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(ABSTRACT)

Analytical and numerical studies are carried out to investigate spacecraft charging and
plasma interactions in the solar wind. The physics of spacecraft charging in solar wind
is determined by the mesothermal flow and the photoelectron sheath. In order to properly
resolve both plasma flow and the photoelectron sheath, a 3-D full particle PIC model is
applied. In this model, all plasma species (ambient ions and electrons, and photoelectrons)
are modeled as macro-particles so the detailed dynamics of each species can be resolved
around a charged spacecraft. In order to correctly resolve the mesothermal velocity ratio,
PIC simulations are carried out using the real ion to electron mass ratio. A charging model
based on the capacitance matrix method is integrated into the PIC model so the floating
potential can be calculated self-consistently with the PIC code from charges deposited on
the surface.

We first investigate the photoelectron sheath in the solar wind. Previous analytical stud-
ies of monotonic and non-monotonic sheath profiles in stationary electrons have suggested
that there can exist two solutions of the sheath profiles when photoelectron emissions are
significant. We extend the previous analytical study to include the effects of drifting elec-
trons. Full particle PIC simulations suggest that the non-monotonic sheath profile is the
stable solution under solar wind conditions. We found that the current balance calculation
is not an accurate method to predict the floating potential when photoelectron emissions are
significant.

We next apply the simulation model to study spacecraft charging under various solar wind
conditions. Due to photoelectron emissions, spacecraft charging is typically not a serious
problem. The floating potential is ~ 2.5V under the mean solar wind condition. We also

investigate the plasma interactions of a multi-body system consisting of a large platform



(6Ag x 6)4) and a small free flyer (1.2A\4 x 1.2A; x 0.6);) in the absence of photoelectron
emissions where we set a free flyer at 2)\; behind the platform in the wake. For the particular
system studied in this dissertation, the simulation shows that wake charging is not severe

under both the mean solar wind condition and severe magnetosheath charging condition.
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Chapter 1

Introduction

Spacecraft charging is an important issue in spacecraft design and operation. The charging
effects have been attributed to operational anomalies, component failures, and even total
failure of a spacecraft [83, 77, 58]. The objective of this study is to develop a fully kinetic
simulation model to study spacecraft charging and plasma interaction in the solar wind.

There have been extensive studies in spacecraft charing. In many aspects, the physics un-
derlying spacecraft charging is similar to that of an electrostatic probe immersed in plasma.
The work of Langmuir [49] provides the fundamental knowledge and basic understanding
of current collection by an electrostatic probe. Some early studies relevant to probe theory
and spacecraft charging include the following: Berstein and Rabinowitz [3] studied parti-
cle trajectories around a probe by using the time-dependent Vlasov’s equation and Poisson’s
equation in self-consistent manners; Beard and Johne [1] discussed the effects of electric fields
generated by a satellite at the earth’s magnetic fields and investigated the effect of emitting
charged particles on a spacecraft in the ionosphere; Davis and Harries [12] studied the shield-
ing of a moving sphere in the ionosphere; Whipple [97] investigated the charging effects by
solving the Poisson-Vlasov equations. In recent years, numerical modeling has been increas-
ingly used in predicting spacecraft charging and investigating spacecraft-plasma interactions.

For instance, the NASA Charging Analyzer Program (NASCAP) [52, 53, 54, 55, 56] has been
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used extensively in US and Spacecraft Plasma Interaction System (SPIS) [33, 79, 34, 17],
used in Europe. A review of spacecraft charging can be found in Garrett [19] and Whipple
[95].

However, most studies on charging have focused on geosynchronous (GEO) orbit. In GEO,
the ambient plasma relative to spacecraft is stationary and the plasma Debye length is much
larger than the spacecraft dimension. Hence, the interaction in GEO may be characterized as
“thick sheath” in stationary plasma. This study focuses on spacecraft charging and plasma
interactions in the solar wind. The solar wind is a tenuous, high speed plasma which flows
radially outward from the sun. Its parameters may undergo substantial variation but mean
observed values of plasma parameters at 1 AU are given by the values shown in Table 1.1
[24]. The solar wind plasma flow is mesothermal, vy; << Vi, << v, where vy; and vy, are
the solar wind ion and electron thermal velocity, respectively. The plasma Debye length
in the solar wind is smaller than or comparable with typical spacecraft dimension. Hence,
in contrast to GEO, the spacecraft-plasma interaction in solar wind may be characterized
as “thin sheath” in a flowing plasma. Additionally, the photoelectrons may dominate the
plasma sheath under sunlight. A number of studies have combined surface charging calcu-
lations with photoelectron sheath calculations for conditions relevant to spacecraft charging
in solar wind. For instance, Fu developed an analytical model for a photoelectron emitting
planar surface in stationary electrons and showed that there can exist two types of steady
state solutions of the potential profile in the photoelectron sheath: the monotonic profile
and non-monotonic profile. It has been suggested that the non-monotonic profile is a more
stable solution if the photoelectrons are significant [18]. Nitter et al. further developed a
numerical solution of the photoelectron sheath [69]. The non-monotonic sheath has also
been studied recently for surfaces with active plasma emissions. For instance, Wang and
Lai [91] developed a full particle PIC model of the plasma sheath for an ion beam emitting
surface and Marrese et al. [57] developed a full particle PIC model of the plasma sheath for
an electron emitting surface. In both studies, particle simulations showed that the current

emission will lead to a non-monotonic potential profile and even a virtual anode or cathode



Hyunju Jeong Chapter 1. Introduction 3

if the emitted current far exceeds the ambient plasma current. A number of studies have
also investigated the interactions between mesothermal plasma flow and a large object under
“thin sheath” limit (see Wang and Hasting [89, 90] and references therein). For example,
Wang and Hasting [89, 90] developed a PIC model to study the plasma flow around a large
thin negatively charged platform in ionosphere. Wang and Garrett [22] further developed a
PIC model to simulate solar wind plasma flow over a positively charged solar sail. However,
in both studies, the electrons are modeled as an isothermal fluid and the object charging

potential in the simulation is not calculated self-consistently.

Table 1.1: Parameters corresponding to typical solar wind condition.

Parameter Electron Ion

Density (p), cm™3 8.7 8.7
Temperature (7'), eV 12 10
Drifting Velocity (vq), km/s 468 468
Thermal Velocity (v¢), km/s 2.05 x 103 43.8
Debye length (Ag), m 8.7 7.97

Gyro frequency (Q), rad/s 1.8 x 103 0.96
Plasma frequency (w), rad/s 1.66 x 10° 3.9 x 10?
gyroradius (r = v/),km 1.1 489

Table 1.2: Various solar wind conditions used in charging simulations.

Ne,ni(em™3) Vi (km/s) T.(eV) Ti(eV)

Solar wind mean flux density 8.7 468 12 10
Solar wind 5% flux density 3 500 12 10
Solar wind 95% flux density 100 900 12 50

Magnetosheath 100 900 1000 1000
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1.1 Approach

In this dissertation, we first investigate the photoelectron sheath. We then study plasma

flow effects and spacecraft charging.

1.1.1 Analytical Approach

When a spacecraft is immersed in solar wind plasma and is exposed to the solar radiation,
the dominating current sources are the solar wind protons and electrons, and photoelectrons.
As the photoelectron current is typically much larger than that of the solar wind protons
and electrons, the sunlit surface of a spacecraft is typically charged positively with respect to
ambient solar wind plasma. We shall refer a plasma sheath dominated by the photoelectrons
as the photoelectron sheath. An analytical approach is first developed to predict surface
floating potential and the photoelectron sheath profile under solar wind conditions.In most
analytical studies, the floating potential is calculated using the 1-D current balance calcu-
lation where the currents are obtained by assuming a monotonic sheath profile. However,
it is well known that the potential profile near an electron-emitting plate can become non-
monotonic if the photoelectron emissions are sufficiently large. The photoelectron sheath
has been studied extensively (see, for example, Ref. [84, 28, 18, 69, 98, 85] and references
therein). Fu [28, 18] developed a detail analytical approach to calculate the non-monotonic
potential profile in the photoelectron sheath for a plate immersed in a stationary plasma. In
this dissertation, we extend the analytical approach developed by Fu [28, 18] and Nitter [69]

to include the effects of drifting electrons.

