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Abstract

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 Detec-

tors in INterplanetary space (ALADDIN) onboard the Interplanetary Kite-craft Accelerated by

Radiation of the Sun (IKAROS). In addition to the modeling work, laboratory calibration ex-

periments with the ALADDIN flight-spare were conducted with hypervelocity microparticle

accelerators and a nanosecond pulsed laser. Furthermore, analysis and reduction of the mea-

surement data from the ALADDIN are also presented as part of the dissertation.

Recent optical observation results suggest that orbital trapping of 10–100’s-µm-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, at-

tributed to fundamental characteristics of the optical observations such as physical complexity

of visible light scattering and thermal infrared emission of dust particles, which are superim-

posed brightness from various sized dust particles that exist in an observer’s line of sight. More-

over, 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,
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the dust distribution inside the Earth’s orbit has not been well investigated even by in-situ de-

tection until now, because of the lack of sufficient flight opportunities. Furthermore, all the past

in-situ dust detectors have had only too small sensor areas to measure sparse distribution of the

10–100’s-µm-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-µm-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-µm-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 mod-

ified 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 µm at the average impact velocity of 20 km/s at 1 AU heliocentric distance

while representative dust density is 2.0 g/cm3.

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 digi-

tal 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 cal-

culated 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-µm or

larger dust particles at 20 km/s, can be straightforwardly interpreted with the probabilistic sam-

pling 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.
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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, 736 high-confidence dust impact data at ≥4 V signal were determined

on the ALADDIN’s 20-µm-thick large sensors, among all the transmitted ∼4500 data 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 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-µm-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 trail-

ing region was compared with the existing standard dust flux model (Grün flux) at 1 AU helio-

centric 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 planets-MMRs regions by the Earth and

Venus can be achieved.
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Chapter 1

Introduction

1.1 Debris Disks

Circumstellar dust disks, or debris disks, have been observed around Sun-like stars by astro-

nomical telescopes with infrared and submillimeter wavelengths (Holland et al., 1998; Su et al.,

2013). These debris disks are made from condensation of nebula gas and dust and continually

replenished by outgassing and collisions among planetesimals. Fig. 1.1 shows a few examples

of the observed disks.

These disks often show inhomogeneous morphology: asymmetric, shifted, warped, and

ringed structures. It is believed that these inhomogeneities reflect the temporal state of plane-

tary formation and existence of embedded planets inside the disks (e.g. Ozernoy et al., 2000;

Zuckerman, 2001). Specifically, mean motion resonances (MMRs) between dust particles and

planets, and dust-dust mutual collisions are key roles in evolution of the disk morphology (Stark

and Kuchner, 2008; Wyatt, 2005; Wyatt et al., 1999). MMR is defined that the orbital periods

of two celestial bodies are in some integer ratio.

Dust particles inside the disk transit from the source region to the central star under the

radiation and wind drag forces, i.e. Poynting-Robertson (PR) effect (Robertson, 1937). The PR

effect results in the decrease of the semi-major axis, a, and the eccentricity, e, of a dust particle’s

orbit according to Wyatt and Whipple (1950):
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The Astrophysical Journal, 763:118 (14pp), 2013 February 1 Su et al.

Vega

Fomalhaut Tauα

α Boo

Figure 3. PACS 70 µm images of Vega and Fomalhaut along with their reference PSF stars, α Boo, and α Tau. All images are shown in the same angular scale and in
the PACS array orientation, i.e., the sub-structures of the PSF are in the same orientation in all four images. The dynamic range of display is from the peak value to
1% of the peak value. The color scheme is in logarithmic scale for Vega and α Boo, but in squared root scale for Fomalhaut and α Tau for clarity. In the Vega and α
Boo images, the two solid circles mark radii of 5′′ and 7′′, while the dashed circle marks a radius of 14′′ (representing the cold planetesimal ring). In the Fomalhaut
and α Tau images, the solid circles mark a radius of 3′′.
(A color version of this figure is available in the online journal.)

in the IRS spectrum is also detected in the resolved Herschel
PACS 70 and 160 µm images. Since the stellar photospheres
dominate the emission in the central part of the resolved images
at 70 µm where the systems are best resolved, care must be
taken in estimating the contribution of a central dust component
without involving any further assumption of modeling. We do
this in two ways: (1) with photometry using small apertures
that exclude spatially extended emission and (2) with PSF
subtraction using reference stars to minimize the residuals at
the star position. The first approach provides an estimate of the
maximum error on the central component due to contamination
from other dust emission located in a more spatially extended
distribution. The second approach provides a more accurate
estimate of the flux of an unresolved source. In both systems,
the PACS 160 µm images provide only upper limits because
the lower angular resolution at this longer wavelength makes it
difficult to spatially differentiate the components.

3.1. Photospheric Determination Using Ancillary Photometry

The emission of the stellar photosphere from optical to mid-IR
(∼8 µm) was determined in a number of steps. Most infrared

photometry measurements (like Spitzer/IRAC and Akari) are
referred to Vega, although Vega is unsatisfactory as a standard
(i.e., fast-rotating, infrared excess). However, these missions
also measured Sirius using the same technique, so we have
taken the measurements with nominal uncertainties of 0.01 mag
directly compared to Sirius in terms of magnitude differences.
Sirius (A1V) is very similar in spectral type to Vega (A0V) and
Fomalhaut (A4V), and is well behaved in the infrared with no
evidence for an infrared excess (Price et al. 2004).

All three stars are severely saturated in the Two Micron
All Sky Survey (2MASS) data. Therefore, for accurate mea-
surements at 2.2 µm, we used data from the DIRBE instru-
ment on COBE. The reduction of these data is described by
Price et al. (2010) for analyzing stellar variability. Due to the
large DIRBE beam (42′× 42′), the contribution from stars in
the field surrounding the target of interest needs to be removed.
We evaluated this effect using 2MASS data, making Sirius
fainter by 0.014 mag and Fomalhaut fainter by 0.003 mag while
the contribution in the Vega field is negligible. Both Vega and
Fomalhaut are reported to have K band excess at 1.29% ± 0.19%
(Absil et al. 2006) and 0.88% ± 0.12% (Absil et al. 2009) above
the photosphere using interferometry. After accounting for these

4
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elongation of the dust emission with a PA of 32 6 48, which, given
the resolution of the JCMT beam, is consistent with optical and
near-infrared images (for example, 30:7 6 0:78; ref. 18). The dust
emission peaks on the stellar position and extends along the major
axis to an observed radius of ,13 arcsec (250 AU). The deconvolved
size of the disk is 22 3 11ð 6 3Þ arcsec (that is, unresolved in the
minor axis), giving an inclination angle of .608.

In addition to the main disk, separated patches of emission are
seen further out in Fig. 1b, two of which are fairly closely aligned
with the plane of the disk. The most prominent of these (RA 21 W,
dec 26 S) lies at a PA of 37 (66)8 and has a flux of 19.1 mJy per beam.
This is almost certainly a real detection and has a PA consistent with
a feature in the disk plane. This could be a fragmented outer part of
the disk (although such a feature does not appear in optical images),

letters to nature
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Figure 1850-mm images of the dust emission around Fomalhaut (a), b Pictoris (b)

and Vega (c). North is up, and east is to the left. In each map the star position is at

0,0 (indicated by the ‘‘star’’ symbol). The diameter of the telescope beam at half-

power is shown by the circle in each image. The bars adjacent to the images

show the apparent diameter of our Solar System (80 AU) if it were located at the

stellar distances. As indicated by the colour-scale bar on each image the false-

colour scale is linear, and the contours are at 1j intervals starting from 2j

(dashed). These images have been smoothed with a 7-arcsec gaussian (full-

width at half-maximum) to improve the signal-to-noise ratio. After smoothing, the

individualmap 1j contour levels are 2.2, 4.0 and 1.9mJy per beam for Fomalhaut, b

Pic and Vega respectively. It is estimated that Vega has a photospheric

contribution to the submillimetre flux of 5 (61)mJy per beam. Subtraction of a

scaled 5mJy point-spread function from the 15mJy measured at the 0,0 position

suggests a dip in the dust emission at the star, significant at about the 2j level

(data not shown). Additional peaks (for example, to the southwest in b) could

potentially be due to confusion by distant galaxies. We have therefore examined

background regionsof the stellar images,and in a total area of 13.5 arcmin2 (which

includes unpublished data on e Eridani), four sourceswere detected that could be

galaxies. All of these are .3j, and they have fluxes of 8–12mJy. This represents a

source count of 0.3 per arcmin2, and translates to a probability of ,2.5% for

finding a galaxy within 10 arcsec of a star. For the b Pic plane, there is a probability

of 5% of finding an object within 108 of the plane out to 40arcsec radius. This

represents a conservative upper limit as no 20-mJy galaxies have been found in

our images.We note that these results in fact represent the best unbiased source

count survey of the submillimetre sky. Our counts agree to within a factor of 2 with

the recent SCUBA survey carried out by Smail et al.28

Vega	

Fig. 1.1. Morphology of exo-debris disks. Fomalhaut observed at 70 µm (left: Su et al., 2013)
and Vega observed by 850 µm (right: Holland et al., 1998).

ȧ = −(α/a)(2 + 3e2)/(1 − e2)3/2 (1.1)

and

ė = −2.5(α/a2)e/(1 − e2)1/2 (1.2)

where α = 6.24 × 10−4 β AU2yr−1, and β is the ratio of radiation pressure force to the gravita-

tional force on the dust particle. For spherical particles, β is given by

β =
3L?QPR

16πGM?cρs
(1.3)

where L? is the stellar luminosity, M? is the stellar mass, G is the gravitational constant, c is

the speed of light, ρ is the mass density of a grain, s is the grain radius, and QPR is the radiation

pressure coefficient (Burns et al., 1979).

A specific portion of the migrated dust particles, which have typical diameters of 10–100’s-

µm-sized in spherical silicates, is captured into external MMRs with planets and form ring

structures along the planets’ orbit, clumps at the leading and trailing positions of the planet, and

a gap region nearby the planet (e.g. Dermott et al., 1994). Fig. 1.2 shows an example of the
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Fig. 1.2. The results of numerical calculation showing the orbital evolution of 12-µm-sized
dust particles spiraling towards the Sun under the PR effect (Dermott et al., 1994). When the
dust particles approach the Earth’s external MMRs, a part of the particles get captured into each
ratio of resonance.

orbital evolution of dust particles that are temporarily captured by the Earth’s external MMRs.

While transiting through the interplanetary space, dust particles are exposed to dust-dust

mutual collisions. The size distribution of the collisional fragments is given by

dN
d log m

= c1m−η (m ≤ mL) (1.4)

where dN
d log m is the differential number density at log bin of dust mass, c1 is a constant, mL

is the mass of the largest fragment, and η is the power law index which is ranging between

0.7–1.1 at hypervelocity (>1 km/s) impacts (Asada, 1985; Fujiwara et al., 1977; Gault and

Wedekind, 1969; Nakamura and Fujiwara, 1991; Takasawa et al., 2011). These mutual colli-

sions should naturally change the size distribution within the dust disk from location to location.

Furthermore, higher number density of dust particles increased by MMRs stimulates the mutual

3
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collisions.

Therefore, for comprehensive understanding of planetary formation and discovery of the

embedded planets inside the dust disk that infer the mass and orbital elements of the planets,

a realistic model of dust disk morphology considering both the effects of MMRs and dust-dust

collision is required.
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1.2 Solar System Dust Disks as References to Debris Disks

Dust disks in our solar system, known as zodiacal cloud and Edgeworth-Kuiper belt, are the

best benchmark for validation of the dust disks morphology model because we can directly and

closely observe or measure the dust distribution in detail. Also, we are well acquainted with the

dynamical properties of planets orbiting inside the disks.

Several models for describing either dust-dust collisions or MMRs in the solar system dust

disk have been proposed (Dermott et al., 1994; Ishimoto, 2000; Kelsall et al., 1998; Stark and

Kuchner, 2008, 2009). These models are mainly validated by the observation results from

visible to infrared telescopes onboard earth-orbiting satellites. For example, circumsolar dust

accumulation accompanied with the asymmetric dust distribution at the trailing and leading

side of earth was discovered and modeled by observational data from the Infrared Astronomical

Satellite (IRAS). Fig 1.3 shows a model of discovered circumsolar dust distribution.

Optical observation in the dust disk of solar system is much closer compared to looking far

out into the universe for exo-planetary disks. Nevertheless, there are fundamental difficulties

in optical observation of dust distribution. The physics of light scattering and thermal infrared

emission of dust particles are rather complicated, so it is difficult for optical observation to

uniquely determine the size distribution of the dust disk. In addition, the brightness measured

by optical instruments is a superimposed contribution from various sizes of the dust particles

that exist in an observer’s line of sight. These prohibit optical observations from detecting the

fine variation of spatial number density and size distribution at given spatial positions.

In-situ dust impact detection is a more promising option in order to reveal the fine structure

and size distribution within the dust disk in the interplanetary space. Also, in-situ detection is,

in principle, not subjected to the sunlight interference, hence dust measurements at any given

solar angles are possible.

Since the earliest stage of the solar system exploration in 1960’s, in-situ dust measurements

have provided valuable information about the size distribution and the fine component of dust in

the solar system. In-situ dust detectors orbiting around earth contributed to determining the size

distribution of incoming dust onto the Earth (e.g., Grün et al., 1985). Several detectors bound

to the outer solar system discovered dust streams nearby the outer planets (Grün et al., 1993;

5
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Fig. 1.3. Model of circumsolar dust ring around Earth’s orbit composed of asteroidal dust
particles (Dermott et al., 1994).

Kempf et al., 2005). However, the small sensor area of the conventional in-situ dust detectors

onboard deep space exploration probes only posed insufficient flux of >10-µm-sized dust parti-

cles which preferably form the MMRs structure with planets. Therefore, in order to determine

the fine structure and size distribution inside MMRs accumulation, there is a need for in-situ

dust detectors having much larger sensor area for larger dust particles of >10-µm-sized than the

past detectors. Moreover, there has been little flight opportunity for in-situ measurement inside

1 AU. As a result, information about large-sized dust distribution sensitive to MMRs inside 1

AU is highly valuable.
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1.3 Objectives and content of the thesis

The primary objective of this thesis is to develop a new hybrid model, which simultaneously

handles both the dust capturing by MMRs and the dust-dust mutual collisions, by combining

existing MMRs models and collisions models for estimating dust distribution in the solar sys-

tem, particularly within Earth orbit. The new model has revisited a standard model for dust

distribution at 1 AU from the Sun (Grün model: Grün et al., 1985) and can be extended to 0.7

AU heliocentric distance in order to reveal dust distribution structure around Venus. The model

flux calculated with given parameters such as initial size distribution and collisional fragment

size distribution was compared with the dust flux measured in-situ by the Arrayed Large-Area

Dust Detectors in INterplanetary space (ALADDIN) onboard the Interplanetary Kite-craft Ac-

celerated by Radiation of the Sun (IKAROS), together with several results from the past in-situ

dust detectors.

In order to properly assess the dust distribution model, the performance of the ALADDIN as

an in-situ dust detector was investigated through laboratory calibration experiments using Van

de Graaf dust accelerators, two-stage light gas guns, and a nano-second pulsed Nd:YAG laser.

Also, the space data from ALADDIN were analyzed and reduced in order to extract the dust

impact data from all the measurement data of ALADDIN transmitted to the ground station.

This thesis consists of 6 chapters including this introduction. Chapter 2 reviews optical

observations, in-situ dust measurements, and dust distribution models inside the Earth’s orbit.

Chapter 3 describes the characteristics of the ALADDIN dust detector and the results of labora-

tory calibration experiments. In chapter 4, screening and reduction process and interpretation of

the ALADDIN space data are presented. Chapter 5 proposes the new MMRs-collision hybrid

model and describes the dust distribution at 1 AU from the Sun. Finally, Chapter 6 discusses

conclusions and future works including the measurement results of ALADDIN at its Venus

flyby and possible expansion of the new model to the Venus orbit.
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Chapter 2

Past Observations, Measurements, and

Distribution Models of Dust inside the

Earth’s Orbit

In this chapter, we will review the results and limitation of past optical observations, in-situ

measurements, and dust distribution models inside the Earth’s orbit. Because of fundamental

characteristics in optical observations, e.g. light scattering theory, and small sensor area of

detectors in in-situ measurements, detailed distribution of 10–100-µm-sized dust particle de-

scribed in Chapter 1 has not been understood well.

2.1 Optical Observations for Dust Distribution within 1 AU

from the Sun

Optical observations for dust distribution in the Solar System have been conducted by mea-

suring visible light scattering and thermal infrared emission of dust particles. The diameter of

dust particles contributing in these wavelengths is ranging from approximately 10 to 100 µm

(Reach et al., 2003; Röser and Staude, 1978). Therefore, the optical observations in Solar Sys-

tem measure the superimposed brightness from 10 to 100-µm-sized dust particles that exist in

an observer’s line of sight. However, the sunlight, which is the most luminous body at the both

wavelengths in the Solar System, have prevented us from optical observations of dust distribu-
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tion within 1 AU from the Sun. In what follows, a few examples of the optical observations

within 1 AU from the Sun are reviewed.

2.1.1 The Helios Photometers

Helios 1 and Helios 2 (also known as Helios-A and Helios-B) are a pair of spacecrafts to

study the solar activity orbiting around the Sun between 0.3 and 1 AU heliocentric distance.

After its launch in the middle of 1970s, photometers for the U-, B-, and V-bands (364 nm,

442 nm, and 540 nm, respectively) onboard Helios 1 and Helios 2 had made “in-situ" optical

observation of interplanetary dust for 10 years (Leinert et al., 1981). Fig 2.1 shows radial

increase of brightness observed by the photometer onboard Helios 2. The more brightness, the

higher spatial number density of dust particles. The spatial number density of interplanetary

dust calculated from the brightness-density conversion scheme is proportional to r−1.3, r is

radial distance from the Sun, as shown in Fig 2.1. Furthermore, Helios observation revealed

asymmetric structure of the zodiacal dust disk induced by giant planets’ secular perturbation

(Leinert et al., 1980).

Leinert et al. (1983) proposed a dust-source distribution model based on the results from

Helios 1 and Helios 2, and collisional evolution algorithm by Dohnanyi (1969). As a result,

The source extended 0.1 AU≥ a ≥10 AU to 20 AU with the semimajor axes distributed ∼
a−1.0 or ∼ a−1.1 reproduce the observed number density profile along the heliocentric distance.

However, MMRs between dust particles and planets is not considered in this model.

Leinert and Moster (2007) reanalyzed the Helios observation data around Venus orbit and

suggested the existence of dust accumulated ring along Venus’ orbital path.

