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Abstract

Dust impacts on spacecraft are commonly detected by antenna instruments as transient voltage perturbations. The signal

waveform is generated by the interaction between the impact-generated plasma cloud and the elements of the antenna –

spacecraft system. A general electrostatic model is presented that includes the two key elements of the interaction, namely the

charge recollected from the impact plasma by the spacecraft and the fraction electrons and cations that escape to infinity. The

clouds of escaping electrons and cations generate induced signals, and their vastly different escape speeds are responsible for

the characteristic shape of the waveforms. The induced signals are modeled numerically for the geometry of the system and

the location of the impact. The model employs a Maxwell capacitance matrix to keep track of the mutual interaction between

the elements of the system. A new reduced-size model spacecraft is constructed for laboratory measurements using the dust

accelerator facility. The model spacecraft is equipped with four antennas: two operating in a monopole mode, and one pair

configured as a dipole. Submicron-sized iron dust particles accelerated to > 20 km/s are used for test measurements, where

the waveforms of each antenna are recorded. The electrostatic model provides a remarkably good fit to the data using only a

handful of physical fitting parameters, such as the escape speeds of electrons and cations. The presented general model provides

the framework for analyzing antenna waveforms and is applicable for a range of space missions investigating the distribution of

dust particles in relevant environments.
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Abstract 26 

Dust impacts on spacecraft are commonly detected by antenna instruments as transient 27 

voltage perturbations. The signal waveform is generated by the interaction between the 28 

impact-generated plasma cloud and the elements of the antenna – spacecraft system. A general 29 

electrostatic model is presented that includes the two key elements of the interaction, namely 30 

the charge recollected from the impact plasma by the spacecraft and the fraction electrons and 31 

cations that escape to infinity. The clouds of escaping electrons and cations generate induced 32 

signals, and their vastly different escape speeds are responsible for the characteristic shape of 33 

the waveforms. The induced signals are modeled numerically for the geometry of the system 34 

and the location of the impact. The model employs a Maxwell capacitance matrix to keep 35 

track of the mutual interaction between the elements of the system. A new reduced-size model 36 

spacecraft is constructed for laboratory measurements using the dust accelerator facility. The 37 

model spacecraft is equipped with four antennas: two operating in a monopole mode, and one 38 

pair configured as a dipole. Submicron-sized iron dust particles accelerated to > 20 km/s are 39 

used for test measurements, where the waveforms of each antenna are recorded. The 40 

electrostatic model provides a remarkably good fit to the data using only a handful of physical 41 

fitting parameters, such as the escape speeds of electrons and cations. The presented general 42 

model provides the framework for analyzing antenna waveforms and is applicable for a range 43 

of space missions investigating the distribution of dust particles in relevant environments. 44 

  45 
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1. Introduction 46 

Antenna instruments on space missions are primarily designed to measure electric fields and 47 

plasma waves [Gurnett, 1998]. These instruments have also been found sensitive to the detection 48 

of cosmic dust particles as they impact the surface of the spacecraft or the antennas [Gurnett et al., 49 

1983, 1997; Kurth et al., 2006; Meyer-Vernet et al., 2009, 2017; Malaspina et al., 2014, 2020; Ye 50 

et al., 2014, 2016a, 2016b, 2018, 2019; Kellog et al., 2016; Szalay et al., 2020; Vaverka et al., 51 

2018, 2019; Zaslavsky et al., 2012, 2015]. 52 

Dust impacts are detected as transient voltage signals generated by the expanding impact 53 

plasma cloud. Impact ionization is a physical phenomenon, where free charges in the form of 54 

electrons, cations, and anions are generated upon the high-speed impact (≳  1 km/s) of dust 55 

particles on solid surfaces [e.g., Auer, 2001]. The generated impact charge (𝑄!"# ) scales 56 

approximately linearly with the dust particle’s mass (𝑚), increases steeply with speed, and depends 57 

on the target material, as determined from laboratory measurements [e.g., Auer, 2001; Collette et 58 

al., 2014 and references therein]. The transient voltage signals (waveforms) measured by the 59 

antennas can be used to obtain valuable information on the impacting dust particles as mentioned 60 

above. Dust impacts can also be detected as wideband ‘noise’ in the antenna signals’ power 61 

spectrum [Aubier et al., 1983; Meyer-Vernet et al., 2009]. This article is limited to the 62 

interpretation of the waveforms from individual impacts.  63 

Antenna instruments may operate in monopole or dipole mode, where the voltage difference 64 

between an antenna and the spacecraft (SC) or between two antennas is measured, respectively. 65 

The antenna and SC acquire equilibrium potentials in space due to charging currents from 66 

photoelectron emission and the collection of electrons and ions from the ambient plasma. The 67 

equilibrium potential can be positive or negative (depending on the relative magnitude of the 68 

charging currents), and it will affect the expansion of the impact ionization plasma cloud. The dust 69 

impacts are registered as transient voltage perturbations imposed on top of the equilibrium 70 

potentials then will relax back to the equilibrium values over timescales which are characteristic 71 

of the environment.  72 

Several models have attempted to describe the physical mechanisms leading to the generation 73 

of voltage signals measured by antennas. Gurnett et al. [1983, 1987] assumed that a significant 74 

fraction (𝛼) of the impact charge electrons is collected by the antennas with positive equilibrium 75 

potentials. The voltage measured by the antenna is then 𝑉 = 𝛼𝑄!"#/𝐶$ , where 𝐶$  is the 76 
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capacitance of the antenna. In addition, Gurnett et al. [1987] considered the collection of the 77 

impact charge by the SC in the dipole mode. In this case, a small fraction of the SC voltage is 78 

measurable by the antennas, given as 𝑉 = 𝛾𝑄!"#/𝐶%& , where 𝐶%&  is the SC capacitance, and 𝛾 is 79 

the common-mode rejection coefficient of the electronics. In theoretical work, Oberc [1996] 80 

identified three mechanisms that can lead to the generation of voltage signals: charging of the 81 

antenna, charging of the SC, and sensing of the charge separation electric field. The first two 82 

mechanisms are similar to the models described above. In the third one, the antennas are sensing 83 

the electric field of the ion cloud during the expansion of the impact plasma. The model assumes 84 

that the impact plasma is moving away from the impact location and simultaneously is expanding 85 

over time. At some point during the expansion, the electrons are decoupled from the plasma cloud, 86 

leaving behind the cloud of slower ions with a positive space charge potential on the order of the 87 

electron temperature expressed in the units of eV. The antennas then detect the separated electric 88 

field of the cloud. Oberc [1996] has pointed out that the measured signals generated by antenna 89 

charging would also strongly depend on the impact geometry, i.e., the impact location relative to 90 

the geometry of the antennas and the SC. On the other hand, signals generated by spacecraft 91 

charging would be independent of the impact geometry. Oberc [1996] noted that for monopole 92 

antennas, the dominating mechanism is due to SC charging. For dipole antennas, the measured 93 

signals are from the differential charging of the two antennas and sensing the separated electric 94 

field. The relative importance between the latter two mechanisms depends on the physical 95 

characteristics of the antennas, such as their lengths. Zaslavsky [2015] proposed the floating 96 

potential perturbation model for the data collected by the STEREO/WAVES instrument [Bale et 97 

al., 2008; Bougeret et al., 2008]. This model assumes that both the SC and the antenna recollect 98 

some fraction of the impact plasma. The signal measured by the antenna is then the difference of 99 

the voltage perturbations on the antenna and the SC due to charge collection. The final 100 

characteristic shapes of the measured waveforms are set by the different discharge time-constants 101 

of the two elements through the ambient plasma. Meyer-Vernet et al. [2017] proposed an analytical 102 

model for calculating the risetime of antenna signals. This work pointed out several additional key 103 

aspects of the signal generation mechanisms. For example, the electrons in the impact plasma 104 

acquire an isotropic velocity distribution due to their high thermal speed; thus, half of the electrons 105 

move toward the spacecraft rather than away from it after charge separation. In addition, charge 𝑄 106 

at a small distance from the surface of the SC will induce a potential with magnitude ~𝑄/𝐶%& , i.e., 107 
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it has a similar effect as the same charge collected on the SC. Kellogg et al. [2018] noted that there 108 

is capacitive coupling between the SC and the antenna and the base resistor installed in between 109 

these elements need to be considered in determining the discharging time constant. 110 

The investigation of the antenna signal generation processes in laboratory conditions was 111 

made possible by the dust accelerator facility at the University of Colorado [Shu et al., 2012]. 112 