1.1.2 Numerical Approach

The basic characteristics of solar wind plasma around a spacecraft is similar to that of un-

magnetized, collisionless, mesothermal plasma flow around an object. Previously, Wang and
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Hastings [89, 90] and Wang and Garrett [22] developed a particle simulation model to study
mesothermal plasma flow around a large object. In those studies, the kinetic behavior of
electrons were ignored. Wang and Lai [91] and Marrese et al. [57] further developed full
particle models to study the sheath near an electron emitting surface. The research pre-
sented in this dissertation extends the previous work of Wang and Hastings [89, 90|, Wang
and Garrett [22], and Wang and Lai [91] to model the photoelectron sheath and charging
under solar wind conditions. In this dissertation, a full particle simulation model is devel-
oped where the model resolves electron kinetic behavior. This model can be used to model
plasma interactions for both negatively and positively charged objects. The PIC model is
further integrated with a charging model based on a capacitance matrix method [7, 8] so the
floating potential can be obtained directly in PIC simulations from charges deposited on an
object surface.

In the PIC model presented here, all plasma species (ambient ions and electrons, and pho-
toelectrons) are modeled as macro-particles so the detailed dynamics of each species can be
resolved. Full PIC models require sophisticated schemes for the loading and injection of par-
ticles at the simulation domain boundaries because any inaccuracy in handling the transient
of fast moving electrons at the simulation domain can quickly result in numerical problems
and/or wrong results. In this work, the particle injection scheme from [4, 5, 11] is applied to
determine the particle injection number and corresponding velocities at all domain bound-
aries. In order to maintain the correct velocity ratio of mesothermal flow (vy; < vy < Vi),
PIC simulations were performed using the real ion to electron mass ratio. The potential
on a spacecraft was calculated directly using the deposited charges on each node obtained
from PIC simulations. The charge re-distribution on the conductive materials was calculated
using the classical capacitance matrix technique [7, 8, 2, 32]. A numerical model is applied
to a spacecraft charging under various solar wind conditions including the mean solar wind

flux, 5% solar wind flux, 95% solar wind flux, and severe magnetosheath charging conditions.



Chapter 2

Analytical Approach

2.1 Introduction

The surface floating potential in space is determined by the current balance condition:

Inet(do) = Ie(do) — Li(¢0) — Lse(¢0) — Lsi(d0) — In(0) — Tpn(¢o) = 0 (2.1)

where ¢q is the surface floating potential, I,.;, the total current, I, the electron current,
I;, the ion current, I, the secondary electron current due to I., I, the secondary electron
current due to I;, I, the backscattered electron current due to I, I,,, the photoelectron
current. Fig. 2.1 illustrates surface charging in eclipse and under sunlight. In this work,
we shall only consider the ambient electron current, ambient ion current, and photoelectron
current in the above equation.

The essence of the problem is to determine the current as a function of the surface potential.
In order to calculate the current on the surface, one first needs to solve for the plasma sheath
surrounding the surface. When the photoelectrons are present, the potential profile in the
sheath can be significantly more complex than the regular plasma sheath. We typically refer
the sheath dominated by the photoelectrons as the photoelectron sheath. There can exist

two types of steady state solutions for the photoelectron sheath [18]. One is the monotonic

6
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Figure 2.1: Schematic for charging effect (A) in eclipse and (B) under sunlight.

sheath profile where the potential changes from the surface potential to ambient potential
monotonically. The other is the non-monotonic sheath profile where the potential decreases
to a negative minimum potential before increasing to the ambient potential. It was suggested
that the non-monotonic sheath profile is the more stable solution when the photoelectron
density dominates that of the ambient plasma [18]. Fig. 2.2 illustrates the regular plasma
sheath and photoelectron sheath around a charged plate. In this chapter, we apply two

methods to calculate the floating potential. In Section 2.2, we assume a monotonic potential
profile for the plasma sheath and apply the 1-D current balance calculation using current
obtained from the monotonic potential profile. As the non-monotonic sheath profile is ex-
pected when photoelectrons dominate the ambient plasma, the results presented in Section
2.2 are not expected to represent the real physics. These results are only for the purpose of

comparison. In Section 2.3, we introduce the photoelectron sheath theory. The analytical
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Figure 2.2: Schematic for regular plasma sheath (left) and photoelectron sheath (right)

around a charged object.

approach presented here follows the previous studies by Fu [18] and Nitter [69]. The basic
procedure of this approach is to first obtain the surface potential and minimum potential
using boundary conditions and then solve the Poisson’s equation.

In the previous studies of Fu [18] and Nitter [69], the electron drifting effect was ignored.
In this chapter, we include the drifting electrons in solving the Poisson’s equation. As the
solar wind is mesothermal (v; < vg < v4) plasma flow, we model the solar wind ions as a
mono-energetic beam and the solar wind electrons as a drifting Maxwellian distribution (see
Fig. 2.3). The photoelectrons are assumed to be emitted from the surface as a stationary
Maxwellian distribution. Fig. 2.4 illustrates the stationary and drifting Maxwellian distri-
bution functions. Here, v, is the minimum velocity for electrons to reach an object. Those
electrons with an initial kinetic energy smaller than minimum velocity v,, o = % will

be reflected by the potential barrier. Obviously. the drifting velocity will increase the current

from the free electrons which overcome the potential barrier.



Hyunju Jeong Chapter 2. Analytical Approach 9

Q)

— 00 V OO'

Figure 2.3: Ilustration of the Maxwellian distribution function for electrons (black) and cold

beam for ions (red).

) ) v,
1 | 1
1 | 1

\l 1 //’d\\

. /
! 1
! 1
! 1
! 1
! 1
! 1
! 1
! 1
! 1
- L -

yvii v !

— o0 v, o0 — 00 Vv o0
Reflected electrons Free electrons Reflected electrons m Free electrons
Stationary Maxwellian Distribution Drifting Maxwellian Distribution

Figure 2.4: Hlustration of the stationary and drifting Maxwellian distribution functions.
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2.2 Current Balance Calculation

The Maxwellian distribution function for a stationary plasma in the absence of an external
electric field is given by:

m(v: +vp + v7)
2kT.

J

m
File,0) = my (5 ) e~

) (2.2)

The one-sided current density on a planar object is given by:

T,
Jj=Jjp = qj/ / / (v)dv,dvydv, = g;n; M, (2.3)

27ij

In the presence of a charged plate with surface potential ¢y, the current density for the

attracted species to the plate is:

kT
and that for the repelled species
—€¢0 kT; €¢0
Jj = Jjo exp( i, ) = an; 27m;j exp(— i, ) (2.5)

where ¢ is the surface floating potential. The Maxwellian distribution function for drifting

plasma in the absence of an external electric field is:

m(va +v2 + (v: — vg)?)
2K T;

m
2mkT;

i, v) = ny( )2 exp(— ) (2.6)

The one-sided current density on a planar object is given by:

T = =g / / / (v)dv,dv,dv, (2.7)

= W@(T; eXp(—(Ut) ) + va(1 + er f(=2)))

Ut
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In the presence of a charged plate with surface potential ¢y, the current density for the

attracted species is:

Ty = o = aims (= exp(=() + a1 +erf () (2.8)

and that for the repelled species:

‘,gff) - anj;j;exp(—(ﬁjj)%+vd<1+erf<3>>>exp<—z¢£> (2.9)

Jj = JjO exp(

In this dissertation, the ambient electrons are modeled as a drifting Maxwellian distribution
while photoelectrons on the surface are modeled as a stationary Maxwellian distribution.
The ambient ions are modeled as a cold beam. Hence, when the surface floating potential is

positive, the current balance equation can be written as

e
Jnet(gbo) = Je() — Jz — JphO eXp(—k;iO ) =0 qb() >0 (210)
ph
Here, the ion current is:
2
Jio = enjv; = eni\[v3 — edo (2.11)
m

where we have assumed a normal impingement of ion flow:

1 1
imvg = Emv? — edy (2.12)

