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Abstract

Antenna instrument carried by spacecraft is complementary to dedicated dust detectors by registering transient voltage per-
turbations caused by impact-generated plasma. The signal waveform contains information about the interaction between the
impact-generated plasma cloud and the elements of spacecraft — antenna system. Variability of antenna signals from dust
impacts has not yet been systematically characterized. A set of laboratory measurements are performed to characterize signal
variations in response to spacecraft parameters (bias voltage and antenna configuration) and impactor parameters (impact
speed and composition). These measurements demonstrate that dipole antenna configurations are sensitive to impact location
because of how the asymmetric expansion of impact plasma cloud produces different signals among antennas. This result
revises previous conclusions that dipole antenna configurations should be insensitive to impacts. When dust impacts occur at
low speeds, antenna instruments typically register smaller amplitudes and less characteristic impact signal shapes. In this case,
impact event identification becomes challenged by low signal-to-noise ratios and complex waveforms, indicating the compound
nature of non-fully developed impact-generated plasmas. Laboratory studies of aluminum dust particle hypervelocity impacts
were used to explore the dependence of impact waveform variability on dust composition. No significant variations were deter-
mined compared to common iron dust measurements, consistent with prior studies. Additionally, electrostatic model fitting is
used to obtain impact plasma parameters from antenna-detected waveform signals. The recovered parameters are comparable

to those from Fe dust. This suggests a similarity of fully developed impact plasma cloud behaviors upon hypervelocity impact.
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Key Points:
(1) Antennas in dipole configuration are sensitive to dust impacts with the measured signals

depending on impact location.

(2) Dust impacts at lower speeds produce complex and variable antenna signals, indicating the
compound nature of impact-generated plasmas.

(3) Laboratory measurements performed with accelerated iron and aluminum particles generate

similar antenna signals.
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Abstract

Antenna instrument carried by spacecraft is complementary to dedicated dust detectors
by registering transient voltage perturbations caused by impact-generated plasma. The signal
waveform contains information about the interaction between the impact-generated plasma
cloud and the elements of spacecraft — antenna system. Variability of antenna signals from
dust impacts has not yet been systematically characterized. A set of laboratory measurements
are performed to characterize signal variations in response to spacecraft parameters (bias
voltage and antenna configuration) and impactor parameters (impact speed and composition).
These measurements demonstrate that dipole antenna configurations are sensitive to impact
location because of how the asymmetric expansion of impact plasma cloud produces different
signals among antennas. This result revises previous conclusions that dipole antenna
configurations should be insensitive to impacts. When dust impacts occur at low speeds,
antenna instruments typically register smaller amplitudes and less characteristic impact signal
shapes. In this case, impact event identification becomes challenged by low signal-to-noise
ratios and complex waveforms, indicating the compound nature of non-fully developed
impact-generated plasmas. Laboratory studies of aluminum dust particle hypervelocity
impacts were used to explore the dependence of impact waveform variability on dust
composition. No significant variations were determined compared to common iron dust
measurements, consistent with prior studies. Additionally, electrostatic model fitting is used
to obtain impact plasma parameters from antenna-detected waveform signals. The recovered
parameters are comparable to those from Fe dust. This suggests a similarity of fully developed

impact plasma cloud behaviors upon hypervelocity impact.
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1. Introduction

Antenna instruments can register the impacts of cosmic dust particles on spacecraft, as
observed by a range of missions [Babic et al., 2022; Gurnett et al., 1983, 1987, 1997; Kurth et al.,
2006; Meyer-Vernet et al., 2009, 2017; Malaspinaet al., 2014, 2020; Ye et al., 2014, 2016a, 2016b,
2018, 2019, 2020; Kellog et al., 2016; Page et al., 2020; Pusack et al., 2021; Szalay et al., 2020;
Vaverka et al., 2018, 2019; Zaslavsky et al., 2012, 2015, 2021]. A physical model based on first
principles has been recently proposed to interpret and analyze dust impact waveforms recorded by
antenna instruments [Shen et al., 2021a; 2021b]. In this model, the induced charging (and
corresponding potential differences among spacecraft elements) from the expanding cloud of
electrons and ions from the impact plasma are primarily responsible for the characteristic shapes
of the impact signals. The model accounts for capacitive coupling between the spacecraft and the
antenna elements and includes the discharge of the voltage signals through electric components
and the plasma environment.

