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Abstract 20 

The Spacecraft Interaction Plasma Software package (SPIS), a three-dimension particle in cell 21 

(PIC) code, was used to model the Parker Solar Probe (PSP) spacecraft and FIELDS instrument 22 

and their interactions with the Solar wind.  Our SPIS modeling relied on material properties of 23 

new spacecraft materials that we had obtained in previous work.  The model was used to find the 24 

floating potentials of the spacecraft and FIELDS antennas at different distances from the Sun 25 

(from 1AU to 0.046AU).  We find the following results:  At greater distances from the Sun, the 26 

shadowed spacecraft charges negatively while the illuminated Thermal Protection System (TPS) 27 

charges positive due to the high resistance of the TPS Alumina shield at low temperatures.  As 28 

the spacecraft approaches the Sun, the temperature of the TPS increases, the resistance between 29 

it and the spacecraft drops, and its photoemission increases, driving the spacecraft more positive.  30 

At the same time, an electrostatic barrier forms near the illuminated surface of the TPS and 31 

reflects the photoelectrons back leading to negative charging of some surfaces.  The FIELDS 32 

antennas and shield also see this barrier forming but on a smaller scale.  The FIELDS antennas 33 

charge positively at all distances modeled when no current bias is applied.  Current biasing of the 34 

antennas affects their floating potential.   35 

 36 

 37 

 38 

 39 
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 47 

Plain Language Summary 48 

Measuring the electric field in a space plasma is important for understanding how plasma flows 49 

are driven, charge particles are accelerated and heated, and electromagnetic waves propagate.  50 

Measuring the voltage difference between two spatially separated electrodes immersed in a space 51 

plasma is one way to estimate the electric field that is present in the plasma.  Interpretation of 52 

these voltage differences is complicated by the fact that the electrodes often float at a significant 53 

voltage relative to the nearby plasma so as to achieve current balance between the electrode and 54 

the charged particle environment around it.  Different surfaces will float to different potentials 55 

depending upon their surface materials, their location relative to other surfaces, their orientation 56 

with respect to the incident Sun’s light and solar wind flows, and numerical modeling is required 57 

to predict how all these factors influence what is observed.   58 

  59 
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1 Introduction 60 

Langmuir Probes have been used extensively in space missions to measure the density 61 

and plasma potential variations of the environment with respect to the probes [Mott-Smith et al. 62 

'26, Garrett '81, Whipple '81, Gurnett et al. '95, Gustafsson et al. '97, Gurnett et al. '04, Vaivads 63 

et al. '07, Bonnell et al. '08, Wygant et al. '13, Andersson et al. '15, Bale et al. '16, Torbert et al. 64 

'16].  To interpret Langmuir prove measurements, it is important to be able to measure and 65 

predict the plasma effects on the instrument and spacecraft charging environment [Feuerbacher 66 

et al. '72, Grard '73, Whipple '81, Mullen et al. '86].  Knowledge of the photoemission (photon 67 

induced electron emission from a surface), secondary electron emission (electron or ion induced 68 

electron emission from surface), backscattered electrons, and thermionic emission (electrons 69 

leaving the surface due to high surface temperatures) are crucial to understand the charging 70 

behavior of the probes.   71 

The NASA Parker Solar Probe (PSP) is a mission to study the Sun. The instruments 72 

onboard PSP include the FIELDS instrument which measures the magnetic fluctuations and 73 

electric fields, plasma wave spectra and polarization properties, the spacecraft floating potential 74 

and solar radio emissions[Bale et al. '16].  PSP is currently operating at distances between 1AU 75 

and 0.16 AU away from the Sun, but its closest approach will be 0.046 AU.  Due to this large 76 

range of heliocentric distances experienced by PSP, the environments and surface charging 77 

physics interactions also vary greatly.  At the closest approach to the Sun, the FIELDS antennas 78 

are exposed to over 500 times the radiant photon flux present at 1 AU, driving proportionally 79 

greater magnitudes of photoelectron emission.  These high fluxes drive the temperatures of 80 

illuminated surfaces to new extremes as well.  For example, at closes approach, the FIELDS 81 

electric antenna system is required to operate at temperatures above 1570 K (4 times greater than 82 

that at 1AU). The FIELDS instrument alos must operated over a wider range of ambient plasma 83 

conditions, covering solar wind (SW) plasma densities ranging from 7 cm
-3

 to 4000 cm
-3

, and 84 

electron and ion temperatures stretching from 8eV to 90 eV.  At the closest approach, the SW 85 

density is about 580 times greater than that at 1AU (60 times greater than ever encountered by a 86 

spacecraft in the SW).  This is a new operating (and survival) regime for this sort of instrument 87 

and presents several design and operational challenges. This paper studies the FIELDS antennas, 88 

the PSP thermal shields, and their interaction with each other and the environment.   It also looks 89 
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at a closer distance to the Sun of 9.5Rs, but the current mission’s closest approach will be at 90 

9.8Rs.   91 

 Figure 1 shows a rendering of the PSP spacecraft and elements of the FIELDS 92 

instrument.  Previous PSP spacecraft surface charging models involved the PSP spacecraft, 93 

including the Thermal Protection System (TPS), the spacecraft radiators, and the bus. However, 94 

they did not include the FIELDS antennas [Donegan et al. '10, Ergun et al. '10, Guillemant et al. 95 

'12, Donegan et al. '14] because the necessary information to model the antennas, such as probe 96 

surface properties were not available, and the final geometry of these thin (0.0031m diameter) 97 

2m long probes were unknown at the time of their publishing.   98 

 99 

Figure 1 – CAD rendering of PSP with FIELDS Antennae deployed. 100 

Throughout the entire mission, PSP slowly decreases its perihelion, getting closer to the 101 

Sun with each Venus encounter [Fox et al. '16].  The maximum illuminated surface temperatures 102 

rise with each pass, annealing and “baking out” those surfaces, leading to subtle changes in the 103 
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spacecraft and antenna charging behavior.  In addition, the solar photon flux changes as ~1/R
2
 104 

over each orbit, where R is the distance from the Sun [Ergun et al. '10], leading to significant 105 

changes in photoemission between aphelion and perihelion, and over the course of the mission.   106 

 In order to survive and operate at the high temperatures expected at perihelion, the PSP 107 

FIELDS antennas utilize for the first time a refractory Niobium alloy, Nb-C103. A testing 108 

campaign  [Diaz-Aguado et al. '19, Diaz-Aguado et al. '20] quantitatively characterized the 109 

physical process involved and determined the charging properties of this new material, along 110 

with other refractory materials that were used on other parts of the FIELDS antennas. This test 111 

campaign obtained the material properties for photoemission, secondary electron (SE) emission 112 

and backscattered SE emission, properties needed to correctly model spacecraft and antenna 113 

charging.  114 

 A self-consistent modeling of plasma interactions with the spacecraft, taking into 115 

consideration the actual spacecraft configuration, is needed in order to predict the FIELDS 116 

antenna charging correctly. Many spacecraft-plasma interaction software models exist, 117 

including: EMSES, iPic3D, LASP, PTetra, Multiutility Spacecraft Charging Analysis Tool 118 

(MUSCAT), NASA Charging Analyzer Program (NASCAP)[Mandell et al. '05] and Spacecraft 119 

Plasma Interaction Software package SPIS [Roussel et al. '08, Marchand et al. '14]. This study 120 

utilized SPIS because it’s an open source design allows for ready inclusion of the novel material 121 

properties and surface geometries of the PSP FIELDS antennas and spacecraft.   122 

The main purpose of this paper is to evaluate the charging environment of the PSP 123 

FIELDS antennas and quantify its effect on measurements of the SW plasma structure and 124 

dynamics by presenting the results of the SPIS model at close encounters and by comparing the 125 

model results with 1AU.  First the spacecraft charging theory is described, including 126 

photoemission, SE emission, BSE emission, and thermionic emission.  Electron and ion current 127 

theories are also included.  Second, an overview of SPIS is provided, followed by environments 128 

explored and materials used specific to FIELDS and PSP.  Finally, the model results are 129 

discussed.   130 

2 Spacecraft Charging Overview 131 

In steady state the spacecraft’s antenna floating potential is determined by the balance of 132 

various charging currents to and from the spacecraft or probe. The floating potential of a 133 
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spacecraft or probe relative to the ambient plasma is determined by the current balance 134 

condition, that is the net current to any exposed surface must sum to zero.  [Whipple '65, Grard 135 