When the surface potential is negative, the current balance equation is

e
Inet(¢s) = Jeo eXP(kq,}O) — Jio — Jpho =0 ¢o <0 (2.13)

where

Jio = en;v; = en;vg (2.14)



Hyunju Jeong Chapter 2. Analytical Approach 12

2.3 Photoelectron Sheath Theory

2.3.1 Photoelectron Sheath

In this section, we introduce the analytical approach of solving the photoelectron sheath
in the presence of a drifting plasma. The approach presented here is based on the previous
studies by Guernsey [28], Fu [18], and Nitter [69]. In the previous study, it was assumed that
the ambient plasma consists of cold and drifting ions and stationary Maxwellian electrons. A
detailed photoelectron theory for stationary electrons is included in Appendix A. In this work,
we extend their approach by further considering a drifting Maxwellian distribution for the
ambient electrons. In the presence of photoelectron emissions, there can exist three types of
sheath profiles depending on the relative magnitude of incident emitting current. It has been
suggested that for stationary electrons, a non-monotonic potential profile exists only under
the condition of n,,/ne > T, /Ty, > 1 where T' denotes temperature and n. and n,, are the
density of plasma electrons and photoelectrons, respectively [18]. Figure 2.5 illustrates the
three different types of potential profiles. Here, ¢,,, and ¢, are the potential minimum and the
surface floating potential, respectively. Type A shows that the potential first decreases from
a positive or negative surface potential to a negative minimum potential and then increases to
zero non-monotonically. Type B shows a monotonic profile in which the potential decreases
from the positive surface potential to zero. Type C shows a monotonic profile in which
the potential increases from a negative surface potential to zero. Depending on the sheath
type and electron energy, the electrons can be classified into four populations: captured
photoelectrons, free photoelectrons, reflected electrons, and free electrons, respectively. The

energy conservation equation for the electrons can be written as

;WLUZ(I‘) —ep(z) = ;mvi — ePx (2.15)

where k& = 0 for photoelectrons and k£ = oo for plasma electrons. Those photoelectrons



Hyunju Jeong Chapter 2. Analytical Approach 13

v

Figure 2.5: Schematic for the potential distribution surrounding an object.

2e(po—pm)

m

with a velocity in the range of —v,, 0 < v < V0, Where v, g = is the minimum
velocity needed to overcome the potential barrier, will be trapped at 0 < x < x,, and hence
will be called captured photoelectrons. Those photoelectrons with velocity in the range of
Um0 < v < oo will escape to infinity and hence will called free photoelectrons. Similarly,
those ambient electron with a velocity in the range of v > vy, o = 4/ 26(¢+_¢m) will be able
to reach the object surface, and hence will be called free electrons. Those electrons with
velocity in the range of 0 < v < vy, o Will be reflected by the potential barrier and will be
called reflected electrons. All four populations can exist in the type A sheath. The type B
sheath has three populations: free electrons, captured photoelectrons, and free photoelec-
trons. The type C sheath also has three populations: free electrons, reflected electrons, and

free photoelectrons. Fig. 2.6 - 2.8 show the different electron populations for for the three
types of sheath.
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2.3.2 Non-monotonic Sheath Profile: Type A

The drifting Maxwellian distribution function for ambient electrons is given by

m

m(vy + o) + (v. —va)?)  e(P(z) — Poo)
2rkT, +

3/2 B
)7 exp( 2% T, kT,

fe(z,v) = ne(

) (2.16)

where vy is the drifting velocity for z-direction.

For the type A sheath, the density distribution functions for ambient free electrons n. ; and
reflected electrons n., can be obtained as
I N N B e e

—00 J—00

Ner(T) = 2/00 /OO " fo(v)d*v = n, exp(M)[erﬂE) +erf( M _ Y

—oo J0 k‘Te V¢ kTe

—00

where v, (z) = \/W is minimum velocity required to overcome the potential barrier,
v = ,/27’% the thermal velocity, and ¢, = 0 the potential at infinity. The density distri-

bution functions for free photoelectrons n, ; and captured photoelectrons n, . are given by

mga) = [ [ U:Ofp(v)dg’v:?exp(W)(l—erf\l %T;%)WS)

mele) = 2 [T " fp<v>d%=npexp<W><erf¢ Ay

where f,(v) is the stationary Maxwellian distribution for photoelectrons and ¢ is surface

floating potential. The ion density distribution is given by

Voo

v ()

 206(a)

2
VM

ni(z) = neo = noo(1 )2 (2.20)

The Poisson’s equation is

(2.17)

(o

)
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d*¢ e
T —g(ni —Ne,f — Ney — Np.f — Npc) (2.21)
where the equation is normalized using & = Aip, ngﬁ = %, and n = % Then, it can be
simplified using
d do., dp d*¢
—(—=)* = 2.22
dx<di) <dx)dx27 ( )
The Poisson’s equation can be rewritten as
d¢ $a o
(d:U —2/ (Ne,f + N + N+ N e — 1;)d (2.23)

The electric field generated by the free electrons E. ; and reflected electrons E, . are given

by

By = 2 / g @ = fro{exp( 2 6%)[67"}“6( @f;"—jfﬂ (2.24)
¥ exp(W")[erfc(Z‘j -2+ (2 exp<W° - )
< lepl2lt [ S0y

Eep = 2 / e 0B = 2 Fep(% ﬁ%)[erﬂw — o) Ferf(Ch)2:25)
by e M eg(a | P

where gzﬁ;o = 0 since plasma is neutralized at infinity. The electric field generated by the free

photoelectrons E, ; and captured photoelectrons £, . are:

E = 2 / o g = 2 / 20 oxp($ — Gu)lL — erf (V& — )l (2.26)
= ipo{exp(ds - ¢m)[1—erf(m>]+exp(¢ — Gl fm—u}
Bpe = 2 /qb i fip o) = 2 / - o0 exp(® — Sm)er (V& — 6)dd (2.27)

= 2igo{expld = b)er (Vs ) = = exp(dh = )V o — 01}
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The electric field generated by ions is

_ 2 A_% 2 . 2(595 . . 2¢Am
Ei_—2/¢;n midd = == g0 [J1 e \l1 ] (2.28)

where ¢ is the ion acoustic velocity, M = vy /cs, and 3 = ;—
P

To determine the potential minimum ¢,,, the surface floating potential ¢y, and the electron
density n. at infinity, the following boundary conditions are used: 1) quasi-neutral condition
at infinity, 2) zero electric field at infinity, and 3) zero total current. The neutrality condition

at infinity can be obtained through the equations (2.17) and (2.19):

1e(00) 4 1p(00) = 13(00) = Me,1(00) + ne,r (00) + 1y £(00) — ni(0)

_ ”ZOO 1+ 2erf(1;‘j) +erf(y —gf’ﬁm - Zf)]

120 exp(—G0) (1 = er-f/ ) = e = 0 (2:29)

The condition for zero total electric field at infinity can be written as

E(o0) = E. f(00) + E. . (00) + E, f(00) + Ei(00) =0 (2.30)
where
Bugloe) = mooeer fely| = = M)+ exp( S5 erfe( ¥ — 2)
Loy O 0o | =y
+ ﬁ(a) ex (6 Utg)[ (2 s )— 1]}

— g ~ 2 .
Ee,(00) = ne,ooﬁ{[erf(m - Zj) + €rf(7;;l)] + \/17?(2(;)1 exp((bﬁm — z)[exp@zj ﬂ

b (00) = my0exp(—oo)[1 — erf(\/ —m)] + exp(dm — (50)[\/2%\/ — ¢ — 1]
20,

Ei(0) = 2n;.8M*(1 — 1—ﬁM2)

(2.31)
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The total current is zero at steady state where the captured photoelectrons and the reflected
electrons do not contribute to the total current. Hence, the zero total current condition can

be written as

Je.f(00) + Jp,£(0) / /OO/U Uy (0, v)dv,dv,du,
+/_o:o /_OO /_:m > vxfe(oo,v)dvxdvydvz + n;(00)v;(00) =0 (2.32)

where v,,(z) = /242@=9m) 4nq 0 = 0. Equation (2.32) can be simplified as:
Me

M0 €XP (G — o) —neoo\[{eXp (\ (gm U—t)] (2.33)
=S er Fe(2 4 \| 5} + e i =0

Then, the Poisson’s equation can be re-written as

d ~
¢ = \/Eef + Eey + By + Epe + B = \| B (9) (2.34)

