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Student Dust Counter (SDC):  Instrument Design 

Key Properties
Active area        0.1 m2

        Mass  1.6 kg
    Power        5    w   
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ABSTRACT

The NASA New Horizons Venetia Burney Student Dust Counter (SDC) measures dust particle
impacts along the spacecraft’s flight path for grains with mass � 10�12 g, mapping out their spatial
density distribution. We present the latest SDC dust density, size distribution, and flux measurements
through 55 au and compare them to numerical model predictions. Kuiper Belt Objects (KBOs) are
thought to be the dominant source of interplanetary dust particles (IDP) in the outer solar system due
to both collisions between KBOs, and their continual bombardment by interstellar dust particles (ISD).
Continued measurements through 55 au show higher than model-predicted dust fluxes as New Horizons
approaches the putative outer edge of the Kuiper Belt (KB). We discuss potential explanations for the
growing deviation: radiation pressure stretches the dust distribution to further heliocentric distances
than its parent body distribution; icy dust grains undergo photo-sputtering that rapidly increases their
response to radiation pressure forces and pushes them further away from the sun; and the distribution
of KBOs may extend much further than existing observations suggest. Ongoing SDC measurements
at even larger heliocentric distances will continue to constrain the contributions of dust production
in the KB. Continued SDC measurements remain crucial for understanding the Kuiper Belt and the
interpretation of observations of dust disks around other stars.

Keywords: Kuiper Belt, Interplanetary Dust, PVDF, New Horizons

1. INTRODUCTION

Interplanetary dust particles (IDPs) carry information about the birth and evolution of planetary bodies within our
solar system. The orbital distribution of IDPs is driven by the forces of gravity from the Sun and planets, radiation
pressure, Poynting-Robertson (PR) drag, and electromagnetic forces (Liou et al. 1996; Moro-Mart́ın & Malhotra 2002,
2003; Poppe 2016). Additionally, the size and mass of individual IDPs are constantly evolving due to sputtering and
mutual collisions. While Jupiter Family Comets (JFCs) and asteroids dominate IDP production in the inner solar
system (Spiesman et al. 1995; Kelsall et al. 1998; Nesvorný et al. 2010), the Kuiper Belt (KB) is the dominant source
of IDPs in the outer solar system (Stern 1996; Yamamoto & Mukai 1998) from either mutual Kuiper Belt Object
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Figure 2. SDC density measurements above 4 cuto↵ sizes: 0.63 µm, 0.68 µm, 0.82 µm, and 1.50 µm. The overall shape and
upward trend, within error bars, is consistent between 0.63, 0.68, and 0.82 µm. Above 1.50 µm, there are insu�cient detections
to make any confident claims about the density of the grains throughout the New Horizons flight path. The 0.63, 0.82 and 1.50
µm cuto↵s are chosen based on the on-board threshold table for di↵erent flight conditions, while the 0.68 µm cuto↵ is selected
to observe the flux without any potential e↵ects from interstellar grains.

Figure 3. SDC flux estimates for particles with a radius greater than 0.63 µm from 1 to 55 heliocentric au. Each point, with 1-�
error bars, is an average of the flux measured by each detector across each 3 au traversed by the New Horizons spacecraft. The
orange curve represents the ISD flux values calibrated from Ulysses measurements (Bernardoni et al. 2022). While ISD grains
are much smaller (⇠ 0.28µm), they are also traveling at higher relative velocities and, as a result, SDC interprets them as small
IDPs (Bernardoni et al. 2022). The red line shows a model from (Poppe 2016) that is normalized to the SDC measurements and
assumes SDC is impacted only by IDPs. The black line is a sum of the orange and red models to provide a more representative
model of the total flux that SDC is measuring up to 42 au.
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Dust Dynamics: Creation

Particles acquire a new semi-major axis and eccentricity!

Interstellar Dust Bombardment Mutual Collisions

Radiation pressure changes the orbital parameters of dust from their parent body

Radiation Pressure

• Dust is generated by collisions and ISD bombardment.
• Radiation pressure alters the orbital elements.

β = radiation pressure / solar gravity
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Radiation Pressure
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Dust Dynamics: KB Creation

KBO Source Bodies
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Orbital parameter distribution of dust producing bodies and representative dust grains
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Orbital Evolution

  

Dust Dynamics: Evolution

These particles circularize 
and fall into the sun (usually 
kicked out by Jupiter) with 
lifetimes ~ 5 My

β=0.3, a=70,   e=0.4
β=0.4, a=120, e=0.7

Temporal evolution of median dust particles from representative distributionsPoynting-Robertson Drag
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These particles circularize 
and fall into the sun (usually 
kicked out by Jupiter) with 
lifetimes ~ 5 My

β=0.3, a=70,   e=0.4
β=0.4, a=120, e=0.7

Temporal evolution of median dust particles from representative distributions

Particles slowly 
circularize as they 
migrate to the Sun.

Typical lifetime ~ 5 My
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Constraints on dust production in the Edgeworth-Kuiper Belt
from Pioneer 10 and New Horizons measurements

Dong Han,1 Andrew R. Poppe,2 Marcus Piquette,1 Eberhard Grün,1 and Mihály Horányi1,3

Received 24 October 2011; revised 10 November 2011; accepted 13 November 2011; published 28 December 2011.

[1] Impact ejecta and collisional debris from the Edgeworth-
Kuiper Belt are the dominant source of micron-sized grains
in the outer solar system, as they slowly migrate inwards
through the outer solar system before most grains are ejected
during close encounters with Jupiter. These grains drive
several phenomena in the outer solar system, including the
generation of impact ejecta clouds at airless bodies, the for-
mation of ionospheric layers and neutral gases in the atmo-
spheres of the giant planets due to meteoric ablation, the
generation of tenuous outer planetary ring systems and the
spatial and compositional alteration of Saturn’s main rings.
Previous analyses have offered estimates of the net mass
production rate from the Edgeworth-Kuiper Belt both theo-
retically and observationally. In order to improve upon these
estimates, we compare measurements of the interplanetary
dust density in the outer solar system by both the Pioneer
10 meteoroid detector and the New Horizons Student Dust
Counter with a dynamical dust grain tracing model. Our best
estimates for the net mass production rate and the ejecta mass
distribution power law exponent are (8.9 ! 0.5) " 105 g/s
and 3.02 ! 0.04, respectively. Citation: Han, D., A. R.
Poppe, M. Piquette, E. Grün, and M. Horányi (2011), Constraints
on dust production in the Edgeworth-Kuiper Belt from Pioneer 10
and New Horizons measurements, Geophys. Res. Lett., 38,
L24102, doi:10.1029/2011GL050136.

