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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"'? 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 in the outer solar system due to both collisions between KBOs and their continual bombardment by
interstellar dust particles. 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 photosputtering 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 dust disks around other stars.

Unified Astronomy Thesaurus concepts: Interplanetary dust (821); Kuiper Belt (893); Small Solar System

bodies (1469)

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-Martin & 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; Nesvorny 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 (KBO) collisions or
interstellar dust bombardment. While IDPs created outside
30au generally flow toward the Sun, Neptune typically
prolongs their lifetime due to resonances (Liou et al. 1996;
Moro-Martin & Malhotra 2002; Kuchner & Stark 2010).

The Venetia Burney Student Dust Counter (SDC; Horanyi
et al. 2008) is the first dedicated instrument to make in situ dust
measurements beyond 17 au from the Sun. This paper reports
the most recent SDC observations, similar to our earlier reports
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summarizing the measurements as the mission has traversed
across our solar system (Poppe et al. 2010; Han et al. 2011;
Szalay et al. 2013; Piquette et al. 2019; Bernardoni et al. 2022).
We also offer an as assessment of the processes that might be
responsible for the higher-than-expected dust fluxes reported in
this paper.

2. Instrument Description

SDC is composed of 14 permanently electrically polarized
polyvinylidene fluoride (PVDF) plastic film detectors (Horanyi
et al. 2008). Each film is 28 pm thick and has dimensions of
14.2 x 6.5 cm. The SDC detector panel is mounted on the ram
side of the spacecraft such that the front 12 detectors are
exposed to dust impacts and 2 reference detectors remain
shielded from dust and are used as control detectors to identify
spurious noise events. PVDF impact detectors operate by
measuring a change in the surface charge density on the
conducting surface coatings of the films from craters formed by
dust impacts. For each impact, the peak measured charge is a
function of both the impactor’s mass, m, and velocity, v
(Piquette et al. 2020).

PVDF detectors have piezoelectric and pyroelectric proper-
ties that make them responsive to thermal fluctuations and
vibrations on the spacecraft. The 2 shielded detectors provide a
baseline for nondust noise events and serve as references for
the 12 science detectors. The detectors are further grouped into
two channels of six science detectors and one reference
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Figure 1. Left: the flight path of the New Horizons spacecraft up through 55 au with the minimum detectable mass represented in the color scale. The decrease in
spacecraft speed with increasing distance results in a higher minimum detectable mass. New Horizons is heading along the ecliptic longitude Ay >~ 293° compared to
the ISD inflow of A\igp = 259°, indicated by the parallel upward-pointing arrows at the bottom. Therefore, ISDs impact SDC at an angle of a >~ 23° off of normal
(Bernardoni et al. 2022). ISDs currently impact SDC at 39 km s~ ' while IDPs only impact at 14 km s~'. Therefore, despite their size difference, ISD impacts can be
measured and interpreted as small IDPs (Bernardoni et al. 2022). Based on the current model, ISD assumed IDP size should not exceed 0.68 pm. Right: all
noncoincident data up to 2023 July 25. Each detector has an independent mass threshold. For flux and density computation a common threshold was set at
rg 2 0.63 um (m > 2.62 x 107" g) such that all of the detectors provide an equal statistical contribution to the calculated flux and density (Bernardoni et al. 2022).
The gray blocks represent regions of exceptionally high thresholds due to high spacecraft activity during close encounters with Pluto and Arrokoth. Other periods of
missing data are due to SDC being powered off for spacecraft operational reasons.