'73, Garrett '81, Whipple '81, Mullen et al. '86, Hastings et al. '96].  For PSP these currents are 136 

determined by the SW plasma environment, solar photon flux, spacecraft orientation and 137 

material properties, which depend on the floating potential.  PSP is designed to be electrically 138 

conductive between all surfaces during perihelia to obtain similar potentials throughout the 139 

spacecraft, except for specific instrumentation, including the FIELDS antennas and shields that 140 

remain isolated to make electric field measurements possible.   141 

The current balance condition for PSP and FIELDS is 142 

𝐼(Φ) = 𝐼𝑝ℎ(Φ) + 𝐼𝐼(Φ) + 𝐼𝑠𝑒(Φ) + 𝐼𝑏𝑠𝑒(Φ) + 𝐼𝑒(Φ) + 𝐼𝑡ℎ𝑒𝑟𝑚(Φ) + 𝐼𝑜𝑡ℎ𝑒𝑟 = 0 (1) 143 

where  Iph  is the photoelectron current from photoelectron emission, II  and Ie  are the ion current 144 

and electron current from the plasma environment, respectively,  Ise secondary electron current, 145 

and Ibse  backscattered secondary electron current resulting from the electrons leaving a surface 146 

due to the plasma interaction with surfaces, Itherrm  thermionic electron current from electrons 147 

emitted from a hot body, and Iother could be other currents such as sensor bias currents. Each of 148 

the currents varies with the spacecraft or probe potential (Φ) relative to the plasma potential, also 149 

known as the floating potential of each surface.    150 

 It is important to note that PSP is in a mesothermal plasma environment with plasma ion 151 

thermal velocities lower than the SW (~300km/s) and spacecraft speeds (up to 197 km/s), and 152 

plasma electron thermal velocities that remain greater than the spacecraft and solar wind 153 

velocities.  A spacecraft in a mesothermal plasma forms a wake behind it [Wang et al. '92, Ergun 154 

et al. '10, Wang et al. '18].   155 

Photoemission, emitted electrons that escape from a surface where an energetic photon 156 

has impacted, is material, solar flux and angle of incidence dependent [Feuerbacher et al. '72, 157 

Garrett '81, Whipple '81, Hastings et al. '96].  As will be shown below, because of the increase 158 

of photon flux to the surface at all wavelengths due to 1/R
2
 increase from aphelion to perihelion, 159 

and the expected densities and temperatures of the ambient plasma, the photocurrent is the 160 

highest current that illuminates surfaces of PSP experience.   161 

The dependence of photocurrent on floating potential depends on the relative dimensions 162 

of the emitting surface (SC or antenna) and the Debye lengths of the surrounding plasma.  In 163 

what follows, we assume that the Debye lengths are large compared to the relevant dimensions 164 
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of the SC and the antennas, and we’ll show that that’s the case for the PSP electron 165 

environments.  If the Debye lengths are smaller than the dimensions of the SC and antennas, as 166 

we will show for the photoelectrons and SE, the currents and floating potentials can be 167 

approximated by assuming the shape to be a flat surface.  The following equation is used to find 168 

the photocurrent if the Debye length is greater than the spacecraft dimensions (thick sheath 169 

approximations) [Grard '73]: 170 

𝐼𝑝ℎ = 𝐴𝑠𝐽𝑝ℎ0𝐺𝑝ℎ(𝑎, 𝑟, 𝜂𝑝ℎ) for Φ> 0        (2) 171 

and  172 

𝐼𝑝ℎ = 𝐴𝑠𝐽𝑝ℎ0 for Φ ≤ 0         (3) 173 

where Jph0 is the saturated photoelectron current density, As is the effective illuminated area and 174 

the factor Gph is dependent on the shape of the probe [Mott-Smith et al. '26], as seen in Figure 2, 175 

and is defined for general species j as: 176 

𝐺𝑗(𝜂𝑗) = {

1 + 𝜂𝑗                                        𝑆𝑝ℎ𝑒𝑟𝑒
2

√𝜋
√𝜂𝑗 + 𝑒𝜂𝑗 erf(√𝜂𝑗)   𝐶𝑦𝑙𝑖𝑛𝑑𝑒𝑟

1                                   𝐹𝑙𝑎𝑡 𝑆𝑢𝑟𝑓𝑎𝑐𝑒

}      (4)  177 

The scaled ηj shown in the following equation: 178 

𝜂𝑗 =
𝑞𝑗Φ

𝑘𝑏𝑇𝑗
           (5) 179 

where,  qj is the species charge, kb is the Boltzmann constant and Tj is the species temperature.  180 

The cylindrical equation is used for actual flight antenna model verification.  The cylinder in 181 

SPIS is considered as a thin wire, where the length L (~2m) is much greater than the radius R 182 

(1.6 mm) and end effect corrections are neglected.   183 

 184 

 Figure 2 Thick sheath or orbit limited current voltage behavior  185 
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Past measured Jph0 have ranged from 20 to 60 μA/m
2
 at 1 AU, which is often several 186 

times the flux observed in ground experiments [Ergun et al. '10].  The FIELDS antennas and 187 

shields, composed of Nb-C103, have a tested range of Jph0 between 139 to 49 μA/m
2
 [Diaz-188 

Aguado et al. '19] depending on the material state (annealed versus unannealed) and solar cycle 189 

and activity [Sternovsky et al. '08, Diaz-Aguado et al. '19].  Current flight estimated Nb-C103 190 

Jph0 is closer to 240 μA/m
2
.  191 

As shown below, the photocurrent is the highest current on PSP, though followed by SE 192 

currents, at one order of magnitude smaller for FIELDS and two orders of magnitude smaller for 193 

the spacecraft, reducing the influence of the material properties of SE.  SE are defined as emitted 194 

electrons due to kinetic impacts with primary incident electrons or ions. For the FIELDS 195 

antennas, the ambient electron temperature of the SW is increasing from a few eV to tens of eV, 196 

in the range where the SE yield becomes greater than one, causing the departing current of SE to 197 

be greater than the arriving environment electron current.    Secondary electron (ion induced) 198 

yield results in similar induced currents as the ion current due to high impact efficiencies, Isei ~ Ii 199 

[Ergun et al. '10]. 200 

SE can be approximated by an isotropic Maxwellian distribution, with a characteristic 201 

energy of Tse~2eV [Hachenberg et al. '59, Lai '12, Lai '13].  Estimates of the SE yield due to 202 

electrons have been difficult to predict theoretically, but by knowing that the yield is strictly 203 

dependent on the incoming energy and angle, we can look at Je/ne and material dependent           204 

Jse/ne (Te) figures to predict at what ambient electron temperatures the SE currents are greater 205 

than the electron current [Diaz-Aguado et al. '20].    The SE current can be calculated: 206 

𝐼𝑠𝑒 = 𝐼𝑠𝑒0𝐺𝑠𝑒(𝑎, 𝑟, 𝜂𝑠𝑒) for Φ> 0        (6) 207 

where Gse is the shape factor and Ise0 is the saturated SE current, defined as: 208 

𝐼𝑠𝑒0 = 𝐴
𝐽𝑠𝑒

𝑛𝑒
(𝑇𝑒)𝑛𝑒          (7) 209 

The scaled potential difference for SE is similar to the photoemission, as both Tse and Tph have 210 

similar characteristic energies.  211 

 Note that past studies of the SE yield of conductive materials at temperatures greater than 212 

600K, have shown a decrease in yield on the order of 0.05%/K  [Warnecke '36, Sternglass '54, 213 

Michizono et al. '04].  For the first perihelia the predicted antenna surface temperatures are ~885 214 