1. Introduction

[2] Since the first trans-Neptunian object was discovered
in 1992, more than 1,100 similar objects have been found in
the Edgeworth-Kuiper Belt (EKB), between 30 and 50 AU
[Jewitt and Luu, 1995; Luu and Jewitt, 2002; Kavelaars
et al., 2009]. While other objects, such as Jupiter Family
Comets, can contribute dust to the outer solar system
[Nesvorný et al., 2010], previous work has suggested that
EKBOs represent the dominant source of micron-sized dust
grains in the outer solar system, due to both mutual colli-
sions and secondary production by interstellar grain bom-
bardment [Stern, 1996; Yamamoto and Mukai, 1998]. For
EKB grains with radius, 0.1 < ad < 10 mm, these processes
are estimated to produce between 8.6" 104 and 2.9" 107 g/s
for mutual collisions and between 3.7 " 105 and 2.4 "
106 g/s for interstellar grain bombardment. The migration of

these grains into the solar system under the influence of
gravity, solar radiation pressure, solar wind drag, and the
electromagnetic Lorentz force creates a debris disk from the
orbit of Jupiter out to approximately 50 AU, and potentially
further, and has been previously modeled using a variety of
methods [Liou and Zook, 1997, 1999; Moro-Martin and
Malhotra, 2002; Holmes et al., 2003; Vitense et al., 2010;
Kuchner and Stark, 2010].
[3] An accurate calculation of the mass production rate in

the EKB has implications for several processes in the outer
solar system, including the formation of impact-generated
ejecta clouds around airless bodies [Thiessenhusen et al.,
2002; Krivov et al., 2003; Poppe and Horányi, 2011], the
production of ionospheric layers and neutral gases in the
atmospheres of the giant planets and Titan from meteoric
ablation [Moses, 1992; Feuchtgruber et al., 1997; Molina-
Cuberos et al., 2001], the generation of tenuous outer plan-
etary rings [Colwell and Esposito, 1990; Burns et al., 1999;
Verbischer et al., 2009], and the spatial and compositional
evolution of Saturn’s main rings [Northrop and Connerney,
1987; Durisen et al., 1989, 1992, 1996; Cuzzi and Estrada,
1998; Chambers et al., 2008].
[4] In this paper, we present new constraints on the pro-

duction of micron-sized dust grains in the EKB using mea-
surements of the interplanetary dust density in the outer solar
system by both the Pioneer 10 meteoroid detector and the
Student Dust Counter (SDC) on the New Horizons mission,
combined with a particle-tracing code for EKB-generated
dust grains. In Section 2, we describe the particle-tracing
code used to establish relative dust grain densities in the
outer solar system and present results from the simulation. In
Section 3, we use data from Pioneer 10 and SDC to constrain
both the total mass production rate and power law index for
grains with radii between 0.1 and 10 mm. We summarize the
results and discuss their impact in Section 4.

2. Dynamical Dust Grain Model

[5] The motion of micron-sized dust grains in the outer
solar system is governed by the gravitational forces from the
Sun and the giant planets, solar radiation pressure, solar
wind and Poynting-Robertson (PR) drag, and the Lorentz
force. For a dust particle with mass, m, and radius, ad, the
equation of motion in a heliocentric inertial frame is,

€rs ¼ $GM⊙

r3s
rs $

X4

i¼1

GMi

r3i
ri þ

1
m
FLþ

þ pa2d
mc

SQpr 1$ 1þ wð Þ
_rs
c

! "
r̂s $ 1þ wð Þ ṙs

c

# $
; ð1Þ

where rs (̂rs) is the heliocentric position (unit vector) of the
dust particle,M⊙ is the mass of the Sun,Mi is the mass of the
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L24102 1 of 5slightly lower than the optimal value computed here. Using
the best-fit values for the mass production rate and the power
law index, the model predicted densities can be compared
with the experimental observations. Figure 3 shows the
model and experimental densities as a function of helio-
centric distance for both SDC and Pioneer 10. For both
instruments, the model predicts densities within the reported
experimental errors.

4. Significance and Future Work

[12] The use of both Pioneer 10 and Student Dust Counter
measurements of interplanetary dust density in the outer
solar system at two differing grain radii has allowed us to
place tighter constraints on the mass production rate and
power-law exponent for grains produced in the Edgeworth-
Kuiper Belt. The best-fit mass production value agrees well
with previous theoretical estimates [Stern, 1996; Yamamoto
and Mukai, 1998], although we calculate a somewhat
steeper mass distribution than is typically assumed. These
values, in combination with the results of the grain-tracing
model, can be used to compute the incoming velocity

distributions and differential flux of interplanetary grains to
the giant planets, which may vary as a function particle size
and heliocentric distance. In turn, this information can be
used to increase the precision of estimates of several phe-
nomena in the outer solar system, as described in Section 1.
Future work will include analysis of the size distributions at
instantaneous heliocentric points (similar to Moro-Martin
and Malhotra [2003]), use SDC measurements to further
constrain dust production parameters in the EKB and search
for evidence of MMR with Neptune in the outer solar sys-
tem. The effect that other important phenomena, such as
solar wind sputtering, sublimation and grain-grain collisions,
or the presence of other dust grain sources, may have on the
dust grain-tracing model is also future work.

