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A surface char ging mo du le is develop ed and integrated to th e D RA CO code in COLI-
SEUM for m odeling electric propu lsion plume in teractions. Th is mo du le has t he cap abili t y
to mo del charge dep ositio n and propagation inside a comp osi t e surf ace. Surface charg in g
stud ies are presen ted for a comp osite sph ere un der plum e imp ingemen t and for a com bined
condu cting-d ielectric str uctu re in the solar w in d.

I. In tr oducti on

There hasbeen signiÞcant progressin modeling electri c propulsion plume spacecraft interacti onsin recent
years. Existi ng models range from system level engineering tools designed to produce quick estimations
to Þrst -principle based models designed to simulate the detai led physics using fundamental physics laws
with few assumptions. The particle-in-cell (PIC) algorithm is applied in most Þrst-pri nciple based electri c
propulsion plumemodels. Due to computation al constr aints, PIC simulationsof electr ic propulsion plumeare
mostl y applied to simpliÞed spacecraft models and conÞgurations. Hence, PIC models of electr ic propulsion
interactions are so far used asresearch tools rather than engineering tools. In order to develop an engineering
designtool using particle simulat ions, one needsto build up a code that is sophisti cated enough so that the
complex detai ls associated with a real spacecraft aswell asall the physicsinvolved can be modelled properly.
It must also be computation ally e!c ient enough so large-scale 3-D particle simulations can be performed
routin ely. A new electr ic propulsion simulation package, DRACO, is currentl y being developed with these
objectives in mind.

DRACO is part of the Air Force Research LabÕs(AF RL) COLISEUM packageand is designed for high
Þdelit y simulati onsof electr ic propulsion and spacecraft plasma interactions for realist ic spacecraft. (See, for
example, Ref. 1Ð4for a descript ion of the DRACO code, its basic algorith m, and some of its applications.)
For the past year, our development e"ort has been to further expand DRACOÕscapabilit y so this package
may be used as a virtu al testbed for spacecraft using electric propulsion. This paper and two companion
papers5, 6 present some of the new capabiliti es that were integrated into DRACO recentl y. This paper
discussesthe ongoing work in developing a surface charging module.

Surface charging is a particular ly important interaction aspect for spacecraft using elect ric propulsion,
sincean electric thru ster propels a spacecraft by continuously emit ting a partial ly ionized plume. Spacecraft
charging hasbeen a subject of extensive research (for instance, seeRef. 7Ð10and referencestherein). In most
electri c propulsion plume models, the spacecraft is typically modelled as a perfect conductor . The e"ects
of plume interacti ons with more complex surfaces, such as cover glass on solar array and/or conductor with
insulation coating, have not beenmodelled in detai l. Hence, the focusof th is study is on di"e renti al charging
on dielectric surfaces.

SectionI I providesan overview of the DRACO software and discussesthe algorithms and modelsinvolved
in the surface charging module. Section I I I presents two applications of using DRACO for surface charging
modeling. Secti on IV contains a summary and conclusions.
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I I. A lgor it hms and Mo dels

A. DR A CO Ov erview

DRACO is a multi-pu rpose electrostatic PIC simulati on package. The basic function of an electr ostat ic PIC
code is to solve the elect ric Þeld self-consistently wit h the boundary condition s and the spacecharge of the
particles from the PoissonÕsequation

∇ · (! 0∇#) = e(ne − ni ) . (1)

and the t rajectories of each charged part icle from NewtonÕssecond law

d
dt

(mv) = F = qE , v =
dx
dt

. (2)

DRACO allows a user to choose from two di"e rent simulation enginesto solve the above system. The Þrst
is based on the standard Þnite di"erence PIC (FD-PIC) and the second is based on the recently developed
immersed-Þnite-element PIC (IFE -PIC).4, 11

The FD-PIC simulation engine is a direct derivativeof the 3-D plasma particle simulation codespreviously
developed by J. Wang to simulate ion thruster plume interactions12 and ion optics plasmaßow.13 The plume
simulation model in Ref.12 produced results that are in excellent agreement with data from Deep Space 1
in-ßight measurements and the ion optics model in Ref.13 produced results that are in excellent agreement
with data taken during the long durati on tests of the NSTAR thruster. The FD-PIC simulation engine
is intended for problems with relatively simple geometric conditi ons. To resolve the geometry associated
with a curved surface, a method of sub-grid scale placement of boundaries is used. This method explicitly
includes the location of object surface in relation to the computation al mesh so that the placement of the
object boundary is not restri cted to the meshpoints. The electri c Þeld is obtained by solving the PoissonÕs
equation using a dynamic alternat ing direction impli cit (DADI) method with a defect correction using the
Douglass-Gunn operator splitti ng.12 This DADI method was chosen over other algorithms for its increased
stabilit y properties over fully explicit methods, and its relatively simple tr idiagonal system of equations
produced by the partial ly impli cit nature of the method.

