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Dust measurements with the Mars Dust 
Counter on board Nozomi (PLANET‑B)
Harald Krüger1,2*   , Masanori Kobayashi2, Hiroshi Kimura2, Tomoko Arai2, Håkan Svedhem3 and Sho Sasaki4 

Abstract 

Nozomi was Japan’s first space mission to Mars, launched on 3 July 1998 UT. It was equipped with the Mars 
Dust Counter (MDC) which was an impact ionisation dust detector. MDC detected 96 dust particle impacts 
when the spacecraft was in Earth orbit and later in interplanetary space, before its operation ended in April 2002 due 
to a technical failure on board. We compare the Nozomi dust measurements with the dust measurements obtained 
with the dust detector on board the Ulysses spacecraft. Impact speeds and masses of dust particles measured 
by Nozomi MDC are overall consistent with the measurements obtained by Ulysses in the same region of interplan-
etary space. Based on the impact speeds measured while Nozomi was in Earth orbit, MDC detected neither dust 
particles of natural origin that were bound to the Earth nor space debris. The dust impact rate measured in interplan-
etary space varied by approximately a factor of 2, consistent with theoretical predictions by the Interplanetary Mete-
oroid Engineering Model. The particle impact direction was concentrated towards the ecliptic plane, in agreement 
with an interplanetary origin of the majority of the measured dust particles. No impacts of cometary trail particles 
could positively be identified during known cometary trail crossings of Nozomi. The Nozomi dust data may become 
a valuable reference for the dust measurements to be obtained in the same region of interplanetary space with future 
space missions like, for example, MMX and DESTINY+.
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Graphical abstract

1  Introduction
The Japanese spacecraft Nozomi, initially named 
PLANET-B, was launched on 3 July 1998 UT, heading 
towards Mars (Yamamoto and Tsuruda 1998). The mis-
sion’s main scientific objective was the study of the struc-
ture and dynamics of the upper Martian atmosphere and 
its interaction with the solar wind (Nakatani et al. 1995). 
An additional objective was the search for a dust ring sur-
rounding Mars (Ishimoto et al. 1997; Sasaki 1999) which 
had been predicted by several authors (e.g. Soter 1971; 
Hamilton 1996; Krivov and Hamilton 1997; Zakharov 
et  al. 2014) but remains as yet undiscovered (Showalter 
et  al. 2006; Showalter 2017). More recent studies of the 
particle dynamics in the Martian rings were presented 
by Makuch et  al. (2005); Krivov et  al. (2006); Liu and 
Schmidt (2021). To this end, Nozomi was equipped with 
the Mars Dust Counter (MDC) which was an impact ion-
isation dust detector (Igenbergs et  al. 1996, 1998), with 
strong heritage from earlier instruments (BREMSAT, 
Hiten, Galileo, Ulysses; Igenbergs et  al. 1991; Iglseder 
et al. 1993; Grün et al. 1992a, b).

Although Nozomi could not fulfil its primary mission 
goals at Mars due to technical failures on board (see 
Sect.  2), the MDC measurements of cosmic dust in the 
vicinity of the Earth and the Moon and later in inter-
planetary space provided new scientific results. MDC 

detected 96 dust particles between 1998 and 2002. For 
79 of them the impact speed and particle mass could 
be derived from the measured charge signals. Most of 
the detected particles were interplanetary dust orbit-
ing the Sun but MDC also detected several particles of 
interstellar origin (Sasaki et  al. 1999, 2002, 2002, 2007; 
Senger 2007). Finally, an enhanced dust impact rate was 
recorded in November 1998 when the spacecraft—still 
being in Earth orbit—crossed the Leonids meteoroid 
stream.

The objectives of this paper are threefold. First, we 
want to make the Nozomi dust data set in electronic 
form available to the scientific community so that it can 
easily be accessed for further scientific investigations. To 
our knowledge, the Nozomi dust data are not electroni-
cally available so far. Similarly, 20 years of dust meas-
urements collected with the DEBris In orbit Evaluator 
1 (DEBIE-1) dust impact detector on board the Project 
for On-Board Autonomy (PROBA-1) mission in Low 
Earth orbit was also recently reanalysed and became 
available to the scientific community (Azzi et  al. 2025). 
Second, new modelling tools for the dynamics of inter-
planetary dust have become available since the MDC 
data were collected about 25 years ago, and we want to 
compare the predictions of those models with the MDC 
measurements. Finally, we review the Nozomi dust 
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Fig. 1  Nozomi trajectory when the spacecraft was in Earth orbit between launch on 3 July 1998 and 25 December 1998 (red), projected 
onto the ecliptic plane (vernal equinox is to the right). The orbit of the Moon is shown in black, and the measured dust impacts are superimposed 
(asterisks). The units are mean Earth radii ( RE = 6, 371 km ). The Nozomi trajectory data were provided by ISAS/JAXA

Fig. 2  Nozomi trajectory projected onto the ecliptic plane (vernal equinox is to the right). The interplanetary trajectory of the spacecraft is shown 
in red. The measured particle impacts are superimposed for the Earth orbiting phase (asterisks) and for the interplanetary trajectory (squares). The 
locations of the spacecraft at specific times are indicated in blue. The Nozomi trajectory data were provided by ISAS/JAXA
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measurements in view of the upcoming Martian Moons 
eXploration (MMX) and Demonstration and Experiment 
of Space Technology for INterplanetary voYage Phaethon 
fLyby and dUst Science (DESTINY+ ) space missions, to 
be launched in 2026 and 2028, respectively (Kuramoto 
et al. 2022; Ozaki et al. 2022; Arai et al. 2024). We expect 
that the Nozomi data will become a valuable reference for 
both upcoming space missions, given that both of them 
will be equipped with in situ dust instruments and trav-
erse the same regions of space between Earth and Mars 
as Nozomi did.

In Sect. 2 we give a brief overview of the Nozomi mis-
sion, and in Sect. 3 we describe the Mars Dust Counter 
(MDC) on board the spacecraft. Section 4 gives an over-
view of the Nozomi dust data set and in Sect. 5 we pre-
sent a new comprehensive analysis of the Nozomi dust 
data. Section 6 is a discussion, and in Sect. 7 we summa-
rise our conclusions.

