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The Student Dust Counter (SDC) is an in-situ dust detector aboard the New Horizons spacecraft observing the
distribution of interplanetary dust particles (IDPs) with mass > 10~!2 g or approximately 0.5 um in radius. New

PVDF Horizons was launched on January 19th, 2006 and performed a fly-by of the Pluto system on July 14th, 2015.

New Horizons
Edgeworth-Kuiper Belt

SDC has nearly continuously mapped the dust density distribution along the trajectory of New Horizons, and it
continues to operate providing measurements of the IDP in the Edgeworth-Kuiper Belt (EKB). We present results

of the dust density distribution from 1 to 38 AU and compare these measurements to existing theoretical models.

1. Introduction

Information on the distribution of interplanetary dust particles
(IDPs) provides constraints to the origin and evolution of planetary
bodies. The distribution of IDPs depends on the sources, sinks, and
dynamics of dust grains permeating the solar system. Numerical models
have demonstrated that outgassing and outbursts of Jupiter Family
Comets (JFCs) dominate the distribution of IDPs in the inner solar
system (Nesvorny et al., 2010; Nesvorny et al., 2011) while the mutual
collisions and bombardment of Edgeworth—Kuiper Belt Objects (EKBOs)
by interstellar/interplanetary grains dominate the distribution of IDPs
in the outer solar system (Stern, 1996; Yamamoto and Mukai, 1998;
Poppe, 2015; 2016). IDPs are subject to gravity, radiation pressure, EM
forces, and Poynting—Robertson drag. Under these forces, IDPs migrate
inward through the solar system, often getting trapped in resonances
with or scattered by the giant planets (Liou and Zook, 1999; Moro-
Martin and Malhotra, 2002; Poppe, 2016). Being able to accurately map
the distribution of IDPs provides insight into the parent bodies of the
particles as well as the overall evolution of the solar system.

In order to observe the distribution of IDPs, several in-situ dust
detectors have flown throughout the solar system on various spacecraft.
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Observations of IDPs interior of Jupiter include HEOS 2 and HELIOS at
Earth (Dietzel et al., 1973), Galileo at Jupiter (Griin et al., 1992b) and
Ulysses above the ecliptic plane (Griin et al., 1992c). Both HEOS 2 and
HELIOS flew on elliptical orbits interior of 1 AU measuring the dis-
tribution of interplanetary and interstellar dust grains (Griin et al.,
1980). On its way to Jupiter, Galileo made measurements of IDPs be-
tween Venus and Jupiter for particles larger than 10713 g (Griin et al.,
1992a). The flux at 1.1 AU was measured to be between
(0.5 — 30) X 107> m~2s~!(zsr)~! depending on the spacecraft’s orienta-
tion (Griin et al., 1992a). Galileo orbited Jupiter for about 8 years re-
vealing the behavior and distribution of dust grains in the Jovian
system (Kriiger et al., 2001a; 2006b; 2005). Ulysses, having a similar
dust instrument and mass threshold compared to Galileo, also measured
the distribution of IDPs from Earth to Jupiter yielding a slightly lower
dust flux at 1.1 AU of (2.2 + 1.4) X 10~ m~2s(zwsr)~! (Griin et al.,
1992a). After encountering Jupiter, Ulysses entered a highly inclined
orbit enabling the observations of IDPs as a function of ecliptic latitude
between 1.3 and 5.4 AU (Kriiger et al., 1999; 2001b; 2006a; Kriiger
et al., 2010).

Observations of IDPs exterior of Jupiter have been made by the
Cassini spacecraft at Saturn (Srama et al., 2004) and Pioneer 10 and 11
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extending to 9 and 18 AU, respectively (Humes, 1980). Cassini ob-
served IDPs between Jupiter and Saturn and was able to distinguish
between grains of interplanetary and interstellar origin. The flux of
interstellar grains was measured to be 2 x 10~ m~2s~! with an esti-
mated grain size of >4 pm, agreeing with similar observations from
Ulysses (Altobelli et al., 2007). Between 1 and 18 AU, the Pioneer in-
struments measured a near constant flux of about (1 — 10) x 10°
m~2s7! and (1 — 30) X 1077 m~2s~! for 10® and 10~° g grains, respec-
tively (Humes, 1980). In addition to dedicated dust instruments, the
Voyager 1 and 2 radio and plasma wave instrument reported mea-
surements of micron sized dust grains out to 100 AU via detections of
the plasma cloud created from particles impacting the spacecraft
(Gurnett et al., 1997). Both Voyager 1 and 2 measured a nearly constant
flux of several detections per hour with an estimated density of
~ 20 — 40 km™3, however, extracting a true flux from such measure-
ments remains challenging (Gurnett et al., 1997; 2005).