[13] Acknowledgments. The authors acknowledge initial code devel-
opment efforts by Mr. D. Steussy, who was supported by NASA’s OPR
Program (NNG06GF48G). This work was also supported by the NASA
New Horizons mission. The authors also wish to thank N. Altobelli and
another anonymous reviewer for helpful comments which greatly improved
the paper.
[14] The Editor thanks Nicolas Altobelli and an anonymous reviewer

for their assistance in evaluating this paper.
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Figure 3. A comparison of the model-predicted densities
along the trajectories of (a) SDC and (b) Pioneer 10 using
the best fit mass production rate and power law exponent.
The solid black line is the model-predicted density along
each spacecraft’s trajectory, the blue points are the respec-
tive instrument measurements and the red points are the
model densities averaged over the respective instrument’s
spatial resolution, for comparison.
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ith planet, ri is the position vector of the dust particle from
the ith planet, c and S are the speed of light and the solar
radiation flux density, respectively, Qpr = 1 is the radiation
pressure coefficient, and w = 0.35 is the constant ratio
between solar wind and PR drags [Burns et al., 1979;
Gustafson, 1994; Liou et al., 1995]. The Lorentz force is
given by FL ¼ qðṙs # BÞ, where B is the interplanetary
magnetic field as modeled by Landgraf [2000], which is
based on a Parker spiral while including variations in solar
cycle [Parker, 1958]. The electrostatic surface potential of
the dust particles, independent of their size and distance
from the Sun, was set to be a constant f = +5 volt, resulting
in a size dependent charge, q = 4p!oadf [Horányi, 1996].
Simulations with and without the Lorentz force showed that,
as expected from Landgraf [2000], the Lorentz force is
increasingly important as the grain radius decreases.
[6] Equation (1) was integrated for individual dust

grains using a Bulirsch-Stoer step-size controlled integra-
tion method [Press et al., 2007]. Particles with radii
ad = [0.5, 1.0, 2.0, …, 9.0, 10.0] mm were integrated, with
a total of approximately 10,000 grains for sufficient sta-
tistics. Grains were started with orbital elements randomly
selected from those typical of three categories of KBOs:

Classical, Scattered, and Resonant (Plutino), with each sub-
population comprising 34.7%, 52.1% and 13.2%, respec-
tively [Kavelaars et al., 2009]. While the initial position
and velocity of a grain and its parent KBO are identical, the
grain’s orbit will quickly diverge from its parent’s due to
the presence of the various perturbing forces listed above.
Integration was stopped when a grain arrived near the Sun
(rs < 0.1 AU) or left the solar system (rs > 200 AU) with net
positive orbital energy.
[7] By keeping track of each grain’s position, a relative,

statistical equilibrium density map can be calculated for each
grain size. The density distribution, na(x, y, z), where a denotes
the grain size, is constructed on a 150 # 150 # 10 AU grid,
by,

na x; y; zð Þ ¼ 1
Ta

XNa

j¼0

tj x; y; zð Þ; ð2Þ

where Na is the number of grains simulated with radius ad, Ta
is the total time all particles of radius ad spent in the simu-
lation, and tj (x, y, z) is the time that the j th particle spent in the
1 # 1 # 1 AU box centered at (x, y, z). In order to highlight
the role that mean-motion resonances (MMR) with Neptune
play in shaping the equilibrium density, all trajectories
are transformed to the Neptune co-rotating frame. Figure 1
shows the equilibrium density of grains for four different
sizes (0.5, 2.0, 5.0, and 10.0 mm) within %0.5 AU of the
ecliptic plane for each of the EKB source sub-populations. As
expected, larger grains are more often captured in MMRs
with Neptune, while smaller grains are more easily scattered
and present a more diffuse density distribution [Liou and
Zook, 1999; Moro-Martin and Malhotra, 2002].

3. Model/Data Comparison

3.1. Student Dust Counter and Pioneer 10 Data
[8] To date, the two dedicated measurements of inter-

planetary dust grain density in the outer solar system come
from the Student Dust Counter on the New Horizons mis-
sion to Pluto [Stern, 2008; Horányi et al., 2008; Poppe et al.,
2010] and the meteoroid detector on the Pioneer 10 space-
craft [Humes, 1980]. The Pioneer 11 mission also contained
a meteoroid detector; however, it did not make measure-
ments outside of 10 AU, which is the approximate helio-
centric distance at which EKB grains are expected to be
dominant [Landgraf et al., 2002], and therefore, we did not
use Pioneer 11 data in our analysis. While of different
design, both Pioneer 10 and SDC operated by measuring the
cumulative flux of interplanetary grains with radii greater
than ≈0.55 mm and ≈3.3 mm (using equation 1 from Humes
[1980] and assuming a density of r = 2.5 g/cm3), respec-
tively. Pioneer 10 made measurements from 1 AU to 18 AU
while SDC will eventually make measurements from 2 AU
to Pluto at approximately 30 AU, and beyond. At the time
of this analysis, SDC has reported measurements out to
approximately 20 AU. For Pioneer 10, it is important to note
that the instrument originally had two redundant meteoroid
sensors; however, one entire sensor failed just weeks after
launch [Humes, 1980]. Following the reasoning of Landgraf
et al. [2002], we have confidence in the results reported by
Pioneer 10.

Figure 1. The column density within%0.5 AU of the eclip-
tic plane in the Neptune co-rotating frame for four grain radii
(0.5, 2.0, 5.0 and 10.0 mm) for three separate initial EKB
populations, each normalized to its respective maximum.
Noted on each plot is the position and orbit of Neptune.
Additionally, the two white lines mark the Pioneer 10 (upper
line) and New Horizons (lower line) trajectories.
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[9] In order to convert the measured fluxes into densities,
the dust grain impact velocity must be calculated as a func-
tion of heliocentric distance. To calculate the dust grain
impact velocity onto each instrument, we subtracted the
spacecraft velocity from the local dust grain velocity for
grains on circular orbits, including the effect of solar radia-
tion pressure. In order to check the validity of the assump-
tion of circular orbits, we also used the position and velocity
information from the model to compute impact velocities
for individual dust grain trajectories that crossed the New
Horizons and Pioneer 10 trajectories. This analysis showed
that while the presence of slightly non-circular orbits does
cause the impact velocity of any individual grain to be above
or below the local circular impact speed, it does not cause a
significant bias in average grain impact speeds.