2 � Nozomi mission
On 3 July 1998 UT, the PLANET-B spacecraft was 
launched at Kagoshima Space Center and renamed to 
Nozomi, following a Japanese tradition. The spacecraft 
was initially brought onto a highly elliptical geocentric 
trajectory with apogee beyond the lunar orbit (Kawagu-
chi et al. 1995). As the available energy provided by the 
launcher was not sufficient for a direct injection into a 

Mars transfer orbit, a few gravitational maneuvres were 
necessary. The first swing-by at the Moon took place on 
24 September 1998, and brought Nozomi to an apogee 
distance of 1.7 million kilometres from Earth (Fig.  1). 
After a second lunar swing-by, a powered Earth swing-
by on 20 December 1998 was supposed to bring Nozomi 
onto its final Mars transfer trajectory. Due to a problem 
in the propulsion system during the Earth swing-by, 
however, the spacecraft did not receive enough energy 
to reach Mars on a direct trajectory. Thus, Nozomi’s 
interplanetary trajectory had to be changed completely 
(Yoshikawa et  al. 2005), and the injection into Mars 
orbit—originally planned for October 1999—had to be 
postponed to December 2003. The interplanetary trajec-
tory of the spacecraft is shown in Fig. 2. During the inter-
planetary mission phase the Nozomi orbital plane was 
close to the ecliptic plane within a few degrees.

Unfortunately, the mission suffered from additional 
technical problems. Particularly severe was the damage 
of a power supply unit which occurred on 24 April 2002. 
It was probably caused by a solar eruption which had 
occurred a few days earlier (Forbes et al. 2002) and hit the 
spacecraft. As a consequence, Nozomi could not enter 
Mars orbit and passed by the red planet on 12 Decem-
ber 2003 at an altitude of 894 km. Finally, the mission was 
declared lost on 10 January 2004 after the exact space-
craft position could not be determined, and a telemetry 

Fig. 3  Measurement principle of MDC. Impacting dust particles vaporised when hitting the target and produced plasma around the impact 
location. The charges of this plasma (negative free electrons and positive ions) were separated by the electric field inside the sensor box. Positive 
ions were collected by the negatively biased ion channel collector and electrons were collected by the positively biased electron channel collector. 
Three charge-sensitive logarithmic amplifiers converted the measured charges into voltage signals that were transformed into digital data 
and transmitted to Earth
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link could not be established anymore. Nevertheless, 
Nozomi provided valuable in situ dust measurements in 
the interplanetary space between Earth and Mars.

3 � Mars Dust Counter (MDC) overview 
and operation

3.1 � Instrument overview
The Mars Dust Counter (MDC) was a light-weight impact 
ionisation dust detector developed mainly by the Techni-
cal University of Munich in Germany, and the European 
Space Research and Technology Centre of the European 
Space Agency (ESA-ESTEC; Igenbergs et al. 1996, 1998). 
It was an improved version of the dust detectors flown on 
board the BREMSAT and Hiten (MUSES-A) spacecraft 
which measured dust particles in low Earth orbit and in 
the Earth–Moon region, respectively (Igenbergs et  al. 
1991; Iglseder et al. 1993; Münzenmayer et al. 1997). The 
MDC was designed to determine not only the flux, but 
also the mass and speed of impacting dust particles by 
measuring the ion and the electron charges produced by 
high-speed impacts onto gold plate targets (impact speed 
vimp > 1 km s−1 ). In addition, the particle impact direc-
tion could be determined from the sensor orientation 
during the impact.

A sketch of the MDC is shown in Fig. 3. Dust particles 
vaporise upon impact when they hit the target and pro-
duce a plasma cloud. The charges of this plasma are sepa-
rated by the electric field inside the sensor box. Positive 

Fig. 4  Orientation of the Nozomi spacecraft and the MDC. 
The antenna (top) pointed towards Earth most of the time 
during the interplanetary mission phase, and MDC largely faced 
the anti-Earth hemisphere. The sensor axis had an angle of 135◦ 
from the antenna pointing direction. During one spin revolution 
of the spacecraft the sensor axis scanned an angle of 90◦ . MDC itself 
had almost 180◦ field of view (FOV)

Fig. 5  Spacecraft attitude: deviation of the antenna pointing direction (i.e. positive spin axis) from the nominal Earth direction 
during the interplanetary mission of Nozomi. The deviations are given in ecliptic longitude ��ecl (top) and latitude �βecl (bottom, equinox J2000)
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ions are collected by the ion collector, and electrons are 
collected by the electron collector. Up to three charge 
signals are measured for each impact. Charge-sensitive 
amplifiers convert the charges into voltage signals that 
are further transformed into digital data and transmit-
ted to Earth. From the measured charge signals and the 
delay times the location of the impact onto the sensor 
can be determined and subsequently used to constrain 
the impact trajectory of the particle. Finally, the impact 
speed and mass of the particle are derived from the 
charge signal’s rise time, the charge amplitude and the 
impact position on the sensor box. The uncertainty of the 
impact speed is a factor of 2 and that of the mass deter-
mination is a factor of 5, respectively (Naumann 2000).

Entrance grids shield the instrument from the ambient 
space plasma to reduce noise signals. For impact angles 
up to 80◦ w.r.t. the sensor axis, i.e. w.r.t. the vertical direc-
tion in Fig. 3, the penetrability of the grids for particles in 
the size range between 0.1µm and 10µm is nearly con-
stant at about 92% to 95% (Senger 2007).

The mass of MDC was only 730  g and, thus, much 
lower than that of comparable impact ionisation dust 
detectors on board the Galileo and Ulysses space-
craft (Grün et al. 1992a, b). The sensor aperture was an 
approximate square with dimension 124 × 115 mm2 . A 
detailed description of the sensor was given by Igenbergs 
et al. (1998) and Senger (2007), and the calibration of the 
instrument was described by Naumann (2000). A sketch 
of the Nozomi spacecraft showing the MDC instrument 
is shown in Fig. 4, and its detection geometry is described 
in Sect. 3.2.

3.2 � MDC sensor pointing direction
A fundamental parameter for the interpretation of dust 
measurements is the sensor pointing direction during a 
dust particle impact, in addition to the orbital position of 
the spacecraft. MDC was mounted onto the spacecraft 
body of Nozomi at an angle of 135◦ from the antenna 
pointing direction, as can be seen in Fig. 4. The spacecraft 
was spin-stabilised, rotating about the antenna axis with 
a rotation period of approximately 7 to 10 revolutions 
per minute. Most of the time when the spacecraft was in 
interplanetary space, the antenna pointed towards Earth 
for communication purposes so that MDC largely faced 
the anti-Earth hemisphere. Due its large field of view 
(FOV), the sensor scanned the entire anti-Earth hemi-
sphere during one spacecraft revolution, including the 
region around the ecliptic poles.

The antenna pointing direction in ecliptic coordinates 
is shown in Fig. 12 in the Appendix. It shows that during 
the early mission phase when the spacecraft was in Earth 
orbit, the antenna pointing varied significantly due to fre-
quent spacecraft attitude changes and orbital manoeu-
vres, and Earth and Moon swing-bys.

In Fig. 5, we show the deviation of the spacecraft rota-
tion axis from the nominal Earth direction during the 
interplanetary mission of Nozomi. Most of the time the 
axis pointed within 5◦ of the Earth direction. This rather 
small deviation is negligible for the considerations and 
the interpretation of dust measurements in this paper.

