion passages, combined with improved waveform processing, will further constrain the structure

and mass flux of dust populations in the sub-20R⊙ region.

Currently, the heliospheric magnetic field is entering a new focusing phase with a maximum dust flux expected between1310

ca. 2029 and 2035, presenting an excellent opportunity to continue monitoring the nanodust and ISD fluxes using long-term

missions as Wind and STEREO and different types of instruments. In addition, the PSP and SolO may provide valuable insights

into dust dynamics closer to the Sun and out of the ecliptic. This characterization of the interstellar dust (ISD) flux, relative

to interplanetary dust components made from the ongoing antennas, can be combined with the in-situ mass spectrometry

measurements anticipated from IMAP (Horányi et al., 2025b) and DESTINY+ (Arai et al., 2026; Simolka et al., 2024) in1315

the near-future. All of these observations will not only advance our understanding of how solar activity modulates ISD and

nanodust transport, but may also uncover new properties of the dust population itself.

5.4.1 Upcoming space missions

The measurement techniques validated in the inner heliosphere are directly exportable to several upcoming or proposed mis-

sions, which are expected to make significant contributions to dust science in the coming decade. Below we briefly outline1320

those most relevant to the themes of this review.

IMAP (Interstellar Mapping and Acceleration Probe, NASA, launched 2025) is stationed at the Sun–Earth L1 point and car-

ries the IDEX (Interstellar Dust EXperiment) instrument, a time-of-flight mass analyzer specifically designed to characterise

the flux, mass distribution and composition of interstellar dust grains (McComas et al., 2018; McComas et al., 2025; Horányi1325

et al., 2025b; Szalay et al., 2026b). Its extended L1 time series will complement and extend the Wind dataset to compositional

measurements.

PUNCH (Polarimeter to UNify the Corona and Heliosphere, NASA, launched 2025) is a constellation of four small satellites

providing continuous wide-field polarimetric imaging of the solar corona and inner heliosphere. Its capability to image the F-1330

corona and to separate the weakly polarized dust-scattered light from the more strongly polarized electron-scattered K-corona

is directly relevant to Zodiacal cloud structural studies. PUNCH images the entire inner heliosphere out to 47◦ from the Sun,
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once every 32 minutes, in polarized light. (DeForest et al., 2026).

Vigil (ESA, planned launch ∼2031) will be placed at the Sun–Earth L5 Lagrange point, providing solar wind monitoring1335

from a vantage 60◦ behind the Earth (Palomba and Luntama, 2022). Its remote-sensing suite, in particular its wide-angle

visible-light imaging system will offer a complementary viewing geometry for Zodiacal cloud imaging.

Comet Interceptor (ESA/JAXA, planned launch ∼2029) is designed to fly by a dynamically new comet or a potential

interstellar object on a hyperbolic trajectory (Snodgrass and Jones, 2019). Its Dust, Fields and Plasma (DFP) instrument suite1340

(Rothkaehl et al., 2024) will study cometary dust properties in-situ, directly informing our understanding of one of the primary

source populations of the Zodiacal cloud. Together with the DFP/DISC dust impact sensor, the DFP/COMPLIMENT instru-

ment will make use of its electric field antenna to provide dust fluxes in the sub micrometer size range. Dust flux models are

being developed to support mission planning with a flexible tool to predict the dust environment (Haslebacher et al., 2025)

which will depend on the final target selection.1345

DESTINY+ (Demonstration and Experiment of Space Technology for INterplanetary voYage, Phaethon fLyby and dUst

Science, JAXA, planned launch ∼2028) will perform a flyby of asteroid (3200) Phaethon, the parent body of the Geminid me-

teor stream, after a flyby of asteroid (99942) Apophis and before flybys of other near-Earth asteroids. The onboard Destiny+

Dust Analyser (DDA), a high-resolution impact-ionisation dust analyser, will measure the chemical composition, mass, veloc-1350

ity, and charge of asteroid-associated dust during asteroid flybys, and those of interplanetary and interstellar dust during the

cruise phase (Arai et al., 2026; Simolka et al., 2024).
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