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Abstract

Theory and previous space missions indicate there are several populations of zodiacal dust. The most prominent
populations are grains on bound elliptic orbits (a-meteoroids), and G-meteoroids on hyperbolic escape trajectories
governed largely by their size and composition. Yet, there may be other populations not yet confirmed by
observation. The Parker Solar Probe (PSP) spacecraft is able to observe in situ dust populations in the densest part
of the zodiacal cloud. Over the first seven orbits, dust count rates are well organized by orbital groups based on
orbital parameters of PSP’s shrinking orbit. In particular, the first three orbits and the sixth orbit have a single,
preperihelion peak in count rate with a gradual drop off postperihelion, while Orbits 4, 5, and 7 have two distinct
count rate peaks on either side of perihelion. The secondary peaks in Orbits 4, 5, and 7 are inconsistent with current
zodiacal dust models that account for only two dust populations: a- and [-meteoroids. In examining the
directionality of dust impacts on the PSP spacecraft, the presence of an anti-ram impactor anomaly postperihelion
during Orbit 4 is evident. This anomaly may indicate another dust population beyond the nominal a- and (-
meteoroids, and its origin may be related to the Geminids meteoroid stream associated with the asteroid 3200

Phaethon.

Unified Astronomy Thesaurus concepts: Zodiacal cloud (1845); Micrometeoroids (1048)

1. Introduction

Dust populations near the Sun are historically difficult to
study. Observations of the zodiacal cloud (dust grains orbiting
the Sun) are ambiguous when line-of-sight (LOS) brightness
integration is inverted to determine the cloud properties (Mann
et al. 2004). Further, LOS observations require that the size of
the dust particles be large for detection (Mann et al. 2004). Exact
densities and other properties of the near-Sun dust cloud are thus
difficult to determine. So, understanding dust populations near
the Sun relies on space-based observations that can make in situ
measurements which can detect smaller particles than line-of-
sight measurements from Earth (Mann et al. 2004). The in situ
measurements are limited, however, to where the spacecraft
travels in the solar system, to low count rates, and to narrow
fields of view (e.g., Tsurutani et al. 2004; Kriiger et al. 2015).
Spacecraft have made observations of dust populations using
dedicated dust detectors, including Helios (Laakso et al. 1989),
while others have used electric field antennas, such as Voyager 2
(Gurnett et al. 1986), DS1 (Tsurutani et al. 2003, 2004), Solar
Terrestrial Relations Observatory (STEREO; Meyer-Vernet et al.
2009; Zaslavsky et al. 2012), Wind (Malaspina et al. 2014;
Kellogg et al. 2016), and Cassini (Ye et al. 2014). Dedicated
dust detectors provide information such as composition and
mass, but have a limited collecting area, whereas the electric
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field antennas utilize the whole spacecraft area as a dust detector
and can register far more events but cannot uniquely determine
composition and mass information. Prior studies (Tsurutani et al.
2004) have investigated the possibility of a design that takes the
timing of the expansion of an impactor’s plasma cloud into
account to determine the mass of the impacting particle, but this
has not yet been demonstrated in flight. Both methods contribute
to understanding the near-Sun dust environment.

Understanding near-Sun dust populations has implications
for theoretical astrophysics as well as for aerospace engineer-
ing. Detailing how the Sun processes material such as dust
grants insight into planetary formation for its own system as
well as for extrasolar systems (e.g., Krivov et al. 2000;
Dorschner 2001; Griin et al. 2019; Kriiger et al. 2019). Further,
being able to accurately predict the trajectories of debris in the
system helps inform engineers on how to best equip our space-
faring vessels on their various missions (e.g., Griin et al. 2019;
McNutt et al. 2019).

Two prominent populations of dust are theorized to be in the
inner solar system: dust on bound, elliptic orbits known as a-
meteoroids and dust on hyperbolic orbits known as G-meteoroids
(Griin et al. 1985). The [ refers to the ratio between the force of
the Sun’s radiation pressure to the Sun’s force of gravity:
B=F,/F,. For grains on initially circular orbits, a G>0.5
results in a particle which is on a hyperbolic trajectory out of the
solar system (Zook & Berg 1975; Szalay et al. 2020). Both
bound and unbound particles likely have their origins in comets
and asteroids that slough off material as they near the Sun (e.g.,
Koschny et al. 2019). Poynting—Robertson drag pulls in dust
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particles from further away toward the Sun, resulting in the
highest dust density in the near-Sun environment (e.g., Mann
et al. 2004; Koschny et al. 2019 and references therein).