Impact plasma is the transient cloud of electrons and ions generated by the impact of a dust
particle on a solid target surface (e.g., Auer [2001]). While the physical processes involved in the
generation of impact plasmas are poorly understood, laboratory measurements revealed that the
total generated charge approximately follows a power law, Q;p = Q; = |Q,| = ymv?, where m
is dust mass, and v is the impact speed. Coefficients y and f are characteristics of the target
material and have been determined for various materials [e.g., Auer, 2001; Collette et al., 2014;
Shen, 2021c]. The impact plasma consists of free electrons, cations, and some fraction of anions.
Other basic parameters of the impact plasma are the composition of ions and the energy
distributions (or effective temperatures) of the charged species. The composition of ions depends
on the dust and target materials and varies strongly with impact speed. Impact plasma ion
composition has been studied in the laboratory using a range of dust materials and setups, where
the ions are extracted from the impact plasma and subsequently examined using time-of-flight
techniques [e.g., Fiege et al., 2014; Hillier et al., 2014; 2018, Srama et al., 2009]. Generally, at
high speeds (> 20 km/s), the ion composition is dominated by singly charged atomic species. On
the other hand, higher-mass molecular and cluster ions are present in significant quantities at lower
impact speeds. The effective temperatures of the electrons and ions are in the ranges of 1 — 4 eV
and 4 — 15 eV, respectively, as determined from laboratory experiments for a small number of
dust-target material combinations [Collette et al., 2016; Nouzék et al., 2020, Kociscdk et al., 2020].
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The effective temperatures are relevant for calculating the fraction of charge carriers collected by
or escaping from a spacecraft.

The electrostatic model presented by Shen et al. [2021b] was in good agreement with
experimental data collected in the laboratory using scaled-down spacecraft models. However,
these laboratory measurements explored a limited parameter space of antenna configuration,
impact speed range, and dust material. This study expands on these three specific parameters, as
discussed below.

(1) Antenna configuration:

According to the electrostatic model, there are two dominant physical mechanisms for
how impact plasma generates voltage signals on the spacecraft and antennas: charge
recollection and induced charging. For the former, a fraction of the charge from the impact
plasma is collected by spacecraft surfaces. For the latter, the escaping part of the impact
plasma is responsible for generating the induced charging signal. The escape of electrons
occurs over timescales that are often difficult to resolve with antenna electronics. However,
the escape of ions is slower, and the corresponding induced charge is found to be primarily
responsible for the characteristic shape and duration of impact signals. The duration scales
inversely with the ion expansion speed (i.e., slower expansion results in longer duration).
Observational evidence also suggests that ion escape occurs in the form of a diverging
beam. When this beam passes over an antenna, that antenna observes an enhanced positive
charge.

Shen et al. [2021b] demonstrated this effect for a monopole antenna configuration, i.e.,
measuring the potential difference between the antenna and the spacecraft. This study
presents measurements with antennas configured as a dipole, i.e., measuring the potential
difference between two antenna elements. Past studies suggested that antennas in a dipole
configuration are much less sensitive to dust impacts compared to those operated as
monopoles [e.g., Tsintikidis et al., 1994; Meyer-Vernet et al., 2009, 2014; Ye et al., 2016,
2020]. Ye et al. [2016] reported a result from the ring plane crossing of the Cassini
spacecraft operating in the Saturnian system, where the antenna mode of operation was
switched from monopole and dipole halfway through the crossing. The data clearly
indicated significantly stronger dust impact signals in the monopole mode. The authors