A PIC basedmodel of spacecraft interactions requires one to resolve accurately the e"ectsfrom spacecraft
boundaries on plasmas. In most cases, complex geometries are best handled by a body-Þt unstructured mesh
using tetrahedral elements. An unstructured mesh based particle code can, however, be computationally
expensive compared to a standard Cartesian mesh PIC code. In a standard FD-PIC code, the memory
location for quantities deÞned in neighboring cells can be found trivi ally via indexing. This is in contr ast to
an unstructured mesh wherethe neighborsof a givencell must befound by lookups in a table or other methods
requirin g additional memory referencesand computati on time. Moreover, for an unst ructured mesh, a fair ly
complex scheme is typically needed to determine a part icleÕsnew cell. These added complexiti es not only
make large-scale 3-D simulations expensivecomputational ly, but alsocomplicate the parallel implementation .
On the other hand, a Þnit e di"e rence based Þeld solver using the Cartesian meshesis susceptib le of losing
accuracy in the Þeldsin the vicinit y of a irregular boundary.

The IFE-P IC is a hybrid Þnite-element and Þnite-di"erence particle-in-cell algorithm. In IFE -PIC, the
PoissonÕsequation (1) is solved using the recently developed immersed-Þnite-element method.11 A major
attr acti on of the IFE method is that it allows the use of a str uctured mesh generated independent of the
internal object boundary to solve problems involving complex internal boundaries. This allows a PIC code to
retain the standard particle push speed. It wasshown that the IFE retains the numerical accuracyassociated
with body-Þtted Þeld solvers.

The IFE-PIC algorithm usesa uniform Cartesian-tetr ahedral mesh. The primary mesh is the Cartesian
mesh. Each primary Cartesian cell is further divided into Þve tetr ahedral elements. Particle push is per-
formed using the primary Cartesian mesh(the PIC mesh). The electri c Þeld is solved using the tetrahedral
mesh (the IFE mesh). As illustr ated in Figure 1, since the mesh used by IFE-P IC is generated independent
of the object boundary (i .e. the interface) inside the simulation domain, some of the cells in the mesh will
intersect with the object boundary. Hence, the elements used by IFE include (1) interface elements, i.e.
those elements whoseinteriors are cut through by the object, and (2) non-interface elements.

In order to perform simulations for realistic spacecraft, DRACO has the capabilit y to read in spacecraft
conÞgurations deÞned by CAD tools. The output from CAD tools are stored in an ANSYS Þle. An object-
mesh interpolation module, VOLCAR, is developed as the interface between CAD deÞned object surface
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Figure 1. The Cartesian-tetrahedral mesh used by IFE-PIC (2-D projection). The circular internal object
boundary represents an interface surface in the simulation domain. Those cells containing the interface are
interface cells. The physical jump conditions at interface are used to determine the IFE basis functions for the
two portions of the interface cell (the pink region and the light green region).

and the PIC code. VOLCAR performs the Óintersecti onÓoperation to ident ify the intersections by an object
onto the computati on mesh.

B. Par ti cle-Surface In ters ect ion

In order to model particle-surface interacti ons, one needs to determine the part icle impact location on a
surface accurately. The algorithm for determining particle surface intersection for an arbitrari ly deÞned
surface element is shown in Figure 2. If an intersection occurred during one particle push step, then the
particleÕsprevious position is calculated and depending on the type of cell the intersecting surface can be
determined. The surfaceindex is stored aspart of the cell st ructure for interface cells, but for boundary cells
the face of the cell that the parti cle passed through must Þrst be determined. If a part icle is in an internal
cell then the parti cle is moved back along its path until it is in an interface or boundary cell .