The Student Dust Counter (SDC) has mapped the dust density dis-
tribution of grains larger than 10! g along the trajectory of the New
Horizons mission, now reaching past 38 AU. In-situ dust detectors
provide critical information on the temporal and spatial distribution of
dust in the solar system constraining modeled sources, sinks, and
transport mechanisms. SDC results before New Horizons’ encounter
with Pluto have been reported in prior publications (Poppe et al.,
2010b; Han et al., 2011; Szalay et al., 2013).

This paper is organized as follows. In Section 2 we describe the SDC
instrument. Section 3 discusses SDC measurements to date and we
compare them to current theoretical models of the dust density dis-
tribution in Section 4. We compare the mass distribution measured by
SDC to the expectations from numerical modeling in Section 5, and
discuss the results and our conclusions in Section 6.

2. Instrument description

The SDC detector panel is mounted in the ram direction of the New
Horizons spacecraft. It consists of 14 permanently electrically polarized
28 um thick polyvinylidene fluoride (PVDF) plastic film sensors, each
with dimensions of 14.2 X 6.5 cm (Horényi et al., 2008). The PVDF
detectors operate by detecting a change in the surface charge density on
their conducting surfaces due to the cratering of the PVDF films by dust
impacts (Simpson and Tuzzolino, 1985; Poppe et al., 2010a). PVDF
detectors are resilient to radiation and energetic ions and electrons but
exhibit pyroelectric and piezoelectric properties and are affected by
temperature variations and mechanical vibrations (Simpson and
Tuzzolino, 1985; Horanyi et al., 2008). For this reason the instrument
was designed with 2 of its 14 sensors attached to the backside of the
detector panel, shielded from dust impacts (Horényi et al., 2008). The
shielded detectors serve as ‘reference’ channels, providing a baseline of
the noise events induced by effects other than dust impacts, including
the firing of thrusters, mechanical vibrations, and random thermal
electronic noise. The 12 forward facing detectors serve as ‘science’
channels, recording both dust impacts and noise events. SDC was tested
and calibrated at the 2 MV Van de Graaff dust accelerator at the Max
Planck Institute for Nuclear Physics in Heidelberg, Germany
(James et al., 2010). Shortly after launch, one channel malfunctioned
leaving only 11 active science channels.

Signals from the detector panel are processed by SDC’s electronics
box interior the spacecraft. Charge signals are translated into 16-bit
data numbers (DN) via two analog to digital converters (ADCs) re-
sulting in separate electronics chains, referred to as chains A and B.
Chain A consists of channels 1-7 and chain B consists of channels 8-14,
where channels 7 and 14 are the reference channels. SDC periodically
conducts onboard tests to track electronic degradation and electronic
noise. Charge stimulus tests track electronic degradation by injecting
known charges at the head of each channel’s electronic chain and re-
cording the DN. Electronic noise is tracked with a noise floor test that
varies the threshold on each channel over five values and the resulting
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Fig. 1. The flight path of New Horizons from Earth to 38 AU. SDC observation
periods are marked in color indicating the minimum mass threshold.
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rate of events is recorded. Noise floor tests last between 4 min and 18 h.
Based on the analysis of these tests, presented in the supplemental
material, we find that SDC electronics have remained stable throughout
the mission, and channels follow Poisson statistics with slightly dif-
ferent noise rates for the same threshold. Due to the use of two ADCs,
chain A detectors display higher sensitivity to noise than chain B de-
tectors. Also, the reference channels on chain A and B show system-
atically lower and higher noise rates, respectively, as compared to their
corresponding science channels.