suggested that the dipole mode primarily detects impacts on the antenna booms rather than
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on the spacecraft. Laboratory simulation measurements were performed using a scaled-
down model of the Cassini spacecraft by Nouzak et al. [2018]. This experimental campaign
showed that antennas operated in a dipole mode are insensitive to impacts on the spacecraft
body or the monopole antenna. However, these measurements were limited to only a few
impact locations relatively distant from the dipole antennas. On the other hand, a recent
study by Page et al. [2020] reported that the antennas operated on the Parker Solar Probe
mission were similarly sensitive to dust impacts both in dipole and monopole modes. In
this study, we revise the findings of Nouzak et al. [2018] and show that dipole antennas are
sensitive to dust impacts if the impact location is such that the impact plasma expands over
one of the antennas, and this expansion is asymmetric between the antenna pairs.

Impact speed:

Observational evidence shows that there can be significant differences in the properties
of the impact plasma (including the generated total charge) between individual dust impact
events, even if the dust mass and impact velocity are similar. Such variations are less
pronounced for speeds of 20 km/s, where the impact plasmas are relatively “well-behaved,”
meaning that the fitting of the measured antenna signals results in consistent fit parameters
when the electrostatic model by Shen et al. [2021a, 2021b] is applied. This study reports a
large variability in antenna signals at lower impact speeds, around 5 km/s. These
measurements suggest that the large variability in the parameters of the impact plasmas
may complicate the recognition of valid dust impact events and their statistical analysis.

The inherent problem of identifying dust impacts in antenna signal waveforms always
complicates the data analysis. Theoretically, the characteristic signal shape (including a
preshoot, main peak, and a discharging curve [Nouzék et al., 2018]) allows for the
identification of whether an impact occurred or not. The first prerequisite to identification
is that the impact signals must develop the described characteristic features and be above
the signal-to-noise ratio threshold. Therefore, light impacts (e.g., small-momentum dust
grains) or uncommon waveforms (saturated amplitude or wiggling ones) may be thrown
away. Second, preshoot features may not always be registered due to “poorly-developed”
impact plasma clouds or simply because early missions did not carry fast enough front-end
electronics to capture fast electron escape. Third, variation in ambient plasma environments

leads to diverse discharging time constants where the denser the plasma density, the more
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transient the signal will be and vice versa. A peak detector is commonly applied for dust
impact identification. Proper signal filtering and empirical analysis would improve the
discrimination in electric signals between transient dust impacts and plasma wave
measurements. Intrinsically, extracting impact waveforms from background noise and
distinguishing them from plasma wave measurements is the crux of the problem.

(3) Dust material:

Prior laboratory measurements were usually performed using an iron-tungsten dust-
target material combination. This was done to eliminate a potential variable that could
complicate the direct comparison of results between experimental campaigns. A unique set
of laboratory measurements were performed using an aluminum-tungsten material
combination to show that the results and electrostatic model of Shen et al. [2021a; 2021b]

are not limited to a single unique material combination.

2. Experimental Setup

The experimental setup used for the measurements described below is like that used in
previous investigations [Shen et al., 2021b]. Briefly, the spacecraft (SC) is modeled in the
laboratory as a conductive sphere that is Rgc = 7.5.cm in diameter (Fig. 1). Four antennas are
mounted on the model SC in one plane and spaced 90° apart. The antennas are L,y = 27 cm long
and 1.6 mm in diameter. The spherical body and four antennas are made of stainless steel, while
the former is coated with graphite paint to provide uniform potential on its surface [Robertson et
al., 2004]. Organic solvents were used for cleaning the non-coated surfaces. A strip of tungsten
(W) foil is wrapped around the circumference of the model SC in the same plane as the antennas
are mounted. The W is used as the target for the dust impacts to make the measurements directly
comparable to prior results reported by Nouzak et al. [2018, 2020] and Shen et al. [2021a, 2021b].
The model SC is installed onto a vertical rotary shaft in the center of a large vacuum chamber (1.2

m in diameter, 1.5 m in length) that is evacuated to ~10~° Torr.
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Figure 1: Spherical spacecraft model with the four cylindrical antennas mounted inside the vacuum
chamber. See text for detail.