While some spacecraft have been equipped with dedicated
dust detectors to capture and analyze dust, other spacecraft
have also been able to contribute to the in situ study of
heliospheric dust populations, some using electric field
instruments. The in situ detection of dust via electric field
instruments is well documented for several spacecraft (e.g.,
Gurnett et al. 1986; Laakso et al. 1989; Tsurutani et al. 2003;
Meyer-Vernet et al. 2009; Zaslavsky et al. 2012; Malaspina
et al. 2014; Andersson et al. 2015; Kellogg et al. 2016; Vaverka
et al. 2018, 2019). Voyager 2 was the first to detect dust
impacts via its plasma wave antenna (Gurnett et al. 1986).
These antenna were designed to measure the electric potential
difference between the spacecraft and the antenna. As Voyager
passed through the rings of Saturn and then later through the
rings of Neptune, the antenna picked up intense broadband
noise that was attributed to dust impacting the spacecraft
(Gurnett et al. 1986). To determine that this noise was indeed
due to dust impacts, the data were correlated with time series
waveform data which showed the general shape of an initial
peak with a relaxation back to equilibrium. This impact
ionization process indicates that the spacecraft experienced a
dust impact. This process has been further documented in space
by Cassini (Nouzdk et al. 2018; Mann et al. 2019) and studied
in the laboratory, (e.g., Collette et al. 2014, 2015, 2016; Shen
et al. 2021b and references therein).

The Parker Solar Probe (PSP) mission has three main science
objectives: (1) discover the energetic origins of the corona and
solar wind, (2) determine the physical structure and dynamics
that govern the solar wind, and (3) explore how energetic
particles in the solar environment move and evolve (Fox et al.
2016). The PSP mission is to nominally to measure the solar
wind, but the electric fields antennas of the FIELDS instrument
(Bale et al. 2016) also allow for observations of dust in the
near-Sun environment. The FIELDS antennas measure the
electric field local to the spacecraft, recording waveforms
produced from the dust impact ionization process (Malaspina
et al. 2020; Page et al. 2020). Given the proper configuration of
the antennas, the location where the impactor hit the spacecraft
can be determined, and knowing the directionality constrains
the dust population of origin.

To learn about near-Sun dust populations, data from PSP’s
FIELDS antennas taken in the first seven orbits of the mission
are examined. A general pattern of dust detection is evident
during these seven orbits, spanning three distinct orbit groups.
With a focus on Orbit 4, where single-ended potential data are
continuously available for all four electric field antennas in the
plane of the heat shield, the data analysis determines the
approximate direction of each impactor. Within this data set,
unexpected features invite further analysis and may point to an
additional localized dust population.

2. Instrument/Data Description

PSP was launched in 2018 and was built to probe closer to the
Sun than any previous human-made object. Its planned 24 orbits
of the Sun will utilize Venus gravitational assists to progres-
sively reduce its perihelion to about 9.8R. (0.046 au). These
orbits are subdivided into groups based on orbital characteristics
such as eccentricity and perihelion distance (Fox et al. 2016) (see
Table 1 for the first three orbital groups explored in this study).

Pusack et al.

Table 1
Orbital Parameters for Orbits 1-7 as Pertinent for This Study

PSP Orbit Characteristics

Orbit a (au) i (deg) rpy (au(R)) Ve (kms™")
1-3 0.5220 3.361 0.16(36) 95
4-5 0.5021 3.395 0.13(28) 109
67 0.4557 3.384 0.095(20) 130

Note. The semimajor axis a in au; the angle of orbit inclination i in degrees; the
radial distance of the spacecraft at perihelion rpy in au and solar radii (R); and
the speed of the spacecraft at perihelion Vpyy in kms™' (Szalay et al. 2020).

2.1. FIELDS Electric Field Antennas and Monopole
Configuration

The FIELDS suite of instruments measure in situ electric and
magnetic fields as well as radio emissions. From these
measurements, density fluctuations and spacecraft floating
spacecraft potential are also inferred (Bale et al. 2016). In
particular, there are five electric field antennas. The electric
field antennas are arranged such that four antennas (V1, V2,
V3, and V4; Figures 1(a) and (b)) extend in the plane of the
heat shield, in a near orthogonal orientation and are generally
perpendicular to the spacecraft—Sun line during encounter (i.e.,
+1 week from perihelion). Away from encounter, the space-
craft executes maneuvers that roll and tilt away from sunward
for thermal management, instrument calibration, and commu-
nication with Earth. A fifth, much smaller antenna (V5, not
shown) is located on the tail magnetometer boom, near the
search coil magnetometer. This study focuses on the data from
V1, V2, V3, and V4 (“planar antennas”) to determine the
directionality of the dust impacting the spacecraft. V5 data
require a different interpretation than the scope of this study
allows.