Using a simple setup, Collette et al. [2015] identified three different signal generation mechanisms, 113 

namely SC charging, antenna charging, and induced charging. The polarity of the SC and antenna 114 

charging signals can be reversed by changing the polarities of the applied bias voltages on the 115 

elements. Numerical analysis has later shown that charge collection by the antennas is effective 116 

only for dust impacts occurring in the close vicinity of the antenna base [O’Shea et al., 2017]. For 117 

typical impacts analyzed for the STEREO SC and its antenna instruments, the collection 118 

efficiencies of the antenna themselves are only on the order of 0.1 – 1 %. Nouzák et al. [2018, 119 

2020] performed laboratory studies using a 20:1 scaled-down model of the Cassini SC and the 120 

Radio and Plasma Wave Science (RPWS) instrument, in both monopole and dipole modes. The 121 

measured waveforms in the laboratory are in good qualitative agreement with those measured in 122 

space and demonstrated how the waveform features vary with bias voltage on the SC. The 123 

measurements also confirmed that antennas in a dipole mode are insensitive to dust impacts on the 124 

SC body, and that of the magnetic field affects the recollection of electrons from the impact plasma 125 

considering the gyro motions.  126 

Auxiliary measurements were also performed for characterizing the impact charge yields of 127 

various materials [Collette et al., 2014 and references therein] and the effective temperatures of 128 

the electrons and ions in the impact plasma. The electron temperatures were found to be on the 129 

order of 1 – 4 eV, and ion temperatures between 4 – 15 eV, increasing with impact speed for iron 130 

(Fe) dust particles impacting on a tungsten (W) target [Collette et al. 2016; Nouzák et al., 2020]. 131 

Measurements using olivine dust particles with an organic coating indicated about 7 eV ion 132 

temperatures and slight variation with impact speed. The negative charge carriers’ temperature 133 

varied over 1 – 10 eV with non-monotonic velocity dependence over the 3 – 18 km/s range 134 

[Kočiščák et al., 2020]. 135 

The lab measurements collectively lead to a refined qualitative physical model for the 136 

generation of antenna signals that can be summarized as follows: The impact plasma, consisting 137 

of electrons and ions, can be divided into fractions recollected by the spacecraft or escape. The 138 
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ratio of collected/escaping fractions of electrons and ions is determined by the SC potential and 139 

the effective temperatures of the respective species. The two main signal generation mechanisms 140 

are SC charging from the net recollected charge, and induced charging from the escaping fraction. 141 

The characteristic waveforms are generated in four successive and somewhat overlapping steps. 142 

First, the fast escape of the electrons leaves behind a net positive charge on and near the SC, 143 

generating a steep, negative-going signal measured as 𝑉$'((𝑡) − 𝑉%&(𝑡). This feature is known as 144 

the ‘preshoot’, which is commonly observed by antenna instruments that operate with sufficiently 145 

wide bandwidths and adequate sampling rates [see, for example, O’Shea et al., 2017]. Second, the 146 

escape of electrons is followed by that of ions, driving the signal more positive. Third, once the 147 

charge escape is completed, the SC is left with the net collected charge that is responsible for the 148 

main peak in the waveform. And fourth, the voltages on the SC and the antennas relax back to 149 

their equilibrium values as the system is discharging through the ambient environment. This 150 

discharge process operates through the duration of the event and may significantly reduce the 151 

amplitude of the main peak [Shen et al., 2021]. The time constant of the discharge process is set 152 

by the magnitudes of charging currents from the environment [Zaslavsky, 2015]. The description 153 

of the overall antenna signal generation processes is also provided in a review article by Mann et 154 

al. [2019]. 155 

Shen et al. [2021] have recently presented the quantitative analytical form of the model 156 

described above. It is applied on a simplified system consisting of one antenna and a spherical SC. 157 

The latter assumption allows expressing the induced charge on the SC in a simple analytical form, 158 

𝑄%&,*+,(𝑡) = 𝑄-./
0!"

0!"12(4)
. Here 𝑅%&  is the SC radius, 𝑟(𝑡) = 𝑣𝑡 is the radial distance of the charge 159 

escaping with velocity 𝑣, and the escaping charge 𝑄-./ is approximated as a point charge moving 160 

radially outward [Jackson, 1999]. The quantitative model provides good fits to the waveforms 161 

collected using a model SC. Several fundamental parameters of the impact plasma cloud are 162 

determined by fitting the model to the data, including the impact charge (𝑄!"#), ion expansion 163 

speed, etc.  164 

This article expands upon the model presented by Shen et al. [2021] and generalizes it for an 165 

arbitrary geometry of the SC-antenna system. The model employs a capacitance matrix to calculate 166 

the voltages developed on the elements from the collected and induced charges. A new laboratory 167 

model SC has also been constructed to investigate the effects of the impact location on the 168 

waveforms. The model SC is spherical for simplicity and employs four antennas: two operated as 169 
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monopoles and one dipole pair. The preliminary analysis of the dataset demonstrates that the 170 

electrostatic model can accurately describe waveforms measured in the laboratory using the dust 171 

accelerator. 172 

The article is organized as follows: Section 2 described a generalized electrostatic model for 173 

the generation of antenna signals. The new experimental setup and the recipe for obtaining the 174 

capacitance matrix are described in Sec. 3. Section 4 describes the numerical fitting routine, which 175 

includes the effects of the sensing electronics, and provides the preliminary analysis of data for 176 

two impact geometries. The summary and conclusions are provided in Sec. 5. 177 

 178 

2. Electrostatic Model 179 

2.1 Collected and Escaping Charges 180 

The model described below follows and expands upon that presented by Shen et al. [2021]. 181 

The generated impact charge has the form of a power law, 182 

 183 

𝑄!"# = 𝑄* = |𝑄-| = 	𝛾	𝑚𝑣6,           (1) 184 

 185 

where 𝑚  is the mass of the dust particle, and 𝑣  is the impact speed. Parameters 𝛾  and 𝛽  are 186 

characteristics of the target material, and their values can be determined from laboratory 187 

measurements [e.g., Auer, 2001; Collette et al., 2014]. In the first approximation, the impact 188 

plasma consists of electrons (𝑄-)  and cations (𝑄*) of equal quantity. Here we make the same 189 

assumptions as of the previous work by Shen et al. [2021]: (a) The voltage signals due to the dust 190 

impacts are small compared to the equilibrium floating potential; thus, the impact signal can be 191 

treated as a perturbation. (b) The electrons and cations in the impact plasma decouple from one 192 

another in the expanding plasma cloud over a distance that is short compared to the characteristic 193 

size of the spacecraft (𝑅%&). Consequently, the electrons and cations can be treated independently, 194 

each expanding with their characteristic speed. These two assumptions limit the validity of the 195 

presented model in terms of the impact charge to 𝑄!"# ≲ 1 × 1078 C for typical SC dimensions 196 

[Shen et al., 2021]. 197 

The electron and ion components of the impact plasma are divided into escaping and re-198 

collected fractions. For a positively charged SC (𝑉%& > 0), these fractions are described as: 199 
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 200 

𝑄-,-./ = −𝜅	𝑄!"#	𝑒
#$!"
%& 	  201 

𝑄-,/9: = −𝑄!"# − 𝑄-,-./  202 

𝑄*,-./ = 𝑄!"#  203 

𝑄*,/9: = 𝑄!"# − 𝑄*,-./ = 0        (2) 204 

 205 

where 𝑇-  is the effective electron temperature in unit of eV. Equation (2) describes a physical 206 

picture, where the ions of the impact plasma are expanding away from impact location in form of 207 

a plume, and the faster electrons acquire an isotropic distribution in the early stages of the 208 

expansion. Coefficient 𝜅 describes the unobstructed fraction of solid angle in which the isotropic 209 

electrons can escape. The value of 𝜅 ranges from 0 – 1, and for a semi-infinite impact surface 𝜅 ≈210 

0.5, as half of the isotropic electrons will be moving away from the surface, while the other half 211 

towards the surface, and will be recollected. The escape of the electrons is also governed by 212 

energetics that is described by a Boltzmann factor. For negative SC potential (𝑉%& < 0), the 213 

governing equations become: 214 

 215 

𝑄-,-./ = −𝜅	𝑄!"#		  216 

𝑄-,/9: = −𝑄!"# − 𝑄-,-./  217 

𝑄*,-./ = 𝑄!"#	𝑒
$!"
%'   218 

𝑄*,/9: = 𝑄!"# − 𝑄*,-./ ,         (3) 219 

 220 

where 𝑇* is the effective ion temperature in unit of eV.  221 

 222 

2.2 Simplified Case with One Antenna   223 

First, the simplified, yet illustrative example of a SC with one antenna is provided, considering 224 

only collected charges on one element. Figure 1 depicts this case, where 𝐶%&  and 𝐶$'(  are the 225 

physical capacitances of the respective elements. The mutual capacitance, 𝐶;, consists of several 226 

components. It includes the ‘base’ capacitance (𝐶<), the capacitances of the cables and preamp 227 

input capacitance (𝐶=#), and the capacitance of the antenna to the SC body that is determined by 228 
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the geometry of the system (𝐶>)  [see, for example, Bale et al., 2008]. Since these three 229 

capacitances are effectively connected in parallel, 𝐶? = 𝐶< + 𝐶=# + 𝐶> . 230 

The next step is considering that charge 𝛿𝑄%&,/9: is deposited onto the SC. The notation ‘𝛿’ 231 

designates perturbation, i.e., the deposited charge is in addition to that responsible for the 232 

development of the equilibrium potential. The voltage that develops on the SC is then given by 233 