Fig. 2.3 shows the trajectory of the Helios 2 spacecraft and Fig. 2.4 represents 5-year-

averaged brightness variation around the Venus’ orbit. The brightness is attributed to dust

particles with 10–100 µm sized (Leinert et al., 1983). The observed brightness increased at

Venus orbit crossing every time during the mission. They attributed the brightness increase to

the ringed structure formed by 10–100 µm sized dust particles. The width of ring was estimated

as 0.06 AU.
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Fig. 2.1. Radial increase of the brightness observed by Helios 2 (Leinert et al., 1981). The unit
of brightness is S10. The elevation of the line of sight was 15◦.

19
83
A&
A.
..
11
8.
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45
L

Fig. 2.2. Radial dependence of spatial number density of interplanetary dust inferred by Helios
1 and Helios 2 observations (Leinert et al., 1983).
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Fig. 5. Brightness enhancement seen with the other photometers of
Helios B on the outbound crossing of Venus’ orbit. Upper panel: sec-
tor 12 of the photometer looking at ecliptic latitude β ≈ 15◦. Bottom:
sector 12 of the photometer looking at ecliptic latitude β ≈ 30◦. Same
presentation as in Figs. 4 and 3, but the average is over orbits 1−5. The
arrow marks the position of Helios B at the crossing.

It is virtually impossible that these effects are produced by
stars passing through the field of view of the photometer. This
field is always pointed towards the north ecliptic pole, with a
small offset of 0.5◦ which precesses along a circle around the
ecliptic pole within one orbital period of Helios B, or with a
motion of 0.09◦ over the duration of the observed brightness en-
hancement. The excess brightness of about 2 S10 in the 3◦ di-
ameter field-of-view could by produced by a star of magnitude
V = 7.1 with solar colour fully entering and leaving again the
field-of-view at exactly the right times. No star this bright is
present anywhere near the edge of the field-of-view, and even
if it were, it could not move in and out again with such a small,
one-directional displacement.

The 15◦- and 30◦-photometers of Helios B are more prone to
spurious brightness changes because of the varying stellar and
diffuse background. However two of the eight combinations (two
latitudes, two sectors, two crossings) both have low background
and no bright stars in the field-of-view and therefore are expected
to give reliable results. These, both referring to the outbound
crossing of Venus’ orbit, are shown in Fig. 5.

Figure 6 shows a counterexample. Here the brightness ex-
cess observed close to the orbit of Venus – as can be concluded
from its colour – is mostly an artefact due to incomplete sub-
traction of stellar contributions. In this particular case it looks
like the stellar excess signal due to the B1V star HR 1074 is
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Fig. 6. Example of a false enhancement, observed by Helios B in sec-
tor 21 of the photometer looking at ≈15◦ during the inbound crossing.
The excess, rather blue, can be traced to the B1V star HR 1074.
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Fig. 7. Brightness enhancement seen with Helios A in sector 12 of the
photometer looking at ≈30◦ during the outbound crossing of Venus’
orbit.

superimposed to a ≈4 S10 underlying zodiacal light brighten-
ing similar to that seen in Fig. 5. But a decomposition of the
signal into these two contributions might be stressing the data.
(With sufficient optimism one can guess the presence of a zodia-
cal light excess brightness signal also in the other disturbed data
sets).

With Helios A the conditions for detecting small brightness
excesses are less favourable than for Helios B for the instrumen-
tal reasons mentioned above. In addition, there is a tendency for
higher backgrounds and brighter stars in its south-looking pho-
tometers. The least interference by bright stars is for the out-
bound crossing shown in Fig. 7. There is also a measurement
during an inbound crossing of Venus’ orbit with low background
(Fig. 8), but here the results for V are somewhat discrepant from
the results in B and U. One could conclude that no zodiacal light
enhancement in excess of 2 S10 is evident here.

In Table 2 we summarise the data sets with observed en-
hancements in zodiacal light brightness near the orbit of Venus
and indicate why for other data sets reliable data could not be
obtained.

8. Discussion

The results of the previous section, presented in Figs. 3–5, 7
and 8, show a brightness enhancement by a few percent imme-
diately outside the orbit of Venus. The interpretation depends on
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Fig. 1. Zodiacal light brightness (upper curve) and reduced brightness
(lower curve) as seen with the 90◦ photometer on Helios B in V dur-
ing the inbound crossing of Venus’ orbit in March 1977. The reduced
brightness was obtained from the original results by removing the gra-
dient (see text). The heliocentric longitude λHelios gives the position
of Helios along its orbit. Note the expanded scale with suppressed
zero, which was used for the reduced brightness to show the remain-
ing structure.
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Fig. 2. Repeatability of the observed structure in reduced zodiacal light
brightness from orbit to orbit of the Helios B space probe. The figure
shows The V band observations at the north ecliptic pole. The arrow
indicates the position of Helios B at the inbound crossing of the orbit of
Venus.

7. Results

The most obvious feature of Helios zodiacal light measurements
is the strong brightness increase towards the Sun, approximately
∼R−2.3, where R is the Sun-Helios distance. Therefore, the data
were multiplied by a factor Rα with exponent α close to 2.3 in
order to produce a time series with little variation in which it
would be easier to search for possible systematic variations near
the orbit of Venus (Fig. 1).

In the following we always refer to this reduced brightness
which has no precisely defined meaning but approximately gives
the zodiacal light brightness at 1 AU. The multiplication by
the smooth large-sale factor Rα does not introduce artefacts of
measurable size. As noted above, the best data are available for
Helios B.

We start with the results obtained with its 90◦ photometer,
since these – measuring locally the contribution from a column
above the spacecraft – provide the most direct probe for enhance-
ments in spatial density of interplanetary dust. These data do
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Fig. 3. Same as Fig. 2 but with the data averaged in 1◦ intervals in helio-
centric longitude, and with the observations in U and B superimposed.
The error bars, shown for V only, represent the rms scatter of the typ-
ically 10−20 measurements per bin. This is a quite conservative error,
since for purely statistical fluctuations, the errors of the mean in each
bin would be smaller by a factor of 3−4. Here, as in the following fig-
ures, the curves showing the averages of the U and B measurements
have been shifted by one to a few S10 for ease of comparison, if neces-
sary. The arrow marks the position of Helios B at the crossing.
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Fig. 4. Enhancement in reduced zodiacal light brightness near the out-
bound crossing of Venus’ orbit as seen in the observations of Helios B
towards the north ecliptic pole. Again, measurements from orbits 2−5
have been averaged. The arrow marks the position of Helios B at the
crossing.

show a small brightness enhancement just outside the orbit of
Venus, as suggested in Fig. 1. In the following we check the
credibility of this effect.

If this brightness enhancement is due to a structure in the
interplanetary dust cloud, one would expect it to repeat during
each orbit at the same orbital position. Figure 2 shows for the
observations towards the north ecliptic pole and for the inbound
crossing that this is the case.

One would also expect that the enhancement has approxi-
mately solar colour, as is true for the zodiacal light. In other
words this means that in U, B, and V the brightness excess –
measured in S10 units should have the same size. This condition
is also fulfilled as demonstrated in Fig. 3.

Finally, on the outbound crossing of Venus’ orbit, – as ex-
pected – again an enhancement occurs just outside the orbit of
Venus (Fig. 4).

Venus,orbit,crossing�

Venus,orbit,crossing�

50,deg�

90,deg�

180,deg�

140,deg�

5Yyear,avg.�

*Minimum,distance,between,
Helios,and,Venus,was,0.05,AU.�

10,revolu+on,@5Yyear�

Ring,width,≈,0.06,AU,(FWHM)�

10Y100,µm,dust�

Fig. 2.3. Trajectory of the Helios 2 spacecraft in the J2000 inertial coordinate system. The
ecliptic longitude corresponding to the range of horizontal axis in Fig. 2.4 are shown.
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Fig. 5. Brightness enhancement seen with the other photometers of
Helios B on the outbound crossing of Venus’ orbit. Upper panel: sec-
tor 12 of the photometer looking at ecliptic latitude β ≈ 15◦. Bottom:
sector 12 of the photometer looking at ecliptic latitude β ≈ 30◦. Same
presentation as in Figs. 4 and 3, but the average is over orbits 1−5. The
arrow marks the position of Helios B at the crossing.

It is virtually impossible that these effects are produced by
stars passing through the field of view of the photometer. This
field is always pointed towards the north ecliptic pole, with a
small offset of 0.5◦ which precesses along a circle around the
ecliptic pole within one orbital period of Helios B, or with a
motion of 0.09◦ over the duration of the observed brightness en-
hancement. The excess brightness of about 2 S10 in the 3◦ di-
ameter field-of-view could by produced by a star of magnitude
V = 7.1 with solar colour fully entering and leaving again the
field-of-view at exactly the right times. No star this bright is
present anywhere near the edge of the field-of-view, and even
if it were, it could not move in and out again with such a small,
one-directional displacement.

The 15◦- and 30◦-photometers of Helios B are more prone to
spurious brightness changes because of the varying stellar and
diffuse background. However two of the eight combinations (two
latitudes, two sectors, two crossings) both have low background
and no bright stars in the field-of-view and therefore are expected
to give reliable results. These, both referring to the outbound
crossing of Venus’ orbit, are shown in Fig. 5.

Figure 6 shows a counterexample. Here the brightness ex-
cess observed close to the orbit of Venus – as can be concluded
from its colour – is mostly an artefact due to incomplete sub-
traction of stellar contributions. In this particular case it looks
like the stellar excess signal due to the B1V star HR 1074 is
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Fig. 6. Example of a false enhancement, observed by Helios B in sec-
tor 21 of the photometer looking at ≈15◦ during the inbound crossing.
The excess, rather blue, can be traced to the B1V star HR 1074.
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Fig. 7. Brightness enhancement seen with Helios A in sector 12 of the
photometer looking at ≈30◦ during the outbound crossing of Venus’
orbit.

superimposed to a ≈4 S10 underlying zodiacal light brighten-
ing similar to that seen in Fig. 5. But a decomposition of the
signal into these two contributions might be stressing the data.
(With sufficient optimism one can guess the presence of a zodia-
cal light excess brightness signal also in the other disturbed data
sets).

With Helios A the conditions for detecting small brightness
excesses are less favourable than for Helios B for the instrumen-
tal reasons mentioned above. In addition, there is a tendency for
higher backgrounds and brighter stars in its south-looking pho-
tometers. The least interference by bright stars is for the out-
bound crossing shown in Fig. 7. There is also a measurement
during an inbound crossing of Venus’ orbit with low background
(Fig. 8), but here the results for V are somewhat discrepant from
the results in B and U. One could conclude that no zodiacal light
enhancement in excess of 2 S10 is evident here.

In Table 2 we summarise the data sets with observed en-
hancements in zodiacal light brightness near the orbit of Venus
and indicate why for other data sets reliable data could not be
obtained.

8. Discussion

The results of the previous section, presented in Figs. 3–5, 7
and 8, show a brightness enhancement by a few percent imme-
diately outside the orbit of Venus. The interpretation depends on
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Fig. 1. Zodiacal light brightness (upper curve) and reduced brightness
(lower curve) as seen with the 90◦ photometer on Helios B in V dur-
ing the inbound crossing of Venus’ orbit in March 1977. The reduced
brightness was obtained from the original results by removing the gra-
dient (see text). The heliocentric longitude λHelios gives the position
of Helios along its orbit. Note the expanded scale with suppressed
zero, which was used for the reduced brightness to show the remain-
ing structure.
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Fig. 2. Repeatability of the observed structure in reduced zodiacal light
brightness from orbit to orbit of the Helios B space probe. The figure
shows The V band observations at the north ecliptic pole. The arrow
indicates the position of Helios B at the inbound crossing of the orbit of
Venus.

7. Results

The most obvious feature of Helios zodiacal light measurements
is the strong brightness increase towards the Sun, approximately
∼R−2.3, where R is the Sun-Helios distance. Therefore, the data
were multiplied by a factor Rα with exponent α close to 2.3 in
order to produce a time series with little variation in which it
would be easier to search for possible systematic variations near
the orbit of Venus (Fig. 1).

In the following we always refer to this reduced brightness
which has no precisely defined meaning but approximately gives
the zodiacal light brightness at 1 AU. The multiplication by
the smooth large-sale factor Rα does not introduce artefacts of
measurable size. As noted above, the best data are available for
Helios B.

We start with the results obtained with its 90◦ photometer,
since these – measuring locally the contribution from a column
above the spacecraft – provide the most direct probe for enhance-
ments in spatial density of interplanetary dust. These data do
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Fig. 3. Same as Fig. 2 but with the data averaged in 1◦ intervals in helio-
centric longitude, and with the observations in U and B superimposed.
The error bars, shown for V only, represent the rms scatter of the typ-
ically 10−20 measurements per bin. This is a quite conservative error,
since for purely statistical fluctuations, the errors of the mean in each
bin would be smaller by a factor of 3−4. Here, as in the following fig-
ures, the curves showing the averages of the U and B measurements
have been shifted by one to a few S10 for ease of comparison, if neces-
sary. The arrow marks the position of Helios B at the crossing.
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Fig. 4. Enhancement in reduced zodiacal light brightness near the out-
bound crossing of Venus’ orbit as seen in the observations of Helios B
towards the north ecliptic pole. Again, measurements from orbits 2−5
have been averaged. The arrow marks the position of Helios B at the
crossing.

show a small brightness enhancement just outside the orbit of
Venus, as suggested in Fig. 1. In the following we check the
credibility of this effect.

If this brightness enhancement is due to a structure in the
interplanetary dust cloud, one would expect it to repeat during
each orbit at the same orbital position. Figure 2 shows for the
observations towards the north ecliptic pole and for the inbound
crossing that this is the case.

One would also expect that the enhancement has approxi-
mately solar colour, as is true for the zodiacal light. In other
words this means that in U, B, and V the brightness excess –
measured in S10 units should have the same size. This condition
is also fulfilled as demonstrated in Fig. 3.

Finally, on the outbound crossing of Venus’ orbit, – as ex-
pected – again an enhancement occurs just outside the orbit of
Venus (Fig. 4).

Venus,orbit,crossing�

Venus,orbit,crossing�

50,deg�

90,deg�

180,deg�

140,deg�

5Yyear,avg.�

*Minimum,distance,between,
Helios,and,Venus,was,0.05,AU.�

10,revolu+on,@5Yyear�

Ring,width,≈,0.06,AU,(FWHM)�

10Y100,µm,dust�

Fig. 2.4. Brightness profile observed by the Helios 2 photometer at crossing the Venus orbit
(Leinert and Moster, 2007).
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2.1.2 The Clementine Star Tracker Camera

Star tracker camera onboard the Clementine spacecraft observed brightness in visible wave-

length (500–900 nm) due to dust distribution in the range of 10 solar radii to 0.6 AU by means

of the Moon to occult the Sun. The results indicated r−1.45 dependence on the number density

(Fig 2.5) that is consistent with the Helios observation r−1.3 (Hahn et al., 2002). The asymmetry

of zodiacal dust distribution due to the giant planets’ secular perturbation was found similar to

Helios’ observation. However, the brightness map does not reveal any other subtle features such

as dust bands associated with asteroid families or dust trails associated with individual comets.

Considering inclination distribution of dust suppliers, Hahn et al. (2002) estimated con-

tribution ratio from three dust sources; 1) low inclination group (asteroids and Jupiter-family

comets), 2) high inclination group (Halley-type comets) and 3) isotropic group (Oort Cloud

comets). The estimated ratio of low:high:isotropic is 0.45:0.5:0.05. This Hahn model does not

include MMRs between dust particles and planets nor dust mutual collisions to simulate the

observed brightness.
DUST CONTENT OF THE INNER SOLAR SYSTEM 365

FIG. 5. A mosaic of seven fields of the inner zodiacal light observed by the Clementine star tracker camera. The color bar indicates surface brightness in units
of 10−13 B". Ecliptic north and east are up and left in this Mercator projection, and the field of view is 60◦ × 60◦. Black indicates gaps in the data, and the Sun is
drawn to scale at the center of the mosaic. Regions beyond ! ∼ 10◦ northwest of the Sun are polluted by scattered light, and the “dimple” 20◦ east of the Sun is a
lower signal/noise patch that was polluted by Venus.

exposure times, so the western side of the mosaic is consider-
ably noisier than the eastern side. Uncertainties in the dark cur-
rent subtraction are ∼3 counts/s ∼ 2 × 10−13 B" ∼ 500 S10".
However, this uncertainty is significant only at the outer edges
of Fig. 5 where it can be as much as 50% of the signal there. We
also note that nearly every image acquired during orbit 164 had
a bright Earth in its field of view, so these images have consid-
erable amounts of scattered light in them. This is the field just
north of the Sun in Fig. 5, and this polluted zone lies at elonga-
tions of ! ∼> 10◦ north and north-northwest of the Sun. This is
the only field acquired by star tracker A for which the flatfield
is unavailable. We have elected to process this field using the

flatfield from star tracker B, and it is included in the mosaic of
Fig. 5 solely for the purpose of filling an otherwise large data
gap. The light-polluted portion of this field is not used in the
subsequent analysis.

Faint, diffuse background light from the galaxy also contam-
inates Fig. 5. However, this contamination was minimized by
observing at an epoch when the sunward lines of sight were
at the highest possible galactic latitudes of 30◦ ∼< βg ∼< 90◦ (see
Fig. 3). The surface brightness of the galaxy was measured by
Pioneer 10 while at heliocentric distances r > 2.8 AU where
the zodiacal contribution is negligible; at latitudes βg > 30◦ the
galactic surface brightness is Zg < 90 S10" (Leinert et al. 1998)

Fig. 2.5. The surface brightness observed by the Clementine star tracker camera (Hahn et al.,
2002). A bulge region colored from blue to red corresponds to 0.05–0.6 AU.
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2.1.3 The STEREO Imager

Heliospheric Imager instrument (HI-2) -A and -B onboard NASA STEREO-A and -B space-

craft remotely observed from near 1 AU the ring structure just outside the Venus orbit (Jones

et al., 2013). The charge-coupled device (CCD) of the HI-2 has sensitivity to 400–1000 nm and

dominant diffuse source in the image is solar radiation scattered by dust particles with 10–100

µm in radii.

The observation geometry of the HI-2 and obtained surface brightness are shown in Fig 2.6.

Both the HI-2A and HI-2B tangentially looked at the dust ring with some range of ecliptic

latitude. The obtained surface brightness shows enhancement around the orbit of Venus, which

expands 5 or larger degree in both helioecliptic longitude and latitude. The estimated ring

width, ∼0.05 AU is consistent to that estimated by the Helios observation (0.06 AU). Also, they

suggested the existence of trailing blob behind Venus, comparing the brightness profile whether

the presence of Venus in the field of view or not.