The four planar antennas (see Figure 1) can record data in a
variety of configurations, but the monopole configuration is most
useful for this study. In the monopole configuration, the recorded
voltage amplitudes, V,ono from the four antenna correspond to
the difference in potential between that specific antenna’s
potential V; (where i refers to the specific number of the
antenna) and the spacecraft potential, Vsc: Viono, = Vi — Vsc.
For example, Viyono, = V2 — Vsc. This monopole configuration
allows for collecting sufficient quality dust impact data (Ye et al.
2014), and also for determining dust impact direction (Malaspina
et al. 2020). All orbits thus far have at least had the V2 antenna
in monopole configuration, but Orbit 4 was configured such that
all four planar antennas were in the monopole configuration,
allowing for a detailed analysis of the rates as well as the
directionality of the dust impacts discussed below.

2.2. TDSmax Data

The data used in this study comes from the Time Domain
Sampler (TDS) receiver which is configured to record the peak
amplitude for each of five input channels in each sampled time
window, about 60 s outside of 0.25 au and 6 s during perihelion
encounter (Page et al. 2020). These data are found in the
TDSmax data product.

Correlated waveform information obtained from the wave
burst data in TDS indicates whether any recorded data point is
a dust impact. Both Malaspina et al. (2020) and Page et al.
(2020) demonstrate that recorded amplitude spikes recorded for
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Figure 1. (a) Schematic of PSP with spacecraft coordinates x and y, with +z pointing toward the Sun (into the page). The FIELDS antennas are also shown, with the
relative angles between them. (b) Polar plot of a normalized histogram in the spacecraft frame with four colored lines representing the four antennas in the plane of the
heat shield. The gray wedge represents the contribution of one dust impact to the polar histogram. (c) Polar plot of a normalized histogram incorporating roll in the

system (Sun) frame, with ram corresponding to the spacecraft direction of travel.

Orbits 1, 2, and 3 correspond to dust impacts when the
amplitude is above a certain threshold. Page et al. (2020) takes
this threshold to be 50 mV, but others (Bale et al. 2020) use
25mV as a lower limit. This study takes the 50 mV threshold
for all analyses, noting that dust detections were found on early
orbits above the 50 mV range with a 1% rate of misattribution
(Page et al. 2020), that Orbit 4 is in a different orbital group
than has been previously analyzed, and that high frequency
plasma waves might be included in the 25-50 mV amplitude
range.

3. Methodology/Analysis
3.1. Overview Orbits 1-7

Figure 2 shows the dust impact rates as recorded by the V2
antenna (which extends between anti-ram and ecliptic south
during perihelion encounter, Bale et al. 2016) in counts per
hour in § hr time bins of the TDSmax data with a 50-1000 mV
amplitude range for the first seven orbits. The orbits are
grouped according to orbital parameters (Fox et al. 2016) and
this grouping plays out in the shapes of the count rates. Orbits
1-3 have much lower count rate peaks compared with Orbits
4-5 and Orbits 67, with the max count rate for the first group
found in Orbit 2 at 60.3 £2.8 countshr ', the peak in the

second group found in Orbit 5 with 110.0 4 3.7 counts hr™ ',

and the peak rate is found in Orbit 7 at 178.9 & 4.8 counts hr .
This shows an 82.5% increase in dust impact count rates
between the first and second orbit groups and a 62.6% increase
between the second and third orbit groups.

Another aspect to these dust count rates to note is that even
within orbital groups, count rates increase. For the initial peaks
in each orbit using the 50-1000 mV amplitude bin, there is a
145% increase from Orbit 1 to 2, a 31.5% increase from Orbit 4
to 5, and 36.7% increase from Orbit 6 to 7.

The most striking difference seen in Figure 2 is in the shape
of the impact rates plots. Orbits 1-3 show an initial peak before
perihelion with no distinct dip at closest approach followed by
a gradual decrease in the rates as the craft leaves encounter.
Orbits 4-5 exhibit a preperihelion peak, but also show an
additional peak after perihelion, with a distinct dip at
perihelion. Orbit 6 again shows a preperihelion peak, but the

postperihelion region has a less distinct shape which could
either be a shallow peak or a gradual decline as in Orbits 1-3.
Orbit 7, then, exhibits a distinct second peak with higher peak
rates than any previous orbit.

The first peak for all of these orbits is predicted based on a
two-component model of zodiacal impactors (Szalay et al.
2021; e.g., see Figure 4(d) for Orbit 4) and the assumption that
the majority of dust particles are in prograde, circular orbits
along with the spacecraft (Page et al. 2020; Szalay et al. 2020).
Additionally, for a population of grains on circular, prograde
orbits, PSP impact rates would be expected to reach a local
minimum at close approach. This is due to the local impact
speed minimum here due to PSP directly “catching up” with
these grains near close approach (Szalay et al. 2020). The
impact rates exhibit a local minimum at perihelion for Orbits
4-7 but not in the first three orbits.

