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A new cosmic dust distribution model inside the Earth’s orbit
based on IKAROS-ALADDIN results

This dissertation investigates a new modeling of cosmic dust distribution
inside the Earth’s orbit mainly based on in-situ dust measurement data by the
Arrayed Large-Area Dust Detectors in INterplanetary space (ALADDIN)
onboard the Interplanetary Kite-craft Accelerated by Radiation of the Sun
(IKAROS). In addition to the modeling work, laboratory calibration experiments
with the ALADDIN flight-spare were conducted with hypervelocity
microparticle accelerators and a nanosecond pulsed laser. Furthermore, analysis
and reduction of the measurement data from the ALADDIN are also presented as
part of the dissertation.

Recent optical observation results suggest that orbital trapping of
10-100’s-um-sized dust particles by planets’ mean motion resonances (MMRs)
and dust-dust collisions are key roles in sculpting morphology of debris disks in
exo-planetary systems. As is the case with extrasolar planetary systems, dust
disks in our Solar System, i.e., zodiacal dust cloud and Edgeworth-Kuiper belt,
are also predicted to have the characteristic morphology governed by the
dust-planet MMRs and the dust-dust collisions. In order to establish a general
reference model for debris disks in planetary systems, some dust distribution
models in the Solar System have been developed and validated mainly from
optical observation results. However, optical observation faces difficulty in
revealing fine structures of the dust disk such as local size distribution,
attributed to fundamental characteristics of the optical observations such as
physical complexity of visible light scattering and thermal infrared emission of
dust particles, which are superimposed brightness from various sized dust
particles that exist in an observer’s line of sight. Moreover, optical observations
from the vicinity of the Earth are not suited to investigate the inner planetary
region than the Earth’s orbit because of the sunlight interference. In order to
uniquely determine the size distribution and investigate the fine structure within
dust disks, in-situ dust impact detection along the trajectory of spacecraft is a
more promising option. Nevertheless, the dust distribution inside the Earth’s
orbit has not been well investigated even by in-situ detection until now, because
of the lack of sufficient flight opportunities. Furthermore, all the past in-situ
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dust detectors have had only too small sensor areas to measure sparse
distribution of the 10-100’s-um-sized dust particles, which are likely to be
trapped in the planets’ MMRs.

In these situations, the large-area in-situ dust detector based on PVDF
named ALADDIN has been developed for IKAROS mission, in order to reveal
the dust distribution between 0.7-1 AU. This study contributes to reveal and to
model the size distribution and the fine structure of dust distribution, especially
focusing on >10-um-sized dust particles inside the Earth’s orbit mainly by using
measurement data of the IKAROS-ALADDIN during its 16 months orbiting
around the Sun from 0.7 to 1 AU.

This thesis presents results of laboratory calibration of the ALADDIN flight
spare with three types of experiments: hypervelocity (> 1 km/s) microparticle
impacts at the 2 MV Van de Graaff dust accelerator, hypervelocity (> 1 km/s)
100’s-um-sized particle impacts with the two-stage light gas gun, and laser
irradiation with the nano-second pulsed Nd:YAG laser. Considering the
characteristics of analog signal processing of the ALADDIN’s detector
electronics, A modified signal acquisition system and signal analysis method,
which utilizes signals measured at intermediate points of the analog circuits
were developed. As the results of these calibration methods, it was verified that
the detection size range of the dust particles onto the ALADDIN corresponds to
3- 37 um at the average impact velocity of 20 km/s at 1 AU heliocentric
distance while representative dust density is 2.0 g/cm”.

In addition to the laboratory calibration experiments focusing on the
ALADDIN’s analog signal, the ALADDIN measurement data were analyzed and
reduced, by investigating the digital circuit characteristics of the ALADDIN
electronics, multi-flagged features of some obtained data, and possible thermal
degradation of the PVDF sensors. Based on the signal sampling rate of the
analog-to-digital converter inside the digital electronics, sampling probabilities
were calculated for a given amplitude of analog signal. Thus, it was found that
impact events showing >4 V of measured signal amplitude, which are thought to
be generated by impacts of ~30-um or larger dust particles at 20 km/s, can be
straightforwardly interpreted with the probabilistic sampling effect. A large
portion of the ALADDIN space data have indicated multi-flagged features,
which show more than one channels are flagged despite being caused by a single
dust impact. These multi-flagged events have recorded appropriate event rate as
dust impact frequency in the interplanetary space. From its reproductive
experiment on the ground and careful analysis of the flagged signal pattern, 733
high-confidence dust impact data at >4 V signal were determined on the
ALADDIN’s 20-um-thick large sensors, among all the transmitted ~4500 data
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obtained during 16-month measurement in the Earth-Venus region. In order to
estimate the size of the detected dust particles at each IKAROS position of
heliocentric distance, the in-flight thermal degradation of PVDF sensitivity were
investigated through both static pressure and impact experiments of the heated
large PVDF sensor. As the result, the possible thermal degradation of the
ALADDIN PVDF seems not to affect significantly on the detectable size of
impacting dust particles. Consequently, a total amount of such large dust
particles detected by the ALADDIN measurement is more than 10 times of that
of the past in- situ dust detectors. Thus, the applicability of the ALADDIN to
measuring >10-um-sized dust particles inside the Earth’s orbit was verified. The
dust particles in this size range correspond to the dust particles observed by
optical observations and also the dominant-sized dust in the characteristic dust
distribution governed by the planets’ MMRs.

The number density calculated with part of the reduced ALADDIN data in
the Earth’s trailing region was compared with the existing standard dust flux
model (Griin flux) at 1 AU heliocentric distance, which was established on the
in-situ measurement at the vicinity of the Earth. It was found that there was a
clear discrepancy between them, which should be caused by the dust-Earth
MMRs and the dust-dust collisions. In order to reproduce the observed
azimuthal discrepancy, a new dust distribution model was developed by
combining the existing MMRs- only model and the collision-only model. The
new model has an ability to simultaneously handle the effect of the dust-planet
MMRs and the dust-dust collisions for the dust distribution modeling in the
interplanetary space. As the result, the newly developed model demonstrates a
better estimate than the past MMRs-only model or the collision-only models for
azimuthal variation of the dust number density at 1 AU heliocentric distance
observed by the ALADDIN. In the future, this model calculation will be
expanded to the Venus orbit for interpreting the ALADDIN data measured
around its closest approach to Venus, and then a new comprehensive view of the
cosmic dust distribution between the two planet-MMRs regions by the Earth and
Venus can be achieved.
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