3.3 � Detection geometry
MDC was mounted at an angle of 135◦ from the antenna 
pointing direction (cf. Fig.  4). Thus, the sensor axis 
scanned an angle of 90◦ during one revolution of Nozomi. 
MDC itself with its box-like shape had almost 180◦ FOV 
(Senger 2007). Due to the rectangular sensor design, the 
effective sensor area to some extent depends on the par-
ticle impact direction. In addition, the spacecraft body, 
other instruments and a solar panel mounted close to 
MDC obscured the MDC’s FOV. Furthermore, the pen-
etrability of the entrance grid depends on the particle size 
and the impact direction (Sect. 3.1). The effective sensi-
tive area of MDC must take these obscuring structures 
into account. The resulting average sensitivity profile of 
MDC w.r.t. the negative spacecraft spin axis, i.e. the anti-
Earth direction, is shown in Fig. 6.

3.4 � Instrument operation
Soon after launch, the MDC became operational and 
provided its first data. The failure of the power supply 
unit on 24 April 2002 (Sect. 2; Forbes et  al. 2002) ter-
minated the operation of all scientific instruments on 
board, including MDC. Nevertheless, the instrument 
provided dust measurements in the Earth environment 

Fig. 6  MDC sensitivity profile during one spin revolution 
of the spacecraft, adapted from Senger (2007). The positive 
spacecraft spin axis pointed close to the Earth direction 
during the interplanetary mission phase (Fig. 5)
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and in the interplanetary space between Earth and 
Mars almost continuously for a total of approximately 3 
years and 8 months.

3.5 � Instrumental noise and dead time
The MDC recorded a large number of noise events that 
may have affected the instrument’s detection capa-
bilities, given that every single signal triggered and 
processed by the MDC electronics causes some instru-
ment dead time and may therefore affect the analy-
sis of the dust data. The effects and characteristics of 
the recorded noise rate and noise signals are discussed 
in detail by Senger (2007). Here we give only a brief 
summary.

The noise events were either discarded by the flight 
software onboard and can only be recognised by the 
instrument’s noise counter, or passed the onboard noise 
recognition scheme and can be seen in the data trans-
mitted to Earth. Many of these noise signals were not 
shaped randomly as it is expected for noise caused by 
random electromagnetic background from different 
possible sources like radiation or the spacecraft’s elec-
trical systems. Rather, several nearly identical signal 
shapes were identified which occur in certain patterns. 
In addition to the signal shape, the coincidences, i.e. 
delay times, between individual charge signals as well 
as the charge amplitudes are critical parameters for the 
separation between dust impacts and noise.

A significant source of noise was due to the release of 
electrons caused by photo-ionisation at the inner MDC 
sensor box surfaces due to solar ultraviolet photons. It 
was a function of the spacecraft orientation and occurred 
when the Sun was illuminating the inner sensor box. 
The Sun could shine into the sensor box when the angle 
between the Nozomi rotation axis and the direction 
towards the Sun was larger than 45◦ (cf. Fig. 4). This hap-
pened mostly early in the mission when the spacecraft 
was orbiting the Earth, while for most of the interplan-
etary mission after spring 1999, this angle was below 45◦ , 
and the noise usually remained low.

Nevertheless, several additional periods of very high 
noise rates occurred during the interplanetary mission 
phase when the Sun could not illuminate the inner sen-
sor walls. The origin of these sporadic interferences 
remains unclear. Solar eruptions were considered as pos-
sible sources since such events cause very high proton 
fluxes and, therefore, may be recorded as noise events by 
MDC, similar to the one that occurred on 24 April 2002 
and was the likely cause of the Nozomi failure. However, 
no additional coincidences between periods of high noise 
rates recorded by MDC and other known solar eruptions 
could be found. Other potential sources of strong noise 

like the Nozomi electronics itself were not examined due 
to missing information (Senger 2007).

Given that the high noise rates may have affected the 
detection capabilities for dust impacts, Senger (2007) 
determined the total detector dead time during the most 
significant noise periods. The highest detector dead time 
derived for the entire mission including the Earth orbit-
ing phase reached a value of 14.5% and occurred only 
once, namely on 8 November 1999 for about six hours. 
During the other high noise periods the detector dead 
time varied between less than 1% and nearly 6% (these 
values occurred during the time periods 6 to 14 June 
1999, 8 to 28 Nov. 1999, 22 Aug. to 28 Nov. 2000, and 
on  16 Aug. 2001, respectively). During the remaining 
more than 90% of the mission time the overall dead time 
was significantly below 1%. In summary, the dead time 
caused by high noise rates is negligible for our analysis.

Even though the noise rates were very high during some 
intermittent periods and the total number of noise events 
detected during the entire mission exceeded 20,000, it is 
expected that the number of erroneously discarded real 
dust impacts is low (see also Sect.  4.2). Unfortunately, 
this value cannot be quantified because the original raw 
data of MDC and the noise events discarded by the noise 
identification scheme are not available anymore. Only 
the processed dust data presented in Tables 1, 2 and 3 are 
still available today.

4 � Dust impact events
In this section, we give an overview of the dust meas-
urements of MDC on board Nozomi. We extracted the 
MDC dust data set from the thesis of Senger (2007). The 
data set is given in Tables 1, 2 and 3 in the Appendix (R. 
Senger’s thesis also contains graphs showing the charge 
signal curves measured for each identified dust impact 
which were not extracted from the thesis and not digit-
ised). An electronic version of the MDC data is available 
at http://dpsc.perc.chibatech.ac.jp/data/
publication/krueger2026//krueger2026_
NOZOMI_MDC_data.txt/, and can also be obtained 
from the first author of this publication upon request.

4.1 � Dust detections in earth orbit
The Earth orbiting phase of Nozomi lasted from launch 
on 3 July 1998 UT until the Earth swing-by on 20 Decem-
ber 1998. About 10,000 signals were triggered by the 
MDC electronics, recorded, qualified by the on-board 
software and transmitted to Earth (Senger 2007). 20 
good signals were identified as dust impacts by man-
ual screening. For one of them a correct determination 
of the charge rise time and amplitude was not possi-
ble and, thus, no impact speed and particle mass could 
be derived. Figure 1 shows the Nozomi orbit during the 
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Earth-orbiting phase with superimposed positions where 
the particle impacts were detected. Note that all particles 
were detected far away from the Earth near the apogee of 
Nozomi. This will be discussed further in Sect. 5.

4.2 � Dust detections in interplanetary space
After leaving the Earth orbit on 20 December 1998, 
Nozomi was on a heliocentric orbit with perihelion at 
1.0 AU and aphelion at 1.44 AU, close to Mars’ orbit. The 
MDC was in operation during the entire mission time 
in interplanetary space until the system failure occurred 
on 24 April 2002 (cf. Sect.  2). Nozomi completed 3 1/2 
orbits around the Sun and detected interplanetary and 
interstellar dust particles. About 11,000 signals were trig-
gered, recorded, qualified and their data sets downloaded 
during the interplanetary mission phase.