When z < 2, the non-monotonic sheath profile can be found by integrating gzg from Qg() to

an arbitrary éx for (50 < ¢Ax < ¢Am:

T <a, (2.35)

bo 1 ~
= | —dd
§ /I Etot(¢)

When & > x7,, the sheath profile can be obtained by

T >, (2.36)

$oo 1 ~
t= [ ———=d¢
& Y% Eior ()
where ngAm < gzgx < ¢;o. Here, the location z;, of minimum potential can be found by

integrating using the obtained surface floating potential qgo and gb;n It is given by

(2.37)

. /Im g /wm di dgb /aso
Ty = T =
0 0 d¢ dx S By
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2.3.3 Monotonic Sheath Profile: Type B

The type B sheath profile does not contain reflected electrons. For this case, the Poisson’s

equation can be re-written by using electric field:

dd)

\/Ee ;o Epy+ Epet Ei = Ei(9) (2.38)

where the electric field generated by each population are shown in Equations (2.24)-(2.28).
To calculate two unknown variables of the surface floating potential (50 and electron density
at infinity n., two boundary conditions can be applied: 1) neutrality at infinity and 2) zero

total current at steady state. Neutrality at infinity is
ne(00) +1,(00) = ni(00) = ne,(00) + 1y £(00) — nif00) = 0

The zero total current at steady state can be written as

M0 €Xp (G — o) —neoo\[{eXp (\ gm U—t)] (2.39)
=B Rer Fe(2 | =5} e 2Bm i = 0

Finally, the monotonic potential distribution corresponding to z can be determined by inte-

grating QAS from (50 to an arbitrary gzgx as follows:

(2.40)

- [P
v \/Etot(¢)

where ¢y < ¢y < oo

2.3.4 Monotonic Sheath Profile: Type C

In type C, there are no captured photoelectrons and ngAm = gzgo. To obtain the potential

distribution, the electric field is found by integrating the Poisson’s equation from (50 =0 to
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an arbitrary ¢Ax The electric field generated by free electrons £, ; and reflected electrons
E,, are

Or — Po Vg

0 ) (2.41)

G
Ny 2
+ [erf(m_ Zj) —1]+ \/1%(?;)_16}(1)(% 5¢oo B 111;:2)

ep(2 b — . by _ exp<zjjj« ‘j%]}

E., = 2/ nerd¢—2neooﬂ{exp( ﬁ¢m)[erf(

— ex _¢;O er _¢O vd er %
DG er (| 5 = T+ erf ()
1 Va

+ ( ) ex p(ﬁgo - gb;o Ud2 exp % —Cbo exp gbx ng
N g v ve \ p Ut s

)er fe(

E.; = 2/ e fdgb— Ne OOﬁ{exp(

ng - <Z§0 V4 Vg
i U—t) + erf(v—t)] (2.42)

The electric field generated by free photoelectrons is

- - $o 1) A .
Boy = 2 [T i =2 [ exp(d— g~ erf(/b—gnldd (243
= Ao exp(= ) {exp(@)lerfel/6, — o)) — erfely/ =6 )

+ j; exp(60)[V/6x — o — V—do 1}

The electric field generated by ions is

20,
BM?

21 o0

B = —2/;” nidp = 2% 3021 — 1] (2.44)

The unknown variables qgo and n, are simply calculated from 1) neutrality at infinity and 2)

zero total current at steady state. Neutrality condition at infinity can be obtained by

ne(00) + ny(00) — ni(00) = ne 1(00) + N (00) + 1y p(00) — 1(00)2.45)

%
8

= 14 20 f(X) o enf(y =5 P14 5 exp(—60)(1 = enfy/ ) — mi = 0
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Zero total current at steady state can be written as

1 — e o Blexp = (3 _50 + 2y (2.46)

~

—Zj\/%erfC(le + —go)} + nwo\/mM =0

Then, the sheath profile can be obtained from

p= |  ——dd (2.47)

where ¢o < ¢, < ¢

2.4 Results

In this section, the results from the analytical approach are presented. We consider a surface
under sunlit condition and typical solar wind plasma condition. Both the solar wind flow
and the solar radiation direction is assumed to be normal to the surface. The parameters
for photoelectron emissions and the ambient solar wind are listed in Table 2.1. Laboratory
experiments show that photoelectrons emitted from surface may be modeled by a station-
ary Maxwellian distribution with energy in the range of 0 to ~ 5eV. The average energy
is ~ 1.5eV [27]. Here, we take the photoelectron temperature to be T, = 1,2, and 4 to
examine the effect of photoelectron energy.

Fig. 2.9 presents comparison of the photoelectron sheath obtained for stationary electrons
(solid line) and drifting electrons (dashed line). The photoelectron temperature is assumed to
be T,,, = 2eV. As mentioned previously, there are two solutions in the photoelectron sheath
when photoelectron emissions are significant. The figure shows two types of the sheath
determined by using the analytical method: non-monotonic (top) and monotonic (bottom)

sheath profiles. Fig. 2.10 shows the density distributions related to electron populations in



Hyunju Jeong Chapter 2. Analytical Approach 23

the vicinity of photoelectron sheath: non-monotonic (top) and monotonic (bottom) sheath
profiles. The dashed and solid lines are the distributions from drifting electrons and station-
ary electrons, respectively. Fig. 2.11 shows the density distributions related to photoelectron
populations.  Fig. 2.12 compares the sheath profile between stationary and drifting elec-
trons. The results obtained from the analytical solution for drifting ambient electrons are
shown in the bottom panel. For comparison, we also include the solution from Ref.[18, 69]
obtained for stationary ambient electron in the top panel. As expected, when the effect of
drifting electrons is included, the solution shows that the surface floating potential becomes
lower due to increased electron current collection. Moreover, the minimum potential in the
non-monotonic sheath profile also becomes more negative.

Table 2.2 shows the quantitative comparison of the surface floating potential ¢, the min-
imum potential in the sheath ¢,,, and distance between minimum potential and the plate
rm for two solutions presented in Ref.[18, 69] and the current balance calculation. Here, N
and M indicate non-monotonic potential profile (type A) and monotonic potential profile
(type B), respectively. Similarly, Table 2.3 shows comparison of the surface floating poten-
tial ¢g, the minimum potential in the sheath ¢,,, and distance between minimum potential
and the plate r,, for two solutions and the current balance calculation for drifting electrons.
Not surprisingly, the surface floating potentials obtained from current balance calculation
agree with type B solution (monotonic sheath) because the current balance calculation as-
sumes a monotonic sheath. However, there are significant differences between the type A

(non-monotonic solution) and the type B (non-monotonic solution).

Table 2.1: Parameters used in analytical method.

Parameter Solarwind Photoelectron

Density, cm ™3 n~ 3.5 n ~ 35
Temperature, eV T. ~151; ~10 T, ~1,2,4
Drifting Velocity , km/s vg ~ 400 —

We next consider the situation for non-normal solar wind incidence as shown in Fig. 2.13. We
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Table 2.2: Comparison of surface floating potential ¢q, potential minimum ¢,,,, and distance
between minimum potential and a plate r,, for stationary electrons. N and M indicate

non-monotonic potential profile (Type A) and monotonic potential profile (Type B).

