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Abstract: The proposed Small Solar Probe mission features a close approach
to the sun with a perihelion of 4 R;. Carbon molecules emitted from the space-
craft’s heat shield will become ionized by electron impact and photoionization.
The newly created ions and electrons may generate electromagnetic and electro-
static plasma waves which are possible sources of interference with in-situ plasma
measurements. To understand this possible interference, we have performed
computer simulations to model the plasma particle distributions caused by the
pick-up process of C3 ions and related electrons as the spacecraft flies across the
external solar coronal magnetic field. In order to study the wave-particle interac-
tions, which includes inhomogeneities (of the C; plasma) and kinetic effects, we
use the electromagnetic particle code called Kyoto University Electromagnetic
Particle Code (KEMPO). We find that there are no substantial density distur-
bances such as neither shock nor instabilities. The electric field disturbance in the
vicinity of the spacecraft is also small enough to detect the solar wind plasma.

1. Model

A full-particle simulation code is used to study inhomogeneities in a solar wind-
spacecraft interaction. We use 2-dimensional KEMPO code (MATsumoTO and OMURA,
1984) to solve for the electromagnetic and electrostatic fields and for particle trajectories.
This code solves the full set of Maxwell’s equations for the electric and magnetic fields and
the equation of motion for the particles in the system. They are solved self-consistently
based on the particle-in-cell method (MaTsuMoTo et al., 1988; OMURA and MATSUMOTO,
1988). Since the KEMPO code treats both electrons and ions as charged particles, it
allows us to investigate nonlinear phenomena due to their kinetic effects.
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Maxwell’s equations are solved by a leap-frog scheme for time advancement and a centered
differential scheme is used for spatial differentiation. The equations of motion for
particles are solved with a Buneman-Boris method (BIRDSALL and LANGDON, 1985). In
our simulation model (see Fg. 1), a half open boundary condition is adopted. That is,
damping regions are added in both x boundaries and periodic boundary conditions are
used in the y direction. The plasma waves propagating in the x direction are damped
near the edges of the simulation box (see Fig. 1) and particles are not traced beyond the
x=0, Xnax boundary. x,.. represents the size of the system including the damping
regions. At the center of the system we put in an internal boundary which corresponds
to the spacecraft. This is indicated by the shaded box of size 2R,. In this model all
particles impinging upon the spacecraft surface are absorbed, that is, the reflection
coefficient of the particles at the spacecraft surface is assumed to be zero. The potential
of the spacecraft is calculated from the accumulated charge using a capacitance matrix
method (HockNey and Eastwoop, 1988). The solar wind flows along x axis from
left-to-right and the solar wind magnetic field has an angle 4 relative to the flow direction
and lies within the x-y plane. We choose the spacecraft as our frame of reference. The
external electric field has an intensity of — vy X B,, where the ;= w.—w,,. The »,. and w,,
are the spacecraft velocity and the solar wind velocity, respectively. This is in the —z
direction, e.g., into the paper. In order to simulate an open boundary system, the solar
wind particles are injected from both ends (because of the large thermal velocities, some
particles enter the box from the right side), x=0, x,,.,, With a constant ambient flux which
is calculated from the thermal velocity and the solar wind velocity w,,.

Table | gives the model parameters. We find the electron beta, ion sound Mach
number and Alfvén mach number are 0.013, 5.0 and 0.4, respectively. Note that the flow
speed is supersonic but not super-Alfvénic. The characteristic frequencies of each species
are chosen to maintain realistic ratios relative to the electron cyclotron frequency (AL’PERT,
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Fig. 1. Simulation model.
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Table 1. Normalized parameters used in the computer experiments.
Normalizations are taken with respect to the electron cyclotron
frequency, Q., the solar wind electron thermal velocity, V..

Parameters
Electron plasma frequency ITe/Qe 4.0
Proton cyclotron frequency Qp/ Qe 0.0625
Proton plasma frequency 5/ Qe 1.0
Proton thermal velocity Ve/ Ve 0.1
C} cyclotron frequency Qc2s /Qe 0.01
C; plasma frequency ey /Qe 0.01
C}# thermal velocity Ve Ve 0.001
Mass ratio Mcy @, om 100:16: 1
Debye length Ao 0.25
Spacecraft size R,/ Ao 1.6
Alfvén velocity Va/Ve 1.25
Electron beta Le 0.013
Plasma drift velocity Vy/ Ve 0.5
Light speed c/ Ve 10
Ion sound speed Ve/ Ve 0.1
Sound mach number M, 5.0
Alfvén mach number M, 0.4
Spatial grid Ar 0.2
Time grid A, 0.01
Normalization values

Electron cyclotron frequency Qe 1.0
Solar wind electron thermal velocity Ve 1.0

1990; BrINCA and TsuruTtaNi, 1989). The drift, ion thermal and ion sound velocities are
indicated with a value normalized to the solar wind electron thermal velocity. Solar wind
electrons and ions are considered to be isothermal. The mass ratios of the electrons,
protons and C, ions are assumed to be 1:16:100 in our simulation. The compressed
mass ratio is necessary for reasons of computational efficiency. The thermal velocity of
C,-origin electrons is assumed to be 10 times smaller than that of solar wind electrons.
The thermal velocity of G, ions is very small, and therefore the ions can be assumed to be
a cold beam in the solar wind. Figure 2 shows the velocity distribution function used in
the computer simulations.
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Fig. 2 Velocity distribution function used in the computer experiments.
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Carbon molecules are emitted from the spacecraft’s heat shield will become ionized by
electron impact and photoionization. We estimate the neutral C, density, p.,, as a
function of distance from the spacecraft, ». The neutral C, particles flow isotropically
outward from the spacecraft. The density as a function of  is:

_ 9
P = 40,V ™
wherm Q is mass loss rate of the carbon heat shield in gs*, M,, is mass of G, ions in g,
r is the distance fsom the spacecraft in cm, and V, is the outflow velocity of neutrals in cm
s”!.  The ionization time of C, particles at 4 R, is assumed to be z=1.7x10"2s"!
(GOLDSTEIN et al., 1980). Assuming a spacecraft radius of 2 m, an upper limit for the C;

density is estimated assuming no removal by solar wind electric field (ie., out flow of newly
created ions with their initial velocity V;):

/rorzpwrdr
/Jc2+("o): 2 roz Vn . (8)

An upper limit for Q is 2.5 X103 g s' and V,=1.0x10°cm s™!. We assume that
the C7 ions are injected in the simulation box with the spatial profile shown in eq. (8).
The maximum pickup ion density is about 1.3 10* cm™* at a distance of 4 X 10? cm from
the spacecraft surface.

2. Results

We perform 4 computer simulation runs with different values of the angle of the
external magnetic field relative to the solar wind flow direction and C, densities.
Parameters for each simulation run are listed in Table 2. We first performed a computer
simulation without C, particles (4= 30°) to understand the effect of the C; emission. We
did this for baseline information and confirmed that only the solar wind proton forms a
small wake. Next we put the C, pickup plasma into the system and compare the
difference between two cases at four different § values (=0, 30°, 60° and 90°). The
larmor radius is 200 Ap, larger than the simulation box, 51.2 Ap.

The 4 figures (Figs. 3,4, 5 and 6) illustrate the densities when C, ions are present.
Figure 3 is the case where the external magnetic field has an angle of 0° relative to the solar
wind flow direction. The density profiles of C,-origin electrons (a) and C¢ ions (b) are
shown, respectively. A solar wind ion wake is formed behind the spacecraft while the

Table 2. Parameters used in the simulation runs. C,
number flux is defined relative to the solar wind
particle number flux.

Case No. Fig. No. 6 Relative C, flux
(1) 3 0.0 0.5
(2) 4 300 0.5
(3) 5 60.0 0.5

(3) 6,7 90.0 0.5
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Fig. 3. Plasma particle number density contour in the case where 6=0".
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solar wind ion wake is very small without the C; ions case (not shown). This is primarily
caused by the C, ion density enhancement near the spacecraft (shown in panel (b)),
displacing the solar wind protons. There is a C, ion density buildup in the vicinity of the
spacecraft (panel (b)). The largest densities are on the upstream side of the spacecraft.
While the newly created C{ ions are removed slowly from the vicinity of the spacecraft, the
C,-origin electrons are carried away very fast by interacting with the solar wind electrons.

As the angle of the magnetic field relative to the spacecraft velocity increases (Figs. 4
to 6), more C, electrons are carried away from the spacecraft. The C, ions again build
up on the upstream side of the spacecraft. For the #=30" and 60° cases, the absolute
densities are almost the same as the #=0° case, but the C; ion density structure is now
much broader in angle. Note the E X B flow direction is from the upper left to lower
right and therefore the asymmetry in the C, electrons in the y direction. This density
asymmetri is clearly seen in eq. (5).

Figure 6 represents the solar wind and C, plasma density with the same format as the
previous figure but for §=90°". Because of the orthogonal field orientation, the C, electron
density enhancement in the upstream region is now symmetric about the y direction.

Figure 7 depicts the potential structure around the spacecraft with a bird’s eye view
for the = 90" case. A potential hill due to charge separation between C, electrons and
lons can be send in downstream region of the spacecraft. The potential of the spacecraft
itself is not affected much by spacecraft charging effects. The potential of the spacecraft
is almost —2.6x 1072 of the electron thermal energy (xs7.). Comparing with no C,
emission case, we confirmed that the spacecraft potential is not affected by the C, emission
(TsuruTANI, 1991). The corresponding electric field at the spacecraft surface over the
Debye length is ~5.2x 1072 Vm~!. Two orders of magnitude lower than the v,x B,

Fig. 7. Potential structure around the spacecraft.
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electric field. The maximum of this potential is ~—2.6x 1072 3 T,~5.0eV. The drift
energy of the solar wind proton is ~100 eV. Thus, this should not lead to any interfer-
ence with solar wind plasma detection.

3. Summary

We have performed 5 computer simulations, one without C, ions and others with G,
ions and =0, 30°,60° and 90°. The four cases of the results have been shown in this
paper. There is an upstream C; density feature for all cases of 4. The density enhance-
ment has a magnitude of ~4 n,. The G, electron density is affected by the angle 4. Two
major C, electron density enhancement were observed downstream of the spacecraft. One
is due to the v, x B drift, and the other is due to the magnetic field aligned flow. There
is a measurable electric field disturbance at the surface of the spacecraft but quite small
~52x 1072 Vm™! relative to the solar wind drift energy. We confirmed that the solar
wind flow is not greatly affected by the potential disturbances in the vicinity of the
spacecraft.
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