The four antennas are configured as one dipole pair (Veqs = Vanr—3 — Vanr—4) and two
independent monopoles (V,eas = Vant—1 — Vsc OF Vynr—2 — Vse). In the former case, the signal
measured is the voltage difference between the antennas, while in the latter case, the measured
signal is with respect to the SC body. The electronics are three channels of instrumentation
amplifiers housed within the SC’s spherical body. The amplifiers operate with a voltage gain of
50, have a bandwidth of 270 Hz — 5 MHz, and are described in more detail in Shen et al. [2021a].
Each element of the lab model, i.e., the SC body and the four antennas, can be biased independently
through large-value resistor resistors, Rpiqssc = 2.5 M2 and Ry ant = SMQ, respectively
[Shen et al., 2021b]. In this study, the SC and antennas are biased at the same potential. The bias
resistors provide a discharge path for each of the elements. When combined with the respective
effective capacitances of the SC (C.rrsc = 42 pF) and antennas (C.rranr = 16 pF), the
characteristic RC discharge time constants can be calculated as Rp;qss5cCefr,sc = 105 ps and
RpiasantCerr,ant = 80 ps. The calculation of effective capacitances is provided in Shen et al.
[2021b]. The waveforms measured by the three amplifiers are recorded using a fast-digitizing

oscilloscope.
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The dust accelerator facility operated at the University of Colorado is used to provide
submicron-sized particles in a velocity range of about 1 — 40 km/s [Shu et al., 2012]. Both iron
(Fe) and aluminum (Al) dust samples were used. Measurements with the Fe-W (dust-target)
material combination provide a direct comparison with the studies conducted by Collette et al.
[2015; 2016], Nouzak et al. [2018; 2020], and Shen et al. [2021a; 2021b]. Measurements with Al

dust were added to this study to investigate variation with impactor materials.

3. Experimental Data

3.1 Signal Variation with Antenna Configuration

Figure 2 shows an overview of typical antenna signals measured for different impact locations
between antennas #3 and #4. The signals shown are for two monopole antennas (#1 and #2) and
one dipole pair, where the measured signal is Vy,eqs = Vanr—3 — Vanr—4 (S€€ Fig. 1). The columns
correspond impact locations 10°, 30°, and 45° measured from antenna #3, while the rows are for
different applied bias potentials, 0 V, +5 V, and — 5 V. The same bias potential is applied to all
elements, i.e., the spacecraft body and the four antennas. All collected impact events are for Fe-W
dust-target material combinations and impact velocities > 20 km/s.

The monopole signals for 0 V and +5 V bias voltages are characteristic shapes described in
detail by the electrostatic model by Shen et al. [2021b]. Briefly, the signal starts with a sharp
negative spike due to the fast escape of free electrons that leave the spacecraft with a net positive
charge. The following slower positive rise is from the escape of the slower ions that charge the
spacecraft negatively. The time constant of this rise is on the order of R /v; , where v; = 10 km/s
is the typical ion expansion speed [e.g., Shen et al., 2021a]. The subsequent slow decay is driven
by discharging of the spacecraft through the biasing resistors of the electronics (Sec. 2).