The observation of dust ring by the STEREO HI-2 has delivered valuable knowledge about

MMRs effect on dust distribution around the orbit of Venus. Nevertheless, detailed structure of

trailing blob can not be revealed with the superimposed brightness along a line of sight.
120 images, with an integrated exposure time of
≈8 days). Surface brightnesses were determined
over a grid with extent |b| < 8.5° and 35.0° < l′ <

60.0° (HI-2A) or −60.0° < l′ < −35.0° (HI-2B),
with cell size of 0.5° in l′ and 1.0° in b. For each
cell, the cumulative probability distribution of

surface brightness was determined by using the
image pixels within that cell (typically ≈14,000
values). The surface brightness of each cell was
estimated as that corresponding to a probability
of 0.45 (a value slightly lower than the median is
expected due to the presence of point sources).
This grid was treated as a series of independent
scans at constant b, which were fitted to a power
law, k|l′|−n (20).Each scanwas detrended by using a
box-car filter of width 6.5° (i.e., 13 cells of 0.5°
width), followed by subtraction of the result of
applying the filter to the best-fitting power law
for that scan. The resultant scans are used in two
ways: as a map of extent 38.0° ≤ |l′| ≤ 57.0° and
|b| ≤ 8.5° and as a mean scan along the ecliptic
plane (covering 38.0° ≤ |l′| ≤ 57.0°) by averaging
over |b| ≤ 4.5°.

An example map from a 10-day observation
period of HI-2B data starting on 7 June 2008
00:00 UTC (all data sets are referred to by their
starting date) shows a bright feature coincident
with the tangent to the orbit of Venus (Fig. 2A).
This is as expected for a dust ring along a line of
sight where the dust column density is maxi-
mized (Fig. 1; the position of the tangent point
with respect to Venus is given by the azimuthal
angle q). Given the sensitivity of these maps to
systematic errors, this is in itself insufficient to

Fig. 2. A bright feature and its change of
position with varying heliocentric distance of
the STEREO-B spacecraft. (A) The surface bright-
ness map (bottom) and mean scan (top) of a 10-day
integration of HI-2B data starting on 7 June 2009
00:00 UTC. The orbit of Venus as viewed from
STEREO-B at the start and the end of the integration
time is shown by black dots. Surface brightness is
expressed in DN s−1 pixel−1 [pixels are those of the
charge-coupled device (CCD) of the HI-2 instrument].
(B) Surface brightness mean scans for a sequence of
10 10-day periods (b1 to b10 in Fig. 1) starting on
18 April 2008 00:00 UTC. (C) The helioecliptic lon-
gitude of the midrise point on the sunward side of
the peaks in (B) against the heliocentric distance of
STEREO-B. The gray curves show the expected be-
havior if the feature is associated with a physical ring
at the indicated radii. Error bars indicate 1-s mea-
surement uncertainties.

A
B

C

Fig. 1. The viewing geom-
etry (from ecliptic north)
of a circumsolar dust ring
at Venus from STEREO-B.
Planet and STEREO space-
craft (A and B) positions are
for 12 June 2008. A ring at
the orbit of Venus (thick gray
band) is viewed tangentially
from B along a line of sight
passing through T. The range
of helioecliptic longitude l′
mapped is indicated (pale gray).
Crosses indicate the locations
of T in the observations pres-
ented here. The start dates of
the STEREO-A data sets are
(a1) 9 June 2009, (a2) 29 June
2009, (a3) 19 July 2009, and
(a4) 12November 2008. There
are 10 consecutive sets of
STEREO-B data: (b1) 18 April
to (b10) 17 July 2008.
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with the tangent to the orbit of Venus (Fig. 2A).
This is as expected for a dust ring along a line of
sight where the dust column density is maxi-
mized (Fig. 1; the position of the tangent point
with respect to Venus is given by the azimuthal
angle q). Given the sensitivity of these maps to
systematic errors, this is in itself insufficient to
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integration of HI-2B data starting on 7 June 2009
00:00 UTC. The orbit of Venus as viewed from
STEREO-B at the start and the end of the integration
time is shown by black dots. Surface brightness is
expressed in DN s−1 pixel−1 [pixels are those of the
charge-coupled device (CCD) of the HI-2 instrument].
(B) Surface brightness mean scans for a sequence of
10 10-day periods (b1 to b10 in Fig. 1) starting on
18 April 2008 00:00 UTC. (C) The helioecliptic lon-
gitude of the midrise point on the sunward side of
the peaks in (B) against the heliocentric distance of
STEREO-B. The gray curves show the expected be-
havior if the feature is associated with a physical ring
at the indicated radii. Error bars indicate 1-s mea-
surement uncertainties.
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Fig. 1. The viewing geom-
etry (from ecliptic north)
of a circumsolar dust ring
at Venus from STEREO-B.
Planet and STEREO space-
craft (A and B) positions are
for 12 June 2008. A ring at
the orbit of Venus (thick gray
band) is viewed tangentially
from B along a line of sight
passing through T. The range
of helioecliptic longitude l′
mapped is indicated (pale gray).
Crosses indicate the locations
of T in the observations pres-
ented here. The start dates of
the STEREO-A data sets are
(a1) 9 June 2009, (a2) 29 June
2009, (a3) 19 July 2009, and
(a4) 12November 2008. There
are 10 consecutive sets of
STEREO-B data: (b1) 18 April
to (b10) 17 July 2008.
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Fig. 2.6. Observation geometry of Heliospheric Imager instrument onboard the STEREO
spacecraft (left) and obtained surface brightness (right) (Jones et al., 2013). The point A and
B denote the position of STEREO spacecraft (A and B) and in this case a ring at Venus orbit
is observed tangentially from B along the line of sight crossing at T. The observed surface
brightness indicates double-peaked enhancement of dust number density at the orbit of Venus.
For more details about the information of STEREO observation, see Jones et al. (2013).
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2.2 In-situ measurements for Dust Distribution within 1 AU

from the Sun

In-situ dust measurements have been performed mainly by impact ionization detectors (IIDs),

which measures induced charge on the electrode of the detector’s target generated by hyperve-

locity (> 1 km/s) impact of dust particles. IIDs has ability to obtain separately mass and velocity

information of impacted dust particle and optionally chemical composition using time-of-flight

mass spectrometry. However, increasing its sensor area brings higher weight of detector system

than other type of in-situ dust detectors. Furthermore, IIDs need a room inside the detector to

separate impact-generated plasma into negative ions and electrons and positive ions, so geo-

metric factor of IIDs becomes narrow. Hence, it is not suitable for measuring the distribution

of 10’s-µm-sized dust particles in the interplanetary space. All the following three in-situ dust

detectors are IIDs, measuring dust impact flux within 1 AU from the Sun.

2.2.1 The Helios 1 Dust Detector

The dust detector onboard Helios 1 performed the first and still only-one in-situ dust mea-

surements reaching inward 0.3 AU from the Sun (Grün, 1981; Grün et al., 1980). Fig 2.7

illustrates the schematics of the Helios spacecraft installed with the dust detector and the tra-

jectory of the spacecraft. The total sensor area of the Helios 1 dust detector consisting of the

ecliptic sensor and the south sensor is 0.012 m2. With this relatively small sensor area, the de-

tector revealed the increase of number density of dust particles having mass range from 10−14

to 10−10 (0.2–5 µm in diameter) with decreasing heliocentric distance. The measured dust flux

of larger than 10−12 g along heliocentric distances is depicted in Fig 2.8. Note that the Helios

fluxes are averaged values over 10 revolutions around the sun during 5 years. Therefore, it is

impossible to discuss MMRs structure formed by 10’s micron dust with the measurement data

of the Helios detector.
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the calibration of the instrument. The most affirma- 
tive coincidences are the occurrence of both the 
positive and negative charge signals within a 
12 psec time-interval and the subsequent measure- 
ment of a time-of-flight spectrum of the ions re- 
leased upon impact within approx. 50 psec. By the 
first criterion the simultaneous occurrence of both 
the electron and ion charge signal some 240 “prob- 
able” impact events were found in the data during 
the first six orbits of Helios 1 around the sun (12 
December 1974-26 January 1978). None of these 
“probable” impact events occurred during times of 
increased solar cosmic ray activities or interplanet- 
ary shock events. 

One hundred and sixty-eight of the “probable” 
events had measureable time-of-flight spectra and 
were identified as “true” impact events, only these 
are considered in the following analysis. Figure 6 
shows the orbits of the Earth and Helios 1. The 
heavy dots superimposed onto the Helios orbit 
mark the places where micrometeoroid impacts 
were observed and the direction of the bars at- 
tached to these points represent the sensor pointing 
direction at the time of impact. Since the sensors 
have wide fields of view, the true impact direction 
may deviate from the direction shown by up to 60” 
or 70”. The length of the bars indicate the mea- 
sured pulse height (IA) of the positive charge 
signal. The pulse height represented by the longest 
bars (IA = 15) is lo4 times larger than the pulse 
height represented by the shortest bars (IA = 0). 

The true number of micrometeoroid impacts 

HELIOS 1 
Doc.12.1974 - Jan.26.1979 

FIG. 6. IMPACTSDETECTEDDURINGTHE FIRST 6 ORBITSOF 
Held 1 AFCOUNDTHESUN. 

Bars attached to the heavy dots indicate the pointing 
direction of the experiment at the time of impact. The 
length of the bars represent the magnitude of the charge 

released upon impact. 

onto the experiment is greater than the number of 
impacts detected in the data because of the incom- 
plete data coverage and instrumental dead-time. 
This incompleteness is the same for both sensors 
because data from both sensors are processed com- 
monly, i.e. dead-time for the south sensor is also 
dead-time for the ecliptic sensor. There is, of 
course, a difference in the data completeness de- 
pending on the pulse-height of the considered 
events. The most complete set of data (approx. 
90% complete) exist for large impacts (IA ~4) 
while small impacts (IA ~4) are only complete to 
approx. 50%. 

The pulse height distribution of the positive im- 
pact charge (IA) is shown in Fig. 7. Impacts onto 
the ecliptic sensor (Fig. 7a) are displayed separately 
from impacts onto the south sensor (Fig. 7b). Be- 
cause of the different completeness of the data the 
number of impacts with pulse heights IA ~4 have 
to be multiplied by a factor of approx. 1.8 in order 
to be comparable with big impacts (IA >4). De- 
spite the large statistical uncertainties involved with 
the small numbers there is a significant excess in 
number of impacts detected by the south sensor 
(116 impacts) over that detected by the ecliptic 
sensor (52 impacts). This excess is both evident in 
the number of small impacts (IA $4) and the 
number of big impacts (IA > 4). Two different exp- 
lanations can be given at this stage in order to 
understand the observed excess of impacts onto the 
south sensor: 

(a) The orbit distribution of dust particles de- 
tected by Helios is different from the distribution of 
meteor-orbits as described by Sekanina and South- 
worth 1975. The average inclination T must be 
larger than r= 30” and the average eccentricity Z 
must be small tC0.2. 

(b) An instrumental difference between both 
sensors causes the observed excess. The difference 
in sensitive areas and solid angles of both sensors 
can only account for a maximum excess of 60% 
and not for an excess of up to a factor of 2-3. The 
only other difference between both sensors is the 
entrance film which is only in front of the ecliptic 
sensor. Although no deceleration or cut-off effect 
has been observed during calibration with artifi- 
cially accelerated iron particles, a careful study by 
Pailer and Griin (1980) shows that the size, speed 
and bulk density of the particle determine whether 
this particle can penetrate a film or not. This means 
especially that the big impacts (corresponding to 
large masses) which do not penetrate the entrance 
film must be due to low-density particles. Both 
effects will be discussed below in more detail. 
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1975, Dohnanyi, 1976) and thus diminish the 
number of big particles while producing large num- 
bers of smaller particles by impact fragmentation. 
Parts of these fragments have been observed even 
at 1 AU as meteoroids on high elliptical orbits 
(Grim and Zook, 1980), being detected by satellite 
detectors from their apex direction (Berg and Ger- 
loff, 1971, Hoffmann et al. 1975b) or as /I?- 
meteoroids (Berg and Grim, 1973) leaving the solar 
system on hyperbolic orbits under the prevailing 
action of radiation pressure. Comets inject high 
amounts of dust in the vicinity of the sun (Whipple, 
1955) most of which, of course, will leave the inner 
solar system as fast as the comet does (Roser, 
1976). Theoretical studies of the interaction of dust 
particles with the interplanetary plasma and 
magnetic field (Morfill and Grim, 1979 a, b) suggest 
that the orbits of micrometeoroids are systemati- 
cally altered by this interaction with high efficiency 
close to the sun. All these effects may be more 
easily studied at 0.3 AU from the sun than at the 
earth’s orbit. 

The objective of the micrometeoroid experi- 
ments on the Helios mission is to investigate the 
distribution of interplanetary dust in the inner solar 
system, to study its dynamics and to determine the 
physical and chemical characteristics of mic- 
rometeoroids. The spatial density distribution is 
best obtained by zodiacal light observations (Link 
et al. 1976, Leinert et al. 1979) which determine 
the integrated effect of a very large number of 
particles. Link et al. (1976) reported an increase of 
the spatial density n with decreasing solar distance 
r as n a r-1.3, The in-situ experiment which meas- 
ures individual dust particles impacting on the 
sensor always struggles with large statistical uncer- 
tainties because of the small number (order of 100) 
of observed micrometeoroids (Grim et al. 1977). 
On the other hand an in-situ experiment yields 
information on the dynamical state and the physical 
and chemical characteristics of particles. 

This paper describes results obtained from the 
analysis of the dynamical and physical parameters 
observed by the micrometeoroid experiments on 
the Helios mission. Only directly measured 
parameters like sensor azimuth and spacecraft posi- 
tion at the time of impact and total charge released 
upon impact will be used in this analysis in order to 
avoid uncertainties introduced by applying empiri- 
cal calibrations First results from an orbit analysis 
of the observed particles have been reported by 
Schmidt and Griin (1978). Analysis of the chemical 
data received by the Helios micrometeoroid experi- 
ments is forthcoming. 

2. INSTRUMENTATION 

The micrometeoroid experiment on board the 
Helios spacecraft consists of two individual sensor 
units and a common electronic data processor. Fig- 
ure 1 shows a schematic cross section of Helios 1 
with the mounting positions of the two sensors. The 
spin axis of the Helios spaceprobe is perpendicular 
to its orbital plane which is also the ecliptic plane. 
While the spacecraft spins around its axis within a 
period of 1 set the two sensors scan a full circle in 
azimuth. Two sensors are installed in order to allow 
a rough determination (two channels) of the ecliptic 
elevation of a particle’s trajectory. The antenna of 
Helios 1 is pointing to the ecliptic north pole, 
whereas the Helios 2 spacecraft is turned over and 
its antenna is pointing to the ecliptic south pole. 

The axis of the ecliptic sensor (of both Helios 1 
and 2) forms an angle of 65” with the positive spin 
axis of the spacecraft which is the direction the 
antenna is pointing. Because this sensor is viewing 
the sun once per revolution, it is covered by a thin 

H’ELIOS SPACECRAFT 

WITH MOUNTING OF 
THE MlCROMETEOROlO EXPERIMENT 

FIG. 1. SCHEMATIC VIEW OF THE Helios 1 SPACECRAFT 

WITH MOIJNTING POSITIONS OF THE DUAL S E N S O R MIC- 

ROMETEOROID EXPERIMENT. 

The antenna of Helios 1 points towards the ecliptic north 
pole whereas that of Helios 2 points towards the ecliptic 

south pole. 

Fig. 2.7. Schematic of the Helios spacecraft installed with the dust detector and the trajectory
of the spacecraft (Grün et al., 1980).
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Fig. 2.8. Cumulative flux of > 10−12g dust along with heliocentric distance measured by the
Helios in-situ dust detector (Grün, 1981). The vertical error denotes 1σ of Poisson statistics.
The corresponding diameter is about 1 µm at the material density of 2.0 g/cm3.
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2.2.2 The Galileo Dust Detection System

The Dust Detection System (DDS) onboard NASA’s Galileo spacecraft has 10 times larger

sensor area (∼0.1 m2) than that of Helios 1, so some numbers of 10-µm-sized dust impacts were

recorded. The Galileo spacecraft executed twice Earth swingby and once Venus swingby to

head to Jupiter, hence the DDS measured dust impact flux inside 1 AU toward 0.7 AU of helio-

centric distance. Fig 2.9 is a photograph of the DDS sensor and electronics box. The aperture of

detector was nominally oriented toward anti-sun direction while the spacecraft orbited within 2

AU from the Sun. Impact flux of dust particles larger than 10-µm-sized measured by the DDS

is shown in Fig 2.10. The data were recorded while the first inbound and outbound orbit of the

Galileo spacecraft at its Venus flyby. The error bars of fluxes expand to one order or larger.
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analyzing a variety of known and potential cosmic dust families and their trajectories, 
especially in the Jovian system. 

3.3. T E C H N I C A L  D E S C R I P T I O N  

The whole instrument comprises a sensor with channeltron and pre-amplifiers, signal 
conditioning, and spacecraft interface electronics. The latter two are separated from the 
sensor and pre-amplifiers, and included in the electronics box (Figure 5). 

Fig. 5. Sensor and electronics box of the Galileo Dust Detector. 

The sensor consists of a grid system for the measurement of the particle charge, an 
electrically grounded target (hemisphere) and a negatively biased ion collector 
(Figure 3). A charged dust particle entering the sensor will induce a charge to the charge 
grid, which is connected to a charge sensitive amplifier. The output voltage of this 
amplifier rises until the particle passes this grid, and falls off to zero when it reaches 
the shield grid. The peak value (Qe) is stored for a maximum of 600 gs and is only 
processed if an impact is detected by the impact ionization detector within this time. 
A dust particle hitting the hemispherical target produces electrons and ions, which are 
separated by the electric field between hemisphere and ion collector into negative 

Fig. 2.9. The photograph of sensor and electronics box of the Galileo Dust Detection System
(Grün et al., 1992).
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Fig. 2.10. Flux of 10-µm-sized dust particle (10−9 g in mass) along heliocentric distance
measured by Galileo-DDS (from NASA Planetary Data System and Grün et al., 1995). The
vertical error denotes 1σ of Poisson statistics.
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2.2.3 The Cassini Cosmic Dust Analyzer

The Cosmic Dust Analyzer (CDA) of NASA’s ongoing Cassini mission has nearly same

sensor area as the DDS and a function of time-of-flight mass spectrometer inside the detector.