Aft er the index of the intersecting surface is determined, the particle is moved to the point of intersection.
The fraction of the ti me step required to move the particle to the intersection point is calculated. The surface
normal vector is determined and used to perform the surface interact ion. The particles position is updated
again using the fraction of time step.

C. Sur face In teracti ons for Inciden t Par ti cles

When a parti cle impacts a surface, it s charge is absorbed and the particle becomes a neutral partic le after
collision. The surface material property determines whether the neutral particle would be reßected back
to the simulati on domain or ÒdepositedÓto the surface, and if it is reßected, the part icleÕsafter collision
velocity. Ion impingement may also cause sputt ering of surface atoms. The after-collision properties of the
incident ions are speciÞedin the DRACO input Þlesfor every neutral or ion parti cle and surface material
pair thr ough the following coe!cie nts.

Stickin g Coe ff icient The sti cking coe!c ient , µs, deÞnes the percentage of particles that will be ab-
sorbed by a surface. The sticking coe!c ient can be used to assign pumping speeds for vacuum tank sim-
ulations or monitor ing re-deposition of sputtered material.5 To determine if a particle sticks to a surface
a random number is picked between zero and one and if that number is less then sticking coe!c ient the
particle is removed from the simulation.

Acco mmodation Coef ficient The accommodation coe!cie nt, µa, determines the percentage of the
magnitude of the parti cles velocity that accommodates to the surface temperature. The thermal velocity
of the surface, Vth , is calculated using the temperature of the surface. For every impact, neutral or ion
particles, a random normal vector is computed until the vector points in the positive direction relative to the
normal vector of the intersecting surface. The new velocity vector of the reßected parti cle is computed using
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Figure 2. Flowchart of Determining Surface Section of Surface Intersection Algorithm

the random normal vector, initial parti cle velocity, thermal velocity at the surface, and the accommodation
coe!cie nt.

"V = [V0 + µa (Vt h − V0)] "n (3)

D. Surface Char ging

DRACO allows the user to specify a composite surface such as that shown in Figure 3. This exampleshows
a typical model for a solar array element, where the blue area represents the dielectric cover glassfor solar
cell and the green area represents the conducti ve back panel the internal spacecraft area. When an ion or
electron hit s the surface, its charge is Þrst stored on the nodesthat make up the spacecraft surface and then
moved based on material properties and the local electric Þeld inside the material. The surface potential
is calculated based on the values of the internal potenti al, #i , the surface charge qs, and the capacitance
of the surface element. For the example shown in Figure 3, the cover glassis thi n compared to the overall
spacecraft size and thus the cover glasscapacitance is simply C # !A/t , where A is the surfacearea, t the
th ickness,and ! the permit tivit y of the material. Hence

#s = #i +
qs

C
= #i +

qst
A!

(4)

For a conducti ng surface, the charges collected will be distrib uted such that the surface potenti al is
uniform. However, for a dielectr ic surface, the local surface potential is determined by local chargedeposition
from Eq. (4). In order to determine the local charge deposition qs and local surface potential #s, one must
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Figure 3. Model for a solar array element

Þrst calculate the current conducted from the surface to the interior of the spacecraft as well as the current
ßowing along the surface. The following calculations are implemented in DRACO for such a calculation.

Current from Surface to Interior : The current density from surface to interior j s is a functi on of electr ic
Þeld E and conductiv it y $.

j = $E (5)

where E = q
A! . The total elect ric Þeld inside the material is the di"erence between the two opposing Þelds

due to the charge on the interior Eis and surface Esi of the cover layer

Es = Eis − Esi =
#i

t
− qs

A!
(6)

The current thr ough the dielectri c surface can then be determined from eq(5)

i s = j sA = $
!

A# i

t
− qs

!

"
(7)

Surface Current: The calculation of charge propagation along the surface is handled in several steps.
Fir st , the electr ic Þeld is solved between all neighboring nodes, a and b, on the surface separated by a
distance, dx, from

Eab = −#a − #b

dx
(8)

Since each element is ßat, and only the Þeld between adjacent nodes is considered,th is can be considered a
1-D problem in the local area of interest regardless of the actual geometry. Current density can therefore be
calculated per unit length by multip lyi ng the elect ric Þeld by the material conducti vit y

j ab = $Eab (9)

and the current between nodesa and b is given by

i ab = j abdy (10)

Finally, the current betweeneach set of the n neighboring nodes is multipl ied by the timestep and added up
to obtain a change in charge on each node.

dqa = $ n
0 i na dt (11)

The spacecraft ßoating potential, or the spacecraft ground #i , is determined from the total current balance

$ I i (#i ) = 0 (12)

where the incident currents I i are obtained from DRACO simulations of the plasma surrounding spacecraft.