The common observation at high impact speeds is that the total charge of escaping electrons
at 0 V bias is about half of those escaping ions. This results in a non-zero total collected charge
and the characteristic shape of the antenna signals often observed by instruments in space. The
physical explanation for this fact is that the free electrons acquire an isotropic distribution during
the early phases of impact plasma expansion, and thus half of the electrons are naturally recollected
by the spacecraft as the plasma cloud expands [e.g., Shen et al., 2021a, 2021b]. The main

difference between the 0 V and +5 V bias voltage cases is that the relative amplitude of the sharp
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negative spike is smaller for the +5 V bias. The physical explanation is that a smaller fraction of
electrons can escape a spacecraft with a positive bias potential. For the -5 V bias potential, on the
other hand, a larger fraction of electrons can escape, while some fraction of the ions is recollected
by the spacecraft [see also Nouzék et al., 2018; 2020].
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Fig. 2: Dipole (purple) and monopole (blue and orange) antenna signals measured in the laboratory for
three impact locations (10°, 30°, and 45° from left to right column) and three bias voltages (0V, +5V,
and -5V from top to bottom row). The impact speed (v), dust radius (r), and mass (m) of iron dust particles
are provided for individual panels. The vertical dashed lines mark 30 ps after the impact.

The signals from the two monopole antennas are very similar to one another. This is because
the impact locations are far from either antenna, and the expanding impact plasmas have little
interaction with these antenna elements. In other words, the signals on these monopole antennas

are dominated by spacecraft charging. The dipole signals are most pronounced for the 10° impact
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location, where the expansion of the positive ion cloud over antenna #3 is responsible for the
positive amplitude of the signal. In the most pronounced case (10° impact location, 0 V or +5 V
bias potentials), the amplitude of the dipole signal can be just as large or even larger than the
monopole signals. This is because the effective capacitance of the antenna elements is lower than
that of the spacecraft; thus, even a small, induced charge on the antennas can generate significant
voltage signals.

Two further interesting observations can be made from the measured dipole signals. The first
is their characteristic duration of about 30 us for all cases shown in Fig. 2. The time constant is
determined by the length of the antenna and the ion expansion speed, L,y /v;. The second one is
that the dipole signal is diminishing as the relative distance of the impact location from antenna #3
is increasing. At the 45° impact location, i.e., exactly in between the dipole antennas, the signal is
consistently close to zero. This fact implies that the expanding cloud of ions from the impact
plasma is approximately symmetrical, at least for the normal impact directions investigated in this
study. It is noted that the surface roughness of the W target strips, and the size of the dust particles

are of a similar order of magnitude (~ 50 nm).

3.2 Characteristics of Low-Speed Dust Impacts

Figure 3 shows a set of monopole signals measured upon Fe dust impacting at a lower impact
speed, around 5 km/s. The top three rows demonstrate different applied bias potentials of 0 V, +5
V, and -5 V; two individual events are attached for each biasing. The impact location is 45°
between the two monopole antennas #1 and #2. Due to the geometric symmetry of the model SC
(see Fig.1), ideally, the two monopole signals should be qualitatively similar.

There are similarities and differences between high-speed and low-speed impact signals. In
general signal characteristics, the fast negative-going signal indicates the escape of free electrons,
followed by the slower escape of ions and restoration by discharging. The first difference is that
at low impact speeds, the amounts of escaping electrons and ions are approximately equal, as
indicated in the case of 0 V bias. The possible explanations are that the electrons of the impact
plasma are no longer isotropic in their velocity distribution or not all ions are escaping. As the net
collected charge is close to zero, the duration of the impact signal is thus determined by the

dynamics of the ions (~Rs./v;), not the characteristic discharge of the spacecratft.

10
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Fig. 3: Typical monopole waveforms measured in the laboratory for low-speed particles (= 5 km/s)
where the impact location is at 45° between antenna #1 and #2 for three bias voltages. The mass, size,
and velocity of the dust particles are provided for individual events.

The lack of a distinct main peak in the signal leads to difficulties identifying impact
occurrence. On the other hand, applying bias voltages changes the balance between the ratio of
escaping electron/ion charges resulting in a nonzero net collected charge. Note that applying +5 V
bias voltage appears to have a more prominent effect on main peak amplitudes (slow ions escape
portion) that is comparable with that of 20 km/s. It is unclear what this means in terms of effective
temperatures, however. Also, these complex and variable shapes are driven by the compound
nature of impact-generated plasmas, yet the role of anions has not been systematically discussed.