𝛿𝑉%& = 𝛿𝑄%&,/9: 𝐶%&,-@@⁄ , where 𝐶%&,-@@ = 𝐶%& +
&(&)*%
&(1&)*%

 is the effective capacitance of the SC 234 

that includes the contributions from 𝐶$'( and 𝐶;. Even though no charge is deposited onto the 235 

antenna, the voltage of these elements is affected by the voltage on the SC. This voltage is given 236 

as 𝛿𝑉$'( = 𝛿𝑉%&[𝐶; (𝐶; + 𝐶$'()⁄ ] , following the rule of capacitors connected in series. The 237 

voltage measured between the antenna and the SC is then: 238 

 239 

𝛿𝑉A-B. = 𝛿𝑉$'( − 𝛿𝑉%& = − CD!",,-.
&!",&//

	 &)*%
&(1&)*%

.       (4) 240 

 241 

The ratio at the end of Eq. (4) is usually considered as the antenna gain, 𝐺$ = 𝐶$'( (𝐶; + 𝐶$'(⁄ ) 242 

[see, for example, Bale et al., 2008].  243 

Similarly, for a charge deposited on the antenna, the measured voltage is: 244 

 245 

𝛿𝑉A-B. = 𝛿𝑉$'( − 𝛿𝑉%& =
CD)*%,,-.
&)*%,&//

	 &!"
&(1&!"

       (5) 246 

 247 

where 𝐶$'(,-@@ = 𝐶$'( +
&(&!"
&(1&!"

 is the effective capacitance of the antenna.  248 

  
Fig. 1: Schematics of the simple system consisting of a spacecraft (SC) and one antenna (ANT). See text 
for details. 
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For the considered simplified cases, Equations (4) and (5) can be used to calculate the 249 

deposited charge from the amplitudes of the voltage signals. There are two noteworthy comments 250 

to make: One is that in the case of charge deposited onto the antenna, the antenna gain 𝐺$ is no 251 

longer applicable. The second is that contrary to common practice in previous studies, the effective 252 

values of the SC and antenna capacitances need to be used to convert charge to voltage and vice 253 

versa. When the SC-antenna system is immersed in plasma, the capacitances of the elements will 254 

increase. This effect is, however, negligible for conditions where the Debye length of the plasma 255 

is longer than the characteristic size of the SC, e.g., in interplanetary space near 1 AU. 256 

 257 

2.3 The Matrix Form and Induced Charging  258 

The calculations of the effective capacitances and measured voltages increase complexity 259 

quickly with increasing the number of antennas. Fortunately, Maxwell’s capacitance matrix can 260 

be employed to keep track of how the SC and the antenna elements interact [Maxwell, 1873; Di 261 

Lorenzo, 2011; de Queiroz, 2012]. For 𝑛 antennas, the matrix form can be written as  262 

 263 

H
𝛿𝑉%&
⋮

𝛿𝑉$'(,+
J = H

𝑎EE … 𝑎E+
⋮ ⋱ ⋮
𝑎+E … 𝑎++

J N
𝛿𝑄%&,/9:

⋮
𝛿𝑄$'(,/9:,+

O      (6) 264 

 265 

which allows calculating the voltages on objects from known collected charges. In this form, [𝒂] 266 

is the elastance matrix with (𝑛 + 1)F elements. The inverse form to Eq. (6) is [𝛿𝑄] = [𝒃][𝛿𝑉] , 267 

where [𝒃] = [𝒂]7G is the capacitance matrix. For the remainder of this section, it will be assumed 268 

that the elastance and capacitance matrices are known for the system. Section 3.2 below will 269 

provide the details of how the matrices can be calculated. In addition, Appendix A provides the 270 

details of the elastance and capacitance matrices for the simplest case of an SC with one antenna.   271 

Induced charging refers to the fact that a free charge in the vicinity of a conductive object will 272 

induce a potential on this object. An analytical solution for the established potential exists for the 273 

simple case of a spherical object, where the magnitude of the induced potential scales as 1 𝑟⁄  with 274 

radial distance from the surface (see Sec. 1 and Jackson [1999]). Shen et al. [2021] presented the 275 

analytical solution for this simple case with the SC in the spherical approximation. 276 
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The general solution for induced charging for the SC and the antenna elements can be 277 

calculated numerically, provided that the geometry of the system and the charge distribution are 278 

known. In order to describe the fraction of the charge induced on the i-th element from a test point 279 

charge (𝑄4-.4) located at position 𝑟, the geometric function is introduced. For the system of an SC 280 

and n antennas, the geometric functions are defined as: 281 

 282 

𝑔%&(𝑟) =
D!",'01(2⃑)
D2&32

 , 283 

𝑔$'(,+(𝑟) =
D)*%,0,'01(2⃑)

D2&32
 ,        (7) 284 

 285 

where 𝑄%&,*+,(𝑟), for example, is the charge induced on the SC, while the unit point charge is 286 

located at 𝑟 . The geometric functions provide unitless values and sum up to 𝑔%&(𝑟) +287 

∑ 𝑔$'(,+(𝑟)+ ≤ 1 for all locations. The value of the geometric function approaches unity for a 288 

point charge in the close proximity to one of the elements and diminishes with increasing distance. 289 

The geometric functions can be calculated numerically using standard available electrostatic 290 

solver tools. The geometry of the SC – antenna system is imported into the software, and each 291 

element of interest is treated as a conductive object that is electrically isolated from the rest of the 292 

system. The software also calculates the elastance and/or capacitance matrices. The values of the 293 

geometric functions can be calculated simply from the voltages established on each element using 294 

the following relation:  295 

 296 

N
𝑔%&(𝑟)
⋮

𝑔$'(,+(𝑟)
O = G

D2&32
H
𝑏EE … 𝑏E+
⋮ ⋱ ⋮
𝑏+E … 𝑏++

J H
𝑉%&
⋮

𝑉$'(,+
J.      (8) 297 

 298 

The calculation of the geometric function can be performed for all locations of interest in the 299 

vicinity of the system. The capacitance matrix in the equation above can account only for the 300 

geometric coupling between the elements, i.e.,  𝐶; = 𝐶> . The description of how to account for 301 

the additional contributions from 𝐶<  and 𝐶=#  is described in Sec. 3.2. Given the size and 302 

complexity of an actual SC – antenna system and the required resolution, the numerical 303 

calculations of the geometric function can be numerically demanding. However, these calculations 304 
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have to be performed only once and then use standard numerical techniques, e.g., lookup tables 305 

combined with linear interpolation for determining the values for arbitrary positions.  306 

Figure 2 shows the numerical calculations for a simplified case of a spherical model SC with 307 

one antenna. The dimensions of the system resemble those of the model used in the laboratory 308 

measurements described in Sec. 3. The SC radius is 𝑅%& = 7.62 cm, and the antenna is 27 cm long 309 

and 1.6 mm in diameter. In the model setup, there is a 5 mm gap between the surface of the SC 310 

and the antenna, which limits their mutual coupling.  The point charge is moving along a radial 311 

line that is offset 10° from the antenna, as illustrated in the insert of Fig. 2. The magnitude of the 312 

test point charge is 𝑄4-.4 = 100 pC. The left panel shows the potentials on each element, and their 313 

difference, 𝑉A-B. = 𝑉$'( − 𝑉%& . When the point charge is near the surface of the SC, the potentials 314 

are 𝑉%& ≅ 𝑄#/𝐶%&,-@@ = 10.8	𝑉 , where 𝐶%&,-@@ = 9.60	𝑝𝐹  is the effective SC capacitance, as 315 

calculated. This is close to the expected value of 𝐶%&,-@@ = 𝐶%& +
&(&)*%
&(1&)*%

= 9.46 pF, where 𝐶%& =316 

4𝜋𝜀E𝑅%& = 8.47 pF is the capacitance of the SC, and the values of 𝐶; = 1.43 pF and 𝐶$'( = 1.84 317 

pF are also from the numerical calculations. With the point charge near the surface of the SC, the 318 

potential of the antenna is 𝑉$'( ≈ 4.6  V, which is close to the value calculated as 𝑉$'( =319 