3. SDC measurements out to 38 AU

SDC has taken near continuous dust measurements from Earth to 38
AU. Fig. 1 shows New Horizons’ flight path through the solar system
along with SDC’s minimum mass threshold. The mass threshold is set by
the minimum detectable impact charge, which is a function of impact
velocity (Horanyi et al., 2008). As such it increases with heliocentric
distance due to the decreasing speed of New Horizons.

SDC does not record full signal waveforms that could be used to
identify piezoelectric and pyroelectric noise (Simpson and
Tuzzolino, 1985), nor does it have a direct measure of noise for each
science channel. Attempts to fit the periodic noise floor tests to estimate
noise on each channel are discussed in the supplemental material. We
can, however, immediately tag some events as noise due to coincidence
with: (1) thruster firings; (2) stimulus test; and (3) other recorded
events. Fig. 2 shows all events tagged as coincident within 1-10 s of the
three sources. Typically, SDC channels are disabled around thruster
firings but some operational configurations allowed SDC channels to
remain enabled, such as the Pluto encounter from 31 — 33 AU and its
rehearsal. Events coincident with stimulus tests, referred to as ‘stim
echoes’, are much more rare and only occurred early in the mission. By
far, most coincident tagged events are those coincident with other
events involving many if not all channels. This is indicative of vibra-
tions propagating through the spacecraft simultaneously triggering
many channels. There was a drastic increase of coincident events after
33 AU due to a mechanical wave-guide switch associated with the
spacecraft antenna that triggered all channels when used. The use of the
switch was much more prevalent during the downlinking of the en-
counter data. Fig. 3 shows a map of all coincident tagged events and the
channels it was coincident with. The coincident hits are randomly
distributed with no strong correlation or “cross-talk” between any two
channels, although higher systematic counts are observed for chain A
channels because of their higher sensitivity. There is only a ~ 3%
difference between the minimum and maximum counts of the off-
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Fig. 2. History of events tagged as noise due to coincidence with: (1) thruster firings, (2) stimulus test, and (3) other recorded events. The colors and line styles

indicate the time windows used to identify coincident events.

diagonal values (i.e. channels coincident with other channels). Chan-
nels that were coincident with themselves were less frequent and most
likely due to persistent or larger vibrations on the spacecraft. We ty-
pically restrict data analysis to periods of spacecraft hibernation, when
all other instrument and spacecraft activity is at a minimum. During all
hibernation periods, SDC detector panels displayed stable temperatures
varying only by a degree or two, which limits excess noise from rapid
temperature variations as observed on the AIM spacecraft (Poppe et al.,
2011). Additionally, we searched for coincidence between recorded
events and other onboard commanding or activity. During hibernation
specifically, no relation or coincidence was found.

After removing all coincident events we are left with ‘candidate hits’
made up of Poisson distributed dust impacts and electronic noise. Fig. 4
shows all recorded data excluding coincident events. SDC measures the
impact charge, q;m,, which is a function of both the mass and the re-
lative speed of the impacting particles (Horanyi et al., 2008; James
et al., 2010; Poppe et al., 2010a). The customary analysis assumes that
IDPs have a mass density of 2.5 g/cm® and follow circular Kepler orbits,
modified by radiation pressure, providing an estimate for impact speed.

Coincident Map

Recorded noise events are given an effective charge and mass. Due to
instrument noise, typical mass estimates have an error factor of ~2.
The maximum mass recorded during all hibernation periods is just
under 6 x 107! g.