Nonetheless, the production of anions is considered a minor effect [Kociscdak et al., 2020 and

references therein].

11
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Example waveforms from an impact event that generated less impact charge and had a low
signal-to-noise ratio are presented in the bottom panels. The bottom right panel shows a subset of
the impact waveform from the bottom left panel. The onset time of dust impact is known in
laboratory experiments but would be unknown in space measurements. This demonstrates the
difficulties of dust impact identification without characteristic signal features. For instance, the
leading edge (pre-spikes) can be considered as a trigger in signal identification; however, it

strongly relies on the electronics’ response.
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Fig. 4: Typical monopole waveforms measured in the laboratory for 10° from antenna #1 for three
different bias voltages. The properties of slow dust particles (= 5 km/s) are labeled.

Figure 4 shows the typical monopole signals measured on antennas #1 and #2 when the impact
location is 10° from antenna #1. There are large variations between individual events. First, the

amplitudes of negative-going preshoots are different in the two monopole signals due to the extra

12
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induced charging of escaping electrons on nearby antenna #1, as discussed in Shen et al. [2021b].
Second, in the top six panels, the main peak signal rise for each event (induced charging from
escaping ions) on monopole #1 appeared earlier than that on monopole #2, with a time difference
less than 30 ps. Note that this 30 ps represents a characteristic timescale for the expanding plasma
cloud that passes through the antenna by considering a typical ion expansion speed of
approximately 10 km/s. However, it is unlikely that ions generated by low-speed impacts may
move greater than 10 km/s. Instead, it implies that the angular distribution of the ion plume may
be more divergent in space than those generated by higher velocity impacts (= 20 km/s). With this
interplay between the angular expansion of impact plasma cloud and the geometry of antennas,
such an early enhancement of the main peak coupled with the described equal amount phenomena
of escaping charged particles shortens its characteristic time constant and deviates from the
characteristic signal shape, thus making impact identification more challenging. Again, it remains
unknown why the example waveforms with Vg = 5V behave like typical high-speed impacts,
especially the (B2) event in Fig. 4.

Generally, dust impacts with low speed produce smaller signal amplitude due to less impact
charge generated and non-fully developed impact plasma upon impact, thus introducing
difficulties in extracting them from the background noise. It is noteworthy that the impact
occurrences can still be identified as wideband noise through the power spectrum in antenna
signals [Aubier et al., 1983; Meyer-Vernet et al., 2009]. However, this form of the signal provides

limited information on impactors.

3.3 Signal Variation with Dust Composition

A unique set of measurements were performed using Al-W dust-target material combinations,
and impact velocities are limited to > 20 km/s in order to compare with prior studies of Fe dust
impacts performed by Nouzék et al. [2018, 2020] and Shen et al. [2021a, 2021b]. The presented
monopole signals in Figure 5 span two impact locations (45° and 10° apart from antenna #1) and
three bias voltages applied on the SC (0V, +5V, and -5V).

Signal features on individual events, including preshoot and the main peak of ion cloud
expansion followed by the SC discharging, appear qualitatively similar to the Fe dust impact

measurements reported in Shen et al. [2021b] and references therein. The signal variation
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regarding the bias voltages and impact locations where the induced charging on antenna led by ion

cloud expansion (see main peaks in monopole #1, especially 10° column) are also remarkably

alike. The comprehensive characterization of signal generation mechanisms has been discussed in
Shen et al. [20214a, 2021b].