𝑉%&[𝐶; (𝐶; + 𝐶$'()⁄ ] = 4.7	V. The minor discrepancies in the calculated and theoretical values 320 

are likely due to numerical errors (e.g., grid or numerical setup in the software). 321 

 
Fig. 2: The induced potential (left panel) and the geometric function (right panel) for a simple case of a 
system consisting of a spherical SC and one antenna. The numerical calculations are for a test point 
charge (𝑄!"#! = 100 pF) moving radially outward on a trajectory offset by 10° from the antenna (see the 
illustration in the left panel).   
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The right panel in Fig. 2 shows the variation of the values of the geometric function with radial 322 

distance. 𝑔%&(𝑟) is close to unity for the point charge located near the surface and then drops 323 

quickly with increasing distance. In the case investigated, this drop is steeper than 1/𝑟 because of 324 

the proximity of the antenna to the point charge since a significant fraction of the induced charge 325 

will occur on the antenna rather than the SC. The value of 𝑔$'((𝑟) increases quickly over a few 326 

mm distance as the point charge gets close to one end of the antenna. There is a noticeable drop in  327 

𝑔$'((𝑟) at around radial distance 𝑟 = 𝑅%& + 0.27 ≅ 0.35 m, where the antenna ends.  328 

 329 

2.4 Electrostatic Model 330 

The analytical model for a simplified case presented by Shen et al. [2021] calculated the time 331 

evolution of the charge on the SC in the form of:  332 

 333 

𝛿𝑄%&(𝑡) = 𝑄%&,/9: + ∑ 𝑄-./,. c
0!"

0!"1I34
d.J-,* + ∫ 𝐼,*.(𝜏)𝑑𝜏

4
E .     (9) 334 

 335 

The collected charge is the sum of collected electrons and cations, 𝑄%&,/9: = 𝑄-,/9: + 𝑄*,/9:, using 336 

Eqs. (2) and (3). The second term accounts for the induced charging from the escaping fractions 337 

of electrons and ions from the impact plasma. The simplifying assumptions used here are the 338 

spherical approximation of the SC. The escape of the electrons and ions can be effectively 339 

approximated as a point charge moving radially outward with their respective characteristic escape 340 

speeds (𝑣., 𝑠 = 𝑒, 𝑖). The last term in Eq. (9) accounts for the discharge current. The discharge 341 

current is due to the applied bias resistor for the case of the laboratory model and due to the 342 

charging environment for an SC operating in space. As the potential of the SC deviates from 343 

equilibrium due to charging from the dust impact plasma, the imbalance of the electron, ion, and 344 

photoelectron currents will drive the body back towards equilibrium [e.g., Zaslavsky, 2015]. Once 345 

the charging of the SC is calculated, the potential perturbation from the dust impact plasma is 346 

obtained as 𝛿𝑉%&(𝑡) = 𝛿𝑄%&(𝑡)/𝐶%&,-@@. 347 

Here we generalize the simplified analytical model from Shen et al. [2021] by employing the 348 

capacitance matrix and geometric functions introduced above. The fundamental property of the 349 

model is that recollected and induced charges can be treated similarly when it comes to calculating 350 
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the potential on the elements. The voltage perturbations can be calculated simultaneously in the 351 

following form: 352 

 353 

!
𝛿𝑉!"(𝑡)

⋮
𝛿𝑉#$%,'(𝑡)

( =354 

*
𝑎(( … 𝑎('
⋮ ⋱ ⋮
𝑎'( … 𝑎''

.

⎣
⎢
⎢
⎡ 𝛿𝑄!",)*+ + ∫ 𝜌,-)(𝑟, 𝑡)𝑔!"(𝑟⃑). 𝑑𝑉 + ∫ 𝐼!",/0-(𝜏)𝑑𝜏

1
( +∑ ∫

2.!"#,%(4)62.&'(4)
7()*+

𝑑𝜏1
(

'
'89

⋮
𝛿𝑄#$%,)*+,' + ∫ 𝜌,-)(𝑟⃑, 𝑡)𝑔#$%,'(𝑟). 𝑑𝑉 + ∫ 𝐼#$%,/0-,'(𝜏)𝑑𝜏

1
( − ∫ 2.!"#,%(4)62.&'(4)

7()*+
𝑑𝜏1

( ⎦
⎥
⎥
⎤
. 355 

 (10) 356 

 357 

The elements of the charge vector on the right-hand side are similar to those presented in Eq. (9). 358 

The first term is the collected charge. The second term provides the induced charging from the 359 

escaping charges in form of a volume charge distributions, 𝜌-./(𝑟, 𝑡) = 𝜌-./,-(𝑟, 𝑡) + 𝜌-./,*(𝑟, 𝑡), 360 

which accounts for both electrons and ions. This is the most general form that allows incorporating 361 

models of electrons and ion escaping, for example, by considering the initial velocity distributions 362 

and plume shapes of the respective species. The geometric functions in the integral enable 363 

considering the impact location with respect to the geometry of the SC and the antennas. The third 364 

term is the discharge from the environment. A fourth term is introduced, recognizing that the 365 

antennas and the spacecraft are electrically connected through a base resistance, 𝑅KB.- [see, for 366 

example, Bale et al., 2008]. This connection allows a current to flow and reduce the potential 367 

difference between the SC and the antennas. This last term may or may not be significant in 368 

comparison to the discharge through the environment, depending on the value of 𝑅KB.- (typically 369 

on the order of 𝑀Ω), the density of the ambient plasma, and the distance to the Sun, which would 370 

drive the photoelectron emission current.  371 

 372 

3 Laboratory Setup 373 

3.1 Model Spacecraft for Laboratory Studies  374 

A new model SC has been developed and built based on the experience from the previous 375 

laboratory studies [Nouzák et al., 2018, 2020; Shen et al., 2021]. The new model SC is spherical 376 
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with a radius 𝑅%& = 7.62 cm and is equipped with four antennas that are arranged into one plane 377 

and spaced 90° apart (Fig. 3). Each antenna is a 27 cm long rod with a 1.6 mm diameter. The 378 

materials of both the SC and the antennas are stainless steel. The spherical SC is coated with 379 

graphite paint in order to provide it with a uniform surface potential [Robertson et al., 2004]. The 380 

surfaces of the antennas were cleaned using organic solvents and are not coated. The circumference 381 

of the model SC is wrapped with a strip of tungsten (W) foil in the plane of the antennas. The foil 382 

is approximately 1.5 cm wide and is attached to the sphere by spot-welding. The purpose of the W 383 

foil is to provide the target surface for the dust impacts and make the measurements directly 384 

comparable to prior studies using the same material [Nouzák et al., 2018, 2020; Shen et al., 2021]. 385 

The surface of the foil was also cleaned using organic solvents.  386 

 
Fig. 3: Left: Photograph of the spherical model SC installed into the vacuum chamber. Right: Simplified 
schematics of the capacitances and the mutual coupling between the elements. See text for more detail.   

 387 

Two of the antennas are configured as monopoles, and one pair operates in the dipole mode 388 

(Fig. 3). The sensing electronics is the same as described by Shen et al. [2021], and the boards are 389 

mounted within the hollow body of the model SC. Briefly, three instrumentation amplifiers are 390 

used to measure the voltage difference between the SC and two antennas, and between the dipole 391 

antenna pair. The bandwidth of the amplifiers is 270 Hz – 5 MHz, and they provide a voltage gain 392 

of 50. The circuits also allow the external biasing of the SC and the antennas. The same bias voltage 393 

is applied to each element (SC and four antennas) through individual biasing resistors. The 394 

effective values of these resistors are 𝑅<!$%,$ = 5	𝑀Ω for each of the antennas, and 𝑅<!$%,%& =395 
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2.5	𝑀𝛺 for the SC. The bias resistors are combined with the effective capacitances of the antennas 396 

and the SC and provide the characteristic time constants for each of the elements, 𝑅<!$%,$𝐶$,-@@ 397 

for each of the antennas, and 𝑅<!$%,%&𝐶%&,-@@  for the SC body. The measured waveforms are 398 

recorded using a fast-digitizing oscilloscope.  399 

The model SC is mounted onto a vertical shaft such that the antennas are in the horizontal 400 

plane (Fig. 3). The shaft is connected to a rotary feedthrough that positions the model SC into the 401 

center of a large vacuum chamber. The vacuum chamber is 1.2 m in diameter, 1.5 m long, and is 402 

evacuated to ~107L Torr using oil-free vacuum pumps.  403 

The measurements described below were performed using the Iron (Fe) dust sample that also 404 

makes them comparable to prior studies conducted by Collette et al. [2015; 2016], Nouzák et al. 405 

[2018; 2020], and Shen et al. [2021]. The accelerator facility used for the studies is described by 406 