detector, labeled Channels A and B, where each channel has its same charge magnitude increases, thus increasing the minimum
own electronics chain and analog-to-digital converter (ADC). detection mass threshold. The circular dust orbit assumption is
The instrument undergoes periodic noise and stimulus tests a source of uncertainty as the dust may be on eccentric and/or
to monitor any possible sensitivity degradation. For each inclined orbits, which alter the true impact speed. Thus, there is
detector, noise tests measure the rate of impacts that are above also an introduced uncertainty in the detected mass and
successive threshold values. The thresholds initially start below minimum detectable mass.
typical operational values and are gradually stepped up Due to possible noise events, measuring only the number
throughout the test. This produces an array of impact rates and magnitude of potential impacts is insufficient to correctly
per threshold level per detector. The results are used to update calculate the flux and density of interplanetary dust along the
the optimal threshold levels, especially in preparation for spacecraft’s flight path. All events that are recorded within
periods of high spacecraft activity with intense periods of 1-10s of another detector’s event, due to thruster firings or
spacecraft-generated noise that can mimic dust impacts, such as mechanical vibrations, are flagged as coincident and removed
the encounter with Pluto (Stern et al. 2015; Bagenal et al. from the science event list. After this data filtering is applied,
2016). In addition, charge stimulus tests are also used to the final data set can be seen in Figure 1 showing the direct
observe any changes in the calibration of the electronics by charge measurements as a function of the spacecraft’s
injecting a series of known charges from capacitors into each heliocentric distance, and the corresponding mass for IDPs
detector’s electronics chain. These tests show that the within our assumptions (Piquette et al. 2019; Bernardoni et al.
instrument has remained stable since its launch in 2006, and 2022). Before computing density or flux, due to the
there are no aging-related effects that would require changing independent thresholds of each detector throughout the
the analysis and interpretation of its data (Fountain et al. 2023). operation of the instrument, a common minimum size cutoff

is set at r, > 0.63 pm such that each detector’s measurements
may contribute equally. The average spatial dust density is then

3. Flux and Density Measurements estimated for each detector’s signals with r, > 0.63 ym in 3 au

SDC has been monitoring dust impacts nearly continuously traversed bins. This is computed by dividing the number of
since the New Horizons launch on 2006 January 19, and it is counts by the swept volume for the time that the detector is
now measuring dust beyond 55 au. Figure 1 (left), shows the turned on with thresholds below the r, = 0.63 um cutoff. The
up-to-date trajectory of the New Horizons spacecraft through swept volume of each detector is defined by Piquette et al.
the solar system, as well as the corresponding minimum (2019):
detectable mass given the assumption that SDC is measurinég .
predominantly silicate dust grains with a density of 2.5 gcm™ _ f - . o
The SDC impact velocity is derived from the velocity V= Ade T1 fispc - (e = Vi) dl, M
difference between the spacecraft and IDP grains that are
assumed to be on circular Kepler orbits that are modified by where Agc is the detector area, figpc is the pointing direction of
radiation pressure. As the spacecraft gets further away from the SDC, vy is the spacecraft velocity, and vqus is the dust velocity,
Sun and slows down, the particle mass required to generate the assuming the dust is on circular Kepler orbits modified by
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Figure 2. SDC density measurements above four cutoff sizes: 0.63, 0.68, 0.82, and 1.50 pm. The overall shape and upward trend, within error bars, is consistent
between 0.63, 0.68, and 0.82 pum. Above 1.50 pum, there are insufficient 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 pm cutoffs are chosen based on the onboard threshold table for different flight conditions, while the 0.68 pm cutoff is
selected to observe the flux without any potential effects from interstellar grains.
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Figure 3. SDC flux estimates for particles with a radius greater than 0.63 pm from 1 to 55 heliocentric au. Each point, with 1o 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 (~0.28 pm), 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.

radiation pressure. The events recorded on the reference corresponding electronics chain. The average spatial dust
detectors are identified as noise and subtracted from the density density across the science detectors is calculated in 3 au bins.
measurement of each science detector that shares its The 3au bin size presented the best balance between
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minimizing uncertainty and preserving spatial features.
Figure 2 shows the average spatial density estimates in 3 au
bins for four different size cutoffs: r, > 0.63, 0.68, 0.82,
and 1.5 pum.

The flux for each detector is computed by dividing the swept
volume by the spacecraft’s traversed distance while the detector
was on and dividing by the detector’s total on time. As with the
density, the apparent flux of each reference detector is
subtracted from each of the science detectors on their respective
electronics chains and the average flux across the science
detectors for each 3 au bin is reported. Figure 3 compares the
SDC flux estimate to models based on earlier SDC reports
(Poppe 2016; Bernardoni et al. 2022). Beyond 42 au, the data
reveal a growing divergence from the models, potential
explanations for which are discussed in Section 4.