3.2. Comparison to Model
[10] Having established both model-predicted relative

densities for each radius bin and cumulative density mea-
surements for both spacecraft, we can now establish overall
dust production parameters for the EKB. In order to provide
the best comparison to previous theoretical calculations
[Stern, 1996; Yamamoto and Mukai, 1998], we assume that
global dust production in the EKB is described by a power-
law distribution in mass, d _M=dm ¼ _Mo m=moð Þ$a=3 , where
d _M=dm is the differential mass production rate of dust
grains between m and m + dm in the EKB, _Mo is a normali-
zation constant and mo = 10$11 g. The net mass production
rate in the EKB, _M [g/s], is then found by integrating the
distribution from mmin = 10$14 g (ad = 0.1 mm) to mmax =
10$8 g (ad = 10 mm). (We emphasize here that _M and a do
not represent the instantaneous mass distribution at any
specific point in the solar system, but rather the overall
production of grains summed over the EKB.) To determine
the best-fit _M and a, we vary the two parameters over a wide
range and for each pair of _M ; a

! "
, first calculate a model-

predicted cumulative density for both SDC and Pioneer 10
along their trajectories from each instrument’s minimum
threshold up to ad = 10 mm by co-adding the relative densities
for each size bin according to the power-law distribution. We
then calculate a two-parameter c2 goodness-of-fit function
between the model-predicted densities and the in-situ mea-
surements, with each measurement inversely weighted by
its respective error [Press et al., 2007]. SDC and Pioneer 10
c2 values are computed separately and combined with equal
weight.
[11] Figure 2a shows the relative log10c2 value as a

function of both the mass production rate, _M, and the
power law index, a. The minimum c2 value occurs at _M ¼
8:9% 0:5ð Þ & 105 g/s and a = 3.02 % 0.04, with the mass
production rate well within previous theoretical estimates
[Stern, 1996; Yamamoto and Mukai, 1998]. The error bars
represent a 10% deviation in c2 along the associated mini-
mum contour. Figures 2b and 2c show the c2 contours along
each of the minimum values for both _M and a, respectively,
demonstrating that the fits for both parameters are robust.
Previous work has typically assumed a power law index of
a = 2.5 [Moro-Martin and Malhotra, 2003; Kuchner and
Stark, 2010], which can be compared with this work using
Figure 2c. Along the a = 2.5 contour, the associated mini-
mum mass production rate is approximately 5.2 & 105 g/s,

Figure 2. (a) The log10c2 goodness-of-fit parameter as a
function of the mass production rate, _M, and the power law
exponent, a, where warm colors indicate higher log10c2

values and colder colors indicate lower log10c2 values. The
two dashed white lines indicate the mass production rate
and power law exponent corresponding to the minimum c2

value. (b) c2 trace as a function of the power law exponent,
a, along the minimum mass production rate. (c) c2 trace as a
function of the mass production rate, _M , along the minimum
power law exponent. Also shown as the dotted line is the c2

trace as a function of _M for a = 2.5.

HAN ET AL.: KUIPER BELT DUST PRODUCTION L24102L24102

3 of 5

Constraints on dust production in the Edgeworth-Kuiper Belt
from Pioneer 10 and New Horizons measurements

Dong Han,1 Andrew R. Poppe,2 Marcus Piquette,1 Eberhard Grün,1 and Mihály Horányi1,3
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[1] Impact ejecta and collisional debris from the Edgeworth-
Kuiper Belt are the dominant source of micron-sized grains
in the outer solar system, as they slowly migrate inwards
through the outer solar system before most grains are ejected
during close encounters with Jupiter. These grains drive
several phenomena in the outer solar system, including the
generation of impact ejecta clouds at airless bodies, the for-
mation of ionospheric layers and neutral gases in the atmo-
spheres of the giant planets due to meteoric ablation, the
generation of tenuous outer planetary ring systems and the
spatial and compositional alteration of Saturn’s main rings.
Previous analyses have offered estimates of the net mass
production rate from the Edgeworth-Kuiper Belt both theo-
retically and observationally. In order to improve upon these
estimates, we compare measurements of the interplanetary
dust density in the outer solar system by both the Pioneer
10 meteoroid detector and the New Horizons Student Dust
Counter with a dynamical dust grain tracing model. Our best
estimates for the net mass production rate and the ejecta mass
distribution power law exponent are (8.9 ! 0.5) " 105 g/s
and 3.02 ! 0.04, respectively. Citation: Han, D., A. R.
Poppe, M. Piquette, E. Grün, and M. Horányi (2011), Constraints
on dust production in the Edgeworth-Kuiper Belt from Pioneer 10
and New Horizons measurements, Geophys. Res. Lett., 38,
L24102, doi:10.1029/2011GL050136.

1. Introduction

[2] Since the first trans-Neptunian object was discovered
in 1992, more than 1,100 similar objects have been found in
the Edgeworth-Kuiper Belt (EKB), between 30 and 50 AU
[Jewitt and Luu, 1995; Luu and Jewitt, 2002; Kavelaars
et al., 2009]. While other objects, such as Jupiter Family
Comets, can contribute dust to the outer solar system
[Nesvorný et al., 2010], previous work has suggested that
EKBOs represent the dominant source of micron-sized dust
grains in the outer solar system, due to both mutual colli-
sions and secondary production by interstellar grain bom-
bardment [Stern, 1996; Yamamoto and Mukai, 1998]. For
EKB grains with radius, 0.1 < ad < 10 mm, these processes
are estimated to produce between 8.6" 104 and 2.9" 107 g/s
for mutual collisions and between 3.7 " 105 and 2.4 "
106 g/s for interstellar grain bombardment. The migration of

these grains into the solar system under the influence of
gravity, solar radiation pressure, solar wind drag, and the
electromagnetic Lorentz force creates a debris disk from the
orbit of Jupiter out to approximately 50 AU, and potentially
further, and has been previously modeled using a variety of
methods [Liou and Zook, 1997, 1999; Moro-Martin and
Malhotra, 2002; Holmes et al., 2003; Vitense et al., 2010;
Kuchner and Stark, 2010].
[3] An accurate calculation of the mass production rate in