The Cassini spacecraft took twice Venus swingby and once Earth swingby to reach Saturn, so

the CDA measured dust impact flux inward to 0.7 AU same as the Galileo spacecraft. However,

the CDA could not avoid photoelectron noise from sunlight irradiation on the sensor surface due

to the attitude of the spacecraft. As a consequence, the CDA detected only 20 interplanetary dust

particles of ∼ 10−16 kg (∼0.5 µm in diameter) and 12 interstellar dust particles of 5 × 10−17 kg

to 10−15 kg (0.4–1 µm in diameter) (Altobelli et al., 2003). Fig 2.11 shows the trajectory of the

spacecraft and the direction of sensor axis when the CDA detected dust impacts. The CDA in-

situ dust measurements have provided valuable information about interstellar dust penetrating

into the inner solar system, but it is hard to model the dust distribution with its measurement

data.
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Fig. 2.11. The trajectory of the Cassini spacecraft and the direction of sensor axis at the dust
impact detection (from NASA Planetary Data system, R. Srama (private communication), and
Altobelli et al., 2003). The vertical error denotes 1σ of Poisson statistics. The dotted line of the
trajectory denotes inactive state due to sunlight interference and the spacecraft maneuver.
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Chapter 3

The ALADDIN Dust Detector

3.1 PVDF-Based Dust Detectors

3.1.1 Polyvinylidene Fluoride (PVDF)

Polyvinylidene fluoride (PVDF) is a type of semicrystalline, ferroelectric polymer com-

posed of repeated chain of CH2CF2. Fig. 3.1 depicts the structural formula of PVDF. After

uniaxial extension and polarization treatment, the processed PVDF film shows high piezoelec-

tricity and pyroelectricity (Kawai, 1969; Wada and Hayakawa, 1976). In addition to the elec-

trical properties, its mechanical strength and material flexibility make PVDF widely-utilized

in various industrial products such as microphonic sensors or piezo actuators (e.g., Harsanyi,

1995). In the field of space science, Simpson and Tuzzolino (1984) started to investigate avail-

ability of PVDF sensors for detecting super-heavy charged nuclei since 1980’s.

Fig. 3.1. Structural formula of PVDF.
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CHAPTER 3. THE ALADDIN DUST DETECTOR

3.1.2 Theory of Charge Production from PVDF at Hypervelocity Impacts

and Nanosecond Laser Irradiation

Concurrently with research for charged nuclei detection by PVDF sensors, Simpson and

Tuzzolino had probed the sensor response to hypervelocity impacts of micron-sized dust parti-

cles and short-pulsed laser irradiation (Simpson and Tuzzolino, 1985; Tuzzolino, 1983).

However, mechanism of charge production from PVDF at hypervelocity (>1 km/s) particle

impacts has not been firmly established, some plausible theories have been presented (Poppe

et al., 2010; Simpson et al., 1989; Simpson and Tuzzolino, 1985). Those theories all say that

the charge fraction from piezo- and pyro-electricity of PVDF is negligible, while the main

mechanism at hypervelocity impact is called “local depolarization”.

Fig. 3.2 taken from Fig. 1 in Simpson and Tuzzolino (1985) represents a schematic drawing

of a hypervelocity impact on a polarized PVDF sensor connected to a readout circuit. When

a dust particle impacts on the PVDF sensor at hypervelocity, a crater or a penetration hole is

formed on the PVDF within nanoseconds order. Upon the cratering or penetrating process, local

rapid removal of dipoles, which is called “local depolarization”, from inside the crater or hole

volume causes a pulse current in short duration (nano-seconds order).

188 J.A. Simpson, A.J. Tuzzolino / Polarized polymer films as electronic pulse detectors 

have applied the development of these detectors to the 
design of instrumentation suitable for dust particle mea- 
surements at Halley's Comet. 

2. Theory 

Although the pyroelectric and piezoelectric proper- 
ties of crystalline and polymeric materials have been 
considered for many years [1-6], these earlier investiga- 
tions did not consider the possibility of their response 
to an incident fast, highly charged nucleus, or to an 
incident high velocity dust particle. As a basis for 
developing the theory for the dust particle response of 
these detectors, we consider an equivalent circuit for a 
polymer sample which illustrates the dynamic response 
we shall discuss, as shown in fig. 1 for the case of an 
incident dust particle. We assume a polarized polymer 
sample of thickness L and area A having conducting 
contacts on each of its surfaces. The contacts are con- 
nected to a very large capacitor so that the sample is 
effectively short-circuited. In the bulk of the sample, a 
built-in volume polarization (dipole moment per unit 
volume) of magnitude P exists which is directed along 
the x-axis. Although the following discussion may be 
generalized to the case where P is a function of position 
in the sample, which may be true for some PVDF 
samples [8], such a generalization would unnecessarily 
complicate our arguments, and we will assume P to be 
uniform throughout the sample. 

I I 
0 X ----- L 

Fig. I. Schematic drawing of a polarized PVDF sample with 
conducting contact electrodes. The sample, of thickness L, has 
a volume polarization directed along the x-axis. There is no 
applied bias voltage and the voltage V across the sample is 
maintained at zero by effectively short-circuiting the contacts 
through a very large capacitor. An incident dust particle of 
kinetic energy E o penetrates into the sample, resulting in com- 
plete depolarization within and near the crater formed. The 
impact generates a fast current pulse l(t) in the external 
circuit, and neutral or charged spallation products may be 
ejected from the sample. 

The pyroelectric and piezoelectric response of such a 
sample is a result of the dependence of P on tempera- 
ture and strain [1-6]. An externally induced change in 
either (or both) of these parameters will change P, 
which will then result in a current in the external circuit 
[12]. The time integral of this current results in a signal 
charge AQ on the electrodes. 

As a first step in our development of the theory, we 
begin with the arguments we developed for detection by 
such a polarized sample of an incident super-heavy 
charged nucleus [9]. Assume that the sample of fig. 1 
has a volume specific heat c and is at temperature T 0. If 
a pulse of energy A E is absorbed by the sample at time 
t = 0, and all of this energy appears as thermal energy 
(with no local melting of the sample), the sample will 
achieve a uniform temperature T =  T o + AT(oo) after a 
long time where (for a thermally insulated sample) 

AT(oo) = A E / ( c A L  ). (1) 

As a result of this temperature change, a signal charge 
zaQ(oo) will appear on the contacts given by 

/ X Q ( ~ )  = [ ? ( T  0 + A V ( o o ) ) -  P(To)]A 

=pAT(oo)A ,  (2) 

where p is the pyroelectric coefficient [1-6] of the 
sample, 

p = dP/dTlro.  (3) 

The signal charge may be expressed in terms of A E by 
combining eqs. (1) and (2), 

AQ( oo ) = pA E / (  cL ). (4) 

For  PVDF material, c = 2.5 J / ( c m  3 K) and for polarized 
P V D F  films, p is generally in the range 2 - 4  n C / ( c m  2 
K) [2-6,8]. For  P V D F  films of the type we have studied 
[13], a typical value for p which we shall adopt is 
p = 2.5 n C / [ c m  2 K]. Inserting these values for c and p 
into eq. (4) and expressing AQ(oo) in units of number 
of electrons we obtain 

AQ(oo)  = 10 A E / L  electrons, (5) 

where AE  is expressed in MeV and L in/~m. Thus, eq. 
(5) relates signal charge to thermal energy generated in 
the sample, and illustrates a particular pyroelectric re- 
sponse obtainable from the sample. For  the case where 
an incident super-heavy nucleus stops in the sample, A E 
would equal the initial kinetic energy of the nucleus [9]. 

Consider now a high-velocity ( -  10 k m / s )  dust par- 
ticle incident on the sample at t = 0, as indicated in fig. 
1. Although the sequence of events following the initial 
contact of the dust particle and sample are exceedingly 
complex, a general discussion of high velocity impact 
processes has been given by Fechtig et al. [11]. Briefly, 
shock waves generated at the interface between the 
colliding bodies travel into each of the bodies, with 
corresponding compression and heating up of the 

Fig. 3.2. Schematic diagram of hypervelocity impacts on a polarized PVDF sensor connected
to a readout circuit (Simpson and Tuzzolino, 1985). The PVDF sensor of thickness L has a
volume polarization directed along the x-axis. There is no external bias. A dust particle impact
generates a fast current pulse I(t) in the readout circuit.

Based on the “local depolarization” theory, Simpson and Tuzzolino (1985) and Simpson
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CHAPTER 3. THE ALADDIN DUST DETECTOR

et al. (1989) have expressed the generated charge as a function of electrical properties of PVDF,

specifically dielectric constant and polarization magnitude, and geometric properties of crater

or penetration hole, i.e. the diameter and the depth.

In recent years, Poppe et al. (2010) have proposed a new theory for PVDF charge production

at non-penetrating hypervelocity impacts. They have adopted a effect of fringing electric field

at the crater formation, which modifies the surface charge density on the electrodes, and they

have shown a better agreement with experimental results than the previous work by Simpson

and Tuzzolino (1985). More theoretical works will be developed together with revealing works

for cratering or penetration process on the PVDF film (e.g., Shu et al., 2013).

In spite of the dedication to development of a generic theory, these theories are not still

exactly matched with the performance of specific PVDF-based detectors. Hence, empirical

calibration is required for each specific PVDF-based dust detector by using, e.g., micro-particle

accelerators. The calibration experiments of ALADDIN are presented in Section 3.5. A will be

discussed in Section 3.6.2, the calibration of ALADDIN is related to only penetration impacts

not cratering impacts.

Nano-second pulsed laser has been widely used in order to simulate hypervelocity impacts

not only for development of dust or heavy nuclei detectors but also for simulation of hyperve-

locity impact phenomena in the solar system (Yamada et al., 1999).

Tuzzolino (1983) mentioned that the charge production from PVDF with pulsed laser ir-

radiation is attributed to both piezoelectricity and pyroelectricity of the material. These two

contributions have different time scale of charge production with the piezoelectric response to

the acoustic energy being much faster than the pyroelectric response to the thermal energy. In

his experiment with 0.4-µs-pulsed laser irradiation, signal response having <100 µs was ob-

served.

In our case, we used nano-second pulsed laser in order to reproduce signal waveform being

similar to that observed at hypervelocity impacts (Section 3.5.3). The fundamental mechanisms

of charge production between hypervelocity impacts and short-pulsed laser irradiation summa-

rized above are different, but we focused on the similarity of signal waveform and a total impact

energy only and resulting signal waveforms seemed to be consistent in our experiments.
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3.1.3 The Past PVDF-Based Dust Detectors

PVDF-based dust impact detectors have been utilized for a number of previous spacecraft,

thanks to its mechanical and thermal stability, radiation hardness and non-responsiveness to

energetic particle impacts. Here is a short list of such PVDF detectors in the past: the Dust

Counter and Mass Analyzer (DUCMA) instrument (Simpson et al., 1986) onboard the Vega 1

and 2 spacecraft for comet Halley; the High Rate Detector (HRD) onboard the Cassini space-

craft for the Saturn system (Srama et al., 2004); the Dust Flux Monitor Instrument (DFMI)

onboard the Stardust spacecraft (Tuzzolino et al., 2003); the Space Dust (SPADUS) instrument

onboard the Earth orbiting Advanced Research and Global Observation Satellite (ARGOS)

(Tuzzolino et al., 2005); the Venetia Burney Student Dust Counter (SDC) onboard the New

Horizons spacecraft (Horanyi et al., 2008) for the Pluto system and the Edgeworth-Kuiper belt

region; and the Cosmic Dust Experiment (CDE) onboard the Earth orbiting Aeronomy of Ice

in the Mesosphere (AIM) satellite (Poppe et al., 2011). The ALADDIN onboard the IKAROS

spacecraft has realized the largest sensor area among any previous PVDF-based dust detectors

listed above (Fig. 3.3).

These PVDF-based dust detectors, including our ALADDIN, do not directly provide in-

formation about respective physical parameters of an impacted dust particle such as mass or

impact velocity. In our case, general approach of measurement data analysis is to estimate the

mass of impacted dust particles by presuming typical impact velocity and the material density

of interplanetary dust particles.

3.2 Configuration and Characteristics of ALADDIN onboard

IKAROS

The ALADDIN system consists of 8-channel PVDF sensors (ALDN-S) and the electronics

box for impact signal processing (ALDN-E) (Yano et al., 2014; Yano et al., 2011). ALDN-S is

attached on the anti-sun face of IKAROS’s polyimide sail membrane, while ALDN-E is stored

in the main body of the spacecraft and connected to the IKAROS’s bus instrument called the

SAIL-I/F through thin flexible harnesses. Fig. 3.4 shows a photograph of ALDN-S and the
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Fig. 3.3. Comparison of sensor area of various PVDF-based dust detectors. The specific values
of area from DUCMA to ALADDIN are 0.0075 m2 (Simpson et al., 1986), 0.006 m2 (Srama
et al., 2004), 0.022 m2 (Tuzzolino et al., 2003), 0.0576 m2 (Tuzzolino et al., 2005), 0.1 m2

(Horanyi et al., 2008), 0.11 m2 (Poppe et al., 2011) and 0.54 m2.

schematic configuration on the IKAROS membrane. Four odd-numbered channels of ALDN-

S correspond to the PVDF sensors of 20-µm-thick and 25 cm × 50 cm area and four even-

numbered channels correspond to those of 9-µm-thick and 10 cm × 10 cm area, respectively.

Their total sensor area of ALADDIN is 0.54 m2. A pair of both sensors is allocated on each of

4 petals of the IKAROS sail membrane.

The 9-µm sensors were installed with the aim of measuring the different size of dust from the

20-µm sensors. However, in this study, our scientific priority is to measure the ≥10-µm-sized

dust distribution, which is too sparse to be detected by the “small” 9-µm sensors. According

to an interplanetary dust flux model by Grün et al. (1985), the 9-µm sensors (0.04 m2 in to-

tal) detect one 10-µm-sized dust particle per 3 months at 1 AU. Therefore, we focused on the

calibration tests for the 20-µm sensors.

Fig. 3.5 illustrates the multi-layered structure of the IKAROS sail membrane on which

ALDN-S is attached. The normal of the membrane surface is almost vertically faced to the

Sun in order to receive solar photon irradiation. This pointing had been controlled by tacking

maneuver and varied to 30◦ at the maximum during the ALADDIN measurement.

In order to reduce alteration of its detection sensitivity at temperature change, the PVDF

sensors of all the ALDN-S flight models and flight spares were thermally-aged at +100◦C at

their manufacturing process. Details of in-flight sensor temperature and thermal degradation of
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Fig. 3.4. Photograph of ALDN-S installed on the IKAROS membrane (left) and the configura-
tion on the membrane viewed from the sun face (right). The Reflectivity Control Device (RCD)
and thin film solar cells are also attached on the sun face, while the ALDN-S arrays are installed
on the anti-sun face. Diagonal length of IKAROS membrane is 20 m.

PVDF will be presented in Chapter 4.
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PVDF film	

Silicon bond	

Polyimide film	

Al deposition (50 nm 
for PVDF film and 70 
nm for polyimide film)	

Solar sail membrane 7.08 µm	

Double adhesive tape 61 µm	

PVDF sensor 20.1 µm	

PVDF support structure 20 µm	

Double adhesive tape 61 µm	

Total thickness: 169.18 µm for “20-µm” ALDN-S (147.18 µm for “9-µm” ALDN-S)	

Sun Face	

Tape film	

Anti Sun Face	

Fig. 3.5. The multi-layered structure of a part of IKAROS membrane on which the ALDN-S
sensors are attached. For electrodes, the sensor side of PVDF film is coated with 50 nm of
aluminum. PVDF films are known to be gently curled by alteration of the material temperature.
Therefore, in order to compensate the curl of the anti-sun face PVDF sensor, the same size of
PVDF support structure is attached on the sun-face of the membrane.

26



CHAPTER 3. THE ALADDIN DUST DETECTOR

3.3 Functional Sequence

Fig. 3.6 depicts functional sequence of the ALADDIN-IKAROS system. When a dust par-

ticle impacts onto one channel of ALDN-S, depolarization charge is generated on its surface.

The charge is processed via the analog circuit and then the peripheral interface controller (PIC)

including analog-to-digital converters (ADC), which generates a digitized pulse signal and mea-

sures amplitude (dV) ranging from 0.03421 to 5 V and sampling counts (dt) as an indicator of

signal duration for each of the 8 channels. If the sampled signal voltage exceeds the fixed

threshold of 19.6 mV, the PIC generates event information that consists of dV, dt, clock time of

the event occurrence, and the threshold voltage level. At the end, SAIL-I/F produces a packet

data containing the event information to be transmitted to the ground station via the IKAROS

telemetry. Consequently, the dV and dt values are obtainable output items on the ground.

PVDF	  
(ALDN-‐S)	 CSA	

Full-‐wave	  
rec6fier	

Voltage	  
amp	  

CR-‐RC	  
filter	

PIC	  
-‐  ADC	  
-‐  Data	  Handling	  
-‐  Communica6on	  
-‐  Command	  Execu6on	  

SAIL-‐I/F	  

LVDS	  line	  
driver	

LVDS	  line	  
receiver	

Crystal	  CLK	  
20	  MHz	

Thermosensor	

ALADDIN Analog Board	 ALADDIN Digital Board	

IKAROS Bus	ALDN-S	

- DC +/-5 V	
- Command	

Measurement data	
- dV	
- dt	
- Event time	
- Threshold level	

PVDF	  
(ALDN-‐S)	

…
	

ALDN-E	

8-ch	

…
	

a	 a	

8-ch	

ALADDIN	
packet data	

Ch1	

Ch2	

Fig. 3.6. Functional block diagram of the ALADDIN. Analog circuit is provided separately
for each 8 channels of ALDN-S.

3.4 Analog Signal Processing

The signal processing of the ALADDIN is different from the past PVDF-based dust de-

tectors in order to deal with its unique characteristics of charge production, which is probably

attributed to the multi-layered structure of the IKAROS sail membrane as illustrated in Fig. 3.5.

Here, we describe the processing procedure of analog signals within ALDN-E in detail. Also,

we provide a brief explanation about uniqueness of a multi-layered PVDF sensor.

Fig. 3.7 shows the sequence of signal processing in the analog circuit and typical signal

waveforms at each stage of the signal processing. The output signal of its charge sensitive
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Fig. 3.7. Schematic of the signal processing at each stage within the ALDN-E analog circuit.

preamplifier (CSA) shows oscillating waveforms. If the magnitude of microparticle impact

is large enough, the CSA output signal starts to saturate and then a component of specific

frequency corresponding to the saturated part is extracted via the CR-RC band-pass filter. Next

the shaper forms a full-wave rectified signal. At the end of the analog circuit, the voltage

amplifier magnifies the formed signal and generates a final signal output. It is noted that an

exceedingly large impact causes a final signal output having a multi-peaked waveform because,

with such large impact, the CSA output signal should become saturated not only at the first fall

of the signal but also at the following rises and falls. In fact, well-saturated and disturbed CSA

signals were observed at the impact experiments with LGG.