4. Dust Production and Dynamics in the Kuiper Belt

To gain insight into the possible interpretations of the higher-
than-expected dust fluxes reported by SDC beyond 42 au, we
revisit the basic ideas of dust production in the KB (Liou &
Kaufmann 2008; Moro-Martin et al. 2008; Poppe 2016) and in
dust disks around other stars (Grigorieva et al. 2007;
Krivov 2007, 2010). Each KBO is a source of dust particles
due to collisions with other KBOs (Stern 1996) and due to their
bombardment by interstellar dust particles (Yamamoto &
Mukai 1998). In either case, the ejection velocity of the
produced dust particles remains small compared to the orbital
speeds of their parent bodies, so they are born with
approximately the same state vectors as their parent bodies;
however, these dust particles have a hugely different 3’s—
where (3 is the ratio of the repulsive radiation pressure to the
attractive gravity on the particle (Kresak 1976; Burns et al.
1979). The result is a near-instantaneous change in their
specific (i.e., per unit mass) potential energy while keeping
their parent body’s specific kinetic energy and angular
momentum. Due to the apparent reduction of solar gravity by
a factor of (1 — [3), their total specific energy and angular
momentum after their release are
M — @’ and (2)

r

r

E*= %(r'2 + 207 — E+

JE=r¥=1J, 3)

where r and 6 are polar coordinates in the coordinate system
centered on the Sun; u=GM. is the product of the
gravitational constant and the solar mass; and E and J are the
total specific energy and angular momentum before the release.
From Equation (2), exploiting the relationship between the
semimajor axis, a, of an orbit and its total energy, a = — u/
(2E), the new semimajor axis of a dust particle, a*, can be
calculated (Kresak 1976; Liou & Kaufmann 2008)

o — a - Bar
r—20a

Similarly, using the relationship between the orbital angular
momentum, semimajor axis, and eccentricity, e,

(J = Jpa(l — €?), the new orbit’s eccentricity becomes
_ 2 _
o \/1 (1= —20a)

“)

)

(1 = p)yr

Doner et al.

As a function of the parent body’s orbital elements and
position along its orbit when a dust particle is released, as well
as the composition and size of the released particle (0),
Equations (2) and (3) can result in ¢* < 0 and ¢* > 1, indicating
that the particle will not follow a bound orbit and escapes from
the solar system. The combination of higher 3 values and a
release point closer to the pericenter of the parent body results
in more escaping particles. Particles that remain on bound
orbits will form a dust disk that extends much beyond the
spatial distribution of their parent bodies. These phenomena
must hold for dust disks around other stars as well.

There are currently ~5200 KBOs with estimates of their
orbital elements (Minor Planet Center, 2023 October). We
downselected for those with inclinations i < 10°, leaving 2320
KBOs that are expected to dominate the dust production that
contributes to SDC measurements near the ecliptic plane. The
probability of finding one of the KBOs with orbital elements a;,
e; at a distance r is

Pi(”)
Ci
= \/aizel»z —(r — a;)?
0

if a;(1 —e) <r<a(l+e),

otherwise,
(6)

where C; is a normalization constant to set J;) > pi(rydr =1

(Horanyi et al. 1992). The semimajor axis and eccentricity
distributions, as well as the summed probability distributions, a
proxy for the radial density distribution of the low-inclination
source KBOs and the newly released dust particles, are shown
in Figure 4.

For each KBO we have randomly generated a mean
anomaly, M;, and calculated a resulting eccentric anomaly,
E;, by solving Kepler's equation, M; = E; — ¢;sin(E;)
(Danby 1992) to pick a position r; where a dust particle is
assumed to be released. The new radiation-pressure-induced
orbital elements, a;*, e* can be calculated using Equations (4)
and (5). Figure 4 shows the distributions of these new orbital
elements, as well as the initial radial density distribution of the
newly released dust particles for 5=0.3 and 0.4. Larger (3
values result in increasing ¢* and " values, hence a more
extended initial dust cloud, and a decreasing number of
particles that remain bound in the solar system.

The subsequent orbital evolution of the released dust
particles is driven by PR drag (Wyatt & Whipple 1950; Burns
et al. 1979)

da B 2+ 3e?)

a - Cd (1 —epn @
de Jé] Se
@ @220 -y ®

where ¢=4.44 x 10" cm?s™' is a numerical constant.
Figure 5 shows example histories of the orbital evolution of
olivine-type dust particles, indicating that the typical lifetime of
small micron-sized particles in the KB is on the order of a few
x10° yr.