During the mission the threshold on each channel varies, so a con-
sistent threshold must be chosen in order to directly compare dust and
noise rates across channels and heliocentric distance. Fig. 5 shows the
range of minimum and maximum mass thresholds for each channel
during all hibernation periods. Excluding channel 11, which died
shortly after launch, the maximum threshold on any channel is just
below 2.5 X 107!2 g. For this threshold, Fig. 6 shows the total counts per
channel during all hibernation periods. Errors were calculated as N,
assuming that both dust impacts and electronic noise are Poisson dis-
tributed. The apparent disagreement between science channels is due to
the difference in noise behavior integrated over all hibernation periods,
totaling about 5.5 years. Given the discrepancy of noise behavior be-
tween channels, especially between chain A and B, the best estimate for
noise on each science channel is assumed to be measured by its corre-
sponding reference channel. In Fig. 6 there is a clear distinction
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Fig. 3. Map of all coincident tagged events and the channels it was coincident with. Diagonal (i.e. channels coincident with themselves) and off-diagonal (i.e.
channels coincident other channels) are shown with different color tables. Note that all channel 11 events have been omitted.
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Fig. 4. The impact charges (top) and mass estimates (bottom) of all events re-
corded by SDC to 38 AU that were not coincident with thruster firings. Data
gaps are periods when the New Horizons spacecraft transitioned to three-axis-
stabilized mode and SDC was turned off. Gray bars indicate the periods of high
spacecraft activity when SDC thresholds were raised during a rehearsal period
and the encounter with Pluto. Blue histogram bars are included on the y and x
axes. The charge threshold for detection is not changing throughout the mission
but the smallest detectable charge indicates an increasing mass threshold due to
the slowdown of the New Horizons spacecraft.
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Fig. 5. Mass threshold ranges (i.e. bars show the minumum and maximum
thresholds) for each channel during all hibernation periods. Shortly after launch
channel 11 failed and has been removed from the data set.

between science and reference counts for the chain A detectors. This is
not the case for chain B detectors, indicating that the reference channel
on chain B may over estimate the noise. As discussed in the previous
section, the reference channels show systematic bias such that chain A
and B reference channels may under- and over-estimate noise, respec-
tively. Fig. 7 shows the total and reduced dust counts as well as the
signal to noise ratio on each channel for a single hibernation period
spanning from 28.3 — 29.5 AU (~ 130 days). The reduced count on each
science channel was calculated by subtracting the noise measured by its
corresponding reference channel (chain A vs. chain B). The error in
reduced counts was calculated by adding the error of science and re-
ference counts in quadrature. The reduced counts on each channel are

119
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Fig. 6. Total counts per channel for events larger than 2.5 X 10712 g over all
hibernation periods. Gray bars indicate the reference channels and the striped
bar indicates channel 11, which died shortly after launch. Error bars were
calculated as VN, assuming Poisson statistic.

in better agreement but still vary due to differences in noise behavior.
Furthermore, chain B detectors show systematically lower counts than
chain A detectors, with channel 13 showing a negative signal to noise
value. This is again attributed to our simplified assumption of using
reference channels as an assumption for average noise.

The density of IDPs was derived for each hibernation period by
dividing the averaged reduced dust count by the volume carved out by
a single detector for both chain A and B detectors. The error on the
average was taken to be the standard deviation of the reduced dust
counts. The volume sampled by a single detector along any path is

B
V= Age '/;1 l/'iSDC'(Vsc - Vdust)d[a o)

where V is the volume, T; and T, are the beginning and ending times
along the path, t is time, Ag4, is the area of a single detector, figpc is the
surface normal of the SDC detector panel, v, is the New Horizons ve-
locity vector, and v, is the incoming dust velocity vector, given by the
local Keplerian velocity. Fig. 8 shows the dust density estimate for three
different size cuts at 0.6 um (~ 2.5 X 10712 g), 0.9 um (~ 7.5 X 10712 g),
and 1.4 um (~2 x 107! g). Density estimates are shown for both chain
A and B detectors separately as well as averaged. For grains >0.6 um,
the density initially increases from 9 to 15 AU then remains fairly
constant with a slight dip around 20 AU. The density then begins to
increase out to the Kuiper Belt. For comparison, the plasma wave data
from the Voyager spacecraft estimate IDP densities of about 20-40
km™3 (Gurnett et al., 1997; 2005), which agrees with our estimates for
the density of grains >0.6 pm. For larger grains ( >0.9 um), statistics
become poorer but the dust density has been nearly constant, agreeing
with Pioneer measurements (Humes, 1980). The higher threshold of
1.4 pm was chosen to match the thresholds used during the Pluto en-
counter (Bagenal et al., 2016). The increased thresholds during the
encounter limited excessive noise from thruster firings while allowing
SDC to remain on. A complete discussion of measurements near the
Pluto system can be found in Bagenal et al. (2016), where the dust
density around the Pluto system, for grains larger than 1.4 um, was
estimated to be between 0.6 and 4.6 km~ with a 90% confidence level.