The output signal of CSA within ALDN-E shows the oscillating waveforms, while past

PVDF-based dust detectors such as DUCMA and SDC generates the transient signal at their

output of CSA (Horanyi et al., 2008; Simpson et al., 1989). We think that major difference

between ALADDIN and the past detectors, which triggers different mode of charge production,

is the structure of sensor membrane in thickness direction. As is reasonably possible, impacts

onto the multi-layered PVDF sensor such as ALDN-S would cause somewhat complicated im-

pact energy dissipation inside the multi-layered structure where reflected shockwaves may be

generated at the boundaries. In contrast, impacts onto the monolithic PVDF sensor can be re-

garded as transient phenomenon due to simple energy dissipation. Hence, the PVDF sensor of

ALADDIN may be affected by disturbances of its backside layers at particle impacts and thus

shows the different mode of signal generation compared to the past PVDF-based dust detectors.
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3.5 Calibration Experiments

Calibration experiments should be conducted to determine the detector performance because

there is no theory applicable to specific PVDF-based dust detectors as mentioned in Section 3.1.

In-situ dust detectors, not only PVDF-based, are calibrated by hypervelocity impact experiment

with dust-simulant small particles. For calibration of ALADDIN, we used Van de Graaff accel-

erators (VdG), Light Gas Guns (LGG), and nano-second pulsed Nd:YAG laser (nsPL).

3.5.1 Van de Graaff Dust Accelerator

As seen with a schematic in Fig. 3.8, general configurations inside the target vacuum cham-

bers of both VdG and LGG experiments are very similar. As for the ALADDIN calibration tests

with the VdG, we employed two facilities such as the High Fluence Irradiation Facility of the

University of Tokyo (HIT) in Japan (Hasegawa et al., 2001; Shibata et al., 2001) and the Max-

Planck-Institut für Kernphysik (MPIK) in Heidelberg, Germany (Mocker et al., 2011). Both

accelerators are based on the same principle and they can accelerate electrically conductive

dust grains of sub-micron to several microns in diameter up to ≥10 of km/s in impact velocity.

Acceleration voltage in nominal operation we used were 1 MV at HIT and 1.8 MV at MPIK.

At the HIT experiment, carbon and silver particles were used while at MPIK iron particles were

accelerated. Target was the 20-µm-thick ALDN-S at both HIT and MPIK facilities.

Fig. 3.9 shows mass-velocity distribution at these VdG experiments. As a consequence no

identifiable signal was observed even in the quite low signal to noise environment. This is

not surprising, however, because the single sensor area of each piece of 20-µm-thick ALDN-S,

which dictates its detector capacitance, is by far larger than that of any past PVDF-based dust

detectors that were calibrated with VdG, aiming for dynamic ranges suitable mainly for micron-

sized dust. In general, noise floor is proportional to the detector capacitance for CSA (Spieler,

2005) so that the VdG particles were too small to be detected by the ALADDIN which aims for

≥10-µm-sized dust. Consequently, we have found that the ALADDIN system is better suited

for detecting dust particles at larger mass and velocity ranges than those achievable by the VdG

facilities.
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Vacuum chamber	

VdG	  or	  LGG	  
accelera,on	  part	

Measurement unit for 
projectile mass and velocity	Target (ALDN-S)	

Acceleration tube	

BNC flange	

Projectile	

ALDN-‐E	 DSO	

Fig. 3.8. Schematic diagram of microparticle impact experiments using VdG and LGG. The
flight spares of the 20-µm-thick ALDN-S were placed inside a vacuum chamber and electronics
including the flight spare of ALDN-E were outside the chamber. When a projectile from the
acceleration part impacts vertically on the surface of ALDN-S at the velocity above 1 km/s,
depolarization charge is processed in ALDN-E. Then a pulsed signal is generated and recorded
in a digital storage oscilloscope. Measurement units for projectile mass and velocity for the VdG
facility are a pair of cylindrical capacitors to estimate particle mass and velocity from induced
charge signals. In particular at MPIK, a system for real-time mass and velocity selection of
particle is equipped (Mocker et al., 2011). The LGG facility equips a pair of the laser curtains
for estimation of particle velocity. The vacuum level at the VdG experiment was nominally less
than 1 × 10−3 Pa, while at the LGG experiment 10 Pa on average.
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Fig. 3.9. Particle mass and impact velocity distribution of our experiments at both HIT and
MPIK. Plots are results of the 20-µm-thick ALDN-S: silver particles at HIT (asterisk), car-
bon particles at HIT (open square), and iron particles (open triangle). Corresponding diameter
ranges are 0.7–3.2 µm for silver particles (density: 10.5 g/cm3), 1.7–6.1 µm for carbon particles
(density: 1.9 g/cm3), and 0.2–4.5 µm for iron particles (density: 7.9 g/cm3).
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3.5.2 Two-Stage Light Gas Gun

In order to accomplish acceleration of larger dust particles than those achievable by VdG,

we first employed two LGG facilities, each of which belongs to the Institute of Space and

Astronautical Science (ISAS) in Japan and the University of Kent at Canterbury (UKC) in U.K.

(Burchell et al., 1999), respectively. As mentioned in Section 3.1, the schematic configuration

of these LGG experiments is illustrated in Fig. 3.8. Both LGGs can shoot a single sub-mm

projectile by means of a splitted sabot. The ISAS-LGG has a good track record of accelerating

a single spherical projectile in down to 300-µm-diameter, made of soda-lime glass, while the

UKC-LGG can accelerate a stainless steel particle in 800-µm-diameter as the smallest single

projectile. At these experiments several different combinations of size, and velocity particles

were tested. We only used the 20-µm-thick ALDN-S as a target because of a higher priority of

larger areas of 20-µm-thick ALDN-S over smaller areas of 9-µm-thick ones.

Fig. 3.10 shows examples of the obtained signals from these LGG experiments. We found

that for particles at the above size ranges in up to ∼6 km/s, the LGG impacts generate saturated

signals well beyond the saturation threshold of the ALADDIN, even with a relatively small im-

pact of 300-µm-glass particle at several km/s. However, it qualitatively represents that larger

impact magnitudes generate signals with higher amplitudes and longer pulse widths (i.e., decay

time duration). In addition it clearly demonstrates that substantially large impacts could cause

the multi-peaked features on their signal waveforms due to the ALADDIN’s unique characteris-

tics of signal processing described in Section 3.4. As the result, it is found that the single LGG

particles are much larger than saturation threshold of the ALADDIN dynamic range in contrast

to the VdG particles.

Obviously, unsaturated signals within its valid dynamic range are required in order to de-

velop a calibration curve for the ALADDIN. Therefore, we adapted two more complimentary

calibration methods: (1) the use of signals measured at the input terminal of the voltage ampli-

fier within ALDN-E and (2) high energy irradiation experiments with a nsPL.

As for the method (1), Fig. 3.11 shows the signals simultaneously measured at the output and

input terminals of the voltage amplifier within ALDN-E. We have found that unsaturated signals

can be obtained at the input terminal even for large impacts by LGG. Considering the signal

processing of the ALADDIN system described in Section 2.4, we regarded that all peaks of the
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Fig. 3.10. Examples of signals obtained at the LGG experiments: (a) 300-µm glass at 3.33
km/s (130401-1), (b) 500-µm glass at 3.11 km/s (130329-1), and (c) 800-µm stainless steel, at
3.51 km/s (130124-1).

signal represent the magnitude of each impact. Therefore, we calculated time-integration of the

input signals in order to sum up the contributions from all the peaks of the individual impact

signal. Fig. 3.12 shows an example of such an integrated signal. Intensities after the removal

of influence from the base voltage offset is defined as Is, which has an arbitrary unit. Thus,

from the LGG experiments we could obtain the signal parameter of the ALADDIN regarded as

a function of impact conditions, such as particle mass and impact velocity. Impact conditions

and results at the LGG experiments are summarized in Table 3.1. In addition to normal impacts

on the target, we obtained three oblique impacts in order to investigate the angular dependence

of the signal output.
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Table 3.1. Impact conditions and results of signal acquisition at the LGG experiments: shot
number (No.), particle material, particle mass (m), particle diameter (d), impact velocity (v),
impact angle θ (deg), and the signal parameter of ALADDIN (Is). The density of soda-lime
glass and stainless steel particle used are 2.5 g/cm3 and 7.8 g/cm3, respectively. The impact
angle, θ, is measured from the surface of the target.

No. m (kg) d (µm) v (km/s) θ Is
b

Particle material: Soda-lime glass

130329-1 1.64 × 10−7 500 3.11 0 3880

130329-3 1.64 × 10−7 500 6.77 0 11290

130329-6 1.64 × 10−7 500 5.30 30 5450

130401-1 3.53 × 10−8 300 3.33 0 1080

130401-2a 8.28 × 10−10 100 5.14 0 390

131025-1 3.53 × 10−8 300 3.19 0 780

131025-4 1.64 × 10−7 500 3.04 0 4940

131025-5 1.64 × 10−7 500 5.10 0 7460

131028-5a 8.28 × 10−10 100 5.50 0 370

131029-1 1.64 × 10−7 500 5.53 45 6950

Particle material: Stainless steel

130123-1 2.08 × 10−6 800 5.57 0 12500

130123-2 2.08 × 10−6 800 5.60 0 6620

130123-3 2.08 × 10−6 800 5.62 0 12000

130124-1 2.08 × 10−6 800 3.51 0 7750

130124-3 2.08 × 10−6 800 5.64 30 6350

130125-1 7.01 × 10−6 1200 5.36 0 12530

130123-2 7.01 × 10−6 1200 5.39 0 16500

130125-3 2.08 × 10−6 800 7.63 0 14160
a These data were serendipitously obtained at a shot of 300-µm-glass projectile. At the shot the main pro-

jectile of 300-µm-glass sphere did not impact on the target because of failure of sabot separation. Instead
a perforating hole with 100-µm diameter made by a fragment of glass projectile or nylon sabot. Therefore
we introduced an uncertainty on its mass considering the difference of density between soda-lime glass (2.5
g/cm3) and nylon (1.0 g/cm3).

b The unit of Is is arbitrary.

34



CHAPTER 3. THE ALADDIN DUST DETECTOR

3.5.3 Nano-Second Pulsed Nd:YAG Laser Irradiation Experiment

As described in the previous section, we now can estimate the relation between Is and their

impact conditions from the LGG experiments. However, an unsaturated signal of the output

of voltage amplifier is still required because data packets measured by the ALADDIN and

received from the IKAROS telemetry on the ground does not contain the Is values but the dV

value ranging from 0.03421–5 V (see Section 2.3) only. In other words, the correlation between

Is and the output signal amplitude must be estimated with an appropriate method for simulating

intermediate particle impacts, namely larger than that of VdG results and smaller than that of

LGG results.

In order to solve this condition, we employed a nsPL at the Planetary Exploration Research

Center (PERC) of Chiba Institute of Technology in Japan. Fig. 3.13 shows the schematic of the

nsPL experiment and Table 3.2 lists technical properties of the instrument. At the experiment we

irradiated infrared laser beam directly onto the 20-µm-thick PVDF target of ALADDIN flight

spare and recorded their signals using the DSO in the same manner as the LGG experiments.

The pulse energy was fixed at about 20 mJ for stabilization of the nsPL output. To adjust the

actual irradiation energy on the target, we set glass slides on the beam line as energy absorbers

(attenuation rate of each slide is ∼13%) and altered the number of the absorber. The nsPL beam

was focused on the target by a lens with a focal length of 85 mm to a focal point of about 1 mm

in diameter. Irradiation timing was manually controlled and triggering of DSO was coincided

with the nsPL shot by synchronized signal from the nsPL controller. We measured the pulse

energy at the front of the target using a pyroelectric power sensor several times before and after

each shot due to the lack of a beam splitter. The experiment was conducted in the atmosphere.

Here, we present applicability of the use of a nsPL for compensating intermediate signals

generated between the VdG and the LGG impacts. Comparison of signals obtained at the LGG

and the nsPL experiment is shown in Fig. 3.14. The amplitude of the LGG signal is slightly

larger than that of the nsPL signal but the two signals show a good consistency in their wave-

forms.
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Nd:YAG	  laser	  
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Fig. 3.13. Schematic of the nano-second pulsed Nd:YAG laser irradiation experiment.

Table 3.2. Specification of nsPL at the experiments. The pulse energy was adjusted by altering
the number of energy absorber.

Pulse energy 15–20 mJ

Wavelength 1064 nm (IR)

Pulse width 7 ns

Pulse frequency Singel pulse (manual)

Beam diameter 1 mma

a The value is after focusing and averaged over the number of absorber.
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Fig. 3.14. Comparison of signals obtained at the LGG (left) and nsPL (right) experiments.
The signals measured at the output (black) and input (gray) terminals of the voltage amplifier
are displayed. Zoomed signals at input terminal are also displayed. This LGG signal generated
the smallest Is among our LGG experiments while the nsPL signal represents one of the largest
case. The rise times of the LGG (∼30 µs) and nsPL (∼50 µs) are comparable.

Signal waveforms in question are determined by their rise times and fall times if their am-

plitudes are in the same level. First, the fall time is determined in principle by the time con-

stant of the CR-RC shaper included in the ALDN-E analog circuit; thus there should be no

difference between particle impacts and laser irradiation. Next, the rise time is thought to de-

pend on not only characteristics of signal processing but also time scale of charge production.

Physical phenomena of charge production between hypervelocity impacts of solid particles and

laser excitation of target materials must be different, although a formation duration of micro-

cratering/penetration and energy dissipation of nsPL irradiation should be in the similar time

scale (Yamada et al., 1999). In fact, the rise times of the two methods were comparable each

other in Fig. 3.14. Therefore, we consider in the ALADDIN calibration that the nsPL irradiation

is a reasonable emulator for the waveform of a single-pulsed signal caused by a microparticle

impact between the VdG and LGG mass-velocity ranges.

By adjusting a total number of absorbers, we obtained unsaturated output signals covering

from 0.4 V to 4.8 V in peak voltage of signal, V . We also analyzed the input signals in the

same manner as the LGG impact signals and then estimated Is accordingly. The experimental

conditions and results of the nsPL experiment are summarized in Table 3.3.
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Table 3.3. Experimental conditions and results of the nsPL experiments: run number (No.),
number of energy absorber (n), averaged laser energy (Eavg), deviation of the nsPL energy
(Edev), the signal parameter of ALADDIN (Is), and peak amplitude of the output signal (V ).
Eavg and Edev are calculated from several test shots before and after each irradiation to the
target.

No. n Eavg (mJ) Edev (mJ) Is V (V)

130522-1 0 19.96 0.351 442 6.3963a

130522-2 0 20.02 0.327 330 4.6796

130522-3 0 19.82 0.228 358 4.7726

130522-4 0 20.12 0.130 350 4.7680

130522-5 0 19.96 0.288 292 4.2246

130522-6 0 20.10 0.200 303 4.3552

130522-7 0 19.98 0.471 240 3.4802

130522-8 0 20.13 0.411 252 3.6302

130522-9 0 20.10 0.480 270 3.8865

130522-10 0 20.26 0.344 284 4.0740

130522-11 1 17.34 0.288 108 1.4944

130522-12 1 17.42 0.239 78 1.0865

130522-13 1 17.52 0.217 99 1.3595

130522-14 1 17.62 0.228 117 1.5910

130522-15 1 17.60 0.274 129 1.7938

130522-16 2 14.86 0.195 50 0.6091

130522-17 2 15.20 0.187 40 0.4580

130522-18 2 15.14 0.182 36 0.3850

130522-19 2 15.26 0.270 49 0.5975
a This was inferred from input signal amplitude by considering the gain of the voltage amplifier (× ∼87.6).
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3.6 ALADDIN Performance as an In-situ Dust Detector

Before starting the development of the calibration curve of the ALADDIN, we discussed

the dynamic range of Is corresponding to 0.03421–5 V in dV. As explained in Section 2.3,

the actual observational information in the space data does not include Is but dV (practically

equivalent to V here). Therefore, we estimated the correlation between Is and V by using the

nsPL experiment data. Fig. 3.15 shows the Is–V correlation. The fitting curve is given by

log Is = 0.145(log V )2 + 0.858 log V + 1.87. (3.1)

Noted that Eq. (3.1) is valid only when the impact magnitude is small enough, because

much larger impacts generates multi-peaked signals at which peak voltages cannot be defined.

For example, an impact of 100-µm nylon or glass particle at 5 km/s shows a single-peaked

signal (see Fig. 3.14) while 500-µm glass-particle impact at 3 km/s generates a multi-peaked

signal (see Fig. 3.11).
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Fig. 3.15. The Is–V correlation in logarithmic scales fitted by the second-order polynomial
function. The dynamic range of V and the dynamic range of Is are indicated.
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3.6.1 Calibration Curve

Having noted the signal processing characteristics of the ALADDIN discussed in Section

2.4, we started with a traditional form to develop a calibration curve for the ALADDIN, i.e., a

signal parameter of the detector is a function of particle mass and impact velocity (Simpson and

Tuzzolino, 1985).

In addition, we introduced density of the impacting particle to the calibration in order to

include the effect of penetration hole area on charge production from PVDF. Simpson et al.

(1989) suggest that the charge produced by a particle penetration depends on the hole area.

Poppe et al. (2010) also present a theoretical derivation of PVDF response to hypervelocity

microparticle impacts based on crater dimension but focusing on non-penetrating impact. To

make the initial analysis simple, we just assume that signal parameters of the detector are pro-

portional to cross-sectional area of the impacting particle at the same mass and impact velocity.

The cross-sectional area of a particle (∝ r2 where r is radius of particle) can be expressed as

ρ−2/3 where ρ is density of particle, at a given mass.

Finally, we consider that the calibration law of the ALADDIN can be empirically formulated

as

Is = ambvcρ−2/3 (3.2)

where m and v are mass and impact velocity of an impacting particle, respectively, and a, b,

and c are empirical coefficients.

We estimated the coefficient c independently, by using the results of the LGG experiments.

The relations of Is–v at the same mass and density (500-µm glass particles and 800-µm stainless

steel particles) are shown in Fig. 3.16. We found a certain discrepancy of slopes between the

curves from glass and stainless steel particles. Since the ALADDIN system cannot discrimi-

nate the composition of impacted dust particles, we adopt their averaged value of 0.952 as the

coefficient c.

Then, we correlated Isv
−0.952ρ2/3 and m of the LGG data and determined the remaining

coefficient a and b by fitting to the LGG plot. Fig. 3.17 shows the Isv
−0.952ρ2/3–m correlation.
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Fig. 3.16. The relation between Is and v plotted in logarithmic scales: 500-µm glass particle
(upper) and 800-µm stainless steel particle (bottom). The data plots were obtained at the LGG
experiments. The slopes of calibration curves are 1.165 for glass particle and 0.741 for stainless
steel particle, respectively.