the EKB has implications for several processes in the outer
solar system, including the formation of impact-generated
ejecta clouds around airless bodies [Thiessenhusen et al.,
2002; Krivov et al., 2003; Poppe and Horányi, 2011], the
production of ionospheric layers and neutral gases in the
atmospheres of the giant planets and Titan from meteoric
ablation [Moses, 1992; Feuchtgruber et al., 1997; Molina-
Cuberos et al., 2001], the generation of tenuous outer plan-
etary rings [Colwell and Esposito, 1990; Burns et al., 1999;
Verbischer et al., 2009], and the spatial and compositional
evolution of Saturn’s main rings [Northrop and Connerney,
1987; Durisen et al., 1989, 1992, 1996; Cuzzi and Estrada,
1998; Chambers et al., 2008].
[4] In this paper, we present new constraints on the pro-

duction of micron-sized dust grains in the EKB using mea-
surements of the interplanetary dust density in the outer solar
system by both the Pioneer 10 meteoroid detector and the
Student Dust Counter (SDC) on the New Horizons mission,
combined with a particle-tracing code for EKB-generated
dust grains. In Section 2, we describe the particle-tracing
code used to establish relative dust grain densities in the
outer solar system and present results from the simulation. In
Section 3, we use data from Pioneer 10 and SDC to constrain
both the total mass production rate and power law index for
grains with radii between 0.1 and 10 mm. We summarize the
results and discuss their impact in Section 4.

2. Dynamical Dust Grain Model

[5] The motion of micron-sized dust grains in the outer
solar system is governed by the gravitational forces from the
Sun and the giant planets, solar radiation pressure, solar
wind and Poynting-Robertson (PR) drag, and the Lorentz
force. For a dust particle with mass, m, and radius, ad, the
equation of motion in a heliocentric inertial frame is,

€rs ¼ $GM⊙

r3s
rs $

X4

i¼1

GMi

r3i
ri þ

1
m
FLþ

þ pa2d
mc

SQpr 1$ 1þ wð Þ
_rs
c

! "
r̂s $ 1þ wð Þ ṙs

c

# $
; ð1Þ

where rs (̂rs) is the heliocentric position (unit vector) of the
dust particle,M⊙ is the mass of the Sun,Mi is the mass of the
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a b s t r a c t

We present an improved model for interplanetary dust grain fluxes in the outer Solar System constrained
by in situ dust density observations. A dynamical dust grain tracing code is used to establish relative dust
grain densities and three-dimensional velocity distributions in the outer Solar System for four main
sources of dust grains: Jupiter-family comets, Halley-type comets, Oort-Cloud comets, and Edgeworth-
Kuiper Belt objects. Model densities are constrained by in situ dust measurements by the New
Horizons Student Dust Counter, the Pioneer 10 meteoroid detector, and the Galileo Dust Detection
System (DDS). The model predicts that Jupiter-family comet grains dominate the interplanetary dust
grain mass flux inside approximately 10 AU, Oort-Cloud cometary grains may dominate between 10
and 25 AU, and Edgeworth-Kuiper Belt grains are dominant outside 25 AU. The model also predicts that
while the total interplanetary mass flux at Jupiter roughly matches that inferred by the analysis of
the Galileo DDS measurements, mass fluxes to Saturn, Uranus, and Neptune are at least one
order-of-magnitude lower than that predicted by extrapolations of dust grain flux models from 1 AU.
Finally, we compare the model predictions of interplanetary dust oxygen influx to the giant planet atmo-
spheres with various observational and photochemical constraints and generally find good agreement,
with the exception of Jupiter, which suggests the possibility of additional chemical pathways for
exogenous oxygen in Jupiter’s atmosphere.

! 2015 Elsevier Inc. All rights reserved.

1. Introduction

Interplanetary dust grains pervade the Solar System and are an
important driver of several physical processes. These include, for
example, the production of tenuous rings and dusty exospheres
around planetary satellites (e.g., Thiessenhusen et al., 2002;
Verbiscer et al., 2009; Hedman et al., 2009; Poppe and Horányi,
2011), the spatial and compositional evolution of Saturn’s main
planetary ring system (Durisen et al., 1989; Cuzzi and Estrada,
1998; Estrada et al., 2015), the possible injection of meteoric metal
ions into the magnetospheres of the giant planets (Christon et al.,
2015), and the alteration of neutral chemistry and ion densities
in the atmospheres of the giant planets and Titan through meteoric
ablation (e.g., Moses, 1992; Feuchtgruber et al., 1997, 1999; Moses
et al., 2000; Moses and Bass, 2000; Molina-Cuberos et al., 2001).
The interplanetary dust grain environment in the inner Solar Sys-
tem has been the subject of extensive modeling (e.g., Grün et al.,
1985; Divine, 1993; Kortenkamp and Dermott, 1998; Dikarev
et al., 2005; Nesvorný et al., 2010), in situ flux measurements
(Dietzel et al., 1973; Love and Brownlee, 1993; Hillier et al.,

2007; St. Cyr et al., 2009; Poppe et al., 2011), and remote sensing
observations (Leinert, 1975; Hauser et al., 1984; Hahn et al.,
2002; Janches and ReVelle, 2005; Janches et al., 2006). Addition-
ally, it has been recently shown from a comparison of dynamical
modeling and observations by the Infrared Astronomical Satellite
(IRAS) that for the inner Solar System, interplanetary dust is mainly
supplied by Jupiter-family comets, with small additional contribu-
tions from asteroids and Oort-Cloud comets (Nesvorný et al.,
2010).