4. Model comparisons

The distribution of IDPs in the outer solar system is dominated by
dust production in the EKB (Stern, 1996; Yamamoto and Mukai, 1998;
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Fig. 7. Total counts, reduced counts, and signal to noise ratios per channel for events larger than 2.5 x 10712 g over a single hibernation period. Gray bars indicate the
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Poppe, 2015; 2016). Dust is continually produced from EKBOs due to
mutual collisions (Stern, 1996) and bombardment of interstellar and
interplanetary dust (Yamamoto and Mukai, 1998; Poppe, 2015). Dust
particles generated in the EKB slowly migrate towards the Sun due to
Poynting-Robertson drag, and their fate is determined by possible close
encounters with planets, trapping in mean motion orbital resonances
(Liou et al., 1996; 1999; Moro-Martin and Malhotra, 2002; 2003), and

SDC Density Measurements
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Fig. 8. Interplanetary dust density for grains with radii >0.6 um, >0.9 um,
and >1.4 pm estimated by chain A and B detectors separately and together.
Error bars were calculated by dividing the standard deviation of the reduced
counts by the sampled volume. The top panel shows estimates from the Voyager
plasma wave data indicated with dashed lines. The seemingly additional point
at ~ 32 AU for the largest grains is due to the inclusion of data obtained with
higher thresholds around Pluto, thus no comparison is available for smaller
thresholds.

120

grain-grain collisions (Kuchner and Stark, 2010)

Recent models have detailed the sources, sinks, and transport of
dust particles in the outer solar system allowing for direct comparisons
with SDC observations (Vitense et al., 2012; 2014; Poppe, 2016). These
models used a test particle approach, with collisional schemes in-
troduced, integrating the motion of individual grains under the influ-
ence of gravity due to the Sun and the giant planets, radiation pressure,
Poynting Robertson drag, electromagnetic perturbation due to the in-
terplanetary magnetic fields, and grain-grain collisions. Fig. 9 shows a
comparison of SDC measured flux with fitted predicted curves. These
models exhibit reasonable agreement with SDC observations from 5 to
35 AU, but their predictions drastically differ for measurements pene-
trating further into the EKB. We note that the data used to produce the
original fits assumed a smaller threshold cut of SDC data than what’s
presented here, resulting in slightly higher flux predictions. The models
differ mainly in their treatment of grain-grain collisions, as well as the
distribution of the parent bodies in the EKB; namely, Poppe (2016)
included the outer EKB distribution, which extends from 48 AU out to
several hundred AU and provides an extended dust source (Petit et al.,
2011).

In all previous analyses, the dust fluxes and densities derived from
SDC measurements assumed impacting particles follow circular Kepler
orbits adjusted for radiation pressure. This assumption was used to
estimate the total dust production rate (Poppe, 2016) and initial size
distribution in the EKB (Han et al., 2011). However, the numerical dust
trajectory integrations show that particles can follow orbits with sig-
nificant eccentricities and inclinations, contrary to the simplifying as-
sumptions used in our data analysis to date. For example, Fig. 10 shows
the distribution of velocity components for 0.6 — 0.85 um grains in the
range of 10 - 11 AU from the Poppe (2016) model for three distinct dust
sources. Included are distributions for EKB, Jupiter Family Comet
(JFC), and Oort-Cloud Comet (OCC) grains as well as the combined
distribution of all three sources appropriately weighted according to the
local number density as calculated by the model. EKB and JFC grains
consist almost entirely of prograde orbits with JFC grains retaining a
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Fig. 9. Interplanetary dust flux onto SDC for grains with radii >0.6 um. The
blue (Vitense et al., 2014) and red (Poppe, 2016) curves represent two different
models of the predicted dust flux. We note that the data used to produce the
original fits assumed a smaller threshold cut of SDC data than what’s presented
here, resulting in slightly higher flux predictions. (For interpretation of the
references to colour in this figure legend, the reader is referred to the web
version of this article.)

larger spread in both radial and vertical velocities. OCC grains, how-
ever, are produced in highly inclined orbits and thus have populations
of pro- and retrograde orbits. The combined velocity distribution is
dominated by EKB grains with a total speed that peaks under the local
Keplerian speed. Below we discuss our first comparisons of measured
mass distribution predictions with a numerical model.