Shu et al. [2012]. The mass and velocity for each accelerated particle are calculated from pick-up 407 

tube detector signals provided by the facility. A comprehensive measurement campaign has been 408 

conducted in order to investigate the effects of impact velocity, impact location, bias voltage, and 409 

antenna operation mode on the recorded waveforms. The focus of this article is limited to impact 410 

the impact velocity range of 20 – 40 km/s in order to evaluate the validity of the proposed signal 411 

generation mode. The dust beam is pointed at the center of the spherical model SC, and thus the 412 

impacts occur normal to the W target foil. 413 

 414 

3.2 Capacitance Matrix 415 

The elastance matrix is a key element in implementing the electrostatic antenna signal 416 

generation model presented in Sec. 2. This section describes how to calculate this matrix for the 417 

model SC described above, how to calculate it for an actual SC, and the physical meaning of the 418 

elements. Appendix A provides the details for an SC with a single antenna. 419 

The elastance matrix [𝒂] is the inverse of the capacitance matrix, [𝒃] = [𝒂]7G. The dimension 420 

of the matrices is (𝑛 + 1) × (𝑛 + 1) , where 𝑛  is the number of independent antennas in the 421 

system, and the +1 refers to the SC body. A diagonal element 𝑏**  in [𝒃]  is called the self-422 

capacitance and represents the capacitance of the i-th object in a configuration, where all other 423 

elements of the system are grounded [Jackson, 1999]. For example, assuming that 𝑖 = 0 refers to 424 

the SC, and considering the schematics shown in Fig. 3, it follows that 𝑏EE = 𝐶%& + 4𝐶?. Here 𝐶%&  425 
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is the physical capacitance of the SC body only (without the antennas), and an assumption has 426 

been made that the mutual capacitances between the SC and each of the antennas are equal. The 427 

non-diagonal elements 𝑏*M  represent the negative value of the mutual capacitances between 428 

elements 𝑖 and 𝑗. For example, 𝑏EG = −𝐶;, which is the mutual capacitance between the SC and 429 

antenna #1. The matrix is symmetric, i.e., 𝑏*M = 𝑏M* The capacitance matrix for the model SC used 430 

in the laboratory measurements can be written as: 431 

 432 

[𝒃] ≅

⎣
⎢
⎢
⎢
⎡
𝐶%& + 4𝐶; −𝐶; −𝐶; −𝐶; −𝐶;
−𝐶; 𝐶$'(,G + 𝐶; 0 0 0
−𝐶; 0 𝐶$'(,F + 𝐶; 0 0
−𝐶; 0 0 𝐶$'(,N + 𝐶; 0
−𝐶; 0 0 0 𝐶$'(,O + 𝐶;⎦

⎥
⎥
⎥
⎤

≅433 

																					

⎣
⎢
⎢
⎢
⎡
52 −6.5 −6.5 −6.5 −6.5
−6.5 16 0 0 0
−6.5 0 17 0 0
−6.5 0 0 19 0
−6.5 0 0 0 16.5⎦

⎥
⎥
⎥
⎤
	pF          (11) 434 

 435 

The last term in Eq. (11) presents the values determined from measurements made on the 436 

model SC. It makes the simplifying assumption that the antenna-to-antenna mutual capacitances 437 

are negligible, and the validity of this assumption is provided below. The details of the 438 

measurements and calculations are presented in Appendix B. The physical capacitances of the 439 

elements of the system are 𝐶%& = 26  pF, 𝐶$'(,G = 9.5  pF, pF, 𝐶$'(,F = 10.5  pF, 𝐶$'(,N =440 

12.5	pF, and 𝐶$'(,O = 10 pF. These values are significantly higher than the capacitances of the 441 

objects based on their physical dimensions alone. There are several reasons for this. The model 442 

spacecraft is installed into a vacuum chamber with grounded walls. Further, the electronic boards 443 

mounted within the hollow spherical model SC are referenced to ground, which increases the 444 

capacitances of the SC, but also those of the antennas. In other words, for the case of the laboratory 445 

model SC, the parasitic capacitances 𝐶=#  from the cabling and preamplifier (see Sec. 2.2) 446 

contribute to the antennas’ capacitances with respect to ground, rather than to the mutual 447 

capacitance towards the SC.  448 

The capacitance matrix can also be calculated using standard numerical electrostatic solvers. 449 

The simulated matrix for the model SC is the following: 450 
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 451 

	[𝒃].*A =

⎣
⎢
⎢
⎢
⎡
+11.800
−1.2100

−1.2100 −1.2100
+3.1300 −0.0728

−1.2100 −1.2100
−0.0267 −0.0728

−1.2100
−1.2100

−0.0728 +3.1300
−0.0267 −0.0728

−0.0728 −0.0267
+3.1300 −0.0728

−1.2100 −0.0728 −0.0267 −0.0728 +3.1300⎦
⎥
⎥
⎥
⎤
	pF.   (12) 452 

 453 

The elements of [𝒃].*A are considerably different from those of [𝒃] from Eq. (11). This is because 454 

the simulation result can only include the geometry of the system. For example, the simulated 455 

physical capacitance of the first antenna is only 𝐶$'(,G = ∑ 𝑏G,MO
MJE ≅ 1.75  pF, which is 456 

significantly lower than the ~10 pF capacitance as determined from the actual measurements. The 457 

difference is due to the contribution from cabling, electronics, etc. Similarly, the geometric 458 

contribution to the mutual capacitance between the SC and the antenna is only 𝐶> = 1.21 pF. The 459 

results in Eq. (12) also demonstrate that the mutual capacitance between two adjacent antennas 460 

(~0.073 pF) is much smaller than that of the SC-to-antenna mutual capacitance and thus can be 461 

neglected for the model SC system, where the antennas are placed far from one another. On the 462 

other hand, the antennas on the Cassini or STEREO missions are mounted on the base and thus 463 

their mutual capacitance will likely be significant [Gurnett et al., 2004; Bale et al., 2008]. 464 

 465 

3.3 Constructing the Capacitance Matrix for a Spacecraft 466 

This article aims to provide the framework for the improved analysis of the dust impact signals 467 

measured by antenna instruments on space missions. This section provides the recommendation 468 

on how to estimate the capacitance matrix for any spacecraft with adequate accuracy. The first step 469 

is importing a reasonably detailed Computer-Aided Design (CAD) model of the SC with the 470 

antennas into the software tool and calculate the simulated capacitance matrix. This matrix can be 471 

deconstructed following the definitions provided in Eq. (11) in order to determine the values of 472 

𝐶%& , the capacitances for each of the antennas, and the mutual capacitances between the elements. 473 

Alternatively, the antenna capacitances published by the instrument team may also be used. The 474 

mutual capacitances between the antennas may or may not be negligible, depending on their 475 

dimensions and arrangement. At this point, the mutual capacitance values include only the 476 

contributions from the geometry of the system (𝐶>). The contribution from the base capacitance 477 

(𝐶<) and the combined effect of cables and preamp input capacitance (𝐶=#) are typically provided 478 
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by the instrument team. The combined value is called the stray capacitance, 𝐶.42BP = 𝐶< + 𝐶=# 479 

[e.g., Bale et al., 2008]. The mutual capacitance between the antennas and the SC is then given as 480 

𝐶; = 𝐶> + 𝐶.42BP. The stray capacitance may already include the effect of 𝐶> , and in this case, it 481 

is simple 𝐶; = 𝐶.42BP. The capacitance matrix defined by Eq. (11) can from here be reconstructed 482 

from the determined values.  483 

 484 

3.4 Induced Charging for the Model SC 485 

Numerical solvers can provide the induced potential from a test point charge as described in 486 

Sec. 2.3. This section presents the calculated induced potentials for the three geometries 487 

investigated in the laboratory experiments, namely with the dust impact occurring in between 488 

antennas #1 and #2 at 10°, 30°, and 45° measured from antenna #1 (see Fig. 3). Figure 4 shows 489 

the induced potentials on the elements for these three configurations. The point test charge has the 490 

value of 𝑄4-.4 = 100 pC and is moving on a radial trajectory, starting 0.3 mm from the surface of 491 

the SC. This setup is similar to that shown in Fig. 2 for a simplified case, and the relevant 492 

capacitance matrix is [𝒃].*A  from Eq. (12). The corresponding simulated elastance matrix is 493 

[𝒂𝒔𝒊𝒎] = [𝒃𝒔𝒊𝒎]7G.  494 

When the test charge is closest to the SC body, the induced charge on the antennas is 495 

negligible, and the SC potential is 𝛿𝑉%& = 𝑎E,E.*A	𝑄4-.4 = 10.18 V, following Eq. (6). The meaning 496 

of the first element of the elastance matrix is the inverse of the effective capacitance of the SC. For 497 

the same conditions, the potentials on all of the antennas are the same. For example, on antenna 498 