K, and the yield reduced by 44% relative to results at 270-300 K; for the closest perihelia, the 215 

expected decrease in SE yield is even greater, on the order of 79 % [Diaz-Aguado et al. '20].  216 
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These temperature-dependent effects were not modeled in this analysis as photocurrent 217 

dominated the current balance by an order of magnitude.    218 

Ambient electron currents are in the same order of magnitude as SE.  Assuming the 219 

region of plasma has zero potential, and if the potential of the probe is negative relative to the 220 

nearby plasma, then the Maxwellian thermal electron current is given by:  221 

𝐼𝑒 = 𝐼𝑒
0 𝑒𝜂𝑒 for Φ ≤ 0          (8) 222 

where Ie
0
 is defined as 223 

𝐼𝑒
0 = 𝐴𝑒𝑛𝑒√

𝑘𝑏𝑇𝑒

2𝜋𝑚𝑒
          (9) 224 

ne is the ambient electron density, me is the electron mass. If the surface potential is positive, 225 

then the electron current is calculated with the following equation: 226 

𝐼𝑒 = 𝐼𝑒
0𝐺𝑒(𝑎, 𝑟, 𝜂𝑒) for Φ> 0         (10) 227 

Where the factor Ge is dependent on the shape, see eq. 6 and ηe shown in eq. 7.   228 

In contrast with the Maxwellian electron population in the SW, the ions can be 229 

considered as a cold, nearly monoenergetic beam.  The velocity of the SW varies depending on 230 

the distance from the Sun and solar activity, but it is in the range of 300km/s, corresponding to a 231 

proton kinetic energy of 1-2keV in the spacecraft frame.  This means that the SW can penetrate 232 

barriers as high as 1-2kV [Ergun et al. '10], and as shown by other modelling studies, narrow 233 

negative potential wake forms behind a cylindrical body.  [Engwall et al. '06, Guillemant '14].  234 

In this study, these are found to be three orders of magnitude smaller than the photoemission 235 

current, and calculated simply: 236 

𝐼𝑖 = 𝐴𝑒𝑛𝑖𝑢0             (11) 237 

where A is the surface impinged by the beam, ni is the ion number density, 𝑢0   is the combined 238 

ram and ambient medium velocity 239 

The BSE current is in the same order of magnitude as the ion current.  BSE occur when 240 

electrons impact and enter the surface, but through collisions they eventually reverse direction to 241 

leave the material.  The currents can be similarly calculated as the SE currents but using Jbse/ne 242 

(Te) figures.  In this study, the BSE are defined as those SE backscattered with energies above 243 

50eV[Katz et al. '77].  This definition is the most commonly used in the spacecraft charging 244 

community, and necessary to define material properties for NASCAP and SPIS.   245 
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As PSP approaches the Sun with each orbit with a smaller perihelion, the TPS and 246 

instruments could experience sufficiently hot temperatures to undergo thermionic emission 247 

during the closest perihelion passes.  The FIELDS instrument thermal predictions have 248 

temperatures reaching 1600K, and thermionic emission becomes a primary current with similar 249 

orders of magnitude to photoemission.   This thermionic current can be calculated using the 250 

Richardson-Dushman Law [Richardson '13, Modinos '82], and assuming similar orbit limited 251 

behavior: 252 

𝐼𝑡ℎ𝑒𝑟𝑚 = 𝐴𝑇𝑆 𝐽𝑡ℎ𝑒𝑟𝑚
0 𝐺𝑡ℎ𝑒𝑟𝑚(𝑎, 𝑟, 𝜂𝑗)  for Φ> 0      (12) 253 

and  254 

𝐼𝑡ℎ𝑒𝑟𝑚 = 𝐴𝑇𝑆𝐽𝑡ℎ𝑒𝑟𝑚
0  for Φ ≤ 0        (13) 255 

where ATS is the total surface area, Gtherm is a shape factor and 𝐽𝑡ℎ𝑒𝑟𝑚
0  is defined as: 256 

𝐽𝑡ℎ𝑒𝑟𝑚
0 =  𝐴 𝑇2𝑒

− 
𝜙

 𝑘𝑏𝑇           (14) 257 

where A is the material specific Richardson constant, k is the Boltzmann constant, T is the 258 

surface temperature (in eV), 𝜙 is the work function of the metal, and Gtherm is the fraction of the 259 

thermionic electrons that escape as a function of surface potential, surface radius and sheath 260 

radius.  The temperature of the thermionic electron leaving the surface is assumed to be 2eV, 261 

similar to SE and photocurrent electron emission temperatures.  262 

For FIELDS, we only have the workfunction of Nb C103 [Diaz-Aguado et al. '19, Diaz-263 

Aguado et al. '20] and not the Richardson Constant, A.  The analysis presented uses the value of 264 

A for pure Nb to obtain the thermionic current of the antenna.   265 

 The Richardson Constant A varies significantly between materials and within the same 266 

material depending on measurement method.  For example, for pure Nb, two different research  267 

measurements gave values of A between 32.7 and 57 (A/cm
2
/K

2
) [Fomenko '56].    268 
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 269 

Figure 3  Thermionic emission current density of Nb-C103 – a. versus temperature of antenna, 270 

b., versus distance from the Sun comparing it with the photoemission current density.  271 

Figure 3, a., shows the predicted thermionic electron current emitted by the antenna 272 

during the mission as the spacecraft perihelion decreases in altitude.  Figure 5, b. shows the 273 

thermionic and photoemission current density of the antenna versus the distance to the Sun.  274 

While the thermionic current from the antenna was not included in this study because of issues 275 

with the current SPIS version (6.0.0), one can see that at heliocentric distances of 30-40Rs, the 276 

thermionic current is at least 4 orders of magnitude less than the photoelectron current, and so 277 

has not significant effect on the model results shown below.   278 

3 SPIS Software and Numerical Simulations 279 

The PSP charging models shown below were implemented using the SPIS package 280 

[Thiebault '13].  New materials and material properties were added to the SPIS database.  281 

SPIS is an electrostatic unstructured 3D mesh, particle in cell (PIC), plasma modeling 282 

software, that uses JAVA, making it highly modular.  SPIS provides a modeling framework to 283 

build up the antenna and spacecraft geometry and materials, the plasma environment and the 284 

interaction between them.  It then uses the Vlasov-Poisson equations to self-consistently solve 285 

for the potential distribution, Φ, including the potentials on the FIELDS antenna, FIELDS shield 286 

and spacecraft surfaces.  For example, the time independent Vlasov equation is shown in the 287 

following equation: 288 

𝒗 ∙ ∇𝑓 +
𝑞

𝑚
(𝑬 + 𝒗 × 𝑩) ∙

𝑑𝑓

𝑑𝒗
= 0        (20) 289 
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Where v is the velocity of the particle, f is the distribution function, E is the electric field, B is 290 

the magnetic field, q is the particle charge, m is the particle mass.  To obtain the potential of the 291 

spacecraft or probe, we use Poisson’s equation: 292 

∇2Φ = −
𝜌

𝜀0
= −

∑ 𝑞𝑛𝑖𝑖

𝜀0
         (21) 293 

where ε0 is the permittivity and the current is the summation of different particle densities, where 294 

n is the number density given by the following distribution function equation: 295 

𝑛(𝑥, 𝑡) = ∫ 𝑓(𝒙, 𝒗, 𝑡)𝑑3𝑣         (22) 296 

where x is the position of the particle, v its velocity, t is the time elapsed.   297 

The software uses a particle-in-cell, or PIC approach, in which it is important to specify a 298 

sufficiently small simulation time step Δt.  This Δt should be selected to ensure that the fastest 299 

particles in the simulation move less than one simulation cell in a single time step. It should also 300 

be smaller than the plasma characteristic timescale, or the plasma period Tp=1/ωpe, where ωpe is 301 

the plasma frequency, and can be calculated using the following equation: 302 

𝜔𝑝𝑒 = 8.93𝑥103 𝑛𝑒
1/2

        (23) 303 

For PIC simulations, the plasma Δt should be less than 0.2Tp to ensure proper modeling 304 

of the electric fields and avoid modeling erroneous electron oscillations.   305 

SPIS offers the use of various velocity distribution functions, f, for the particles.  For 306 

ambient electron an isotropic, non-drifting Maxwellian distribution function was used: 307 