3.2. Dust Directionality in Orbit 4

Using TDSmax data and the planar antennas in the
monopole configuration for Orbit 4 allows for determination
of where on the spacecraft an impact occurred, thus constrain-
ing the directionality of the impactor.

An important part of determining the direction of dust
impacts is to account for the roll of the spacecraft. Outside of
close encounter (~55 Ry), the spacecraft rolls about its z-axis
(Figure 3). This roll angle is recorded by the spacecraft and is
here taken into account to determine dust impact locations
outside of perihelion. The spacecraft orientation is fixed when
rse <55R;, such that the+x in the spacecraft frame
(Figure 1(a)) is in the ram direction (i.e., tangent direction in
the system frame). For both pre- and postperihelion counts,
there are increases for the V1-V4 group (on the ram side of the
craft during encounter) over the V2—-V3 group (on the anti-ram
side of the craft during encounter): about 25% at peak on the
inbound and about 7% at peak on outbound.

The algorithm to determine the direction of dust impact is as
follows, adapted from Malaspina et al. (2020):

(1) The data are subdivided into time bins. Here, most of the
analysis was conducted using 8 hr time bins, though other size
bins were also examined as needed.
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Figure 2. First seven orbits, dust rates (count hr ') calculated within 8 hr time bins using a £=50 mV lower threshold and Poisson error calculations, plotted vs. days to
perihelion (bottom horizontal axes) and vs. distance in solar radii (Ry, top horizontal axes on panels 2, 3, and 4). Data are from the V2 antenna in monopole mode for
each orbit. Black vertical lines indicate respective perihelion, and horizontal lines indicate peak impact rates for each orbital group. Blue carets represent +54 Ry, the
beginning and end of encounter when there are changes in FIELDS sampling cadences. The green carets represent £35 Rg enclosing the section of orbit not covered in
Orbits 1-3, and red carets represent 28 Ry enclosing the section of orbit not covered in Orbits 1-5.

(2) The largest absolute value amplitude observation is
assumed to indicate the closest antenna to the impact, and the
second-highest amplitude event corresponds to the second-
closest antenna. This assumption is strongly corroborated by
laboratory experiments (Shen et al. 2021a). In addition to the
lower amplitude limit to ensure a given peak detection is not a
plasma wave event, an upper limit is also imposed because the
TDS receiver saturates at ~1000 mV. If there is one saturated
antenna signal, then that antenna is the closest to the impactor,
but if there is more than one saturated antenna signal, that dust
count is disregarded for the purpose of determining dust

directionality using this method. Further, if the highest amplitude
pairs correspond to (V1, V2) or (V3, V4), in either order, that
impact is disregarded as those pairs indicate an impactor whose
direction cannot be ascertained via this method as those pairs are
on opposite sides of the spacecraft. This is generally rare (i.e.,
<10% of the counts are disregarded), except for several days
immediately after perihelion where a maximum of 50% of the
counts have the highest amplitudes on opposite antennas.

(3) The most probable impact location is modeled as a 90°
wedge in the plane of the heat shield, with an open angle
centered on the antenna with the largest recorded amplitude.
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(4) The 90° wedge is shifted toward the second-highest
antenna via the relation

where 0" is the half-angle between each probe pair, and V4 and
Vona are the monopole antennas with the highest and second-
highest recorded amplitudes, respectively (refer to Figure 1(b);
e.g., 0" =95°/2 between V1 and V4).

(5) To account for the roll of the spacecraft (see Figure 3)
about the z-axis in the spacecraft frame outside of 55 Ry, the roll
angle is then added to the shifted wedge to shift it further,
taking into account whether the craft completes a full 360° spin
(Figure 1(c), e.g., if the spacecraft counterclockwise by 30°).

(6) Once this wedge is determined, a value of 1 is added to a
histogram bin for pseudo-counts where 0° corresponds to the x;
direction (tangential) in the solar frame, i.e., the ram direction
of the spacecraft, and 180° indicates the anti-ram direction in
the solar frame (Figure 1(c)).

Each data set is sorted based on the number of counts,
requiring that a time interval have counts >75 to be considered
statistically significant. Each set is then normalized by dividing
by the max value in each set and plotted on a polar plot to
create a two-dimensional histogram.

These histograms are examined under a variety of parameters.
The histograms are generated using an 8 hr time bin and five
amplitude bins (the full 50-1000 mV voltage amplitude range as
well as subdivision ranges: 50-100, 100-200, 200-400, and
400-1000 mV). These amplitude bins were chosen to ensure
there were enough counts to be considered statistically
significant. For full analysis, this process is repeated for 4 and
12 hr time bins as well, allowing for different degrees of
analytical depth to probe interesting features in the the data.
These subdivisions grant 15 possible combinations to examine
the structures observed in the histograms. However, only 11 of

these combinations had >75 counts and so are considered
statistically significant.