Ferromagnesian olivines, pyroxenes, metal sulfides, and
amorphous carbon are thought to dominate the mineral
assemblage of IDPs in the solar system (Lisse et al. 2007;
Zolensky et al. 2008). However, KBOs also contain a large
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Figure 4. (a) The semimajor axis, a, distribution of the low-inclination (i < 10°) KBOs (blue line), and of the newly released particles, a”, for 3 = 0.3 (green) and 0.4
(red); (b) The eccentricity distributions of parent bodies, e, and the new dust particles, e*; (c) the radial density distributions, each curve normalized to the total number
of KBOs (2320) or dust particles (2290 and 2200); (d) the fraction of the ejected particles generated from all low-inclination KBOs as a function of 3. The dots show
the results of a full numerical solution of the equation of motion for various radii (measured in pm) olivine-type particles (Poppe 2016).

amount of stable ices (Lisse et al. 2021) that are likely
expressed in dust grains emitted from them. Ice grains have
higher ( values due to their low absorptivity and density but
high reflectivity, and are susceptible to relatively rapid
destruction due to photosputtering (Grigorieva et al. 2007).
The photosputtering rate of icy particles is estimated to be

dr, ~ 0.4/d*> cm/My, 9)

dt
where r, is the radius of the dust grain, and d is the distance
from the Sun in astronomical units (Harrison & Schoen 1967,
Carlson 1980). For grains with radii 7,>0.5 um,
B=0.5ry /rq, Where reo 18 the dust grain radius where
B=0.5. For ice particles, 3=0.5 at r,o>=5 pm (Grigorieva
et al. 2007). The expected photosputtering and, for comparison,
the Poynting—Robertson lifetimes of ice grains, setting e < 1,
is (Burns et al. 1979)

7ps [yr] = :—g =250 [yr] r, [um] (d [au]®,  (10)
8
7o [yr] = 400 [yr] (d [au]/3
=400 [yr] (d [au])z/(rg0/2r0), (11)

indicating that 7gp < Tpg for small particles (G < 0.5). For
example, a 1 pm radius ice particle released at 40 au on a
circular Kepler orbit experiences 7pg ~ 4 x 10* yr. However, as
small particles drift outward, their lifetimes rapidly increase
and photosputtering will not result in total destruction, but
rather ejection from the solar system.

To investigate the combined effects of erosion and drag, we
combine numerical time-step integrations of Equations (7) and
(8), followed by an update of r, using Equation (9), update a
and e using Equations (4) and (5) with 3 — A, and replace r
with its temporal average <r>=a(l +0.5¢%). Similarly, for
estimating an orbit-averaged erosion rate, we set
<r % > =(a*(1 + 1.5¢?))"". Figure 5 shows example histories
of the orbital elements of eroding ice particles. The resulting
increase in 3 of a quickly eroding grain sets up a competition
between inward drift due to PR drag, outward drift due to
increasing (3, 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
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Figure 5. Left: temporal variation due to PR drag of the semimajor axis (a) and eccentricity (b) of olivine-type particles with 3 = 0.3 starting with initial ¢ = 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(l — e) < r < a(l + e). Right: temporal variation over 2 Myr of the semimajor axis (c),
eccentricity (d) dotted lines, and radius (d) bottom solid lines of 1 (blue line) and 5 pm (red) photo-sputtered ice particles, launched with an initial semimajor 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.

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

5. Conclusion

New data (Figure 3) at larger heliocentric distances show
that the SDC-reported dust fluxes, out to 55 au, remained
higher than current models expected. Each of the three physical
phenomena: optical properties and radiation pressure (Arnold
et al. 2019); compositional variation between silicates and ice
(Grigorieva et al. 2007); and a further reaching than currently
identified distribution of dust-producing bodies in the solar
system (Fraser et al. 2023), may contribute to the data/model
deviation. The continued measurements identifying either
increasing, constant, or declining dust fluxes, combined with
more detailed numerical investigations, will help constrain the
relative contributions from each of these mechanisms for dust
production and transport in the outer KB.

New Horizons is expected to operate through the 2040s,
exploring heliocentric distances beyond 100 au. The continued
operation of SDC provides an opportunity to explore the outer
edges of our solar system, and possibly record the transition
into a new region in space where interstellar particles dominate
the dust environment. Complementary to optical observations
of the KB, SDC measurements provide a unique opportunity to
learn more about our Kuiper Belt’s extent, dust sources and
populations beyond it, interstellar dust, and dust disks around
other stars.
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