𝑓(𝑣) =
𝑛

(√2𝜋𝑣𝑡ℎ)
3 𝑒𝑥𝑝(−𝑣2/2𝑣𝑡ℎ

2 )      (24) 308 

where vth is the average thermal velocity.   309 

While past observational results have found that the ambient electron distributions are 310 

better described by heavy-tailed Kappa distributions rather than a Maxwellian [Maksimovic et al. 311 

'05, Gloeckler et al. '06, Halekas et al. '08, Leitner et al. '09, Pierrard et al. '10, Guillemant '14], 312 

prior modeling efforts have utilized Maxwellian electrons, and so our study will also in order to 313 

better facilitate comparison with those prior modeling results.  314 

From this modeling framework and results, various case studies in different operational 315 

regimes are used to provide a full set of predictions for antenna, spacecraft, and antenna-316 

spacecraft plasma interactions on PSP FIELDS.     317 

 As shown in Figures 5 and 6, the PSP spacecraft and FIELDS antennas have unique 318 

shapes, driven by the requirement to protect the thermally sensitive portions of the instruments 319 



Confidential manuscript submitted to Journal of Geophysical Research: Space Physics 

14 

 

and spacecraft from the radiant heat of the Sun.  PSP’s sun facing side consists of a thermal 320 

protection system (TPS, or sun and heat shield) that protects the rest of the spacecraft.  The TPS 321 

is attached to a Ti frame that holds the spacecraft radiators and four of the FIELDS antennas.  As 322 

shown in Figure 5, the FIELDS antennas and shields were first stowed along the spacecraft body 323 

in order to fit them within the launch fairing and secure them against launch loads and vibration.  324 

They were later deployed and are exposed to the solar flux and SW.   325 

The FIELDS antennas had their own small Sun shields near the spacecraft to be able to 326 

reduce the heat flux going from the antennas to the instrument electronics.  We modeled and 327 

analyzed the deployed state of the antennas as follows.  328 

 329 

Figure 5 FIELDS instruments on the spacecraft during integration and testing a. Deployed state 330 

b. Stowed state 331 

 332 

As shown in Fig. 6, a simplified geometry was used in SPIS for the spacecraft body, TPS, 333 

FIELDS shield and antenna.  A 1 m diameter and 1 meter long, cylinder with similar outside 334 

surfaces was used for the spacecraft (in actuality it is hexagon prism).  The solar panels were not 335 

modeled, as this paper was mostly concerned about the FIELDS antennas. The solar arrays were 336 

not modeled, as the arrays were mostly in the shade at 35Rs, and the dominating current of the 337 

spacecraft was the photoelectron emission of the TPS. 338 

The radiators were modeled as a cone, with the top diameter of 1 m, bottom diameter of 339 

2m, and 1 m tall.  The TPS was also modeled as a flattened cone, with a thickness of 0.12m, 2.48 340 

m bottom diameter, 2.44 top diameter.  The Alumina face shield on the TPS was modeled as a 341 
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thin layer covering the entire Sun facing side of the TPS.  A FIELDS antenna was modeled as 1-342 

D wire, as the diameters are much smaller than the length, 0.0032m diameter versus 2m length. 343 

The FIELDS Sun shield was modeled as a trigonal trapezohedron (0.32m long, 0.02m wide), 344 

with surface exposures similar to the two thin welded elements of the actual Sun shields.  345 

Because of meshing convergence difficulties due to geometries of the model, only one 346 

shield and one antenna were modeled, and several cases run with different orientations of the 347 

ram velocity, 90° and 180°, at the first perihelion (35Rs), to reveal any differences in charging.       348 

 349 

Figure 6 spacecraft model in SPIS a. Groups (except the side TPS facing the Sun) b. Mesh 350 

 351 

Figure 6b shows the simulation unstructured mesh, with a size of 1m at the sphere, 10cm 352 

at the spacecraft, 8cm at the TPS, 1cm at the shield and 3cm at the antenna. The spacecraft 353 

model is centered within a 16-m radius simulation volume, at least twice the Debye length of the 354 

plasma environment, and tens of times the effective Debye lengths of the photoelectron and SE 355 

populations. Figure 6 also shows the x,y,z axis, with the z axis aligned with the spacecraft away 356 

from the Sun, y axis aligned with the antenna, and x forming a right-handed triad with y and z.  357 

A finer mesh, as seen in Table 5, was used for 9.5Rs  to ensure that the Debye length was greater 358 

than the mesh cell near the spacecraft, ensuring that the grid was less than half the Debye length 359 

in the sheath.   360 

Table 1 shows the modeled properties of the antenna and spacecraft materials, including 361 

photocurrent, SE yield properties, backscattered electron properties, and conductivity (bulk and 362 

surface).  The antenna and antenna shield both consist of Nb C103, the TPS shield consists of 363 

Al2O3 (alumina), the TPS of Carbon-Carbon foam, the radiators were coated with black 364 
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conductive paint (BWCondPaint), and the spacecraft was mostly covered in conductive black 365 

Kapton Multi Layered Insulation (MLI) blanket and few white conductive radiators.  366 

The ion SE yield properties of Nb-C103 were not known at the time of publishing, 367 

instead the properties of Aluminum were used.  Given that the ion current is small, this 368 

assumption has no significant effect on the modeling results.  The average photoelectron yield 369 

values between solar maximum and solar minimum were used for both the Nb-C103 annealed 370 

and unannealed.  The photocurrents are predicted to vary by up to +/-17% for the unannealed 371 

Nb-C103 and +/-15% for the annealed Nb-C103, depending on solar activity [Diaz-Aguado et al. 372 

'19].  Table 2 shows the variable conductivity of Al2O3 due to temperature.  As the spacecraft 373 

nears the Sun, the temperature of the Alumina increases, and its conductivity increases, 374 

improving the electrical connection between the illuminated and shadowed portions of the TPS 375 

and spacecraft. 376 

Table 1– Material Properties used in Surface Charging Calculations [Thiebault '13, Donegan et 377 

al. '14, Diaz-Aguado et al. '20] 378 

 Spacecraft Radiators TPS 
Foam 

TPS-
Shield 

FIELDS shield and antenna 

Node # 0 0 0 1 Antenna 2/ Shield 3 

Material BlackKapton BWCondPaint Carbon 
Foam 

Al2O3 NbC103 
 Unannealed 

NbC103 
 Annealed 

Diaelectric 
Constant 

   9.6   

Thickness(m)    1e-4   

Bulk Conductivity  
(Omega -1 m -1) 

Cond Cond Cond *** Cond Cond 

Effective Atomic 
Number 

5 6.1 4.5 10.2 44.1 44.1 

Delta-Max 2.1 1.42 0.93 6.4 1.81 1.97 

E-Max (keV) 0.15 0.26 0.28 0.45 0.269 0.252 

Range 1 
(Angstrom) 

71.48 1 180 5 0.733 0.867 

Exponent 1 0.6 1.7 0.45 0.1 0.584 0.46 

Range 2 
(Angstrom) 

312.1 1.3 312 1 1.0 1.0 

Exponent 2 1.77 0.7 1.95 2.5 1.78 1.71 

Proton Yield 0.455 0.287 0.455 0.68 0.244** 0.244** 

Proton Max (KeV) 140 1000 80 60 230** 230** 

Photoemision 
(A/m2) 

5.00E-06 N/A N/A 7.80E-
05 

1.18e-4* 
+/-0.204e-4 

5.75e-5* 
+/-0.09e-4 

Surface Resistivity 
(omega/square) 

Cond Cond Cond *** Cond Cond 

Richardson 
Dushman 

N/A N/A N/A N/A 37.2 37.2 



Confidential manuscript submitted to Journal of Geophysical Research: Space Physics 

17 

 