E. Spher ical Pr obe I- V Char act er ist ics

Before we move on to charging calculations, it is important to validate that the collecti on of current from
ambient plasma is calculated correctly. A series of tests on current calculation simulat ions have been carried
out during the course of DRACO development . One such test is shown in Figure 4 which comparesthe
current-voltage characteristics for a spherical probe obtained using DRACO with the analytical solution.
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This test was carried using the full particle PIC where both ions and electr ons are modelled as macro-
particles. For this test, the spherical probe is taken to have a radius of 1.5mm. The probe is immersed
in a stationary Maxwellian plasma. The plasma parameters are shown in Table 1. The comparison shows
an almost exact agreement between the DRACO results and the analytical results. Error comes from the
variance in particle ßux to the probe.

ion density (m! 3) 3× 1012

electron density (m! 3) 3× 1012

temperature (K ) 750
ion O+

Table 1. Plasma parameters for spherical probe test

Figure 4. Current collection on sphere from full PIC simulation compared to analytical results

I I I. Appl icati on Exampl es

A. Plume Impi ngement on Comp osite Spheres

The Þrst example investigates surface charging induced by the impingement of ion thruster plume. The
simulation setup is shown in Figure 5. In this simulation, a composite sphere is placed in front of an ion
thruster beam in a vacuum environment. The spherematerial properties and dimension, and the thruster
parameters are listed in Table 2.

Figure 5. Simulation setup for a sphere under the impingement of ion thruster plume. The number density
of thruster plume is also shown
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Sphere
Case 1 Case 2 Case 3

surface conducti vit y (Sm! 1) 0 10! 5 10! 5

surface permitti vit y (F m! 1) 10! 11 10! 9 10! 9

surface thi ckness(mm) 1 1 1
initial potential (V ) 0 0 0
interior sphere capacitance (pF) N/A N/A 0.168
interior sphere conductiv it y (Sm! 1) N/A N/A 1011

interior sphere charge sink charge sink conductive body
sphere radius (mm) 1.5 1.5 1.5
distance from center of sphere to thr uster (mm) 0.2 0.2 0.2

Thr uster
thruster exit radius (mm) 0.025 0.025 0.025
mass ßow rate (kgs! 1) 1.089× 10! 6 1.089× 10! 6 1.089× 10! 6

exit temperature (K ) 19161 19161 19161
exit velocity (ms! 1) 11604 11604 11604
beam divergence(o) 10 10 10
ion X e+ X e+ X e+

Table 2. Parameters for sphere under plume impingement test

The sphere considered here consistsof an interior sphere with a thi n coating. Three di"e rent material
compositions are presented here. In the Þrst two cases, the interior sphere is assumed to be charge sink.
All charge that reaches the interior sphere is removed immediately. The coating shell in the Þrst case is
non-conducti ve (e.g. glass) and in the second caseis semi-conductive (e.g. sil icon). In the th ird case, the
charge sink is removed and the interior sphere is a conductor not connected to a ground and the coating is
again semi-conductive.

Figure 6 compares the response in surface potential for each case. In th is Þgure, the view angle is a
45 degree with respect to the thr uster Þring direction to show both sidesof the sphere. When the surface
coating is non-conduct ive, the result shows that a di" erentia l charging of 110V is developed between the
side facing the thruster and the side opposite the thruster due to non-uniform charge deposition on surface
by the plume. In Case2, due to Þnite surfaceconducti vit y, a portion of the charge deposited to the surface
ßows through the coating into the interior sphere where it is removed. This results in a beam side potential
of less than 1V . However, as the rest of the charge deposited is eith er stored in the coating or ßows along
the surface, a non-uniform potential develops on the surface. In Case 3, the conductive interior allows a
redistr ibution of the charges that ßow through the coating. As a result, the surfacehas a uniform potential
distr ibution equal to the ßoating potential.