In order to separate noise events from potential signals 
of real dust impacts, a neural network was used for pat-
tern recognition. It was used to create a procedure that 
recognises real impact signals and separates them from 
noise signals produced by the MDC sensor. The input 
parameters must represent the overall characteristics of 
the signal in a unique way. For an optimised performance 

of the pattern recognition process, the number of input 
parameters should be minimised and any redundancies 
should be avoided. The network itself should be as slim 
as possible in order to reduce the required computing 
power, and the number of events that are falsely identi-
fied as real impacts should be minimal. The desired out-
put for the given problem reduces to a simple “yes/no” 
answer, i.e. either the presented signal is identified as a 
real impact signal or not. As input parameters, the sig-
nal itself or the whole set of digitised data, respectively, 
was not considered   as a practical approach since that 
would require more than 800 input neurons and lead to 
a very huge neural network. Instead, a set of 56 param-
eters that represent the characteristics of the signal was 
used as initial set of input parameters. These parameters 
include a reduced set of data points of the signals, and 
calculated parameters like the mean pre-trigger or total 
amplitude of the signal. In a first approach, the network 
was designed quite large, using all the 56 input param-
eters that describe the signal shape. The parameters were 
subject to optimisation that was performed by imple-
menting different possible networks and evaluating their 
classification capabilities. Although this network showed 
only a weak classification performance, it was used as a 

Fig. 7  Particle mass vs. impact speed of the dust particles measured with MDC. Ulysses data are shown for comparison (Krüger et al. 2010). The 
detection limits for MDC are shown as dashed lines. They are mean values for all impact positions inside the MDC sensor box (Senger 2007). 
A sample error bar is shown that indicates a factor of 2 uncertainty for the impact speed and a factor of 10 for the mass determination. Projections 
of the MDC data onto the mass and speed axes are shown as histograms (see also Figs. 9 and 10)
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basis for the following optimizations. The number of 
input parameters was reduced to the 16 most significant 
parameters and 2 output parameters. There were several 
different topologies of the neural network which could be 
conceived. All possible and reasonable topologies were 
implemented, trained and validated in order to carry 
out a systematic determination of the best performing 
network topology. As the same network shows different 
performance for each newly created instance, 5 runs for 
each topology were made to get a significant average. A 
training goal of 0.01, i.e. an accuracy of higher than 99% 
in classification performance, was reached (see Senger 
2007, for details). In total, 76 dust impacts were extracted 
from the data measured in interplanetary space. For 16 
of them no speed and mass determination was possible. 
The locations where the particles were recorded during 
Nozomi’s interplanetary mission are shown in Fig. 2.

5 � Analysis
In this section, we perform an analysis of the Nozomi 
MDC dust measurements. We concentrate on the instru-
ment’s raw data measured for each detected dust impact, 
i.e. particle impact speed, mass, impact direction, and 
derived dust flux. We also perform a comparison with 
interplanetary dust detections obtained with the Ulysses 
spacecraft (Krüger et  al. 2010). Our analysis presented 
here supplements the work presented by Senger (2007).

5.1 � Dust mass versus impact speed
In Fig. 7, we show the measured impact speeds and par-
ticle masses for all 79 dust particles with available impact 
speed and mass measurement identified in the MDC data 
set (Senger 2007). Impact speeds occur over almost the 
entire calibrated range of the instrument from 3 km s−1 
to 70 km s−1 . The particle masses vary over more than 
7 orders of magnitude from approximately 10−12 kg to 
10−19 kg . The uncertainties are a factor of 2 for the speed 
and a factor of 5 for the mass (Naumann 2000).

For comparison, we also show the data measured with 
the dust detector onboard the Ulysses spacecraft which 
was an impact ionisation detector of a similar design 
(Grün et  al. 1992b). Because the sensitive area of the 
Ulysses detector was by a factor of ten larger than that 
of the MDC, and the operation time was much longer, 
Ulysses recorded a much higher number of particle 
impacts. From 16 years of dust measurements between 
1990 and 2007, the data sets of 6719 dust impacts onto 
the Ulysses sensor were transmitted to Earth (Krüger 
et al. 2010).

The clustering in the speed values of the Ulysses data is 
due to discrete steps in the charge rise time measurement 
but this quantisation is much smaller than the uncer-
tainty in the speed measurement (due to the discrete 
digitisation steps in the charge and the rise time meas-
urement of the Ulysses instrument, each dot in Fig.  7 

Fig. 8  Dust impact rate measured by Nozomi MDC. The second Earth flyby on 20 December 1998 and subsequent entry into the interplanetary 
trajectory is shown as a vertical dotted line. The error bars indicate the 

√
N variation with N being the number of dust impacts in the respective time 

bin. The dashed line shows the approximate flux of interplanetary dust particles as derived from the IMEM model, see text for details
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usually corresponds to more than one dust impact.). Fig-
ure  7 shows that at high impact speeds above approxi-
mately 20 km s−1 the dust instruments on board both 
spacecraft had similar sensitivities for dust impacts. For 
lower speeds the Ulysses detector was a factor of 5 to 10 
more sensitive in particle mass. It is also obvious that the 
mass-velocity dependence of the MDC was somewhat 
steeper than that of the Ulysses detector, as can be seen 
when comparing the lower boundaries of the Ulysses and 
the MDC data in Fig. 7. These variations may be related 
to differences in the instrument electronics, detector 
geometry or other reasons. The details, however, cannot 
be investigated anymore 30 to 40 years after the MDC 
and the Ulysses dust instruments were manufactured.

The 20 particles detected by MDC in Earth orbit with 
measured impact speed and particle mass are highlighted 
as blue asterisks in Fig. 7. The lowest impact speed was 
7.7 km s−1 , and the highest was 50.9 km s−1 . From the 
measured impact speed and Nozomi’s orbital and atti-
tude data, Senger (2007) derived the heliocentric speed 
of all detected particles (Tables 1, 2 and 3). For the par-
ticles measured in Earth orbit, the derived heliocentric 
speeds range from 17 to 67 km s−1 . This is much higher 
than the escape speed from Earth’s gravitational field at 
the geocentric distance where the particles were meas-
ured. Therefore, all particles detected during the first half 
year of the Nozomi mission must have been unbound to 

the Earth system and, thus, be of interplanetary or inter-
stellar origin. This is in agreement with the dust meas-
urements by Hiten during its three year mission in the 
Earth-Moon system, which was equipped with a similar 
dust sensor (Iglseder et  al. 1993; Svedhem et  al. 1996). 
Thus, the Nozomi MDC neither detected dust particles 
of natural origin that were bound to the Earth nor man-
made space debris.