#1 the potential is 𝛿𝑉$'(,G = 𝑎G,E.*A	𝑄4-.4 = 4.17 V, and this relation defined the physical meaning 499 

of the corresponding element of [𝒂𝒔𝒊𝒎]. The mutual capacitive coupling from the SC to the antenna 500 

is significant and will affect the measured voltage (𝛿𝑉A-B. = 𝛿𝑉$'(,G − 𝛿𝑉%&). 501 

The SC potential for all three cases decreases monotonically as the test charge is moving 502 

radially outward. For the 10° case, the induced potential on antenna #1 is increasing sharply due 503 

to the test charging getting in the close vicinity of this element. At its maximum of about 𝛿𝑉$'(,G =504 

12.5 V, the induced charge on this antenna is about 37% of 𝑄4-.4, as it can be calculated from the 505 

0.37	𝑎G,G.*A	𝑄4-.4 ≅ 12.5 V relation. Antenna #1 has a pronounced, albeit lower maximum potential 506 
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value for the 30° case as well. The values of the relevant coefficients from the elastance matrix 507 

are: 𝑎E,E.*A = 1.018 × 10GGF7G, 𝑎G,E.*A = 0.4166 × 10GGF7G, and 𝑎G,G.*A = 3.369 × 10GGF7G. 508 

The potential profiles on the antennas on the far side of the SC (#3 and #4) mostly follow that 509 

of the mutual coupling from the SC, with only a small contribution from direct induced charging 510 

from the point charge. The dipole signal between these antennas (𝛿𝑉,*T9T:- = 𝛿𝑉$'(,N − 𝛿𝑉$'(,O) 511 

is small, albeit zero only for the symmetric 45°case. Were antennas #1 and #2 connected as a 512 

dipole, the measured signal (𝛿𝑉$'(,G − 𝛿𝑉$'(,F) would be significant and a strong function of the 513 

impact location and the expansion of the plasma plumes with respect to the antenna geometry.  514 

 515 

 
Fig. 4: Induced potentials on the SC and the four antennas from a test charge moving on a radial trajectory 

for three different configurations relative to antenna #1 (10°, 30°, and 45°). The potentials are calculated 

numerically for a 𝑄!"#! = 100 pF test charge and the geometry of the model SC used in the experiments. 

See text for details. 

 516 

4 Data Analysis 517 

This article presents a set of the collected data with a goal to demonstrate the validity of the 518 

proposed electrostatic model. The main reason for this limitation is the incomplete understanding 519 

of the properties of the expanding impact plasma cloud. The model assumes that the expanding 520 

electrons have an isotropic velocity distribution; however, it is not obvious what the shape of the 521 

expanding plume of ions is. Section 3.4 above demonstrates that the voltages induced on the 522 

antennas are rather sensitive to how close the escaping charges get to the antennas. In other words, 523 

an ion plume in a shape of a narrow pencil beam would generate different induced voltages than 524 

an ion plume with a wider, conical shape, for example. In order to avoid the confusion between 525 
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competing mechanisms and geometrical effects, a subset of the measurements was collected with 526 

antenna #2 connected to ground potential (𝑉$'(,F = 0). This means that the corresponding channel 527 

measures directly the inverted potential of the SC, i.e., 𝛿𝑉A-B. = 0 − 𝛿𝑉%& . Accounting for the 528 

duration and shape of the ion plume goes beyond the current capabilities of the signal fitting routine 529 

described below. Instead, we follow the simplification from Shen et al. [2021], and the escaping 530 

electrons and cations are modeled as point charges moving radially away with their respective 531 

escape velocities. The detailed analysis of the data is left as a task for the future. 532 

 533 

4.1 Fitting Routine 534 

The numerical and simplified version of Eq. (10) is used to fit the laboratory measurements 535 

to validate the electrostatic model and calculate some of the fundamental parameters of the 536 

escaping plasma plume. Since antenna #2 is grounded, there are only four active elements in the 537 

experimental system. The capacitance matrix with (4 × 4) elements is constructed following the 538 

description provided in Sec. 3.2, i.e., 539 

 540 

[𝒃𝒆𝒙𝒑] ≅ y

52 −6.5 −6.5 −6.5
−6.5 16 0 0
−6.5 0 19 0
−6.5 0 0 16.5

z 	pF,            (13) 541 

 542 

and the elastance matrix is calculated as [𝒂𝒆𝒙𝒑] = [𝒃𝒆𝒙𝒑]7G . The geometric functions were 543 

calculated for radial trajectories for impact locations 10°, 30°, and 45° offset from antenna #1 (see 544 

Fig. 4). The form of Eq. (10) for numerical calculations is: 545 

 546 

⎣
⎢
⎢
⎡
𝛿𝑉!"(𝑖)
𝛿𝑉#$%,9(𝑖)
𝛿𝑉#$%,:(𝑖)
𝛿𝑉#$%,;(𝑖)⎦

⎥
⎥
⎤
= [𝒂𝒆𝒙𝒑]

⎣
⎢
⎢
⎢
⎢
⎢
⎢
⎡ 𝛿𝑄!",)*+ + F𝑄,-),,𝑔!"(𝑟,GG⃗ (𝑖)) + 𝑄,-),0𝑔!"(𝑟?GG⃗ (𝑖))I − ∑

2.&'(@)
7()*+,&'

∆𝑡069
@8(

𝛿𝑄#$%,9,)*+ + F𝜁,𝑄,-),,𝑔#$%,9(𝑟,GG⃗ (𝑖)) + 𝜁0𝑄,-),0𝑔#$%,9(𝑟?GG⃗ (𝑖))I − ∑
2.!"#,,(@)
7()*+,!

∆𝑡069
@8(

𝛿𝑄#$%,:,)*+ + F𝑄,-),,𝑔#$%,:(𝑟,GG⃗ (𝑖)) + 𝑄,-),0𝑔#$%,:(𝑟?GG⃗ (𝑖))I − ∑
2.!"#,-(@)
7()*+,!

∆𝑡069
@8(

𝛿𝑄#$%,;,)*+ + F𝑄,-),,𝑔#$%,;(𝑟,GG⃗ (𝑖)) + 𝑄,-),0𝑔#$%,;(𝑟?GG⃗ (𝑖))I − ∑
2.!"#,.(@)
7()*+,!

∆𝑡069
@8( ⎦

⎥
⎥
⎥
⎥
⎥
⎥
⎤

. 547 

(14) 548 

 549 
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The numerical calculations are performed over discrete time steps ∆𝑡, and index (𝑖) represents 550 

time 𝑡(𝑖) = 𝑖 × ∆𝑡, where 𝑡 = 0 marks to the instance of the impact. The dust impact plasma at 551 

this point is approximately the size of the impacting particle with net zero charge, and thus the 552 

initial conditions are:  553 

 554 

⎣
⎢
⎢
⎡
𝛿𝑉!"(0)
𝛿𝑉#$%,9(0)
𝛿𝑉#$%,:(0)
𝛿𝑉#$%,;(0)⎦

⎥
⎥
⎤
= M

0
0
0
0

N𝑉           (15) 555 

 556 

The term on the right-hand side of Eq. (14) represents the time evolution of the charge balance 557 

on each of the elements, including both the collected and induced charges. The first term in the 558 

vector is the collected charge given by Eq. (2) or (3) and is a constant. The second term is the sum 559 

of the induced charges from the escaping electrons and ions. These charges are weighted by the 560 

geometric function, where position vectors of the assumed point charges evolve over time. The 561 

position vectors are 𝑟-||⃗ (𝑖) = 𝑟*AT + 𝑟̂	𝑣- 	𝑖∆𝑡  for the escaping electrons, and 𝑟X||⃗ (𝑖) = 𝑟*AT +562 

𝑟̂	𝑣* 	𝑖∆𝑡 for the escaping ions. Here 𝑟*AT is the location of the impact, 𝑟̂ is the radial unit vector at 563 

the location of the impact, and 𝑣- and 𝑣* are the electron and ion escape speeds, respectively. Two 564 

new parameters, 𝜁- and 𝜁*, are introduced for the induced charge term for antenna #1, which is the 565 

closest to the dust impact locations. These function as free fitting parameters that allow accounting 566 

for the deviations of the shape of expanding plasma plume from a point charge moving radially 567 

outward with a constant speed. 568 

The last term is the integral (or summation in the numerical form) of the discharge current. 569 

This term is somewhat different from that presented in Eq. (10) as each element in the model SC 570 

can only discharge through its individual bias resistor, which is referenced to ground. This 571 

discharge current will drive the voltage perturbations on each of the elements to zero for 𝑡 → ∞. 572 

Equation (14) can be easily modified to be applicable for SC operating in the space environment. 573 

This requires implementing the discharge current from the ambient plasma (Sec. 2.4) and 574 

modifying the last term following Eq. (10).  575 

Solving Eq. (14) provides the time evolution of the physical voltages on each of the elements. 576 

This equation, however, does not include the effects of the electronics, namely its gain and limited 577 

bandwidth. The actual waveforms measured by the antenna instrument can be calculated by 578 
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convolving the physical voltages by the impulse response of the electronics. Figure 5 shows the 579 

impulse response of the electronics used in the model SC that was calculated using industry 580 

standard SPICE (Simulation Program with Integrated Circuit Emphasis) software from the 581 

schematics of the electronics and the parts used.  582 

 583 

 
Fig. 5: Impulse response of the electronics used in the model SC used for the laboratory measurements. 