Constant 

Work function N/A N/A N/A N/A 4.48 4.35 

*Average solar min/max photocurrent 379 

**Properties not available at the time of publication, used Aluminum instead 380 

***Used Table 2 for Al2O3 conductive properties as they are thermally dependent, and therefore 381 

dependent on distance to the Sun.   382 

 383 

As shown in Fig. 7, the charging model consists of 4 different groups of surfaces, or 384 

nodes: spacecraft, Radiators and TPS- foam were node 0, TPS-Sun is node 1, FIELDS Shield is 385 

node 2, FIELDS antenna is node 3.   As shown in Table 1, the spacecraft, Radiators and TPS 386 

foam are considered all to be Node 0.  Node 1 is the TPS shield and is connected to Node 0 387 

through a variable resistor, which is dependent on the electrical properties of alumina, as shown 388 

in Table 2.  Node 2 is the antenna and Node 3 is the antenna shield.   389 

 390 

Figure 7 Model circuit design: Circuit with floating shield and whip 391 

The models were run in two configurations: First, Node 2 and Node 3 were free floating 392 

for all environmental cases; second, Node 0 and Node 3 and Node 0 and Node 2 were connected 393 

with a variable differential voltage for the first perihelion pass environments only to model the 394 

conditions during the inflight I-V bias current sweeps, shown in Part II.  The authors would like 395 

to note that the current future closest approach will be at 9.8Rs, compared to the modeling results 396 

shown at 9.5Rs.  The modeling results have a 6% higher radiant flux and photoelectrons flux, 397 

which increases the number of electrons leaving compared to current estimated closest approach, 398 

influencing the photocurrents but with a small impact on the potential trends.   399 

Table 2 – Conductivity and Resistivity Properties of Al2O3 [Donegan et al. '14] 400 

 401 

Alumina Electrical Properties Bulk Conductivity 
(Ohm-1 m-1) 

Surface Resistivity 
(Ohm/square) 
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0.045AU (Previous Final Perihelion), 9.5Rs Cond. Cond. 
0.1AU (Science Ops.), 20Rs Cond. Cond. 

0.16AU (First Perihelion), 35Rs 1E-06 Cond. 
0.25AU, 54Rs 6.00E-09 6.00E+11 

0.73AU (Venus)  155Rs 1.00E-15 1.00E+19 
1AU, 215Rs 1.00E-15 1.00E+19 

 402 

PSP is exposed to the SW plasma environment near the Sun’s equatorial plane.  Table 3 403 

summarizes the predicted parameters of that plasma environment during various phases of the 404 

PSP mission.   The response of the ambient electrons, PE, and SE to the potential structures 405 

around the spacecraft and antennas was modeled using PIC.  The SW ions were also modeled 406 

using PIC.   407 

To account for the great changes in PSP orbital velocity from aphelion to perihelion, the 408 

SW ion velocity in the spacecraft frame was modeled differently depending on the distance from 409 

the Sun.  As the spacecraft nears perihelion, the velocity increases, as shown in Table 3.  Near 410 

the Earth and Venus, the velocity vector of the SW had a 45 deg angle in the z-y plane.  At 411 

science operations (0.25AU and closer) the SW was more radial, in the z direction, and the 412 

velocity of the spacecraft was perpendicular to it in the y or ram direction.   413 

Table 3 – Expected Plasma Parameters of PSP FIELDS Space Environment [Bale et al. '16] 414 

  1 AU 0.72 AU 
(Venus) 

0.25AU 1st 
Perihelion 

Science 
Ops 

Final 
Per. 

Plasma Parameter Units 215 Rs 155 Rs 54 Rs 35 Rs 20 Rs 9.5 Rs 

Electron Num. Density cm-3 6.93 13.5 116 281 881 4022 

Proton Temperature eV 8 11.2 30.7 39.9 55.8 87.1 

Electron Temperature eV 8.14 10.4 23 31.8 48.3 84.3 

Magnetic Field Intensity nT 5.8 9.72 67 157 476 2102 

SW Speed km/s 363 349 308 292 273 250 

Spacecraft Velocity km/s 15.8 30.6 74.4 96.8 134 197 

Debye Length m 8 6.5 3.3 2.5 1.7 1.1 

Electron Gyroradius m 1660 1119 241 121 49 14 

Ion Acoustic Velocity km/s 39.5 44.7 66 78 96.2 127 

 415 

It is worthy to note that the ambient electron Debye length decreases as the distance from 416 

the Sun decreases and is within the same dimensions of the spacecraft and FIELDS antennas 417 

during perihelion passes.  The photoelectron and SE Debye lengths also decrease as the distance 418 

from the Sun decreases but are smaller than the dimensions of the spacecraft.  These Debye’s 419 

lengths are shown in the results.   420 
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SPIS uses super-particles injected in each cell to represent dynamics of individual groups 421 

of particles.  The smaller number of super-particles are easier to track and make the PIC 422 

processing less intensive.  Each of them represents a group of physical particles ruled by physics.  423 

For this analysis, super-particle numbers per cell ranged between 10 and 15 for electrons and 424 

ions, 5 for photoelectrons, 3-2 for SE, 1-2 for BSE and ion induced SE, totaling 9.3 million 425 

super-particles for 35Rs, and 16.4 million super-particles for 9.5Rs.  Figure 8 shows the number 426 

of super particles run in the model for a typical 35Rs run.  Steady state was reached around 1e-4 427 

sec. The usual computational run-time was 8 hours for 35Rs with 24 threads, 2.9GHz, 32GB 428 

memory computer.  At 1AU the computational time was at least 4 days due to the low 429 

conductivity between the TPS shield and the spacecraft.   430 

 431 

Figure 7 Super Particle # versus Simulation Time for 35Rs 432 

 433 

As shown in Table 4, different ram directions (0°, 90° and 180°) in the x-y plane were 434 

studied at 35Rs, in order to discern any aspect-dependent charging effects on the antennas or 435 

spacecraft.  For reference, the Sun is at -z direction.   436 

Table 4 – Graphical representation of different Ram direction cases 437 
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 438 

Table 5 shows the major numerical inputs from the SPIS runs and typical mesh size.  The 439 

timestep (Dt) was held smaller than usual because the mesh had tetrahedron angles smaller than 440 

60deg.  The capacitance of the spacecraft was held at 2x10
-10

 F, but was varied to slow/speed up 441 

modeling results.  Table 3 also shows the electron plasma frequency, Debye lengths and electron 442 

gyrofrequencies.   443 

Table 5 - Typical Numerical Settings for SPIS 444 

 445 

4 Results 446 

4.1  Numerical Results Unbiased FIELDS Antenna and Shield  447 

 Tables 6 and 7 show the floating potentials (i.e. potential of surface relative to the 448 

potential of the outer simulation boundary fixed at 0V) of the SC, Radiators, TPS, FIELDS 449 

antenna and FIELDS shield, for heliocentric distances and predicted plasma conditions from 450 

 1AU - 35Rs 9.5Rs 

Electron Dt and Duration  5e-8 s 1e-8 s 

Ion Dt and Duration  5e-7 s 1e-7 s 

SE and Photoem. Dt and Duration  5e-8 s 1e-8 s 

Plasma Dt and Duration 5e-7 s 1e-7 s 

Ion/Electron Super Particle/cell 10-15 10-15 

Photoemission Super particle/cell 5 5 

SE Super particle/cell 4 4 

SE Ion Super particle/cell 3 3 

Sphere Mesh Size  1 m 1 m 

Spacecraft Mesh Size 0.1 m 0.03 m 

TPS Mesh Size 0.09 m 0.04 m 

Shield Mesh Size 0.01 m 0.01 m 

Antenna Mesh Size 0.03 m 0.03 m 
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1AU to 0.0495AU (9.5Rs), and for both unannealed and annealed photoelectron and SE yields. 451 

All models included a magnetic field, but it had little effect on the spacecraft and FIELDS 452 

instrument potentials from models run with no magnetic field.  Studies by [Guillemant et al. '17] 453 

showed how ~30 times the magnetic field expected for Solar Orbiter (0.25AU) changed the 454 

potential of the Radio and Plasma Wave (RPW) antennas by only a few volts, and so the relative 455 

insensitivity of the model to B-field effects is consistent with past results.  456 