5.2 � Dust impact rate
The dust impact rate detected by the Nozomi MDC from 
July 1998 until April 2002 is displayed in Fig. 8. The high-
est overall impact rate of approximately 1.5× 10−6 s−1 
was detected during the Earth orbiting phase between 
July and December 1998. During the initial interplanetary 
mission phase in 1999 and early 2000 the impact rate was 
about a factor of 3 lower, increased to about 1× 10−6 s−1 
again in mid-2000, and stayed rather constant at this level 
until the end of the MDC operations in April 2002.

In order to compare the Nozomi dust measurements 
with theoretical predictions by an interplanetary dust 
model, we simulated the Nozomi measurements with the 
Interplanetary Meteoroid Engineering Model (IMEM; 
Dikarev et  al. 2005a, c). We assumed the MDC sensor 
profile shown in Fig.  6, and the Nozomi antenna axis 
pointing shown in Fig.  12 in the Appendix. Given that 
the spacecraft rotation axis pointed close to the Earth 

Fig. 9  Impact speed distribution for the dust impacts measured by Nozomi MDC. The speed distribution measured with the Ulysses dust detector 
in 1990 between 1 and 1.45 AU (73 dust impacts) is shown for comparison
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direction after mid 1999, the MDC scanned the anti-
Earth hemisphere most of the time in this period.

The dashed line in Fig.  8 shows the expected dust 
impact rate for Nozomi MDC derived from the IMEM 
model. For the simulations we assumed a detection 
threshold of MDC of 1.5× 10−16 kg in order to get a rea-
sonable fit of the measured impact rate. It corresponds to 
an average dust impact speed of approximately 10 km s−1 
(cf. Fig. 7), and it is in overall agreement with the impact 
speeds measured by MDC (Fig. 9). The upper limit of the 

size range considered in the simulations is 10−2 kg . Due 
to the steep dust size distribution falling off with increas-
ing particle size, the choice of this latter value has no 
influence on the modelling results. In order to assess the 
influence of the selected minimum mass on the predicted 
flux, we ran the IMEM model with different mass thresh-
olds. This showed that a factor of 2 increase or decrease 
in the lower mass cutoff changes the average predicted 
flux by a factor of 1.3, a factor of 5 change in the mass 
cutoff changes the flux by a factor of 2, and a factor of 10 
change in the mass cutoff leads to a factor of 2.6 change 
in the flux, respectively. The simulations were performed 
with a time step of 1 day, and gravitational focussing of 
interplanetary dust by the Earth was taken into account 
in 1998 when Nozomi was in Earth orbit.

The strong fluctuations in the simulated impact rate 
in 1998 are caused by frequent changes in the space-
craft attitude. On the other hand, the variation of the 
dust impact rate predicted by the IMEM model for the 
interplanetary mission by almost a factor of two is mainly 
caused by the variation in the dust spatial density and 
impact speed between the orbits of Earth and Mars, and 
by the changing sensor orientation w.r.t. the dust flow.

The impact rate predicted by the model is in overall 
agreement with the MDC measurements, although the 
model predicts a smaller variation of the impact rate 
than is actually seen in the data. Here the relatively low 
number of measured particles in each time bin may have 
an influence. The measured impact rate and the IMEM 
model will be discussed further in Sect. 6.1.

Fig. 10  Mass distribution for the dust impacts measured by Nozomi 
MDC. The mass distribution measured with the Ulysses dust 
detector in 1990 between 1 and 1.45 AU (73 dust impacts) is shown 
for comparison. The corresponding radius for spherical particles 
with density 2, 500 kgm−3 is shown at the top

Fig. 11  Dust impact directions in ecliptic coordinates showing the flow directions (downstream) at the location of Nozomi of the 79 dust particles 
measured by MDC with derived mass and impact speed (cf. Tables 1, 2 and 3). Each triangle denotes a dust particle impact. The colour code reflects 
the particle’s derived heliocentric speed at the location of the spacecraft where the particle was detected. 0◦ ecliptic longitude is to the left
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5.3 � Impact speed distribution
In Fig.  9, we show the impact speed distribution of the 
dust impacts measured by Nozomi MDC. The aver-
age impact speed of the 20 particles measured in Earth 
orbit is approximately 23 ± 11 km s−1 , while that of the 
80 particles detected in interplanetary space is about 
19 ± 15 km s−1 . Given that the motion of particles 
detected in Earth orbit is affected by the gravitational 
attraction of the Earth, they should have higher average 
impact speeds than particles detected in interplanetary 
space. Thus, the increased measured impact speeds in 
Earth orbit are in qualitative agreement with this expec-
tation, although this is not statistically significant.

Figure  9 shows a few impacts with speeds exceeding 
approximately 40 km s−1 . The escape speed from the 
gravitational attraction of the Sun at the heliocentric dis-
tance of Nozomi (1.0 to 1.44 AU) ranges from 42 km s−1 
to 35 km s−1 . Thus, based on the measured impact 
speeds, these high-speed particles are good candidates 
for particles being unbound to the solar system. We will 
come back to this in Sect. 6.2.

Figure  9 shows the speed distribution measured with 
the Ulysses dust detector for comparison (Grün et  al. 
1995). We only show the Ulysses data measured in the 
distance range between 1 and 1.45 AU in the year 1990. 
(We used 73 Ulysses detections between launch on 6 
October and 20 December 1990 when the spacecraft 
was in the heliocentric distance range between 1  AU 
and 1.45  AU, with measured impact speeds and parti-
cle masses and a velocity error factor VEF < 10 (Krüger 
et  al. 2010).) The average impact speed of the 73 par-
ticles measured with Ulysses in this time interval is 
36 ± 17 km s−1 and, thus, much higher than the impact 
speeds measured with Nozomi MDC in a comparable 
region of space (60 particles with 19 ± 16 km s−1 ). The 
average impact speed predicted by the IMEM model for 
the MDC measurements is about 12 km s−1 , in agreement 
with the measurements. This is consistent with the fact 
that Ulysses, heading towards Jupiter on a direct trajec-
tory, traversed this region of space with a much higher 
speed than Nozomi which had its aphelion at Mars’ orbit, 
leading to higher impact speeds in the case of Ulysses.

5.4 � Mass distribution
In Fig.  10, we show the mass distribution of all 79 par-
ticle impacts for which the impact speed and particle 
mass are available, again separate for the Earth orbiting 
phase and the interplanetary mission phase of Nozomi. 
Below approximately 10−15 kg the mass distribution is 
incomplete because the detection threshold varies with 
the impact speed (see Fig.  7). High impact speeds lead 
to a detection threshold shifted towards smaller particles 
and vice versa. Furthermore, the detection threshold of 

the instrument is not a fixed and well-defined value but 
rather a range in impact charge. This was also seen in the 
Ulysses and Galileo dust instrument data (e.g. Krüger 
et al. 2010, their Fig. 4).