In general, more low-amplitude than high-amplitude counts
are present, so much so that the higher amplitude windows
often do not produce statistically significant histograms for all
the days in the orbit. The resulting histograms give a rough
outline of the direction of dust impacts, with each plot shown
as looking on-axis from the spacecraft to the Sun (Figure 4).

A ratio of ram to anti-ram is produced from the histogram
data, using 0°+45° as ram and 180° +45° as anti-ram
(defining each as +90° did not offer any appreciable difference
in interpretation). In the preperihelion part of the orbit, about a
week from closest approach, there is a long period where the
ratio is around one, indicating comparable fluxes with the ram
and anti-ram surfaces of PSP. This is reflected in the histograms
(Figure 4(a)) which show that the spacecraft is bombarded from
all angles, though with a moderate number of impacts. The
preperihelion count rate peak corresponds to a preperihelion
peak in the ram/anti-ram ratio (not shown), signifying a
distinct ram preference for impactors as the spacecraft moves
through close approach (<55Rg) toward perihelion. At
perihelion, a ram preference is again evident (Figure 4(b)),
though not as pronounced as in the preperihelion peak. The
postperihelion section of Orbit 4 has an interesting phenom-
enon labeled the “anti-ram anomaly” (Figure 4(c)), which
appears as a protruding wedge shape in the anti-ram portion of
the histograms, and is discussed in more detail in the next
section. This anomalous structure begins in the postperihelion
count rate peak and continues as the rates decrease with the
spacecraft moving out of encounter. The ram/anti-ram ratio
becomes more erratic after encounter ( > 55Rg).

3.3. Postperihelion Anomaly

The postperihelion anti-ram anomaly appears in the
50-1000 mV amplitude bin on 2020 January 31 at about 4:00
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(blue), G-meteoroids (orange), and combined (purple).

UTC and continues until 2020 February 2 8:00 UTC. In this
section of the orbit, when the spacecraft has the least amount of
roll (i.e., the spacecraft is in a configuration with the +x of the
spacecraft frame pointing in the ram direction), a distinct
structure becomes apparent forming on the anti-ram side of the
histograms. Other time bins (4 and 12 hr) and amplitude bins
also exhibit this structure.

Histograms displaying subdivisions of voltage amplitude
bins are examined to probe the characteristics of the impactor
environment during the anomaly structure. In the full
50-1000 mV window, the anomaly is apparent during all
time bins, but that is not the case for the smaller amplitude
bins as seen in Figure 5. At the beginning of the anomaly
event, the the anomaly structure is not evident in the lowest
amplitude bins, 50-100 mV, while it is present in the higher

amplitude bins, 100-200 and 200-400 mV, (see Figure 6).
The anomaly continues to be evident in all amplitude bins
higher than 100 mV sometime on 2020 January 31 for all time
bins. The lower amplitude bin does not present the anomalous
structure until 2020 February 1 23:00 UTC and only in the 12
hr time bin where there were sufficient counts to generate a
histogram (collecting 97 counts, lower than most 12 hr
counts). This low-amplitude histogram indicates a much later
start to the anomaly for lower amplitude impactors. It should
be noted that this observation may be influenced by the low
counts for some of the relevant time stamps at the various
amplitude bins.

Figure 5 shows the how the different amplitude windows
compare in terms of the count rates as well as with respect to
the ram/anti-ram ratios. The window of each plot is centered



THE PLANETARY SCIENCE JOURNAL, 2:186 (10pp), 2021 October

100

Pusack et al.

> a) — Perihelion
E — 8ol —4— V1 rates
8 ] V2 rates
L
{a SEE | V3 rates
ota~ gof
c2ed | 4 V4 rates
g R
EgE 2
JC e 401
Ugm 3 |
= 1
= E 20 ‘.“
o =
)
01
L = - L
m |
E 351 b) Perihelion
U i3 -
E = 301 50-100mV rates
] L 100-200mV rates
BEES® 200-400mV rates
= o |
cct g0 400-1000mV rates
=5ER
Se¥ x5y
o |
O'g_: ]
UZ® g 10
g &1
& E 5}
5 f
Fd 01
=] L

c ) —=— 50-100mV ratio
& 5] 100-200mV ratio
ﬁg —— 200-400mV ratio
T .E 41 —=— 400-1000mV ratio
%‘g w —— Perihelion
=k
EET
Lr<
E >" 21
&5 A
L1 =
a3 5 a1 19 £13 o 0% o2
.,_.310'01 1010.01 @1"01 1@10":’1 1010.01 ?ﬁlg.o‘l Tﬂo.n’l 1010.31
Time (UTC)