5. Mass distribution predictions

We used the most recent interplanetary dust dynamics model to
compare the predicted and measured distribution of mass recorded by
SDC. The model, discussed in detail in Poppe (2016), numerically in-
tegrated dust grain trajectories from four interplanetary sources. The
dust sources were Halley-type comets (HTC), Oort-Cloud comets (OCC),
Jupiter Family comets (JFC), and EKB Objects (EKBO) (Nesvorny et al.,
2010; Landgraf et al., 2002; Poppe, 2016). Grains were assumed to be
produced with a mass distribution in the form, dM/dm « m~/3, where
a = 2.5. Dust sizes were represented in bins with midpoints at 0.5, 0.7,
1.0, 1.5, 2.0, 3.0, 5.0, 10.0, 15.0, 20.0, 30.0, 50.0, 70.0, 100.0 um. For a
given size bin and heliocentric distance, discretized at 1 AU intervals,
the model provides a local number density, n; ; and three-dimensional
(3D) velocity distribution in the ecliptic, f; {(Vaus:), Where vaus is the
dust velocity in cylindrical coordinates, j is the mass index, and i is the
heliocentric distance index. Each velocity component is recorded in
bins of 1km/s in the range of * 24km/s.

Using the 3D velocity probability distribution, f; {(Vaus), a prob-
ability distribution for impact speed and angle onto SDC, g; {(Vimp, Oimp)
was calculated for each dust source (i.e. EKB, OCC, and JFC). We’ve
ignored the HTC dust source because its contributions to the IDP are
insignificant compared to the other sources (Poppe, 2016). For a given
Vaust, the impact speed and angle onto SDC are

Vimp = Vnh — Vdusts 2)
and

v
Bimp = arccos| Ny =P,

[ Vimp || 3

where v, is the spacecraft velocity and nyg, is the surface normal of
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SDC. The corresponding probability from f; (Vaus) was then added to
the appropriate speed and angle bin in g; {(Vimp, Oimp). Fig. 11 shows the
probability distribution of predicted impact speeds and angles onto SDC
for grains with radii 0.6 - 0.85 um in the range of 10-11 AU. OCC
grains, in blue, have a wide spread in both impact speed and angle but
the overall distribution, in black, is dominated by EKB grains, in green.
The most probable impact angle and speed is 45° and 21 km/s, where
the impact angle is measured from the detector normal. The bulk of the
impact speed distribution, as predicted by the model, is smaller than the
assumed circular Keplerian orbits under radiation pressure, as im-
plemented in the SDC data analysis to date. Mass determination of SDC
impact charges depend on impact velocity, which varies as v,
(James et al., 2010). From Fig. 11, the impact speeds calculated using
the assumed circular orbits under radiation pressure is 22.2km/s and
the most probable speed from the full numerical model is 21 km/s,
resulting in a difference in mass determination of about 15%. Given the
relatively large ( ~ 100%) uncertainty of the mass determination of the
PVDF sensors this effect remains negligible. In general, as the helio-
centric distance increases, both the impact speeds and angles converge
to the values calculated with the assumed circular orbits. Furthermore,
deviations from the assumed circular orbits become less significant due
to the increasing dominance of the spacecraft’s speed.

Predicted mass distributions were calculated from the model by
appropriately weighting ensembles of random impact geometries and
incident grain masses. Impact geometries were weighted by the corre-
sponding bin of the normalized distribution of impact speed and angle
&, iVimpy Omp), calculated above. Incident masses were weighted by
fitting the local densities, as reported by the model, to a power law of
the form n(m) = Cm°. For reference, Poppe (2016) used a value of
6 = Oy = —2.5/3.0 = —0.8333 as an initial condition in the inter-
planetary dust model. Note that conditions with |§| < |8| indicate
regions where the slope is shallower due to mass shifted towards larger
grains while conditions with |§| > |8i;| indicates regions with a
steeper slope due to mass shifted towards smaller grains. Fig. 12 shows
the fitted value of the power-law slope, &, as a function of heliocentric
distance for JFC grains (orange), EKB grains (green), and OCC grains
(blue). The horizontal dotted line denotes the initial condition value of
8 = Sinir-