The mass distribution measured with Ulysses shows 
a maximum at two orders of magnitude lower masses 
than the one measured with Nozomi. This is overall con-
sistent with the higher impact speeds measured with 
Ulysses (Sect.  5.3), given that the detection threshold 
mthr of impact-ionisation dust detectors is a strong func-
tion of the impact speed vimp : mthr ≈ v

−3.5
imp  (Göller and 

Grün 1985; Auer 2001, see also Fig. 7). Thus, an increase 
in impact speed by a factor of 2 shifts the detection 
threshold to approximately a factor of 10 smaller parti-
cle masses. Assuming that Nozomi and Ulysses detected 
the same dust populations and had comparable detection 
thresholds, this partially explains the maximum in the 
Ulysses measurements at lower masses. The other fac-
tor of 10 shift is likely due to a more sensitive detection 
threshold of the Ulysses sensor at impact speeds below 
approximately 10 km s−1 , as is indicated in Fig. 7.

5.5 � Impact direction
Senger (2007) derived particle velocity vectors in helio-
centric coordinates for all 79 particles for which the 
impact speed and impact direction were measured 
(Tables 1, 2 and 3). The velocity vector converted to heli-
ocentric ecliptic coordinates is shown in Fig. 11.

In his thesis, Senger (2007) discussed neither the 
uncertainties in the determination of the particle veloc-
ity vector nor in the particle’s orbital elements. The 
matter is complicated because of the complex FOV of 
MDC. Due to the box shape of MDC and its inclined 
mounting orientation on board Nozomi, and spacecraft 
structures obscuring the FOV, the accuracy depends on 
the direction (note that the sensitivity profile in Fig.  6 
shows an average over all directions). Senger gives a 
range of 0.77π sr to 0.83π sr with an average of 0.81π sr 
for the sensitive solid angle of MDC. This also illus-
trates the wide FOV of MDC which inevitably leads to 
large uncertainties in the reconstructed particle tra-
jectories. Unfortunately, Senger (2007) did not give an 
estimate of the accuracy of the particle trajectories. 
According to (Grün et  al. 2001,  page  314) the dust 
detector on board the Hiten spacecraft could determine 
the trajectory of individual dust particles with ±75◦ 
accuracy. Given the very similar sensor designs of both 
the Hiten and Nozomi instruments, and ignoring dif-
ferences in the mounting configuration and the obscu-
ration pattern, we can assume a similar accuracy for the 
trajectory determination for Nozomi MDC. This large 
uncertainty in the trajectory determination illustrates 
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the necessity for dust instruments with a much better 
spatial resolution like the DESTINY+ Dust Analyzer 
(DDA; Simolka et al. 2024) in order to provide a much 
improved determination of the dust particle trajecto-
ries (cf. Sect. 6.4).

The particle distribution, when taking into account the 
spacecraft scan pattern, shows a concentration towards 
the ecliptic plane which is expected if the majority of 
the particle detections is of interplanetary or interstel-
lar origin. The distribution of the particle impacts over 
the overall range in ecliptic longitudes tends to be rather 
smooth. To first order, this is a function of the overall 
sky coverage of the MDC FOV during the entire mission 
time. A detailed analysis showed that the entire sky was 
covered well by MDC with maximum and minimum cov-
erage deviating by only about 50% from the average value 
(Senger 2007). Thus, a rather smooth distribution of par-
ticle impacts with ecliptic longitude can be expected.

6 � Discussion
In the previous Sections we presented an overview and 
a re-analysis of the in situ dust measurements obtained 
by the MDC on board Nozomi in Earth orbit and in 
interplanetary space. In this Section we briefly discuss 
the results for three identified dust populations: inter-
planetary dust, interstellar dust, and dust detections 
during the Nozomi crossing of the Geminids meteroid 
stream.

6.1 � Interplanetary dust
Very likely about 95% of the 79 particles with measured 
mass and impact speed detected by Nozomi MDC are 
of interplanetary origin (see also Sect.  6.2). This also 
applies to the particles detected in Earth orbit.

We have used the IMEM model to simulate the 
Nozomi measurements (cf. Sect.  5.2). The model was 
calibrated with infrared observations of the zodia-
cal cloud by the Cosmic Background Explorer (COBE) 
DIRBE instrument, in  situ flux measurements by the 
dust detectors on board the Galileo and Ulysses space-
craft, and the crater size distributions on lunar rock 
samples retrieved by the Apollo missions. The model 
considers the orbital distributions of a number of known 
sources, including the asteroid belt, as well as com-
ets on Jupiter-encountering orbits (Dikarev et  al. 2004, 
2005a, b, c). In order to calculate the particle dynam-
ics, solar gravity and the velocity-dependent tangential 
component of radiation pressure (Poynting-Robertson 
effect) are taken into account, while the radial compo-
nent of solar radiation pressure and the electromagnetic 
interaction of electrically charged dust particles are 
neglected. Given that the IMEM model was calibrated 

with the Ulysses and Galileo in situ dust measurements, 
among other data sets, and that the model gives overall 
good agreement with the Nozomi MDC measurements, 
we conclude that the Nozomi and the Ulysses/Galileo 
measurements are in overall agreement. The agreement 
between the MDC measurements and the IMEM model 
also indicates that the noise identification scheme 
applied by Senger (2007) is rather reliable. In particular, 
a large fraction of unrecognised noise events in the data 
set or, vice versa, too many real dust impacts discarded 
by the noise identification scheme, would lead to signifi-
cant disagreement with the model predictions.

The so-called apex particles are a population of the 
interplanetary dust flux that are expected to orbit 
in   eccentric orbits with a lower circular speed than 
macroscopic objects due to the effect of radiation pres-
sure  (Sommer  2023). In order to produce sufficiently 
large impact charge signals and be detectable by MDC 
and similar impact ionisation dust sensors the particles 
should impact the sensor with a minimum of 3 km s−1 
(Grün et al. 1992a, b) which is thus an approximate value 
for the speed difference of the particles. Because of this 
lower speed, such particles are expected to impact pref-
erably from the apex direction of the spacecraft. Senger 
(2007) pointed out that the effective sensitive area of 
MDC for interplanetary particles approaching from the 
apex direction of Nozomi was approximately an order of 
magnitude lower between mid-1999 and mid-2000 than 
later in the mission. Thus, the minimum in the impact 
rate in 1999 and early 2000 (Fig. 8) may be related to the 
drop of the sensitive area in this time period, and the fact 
that radiation pressure is not fully included in the IMEM 
model.

The speed distribution of the particles detected by 
MDC during Nozomi’s Earth orbiting phase is similar to 
the one measured by the nearly identical dust detector on 
board the Hiten spacecraft which was also in Earth orbit 
(Senger 2007, not shown here). In both cases the derived 
geocentric speeds are in excess of the local escape speed 
from the Earth gravitational field, indicating that by far 
the majority of the detected particles were unbound to 
the Earth system. Thus, Nozomi and Hiten likely detected 
similar populations of particles entering the Earth system 
from interplanetary space.