Hence the calibration law for ALADDIN can be represented by using the signal parameter Is,

and impact conditions m (kg), v (km/s), and ρ (g/cm3) as

Is = 6.34 × 106m0.52v0.952ρ−2/3. (3.3)

The nsPL data has been extrapolated onto the calibration curve of Eq. (3.3) by calculating

Isv
−0.952ρ2/3. The values of Is are referred from Table 3.3, while for v and ρ we assumed 20

km/s as an average impact velocity at 1 AU (Grün et al., 1985), and 2.0 g/cm3 as a representative

bulk density of cosmic dust (Nesvorny et al., 2010). Under these assumptions of v and ρ, we

found that the nsPL irradiation corresponds to 6.2 × 10−13 kg–1.0 × 10−10 kg in mass (8–46

µm in diameter).

Since the VdG particles did not generate any identifiable signals, the corresponding region

of VdG particles is automatically determined only by the mass distribution at a given velocity

(see Fig. 3.9) and Eq. (3.3) (Isv
−0.952ρ2/3 = 6.34 × 106m0.52). The striped area in Fig. 3.17
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indicates the signal range of the VdG particles having about 20 km/s and 4.0 × 10−17 kg–1.0 ×
10−16 kg referred from the mass-velocity distribution in Fig. 3.9.

A horizontal dashed-and-dotted line indicates V = 1 mV at 20 km/s and 7.9 g/cm3 drawn

by using Eq. (3.1), which means “detection threshold”, a rough boundary of detectable or un-

detectable by the DSO at the ground experiments. Noted that this boundary can be varied in

accordance with combined values of velocity and density of an impact particle; therefore the

boundary lined in Fig. 3.17 is valid only for particles of 20 km/s in velocity and 7.9 g/cm3

in bulk density. With this point above in mind, the developed calibration law reconfirms its

consistency with the experimental results that no signal was observed at the VdG experiments.

The data of oblique impacts are also plotted in Fig. 3.17 and all those are included in the

scattering of the normal impact data. For an isotropic flux of meteoroids, mean impact angle

of incidence on a body is 45◦ and “shallow” impacts (e.g., less than 15◦) have a probability of

occurring of only 6.7% (Pierazzo and Melosh, 2000). Therefore, we conclude that the developed

calibration law with the normal impacts data can be used without the consideration for angular

dependence of the signal output.

Uncertainty in mass determination of the calibration law is about a factor of 2–6 as estimated

from the prediction band of 1σ. We calculated which space impact data by the ALADDIN are

generated by 10-µm-sized or larger (m > 1.0 × 10−12 kg at 2.0 g/cm3) dust particles that are our

primary scientific objective to reveal fine spatial-temporal structures of zodiacal cloud along the

IKAROS trajectory. By considering this uncertainty, log (Isv
−0.952ρ2/3) > 0.85 corresponds to

m > 1.0 × 10−12 kg. From Eq. (3.1) we found that V > ∼1 V is generated by impact of dust

particles having m > 1.0 × 10−12 kg at 20 km/s.
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Fig. 3.17. Calibration curve of the ALADDIN. Plots denote the LGG data at ISAS (closed
circle), the LGG data at UKC (open circle), the oblique impacts data (cross), and the nsPL data
at PERC (open diamond). The error bar of the mass of “LGG-ISAS” denotes the uncertainty of
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3.6.2 Dynamic Mass-Velocity Range

From Eqs. (3.1) and (3.3) we estimated the dynamic mass-velocity range of the ALADDIN

corresponding to the dynamic range of V . Fig. 3.18 is the mass-velocity diagram containing the

detection and saturation thresholds of the ALADDIN, the impact conditions of the calibration

experiments, the nsPL data converted to equivalent impacts by dust particles at 20 km/s, and the

mass-velocity range on which we focus as primary scientific objective, corresponding to ≥10-

µm-sized dust of impact velocity above 10 km/s. Consequently, the dynamic mass range of the

ALADDIN system corresponds from 2.5 × 10−14 kg to 5.2 × 10−11 kg (3–37 µm in diameter at

density of 2.0 g/cm3) at the average impact velocity of 20 km/s around 1 AU (Grün et al., 1985).

We found that the dynamic range of ALADDIN covers the intended mass-velocity range as our

primary scientific objective.

We discuss here the validity of extrapolation from the LGG particle impact to several-micron

particle impact. Simpson et al. (1989) reveals the clear difference in the coefficient of calibration

curve for their PVDF-based dust detector between stopping and penetrating impacts on PVDF

films. Although the signal processing of ALADDIN is different from theirs, the different mode

of charge production Simpson et al. (1989) found should be considered for the calibration of

our detector.

According to a micro-cratering study on PVDF films by Shu et al. (2013), impacts of a

particle of 2 µm in diameter at 20 km/s velocity onto 52-µm-thick PVDF film result in a crater

with 19-µm depth. We do not provide here comprehensive analysis of non-penetrating, micro-

crater formation onto the ALADDIN-PVDF. However, it is possible to presume the validity of

extrapolating from the LGG experiment results to at least 10-µm-diameter dust impacts which

ensure complete penetration on the 20-µm-thick sensor of ALADDIN.
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Fig. 3.18. Mass-velocity diagram composed of the results from all the VdG experiment (cross),
all the LGG experiments (open circle) and the nsPL experiments (open diamond); the estimated
dynamic range of the ALADDIN; and the range corresponding to our scientific objective. The
mass of nsPL plots are taken from Fig. 3.17 under the assumption of impact velocity of 20
km/s. Detection threshold (V = 0.03421 V) and saturation threshold (V = 5 V) at 20 km/s and
2.0 g/cm3 are indicated by dotted line and dashed line, respectively. Shaded area denotes the
mass-velocity range corresponding to 10–100 µm sized dust of impact velocity above 10 km/s
(see text).
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Chapter 4

Noise Screening and Reduction of the

ALADDIN Space Data

In this chapter, processes to screen noise events and to reduce the measured raw data by

the ALADDIN to physical parameters of impacted dust particles are presented. We obtained

4356 raw data measured by the ALADDIN between 0.7 and 1.1 AU from July 2010 to October

2011 with a total observation period of ∼300 days. The noise screening and data reduction

processes are based on following 5 factors: 1) an operation history of the IKAROS spacecraft,

2) feature analysis of the measured raw data such as frequency of event occurrence, 3) results

of laboratory impact calibration experiments with the ALADDIN flight spare (Section 3.5),

4) an effect of signal sampling probability attributed to the sampling rate of analog-to-digital

converter (ADC) used for the ALADDIN electronics, and 5) estimate of thermal degradation of

PVDF.

A flow chart for the noise screening and data reduction processes is shown in Fig. 4.1. Ac-

cording to the operation history of IKAROS and features of the measured raw data, we identified

and removed false events caused by crosstalk noise and a malfunctioning channel. By analyz-

ing the measured data after screening these noise events, we identified the actual dust-impacted

sensor type (20-µm-thick “large” sensor or 9-µm-thick “small” sensor) and classified them by

the signal amplitude level (dV), which is recorded in the measured data. At the laboratory cali-

bration of ALADDIN, we verified correlation between the signal amplitude level and properties

of dust particles, i.e., mass, impact velocity, and density (Hirai et al., 2014). From the results
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of laboratory impact calibration tests, we can estimate the mass of impacted dust particles as-

suming typical impact velocity and material density of interplanetary dust. At the laboratory

calibration tests, we only focused on the analog response of the ALADDIN electronics to hy-

pervelocity microparticle impacts. However, in order to fully interpret the measured raw data

by the ALADDIN, its digital characteristics, specifically the sampling rate of ADC, must be

considered. Therefore, We investigated the probabilistic effect due to the signal sampling rate

of the ALADDIN electronics. Furthermore, in order to assess an effect of thermal of PVDF on

the sensor sensitivity, we obtained the laboratory calibration data of thermal-degraded PVDF

sensors.

4.1 Noise Screening and Data Extraction for Scientific Dis-

cussion

4.1.1 Noise Screening

We found that the measured raw data from the ALADDIN includes false events caused by

crosstalk noise coincided with operation of some specific instruments onboard IKAROS and

malfunction of a particular channel of the ALADDIN. From the feature of measured data such

as pattern of flagged channel and timing of event occurrence, we can identify and remove these

false events.

The crosstalk noise events occurred when charge sensors for measuring membrane charge

of IKAROS, Plasma Patch (PP) and Reaction Control System (RCS) were operated. Table 4.1

shows examples of the crosstalk noise events. The charge measurement by the PP were con-

ducted on each petal of IKAROS in order. A feature of the PP crosstalk events is that the flagged

channels are coincident with petals on which the charge measurement was conducted. On the

other hand, the RCS crosstalk events occur at 30-second interval that corresponds to the time of

thruster ejection.
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Fig. 4.1. Flow chart of the noise screening and data reduction process for the ALADDIN
measurement data.
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Table 4.1. Examples of crosstalk noise events. The odd-numbered channels are the large sensors (L) while the even-numbered are the
small sensors (S). The values for each channel is dV (V). The time lag between the noise events of ALADDIN and the operation time of
PP is about 1 minute that is just difference of their own internal clocks.

Event time (UTC) Ch.1 (L) Ch.2 (S) Ch.3 (L) Ch.4 (S) Ch.5 (L) Ch.6 (S) Ch.7 (L) Ch.8 (S) Operation time of PP/RCS

In conjunction with the PP operation

2010/07/05 7:17:32 4.92669 0.03421 2010/07/05 7:16:34

2010/07/05 7:17:47 0.2737 0.03421 2010/07/05 7:16:49

2010/07/05 7:19:35 0.03421 4.37928 0.30792 2010/07/05 7:18:38

2010/07/05 7:19:50 3.75367 0.03421 2010/07/05 7:18:53

2010/07/05 7:21:18 4.10068 0.34702 2010/07/05 7:20:21

2010/07/05 7:21:35 0.54741 2010/07/05 7:20:37

2010/07/05 7:23:36 0.62072 0.38612 2010/07/05 7:22:37

2010/07/05 7:23:54 4.10068 0.34702 2010/07/05 7:22:55

In conjunction with the RCS operation

2010/11/12 0:32:57 4.84848 0.4741 Gas ejection every 30 seca

2010/11/12 0:33:28 4.84848 4.84848

2010/11/12 0:33:58 4.84848 1.24633

2010/11/12 0:34:28 0.43011 0.1173

2010/11/12 0:34:58 4.84848 1.95015

2010/11/12 0:35:28 4.84848 2.34604

2010/11/12 0:35:58 4.84848 0.93842 0.03421 0.03421

2010/11/12 0:36:28 0.07331 3.87097
a RCS was nominally operated by programmed sequential command so that the specific time information of each gas ejection is not

provided. About 30-second thrust was preset for the each gas ejection at the time.
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The specific cause of these crosstalk noise has not been confirmed by laboratory simulations,

but we suspect that unstable electric connections between the IKAROS system (SAIL-I/F) and

the ALADDIN occurred after the launch of spacecraft. At the spacecraft integration test on

the ground, there were no crosstalk noise between these instruments and the ALADDIN. The

PP is also connected to the SAIL-I/F along with ALADDIN, so the failure in the ALADDIN-

IKAROS connection may likely pick up some interferences from the PP operation. We con-

firmed the generation of event data from ALADDIN with the RCS “no-gas” operation, which

indicates that the RCS crosstalk is not caused by gas blowing on ALDN-S but by electrical

problem between the RCS and the ALADDIN. Whatever the cause is, these noise events are

not used for scientific discussions and we have dealt with them by temporary suspending of the

ALADDIN operation during the PP and RCS operation.

Malfunction of a particular channel, specifically Ch.2, was identified by the dt information

and occurrence frequency. Table 4.2 lists the examples of noise events due to malfunctioning

Ch.2. Most of the dV were 0.03421, which is the minimum value of dV while dt shows error val-

ues, 0 or 769. Furthermore, the occurrence frequency sometimes becomes exceedingly higher

than any other channel. According to these features, it seems that the single event of Ch.2 is

caused by fluctuation of base voltage. We suspect that the mechanical connection of Ch.2 sen-

sor on the IKAROS membrane might have become unstable at the deployment of membrane

and it caused such noise event on the Ch.2. Therefore, we regard the Ch.2 as an invalid sensor

and remove the sensor area, 0.01 m2, from total sensor area of the ALADDIN.

Table 4.2. Examples of noise events due to the malfunctioning Ch.2 noises.

Event time (UTC) dV (V) dt

2010/07/26 2:45:53 0.03421 0

2010/07/31 9:04:22 0.05865 0

2010/08/04 7:11:36 0.03421 769

2010/08/07 2:32:55 0.03421 0

2010/08/07 20:38:16 0.3421 0
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4.1.2 Data Extraction for Scientific Discussion

After removing noise events from all downlinked 4356 data, there remain 2778 data as

candidates of dust impact events. Among these dust candidate data, single channel should be

flagged because the probability of simultaneous impacts of multiple dust particles is infinitely

small in the interplanetary space. Nevertheless, about 70% of the dust candidate data show

“multi-flagged” feature. First 10 multi-flagged events obtained in space are listed in Table 4.3.

Note that the dt values of the flagged channels were almost “9” and partly the error value “0”

or “769”. The combination of channels seem to be random except for small numbers of flagged

Ch.6 and Ch.8.

In order to confirm repeatability of the multi-flagged events, we conducted laboratory impact

experiments. It is difficult to prepare the full set of the ALDN-S flight-spares and reproduce the

in-flight configuration on the deployed solar sail in the vacuum chamber of the LGGs. There-

fore, we only used flight spare of the large (20-µm thick) and the small (9-µm thick) ALDN-S

for only the impact target sensor and employed a 10 cm × 10 cm PVDF sensor piece for the

simplified, alternative dummy sensor. The target sensor was connected to Ch.1 of ALDN-E

while the dummy sensor to Ch.2. The projectile material used were soda-lime glass and tung-

sten carbide. The diameter of projectiles was 300 µm. The projectiles were impacted on the

target sensor as single shot at 2–6 km/s accelerated by the LGG of ISAS. The obtained 6 data

are shown in Table 4.4. We observed only one multi-flagged event (101020-1) among the 6

data. In 101020-1, dV of Ch.1 shows two orders larger value compared to that of Ch.2 and the

signals were sampled three times on Ch.1 (dt = 27) and once on Ch.2 (dt = 9).
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Table 4.3. First 10 multi-flagged events obtained in space. The odd-numbered channels are the large sensors (L) while the even-numbered
are the small sensors (S). The values are dV (V) of each channel.

Event time (UTC) Ch.1 (L) Ch.2 (S) Ch.3 (L) Ch.4 (S) Ch.5 (L) Ch.6 (S) Ch.7 (L) Ch.8 (S)

2010/06/30 14:35:12 0.03421 4.37928 1.36852 0.07331

2010/06/30 15:37:00 4.92669 0.03421 0.38123 0.07331

2010/06/30 18:51:04 0.46921 4.38416 0.77713 4.84848 0.03421 0.07331

2010/07/03 4:49:11 4.92669 1.55425 4.96579 1.55914 0.38612

2010/07/03 17:44:24 1.79863 4.84848 0.07331

2010/07/04 10:44:05 0.03421 0.1173

2010/07/04 22:20:24 4.92669 0.03421 0.2346

2010/07/05 2:12:52 2.34604 0.38612 1.17302 1.57869 0.46921 1.23167 3.16227

2010/07/05 15:15:12 1.59824 0.07331 1.95015 0.30792 0.93842 0.69892 0.07331

2010/07/05 18:06:01 4.92669 4.06158 0.54741 1.95015 0.93842
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Table 4.4. Event data obtained at the laboratory impact experiment aimed at reproducing the multi-flagged event. WC is tungsten carbide.
The values for each channel correspond to dV/dt.

No. Target sensor Projectile material Projectile mass (kg) Impact velocity (km/s) Ch.1 Ch.2

101018-3 20 µm WC 2.38 × 10−7 5.89 4.84848/18

101019-3 9 µm WC 2.38 × 10−7 2.70 4.84848/27

101019-4 9 µm WC 2.38 × 10−7 2.76 4.84848/18

101019-5 9 µm Glass 3.53 × 10−8 1.90 0.2346/9

101019-6 9 µm Glass 3.53 × 10−8 1.90 4.84848/18

101020-1 9 µm Glass 3.53 × 10−8 1.93 4.84848/27 0.07331/9
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Comparing between Table 4.3 and Table 4.4, we found that the multi-flagged events at the

laboratory experiment occur with a remarkably low frequency, on contrary to in space (70% in

space while 17% at the laboratory). However, according to the only example of multi-flagged

event at the laboratory experiment (101020-1 in Table 4.4), we may be able to consider a channel

that generates the maximum dV among the other channels as the impacted channel. On the

other hand, dt of the laboratory experiment were relatively large compared to typical value

of the space data (“9”). The reason of this is considered due to that the projectiles at the LGG

experiment are significantly larger than dust particles detected by the ALADDINin space, hence

signal decay time at the laboratory experiment becomes longer.

Consequently, the laboratory experiment does not reproduce the situation in space too well.

We also did not observe multi-flagged events at the pre-launch operation tests, so the cause of

such events should be happened in space. Recalling the crosstalk noise with the operation of

some instruments on IKAROS and malfunction of Ch.2 (see Section 4.1.1), the root of these

troubles may be common and something related to electrical circuit/ground problem between

the ALADDIN and IKAROS system.

Based on the identification method of impacted channel for the multi-flagged events, we

extracted specific data from the 2778 dust candidate data for further scientific discussion about

cosmic dust. Fig. 4.2 is a tree diagram of the data extraction. With several criteria explained

below, each event are sorted into impact data on the large sensors or the small sensors.

Fig. 4.2. The tree diagram for extracting the dust impact data for further scientific discussion.

As will be explained in Section 4.3 and this section, we only used the data of dV ≥ 4 V

on the large sensors for further scientific discussion at present. With the criterion of dV ≥ 4 V,

74 single-flagged data and 1121 multi-flagged data were obtained from the 2778 dust candidate
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data. The single-flagged data can be easily divided into each sensor type (large or small).

As for the multi-flagged data, sorting process is different depending on the number and

combination of maximum dV channels. First, in case of only one maximum dV channel, this

type of multi-flagged data can be sorted into each sensor type in the same manner as the single-

flagged data. 774 data are categorized as this data type and divided into 376 data on the large

sensors and 398 data on the small sensors. Next, even in case there are more than two channels

having the same maximum dV values (347 data), the identification of impacted sensor type is

straightforward if the combination of those channels is only on large sensor channels or only

on small sensor channels. We found 64 data for only large sensors and 35 data for only small

sensors, respectively. Finally, if the data has a combination of more than two large and small

sensor channels that show the same maximum dV values, we cannot distinguish at present on

which sensor the dust particle actually impacted. We counted 248 of such data. Nevertheless,

we could estimate the number ratio between the large sensor data and the small sensor data

according to the ratio of sensor area and detection sensitivity between each sensor type.