 584 

4.2 Impacts at 45° 585 

Figure 6 shows a typical set of antenna signals measured for an impact location in between 586 

antennas #1 and #2, i.e., at 45° off from antenna #1 (Fig. 3). The bias voltage on all elements is set 587 

to 0V. The two measured signals shown are 𝛿𝑉A9+9,G = 𝛿𝑉$'(,G − 𝛿𝑉%& , and 𝛿𝑉A9+9,F = −𝛿𝑉%& , 588 

since 𝛿𝑉$'(,F = 0. The first thing to notice is that the two signals are significantly different, with 589 

the maximum on 𝛿𝑉A9+9,G occurring earlier in time. This indicates that induced charging from the 590 

escaping electrons contributes significantly to the waveforms measured by antenna #1. Once the 591 

escaping electrons and ions expanded beyond the length of the antenna, signal 𝛿𝑉A9+9,G relaxes 592 

back to sensing only the charge that has been collected on the SC. This means  𝛿𝑉A9+9,G ≅ (𝑎G,E
-;T −593 

𝑎E,E
-;T)(𝛿𝑄*,/9: − 𝛿𝑄-,/9:), where the last term is the net collected charge. The values of the relevant 594 

elastance matrix are 𝑎E,E
-;T = 2.24 × 10GEF7G  and 𝑎G,E

-;T = 0.91 × 10GEF7G , which provide the 595 

estimate for the ratio of  𝛿𝑉A9+9,G 𝛿𝑉A9+9,F⁄ = �𝑎E,E
-;T − 𝑎G,E

-;T� 𝑎E,E
-;T� ≅ 0.6. The measured ratio is 596 
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somewhat larger for the particular example shown; nevertheless, the model explains why the signal 597 

measured by antenna #1 drops below the  𝛿𝑉A9+9,F  signal at around 𝑡 = 30 µs. It will be show 598 

below that this is roughly the time for the cations to expand beyond the length of the antennas. The 599 

feature of signal 𝛿𝑉A9+9,G  crossing and dropping below signal 𝛿𝑉A9+9,F  is typical for all 600 

measurements taken in this configuration.  601 

The start of the waveforms is similar to those observed by Nouzák et al. [2018] or Shen et al. 602 

[2021]. Briefly, the sharp negative drop is known as the preshoot, and is due to the fast-escaping 603 

electrons that leave a net positive charge near the SC, which temporarily drives the SC potential 604 

to 𝛿𝑉%& > 0. After reaching a minimum, the waveform signals increase due to the escape of the 605 

slower cations. The rate of the increase, however, is different for the two signals. This is because 606 

antenna #1 also senses the induced charges from the cloud of escaping cations, as indicated in Fig. 607 

4. This effect also drives 𝛿𝑉A9+9,G to be more positive than 𝛿𝑉A9+9,F for the duration of the cation 608 

expansion over the length of the antennas. Once the escape of the electrons and cations is complete, 609 

the SC is left with a net negative charge. This is due to the difference in the properties of electron 610 

and cation clouds emerging from the impact plasma. While the cations are expanding in the form 611 

of a plume that moves away from the impact location, the electrons have an isotropic distribution. 612 

The latter results in the recollection of about half of the electrons by the SC for the investigated 613 

case of no bias potential applied on the elements. The charge collected on the SC discharges 614 

through the bias resistor with a characteristic time constant, as described in Sec. 3.1.  615 

The model described above allows for fitting the waveforms and determining some of the key 616 

parameters of the impact plasma. For the data shown in Fig. 6, these parameters are 𝑄!"# =617 

1.13 × 107GN C, 𝜅 = 0.44, and 𝑣* = 12.0 km/s. The latter two values are in good agreement with 618 

prior measurements, and electron expansion speed is set to 𝑣- ≅ 10N km/s [Shen et al., 2021]. The 619 

values of the two new parameters introduced in Eq. (14) are 𝜁- = 2.50 and 𝜁* = 1.24. It would not 620 

be possible to properly match the negative and positive amplitudes of the 𝛿𝑉A9+9,G waveform 621 

without these auxiliary parameters. The current numerical model allows treating the escaping 622 

electrons and cations as point charges only and are moving radially outward with constant 623 

velocities. This physical picture, however, is oversimplified. The electrons escaping from the 624 

plasma cloud have an isotropic distribution, and thus some fraction of the electrons will get in the 625 

close vicinity of the antenna. This results in a stronger induced charging signal than the model with 626 

the current geometric functions can reproduce. Similarly, parameter 𝜁* > 1  indicates that the 627 
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cations also get closer to the antenna than they would from moving on a radial line. In other words, 628 

the fitting results indicate that the cations are expanding in form of a divergent plume rather than 629 

as a narrow pencil beam. The more detailed analysis of the data will require (1) having a solution 630 

for the geometric function fall all locations in the vicinity of the SC, and (2) employing realistic 631 

models for the expansion of the electrons and ions that would also allow calculating their charge 632 

densities as a function of time and location as presented in Eq. (10).  633 

 
Fig. 6: Typical waveforms measured in the laboratory for an impact location at 45° from antenna #1. 
The properties of the impacting dust particle are provided in the top panel. The bottom panel provides 
the details in the early phases of the impact plasma expansion. See text for more details. 

 634 

4.3 Impacts at 10° 635 

Figure 7 shows a set of typical waveforms for a dust impact location 10° offset from antenna 636 

#1. Many features are similar to the 45° case treated above. The obvious difference is the much 637 

more pronounced contribution from the induced charge signal on antenna #1, which is closest to 638 
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the impact location, and so do the expanding plasma cloud. In addition, the model does not provide 639 

as good of an agreement with the data as in the 45° impact location. The impact location is in the 640 

close proximity of the antenna base (separated by about 1 – 1.5 cm), and the diverging cation 641 

plume results in relatively large differences between the measurements and the simplified 642 

expansion model. Cations in a conical expansion plume would get close to the antenna faster than 643 

in the case of a radial pencil beam that is moving close to parallel to the antenna. As a result, there 644 

is an ambiguity in determining the ion expansion speed from the fit. The ‘best’ fit to the data in 645 

Fig. 7 was guided by approximately matching the intersect point between the 𝛿𝑉A9+9,G  and 646 

𝛿𝑉A9+9,F signals at around 𝑡 = 30 µs.  647 

 
Fig. 7: Typical waveforms measured in the laboratory for an impact location at 10° from antenna #1. 
The properties of the impacting dust particle are provided in the top panel. The bottom panel provides 
the details in the early phases of the impact plasma expansion. See text for more details. 

 648 

The fitting parameters determined from the model are 𝑄!"# = 9.5 × 107GO𝐶 , 𝑣* = 10.6 649 

km/s, and 𝜅 = 0.43, with the latter two in good agreement with the results for the 45° impact 650 
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location. Both zeta parameters are to unity,  𝜁- = 0.94 and 𝜁* = 0.95, meaning that the amplitudes 651 

of the waveforms are reproduced accurately by the model. Generally, the model provides a good 652 

match for the entire 𝛿𝑉A9+9,F waveform and the beginning and the end of the 𝛿𝑉A9+9,G waveform. 653 