Voltage [mV]

Voltage [mV]

Voltage [mV]

60

=20+

-40 L

80

60

40

20

-20-

20~

-60 +

-80 -

Al dust, 45" from ANT-1, Vge =0V

vAN‘I',1 “Vse

v =24.82 km/s|
m=359e-18kg,r=6.82e-8m

0 20 40 60 80 100 120 140 160 180 200

Al dust, 45 from ANT-1,V_ =5V

v =32.28 km/s|
m=9.02e-19kg,r=4.30e-8m

0 20 40 60 80 100 120 140 160 180 200

Al dust, 45 from ANT-1, Vee=-5V

v =23.12 km/s
m=226e-18kg,r=5.84e-8m

0 20 40 60 80 100 120 140 160 180 200
Time [ps]

Voltage [mV] Voltage [mV]

Voltage [mV]

80

60

Al dust, 10" from ANT-1, Vgo=0V

[ Vawa Vo]

v = 25.58 km/s]|
m=1.70 e-18 kg, r = 5.32 e-8 m|

0 20 40 60 80 100 120 140 160 180 200

Al dust, 10" from ANT-1,V_ =5V

v = 33.25 km/s|
m=7.77e-19kg,r=4.10e-8 m

0 20 40 60 80 100 120 140 160 180 200

Al dust, 10" from ANT-1,V . = -5V

v = 20.81 km/s]
m =6.85 e-18 kg, r = 8.46 e-8 m|

0 20 40 60 80 100 120 140 160 180 200
Time [1s]

Fig. 5: Typical monopole waveforms measured in the laboratory for 45° (left column) and 10° (right
column) from antenna #1 under three different bias voltages. The dust-target combination is Aluminum
to Tungsten (Al-W). The properties of dust particles are denoted.

A model fitting example of Al dust impacting 45° between antennas #1 and #2 is provided in

Figure 6 (extracted waveform from the top left panel in Fig. 5). The bias voltage on SC and four

antennas is set to OV. The two monopole signals are not identical even though the impact location

is directly 45° in between. It is a superposition effect of (1) different antenna capacitances of

Cant1 = 9.5 pFand Cyyr, = 10.5 pF, and (2) the geometry of the impact plasma cloud expansion.



309
310
311
312
313
314
315
316
317

Manuscript submitted to JGR

Using the electrostatic model presented in Shen et al. [2021b], the capacitive coupling of elements
has been considered in model fitting through industry-standard SPICE (Simulation Program with
Integrated Circuit Emphasis) software using an electronics circuit diagram. The resulting fitting
parameters are impact charge (Q;up), 10N expansion speed (v;), geometric coefficient (x), and
auxiliary parameters of negative (subscript e) and positive (subscript i) amplitudes on monopole
amplitudes (¢, ant—1: $i ant—1, Ce.ant—2: i anT—2) [Shen et al.,2021b]. These auxiliary parameters
serve to compensate for the induced charging on a specific antenna regarding the angular
distribution of impact plasma cloud expansion.

Vsc = 0V, Al dust, Impacted 45° from ANT#1

T T T T T T T T
60 Dust info: v = 24.8 km/s, m = 3.59 e-18 kg, r = 6.82 e-8 m |
%- 40 - .
— 20 - -
e .
e
S o
(=}
> 20 Vmono,1 = VANT,1 - VSC _vmono,1 from Model |7
=40 mono,2 — VANT,Z B VSC _vmono,2 from Model |
20 40 60 80 100 120 140 160
Time (us)
Details neart=0s
T T T T T
60 [ .
% 40 - 1
T 20f .
% 0 QIMP =7.8e-14 C, vi=9.8 km/s, « = 0.440
G G, ant-1 = 126 S antit =115 G anrip = 1-00. ¢ anrp =175
> 20 Vmono 15 VANT1 - VSC _vmono1 from Model
-40 - mono,2 ~ vANT,z ) VSC _vmono,z from Model | |
5 10 15 20 25 30
Time (us)

Fig. 6: Monopole waveforms measured in the laboratory with Al dust impacting the 45° location from
antenna #1 (same top left panel in Fig. 5). The dust particle properties are provided in the top panel,
while the detailed early phases of the impact plasma expansion and fitting parameters are labeled in the

bottom one.
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The obtained fitting parameters of the impact plasma are Q;p = 7.8 X 1071* Cand v; = 9.8
km/s under two control variables x = 0.44 and v, = 103 km/s. The k coefficient represents the
field of view from the impact site where the isotropic electrons can escape unobscured. It is
considered a SC surface property and set to be the same values provided in Shen et al. [2021b]
(same model SC and impact location, c.f., Figure 6 in that article). The escape speed of electrons
v, 1S set to a proper thermal speed of 2 eV [Shen et al., 2021a]. These two fitting values, Q;yp and
v;, fall within the reasonable range that agree with prior studies.