Figure 5. (a): Orbit 4 count rates vs. time for antennas V1, V2, V3, and V4 using the 50-1000 mV amplitude window with darker gray lines corresponding to the ram
direction of the spacecraft and lighter gray lines corresponding to the anti-ram direction. (b): Count rates vs. time for each amplitude window on all four planar
antennas. Gray shaded region indicates the anomaly duration. (b) carries with it the same gradation as (a) of tone to the various color families depicted, where each
color family corresponds to a different amplitude window: blues for 50-100 mV, orange—yellows for 100-200 mV, pinks for 200-400 mV, and greens for
400-1000 mV. (c): Amplitude window ram/anti-ram rates vs. time with the same color families as (b).

on perihelion with about a week to either side, in the section of
the orbit without any spacecraft rolls. The top panel shows the
Orbit 4 count rates (using the 50-1000 mV amplitude window)
versus time with darker gray lines corresponding to the ram
direction of the spacecraft (antennas V1 and V4) and lighter
gray lines corresponding to the anti-ram direction (V2 and V3).
The middle panel carries with it the same gradation of tone to
the various color families depicted, where each color family
corresponds to a different amplitude window: blues for
50-100 mV, orange-yellows for 100-200mV, pinks for
200400 mV, and greens for 400—-1000 mV. The bottom panel
shows the ram/anti-ram ratios for each amplitude window,
following the same color assignments. Not all amplitude
windows have data for the entirety of the section depicted. This
is due to a lack of sufficient data points in the histograms.
These plots demonstrate that lower amplitude dust
detections dominate. In the preperihelion portion of the plot,
we see a general trend for all amplitude windows that
contribute to the preperihelion peak. Additionally, all
amplitude bins see a drop in rates in crossing perihelion,
suggesting that the probe travels at a similar relative velocity
to the dust in this region of space. The second peak

introduces a new aspect to the anomaly discussed earlier.
There is a trend in the rates of the dust amplitudes as the orbit
progresses: the beginning of the second peak appears to be
composed of small amplitude measurements, then larger, and
larger as the peak declines. This structure may hint at the
origin of the second peak.

This structure is further expressed when we look at the
breakdown of the amplitude windows in the histograms. In a
time stamp common to all amplitude windows in the 8 hr time
bin (2020 January 31 15:59:50 UTC), there are strong
differences among the amplitude windows (Figure 6). In this
time stamp, the lower amplitude windows have higher rates, yet
they remain distinctly ram-preferential. The anomaly is more
prominent in 100-200 and 200-400 mV windows. In the
400-1000 mV range, there were insufficient counts to produce
a histogram in the 8 hr interval (68 counts). The anomaly is
largely contained in the middle to higher amplitude ranges.
Looking at other time stamps in the 12 hr time bin, a wedge
does become evident additionally in the 50-100 mV amplitude
bin around midnight of 2020 February 1, near the end of the
anomaly event.
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Figure 6. Anomaly as seen in different amplitude windows on 2020 January 31 in an 8 hr time bin starting at about 16:00 UTC. This time bin was chosen because it
has statistically significant counts (>75 counts per interval) for most tested amplitude windows during the anomaly. (a) Left: position of spacecraft in orbit 4; middle:
full 50-1000 mV amplitude window histogram; right: time stamp of shown histogram in rates as depicted in Figure 5(b). (b)—(d): Same time bin, broken down by
amplitude bins: (b) 50-100 mV, (c) 100-200 mV, and (d) 200-400 mV. The 400-1000 mV range is not shown because its counts are <75 (68 count). Notice the
extreme ram preference in the low-amplitude ranges and the extreme anti-ram, cone-shaped anomaly in the higher ranges.

4. Discussion

A common feature to all orbital encounters is a peak in the
impact rates just before perihelion. This is, along with the
general increased rate as the spacecraft speeds up on its
approach into perihelion, consistent with orbital models of a-
and [-meteoroid populations (Szalay et al. 2021) that show the
relative velocity between PSP and dust particles increasing
(Figure 4(b)). A combination of increased relative impactor
speed and impactor spatial density will cause a larger overall
impact flux to PSP. Szalay et al. (2020) constructed models that
map the trajectories of various dust populations, including
bound a-meteoroids and [S-meteoroids with various 3 values.
Using these trajectories, modeled impact rates are produced at
various points throughout the spacecraft’s orbit. These were
compared with FIELDS impact data to determine whether the
craft encountered dominantly a-meteoroids on bound orbits, or
[-meteoroids on hyperbolic orbits. In Orbit 2, these flux maps
were compared with the FIELDS data and Szalay et al. (2020)
determined that the impacts on PSP were overwhelmingly due
to S-meteoroids rather than a-meteoroids.