The JFC grain power-law exponent, shown in orange, is consistently
smaller than |8;,;|, representing a relative deficit of smaller grains. Two
narrow, local minima can also be seen at the orbits of Jupiter and
Saturn. Overall, the shallower power-law for JFC dust grains is most
likely due to the loss of small grains via radiation pressure blow-out
(i.e., “beta”-meteoroids; see e.g., Zook, 1975; Zook and Berg, 1975;
Wehry and Mann, 1999), leaving an overall surplus of larger grains. The
high eccentricity of JFCs themselves (from which JFC grains inherit
their initial orbital elements) (Levison and Duncan, 1997; Di Sisto et al.,
2009) causes this to be an efficient loss process for small grains. The
two local minima near Jupiter and Saturn are most likely due to the
capture of smaller grains in MMRs before they can be blown out from
the solar system, thereby partially restoring the local mass distribution
slope closer to &y

EKB grains, shown in green, can be roughly divided into three re-
gions: (1) r > 55 AU, where |§| = |8, (2) 30 <r < 55 AU, where
|8] < |8ini|, and r < 30 AU, where |8| > |8i|. The first of these re-
gions, r > 55 AU, maintains a value close to §;,; as dust grains gener-
ated from the EKB in the far outer solar system are not significantly
perturbed by gravitational interactions with the giant planets. Regions
2 and 3, which display opposite behavior, are due to longer trapping
times of larger dust grains in MMRs outside the orbit of Neptune. Thus,
smaller grains can escape neptunian MMRs quicker than their larger
counterparts and drift inwards through the solar system. Interestingly,
these deviations in the EKB mass distribution power-law slope persist
even in the face of grain-grain collisional smoothing as implemented in
the model of Poppe (2016), following the methodology of Stark and
Kuchner (2009).
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Fig. 10. Distribution of velocities for grains in the size range of 0.6-0.85 pm from 10 to 11 AU. Shown are the distributions and relative weights for JFC, OCC, and
EKB grains as well as the combined distribution of all three sources properly weighted by the local density. The Kepler orbital speed for grains in this size range,

including radiation pressure, are shown in gray.

Finally, OCC grains, in blue, show a large scale dichotomy in the
value of § with respect to 8. For r > 15 AU, |8| < |8/, while for
r < 15 AU, |8| > |8ini|- The shallower slope outside 15 AU is due to the
loss of beta-meteoroids, similar to JFC grains. The behavior within 15
AU is due to the so-called “Jupiter barrier”, typically discussed in the
context of cometary dynamics (i.e., Duncan (2008)). For dust, such an
effect appears to be size dependent (see Fig. 2, Poppe (2016)), with
smaller grains able to more easily pass through the “Jupiter barrier”
and diffuse into the inner solar system.

For a single dust source and heliocentric bin, 10000 ensembles of
random impact geometries and incident masses were selected and
properly weighted. For each ensemble, a corresponding impact charge
was calculated using SDC calibrations (James et al., 2010), as well as an
effective mass assuming a Kepler-like impact speed. The total weight of
an ensemble was the product of the corresponding impact geometry and
incident mass weights. The distribution of both incident and effective
mass was then binned, normalized, and multiplied by the product of the
total density reported by the model and the volume sampled by a single
SDC detector described in Eqn. 1. The distributions from each source
were then co-added to form predicted distributions of mass,
Mincident(mimp) and Meffective(mimp)-

Similarly, SDC measurements were binned in mass. Fig. 13 shows
the reduced dust counts during all hibernation periods on each channel
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for three logarithmically spaced mass bins. Chain A detectors showcase
reasonable agreement across channels while chain B channels exhibit
much poorer statistics, as seen in previous sections. For chain B, re-
duced dust counts for the middle bin are negative indicating an over
estimation of the noise. Despite the poorer statistics, the average dust
count for each bin was assessed in the same way as in Section 3 where
chain A and B channels were analyzed separately and then averaged.
Fig. 14 shows the model predicted incident and effective mass dis-
tributions as well as the distributions measured by SDC. The slight
difference between the model predicted incident and effective mass
distributions highlight a relatively small modification of the measured
mass distribution due to assuming circular Kepler orbits. Overall, the
model predicts a lower count of smaller mass grains (< ~0.7 X 1071 g)
and a higher count of larger mass grains (> ~2 x 107! g) than detected
by SDC. In fact SDC’s measurements of particle masses > 5 x 107!! g are
consistent with zero detections.