The large/small sensor area ratio is 12.5:1 (see Section 3.2). We have lacked impact cal-

ibration data for the small sensors due to restriction of experiment opportunities. Therefore,

we refer to experiment results of Tuzzolino et al. (2003) in which they showed the detection

sensitivities of PVDF dust sensors that have similar ratio of sensor area and thickness.

They conducted impact calibration experiments with their sensor configuration which con-

sists of a large sensor (28-µm-thick and 200 cm2) and a small sensor (6-µm-thick and 20 cm2),

using a plasma drag dust accelerator. The results show that the sensitivities of both type of sen-

sors are nearly the same when the impacted dust particle penetrates the PVDF sensor instead

of stopping in the target, i.e., cratering (see their Fig. 9). In our case, we have confirmed that

the data of dV ≥ 4 V are generated by penetration impacts (Hirai et al., 2014). Therefore, we

regard that the detection sensitivities of our large sensors and small sensors beyond their respec-

tive threshold levels are almost the same. According to the sensor area ratio, we can divide a

total of 248 data into 230 for the large sensors and 18 for the small sensors, respectively.

Thus, the 1195 dust candidate data showing dV ≥ 4 V are divided into 736 data on the

large sensors and 459 data on the small sensors. If the impacted-sensor identification method

demonstrated above is valid, the data number ratio between each sensor should be nearly equiv-
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alent to the sensor-area ratio (12.5:1). However, the obtained ratio is far from the sensor-area

ratio. Since the large sensors have not represented any malfunctioning signs like Ch.2 (see

Section 4.1.1), we presume that there are still some amount of noise data on the small sensors.

Fig. 4.3 shows the event number on each small sensor that have single channel of the maxi-

mum dV including single-flagged data. Since Ch.2 is the malfunctioning channel, we neglect it

here. Ch.4 and Ch.8 show significantly larger number compared to Ch.6.
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Fig. 4.3. Event number on each small sensor that have single channel of the maximum dV
including single-flagged data. The detection numbers of each channel are denoted on each bar.

Table 4.5. Event number ratio between the large sensor data and the small sensor data at
three measurement terms: the whole term, before IKAROS’s Venus closest approach (VCA)
(UTC2010/12/9), and well before VCA (UTC2010/11/1).

Sensor type The whole term Before VCA Well before VCA

Large sensor 736 (1.6) 283 (7.6) 124 (8.3)

Small sensor 459 (1) 37 (1) 15 (1)

Fig. 4.4 denotes the event rate of Ch.4 and Ch.8 along the heliocentric distance. Impact rate

for a given dust detector at the same heliocentric distance is thought to be the same order due

to azimuthal smoothness of the zodiacal cloud. However, the event rates of Ch.4 and Ch.8 con-

tinue to increase over time, which any other channel has not represented. Moreover, as will be
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explained in Section 4.2, the detection number should decrease after perihelion passage at about

0.7 AU due to thermal degradation of PVDF sensor’s sensitivity. These facts suggest that Ch.4

and Ch.8 have become “noisy” such as Ch.2 probably due to exposure to high temperature. We

have suspected that there might happen some problem of sensor part, e.g., unstable connection

between the sensor terminal and the cable due to thermal deformation or something like that.
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Fig. 4.4. The event rate of Ch.4 and Ch.8 along the heliocentric distance between 0.72 AU and
1.1 AU. Each point is plotted per about 0.1 AU. The start of the measurement corresponds to
the lower right point.The rate of Ch.4 at the first 0.72-0.8 AU bin dropped to 0.

In order to eliminate these noise data on the small sensors, we estimated the event num-

ber ratio between the large sensors and the small sensors in following two terms: before

IKAROS’s Venus closest approach (VCA) (UTC2010/12/9, at 0.72 AU) and well before VCA

(UTC2010/11/1, at 0.78 AU). Table 4.5 contains the event number ratio at the added two terms

and the whole measurement term. The event number ratio well before VCA is nearer to the ratio

of large/small sensor area (12.5:1) than that of the whole term, but there is still a bit difference.

This might suggest either the small sensors have generated noise data from the beginning of

measurement or the detection sensitivity of the small sensors is higher than that of the large

sensors unlike the experiment results from Tuzzolino et al. (2003). In either case, our method

for identification of impacted sensor seems to be plausible.

Another data analysis seems to support the method for impacted-sensor identification. Fig. 4.5
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shows dV histogram of the single-flagged (filled black bar) and the multi-flagged (unfilled red

bar) data on the large sensors. Note that these multi-flagged data have single channel of the

maximum dV. We can clearly see different distributions between the single-flagged data and

the multi-flagged data; the single-flagged data are dominated by low dV values while the multi-

flagged data by high dV values. If the multi-flagged events are caused by large charge current on

an impacted channel which may interfere with the other not-impacted channels, the difference

in dV distributions between the single-flagged data and multi-flagged data can be explained

as follow; the single-flagged data implies smaller and more abundant dust impacts, while the

multi-flagged data do larger and less frequent dust impacts. The multi-flagged, low dV data are

found with a certain amount. We think that these type of data could be caused by fluctuation

of the base voltage, which is common to all the channels, since low dV means low signal-to-

noise ratio. Note that the signals showing low dV values are suffered from miss-detection due

to sampling probability explained in the next section, so impacts of small dust particles should

actually occur with higher frequency.

Consequently, based on the method for impacted-sensor identification, the 736 data on the

large sensors can be used for further scientific discussion about interplanetary dust. However,

as for the large and small mixed 248 data (230 data for the large sensor and 18 data for the small

sensor), we cannot distinguish between large and small against individual data. Therefore, we

consider 754 data as data on the large sensors, including the indistinguishable 18 data for the

small sensor.

4.2 Thermal Degradation of PVDF

Piezoelectric and ferroelectric sensitivities, i.e. dust detection sensitivity, of PVDF are

known to be varied depending on its material temperature (e.g., James et al., 2010). Fur-

thermore, exposure to a certain level of high temperature causes irreversible degradation of the

sensitivity due to disarray of molecular dipole structure in PVDF. We conducted aging heat

treatment at 100◦C for the flight-model of ALDN-S before its launch in order to mitigate the

variation of sensitivity due to temperature change in flight.

Fig. 4.6 shows the temperature history of ALDN-S and a component on the IKAROS mem-
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Fig. 4.5. dV histogram of the large sensors. As for the single-flagged (filled black bar) and the
multi-flagged (unfilled red bar) data, maximum dV are shown. These multi-flagged data have
single channel of the maximum dV.

brane (MEMB2), which has similar emissivity and absorption coefficient and is attached on the

same side of IKAROS membrane as ALDN-S, along the first inbound orbit between 0.72 and

1.1 AU of heliocentric distance. Thermometer for ALDN-S (MEMB4) has been failed since

about 4 months after the launch, so we refer to MEMB2 at 0.7 AU and 0.8 AU and estimate

the ALDN-S temperature by considering the offset from MEMB2. It is found that ALDN-S has

experienced temperature from 80 to ∼180◦C during its orbit around the Sun.

In order to evaluate the thermal degradation of PVDF, we performed LGG impact experi-

ment using the flight-spare of 20-µm-thick ALDN-S heated at 156◦C. Experimental condition

and results are listed in Table 4.6. For comparison with the sensitivity of aging 100◦C-heated

sensor, we analyzed the output signals and derived Is in the same manner as described in Chapter

3.

Fig. 4.7 depicts three types of the calibration curves for and two types of the LGG exper-

iment data. Horizontal line denotes the level of Isv
−1.06ρ2/3 calculated from V = 4 V, impact

velocity of 20 km/s, and material density of 2.0 g/cm3. The calibration curves are for 100◦C-,

156◦C-, 180◦C-heated sensor. Two dashed line denotes the 95% confidence band of the 100◦C

calibration curve. The experimental data points of the 100◦C-heated sensor listed in Table 3.1
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Fig. 4.6. The temperature of ALDN-S (MEMB4) and a component on the IKAROS mem-
brane (MEMB2) along the first inbound orbit between 0.72 and 1.1 AU of heliocentric distance.
Fluctuation of temperature was up to several degree.

Table 4.6. Experimental condition and results of the impact experiment with LGG for in-
vestigating the sensitivity of 156◦C-heated 20-µm-thick ALDN-S. The material of projectile is
soda-lime glass. Is is arbitrary unit.

No. Projectile mass (kg) Impact velocity (km/s) Is

101028-1 1.64 × 10−7 3.37 500

101028-2 1.64 × 10−7 5.48 1950

101028-4 3.53 × 10−8 3.18 1000

and the 156◦C-heated sensor listed in Table 4.6 are also plotted. The calibration curve of 156◦C-

heated sensor passes through the averaged point of the three experimental data of the 156◦C-

heated sensor, which is obtained by assuming the same slope of the 100◦C calibration curve.

Vertical offset between the calibration curves of 100◦C and 156◦C is 0.485.

By considering the sensor temperature, T (◦C), dependence of this offset, we can obtain the

calibration curve of the 180◦C-heated sensor which may be the highest temperature ALDN-S

experienced. Also, the correlation between the offset and T is required to find out continuous

decay of the sensor sensitivity during the IKAROS’s first inbound orbit from 1.1 AU to 0.72

AU. By simply assuming that the offset expands linearly with increasing in T , the offset can be
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represented as 8.66 × 10−3T − 0.866. After the fist perihelion passage at 0.72 AU, the detection

sensitivity is fixed at T = ∼180◦C due to irreversibility of PVDF degradation.
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Fig. 4.7. The calibration curves for the 100◦C-, 156◦C-, and 180◦C-heated sensor. The exper-
imental data points of the 100◦C- and 156◦C-heated sensor are also plotted. The dashed lines
denotes 95% confidence band of the 100◦C calibration curve. The calibration curve of 180◦C-
heated sensor was obtained by the vertical offset of calibration curve estimated by the 100◦C-
and 156◦C curve, 8.66 × 10−3T − 0.866.

Consequently, the equation of ALADDIN calibration curve including the T effect is formu-

lated as

0.145(log V )2 + 0.858 log V + 1.87

= log(4.08 × 106) − (8.66 × 10−3T − 0.866) + 0.49 log m + 1.06 log v − 2/3 log ρ.
(4.1)

Note that the confidence levels of these calibration curve at V = 4 V are quite ambiguous

due to a lack of the impact experiment data with 10’s-µm-sized projectiles (m = 10−12–10−9

kg). Furthermore, the slopes of these calibration curves for different temperature are not nec-

essarily the same. Therefore, it is possible that the detection size of the 180◦C sensor, which

generates V = 4 V at v = 20 km/s and ρ = 2.0 g/cm3, is smaller than the estimated value, ∼67

µm. Eberle and Eisenmenger (1992) reported that a PVDF sensor heated at 180◦C recovers its

piezoelectric sensitivity to the level of 100◦C-heated sensor. As a conclusion, we regards the
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detection sensitivity of the 180◦C sensor may be open to discuss.

4.3 Sampling Probability

The measurement information of ALADDIN, dV and dt, are obtained by the signal sampling

of the ADC inside ALDN-E. The sampling interval, i.e. 600 µs, is somewhat slow for the

signals ALADDIN generates. Fig. 4.8 shows an example of signal waveform observed at the

LGG experiments. Since the pulse duration is a few milliseconds at the longest, it is difficult for

this ADC speed to accurately reproduce the signal wave form. Therefore, in order to estimate

the physical properties of impacted dust particles from dV, the signal sampling effect should be

considered.
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Fig. 4.8. An example of signal waveform obtained at the LGG experiments. The projectile
of 500-µm-diameter glass particle was impacted on the flight-spare of 20-µm-thick ALDN-S at
3.11 km/s.

The coarse sampling rate triggers miss-detection against the signals with pulse width of

<600 µs. Fig. 4.9 represents the relation between V (the peak voltage of signal defined in

Section 3.5) and detection probability by using some of the nsPL experiment data. The detection

probability can be calculated by dividing the pulse width of signals by the sampling interval

(600 µs). At V < 1 V, the half of signals are miss-detected, while nearly 90% of signals can
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be detected at about 5 V. Significant large signals, e.g. obtained at the LGG impact experiment

(Fig. 4.8), is detected with 100%.
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Fig. 4.9. The relation between V and detection probability.

In addition to the miss-detection, dV is not necessarily corresponding to V depending on the

signal magnitude and the timing of signal sampling. Typical probability of being sampled as dV

bins for various V are listed in Table 4.7. The sum of the probabilities of each V corresponds to

the detection probability plotted in Fig. 4.9.

Table 4.7. Probability of being sampled as dV bins for various V .

Probability of being sampled as the dV bin (%)

V (V) 0.03421–1 V 1–2 V 2–3 V 3–4 V 4–5 V

4.7 51.9 13.1 8.3 6.2 6.8

3.5 49.9 12.8 8.5 6.0 0

2.3 53.5 14.4 4.6 0 0

1.5 52.8 11.0 0 0 0

0.5 44.7 0 0 0 0

From the analyses about the probabilistic signal sampling effects, the data of dV ≥ 4 V are

found to be the most robust to interpret. Therefore, at present we will use the measured data of
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dV ≥ 4 V for further scientific discussions about cosmic dust.

Considering the signal sampling effect and the calibration law developed in Chapter 3 and

Section 4.2, we investigated the physical properties, here especially mass, of the impacted dust

particles which generates dV ≥ 4 V. Fig. 4.10 represents the probability distribution of being

sampled as dV ≥ 4 V by an impact of dust particle having a certain mass at 20 km/s. These

data plots were obtained from the signal data of LGG and nsPL experiments and the inclined

solid line is the fitting curve on the plots of probability less than 100%. Probability of each plot

was calculated by the pulse width corresponding to the amplitude of ≥4 V. Note that the masses

of the LGG data plots are not actual mass but corrected by Eq. (3.3) using v = 20 km/s and

ρ = 2.0 g/cm3. The masses of the nsPL data were derived with the same manner as the LGG

data. Here, T = 100◦C is assumed. It is found that impacts of dust particles ≥∼ 7 × 10−11 (∼40

µm in diameter) are recorded as dV ≥ 4 V with 100%, while impacts of dust particles having

m =∼ 1 × 10−11 (∼20 µm in diameter) generate the data of dV ≥ 4 V with 1%.
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Fig. 4.10. Probability distribution of being sampled as dV ≥ 4 V by an impact of dust particle
having a certain mass at 20 km/s.

We show how to analyze the actual measured data of dV ≥ 4 V obtained during a certain

bin of heliocentric distance or observation time. First, we prepare the following parameters: T

averaged over the bin, v, and assumed ρ of dust particles. Note that v is estimated by considering
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the velocity vector of IKAROS, pointing information of the ALDN-S (direction of normal to the

IKAROS membrane), and the distribution of orbital elements of typical zodiacal dust particles

(Hirai et al., 2014). Then, we estimate mass by using V = 4 V in addition to the prepared T ,

v, and ρ. This estimated mass is the minimum mass (defined as probability of 1%), which is

detectable as dV ≥ 4 V (i.e. dV = 4 V) under these T , v, and ρ conditions. From the relation

represented in Fig. 4.10, we can finally find out the mass range of dust particles generating the

measured data of dV ≥ 4V.

For example, at 0.72 AU with T = 180◦C, v = 24 km/s (calculated by Keplerian velocity

variation from 20 km/s at 1 AU), and ρ = 2.0 g/cm3, the minimum diameter being detected as

dV ≥ 4 V (the probability of 1% in Fig. 4.10) is ∼67 µm.
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Chapter 5

New Dust Distribution Model inside the

Earth’s Orbit

We calculated cumulative impact flux between 0.72 AU and 1.1 AU using the screened and

reduced ALADDIN measurement data. The flux error of ALADDIN is well less than that of the

past in-situ detectors. The highly accurate and precise flux by ALADDIN indicates significant

discrepancy compared to the standard model of interplanetary dust flux at 1 AU, Grün model

(Grün et al., 1985). We consider that this discrepancy is due to azimuthal difference in number

density of interplanetary dust, i.e., circumsolar dust ring and blob. In order to reproduce the

observed discrepancy of dust impact flux, we developed new hybrid dust distribution model,

which can simultaneously handle the MMRs and the dust-dust collisions, by combining the

MMRs model provided by Stark and Kuchner (2008) and the collisional evolution algorithm

developed by Ishimoto (2000).

5.1 The ALADDIN Measurement Results and Its Interpretation

Using the 754 reduced measurement data of ALADDIN described in Chapter 4, we esti-

mated cumulative flux (impact number of dust particles having ≥ m per unit of time, sensor

area, and effective solid angle) and compared with fluxes obtained by the past in-situ dust de-

tectors. We consider that the reduced ALADDIN data at 1 AU are composed of impacts by

dust particles with ≥20 µm in diameter. From Fig. 5.1 depicts the cumulative flux obtained by
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ALADDIN and the past in-situ dust detectors, the Galileo DDS and the Helios detector, along

the heliocentric distance ranging from 0.7 AU to 1.1 AU. Note that the flux of the Helios de-

tector is the averaged value during its 5-year measurement orbiting around the Sun between 0.3

AU and 1 AU, while the ALADDIN’s and the Galileo DDS’s were obtained at single passage

in the interplanetary space. The trajectories of the three spacecrafts in the Sun-Earth line fixed

coordinate is shown in Fig. 5.2.

The modeled cumulative flux at 1 AU by Grün et al. (1985) and its extrapolated flux profile

to 0.7 AU are also shown in Fig. 5.1 as parallelogram boxes denoting the model uncertainty.

The Grün model is an empirical mass (size) distribution of interplanetary dust particles based

on in-situ flux measurement by Earth orbiting satellites and crater counting of lunar samples

(Grün et al., 1985). This model has approximately one-order uncertainty in its flux values. The

extrapolation is based on Keplerian velocity and geometrical concentration of number density

(Eq. 18 in Grün et al., 1985). This model has been widely-referred for long by various cosmic

dust studies not only around 1 AU but also for inferring dust distribution other than 1 AU (e.g.,

Poppe and Hornyi, 2012).

Note that the flux value of the Grün model in Fig. 5.1 is corrected from original value

provided in Grün et al. (1985), in which a factor of gravitational enhancement, 2, is considered.

They aimed at establishing an “interplanetary” dust flux model at 1 AU, which means the effect

of Earth’s gravity should be removed. Hence, they divided the raw flux value obtained at near-

earth environment by the factor of gravitational enhancement. In contrast to their purpose, we

need crude flux including Earth’s gravity. Therefore, we corrected their providing flux values

in Grün et al. (1985) by multiplying a factor of 2.

The radial concentration of dust number density due to PR effect is observed as upward

trend of the measured flux along the heliocentric distance except for the Galileo measurement.