When the data from the first three orbits was analyzed, it was
posited that the perihelion dip could be evidence of a theorized
dust free zone (Mann et al. 2004; Malaspina et al. 2020).

Subsequent orbits have similarly displayed a dip, but the dip
appears at lower radii than previous orbits, leading to the strong
possibility that this dip is an orbital feature, related to relative
velocities between the spacecraft and dust particles rather than
the sublimation of dust populations. The dip at perihelion after
the initial peak might be explained by the idea that PSP travels
with the bound dust particles, encountering them with lower
impact speeds, when it is near its closest approach.

The second peak in the postperihelion sections of Orbits 4
and 5, to a lesser extent in Orbit 6, and again in Orbit 7 is a
more curious feature. Orbits 1-3 have what might be termed
“shoulders,” where the decline in the rates is not as steep
directly after perihelion. These features seem consistent with
models that incorporate both - and (-meteoroids (see Figure
4(d) Szalay et al. 2021). The lack of a second peak in the first
three orbits may be explained by the idea that dust would need
to exceed the spacecraft’s velocity to produce a high enough
amplitude to be included with the 50 mV threshold. But this
explanation does not account for the smaller distinct peak in
Orbit 6 followed by a prominent second peak in Orbit 7. This
distinct double peak in 7 is even more curious then, in addition
to the overall increase in count rates within orbit groups. The
cause of this second peak in Orbits 4-5 and 7 warrants further
investigation.
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A retrograde dust population may also be detected by PSP.
However, retrograde dust impacts would not produce a second
peak and instead would be a single peak centered on perihelion.
Such a pattern is not evident in the data. It is assumed that the
majority of particles orbit the Sun in prograde orbits. Retro-
grade populations have significantly shorter collisional life-
times compared with the prograde population (Steel & Elford
1986). Therefore, it is unlikely the postperihelion peak is due to
retrograde particles.

Another possibility is that this is a time-dependent popula-
tion, for example there might have been a recent collision that
created a debris field or meteoroid spray in the vicinity of PSP’s
postperihelion environment. A very recent or localized
collision or break-up of some larger object due to heating or
tidal forces might not be expected to produce increased impact
rates for both Orbits 4-5 and again in orbit 7. The continued
detection of a debris field might depend on how long it takes
for the debris to clear in the near-Sun environment, which is
outside the scope of this study.

One promising possibility is that PSP is observing another
dust population other than the “nominal” zodiacal cloud
consisting of azimuthally symmetric «- and [(-meteoroids
(Szalay et al. 2021). This second peak may be the collisional
products, a (-stream, from collisions that occur between the
Geminid meteoroid stream and the zodiacal cloud. The
Geminid meteor shower is associated with the asteroid 3200
Phaethon which has a very close perihelion distance of 0.14 au
to the Sun and and whose dust trail has an inclination angle of
about 20° to the ecliptic.® While PSP does appear to transit near
this trail, determining the absolute fluxes from this collisionally
produced dust population requires additional modeling.
Specifically, tracking collisionally produced grains with
various mass and 3 values would be key in determining if a
(-stream is responsible for the postperihelion anomaly.
Referring back to Figure 5, the cascading of amplitude window
rates in the postperihelion peak may show the fall off of a (-
stream.

The histograms support the [-stream interpretation of the
second peak. While the count rates show a cascading in the
amplitude bins from low amplitude to high (Figure 5(b)), this
picture alone is deceiving because the low-amplitude rates early
on correspond to impacts that are distinctly on the ram side of
the spacecraft (Figure 6(b).). The wedge shape of the anomaly
does not follow the same pattern. Instead, this wedge first
appears in the mid- and high-amplitude bins (Figures 6(c) and
(d)), and only near the end of the event does it occur in the
lower amplitude bins (not shown). This fall off in the amplitude
bins of the anomaly in the histograms might indicate a velocity
filter. Larger amplitudes could correlate to faster particles
which reach PSP ahead of the lower amplitude (i.e., slower
particles). This possibility of a velocity filter is limited,
however, by the impact charge relation, Q occ m“v” (Collette
et al. 2014). The charge produced by an impacting dust particle
is dependent on both the mass and the velocity of the impactor,
and these two quantities are not independent of each other. The
larger amplitude measurements may be due to larger particles
rather than faster particles. However, the exponent on velocity
is much larger than on mass, so if the particles were more
massive (the difference between the 50-100 mV bin and the

8 3200 Phaethon (1983 TB), JPL Small-Body Database, Jet Propulsion
Laboratory, SPK-ID: 2003200. Retrieved 2020-10-14: https://ssd.jpl.nasa.
gov/sbdb.cgi?sstr=3200.
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200—-400 mV bin), we could no longer consider these particles
to be [-meteoroids because the (3 ratio would become too
small.