The picture for the outer Solar System, however, is not as clear.
Extending from approximately 35 to 50 AU, the Edgeworth-Kuiper
Belt (EKB) is thought to be the main source of interplanetary dust
grains in the outer Solar System, with some cometary contribution(s)
as well (Landgraf et al., 2002). EKB grains, produced through
either mutual EKB object collisions and interstellar/interplanetary
dust bombardment (Stern, 1996; Yamamoto and Mukai, 1998;
Poppe, 2015), diffuse throughout the EKB region and the outer
Solar System as they are subjected to a variety of forces, including,
but not limited to, solar and planetary gravitation, solar wind and
Poynting–Robertson drag, and stellar radiation pressure (Burns
et al., 1979; Gustafson, 1994; Horányi, 1996). As dust grains spiral
in from the EKB region under the influence of Poynting–Robertson

http://dx.doi.org/10.1016/j.icarus.2015.10.001
0019-1035/! 2015 Elsevier Inc. All rights reserved.
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while EKB grains become the dominant source of flux. We also
have plotted a 1% contribution from HTCs based on the constraints
of Nesvorný et al. (2010), shown in red, which do not appreciably
contribute at all to the P10 flux. The roughly equal contribution
of various dust grain sources to the observed P10 meteoroid flux
matches the conclusion drawn previously by Landgraf et al.
(2002), who modeled dust grains from three sources: comet 29P/
Schwassman-Wachmann-1 (similar to JFC grains in our model),
comet 1P/Halley (HTC grains), and the Edgeworth-Kuiper Belt
(EKB grains). We note that results of Nesvorný et al. (2010) would
suggest that the HTC grains do not significantly contribute to P10
fluxes as used in Landgraf et al. (2002); rather, the OCC grains pro-
vide an additional source of cometary flux to P10.

For SDC, whose measurements span from approximately 5 AU
to 30 AU (neglecting the inner Solar System measurements
reported by Poppe et al. (2010)), we fit the results to EKB grains
only. This choice is motivated by simple inspection of the flux
curves as a function of heliocentric distance. The cometary sources
all drop steeply as a function of heliocentric distance while only
the EKB grains are relatively flat, similar to the data. The results
of the SDC v2 fit are shown in Fig. 5(a). The v2 curve has a mini-
mum at Np;EKB ! 6" 106 g/s, only a factor of approximately two dif-
ferent than the independently obtained EKB production rate from
Pioneer 10 data. Fig. 5(b) shows the best-fit flux from the model
compared to the SDC data as a function of heliocentric distance,
where we have used the best-fit production rates for JFC and
OCC grains obtained from the Pioneer 10 fit. The model shows an

excellent fit to the SDC data, with the exception of two points
between 5 and 10 AU. EKB grains dominate the SDC flux over all
other species throughout the Solar System at fluxes of approxi-
mately 5" 10#4 m#2 s#1. JFC grains contribute approximately half
the flux of EKB grains at 5 AU, but rapidly drop off as a function
of heliocentric distance. OCC grains contribute to the observed
SDC fluxes at a maximum of only 10% at 5 AU, and also decline
as a function of distance. HTC grains contribute <1% and are not
shown in Fig. 5(b). Finally, Table 2 summarizes the resulting
best-fit production rate (characterized as the production rate of
0.1–10 lm grains), for each family, as determined by the v2 fits
to both SDC and Pioneer 10.

3.5. Fluxes to the outer planets

Using the production values derived for each dust family sum-
marized in Table 2, we compute the density and flux to an object
on a circular orbit as a function of heliocentric distance, shown
in Fig. 6. The density of 2 lm and 5 lm grains, panels Fig. 6(a)
and (b), respectively, are constant within one order of magnitude
throughout nearly the entire Solar System. Densities inside 5 AU
are dominated by JFC grains while EKB grains dominate outside
5 AU. OCC grains contribute to the 2 lm and 5 lm grain density
around 5–10 AU yet are much less than the EKB density beyond
10 AU. As the grain size increases, the JFC density dominates
increasingly over the other populations inside of 10 AU while the
EKB grains dominate significantly outside 10 AU (the exception

Fig. 5. (a) The v2 goodness-of-fit results for SDC data-model comparison. (b) Best-fit model fluxes compared to SDC flux measurements from Poppe et al. (2010) and Szalay
et al. (2013).
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et al., 2011), although we note that this version of the model did
not include mutual EKB grain–grain collisions.

We focus first on the in situ measurements by the New Horizons
Student Dust Counter (SDC) and the Pioneer 10 (P10) meteoroid
detectors. Using the three-dimensional density and velocity distri-
butions obtained from our dust model, we trace the trajectory of
each spacecraft though the model for all dust species (EKB, JFC,
HTC, and OCC) for all relevant sizes. For SDC, we include dust
grains with radii, 0:5 < a < 5 lm (Horányi et al., 2008), while for
Pioneer 10, we select the cumulative flux of grains, a > 5 lm
(Humes, 1980). For all grain families, we assume a production mass
distribution of the form dM=dm / m!a=3, where a ¼ 2:5 (i.e.,
Borkowski and Dwek, 1995). Note that this is not the instantaneous
mass distribution at any point in space after the grains have under-
gone migration from their parent bodies, but rather the initial dis-
tribution of grains produced from the objects themselves. We also
quote all production rates as the 0.1–10 lm production rate in

order to establish comparisons with previous theoretical work
(Stern, 1996; Yamamoto and Mukai, 1998). Both instruments,
SDC and P10, are assumed to point directly along the spacecraft
velocity vector with instrument field-of-views (FOV) of 2p str.
The velocity of the spacecraft is vector added to the dust grain
velocity distribution at each point along the respective spacecraft
trajectory and the resulting net flux computed. In order to deter-
mine the best fit to both the Pioneer 10 and SDC data, we compute
v2 goodness-of-fit statistics for each spacecraft separately (Press
et al., 2007).