Additionally, the mass distribution was analyzed for each hiberna-
tion period. For each hibernation period, the distribution of effective
mass predicted by the model and measured by SDC, assuming circular
kepler orbits, were fitted with a power law. Fig. 15 shows the fitted
power law index for the measured and predicted mass distributions as a
function of AU. The uncertainty is taken to be the standard error of the
fit. Generally, especially in the outer solar system, the model predicts a
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Fig. 11. Speed and angular distribution of 0.6 - 0.85 pm dust grains at 10-11
AU. Shown are the weighted distributions for EKB (green), JFC (orange), and
OCC (blue) grains with the combined distribution of all three in black. The
range of impact speeds and angles for the assumed circular Kepler orbits,

modified by radiation, are shown in gray. Grains following the assumed circular

Kepler orbits, modified by radiation pressure, have higher impact speeds and
angles then the bulk of the distribution calculated from numerical orbit in-
tegrations (Poppe, 2016). (For interpretation of the references to colour in this
figure legend, the reader is referred to the web version of this article.)

shallower power law index indicating a distribution with a higher
proportion of larger grains.

6. Discussion

The impact charge measured by SDC is a function of both the impact

speed and mass of the incoming particle in the charge range of

10° < @imp < 10'° ¢~ (James et al., 2010). Hence, a customary simpli-
fying assumption is needed to have an independent estimate for the
impact speed in order to estimate the mass of an impacting dust par-
ticle. With this assumption, the measured impact charge can be turned
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into an estimate for the density and size distribution of IDPs along the
trajectory of the New Horizons spacecraft. The dust density of grains
> 0.6 pm shows an initial increase out to 15 AU then remains fairly
constant with a slight dip around 20 AU. The density then begins to
increase out to the Kuiper Belt. The density of larger grains ( > 0.9 pm)
remains fairly constant, which is in agreement with Pioneer and
Voyager measurements (Humes, 1980; Gurnett et al., 1997; 2005).

Using the combination of SDC and Pioneer 10 dust density mea-
surements, and the results of extensive integration of dust grain tra-
jectories produced in the EKB, the total dust production rate
(Poppe, 2016) and the index of an assumed power law initial size dis-
tribution (Poppe et al., 2010b; Han et al., 2011; Szalay et al., 2013) can
be estimated to match the measurements and the predictions of the
numerical models. Curiously, there seems to be a lack of large grains in
the SDC data compared to the expectations based on the best fit nu-
merical models. Over all nominal observation periods of spacecraft
hibernation, ~ 5.5 years, the largest mass recorded was ~6 x 107!! g.
Additionally, grains larger than ~ 5 x 107! g have dust counts that are
consistent with zero detections, while the model predicts counts on the
order of 10 - 50. We have compared the speed and impact angle dis-
tributions from the numerical models, and while there are differences,
especially in the inner solar system, the effects of these on the mass
estimates of impacting IDPs appears to remain modest. It is also pos-
sible that the currently available calibration of PVDF sensors is in-
complete, and their sensitivity is perhaps changing drastically with
impact angle. Alternatively, larger particles (%5 x 107! g) may pene-
trate instead of stopping in the thin PVDF film sensors. Penetrating
particles produce smaller charge signals that may be incorrectly iden-
tified as smaller grains, thus shifting the mass distribution to smaller
sizes (Tuzzolino, 1992). At the same time, the mass estimates from
Pioneer 10 might also need revisions (Humes, 1980), providing new
constraints on model fits. Finally, the lack of detected large particles
could also indicate that their production rate in the EKB and/or lifetime
against collisional disruption are overestimated in our current models.
As the theoretical models include the effects of collisions, their pre-
dictions about densities become a non-linear function of the dust pro-
duction rate in the EKB, indicating that an updated fit will require a
computationally intensive iterative approach.
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Fig. 12. The fitted power-law index to dust grain densities from Poppe (2016) as a function of heliocentric distance. 1-sigma error bars are included. Included are fits
to JFC (orange), OCC (blue), and EKB (green) grains. Locations of Jupiter, Saturn, Uranus, and Neptune are shown as well as a value of 6 = —0.83 which is the power-
law used as initial production of all sources. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this

article.)
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