In these runs, one can see that the floating potential of the spacecraft and TPS were 457 

highly dependent on the conductance of the Alumina.  At closer distances to the Sun, the TPS 458 

and spacecraft floated to similar potentials as shown in Table 6 and 7.  At Earth and Venus 459 

where the Alumina temperature is predicted to be markedly lower and significantly more 460 

resistive,  this significant isolation resistance allows the shadowed spacecraft to charge negative 461 

as the current from the ambient electrons and SE is higher than the ambient ions, while the 462 

illuminated TPS charges positive due to high photoelectron currents.  Table 6 also shows the 463 

effect of changes in the ram direction of the SW as described in Table 4, , and of reductions of 464 

SE yield due to temperature increases of the surface.     465 

Table 6 – Surface Potentials (V) for PSP FIELDS Space Environment (unannealed Nb C103) 466 

  467 

Table 7 – Surface Potentials (V) for PSP FIELDS Space Environment (annealed Nb C103) 468 

 1 AU 0.72 AU 
(Venus) 

0.25AU 35Rs 20Rs* 9.5Rs 

Spacecraft  N/A -14.5 0.75 6.25 0.60 -13.1 
Radiator  N/A -14.5 0.75 6.25 0.60 -13.1 

TPS Foam  N/A -14.5 0.75 6.25 0.60 -13.1 
TPS Shield  N/A 6.43 4.70 6.35 0.60 -13.1 

FIELDS Shield  N/A 15.6 6.45 9.1 5.75 -4.79 
FIELDS Antenna  N/A 20.5 7.15 13.5 13.0 7.8 

 469 

 219 
Rs 

(Earth) 

155  
Rs 

(Venus) 

54 
Rs 

35 
Rs 

RAM 
0°/90°/180° 

35 
Rs 

(SEY 
Red.) 

20 
Rs 

9.5 
Rs  

9.5 
Rs 

(SEY 
Red.) 

SC  -12.4 -14.5 0.90 6.63/6.63/6.05 6.05 0.65 -13.0 -12.8 

Radiator  -12.4 -14.5 0.90 6.63/6.63/6.05 6.05 0.65 -13.0 -12.8 

TPS Foam  -12.4 -14.5 0.90 6.63/6.63/6.05 6.05 0.65 -13.0 -12.8 

TPS Shield  14.8 6.75 4.85 6.35/6.40/6.25 6.25 0.65 -13.0 -12.8 

FIELDS Shield  23.0 21.8 9.60 11.8/12.2/12.5 12.5 8.75 0.92 1.4 

FIELDS 
Antenna  

29.3 27.5 13.8 17.5/17.9/17.5 17.5 16.3 14.9 14.8 
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The proximity of the ion wake negative potential to the antenna at Ram 0° had minor 470 

effects on the antenna, a few tenths of a volt of change.  The direction of the ion flow had very 471 

little influence on the floating potentials of any of the surfaces. This isn’t surprising given the 3 472 

orders of magnitude difference between the dominant photoelectron, SE, and ambient electron 473 

currents and the ion currents.  474 

Spacecraft floating potential does not depend significantly upon the FIELDS antenna and 475 

shield characteristics and their floating potentials as can be seen by comparing Table 5 with 476 

Table 6.  Spacecraft floating potentials were similar to predictions, except for 9.5Rs which was 477 

more negative.   [Donegan et al. '14]  modeled the slow and fast SW at different heliocentric 478 

distances, predicting spacecraft floating potentials at 0.25AU between -0.2V and 9.2V, at 35Rs 479 

between 1.0V and 8.0V, and at 9.5Rs between -3.3V and -8.8V.  For the 35Rs, the spacecraft 480 

potential predictions are within past models, but for the 9.5Rs case, the potential of the spacecraft 481 

is more negative.  [Donegan et al. '14] also modeled an extreme, post shock-case, with a 482 

spacecraft floating potential prediction of -31V.   483 

The annealing effects in Table 6 show the floating potential of the shield and antenna 484 

lower than the unannealed cases as expected given the reduced PE yield of the annealed 485 

materials.  The spacecraft material properties and dimensions stayed constant, while the PE yield 486 

of the antenna and shield materials were reduced by annealing, decreasing their floating 487 

potentials and that of the spacecraft as well; as fewer electrons leave the shield and antenna 488 

surfaces, the potential becomes less positive to maintain current balance.  489 

Table 8 shows the current source comparison between 1AU (215Rs) and 0.16AU (35Rs) 490 

for unannealed Nb-C103.  At 219Rs the total currents are two order of magnitude smaller than at 491 

35Rs.  The photocurrent is dominating in both cases, by two orders of magnitude at 219Rs and 492 

by one order of magnitude at 35Rs.  The SE current is two orders of magnitude smaller at 219Rs 493 

compared to 35Rs, which is only one order of magnitude smaller for the entire spacecraft, 494 

including the antennas.  The ion current is two orders of magnitude smaller than the photocurrent 495 

at 1AU, while it is up to three orders of magnitude smaller at 0.16AU. The SE due to ions are in 496 

the same order of magnitude as the ion current.  The BSE currents are also small, several orders 497 

of magnitude smaller than the photoemission and not an important factor in the current balance 498 

in both environments.   499 
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As explained in the materials section, the high temperature on the antennas could have 500 

effects on their potentials by reducing the SE current.  The potential differences are shown in 501 

Table 5-6, while the currents are shown in Table 5-8.  The SE currents are reduced on the 502 

FIELDS antenna by 44% at 35Rs because of the SE yield reduction due to temperature, but with 503 

similar potential results.  The spacecraft potential is negative at 219Rs as it is isolated from the 504 

TPS shield, compared to the positive charging of the TPS and FIELDS instrument.  At 35Rs, the 505 

TPS shield becomes more conductive, making the spacecraft dependent on the photocurrent of 506 

the TPS and charge positive.    507 

Table 8 - Current Source Comparison for PSP between 1AU and 0.16AU. 508 

 PSP FIELDS Antenna Only 

Current Units in Amps 1AU 
219Rs 

0.16 AU 
35Rs 

1AU 
219Rs 

0.16AU 
35Rs 

0.16AU 
(Reduced SEY) 

Total Collected -3.8E-04 -1.6E-02 -7.6E-07 -3.0E-05 -3.0E-05 
Total Emitted -3.8E-04 -1.6E-02 -7.6E-07 -3.0E-05 -3.0E-05 

Collected Electron -7.4E-06 -7.9E-04 -3.7E-08 -1.2E-06 -1.0E-06 
Collected Ion 1.9E-06 6.5E-05 1.5E-09 7.0E-08 1.1E-07 

Collected Photoelectron -3.6E-04 -1.4E-02 -7.0E-07 -2.8E-05 -2.8E-05 
Collected SE -4.9E-06 -1.0E-03 -2.5E-08 -1.6E-06 -1.3E-06 

Collected BSE -1.5E-07 -6.5E-06 1.0E-10 -3.5E-08 -1.3E-08 
Collected SE Ion  -1.2E-06 -3.8E-05 -4.5E-10 -2.0E-08 -2.0E-08 

Emitted Photoelectron -3.7E-04 -1.5E-02 -7.4E-07 -2.9E-05 -2.9E-05 
Emitted SE -6.3E-06 -1.2E-03 -2.6E-08 -1.4E-06 -9.0E-07 

Emitted SE Ion -1.6E-06 -3.9E-05 -5.9E-10 -1.5E-08 -1.7E-08 

 509 

Figure 8 shows the potential in volts on two slices through the simulation domain at 510 

steady state, allowing the reader to see both the surface potentials on the spacecraft, TPS, 511 

antenna, and shield, along with the potential distribution in the plasma surrounding those 512 

surfaces during the first perihelion.  The spacecraft charges positively at about 6.2 V, while the 513 

antenna and shield float even more positive (+17.5 V and +11.8 V relative to outer simulation 514 

boundary, respectively).  Negative potential wells with a depth of  -3.25 V form in front of the 515 

TPS and in the ion wake of the spacecraft, not as deep as those previously found at 9.5Rs by 516 