Stationary electrons Current balance

leV 2eV 4eV 1leV' 2eV  4eV

N M N M N M

oo, V | 042 2.09 347 456 9.22 9.75|1.91 4.52 10.37
Gm, V | =152 — —-088 — —-0.26 — — — —
Tm, M | 5.5b — 9.61 - 19.04 — - - —

assume that the directions of ambient solar wind and solar radiation are identical. Fig. 2.14
represents the comparison of the sheath profiles obtained using the stationary Maxwellian
electrons (solid line) and drifting Maxwellian electrons (dashed line) for solar wind param-
eters given in Table 1.1. Here, blue, red, and green lines indicate o = 6°, 8, and 10°,
respectively. As expected, the sheath profile obtained using drifting Maxwellian electrons
has a more negative surface floating potential. It is obvious that surface potential is more
negative at smaller incident angles due to reduced photoelectron emissions and reduced
incident ion current. Table 2.4 shows the quantitative comparison of the surface floating
potential through different incident angles between the current balance calculation and pho-
toelectron sheath theory for the parameters shown in Table 2.1 (T, = 2eV'). Fig. 2.15 shows
comparison of the surface floating potentials between current balance calculation (point) and
photoelectron sheath theory for type C (blue circle), type B (red circle), and type A (black
diamond). Table 2.4 shows quantitative comparisons between current balance calculation
and photoelectron sheath theory. We found that the surface floating potentials from cur-
rent balance calculation agree with those of the monotonic potential profile (type B or type
C). There is obvious discrepancy starting at « 15° between current balance calculation and

non-monotonic potential profile. However, a non-monotonic potential profile would be a
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Table 2.3: Comparison of surface floating potential ¢q, potential minimum ¢,,,, and distance

between minimum potential and a plate r,, for drifting electrons. N and M indicate non-

monotonic potential profile (Type A) and monotonic potential profile (Type B).

Drifting electrons Current balance
leV 2eV 4eV 1leV' 2eV  4eV
N M N M N M
oo, V | —2.24 192 077 397 6.36 82127 3.24 7.86
b, V| =371 — —270 — 149 — | — — -
Tm, M | 5.94 — 10.0 — 170 — | — — -

stable solution under certain conditions [18]. The potential barrier generated by the mini-
mum potential will modify not only the photoelectron current but also the incident ambient
current. Since the current balance calculation does not include the modification of current
sources caused by the minimum potential, it may not be used to properly predict the surface
floating potential for the situations where the photoelectron current is the dominant current
source. The results in this dissertation suggest that when there are significant photoelectron
emissions, the commonly used current balance calculation may predict a floating potential
vary different from the non-monotonic potential of the photoelectron sheath theory. For in-
stance, the difference between the current balance calculation and the non-monotonic sheath

solution can be 76% for normal incidence.
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Table 2.4: Comparison of the surface floating potential between the 1-D current balance

calculation and photoelectron sheath theory.

a (%) 3 8 10 15 20 40 60 90

Current balance (¢, V) -15.24 -845 -5.3 0.3 0.7 211 29 3.2

Type C (¢, V) 1555 -85 -4.69 - _ _ _ _

Type B (¢, V) _ : - 074 133 269 3.36 3.7

Type A (¢o, V) - - - 272 -1.88 -0.22 047 0.77
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Figure 2.10: Comparison of electron density distributions obtained from stationary (solid

line) and drifting (dashed line) electrons at 7, = 2eV: non-monotonic (top) and monotonic

(bottom) sheath profiles.
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Figure 2.11: Comparison of photoelectron density distributions obtained from stationary
(solid line) and drifting (dashed line) electrons at T,, = 2eV: non-monotonic (top) and

monotonic (bottom) sheath profile.
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Figure 2.13: Schematic view for solar wind current with an angle o where the direction of

ambient plasma is identical to that of solar wind.
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Figure 2.14: Comparison of the sheath profiles obtained using the stationary Maxwellian
electrons (solid line) and drifting Maxwellian electrons (dashed line) where blue, red, and

green lines are a = 6°, 8, and 10°, respectively.
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Chapter 3

Numerical Simulation Model

3.1 Simulation Model

A 3-D full Particle In Cell (PIC) code is implemented to model spacecraft charging and
plasma interactions in solar wind. This code originates from a 3-dimensional PIC code that
was previously developed for modeling electron beam emissions [91] and electron propulsion
plume interactions [92]. The particle trajectories and the electric fields are solved self-

consistently from

V- (eVg) = —(pi — pe — ppn) (3.1)

d(T;V) —qE (3.2)

where p;, pe, and p,, are the charge density for the ambient proton, ambient electron,
and photoelectron, respectively. The simulation setup used in this dissertation is shown in
Figure 3.1. We model the ambient solar wind protons and electrons as drifting Maxwellian
distributions. The photoelectrons are emitted from the sunlit face of an object as a stationary

Maxwellian distribution. Considering geometric symmetry, the simulations are performed

33
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Figure 3.1: Schematic for simulation setup.

only for a quarter of the platform. The boundaries for x = 0 and y = 0 are symmetric surfaces
while all other boundaries are open boundaries. The absorption and emission boundary
conditions for particles are implemented on all open boundaries. The Dirichlet boundary
condition for the electric field is applied at the upstream domain boundary while the open
boundary condition for the electric field is imposed on all other boundaries. Macro-particles
representing the solar wind protons and electrons are injected into the simulation domain as
a drifting Maxwellian distribution along the z-axis at every time step. The direction of solar
radiation is taken to be the same as that of the solar wind. Photoelectrons are emitted from
the sunlit side of the surface as a one-sided stationary Maxwellian distribution. The time
step is calculated dynamically from the cell size and the maximum velocity for particles at
each time step. The number of macro-particles is typically about 50 per cell for each species.
The simulation is performed using the real ion to electron mass ratio m;/m. = 1836 in order

to maintain the correct mesothermal velocity ratio.
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3.2 Initial and Boundary Conditions for Particles

In this section, the concept and methodology associated with the boundary condition for
particle loading and injection are introduced. Full particle PIC models require sophisticated
schemes for the loading and injection of particles at the simulation domain boundaries be-
cause any inaccuracy in handling the transient of fast moving electrons at the simulation
domain can quickly result in numerical problems and/or wrong results. Macro-particles
representing the ambient plasma are loaded in the simulation domain at the start of the
simulation and injected into the simulation domain from the domain boundary at each time
step. The Maxwellian distribution functions with drifting velocity v, along the z-direction

are given by
m(v; + vy + (v — va)?)
2kT

_m_
2nkT

)% exp(— ) (3-3)

f(ve, Uy, v,) = n(

The cumulative distribution function is adopted in order to obtain the corresponding veloc-
ities for loaded particles in the domain at the initial condition. The cumulative distribution

function for particle loading is given by

_ _ i>Ooo i>ooo joo (Ul)dsv/ o 1 Vg — VU
B = = e~ 2,

) (3.4)

where R is a random number, 0 < R < 1. The velocity v for each loaded particle can be
obtained by numerical inversion for each particle. In order to calculate the particle number
and corresponding velocities for injected particles at each time step, the cumulative flux
distribution function is applied [4, 5, 11]. When the ambient plasma is a drifting plasma, the
particle numbers and the corresponding velocities for injected particles are different between
the upstream and the downstream boundaries. Figure 3.2 shows the schematics for the

drifting Maxwellian distribution at upstream and downstream boundaries. Figure 3.3 shows

the Maxwellian distribution function corresponding to particle injection. At the upstream
domain boundary, the mean velocity (v) associated with the inward flux from the drifting

Maxwellian distribution is given by
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Figure 3.2: Drifting Maxwellian distribution for the particle injection at the upstream (A)
and downstream (B) boundaries where a dashed line indicates the stationary Maxwellian

distribution.

W=/ O“Uf@)d%_;<j%exp<—<§jj>2>+vd<1+erf<jjj>>> (3.5)

where v, = \/% is defined as the thermal velocity and erf is the error function. Similarly,
at the downstream domain boundary, the mean velocity associated with the backward flux

of particles coming into the domain from the downstream is given by

W= "7 [ ep)de= Jerfe(™) - 2 exp(~(27) (3.6)

where er fc is the complementary error function. Hence, the number of total particles to be

injected at each boundary is

Ninject = nAxy@)dt (37)
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Figure 3.3: Schematics for the particle injection and corresponding distribution function.

where n and A,,(v)dt are the number density for macro-particle and the total volume ob-
tained from the transverse width (v)dt, respectively. The normal velocity corresponding to
the flux at each boundary is calculated using the cumulative flux distribution function while
the transverse velocity is obtained by the cumulative distribution function of Equation (3.4).
The cumulative flux distribution function associated with the inward flow at the upstream

boundary is given by

B [ ooy w1 v f(v)dP B v2 (v —vy)?
o= PO = S ey~ ery) —er(——) - (38
b VAverf (1) er (5 )] (nesp(=8) + Vau(L 4+ erf(1)

The cumulative flux distribution function associated with the backward flow at the down-
stream boundary is given by

S R eV f ()P
fSOOO ffooo fEOO U/f("U/)d%'

/

R = F() (3.9)
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Figure 3.4: Schematic of Maxwellian distribution function to obtain a normal component

and transverse components at the upstream boundary.
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Figures 3.4-3.6 show the distribution functions to obtain the normal and transverse velocities
at each boundary. The velocities for each particle are then determined by using numerical

inversion.