Figure  1 may suggest that there is a concentration of 
particle detections around the orbit of the Moon, indicat-
ing a potential dust ring around the Earth at the distance 
of the Moon. However, Senger (2007) pointed out that 
this cannot be the case because of the derived high par-
ticle speeds which imply particle orbits unbound to the 
Earth system. Furthermore, no increase in the detection 
rate was registered during the two lunar swingbys.
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6.2 � Interstellar dust
In our local environment, the Sun and the heliosphere 
are surrounded by the Local Interstellar Cloud (LIC) of 
warm diffuse gas and dust where dust is assumed to con-
tribute about 1% to the cloud mass (Mann 2010; Kimura 
2015; Krüger et al. 2015). The Sun’s motion with respect 
to this cloud causes an inflow of interstellar matter into 
the heliosphere (Frisch et  al. 1999). After initial predic-
tions based on zodiacal light measurements in the 1970 s 
(Bertaux and Blamont 1976; May 2007), measurements 
with the dust detectors on board the Ulysses and Galileo 
spacecraft showed that a collimated stream of interstel-
lar dust passes through the Solar System due to the Sun’s 
motion relative to the LIC (Grün et al. 1993; Baguhl et al. 
1995). The measured heliocentric speed of the dust flow 
is approximately 26 km s−1 (Grün et al. 1994; Krüger et al. 
2015) and its flow direction is compatible with the meas-
ured direction of the inflowing interstellar neutral helium 
gas ( �ecl = 75.4◦ and βecl = −5◦ downstream; Witte 
2004; Strub et al. 2015; Swaczyna et al. 2023).

Even though most of the particles detected in inter-
planetary space by Nozomi MDC were interplanetary 
dust orbiting the Sun, MDC also detected several parti-
cles of interstellar origin. From the analysis of the impact 
speed and the impact direction and derived heliocen-
tric particle trajectories, Sasaki et  al. (2007) and Senger 
(2007) independently identified 3 and 5 interstellar parti-
cle candidates, respectively.

Assuming an average of four particle impacts meas-
ured from 1999 to 2002, and considering the detection 
geometry of MDC for interstellar dust during this time 
period, we get an interstellar dust flux of approximately 
10−5 m−2 s−1 with roughly a factor of 5 uncertainty. 
Given that the interstellar particles have expected impact 
speeds in excess of approximately 20 km s−1 this value 
refers to particles with masses above 10−17 kg (cf. Fig. 7). 
This value is in overall good agreement with interstellar 
dust fluxes measured with in situ impact-ionisation dust 
detectors carried by other space missions in the solar sys-
tem (Hiten, Helios, Ulysses, Galileo, Cassini; Svedhem 
et al. 1996; Krüger et al. 2019).

The value derived from the MDC measurements is 
also in agreement with the dust fluxes derived from the 
interstellar dust collections performed with the Stardust 
spacecraft en route to comet 81P/Wild (also known as 
Wild 2). In addition to its main objective, namely the col-
lection of cometary particles during the flyby at comet 
81P, Stardust also carried silica aerogel collectors dedi-
cated to the collection of interstellar particles. The col-
lectors were exposed to the interstellar dust flow for 195 
days in two periods in 2000 and 2002. Seven dust parti-
cles were captured in the dust collectors and analysed on 
Earth (Westphal et al. 2012). The estimated flux of these 

particles which have approximately 1µm diameter is 
2× 10−6 m−2 s−1 . This value is in overall agreement with 
the flux derived from the MDC, in particular when con-
sidering that these values were derived with very differ-
ent measurement techniques, namely impact ionisation 
detection and visual inspection of the aerogel, respec-
tively. A detailed re-analysis of the interstellar particle 
detections by Nozomi MDC is beyond the scope of this 
paper. In connection with dust dynamical simulations, it 
will be the subject of a future publication.

6.3 � Cometary dust trails
When a comet approaches the Sun, sublimating gases 
carry solid particles away from the comet’s surface. Solar 
radiation pressure quickly moves the small sub-microme-
tre sized particles away from the comet nucleus, and the 
particles form the comet’s dust tail. Larger dust particles 
with sizes exceeding approximately 10µm are ejected 
from the cometary nucleus at lower speeds and remain 
very close to the comet orbit for several revolutions 
around the Sun (Soja et  al. 2015). They slowly spread 
along the comet’s orbit as a result of small differences in 
orbital period, forming a tubular structure along the orbit 
of the parent comet filled with dust. These structures are 
called meteoroid streams or dust trails. When the Earth 
intercepts a cometary trail, the particles can collide with 
the atmosphere and show up as meteors and fireballs, 
generating a meteor shower.

On 18 November 1998 the Earth crossed the trail of 
comet 55P/Tempel-Tuttle, leading to a very prominent 
meteor shower. For an observer on the Earth the appar-
ent approach direction of the meteors (radiant) is from 
the constellation Leo and they are thus called the Leo-
nids. Comet 55P/Tempel-Tuttle has a retrograde orbit 
so that the Leonid particles hit the Earth atmosphere 
with a high speed of around 70 km s−1 . Nozomi crossed 
the Leonid particle trail about 1 day after the maximum 
flux was observed on Earth.

Although the MDC high voltage was switched off 
during the encounter on 18 November, 4:00 UTC to 
avoid any damage of the instrument, four particle 
impacts were detected between 17 and 20 November 
1998 that even show a correlation in approach direc-
tion. However, for all four particles neither the derived 
impact speed nor the particle approach direction fit 
to the Leonid dust stream (cf. Table  1). Instead, the 
detected particles approached approximately from the 
opposite direction. Thus, they cannot have directly 
originated from the Leonid dust trail. Nevertheless, a 
significant influence of the Leonid particle stream on 
the lunar sodium tail during the 1998 encounter was 
observed (Smith et al. 1999).
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An asymmetric dust cloud surrounding the Moon 
was detected by the Lunar Dust EXperiment (LDEX) 
on board the Lunar Atmosphere and Dust Environ-
ment Explorer (LADEE) mission, and enhanced dust 
count rates were registered during periods when the 
Earth-Moon system crossed well-known meteor streams 
(Geminids, Northern Taurids, Quadrantids and Omicron 
Centaurids; Horányi et al. 2015; Szalay et al. 2018). Yang 
et al. (2022) studied the distribution of dust ejected from 
the lunar surface by hypervelocity impacts of micromete-
oroids and the structure of the resulting steady-state dust 
cloud in the Earth-Moon system. Particles ejected from 
the lunar surface escape the gravity of the Moon, and 
they form an asymmetric torus between the Earth and 
the Moon in the geocentric distance range [10RE, 50 RE] 
(mean Earth radius RE = 6, 371 km).