[Ergun et al. '10, Guillemant et al. '12, Donegan et al. '14].  These wells do differ in depth and 517 

dimension from those observed in previous studies because previous studies focused on 9.5Rs, 518 

while this research focused on 35Rs.  At 35Rs, the photoemission fluxes are lower as the solar 519 

flux is lower, the electron and ion number density and temperature, are lower, which translate 520 
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also to lower SE fluxes.  That said, [Ergun et al. '10, Guillemant et al. '12, Donegan et al. '14] 521 

found the negative potential well in front of the TPS was less deep than the wake potential well.   522 

 523 

Figure 8– Slice of the Steady State Plasma Potential (Volts) and Spacecraft and FIELDS 524 

Potential (Volts) at 35Rs (First Perihelion) a. y-z plane, b. x-y plane 525 

Figure 9 shows these differences in a comparison between our runs at 35Rs and 9.5Rs.  526 

Note that the color scales for the potential are different between the two cases in order to show 527 

the extent and depth of the potential wells.  In these cases, [Donegan et al. '14] predicted 528 

negative wake potential wells charging from -20V to -36V, compared to -23.9V in Figure 5-6, 529 

but their plasma parameters varied from the ones in this study with their densities ranging from 530 

1.2x10
3
 cm

-3
 to 4.1x10

4
 cm

-3
, electron temperatures ranging from 48.6eV and 59.7eV, and ion 531 

temperatures ranging from 40.5eV to 223.1eV.   532 
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 533 

Figure 9  Plasma Potential (Volts) of PSP a. and c. 9.5Rs, b. and d. 35Rs, a. and b. at 35Rs 534 

potential scales and c. and d. at 9.5Rs potential scales 535 

The plasma potential around the shield (a.) and the antenna (b.) are shown in Figure 5-9, 536 

for the antenna at 90° RAM.  The antenna and shield wakes at 0° RAM case join the wake of the 537 

spacecraft and therefore are not discernable and more negative.   Similarly to the TPS in Figure 538 

5-5, a negative potential well forms in front of the shield and the antenna.  Note that the well in 539 

front of the antenna is not as negative as the shield and TPS.  The wake from the significant 540 

proton flow (solar wind plus PSP orbital velocity) can also be seen. Note that the well in front of 541 

the antenna is not as negative as the shield and TPS.    542 
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 543 

Figure 10  Plasma Potential (Volts) of the cross-sections of the a. shield and b. antenna – at 90° 544 

ram, diameter of the spherical boundary is 16m 545 

 546 

Figure 11 to 17 show the plasma characteristics and the near spacecraft plasma 547 

environment of a cross-section of the PSP and the antenna at 1AU (219Rs), on the left, and at 548 

0.16AU( 35Rs) on the right.  Figure 11 shows the plasma potential of PSP and the antenna in 549 

Volts.  The negative potential well in front of the TPS and antennas are not seen at 1AU 550 

compared to 0.16AU.  The wake potentials are also different due to a different angle of attack of 551 

the ions, and lower density of the ions at 1AU.  The TPS shield and the spacecraft are isolated 552 

from each other at 1AU and charging at different potentials.  At 35Rs the TPS shield and 553 

spacecraft charge to similar potentials.  The FIELDS antennas decrease their potential.  All 554 

potentials are shown in Table 6.    555 
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 556 

Figure 11  Plasma Potential (Volts) of PSP a. and c. 219Rs (1AU), b. and d. 35Rs (0.16AU), a. 557 

and b. at 35Rs potential scales and c. and d. at 1AU potential scales 558 

Figure 12 shows the Log electron plasma charge density.  The electron density increases 559 

as the spacecraft approaches the Sun.  The electron number density figure at 1AU (left) is 560 

smoother due to a larger scale, compared to the 35Rs figure (right) which has a much smaller 561 

scale.  Figure 13 shows the ion number density.  The wake is seen in both 1AU and 0.16AU, but 562 

as the velocity of the spacecraft increases, the wake has a larger ram component.  The ion 563 

number density is shown with a linear scale to better capture the wake structure.  A low-density 564 

ion region forms opposite the impinging ions from the ram and solar wind.  Higher electron 565 

mobility leads to negative space charge filling the wake, which forms a negative potential area, 566 

as seen in previous simulations [Ergun et al. '10, Guillemant et al. '12].  The negative potential 567 
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well in front of the TPS supported by PE and SE populations, as well as the one in the wake 568 

supported by ambient, PE, and SE electrons, repel ambient electrons, leading to reduced ambient 569 

electron densities in those locations, as seen in Figure 12 b.   570 

 571 

Figure 12  PSP and FIELDS Log Electron Number Density (log (#/m
3
)), a. 1AU and b. 0.16AU 572 

 573 

Figure 13  PSP and FIELDS Ion Number Density (#/m
3
), a. 1AU and b. 0.16AU 574 

Figure 14 shows the photoelectron number density.  The photoelectron density is much 575 

higher for 0.16AU as expected, as it is closer to the Sun.  The photoelectrons produced fill the 576 

wells in front of the TPS and to a lesser degree, the antenna well.  Figure 5-14 shows the SE 577 

charge density.  The SE number density is one order of magnitude smaller than photoelectron 578 

number density at 0.16AU.    579 
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 580 

Figure 14  PSP and FIELDS Log Photoemission Number Density log (#/m
3
), a. 1AU and b. 581 

0.16AU 582 

 583 

It is important to note that near the antenna and TPS, the photoelectron number density is 584 

one order of magnitude greater than the SE number density, and two orders of magnitude greater 585 

than the ambient electrons and ions.  Compared to the spacecraft, the antenna and its shield are 586 

exposed to the Sun and are photoelectron current dominated.  The photoemission electron 587 

number density (~1e10 1/m
3
) is the highest of all particle densities by at least an order of 588 

magnitude within a region several meters away from the spacecraft and antennas.  Figure 14 589 

shows how the photoelectrons at 35Rs occupy the environment near the spacecraft, compared to 590 

that at 1AU, where it concentrates mainly on the TPS and the antenna.  Similarly, Figure 15 591 

shows the electrons occupying the near spacecraft environment at 35Rs, in contrast to 1AU, 592 

where a singular structure forms around it.  The SE concentrate in front of the TPS shield, near 593 

the antenna, close to the side of the spacecraft and in the wake.  It is significant to note that the 594 

Debye lengths are shorter at 35Rs than at 1AU.  595 
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 596 

Figure 15  PSP and FIELDS Log SE Number Density log (#/m
3
), a. 1AU and b. 0.16AU 597 

Figure 16 shows the BSE charge density, at two orders of magnitude smaller than 598 

photoelectron density.  The BSE are attracted to the TPS shield and antennas which are charging 599 

positive at both 1AU and 0.16AU.  Figure 5-16 shows the ion SE charge density, also at two 600 

orders of magnitude smaller than the photoelectron charge density.  At 1AU the ions hit the left 601 

corner of the spacecraft, causing a small ion SE source.  At 35Rs, the ions impact a larger 602 

surface, showing a larger ion SE source on the spacecraft.  This difference is due to the greater 603 

ram velocity at 35Rs.  604 

 605 

Figure 16  PSP and FIELDS Log BSE Number Density log (#/m
3
), a. 1AU and b. 0.16AU 606 
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 607 

Figure 17  PSP and FIELDS Log SE Number Density due to Ions log (#/m
3
), a. 1AU and b. 608 

0.16AU 609 

Figure 18 shows the particle densities in front of the TPS as a function of distance for 610 

1AU, 0.16AU and 0.045AU.  The TPS shield is located at -0.2m.  It also includes the potential as 611 

a function of distance.  For 0.16AU and 0.045 AU the potential in front of the spacecraft has 612 

virtual cathodes (negative potential wells as shown in Figures 5-8, 5-9 and 5-10).  Space-charge-613 

limited currents which cause this virtual cathode are determined by the PSP spacecraft sheath.  614 

They have been studied extensively by many authors, including Langmuir [Langmuir '29]. Bohm 615 

[Guthrie '49], Crawford and Cannara [Crawford et al. '65], Prewett and Allen [Prewett et al. 616 

'76],  Marese et al. [Ketsdever et al. '00], Wang and Lai [Wang et al. '97].  Figure 18 show that 617 

the minimum of these wells occurs when the number density of the photoelectrons (plus other 618 

negative charge densities) become larger than the ion charge density, creating an inflection of the 619 

potential in the Poisson’s equation, as shown in eq. 21.  This inflection does not occur at 1AU.  620 