 654 

5 Summary and Conclusions 655 

The article presents the general electrostatic model for understanding the generation of the 656 

transient voltage perturbations detected by antenna instruments. The matrix form provides a 657 

convenient way to track the interaction between the elements and calculate the voltage differences 658 

in between. In addition, the elastance matrix offers a straightforward course of calculating the 659 

effective capacitances of the elements needed to convert the measured voltages to charge 660 

appropriately, or vice versa. Overall, the presented model will improve data analysis fidelity and 661 

calculate the impact charge from the dust particle, which in turn allows determining its mass. This 662 

is, of course, under the assumption that we know the impact speed, SC potential, and the effective 663 

temperatures of the electrons and cations of the impact plasma. 664 

It is remarkable how well the model reproduces the measured waveforms, using only a small 665 

set of fitting parameters. This fact confirms the suggestions of prior studies that there are two 666 

primary signal generation mechanisms: one due to the recollected charge from the impact plasma 667 

and the second from the induced charge from the escaping fraction of the impact plasma. One of 668 

the fundamentals of the model is the recognition that the collected and induced charges can be 669 

treated similarly. If desired, the model can be easily augmented to include the charge collection by 670 

the antennas for even higher fidelity. This may be significant for dust impacts occurring in the 671 

close vicinity of an antenna base. 672 

Shen et al. [2021] presented a simplified model applicable to the simplified case, where the 673 

antenna is far from the impact location. The full model presented in this article employs the 674 

geometric functions to account for the generation of induced charge signals on the antennas.  The 675 

measurements have shown that the induced charge is significant even for impacts relatively far 676 

from the antenna base. This has several important consequences: (1) The model can be used to 677 

analyze the wide variety of expected waveforms from the dust impact signals as a function of 678 

impact location (and other parameters, e.g., those of the ambient plasma). Such analysis would be 679 

useful for recognizing valid dust impact events. (2) There is a promising outlook that the detailed 680 
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analysis of the waveforms detected by multiple antennas can be used to constrain the impact 681 

location on the SC body, which in turn could provide useful information on the orbital elements 682 

of the impacting particle. The induced charge signal from a plasma plume is unique for each 683 

antenna and impact location. The small variations between antenna waveforms could thus reveal 684 

the origin of dust particles. (3) The previous point can be turned around, and antenna waveforms 685 

for a known dust impact location can be used to characterize the properties of dust impact plasma 686 

plumes. Our understanding of dust impact plasmas is surprisingly limited, and antennas may 687 

provide an elegant way to learn about the expansion characteristics of the electrons and cations. 688 

This method would be applicable both for laboratory measurements and data collected by space 689 

missions. (4) It may be worth revisiting the efficiency of dust impact detection for antennas 690 

operating in dipole mode. The presented model could be employed to analyze the variety of impact 691 

waveforms expected in this mode, which are significantly different from those measured in the 692 

monopole mode. 693 

 694 

  695 
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Appendix A – Spacecraft with a Single Antenna 696 

This Appendix presents illustrative exercise calculations for the simple case of an SC with 697 

one antenna that demonstrates: (1) that the capacitance matrix is properly tracking the effective 698 

capacitance of the system, and (2) the physical meaning of the elastance matrix. The ‘𝛿’ is omitted 699 

in these equations for simplicity. The potential of elements of the simple SC – antenna system is 700 

written using the elastance matrix [𝒂]: 701 

 702 

� 𝑉%&𝑉$'(
� = �

𝑎EE 𝑎EG
𝑎GE 𝑎GG� �

𝑄%&,/9: 	
𝑄$'(,/9:

�.       (A.1) 703 

 704 

The charge can be calculated from the voltage using the inverse form,  705 

 706 

� 𝑄%&𝑄$'(
� = �𝑏EE 𝑏EG

𝑏GE 𝑏GG
� � 𝑉%& 	𝑉$'(

� = 	 �𝐶%& + 𝐶; −𝐶;
−𝐶; 𝐶$'( + 𝐶;

� � 𝑉%& 	𝑉$'(
� ,   (A.2) 707 

 708 

where [𝒃] = [𝒂]7G	 is the capacitance matrix. The right-hand side of the equation above 709 

demonstrates the physical meaning of the elements (see also Sec. 3.2 and Eq. (13)). The charges 710 

on the SC and the antenna can be expressed as: 711 

 712 

𝑄%& = (𝑏EE + 𝑏EG)𝑉%& + 𝑏EG(𝑉$'( − 𝑉%&)  713 

𝑄$'( = 𝑏GE(𝑉%& − 𝑉$'() + (𝑏GG + 𝑏GE)𝑉$'( ,      (A.3) 714 

 715 

where the potential differences between the SC and antenna are introduced. By substituting for 716 

the physical meaning of the matrix elements from Eq. (A.2) we obtain: 717 

 718 

𝑄%& = 𝐶%&𝑉%& + 𝐶;(𝑉%& − 𝑉$'()  719 

𝑄$'( = 𝐶;(𝑉$'( − 𝑉%&) + 𝐶$'(𝑉$'( ,       (A.4) 720 

 721 

This set of equations can be solved for the case where a charge is deposited only onto the SC, i.e., 722 

𝑄$'( = 0. Expressing 𝑉$'( = 𝑉%& 	𝐶; (𝐶; + 𝐶$'()⁄   from the second equation, and substituting 723 

to the first, we obtain 724 
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 725 

𝑄%& = 𝐶%&𝑉%& + 𝐶; c𝑉%& −
&(

&(1&)*%
𝑉%&d.       (A.5) 726 

 727 

And from here the effective capacitance is obtained as 728 

 729 
D!"
Y!"

= 𝐶-@@,%& = 𝐶%& +
&(&)*%
&(1&)*%

.        (A.6)  730 

 731 

The effective capacitance of the antenna can be calculated similarly.  732 

The last thing to demonstrate is the physical meaning of the diagonal terms of the elastance 733 

matrix. Following the rules of matrix transformation, we obtain from Eq. (A.2) 734 

 735 

[𝒂] = G
(&!"1&()(&)*%1&()7&(4

�𝐶$'( + 𝐶; 𝐶;
𝐶; 𝐶%& + 𝐶;

�.      (A.7) 736 

 737 

It can be shown easily from here that  𝑎EE7G = 𝐶-@@,%& , and 𝑎GG7G = 𝐶-@@,$'(. In other words, the 738 

diagonal elements conveniently provide effective capacitances for each element of the system. 739 

             740 

              741 

  742 
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Appendix B – Capacitance Measurements 743 

This appendix provides the details of how the elements of the Maxwell capacitance matrix 744 

presented in Eq. (11) were determined for the model SC. The measurements described below were 745 

performed with the model SC installed into the vacuum chamber, i.e., in the same conditions as 746 

dust impact measurements were made. The measurements were performed using a function 747 

generator and a 𝐶4-.4 = 10 pF test capacitor. The function generator was configured to output a 748 

square wave with a Δ𝑉 = 50 mV amplitude, and this signal was applied onto the SC or antenna 749 

elements through the test capacitor. The magnitude of the injected test charge was thus 𝑄4-.4 =750 

Δ𝑉𝐶4-.4 = 0.5  pC. The response of the model SC’s electronics to the test charge input was 751 

recorded using a fast-digitizing scope. The output signals then were fitting utilizing an industry 752 

standard SPICE (Simulation Program with Integrated Circuit Emphasis) software tool to calculate 753 

the net capacitance sensed on the input. Figure A1 illustrates one instance of the waveform 754 

generator output and the recorded signal in response to the injected test charge. 755 

The first set of measurements were performed following the definition of the diagonal 756 

elements of the Maxwell capacitance matrix. In these measurements, all but one element of the 757 

system was grounded in order the calculate the net capacitance. The list below provides the results 758 

of these measurements: 759 

SC:   𝐶4-.4 + 𝐶%& + 4𝐶; ≅ 62𝑝𝐹  760 

Antenna 1: 𝐶4-.4 + 𝐶$'(,G + 𝐶; ≅ 26.0𝑝𝐹  761 

Antenna 2: 𝐶4-.4 + 𝐶$'(,F + 𝐶; ≅ 27.0𝑝𝐹  762 

Antenna 3: 𝐶4-.4 + 𝐶$'(,N + 𝐶; ≅ 29.0𝑝𝐹  763 

Antenna 4: 𝐶4-.4 + 𝐶$'(,O + 𝐶; ≅ 26.5𝑝𝐹 . 764 

This set of equations already include the simplifying assumption that the mutual capacitances 765 

between the SC and the antennas are the same. Since there are six unknowns and only five 766 

equations, further measurements were necessary. Additional measurements were made, where the 767 

test charge was injected into one of the antennas while keeping the remaining three antennas 768 

grounded but allowing the SC to float. The output signals of these measurements were recorded 769 

as well. And as a final step, in a numerical procedure, the value of 𝐶; was varied between 4 – 8 pF 770 

with steps of 0.5 pF in order to find the solution that provided the best fit for all measurements. 771 

This exercise resulted in 𝐶; = 6.5  pF as the best value, which then provides the following 772 
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capacitances: 𝐶%& = 26	𝑝𝐹, 𝐶$'(,G = 9.5	𝑝𝐹, 𝐶$'(,F = 10.5	𝑝𝐹, 𝐶$'(,N = 12.5	𝑝𝐹, and 𝐶$'(,O =773 

10	𝑝𝐹.  774 

 775 

 
Fig. A1: The waveforms of the Function Generator output (bottom panel) and the recorded 

signal output from the model SC after injecting the test charge onto one of the antennas. See text 

for detail.   

 776 

  777 
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