When considering the impacts measured by MDC at 
the time of the Leonids trail crossing around 18 Novem-
ber 1998, one has to consider Nozomi’s distance from the 
Moon and the travel time of dust particles released from 
the lunar surface. During the crossing of the Leonids 
meteor stream Nozomi was far outside the Earth-Moon 
system at a geocentric distance of approximately 1.6 mil-
lion kilometres or approximately 250RE . Thus, even for 
very high ejection speeds of 1 km s−1 , ejecta from impacts 
of Leonid particles onto the lunar surface would require 
approximately 9  days to reach Nozomi. This makes an 
explanation of the Nozomi detections by direct ejecta 
from the lunar surface unlikely. We therefore conclude 
that the detected impacts likely originate neither from 
the Leonid stream directly nor from impacts of Leo-
nid meteoroids onto the lunar surface, and their origin 
remains elusive.

In order to search for particle impacts in the MDC 
data set detected during crossings of other cometary 
trails during the interplanetary mission of Nozomi, we 
performed a statistical analysis of the entire MDC data 
set comprising 96 particle impacts. The technique was 
described by Grün et al. (2001) and successfully applied 
to the measurements obtained with the Ulysses dust 
detector (Krüger et  al. 2024), leading to the identifica-
tion of a few likely cometary trail crossings of Ulysses. It 
turned out that due to the much lower number of parti-
cle detections as compared to Ulysses no statistical sig-
nificant particle concentration could be identified in the 
Nozomi dust data.

6.4 � Future in situ dust measurements
The negative outcome of the dust trail analysis described 
in the previous Section emphasises the necessity for large 
area dust detectors in order to derive statistically mean-
ingful results from this kind of analysis. In the near future 
the Martian Moons eXploration (MMX) mission to the 

Martian moons Phobos and Deimos (Kuramoto et  al. 
2022) will be equipped with the Circum-Martian Dust 
Monitor (CMDM; Kobayashi et  al. 2018). CMDM is a 
large area dust detector with 1m2 sensor area. For dust 
detection the instrument will use the outermost poly-
imide film of the spacecraft multilayer insulation (MLI), 
which is a thermal blanket of the spacecraft. The sensor 
will use the MLI on one flat side of the spacecraft. Addi-
tionally, piezoelectric elements will be mounted on the 
MLI surface. A dust particle hitting or penetrating the 
MLI generates a stress wave that subsequently propa-
gates through the MLI film and can be detected by one or 
more of the piezoelectric sensors. The MMX spacecraft is 
scheduled for launch in 2026, and the large area CMDM 
sensor will likely detect cometary dust trail particles en 
route to Mars (Krüger et  al. 2021), as well as the pre-
dicted Martian dust ring.

Furthermore, the DESTINY+ spacecraft—to be launched 
in 2028—will be equipped with the DESTINY+ Dust Ana-
lyzer (DDA; Simolka et al. 2024). DDA is an impact-ionisa-
tion time-of-flight mass spectrometer with strong heritage 
from the Cassini Cosmic Dust Analyzer which very suc-
cessfully measured dust throughout the Saturnian system 
(CDA; Srama et al. 2004, 2006, 2011). DDA has a sensitive 
area of 0.03m2 , i.e. it is three times larger than the Nozomi 
MDC. It will be equipped with a trajectory sensor to allow 
for the determination of the particle’s velocity vector with 
an accuracy of about 10% for the impact speed and an 
angular accuracy of about 10◦ . This highly improved accu-
racy of the velocity measurement as compared to earlier 
instruments like, for example, the Ulysses dust detector 
or Nozomi MDC will open the possibility to trace each 
individual detected dust particle back to its source object, 
rather than relying on statistical techniques as applied in 
this work. Together with its improved particle composi-
tion measurement ( m/�m ≈ 100− 150 , as compared to 
m/�m ≈ 30− 50 in the case of CDA), DDA will open a 
new window onto the composition and origin of the parti-
cles’ source objects.

7 � Conclusions
The Nozomi spacecraft, launched on 3 July 1998 UT, 
spent about 6 months in Earth orbit before being injected 
into an interplanetary trajectory. It traversed the spatial 
region between the orbits of Earth and Mars repeatedly, 
and the Mars Dust Counter (MDC) on board successfully 
measured interplanetary and interstellar dust until April 
2002. A total of 96 dust impacts were extracted from the 
MDC data, 20 from the Earth orbiting phase and 76 from 
the interplanetary mission (Senger 2007).

We analysed the MDC data measured during each dust 
impact, i.e. particle impact speed, mass, impact direction, 
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and derived dust flux. Furthermore, we compared the 
Nozomi results with in situ dust measurements obtained 
with the dust detector on board the Ulysses spacecraft 
(Krüger et  al. 2010). Our analysis presented here sup-
plements earlier work by Sasaki et al. (2007) and Senger 
(2007), and we make the Nozomi dust data set in elec-
tronic form available to the scientific community. Our 
results can be summarised as follows:

•	 Based on the measured particle impact speeds, all 
impacts detected when Nozomi was in Earth orbit must 
have been due to particles arriving from interplanetary 
space. Thus, while being in Earth orbit MDC detected 
neither dust particles of natural origin that were bound 
to the Earth nor space debris (Senger 2007).

•	 The dust impact rate measured in interplanetary 
space varied by approximately a factor of 2 and is 
overall consistent with theoretical predictions by 
the Interplanetary Meteoroid Engineering Model 
(IMEM; Dikarev et al. 2005a, c).

•	 The particle impact direction was concentrated 
towards the ecliptic plane, consistent with the major-
ity of the dust impacts being of interplanetary origin.

•	 The impact speeds and masses of dust particles 
measured by Nozomi MDC are overall consistent 
with the measurements obtained by Ulysses in the 
same region of space.

•	 No impacts of particles originating from cometary 
trails could be identified during known cometary trail 
crossings of Nozomi. A few impacts detected during 
the crossing of the dust trail of comet 55P/Tempel-
Tuttle in November 1998 could not be assigned a 
cometary trail origin, and their origin remains elusive.

We expect that this review of the Nozomi dust meas-
urements will be beneficial for future dust investiga-
tions with the upcoming Martian Moons eXploration 
(MMX) and DESTINY+ space missions, to be launched 
in 2026 and 2028, respectively. Both missions will trav-
erse the same region of space as Nozomi, and the MDC 
data, together with the Ulysses dust measurements, will 
likely serve as a valuable reference in the future.

Appendix
The antenna pointing direction in ecliptic longitude 
and latitude is shown in Fig.  12. The ecliptic latitude 
of the antenna pointing varied between approximately 
+55◦ and −45◦ during the first months of the mission 
and stabilised at +3◦ for the rest of the mission time, 
while the longitude covered the entire range from 0◦ 
to 360◦ . Tables  1, 2 and 3 list the entire dust data set 
of Nozomi MDC extracted from the thesis of Senger 
(2007).

Fig. 12  Antenna pointing direction in ecliptic latitude (top) and longitude (bottom). The vertical dashed line shows the time when Nozomi left 
the Earth orbit. Adapted from Senger (2007)
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