Please note that at 9.5Rs the densities have some small oscillations on the densities near the 621 

shield which could be caused by too large of a timestep.   622 

Figure 19 shows the position of the negative well in front of the TPS, and the Debye 623 

lengths of the plasma thermal electrons, the photoelectrons and SE near the TPS versus the 624 

distance of the spacecraft with respect to the Sun.  The location of the negative well gets closer 625 

to the TPS as the spacecraft nears the Sun.  This occurs at a rate not dependent on the ambient 626 

thermal electron Debye lengths.  It is closer to the SE and photoemission SE current reduction 627 

rates as the spacecraft approaches the Sun.  628 

Furthermore, the SPIS results show the collected current from photoelectrons, as they 629 

return to a positive potential antenna.  On an isolated free-floating antenna (i.e. without shield or 630 
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spacecraft nearby), both ends would have similar values.  However, photoelectrons from the 631 

shield are attracted to the antenna, making the collected current density of the antenna near the 632 

shield larger.  In other words, this photoelectron current to the antenna from the shield changes 633 

the current balance and final free-floating potential of the antenna.   634 

 635 

Figure 18  PSP TPS Shield Potential and Plasma Densities as a Function of Distance at a. 1AU 636 

(219Rs), b. 0.16AU (35Rs)  and c. 0.045AU (9.5Rs) 637 
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 638 

Figure 19  TPS Negative Well Position, including the Thermal Electron, Photoemission, SE 639 

Debye Lengths versus the Distance from the Sun 640 

In addition, the modeling results show the net current density of the antenna, where the 641 

tip has positive current density while the area near the shield has negative current density.  This 642 

negative density is mostly due to photoelectrons and SE both attracted from the shield.  To 643 

reduce the influence of this current from the shield on the antenna’s floating potential, a voltage 644 

bias is imposed between the shield and antenna, with the results shown in Part II of this paper.   645 

 646 

4.2 Sensitivity Analysis 647 

Various sensitivity analysis were conducted on the PSP FIELDS model to find both the 648 

main current source contributor and verify the model.  A variation on electron and ion density, 649 

ion velocity, photocurrent and magnetic field were introduced in the modeling parameters at both 650 

1AU and 35Rs.  The previous section showed the differences in currents between the 651 

photoelectron yield of the FIELDS Nb-C103 annealed versus unannealed.  The potentials clearly 652 

showed a dependence on the photocurrent yield, but there was also a change in the SE yield due 653 

to annealing, even though this change was less prominent.  Multiple runs were performed at 1AU 654 

and 0.16 AU (35Rs) with a variation of environmental inputs.   655 

The models were run with a variation of the distance from the Sun to vary photon flux, 656 

and hence photoemission, while keeping the electron and ion densities and velocities the same.  657 

The 1AU model (nonconductive TPS) was run at 0.7AU, double the photon flux, and hence the 658 
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Sun exposed surface photoemission, and at 1.4AU, half the photon flux. At 0.7AU the 659 

photoemission current and hence the total currents doubled.  The TPS shield and FIELDS 660 

antenna and shield remained positive and attracted the electrons.  Their potential though 661 

decreased by a few volts (~3 to 5V).  The spacecraft potential remained equal as the electron and 662 

ion environment were not changed and the TPS and the spacecraft were isolated from each other.  663 

At 1.4AU, there was half the photon flux than at 1AU.  Photocurrent also halves, decreasing the 664 

number of electrons emitted which reduces the potential of the surface.  The photoelectron 665 

density decreases with respect to other electrons at 1AU.  Photon flux variation was also run at 666 

35Rs with different results, simulating the photon flux at 53Rs and 27Rs while maintaining 667 

plasma densities constant.  At 35Rs, the potential of the surfaces was greater than at 53Rs and 668 

continued to increase at 27Rs.  The photoelectrons increased, which increased the potential.  669 

The model was run with no SE yield to confirm that the SE current was not a 670 

predominant influence on the potential during close encounters.  At 35Rs it was found that the 671 

SE yield did not influence the potential charging greatly (minus a few millivolts on the antenna 672 

and minus one volt on the spacecraft).  Like the antenna, the shield and the spacecraft were 673 

charging positive, and the emitted electrons were attracted by the positive potential surfaces.  At 674 

1AU, the SE had a greater influence on the surface potentials, but just by a few volts (~2V).  If 675 

the SE yield is removed, the spacecraft potential decreases by a few volts (~3V), the TPS shield 676 

decreases by half a volt and the antenna reduces its potential by five volts.   677 

The models were also run with a variation of electron and ion density while keeping the 678 

photoemission constant.  At 1AU, the model was run with higher ambient plasma density (by 679 

one order of magnitude).  The higher density of the plasma causes the potential of the antenna, 680 

the TPS shield and the spacecraft to decrease, showing a dependency on the ambient thermal 681 

electron density.  The model was also run with a smaller order of magnitude of ambient plasma 682 

density.  In comparison with the higher density, the potential increased by tens of volts for the 683 

spacecraft, TPS shield, and antenna.  At 35 Rs (0.16AU) similar electron and ion density 684 

variation was performed.  When the electron and ion densities were doubled, the potentials 685 

decreased by few volts on the spacecraft, TPS and the antenna.  The model was then run with the 686 

density halved.  The potentials of the spacecraft and the antennas increased by a few volts.  At 687 

35Rs the TPS shield is conductive, making the TPS shield and spacecraft float at the same 688 

potential.   689 
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The magnetic field was also modified from expected values to see no changes at either 690 

1AU, 35Rs nor 9.5Rs.  The gyroradius of the electrons remains much larger than the spacecraft 691 

and FIELDS antenna dimensions. Changes in the magnetic field do not affect PSP and FIELDS 692 

charging.   693 

Finally, the model was run at 35Rs with the finer mesh of 9.5Rs in order to do a 694 

comparison run.   The currents and potentials were compared.  The model found that for the 695 

spacecraft the difference in the total collected and total emitted current to be 0%, while for the 696 

FIELDS antenna the total collected current and emitted current difference was 0.3%. The 697 

maximum error on the spacecraft was of 3% for the collected SE, while for the FIELDS antenna 698 

it was 31% of the collected SE ion. This contrast was probably due to the reduction of the super 699 

particles which was done in order to be able to run the models in a shorter period of time.  These 700 

errors had little effect on the total current and final potential of the antenna during the I-V curve 701 

models, and with the lower number of super-particles the models ran faster with the author’s 702 

limited computing resources.  The plots shown in the previous section were created using runs 703 

with a larger number of super particles to decrease the maximum current errors down to 7%.  704 

The average potential errors were low, with an overall average of 2.9%, and a maximum error of 705 

8.9% on the spacecraft. 706 

This sensitivity study of varying the photoemission yield, SE yield, electron and ion 707 

densities reinforced the importance of knowing the material properties of the PSP and FIELDS 708 

shield and antenna.  Material properties of the TPS shield at high temperatures and 709 

photoemission and SE yields must be known to predict the plasma environment near the 710 

spacecraft and instrument.   711 

 712 

5 Conclusions 713 

The theoretical spacecraft charging overview was shown, introducing the use of 714 

thermionic emission as a primary current.  The PSP spacecraft and FIELDS antennas were 715 

modeled using SPIS software to predict their potential and current interactions with the 716 

environment.  Results predict the FIELDS antennas charging positive for all cases.  The plasma 717 

potentials show the ion wake and negative potentials in front of the TPS, as previously predicted.  718 

The plasma potential also shows the ion wake and negative wells in front the FIELDS shields 719 
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and antennas.  The antenna had a shallower negative potential well surrounding the cylinder, but 720 

similar negative potential well due to ion wake. It is important to note, the spacecraft potential 721 

predictions were within past estimates, except at 9.5Rs, which was closer to an extreme SW 722 

event.  Finally, a sensitivity analysis was performed which reinforced the importance of knowing 723 

the material properties of the FIELDS antenna and the rest of the spacecraft to predict the 724 

potential charging of the antenna.   725 
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