Auxiliary parameters are introduced to optimize the fits. Each represents the expansion
behaviors of escaping electrons and cations registered from the aspect of a specific antenna.
Results show that {, sy7—; = 1.15 and {; yyr—1 = 1.26 for monopole #1 while {, gyr—» = 1.75
and ; 4yr—, = 1 for monopole #2. These values fall within the reasonable ranges of { > 1 at 45°
impact location compared to those presented in Shen et al. [2021b]. Note that the existing model
simplifies the escaping charged particles as point sources moving radially away from the impact
site with constant velocities. However, the impact-generated electrons and cations would expand
in isotropic and conical distributions, respectively. Hence, these auxiliary parameters are fitted >
1 for reconciling the underestimation of induced charging on the antennas regarding solid angles
in the electrostatic model.

The impact signals and model fitting indicate no significant variations regarding the dust
composition. This result is consistent with studies by Auer and Sitte [1968] and Adams and Smith
[1971], who found that the impact response is mainly associated with the target material rather

than the composition of impactors.

16



340

341
342
343
344
345
346
347
348
349
350
351
352
353
354
355
356
357
358
359
360
361
362
363
364
365
366
367
368
369

Manuscript submitted to JGR

4. Summary and Conclusions

The article aims to characterize the variability of antenna signals created by plasma, generated
by dust impacts, based on impact location, SC potential, antenna configurations, dust composition,
and impact speeds. A spherical model SC has been used for laboratory measurements. Test
conditions include (a) monopole and dipole configurations response to impact locations and SC
potential with hypervelocity dust (= 20 km/s), (b) signal features under low-speed dust impacts
(= 5 km/s), and (c) antenna signal characteristics with a different dust composition (Al) at
hypervelocity. Features of signal waveforms are qualitatively characterized, and a demonstration
of model fitting is performed.

Unlike prior studies, which concluded that antennas in dipole configuration are insensitive to
dust impact plasma cloud detection, we found that antennas in a dipole configuration indeed are
sensitive to impacts, provided that the impact plasma cloud passes close to one antenna in the pair.
A cross-comparison between dipole and monopole dust detection in the laboratory shows that the
former is useful for the determination of impact location and source categorization, while the latter
provides detailed impact plasma parameters for mass and size inference. It is suggested that both
measurements should be taken together for comprehensive dust studies by antenna instruments.

Small amplitude and more complex impact signals were observed under lower-speed dust
impacts (< 5 km/s) due to non-fully developed impact plasma clouds. The resultant waveforms
may be challenging to discriminate from the background noise. Signals with equal amounts of
escaping electrons and ions when SC at 0 V bias suggest the electrons generated upon impact are
no longer distributed isotropically in velocity or not all ions are energetic enough to escape. It is
speculated that the voltage developed on the SC might alter the signal features more significantly
than that in high velocity impact events (= 20 km/s). A detailed waveform analysis may improve
dust detection efficiency but still lacks a comprehensive characterization of impact plasma
generated by low-speed impacts.

Aside from the typical Fe dust particles, Al was chosen to characterize whether the impact
waveforms would vary with dust composition or not. Observational results and model fitting
conclude that no pronounced variations were qualitatively identified. Such evidence is consistent
with prior work by Auer and Sitte [1968] and Adams and Smith [1971]. This also validates the

universality of the presented electrostatic model by Shen et al. [2021b] among dust materials and
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370 indicates the similarity of fully developed impact plasma cloud behaviors upon impact at

371  hypervelocity.
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