3.3 PIC Model Analysis

3.3.1 Sensitivity Analysis

This section describes a sensitivity analysis on mesh size and domain size for the parameters
given in Table 2.1. Simulation setup used in the analysis is shown in Fig. 3.1. First, the
sensitivity analysis are performed for various domain sizes. In order to properly model the

open boundary, the domain size needs to be sufficiently large. In the simulations discussed
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Figure 3.5: Schematic of Maxwellian distribution function to obtain a normal component

and transverse components at the downstream boundary.
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Figure 3.6: Schematic of Maxwellian distribution function to obtain a normal component

and transverse components at other boundaries.



Hyunju Jeong Chapter 3. Kinetic Simulation Model 40

in this dissertation, we determined the minimum domain size z,,;, for z-axis by estimating
the sheath thickness using the analytical method discussed in Chapter 2. For the minimum
domain size of z-axis and y-axis, empirical way based on the plate size and photoelectron
emission is applied. Figures 3.7 - 3.9 show the potential profiles for the domain size where
the domain sizes start from the minimum domain to reduce boundary effects. As shown in
the figures, the domain size selected here gives consistent solutions. We next investigate the
effects of the mesh size to investigate the effect of mesh size. When we consider typical solar
wind conditions in the presence of photoelectron emissions, the dominant current source in
the vicinity of a charged spacecraft is the photoelectrons. Hence, in order to resolve the
photoelectron sheath, the mesh size needs to be smaller than the Debye length of photo-
electrons. The Debye length of photolectron and electron Debye length for the parameters
used in the analysis are Ay, = 1.7m and A\q = 15.4m, respectively. Obviously, simulations
using dx = Ap, can be computationally expensive. The primary objective for sensitivity
analysis of different mesh sizes is to find proper mesh size to reduce the computational cost.
In the present simulation, Az = Ay = Az = 0.1); is mesh size resolving photoelectron
Debye length. Fig. 3.10 shows the analysis associated with mesh size. It is found that the
simulation results will not be affected by mesh size if Ax = Ay = Az < 0.2)\;. Thus, the

simulations presented in Chapter 4 are performed in the range of the mesh size.
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Figure 3.7: Potential profile along z-axis for different domain size at Az = Ay = Az = 0.1\,.
Solid line indicates the sheath profile obtained from the analytical method.
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Figure 3.9: Potential profile along z-axis for different domain size at Az = Ay = Az = 0.2)\,.
Solid line indicates the sheath profile obtained from the analytical method.
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3.3.2 Comparison with Sheath Measurement

In order to validate the PIC code, we carried out a simple simulation and compared the
PIC results with sheath measurement. The experimental study used for this comparison is
performed in [23] using laser-induced fluorescence (LIF). The ion source is Argon and the
electrode was biased at —100V. Fig. 3.11 shows the experimental schematic. Table 3.1 shows
the experimental input conditions. The simulation is carrried out for 1-D simulation setup
where negative biased plate is placed on the z,4,. Ly X Ly, X L, is 4.5\g X 4.5\g X 454
where Ax = Ay = Az = 0.9)\;. For the field boundary, open boundaries for z-surface and
y-surface are imposed. The Dirichlet boundary condition for z-surface is used as ¢ = 0 at
Zmin and ¢ = —100V at 2,,4.. The absorption and emission boundary condition for particles
are implemented on the upstream boundary while absorption boundary condition is used on
the downstream boundary. Periodic boundary conditions are used for the other boundaries.
Fig. 3.12 shows comparison of results obtained from the experimental data (point) and
numerical simulation (solid line). We found the PIC code gives a good agreement with the

measurement.

Table 3.1: Experimental input conditions.

Parameter Experimental Input

Density, em ™3 Ne,n; = 0.9 x 108
Temperature, eV T, =0.53, T; = 0.0054
Drifting Velocity , km/s vg = 2.5
Potential, V' ¢ = —100
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Figure 3.11: Schematic of plasma chamber used to measure plasma sheath using laser-
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Figure 3.12: Comparison of measurements (point) and numerical simulation (solid line).
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3.4 Charging Model

This section presents the charging model developed in this dissertation. A charging model is
incorporated into the PIC code to calculate spacecraft floating potential. The charging on the
surface is determined directly from deposited charges on the surface. To obtain the charge
redistribution on a conductive object, the classical capacitance matrix technique [7, 8, 2, 32]
is applied. We treat the object as part of the simulation domain and the potential on the
object is calculated directly from the charges deposited on the surface. The local potential
is determined by the charges stored on each node of the surface and then it can be obtained

by solving the Poisson’s equation:

V- (€05 Vo) = —p (3.10)

where €, and €( are the dielectric constant and the permittivity of the free space, respectively.

3.4.1 Charging Model for a Thin Plate

Fig. 3.13 shows the discretization in the simulation domain including a thin platform. The

finite difference equation for the Poisson’s equation is given by

EQiv1jk — 26Qijk T EQi1jk | EQiji1k — 2600k +EDij 1k

3.11
s + Ay (3.11)
E0Qij k41 — 26P; j i + E0Pijr—1
+ ! Az; ! = —Pijk

where e(= gog,) are the permittivity of the material. Table 3.2 provides the dielectric

constant associated with the materials used in real space missions.

In the PIC code, after the charged particles are deposited on a surface, we solve the Poissons
equation for each node on the surface using the deposited charges. On a conducting material,

the deposited charges on the surface are redistributed, resulting in equipotential over the
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Figure 3.13: Discretization in the interface of the dielectric material.

entire surface. In this study, the classical capacitance matrix method is applied to calculate
the charge redistribution on the conducting surface. To construct the capacitance matrix
[7, 8, 2, 32] one first places a unit surface charge on each surface node in turn and solve the
Poisson’s equation. The potential vector ¢s;, (i = 1 N) for the unit surface charge for i-row

gives the j-column of the matrix A as shown below.

Ps1 - Ay 0
Gsi | = Ay || 1
| Osnv | | Ang ] [0

The capacitance matrix C' is found by the inversion of capacitance matrix A. We simply
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Table 3.2: Dielectric constant for material properties.

Parameter Er

Borosilicate Glass 6.7
CMX Glass 3.8

Kapton 3.45
ETFE 2.5
Teflon 2.15

49

apply the LU decomposition method to perform the inversion of the matrix. Then, the

redistribution of the deposited charge is determined using the capacitance matrix C. Since

the surface potential is constant, we can obtain the desired potential using the following

matrix form:

Finally, the desired potential ¢* can be determined by

N
o = el G
- N N C. .
i=1 22j=1 Vij

Cl,j : ¢s,1 : Cl,j : 1 a1
Cig || bsi |=|- Cy |- |1]0=]| &
Cny - 1 L Ps,N ] | Cny - 1L 1 ] | IN

(3.12)

Then, the correction term for charge redistribution can be found by using the difference

between the desired potential ¢* and the potential ¢ obtained by solving the Poisson’s

equation as follows:

6 = C(¢" = ¢) = C(d9)

(3.13)



Hyunju Jeong Chapter 3. Kinetic Simulation Model 50

The Poisson’s equation is solved again after the correction term is added to the source term
of charges:

Vi =—(p+dq)/e (3.14)

Finally, the potential of the conducting surface can be obtained, resulting in uniform poten-
tial on the surface. Fig. 3.14 represents the capacitance matrix calculated for a thin plate
using the capacitance matrix technique. It shows that the capacitance matrix is symmetric

and positive definite.