Fig. 4 shows the results of the v2 goodness-of-fit calculation for
Pioneer 10. For this calculation, we chose to first fit the data to only
JFC and EKB fluxes, as Nesvorný et al. (2010) have shown that JFC
fluxes must dominate in the inner Solar System and EKB fluxes
should dominate for the far outer Solar System. The results of the
JFC-EKB fit are shown in Fig. 4(a) as a color contour of the v2 value
relative to the minimum. For this fit, we find a well defined, local
minimum for both the JFC and EKB productions rates at
Np;JFC ¼ 0:7# 106 g/s and Np;EKB ¼ 1:1# 107 g/s. For reference, we
also plot the 2#minðv2Þ and 10#minðv2Þ contours as dashed
and dot-dash lines, respectively. In order to also constrain the pos-
sible contribution of OCC grains, which Nesvorný et al. (2010) have
suggested contribute <10% to the interplanetary dust density, we
have conducted a second v2 goodness-of-fit test, with the JFC pro-
duction rate frozen at the best-fit value from the first test and
allowing only the EKB and OCC production values to vary. The
results of this test are shown in Fig. 4(b). For this case, the best-
fit EKB production rate is approximately 107 g/s. OCC production
rates higher than & 5# 104 g/s can be immediately ruled out as
the v2 value rapidly rises (indicating a poorer fit) for higher OCC
production rates, while lower production rates (even down to zero)
are feasibly allowed by the v2 fit. Interestingly, the maximum value
allowed by the v2 fit for the OCC production rate, & 5# 104, is
roughly 10% of the best-fit JFC production rate, well in line with
the findings of Nesvorný et al. (2010), and thus, we adopt this
OCC production rate in our best-fit model (see Table 2). It should
be emphasized, however, that this adopted production rate is an
upper limit and future observational constraints (e.g., Cassini dust
measurements at Saturn) may place more stringent limits on this
value.

Fig. 4(c) shows a comparison of the data and best-fit model val-
ues for the >5 lm flux to Pioneer 10 as a function of heliocentric
distance. The modeled fluxes are a mixture of JFC, OCC, and EKB
grains, with each family contributing to the observed fluxes at
varying levels as a function of heliocentric distance. Inside of
approximately 7 AU, JFC grains dominate the P10 flux while OCC
grains contribute roughly 10%. Between 7 and 15 AU, a mixture
of JFC, OCC, and EKB grains contribute at nearly equal levels to
the observed flux. Beyond 15 AU, JFC and OCC grains both decline

Fig. 4. (a) and (b) The v2 goodness-of-fit results for Pioneer 10 data-model
comparison, as described in the text. (c) Best-fit model fluxes compared to Pioneer
10 flux measurements from Landgraf et al. (2002).

Table 2
Dust production rate constraints from the v2 goodness-of-fit tests to both SDC and
Pioneer 10 data.

Dust grain family 0.1–10 lm Production
rate [g s!1]

Mass dist. slope
(dM / m!a=3)

Edgeworth-Kuiper
Belt (EKB)

6# 106—1# 107 a ¼ 2:5

Jupiter-family comets
(JFC)

0:7# 106 a ¼ 2:5

Oort-Cloud comets
(OCC)

< 5# 104 a ¼ 2:5

Halley-type comets
(HTC)a

< 1# 104 a ¼ 2:5

a The HTC production rate is estimated to be no larger than &1% of JFC grains
based on Nesvorný et al. (2010).
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ABSTRACT

The NASA New Horizons Venetia Burney Student Dust Counter (SDC) measures dust particle
impacts along the spacecraft’s flight path for grains with mass � 10�12 g, mapping out their spatial
density distribution. We present the latest SDC dust density, size distribution, and flux measurements
through 55 au and compare them to numerical model predictions. Kuiper Belt Objects (KBOs) are
thought to be the dominant source of interplanetary dust particles (IDP) in the outer solar system due
to both collisions between KBOs, and their continual bombardment by interstellar dust particles (ISD).
Continued measurements through 55 au show higher than model-predicted dust fluxes as New Horizons
approaches the putative outer edge of the Kuiper Belt (KB). We discuss potential explanations for the
growing deviation: radiation pressure stretches the dust distribution to further heliocentric distances
than its parent body distribution; icy dust grains undergo photo-sputtering that rapidly increases their
response to radiation pressure forces and pushes them further away from the sun; and the distribution
of KBOs may extend much further than existing observations suggest. Ongoing SDC measurements
at even larger heliocentric distances will continue to constrain the contributions of dust production
in the KB. Continued SDC measurements remain crucial for understanding the Kuiper Belt and the
interpretation of observations of dust disks around other stars.

Keywords: Kuiper Belt, Interplanetary Dust, PVDF, New Horizons

1. INTRODUCTION

Interplanetary dust particles (IDPs) carry information about the birth and evolution of planetary bodies within our
solar system. The orbital distribution of IDPs is driven by the forces of gravity from the Sun and planets, radiation
pressure, Poynting-Robertson (PR) drag, and electromagnetic forces (Liou et al. 1996; Moro-Mart́ın & Malhotra 2002,
2003; Poppe 2016). Additionally, the size and mass of individual IDPs are constantly evolving due to sputtering and
mutual collisions. While Jupiter Family Comets (JFCs) and asteroids dominate IDP production in the inner solar
system (Spiesman et al. 1995; Kelsall et al. 1998; Nesvorný et al. 2010), the Kuiper Belt (KB) is the dominant source
of IDPs in the outer solar system (Stern 1996; Yamamoto & Mukai 1998) from either mutual Kuiper Belt Object
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ABSTRACT27

The machines are omnipotent.28

1. INTRODUCTION (DRAFT: SUSAN)29

NASA’s New Horizons spacecraft launched in January 2006 and carried out a successful fly-through30

of the Pluto system in July 2015 (Stern et al. (2015)). Two years prior to launch in 2004, the New31

Horizons team began a ground-based observation search to identify a Kuiper Belt Object (KBO)32

that the spacecraft could fly by at close range after the Pluto encounter. Due to Pluto’s location,33

the trajectory of New Horizons sent it through the cold classical portion of the Kuiper Belt. Any34

possible encounter target would be located along or near the trajectory of New Horizons beyond35

Pluto. In 2009, any potentially encounterable KBOs had sky locations that projected to 0 degrees36

Galactic latitude and 12 degrees longitude. The dense stellar-background created by the alignment37

of the projected sky location with the galactic centre made searches very di�cult. Likewise, most38
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Figure 4. The inclination and distance of the discoveries we report here. A histogram of the heliocentric
distances are shown in the bottom panel, with bin width chosen to be similar to the typical uncertainty of
the objects with best-fit heliocentric distance r > 70 au.

the number of physically unlikely orbits in the solution cloud. These two constraints together help429

to produce mean orbits that are not overly inflated by unlikely cases, and have been proven out430

in our ability to recover numerous short arc discoveries in data taken in the following or preceding431

opposition.432

The distance and inclination distributions of our discoveries follow expectations from the known433

Kuiper Belt (e.g., Bannister et al. 2018) (who else to cite?), including the abundance of low-inclination434

objects between the 3:2 and 2:1 resonances, and the so-called Kuiper Cli↵, or rapid decrease in435
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New Population of KB Dust?