It is also found that our ALADDIN shows the most accurate flux data in the past detectors

thanks to its large sensor area and viewing angle despite the fact that ALADDIN detected larger

(≈ lower number density) dust particles than that detected by the past detectors. The flux of

inbound and outbound orbit of ALADDIN are not much different each other. This feature may

indicate that the 180◦C-heated ALDN-S has been comparable with the sensor on the inbound

orbit as suggested in Section 4.2.
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The ALADDIN flux shows significant higher flux than the Grün flux, even considering the

large uncertainty of the Grün flux. On the other in-situ measurement, their flux are within the

uncertainty of Grün flux. The discrepancy found by the ALADDIN measurement may suggest

the significant variation in azimuthal number density of large dust particles due to MMRs be-

tween Earth and interplanetary dust. Focusing on the dust distribution at 1 AU and using the 20

µm flux obtained by the ALADDIN, we tried to explain the observed discrepancy by use of the

Stark model (MMRs-only) and our new hybrid model (MMRs and dust-dust collision).
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Fig. 5.1. Flux comparison between (a) ALADDIN, (b) Helios, (c) Galileo, and Grün flux
model. The detected size of dust particles by ALADDIN is dependent on the sensor temper-
ature, i.e, heliocentric distance. At 1 AU, the detection threshold size was around ≥20 µm,
and then the sensitivity was gradually degraded. After its perihelion passage, the ALADDIN
detected dust particles larger than ∼67 µm but it leaves a room for discussion (Section 4.2). The
flux of Helios can be calculated with its measurement data of ≥1 µm due to its small sensor
geometry (Section 2.2.1). The Galileo detector has large sensor area of 0.1 m2, so the flux of
≥10 µm can be estimated.
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Fig. 5.2. Trajectories of the ALADDIN, Helios, and Galileo in the Sun-Earth line fixed coordi-
nate. The fluxes from ALADDIN and Galileo were obtained in a part of their trajectory, while
the flux from Helios is accumulated value along its whole trajectory.
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5.2 Development of a New Hybrid Dust Distribution Model

5.2.1 Stark’s Mean Motion Resonances (MMRs) Model

One of most reliable models for evaluating the effect of MMRs based on numerical calcu-

lation of substantial number of test particles has been provided by Stark and Kuchner (2008).

They have provided their calculation results with various planet mass, test particle size, and

semi-major axis of planet. The density of test particle is assumed to be 2.0 g/cm3. The source

region of test particles ranges from 3.5 AU to 4.375 AU and initial inclination are ranging in

0–20 degree. This Stark MMRs model does not include effects of dust-dust collisions on the

particle distribution and only generates the relative value of the number density.

Fig. 5.3 shows examples of resulting maps of surface number density drawn in the Sun-

Earth line fixed co-rotating coordinate system. The diameter of test particles are 8, 25, 80, 250

µm and a 1-earth-mass planet is orbiting at 1 AU around the Sun. It is found that the larger

particles represent clearer contrast in number density than the smaller particles. Note that their

simulation result of 25-µm-diameter particles is consistent with the ringed feature presented by

the past simulation work (Fig. 1.3, Dermott et al., 1994).
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Fig. 5.3. Surface number density maps of 8 µm (upper left), 25 µm (upper right), 80 µm
(bottom left), and 250 µm (bottom right) in diameter with 1 earth-mass planet orbiting at 1 AU
(Stark and Kuchner, 2008).
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5.2.2 Ishimoto’s Collisional Model

Ishimoto (2000) developed a collisional evolution model for the dust distribution in the

inner solar system. The Ishimoto model predicted selective variation of number density with

dependence on the mass of dust particles and heliocentric distance. In contrast to the Stark

MMRs model, the Ishimoto model does not include density variation due to MMRs.

In the Ishimoto model, the Grün model is used as initial or boundary condition to determine

the dust size distribution at 1 AU. Orbital lifetime of dust particles, which is determined by

collisional lifetime and PR lifetime, in the each mass bin is sequentially calculated for the each

step of heliocentric distance. Both the collisional and PR lifetime are calculated in the same

manner as Grün et al. (1985). Then, in accordance with orbit transition and collisional gain and

loss for each mass at each heliocentric distance are calculated with following equations,

n(m,r − ∆r) = n(m,r)dm − ∆r
∂n(m,r)
∂r

dm, (5.1)

∂n
∂r

= −n
r
− rc

2βµ

[
dng

dt
− dnl

dt
+

dns

dt

]
(5.2)

where dng
dt , dnl

dt , dns
dt are variation rate of number density at unit time by collisional gain, colli-

sional loss, and supply from parent bodies at the heliocentric distance, r .

An example of calculated mass (size) distribution within 1 AU by the Ishimoto model is

shown in Fig. 5.4. The example shows decreasing density of large particles (>10−6 g, approx-

imately >∼100 µm in diameter) and increasing density of intermediate-sized particles (10−12–

10−6 g) in which range ∼20 µm size (10−8 g) the reduced ALADDIN measurement data covers

is included. These feature means that destructed large particles, which have shorter collisional

lifetime than PR lifetime, makes the density of intermediate-sized particles higher. The number

density of small particles (<10−12 g) drops sharply because these small particles are blown out

by the radiation pressure due to its high β value (Eq. (1.3)).
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1166 H. Ishimoto: Modeling the number density distribution of interplanetary dust

4.1. Results of model calculations

Fig. 7 shows the calculated number density distribution at
1.0AU, 0.5AU, and 0.1AU for the three cases of dust input de-
scribed in Fig. 6. For spherical particles of “astronomical sili-
cate” in our model calculations, particles with 10−15g ≤ m ≤
10−12g generated by collisions with large particles become hy-
perbolic. Most of the hyperbolic particles in the calculations are
then within this mass range. Note that, because of our simple di-
vision between bound and hyperbolic particles in Eq. (10), some
particles in bound orbitswill also exist in thismass range, aswell
as hyperbolic particles withm > 10−12g andm < 10−15g.

The number density distribution of hyperbolic particles at an
arbitrary solar distance r depends on their production rate inside
r, whereas that of the main particles depends on the production
rate outside r. Therefore, there is no physical requirement for
the flux of the two dust populations to be comparable at distance
r. From the 1AU plots in Fig. 7, the number density for masses
10−14g ∼ 10−12g is about two orders of magnitude smaller
than that of the IMFmodel. Since, for the IMFmodel, the trans-
formation from cumulative flux to number density distribution
assumes a constant impact velocity of 20 km sec−1 (see Grün
et al., 1985), and our calculated impact velocities for the hyper-
bolic particles at 1AU are much higher than 20 km sec−1, the
difference in absolute number density between our numerical
results and those of the IMF model can be reduced if the same
treatment is adopted for our model (see the long-dashed lines in
Fig. 7). However, even if such a transformation is adopted, the
resulting flux of the hyperbolic particles in Fig. 7 is still a factor
smaller than that of the IMF model. Furthermore, the gap in
number density between the hyperbolic and the main particles
becomes larger closer to the Sun, because of their different ra-
dial dependencies. As a result, the hump in the number density
distribution for particles with masses 10−12g ≤ m ≤ 10−7g
becomes larger closer to the Sun.

In case (C)-a, dust input is assumed to increase with a ra-
dial dependence of r−3.5 until 0.5AU, and to remain constant
within 0.5AU. In spite of the radial increase in dust production
between 0.5AU and 1AU, the number density distribution for
m ≥ 10−5 is almost constant in case (C)-a. As briefly discussed
in the previous section, a slope withm− 7

3 dependence appears
when collisional loss and dust production balance each other
out, and the number density in this mass range depends on the
radial dependence of the dust input. This means that the number
density distribution in this mass range remains constant if the
dust input has the same radial dependence. On the other hand, an
increase in collisional gain raises the number density for smaller
particles. Hence, the line withm− 7

3 dependence is extended to
the less massive particles as the heliocentric distance decreases.

In case (C)-a, inside 0.5AU the radial dependence of dust
input is chosen to be constant. Because of this change at 0.5AU,
the collisional balance for particles with masses m ≥ 10−6g
is changed, and the number density decreases while keeping
am− 7

3 dependence. However, the smaller particles that form a
m− 4

3 dependence increase in number because of the dust supply
and collisional gain, as well as by geometrical concentration by
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Fig. 7a–c. The calculated number density distribution for case (C)-a
(upper panel), case (C)-b (middle panel), and case (C)-c (lower panel).
Most of the particles with masses 10−14g ≤ m ≤ 10−12g are of
collisional origin and are in hyperbolic orbits. The dashed-line denotes
the IMF model at 1AU. The long-dashed line between 10−14g and
10−12g is derived by using the same treatment as in Grün et al. (1985)
for particles in hyperbolic orbits at 1 AU.

~20 µm	

Fig. 5.4. Calculated size distribution within 1 AU by the Ishimoto model (Ishimoto, 2000).
Dashed line denotes the mass distribution at 1 AU by the Grün model. The reduced ALADDIN
measurement data covers ∼20 µm to several tens micron sized dust particles.

5.2.3 A New MMRs-Collisional Hybrid Model

We made a new MMRs-collisional hybrid model by introducing MMRs effect estimated by

Stark and Kuchner (2008) into the collisional evolution model by Ishimoto (2000). Fig. 5.5

shows radial density profiles from the Stark model (blue and red solid line) along the “gap line”

and “trailing line” illustrated in Fig. 5.7, which are corespondent with the 1 AU position of

the IKAROS-ALADDIN trajectory. Also, density profile without collision nor MMRs, which

is equivalent to the non-collision version of the Ishimoto model, is shown. In order to imple-

ment the MMRs effect into the Ishimoto model, the non-collision Ishimoto model should be

equivalent with the Stark’s MMRs-only density profile along the both gap and trailing line, re-

spectively. Hence, the modified non-collision version of Ishimoto model can be expressed as

modified Eq. (5.2) as follows:

∂n
∂r

= −n
r

x (5.3)
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where x is a correction coefficient in order to match the number density profile of the Stark

model. By using the Stark density maps of 8, 25, 80, and 250 µm in diameter with 1 Earth-mass

planet orbiting at 1 AU from the Sun-mass central star, we calculated radial density profiles

between 8 and 250 µm at a r step of 0.001 AU and a mass step of 0.1 in log m (g). Then, we

estimated the coefficient x for each r and log m steps. Finally, by adding collisional and supply

term as described in Eq. (5.2), an equation of the new MMRs-collisional hybrid model has been

developed as follows:

∂n
∂r

= −n
r

x − rc
2βµ

[
dng

dt
− dnl

dt
+

dns

dt

]
(5.4)
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Fig. 5.5. Radial profiles of normalized number density of 25 µm test particles along the gap
line (blue solid line) and the trailing line (red solid line) retrieved from the Stark’s density map.
Dashed line denotes the density profile without MMRs nor dust-dust collision (density ∝ r−1).

Boundary condition and model parameters, i.e., initial distribution, collisional gain and loss

algorithm, and dust supply rate from parent bodies, are referred from the past modeling works

and in-situ dust flux measurements.

For the boundary condition, we adopted the Grün flux at 1 AU same as the Ishimoto model.

We will modify the model parameters in order to fit our calculation result with Grün flux at

1 AU. At this moment, however, we have not finished the parameter adjustment, so it will be

completed in the future works.
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We defined that the calculation is started at 2 AU in order to estimate the dust size distribu-

tion within 1 AU. Ten times reduced Grün differential number density is tentatively used as the

initial size distribution at 2 AU. Fig. 5.6 shows the differential number density by Grün et al.

(1985) at both 1 AU and 2 AU.
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Fig. 5.6. The initial number density at 2 AU calculated from Grün flux model (Grün et al.,
1985). The differential number density at 1 AU and 2 AU are shown as red-dashed line and
blue-solid line, respectively.

Our collisional gain and loss rate, which are equivalent to that of Grün et al. (1985) Ishimoto

(2000) also used, can be written as follows:

dng (m,r)
dt

=

"
g(mp,mt ,m)n(mt ,r)n(mp,r)vi (r)dmpdmt (5.5)

dnl (m,r)
dt

= n(m,r)
∫

n(mp,r)vi (r)σ(m,mp)dmp (5.6)

where mp and mt are the masses of the projectile and the target, respectively, and σ is the

collisional cross section. The mean impact velocity, vi (r), can be calculated from 0.53 × vk

(vk is Keplerian velocity at a given heliocentric distance), taking into account dispersion of

orbital inclination (∼30◦) and orbital evolution due to Poynting-Robertson drag. For example,

vi (r) at 1 AU equals ∼16 km/s. Note that we have not included dust particles on hyperbolic

trajectory. The g(mp,mt ,m), which is equivalent to Eq. (1.4), denotes the impact fragment size
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distribution. The slope of size distribution, η, is same as Grün et al. (1985), 0.83.

The dust supply rate was determined on the basis of Ishimoto (2000) and Economou et al.

(2013) and expressed as follows:

dns(m,r)
dt

= 1.0 × 10−31m−0.65r−3.5 (5.7)

The heliocentric dependence, -3.5, is referred from Ishimoto (2000), in which they determined

it by using the boundary condition of the Grün flux at 1 AU. The increasing supply rate with

decreasing heliocentric distance represents the dust supply from comets. They also included

the dust supply from asteroids, but it is confined between 2 AU and 3 AU. Since our calculation

starts from at 2 AU, we neglected the asteroidal dust supply.

In Economou et al. (2013), the result of in-situ dust measurement at the flyby of Comet

9P/Tempel 1 conducted by Dust Flux Monitor Instrument of Stardust-NExT mission is reported.

They estimated the mass dependence of dust particles from the comet as -0.65. According to

Nesvorny et al. (2010), the dominant source of cometary dust for zodiacal cloud is due to

Jupiter-family comets (JFCs). Since Comet 9P/Tempel 1 is a periodic JFC, so we can consider

this mass dependence as typical value for the cometary dust supply.
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5.3 Azimuthal Variation of Interplanetary Dust Particles at

1 AU

Using the newly developed MMRs-collision hybrid model, we investigated the observed

azimuthal discrepancy in dust number density at 1 AU. The number densities used were cal-

culated from the impact flux on the ALADDIN and the Grün flux. Both the simulation results

from the Stark model and the new hybrid model are compared with the in-situ measured flux by

the ALADDIN and the Grün model which is based on in-situ measurement around the earth.

Fig. 5.7 shows the trajectory of IKAROS spacecraft superimposed on the Stark 25-µm den-

sity map. The density map predicts that the ALADDIN on its inbound orbit detected the trailing

clump of the earth.

Fig. 5.8 shows the differential number density of 20 µm obtained and simulated by the in-

situ measurement (ALADDIN and Grün flux), the Stark model, and our new hybrid model. The

differential number density of in-situ measurements were calculated by the correlation between

cumulative flux and differential number density presented in Grün et al. (1985). Note that we

used the Grün flux as boundary condition in the calculation of our hybrid model. Hence, the

density at 1 AU of heliocentric distance on the gap line is biased to correspond to the Grün flux

same as the Stark model (see Section 5.2.1).

The in-situ measurement shows significant difference between the gap and the trailing clump

by a factor of 12.6, while the difference estimated by the Stark model and our new model are a

factor of 1.7 and 2.1, respectively. However, considering the uncertainty of the number density

of in-situ measurements, especially large error bar of the Grün flux, the difference could be 2.8

at the minimum. Consequently, our new model shows better estimate of discrepancy between

the gap and trailing clump.
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Fig. 5.7. The trajectory of ALADDIN superimposed on the Stark 25-µm density map. The
color scale represents relative number density (Stark and Kuchner, 2008).
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density.
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Conclusions and Future Work

6.1 Conclusions

The largest PVDF-based in-situ dust detector, ALADDIN, was calibrated using the extrap-

olation method with the LGG experiment and complementary experiment with the nsPL. The

calibration shows that the ALADDIN has ability to detect ≥10-µm-sized dust particles within

its dynamic range.

From the analysis of the combination and dV value of flagged channels, the measured data

of ALADDIN in space can be reduced to the physical properties of detected dust particles.

As a specific issues of the ALADDIN, the sampling probability due to the detector electronics

and thermal degradation of PVDF at significantly high temperature are also investigated. The

reduced ALADDIN data provides the 10 times more accurate flux value of ≥10-µm-sized dust

particles in the past in-situ measurements.

The comparison of the flux obtained by the ALADDIN and the Grün flux model revealed

unambiguous discrepancy between the gap region and the trailing clump region at 1 AU distance

from the sun. In order to interpret the observed density variation, we developed a hybrid model,

which can handle simultaneously the MMRs and dust-dust collision effect in the calculation for

the dust number density by introducing an existing dust-dust collision model (Ishimoto model)

to the MMRs model (Stark model). The new hybrid model can estimate the density difference

between the gap and the trailing clump observed by the ALADDIN measurement and the Grün

flux model better than the MMRs-only model or the collision only model.
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6.2 Future Works

Orbiting around the Sun between 1 AU and 0.7 AU, IKAROS made Venus closest approach

(VCA) close to ∼13 Venus radii at its first inbound orbit. Fig. 6.1 shows the trajectory of

IKAROS in the Sun-Venus line fixed co-rotating coordinate system. The ALADDIN success-

fully measured dust impact flux around the VCA. From analyses of these flux data obtained by

the ALADDIN at VCA, we will expand our newly developed dust distribution model in order

to explain the observed anisotropy in dust distribution around Venus.

In addition to the ringed structure along the Venus orbital path observed by Helios and

STEREO (Section 2.1.1 and 2.1.3), our ALADDIN will provide the dust distribution in the

vicinity of Venus with its detailed in-situ measurement data. Venus should have gap structure

similar to that around the Earth.
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 IKAROS Trajectory
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Fig. 6.1. The IKAROS trajectory at its Venus closest approach plotted in the Sun-Venus line
fixed co-rotating coordinate system.

Further investigation of model parameters, such as size distribution at the initial heliocentric

distance or the fragment size distribution produced by dust-dust collisions, will give the com-

plete model to reproduce the measured difference of number density at 1 AU. The developed

hybrid model for 1 AU can be expanded to estimate the dust distribution at 0.7 AU including

gap and clump structures induced by Venus MMRs. Hence, a practical cosmic dust distribution

model inside the Earth’s orbit will be developed.
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Our distribution model for cosmic dust inside the Earth’s orbit can be also used to estimate

dust distribution in the outer region of the Solar System. It has been thought that Neptune has

the gap and clump structure caused by MMRs around its orbital trajectory (e.g., Liou and Zook,

1999). In-situ measurement data will be obtained by the Student Dust Counter onboard NASA

New Horizons spacecraft in near future (Han et al., 2011).

Ultimately, our model will provide unique insights about formation and evolution of exo-

zodiacal cloud or dust disks by constraining the mechanisms of interaction between MMRs and

dust-dust collisions. Thanks to the knowledge obtained in dust distribution of our Solar System,

the physical properties, such as mass or orbital radii, of hidden planets inside the exo-planetary

disk can be estimated.
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