B. Com bi nat ion Structur e in a Solar Wind Pl asma En vi r onm ent

We next consider a combinat ion of structures of di" erent materials immersed in a plasma. The str ucture
consideredis a sphere with a th in panel, as shown in Figure 7. We assume that the panel may have an
internal potential di"e rence of 60 Volts covered by a surface coating between the two ends of the panel. The
sphereis electri cally connected to the negative ground of the panel. The sphere or the panel may be covered
by di"e rent materials. For simplicity of the study, no internal circuit is considered.The chargedcollected by
the str ucture is allowed to redistrib ute on the surface based on material conducti vit y and the local electri c
Þeld inside the material. Hence, th is test casedoes not represent an actual spacecraft with a solar array
panel.

The plasma environment consideredis similar to that of the solar wind at 1AU . The plasma parameters
are shown in Table 3. The only current sources considered here are the ambient electr ons and ions. Other
current sources, such as photoelect rons, are not consideredhere. The spacecraft is taken to be a sphere
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Figure 6. A surface under ion thruster plume impingement: surface potential contours. Top: interior charge
sink with a non-conductive surface (case 1). Middle: interior charge sink with a semi-conductive surface.
Bottom: a conductive sphere with a semi-conductive surface.
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connected to a panel. The parameters for the spacecraft setup are listed in Table 5. Full particle PIC is
usedfor th is simulati on.

ne1 (cm! 3) 3.5
Te1 (eV ) 40
ni 1 (cm! 3) 3.5
Ti 1 ( eV ) 10
Vd (kms! 1) 400

Table 3. Parameters for ambient plasma environment

Figure 7. Spacecraft geometry and initial driving potential map

Dielectr ic Elements
conductivit y (Sm! 1) 10! 10

permittivit y (F m! 1) 10! 11

surface thi ckness(mm) 2.5
Conductive Elements

conductivit y (Sm! 1) 1011

body capacitance (F ) 27.78× 10! 6

Geometr y
sphere radius (m) 0.25
panel length (m) 1
panel width (m) 0.5
panel thickness (m) 0.05
distance betweensphere and panel (m) 0.10

Table 4. Parameters for components of spacecraft

We consider four di"e rent spacecraft conÞgurations. The results for surface potential distrib ut ion are
shown in Figure 8. In the Þrst two cases, we assume both the sphere and the panel are conducti ve. When
no interior driving voltagesis applied, the entire structure reachesa uniform potential of −5.025V at steady
state. When a driv ing voltageof 0 to 60V is applied to the panel, part of the structure becomesnegatively
charged and the other part becomes positively charged so the total current collection by the structure is
zero.

In Case 3, the entire str ucture is assumed to be dielectric and no charge is allowed to ßow in inside the
structure. A ini tial driv ing voltage is applied to the panel. Since charge is not allowed to ßow around the
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(a) All conductiv e surface elements with drivin g potent ial gradient removed.

(b) All conducti ve surface elements

(c) All dielectric surface elements

(d) Conductin g sphere with dielectric cover glass for panel

Figure 8. Surface potential of a combination structure in a plasma similar to solar wind
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Case 1 Case 2 Case 3 Case 4
panel front surface conductive conductive dielectric dielectric
panel back surface conductive conductive dielectric conductive
panel potential gradient not applied applied applied applied
spheresurface conductive conductive dielectric conductive

Table 5. Spacecraft component materials

structure, the ini tial driv ing voltage is balanced by the potential induced by chargesstored in the panel. As
a result, the ent ire panel has a uniform potential at around −5V at steady state. In Case4, we take both
the spacecraft body and the panel back side to be conduct ive, but the panel front side to be a dielectri c
coverglass. As expected, the conductive elements reach a uniform voltage and the dielectr ic glasscancelsout
the e"ects of the potenti al gradient at steady state.

IV. Summ ary

A surface interaction module has been integrated to the DRACO code in COLI SEUM. This module has
the capabilit y to model surface charging for a composite surface. Charge collected from the ambient plasma
is allowed to propagate over and thr ough the surface via the elect ric Þeld between elements of the surface
and the conduct ivit y. This new module is applied to consider surface charging of a composite sphere and
a combination of conducting-dielectri c str ucture. Futur e work will consider surface charging interactions
related electri c propulsion plume, such as plume interactions with solar array.
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