  

Dust Dynamics: 
Evolution - Ice

1 μm
5 μm

Icy dust grains behave very differently than silicates 
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Figure 5. Left: Temporal variation due to PR drag of the semi-major axis (a) and eccentricity (b) of olivine type particles
with � = 0.3 starting with initial a = 70 au and e = 0.4 (blue lines) and � = 0.4 with initial a = 120 au and e = 0.7 (red). These
initial conditions were motivated by the peak of the a and e distributions as illustrated in Figure 4. The shaded regions show
the range of their radial motion a(1 � e)  r  a(1 + e). Right: Temporal variation over 2 Myrs of the semi-major axis (c),
eccentricity (d) dotted lines), and radius (d) bottom solid lines) of 1 (blue line) and 5 µm (red) photo-sputtered ice particles,
launched with an initial semi-major axis a = 45 au and eccentricity e = 0.1. Small ice grains continuously gain energy and drift
outwards out of the solar system, while bigger particles initially drift inward until their mass loss results in a large enough � to
reverse the direction of their drift, and eventually also leave the solar system.

destruction due to photo-sputtering (Grigorieva et al. 2007). The photo-sputtering rate of icy particles is estimated to
be

drg
dt

' 0.4/d2 cm/My, (9)

where rg is the radius of the dust grain, and d is the distance from the Sun in units of au (Harrison & Schoen 1967;
Carlson 1980). For grains with radii rg � 0.5 µm, � ' 0.5 rg0/rg, where rg0 is the dust grain radius where � = 0.5.
For ice particles, � = 0.5 at rg0 ' 5 µm (Grigorieva et al. 2007). The expected photo-sputtering and, for comparison,
the Poynting-Robertson lifetimes of ice grains, setting e ⌧ 1, is (Burns et al. 1979)

⌧PS [yr]=
rg
ṙg

= 250 [yr] rg [µm] (d [au])2, (10)

⌧PR [yr]=400 [yr] (d [au])2/� = 400 [yr] (d [au])2/(rg0/2r0), (11)

indicating that ⌧SP ⌧ ⌧PR for small particles (� < 0.5). For example, a 1 µm radius ice particle released at 40 au
on a circular Kepler orbit experiences ⌧PS ' 4 ⇥ 104 years. However, as small particles drift outward, their lifetimes
rapidly increases and photo-sputtering will not result in total destruction, but rather ejection from the solar system.
To investigate the combined e↵ects of erosion and drag, we combine numerical time-step integrations of equations

7 and 8, followed by an update of rg using equation 9, update a and e using equations 4 and 5 with � ! ��, and
replace r with its temporal average < r >= a(1 + 0.5e2). Similarly, for estimating an orbit-averaged erosion rate, we

set < r�2 >=
�
a2(1 + 1.5e2)

��1
. Figure 5 shows example histories of the orbital elements of eroding ice particles.

The resulting increase in � of a quickly eroding grain sets up a competition between inward drift due to PR drag,
outward drift due to increasing �, and, ultimately, ejection from the solar system. Hence, it might be the case that
New Horizons is now encountering a new population of icy particles that current models, based on previous SDC
measurements (Poppe 2016), could not have predicted.
Finally, our current understanding of dust-producing parent bodies in the KB is likely to be incomplete. Current

optical surveys indicate that the KBOs’ spatial distribution could extend further, far beyond our current estimates
(Fraser et al. 2023).

Photo-sputtering 
of ice grains?

These never leave 
the KB.
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ABSTRACT

The NASA New Horizons Venetia Burney Student Dust Counter (SDC) measures dust particle
impacts along the spacecraft’s flight path for grains with mass � 10�12 g, mapping out their spatial
density distribution. We present the latest SDC dust density, size distribution, and flux measurements
through 55 au and compare them to numerical model predictions. Kuiper Belt Objects (KBOs) are
thought to be the dominant source of interplanetary dust particles (IDP) in the outer solar system due
to both collisions between KBOs, and their continual bombardment by interstellar dust particles (ISD).
Continued measurements through 55 au show higher than model-predicted dust fluxes as New Horizons
approaches the putative outer edge of the Kuiper Belt (KB). We discuss potential explanations for the
growing deviation: radiation pressure stretches the dust distribution to further heliocentric distances
than its parent body distribution; icy dust grains undergo photo-sputtering that rapidly increases their
response to radiation pressure forces and pushes them further away from the sun; and the distribution
of KBOs may extend much further than existing observations suggest. Ongoing SDC measurements
at even larger heliocentric distances will continue to constrain the contributions of dust production
in the KB. Continued SDC measurements remain crucial for understanding the Kuiper Belt and the
interpretation of observations of dust disks around other stars.

Keywords: Kuiper Belt, Interplanetary Dust, PVDF, New Horizons

1. INTRODUCTION

Interplanetary dust particles (IDPs) carry information about the birth and evolution of planetary bodies within our
solar system. The orbital distribution of IDPs is driven by the forces of gravity from the Sun and planets, radiation
pressure, Poynting-Robertson (PR) drag, and electromagnetic forces (Liou et al. 1996; Moro-Mart́ın & Malhotra 2002,
2003; Poppe 2016). Additionally, the size and mass of individual IDPs are constantly evolving due to sputtering and
mutual collisions. While Jupiter Family Comets (JFCs) and asteroids dominate IDP production in the inner solar
system (Spiesman et al. 1995; Kelsall et al. 1998; Nesvorný et al. 2010), the Kuiper Belt (KB) is the dominant source
of IDPs in the outer solar system (Stern 1996; Yamamoto & Mukai 1998) from either mutual Kuiper Belt Object
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