3.4.2 Charging Model for a Spacecraft

We next consider a more complex configuration. We model the spacecraft as a combination
of a solid box made of dielectric or conducting materials and thin plates. The local potential
on the object is directly calculated using the deposited charges on each node. The Poisson’s
equation on the spacecraft can be discretized using finite difference equation.
EQit1,jk — 26Pijk + EQi1jk " EQijr1k — 26Qijk + EQij—1k

Ax? Ay?

EQijkt1 — 26Pijk + EPijr-1 .y
AZQ Z7]7k

(3.15)

+

Fig. 3.15 shows the discretization associated with a spacecraft. If the spacecraft surface is
conductive, we apply the capacitance matrix technique to calculate the charge re-distribution.
It is necessary to obtain the corresponding capacitance matrix for the desired geometry since
the capacitance matrix only depends on the geometry of an object. To generate the capac-
itance matrix for each desired object, we solved the Poisson’s equation by placing a unit
charge on the nodes designated as objects. While obtaining the matrix, special attention
is required on the computer memory since the dimensions of the capacitance matrix are
N, x N, where N, is the total grid number of a spacecraft. The basic principle to calculate
charge re-distributions on the desired object is described in the previous section. In this

study, we consider two different types of electrical connections. In case I, we consider that
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Figure 3.14: Capacitance matrix for a thin plate
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Figure 3.15: Discretization for a spacecraft.

a main body and a solar panel are disconnected electrically and hence the main body and
the panel may have a different floating potential. In case II, we consider that a main body
and a solar panel is connected electrically and so the main body and the panel has the same
floating potential. In case I, the deposited charges are re-distributed separately on a main
body and a solar panel and hence the capacitance matrices corresponding to each rectangular
body and thin plate should be calculated. In case II, the charges are redistributed between a
main body and a solar panel and hence case II requires only one capacitance matrix. In this
work, the simulations are performed only on a quarter of the spacecraft due to the symmetric
geometry of the object, This requires to calculate two capacitance matrices for case I and
one matrix associated with a main body and a solar panel for case II. Figs. 3.16 - 3.17 pro-
vides the capacitance matrices the main body and the solar panel of case I. Fig. 3.18 shows
the capacitance matrix corresponding to case II. As expected, those obtained capacitance
matrices are symmetric and positive definite. Fig. 3.19 describes the algorithm used in the

charging model. We summarize the model algorithm related to the spacecraft charging.
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1. Calculate and save the capacitance matrix corresponding to the desired geometry of
a spacecraft at the initial time.

2. Inject ambient plasma on the boundaries.

3. If sunlight, inject photoelectrons on a sunlit object surface.

4. Simulate plasma flow for three species: ambient electrons, ambient ions, and photoelec-
trons.

5. Deposit the charges for particles hitting on the object surface on each node.

6. Calculate the potential by solving the Poisson’s equation for both a domain and an object
surface.

7. Obtain charge re-distribution on the object surface using the obtained capacitance matrix.
8. Solve the Poisson’s equation again.

9. Repeat step 2 through 7 until a simulation reaches to steady state.
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Figure 3.16: Capacitance matrix for a main body corresponding to case 1.
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Figure 3.17: Capacitance matrix for a solar panel corresponding to case I.
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Simulate plasma flow for particles
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for both a domain and an object surface
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Obtain charge re-distribution on the object surface using
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Solve Poisson's equation again
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If dos/dt =0

Figure 3.19: Flowchart of a spacecraft charging model.



Chapter 4

Results and Discussions

4.1 Solar Wind Interactions with a Thin Plate

4.1.1 Thin Plate with Fixed Surface Potential

This section presents the simulation of solar wind interactions with a thin plate. We first
consider the situation where the plate surface potential is an input to the PIC code. Here, the
plate potential is obtained using the analytical approach described in Chapter 2. The solar
wind and photoelectron emission parameters used in the simulation are given in Table 2.1.
For the results presented here, the plate size is taken to be 1Ay x 1\; where A\y(= 15.4m) is the
solar wind plasma Debye length. The simulation domain is taken to be 3.5Ag X 3.5\; X 7.5\,.
The cell size is taken to be Az = Ay = Az = 0.1\;. The cell resolution corresponds to 1.3\,
0.9A,n, and 0.7Ay, for Tp,, = 1eV, Ty, = 2eV, and T, = 4eV, respectively. The time step
is calculated from the cell size and the maximum velocity for particles at each time step.
The number of macro-particles used is ~ 50 per cell for each species. The simulation is
performed using the real ion to electron mass ratio m;/m,. = 1836 in order to maintain the
correct mesothermal velocity ratio.

In PIC simulation presented here, all plasma species (ambient ions and electrons, and pho-

o8
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toelectrons) are modeled as macro-particles. Figure 4.1 shows the density distribution of
ion, electron, photoelectron, and total charge densities, respectively. Figure 4.2 shows the
potential contour on a y — z plane and a 1-D potential profile along y = 0 for T, = 2eV.
As shown in the figure, the non-monotonic potential profile develops in front of the sunlit
surface. Figure 4.3 shows the 1-D potential profile along y = 0 on the y — z plane for
Ty, = 1eV, T, = 2eV, and T, = 4eV, respectively. Fig. 4.4 shows a comparison of the
potential profiles obtained from the numerical simulation and predicted by the analytical
method. The black solid line, dashed line, dotted line indicate the numerical solution, non-
monotonic analytical solution, and monotonic analytical solution, respectively. It is found
that the numerical results agree well with the non-monotonic potential profiles obtained from
the analytical method. The simulation results suggest that the non-monotonic potential pro-
file is the physical solution for given parameters between two analytical solutions obtained in
Chapter 2 [18, 69]. Table 4.1 shows the comparison of surface floating potential ¢, potential
minimum ¢,,, and the distance between the minimum potential and the plate r,,.

We next examine the detailed electron dynamics in the photoelectron sheath. Using the
potential obtained from PIC simulation, we can easily calculate the minimum velocity re-
quired for the ambient electrons and the photoelectrons to overcome the potential barrier
in the photoelectron sheath. Table 4.2 shows the minimum velocity for different photoelec-
tron temperatures where v,, ¢ and v, « indicate the velocities for photoelectrons and plasma
electrons, respectively. In order to obtain the velocity distribution for photoelectrons, we
separate the photoelectron sheath into two regions as shown in Fig. 4.5: the inside (region I)
and the outside (region II) of the potential barrier. Here, region I and region II are defined
as 2, < 2 < z, and 2z, < z < 2, respectively where 2z, z,, and z, indicate infinity, posi-
tion of potential minimum, and position of the plate. Figures 4.6 and 4.7 show the velocity
distribution of photoelectrons with T,, = 1eV and T}, = 4eV/, respectively. The presented
distributions are obtained in the range of 0 < # < R and 0 < y < R where R(= 1)\;) is
the plate dimension. Velocity distributions (region I) show that low energy photoelectrons

(—Umo0 < v < vy,) are captured by the potential barrier where v,, o ~ 0.36 for T,;, = leV



Hyunju Jeong Chapter 4. Results and Discussions 60

and vy, o ~ 0.69 for T,;, = 4eV. The distributions (region II) show that relatively high energy

photoelectrons (v > v, ) overcome the potential barrier.

In Figure 4.8 and Figure 4.9, we compare the phase space plot for photoelectrons in the
entire simulation domain (left) with that for a subdomain of 0 <z < Rand 0 < y < R
(right). It can be seen that some photoelectrons are pushed by electric field within the sheath
and back flow to the wake side of the plate.

- iF » -
Y2
| z
Y Y lon: 0.00.20406081.1131517

2
l , v
Y Rho: -7.4-66-58-50-42-34-26-18-1.0-0.2 0.6

Figure 4.1: Density distributions for electron, ion, photoelectron, and total charge.
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Figure 4.2: 1-D potential profile along y = 0 on a y — z plane where potential is normalized

by T. = 15eV and z is normalized by A\; = 15.4m for T}, = 2eV .

Table 4.1: Comparison of surface floating potential ¢y, potential minimum ¢,,, distance

between minimum potential and a plate r,, for drifting electrons where surface floating

potential is obtained from the theoretical method.