The data show that smaller amplitude rates occur earlier in
the anomaly than larger amplitudes. If these grains are all part
of the same population and impact PSP with similar speeds,
this would suggest PSP observes increasingly larger impactors
as a function of time through the feature and might suggest PSP
transited more near to the “core” of the feature toward the end
of the anomaly, with the assumption that larger impactors are
more central to the population. This interpretations relies on
understanding how much the impact velocity vector changes as
a function of time over the two to three days this anomaly
occurs. It could be that, as PSP’s velocity vector rotates even in
this three-day period, the impact speeds relative to the source
could lead to overall enhanced impact speeds and then charge
as a function of time.

If velocity variation primarily determines the shape of the
anomaly histograms, the amplitude differences in the time of
the directional anomaly along with the time differences for
when the anomaly appears at those amplitudes may be used to
estimate the relative velocity of the impacting particles. This
would correspond to specific 3 values and could indicate an
origin in the Geminids dust trail.

Additionally, the second peak in Orbit 4 corresponds to an
increase in the number of counts that cannot be analyzed for
directionality using the algorithm described in Section 3.2. If an
impact shows its two highest amplitudes on either a VI-V2 or
V3-V4 pairing, it is disregarded for the derived directionality
histograms. The number of impacts that meet this criteria jump
after perihelion from <10% to ~50% of total counts, for an
interval that coincides with the postperihelion dust count rate
peak in Orbit 4. One possible explanation for these V1-V2 and
V3-V4 events may be that dust impacts nearly perpendicular to
the heat shield plane (near the center of the heat shield or from
the anti-sunward direction) may produce high-amplitude
signals on non-adjacent heat shield antennas. In this case,
analysis of V5 antenna signals may resolve this mystery. It is
also possible that the difference between the second and third
highest amplitude measurements could be small for these
events, resulting in a assignment of antennas that does not meet
our directionality expectations. Although it is unclear why such
an effect should be localized to a specific time window after
perihelion. In the case that the increase in VI-V2, V3-V4
counts during the second dust count peak is due to dust impacts
from the sunward and anti-sunward direction, this observation
further support the detection of dust population with unique
directionality character, such as the g-stream discussed above.

5. Conclusion

Future analysis will benefit from the subsequent orbits as
PSP moves its perihelion closer to the Sun. However, because
the all-monopole configuration is not planned for most orbits,
an important development of determining dust directionality
will be to solidify a method that allows us to extract
directionality from dipole data with similar accuracy to the
monopole data.

Additional comparison with increasingly realistic models of
bound and unbound populations will help to determine if
impacts come from one of these populations, or if there might be
a third population yet to be discovered, much like the Geminids
[O-stream possibility (Szalay et al. 2021). Additionally, three-
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dimensional models will help track (-meteoroid collisional
products from the Geminids meteoroid stream. Those models
may shed light on what caused both the peak in the count rates
and the anomaly in the directionality histograms.

Another avenue of study would be to compare known dust
impacts with WISPR (the white light telescope on PSP;
Vourlidas et al. 2016) images that were taken at the same time
as the impact to see if the locations of dust impacts on the
spacecraft can be discerned and to compare with dust number
densities derived by combining observed dust count rates and
dust dynamics modeling. The field of view of WISPR is limited
to one side (ram) of the spacecraft, but analysis of WISPR
images will give another dimension to impact analysis. Further,
WISPR has imaged the Geminids trail (Battams et al. 2020).
Corroborating its location with the position of PSP might reveal
what we see in the data.

Analysis of cyclotron wave frequencies that have been
shown to accompany some dust impacts (Tsurutani &
Smith 1986; Tsurutani et al. 1995) could also offer interesting
insight into the material impacting the spacecraft.

One more element not explored here but potentially helpful
for understanding dust directionality is to incorporate data from
V5. The spacecraft not only rolls around its axis, but it also off
points away from the Sun, that is, the 4+ z in the spacecraft
frame deviates from the radial direction toward the Sun
(Figure 3). This only happens when the spacecraft is far from
perihelion. In this way, changes in PSP’s orientation can help
further elucidate the direction of dust impacts, and might also
reintroduce data that had been set aside because the two highest
amplitude detections were on opposing antennas in the plane of
the heat shield. V5 data may show that such measurements
were due to dust impacts on the back of the craft.

The FIELDS experiment on the Parker Solar Probe space-
craft was designed and developed under NASA contract
NNNO6AAO1C. The FIELDS team acknowledges the Parker
Solar Probe mission operations and spacecraft engineering
teams at the Johns Hopkins University Applied Physics
Laboratory. PSP/FIELDS data is publicly available at http://
fields.ssl.berkeley.edu /data/.
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