Ton, €V 1leV 2eV 4eV
oo, V. -2.24 0.77  6.36
Om, V. -4.19 -2.73 -0.82
Tm, m 5.1 7.4 16.76
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Figure 4.3: 1-D potential profile along y = 0 on a y — z plane where potential is normalized

by T, = 15eV and z is normalized by \; = 15.4m.

Table 4.2: Comparison of the minimum velocity for ambient electrons and photoelectrons to

overcome a potential barrier. Velocity is normalized by electron thermal energy.

Ton, €V 1eV 2eV 4eV
Um0 0.36 0.48 0.69
Umoo 0.3 0.43 0.23
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Figure 4.4: Comparison of the potential profiles obtained from numerical simulation and

predicted by the analytical method for T, = 1eV (top), T, = 2eV (middle), and T, = 4eV

(bottom). Potential is normalized by T, = 15eV and z is normalized by A\; = 15.4m.
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Figure 4.5: Schematics for region I and region II to obtain velocity distributions.
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Figure 4.6: Velocity distribution for photoelectrons at region I, z,, < z < z, (left) and at
region II, zo, < 2 < z,, (right) for T, = 1leV where 2z, 2, and z, indicate infinity, position
of potential minimum, and position of the plate. The presented distributions are obtained

in the range of 0 < x < R and 0 < y < R where R(= 1)\;) is the plate dimension.
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Figure 4.7: Velocity distribution for photoelectrons at region I, z,, < z < z,, (left) and at
region 1I,z, < z < z,, (right) for T,, = 4eV where 2, 2y, and z, indicate infinity, position
of potential minimum, and position of the plate. The presented distributions are obtained

in the range of 0 < 2 < R and 0 < y < R where R(= 1)) is the plate dimension.
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Figure 4.8: Photoelectron phase space plot in z — V, with respect to T,;, = leV in whole
domain (left) and in the range of 0 < z < R and 0 < y < R (right) where R(= 1);) is the

plate dimension.
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Figure 4.9: Photoelectron phase space plot in z — V, with respect to 7T}, = 4eV in whole
domain (left) and in the range of 0 < x < R and 0 < y < R (right) where R(= 1)) is the

plate dimension.
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4.1.2 Thin Plate with Floating Surface Potential
Thin Plate Charging

We next consider the situation where the plate surface potential is floating. The floating
potential is obtained self-consistently from deposited charges on the object surface using
the charging model in the Chapter 3.4. For the results presented here, the plate size is
taken to be 1\g X 1)\;, where \j(= 15.4m) is the solar wind plasma Debye length. The
simulation domain is taken to be 3.5\; X 3.5\; x 7.5\;. The cell resolution is taken to be
Az = Ay = Az = 0.1)\;. The cell resolution corresponds to 1.3\,, 0.9A,4, and 0.7\, for
T

ph = 1eV, T, = 2eV, and Ty, = 4eV/, respectively. Table 2.1 shows the parameters used in

this simulation. Fig. 4.10 shows the surface floating potentials obtained from the charging
simulations for a dielectric thin plate and conductive thin plate (¢, = 1). Fig. 4.11 shows the
surface charge distribution for each material. Fig. 4.12 shows the electric potential profile
on a y— z plane for T,,;, = 1eV, T,,;, = 2eV, and T}, = 4eV respectively in a conductive plate.
The PIC simulation shows that a non-monotonic sheath profile is generated by photoelectron
emissions. It also shows the plasma wake is formed by the drifting plasma. Fig. 4.13 shows a
1-D potential plot cutting through a plane center of a y — z plane (top) and comparison with
analytical solutions (bottom). Fig. 4.14 shows comparison of the potential profiles obtained
from numerical simulations and predicted by the analytical method for T,, = leV (top),
Tpn = 2eV (middle), and T, = 4eV (bottom). We found that the obtained simulation results

are similar to the non-monotonic potential profile obtained from the analytical method.
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Figure 4.10: Potential contours for a dielectric thin plate (top) and conductive thin plane
(bottom). Potential and distance values are normalized by T, = 15eV and electron Debye

length Ay = 15.4m, respectively.
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Figure 4.11: Charge density contours for a dielectric thin plate (top) and conductive thin
plane (bottom). Density and distance are normalized by electron density n. and electron

Debye length Ay = 15.4m, respectively.
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Figure 4.12: Electric potential profile on a y — z plane for T, = 1leV (top), T, = 2eV

(middle), and T, = 4eV (bottom). Potential and distance are normalized by T, = 15eV

and Ay = 15.4m, respectively.
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Figure 4.13: 1-D potential plot cutting through a plane center of a y — z plane (top) and

comparison with analytic solutions (bottom). Potential and distance are normalized by

T, = 15eV and \; = 15.4m, respectively.
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Figure 4.14: Comparison of the potential profiles obtained from numerical simulation and
predicted by the analytical method for T, = 1eV (top), T, = 2eV (middle), and T, = 4eV
(bottom). Potential is normalized by T, = 15eV and z is normalized by A\; = 15.4m.
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Figure 4.15: Solar sail spacecraft for future interplanetary missions.

Solar Sail Charging

Solar sail is a new advanced propulsion technology for future interplanetary missions. A
number of solar sail missions with various sail designs have been considered in recent years.
An important issue in the implementation of a solar sail system is the effect of plasma
interaction between solar wind and the sail. In a previous study, Garrett and Wang presented
a particle-in-cell (PIC) simulation model for solar sail and solar wind plasma interactions
[22]. That model used a 2-step process. First, the floating potential of the solar sail was
calculated using a 1-D current balance equation where analytical approximations were used
in order to estimate the current collected by the sail. The obtained sail potential was then
adopted as an input in the second step where solar wind flow around a solar sail is simulated
using a 3-D hybrid electrostatic PIC code. In the model, the electrons were assumed to
follow the Boltzmann approximation. Here, we revisit this problem by using fully kinetic

simulation model developed in this thesis.



Hyunju Jeong Chapter 4. Results and Discussions 74

The focus of this study is on the effects of materials on solar sail spacecraft charging. Ex-
tensive tests have been carried out to investigate the material properties for candidate solar
sail membrane materials [68]. In this work, we consider a solar sail dielectric constant and
photoelectron emission property similar to that measured for Maylar. The sail dielectric
constant is €, = 3.2. The current density of photoelectron emissions under normal sunlight
incidence is Jp, = 10uA/m? and the average temperature of the emitted photoelectrons
is Ty, = 2.1eV. Assuming a Maxwellian distribution for the photoelectrons, the number
density associated with photoelectrons emitted at solar sail surface is n,, >~ 257cm™3. The
mean observed solar wind parameters from [24] will be used throughout this work, and are
summarized in Table 1.1 along with the basic plasma parameters relevant to this problem.
The parameters for photoelectron emission are listed in Table 4.3. For the results presented
in this section, we take the solar sail size to be 2)\; x 2)\; where \; = 8.73m is the solar
wind plasma Debye length. Hence, in physical unit, the sail size is about 17.4m by 17.4m.
The simulation domain is taken to be 6Ag X 6Ag X 10\;. The time interval is calculated
from the cell size and the maximum velocity for particles at each time step. The number of
macro-particles used is on average about 84 per cell for each species. In order to maintain
the correct mesothermal velocity ratio, the simulation is run using the real ion to electron

mass ratio, m;/m. = 1836. Fig. 4.16 shows the potential contour on the two symmetric

Table 4.3: Material properties of solar sail

Parameter SRS

Relative dielectric constant (e,) 277 £ 1
Photoelectron yield (J,,), A-m? (1+1)x107°

surfaces at * = 0 and y = 0. Figure 4.17 shows the solar wind proton and photoelectron
density contours and total charge density contours on the x = 0 plane. Figure 4.18 further
shows the potential contours on the y = 0 plane and the 1-D potential profile along the cen-
tral axis of the solar sail. These results show that the general feature of solar wind flowing

around a solar sail is that of a photoelectron sheath in front of the sunlit surface followed
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Figure 4.16: Potential contours on x — 2z and y — z planes where potential and distance values

are normalized by 7, = 12eV and electron Debye length \; = 8.7m, respectively.

by a plasma wake. Due to photoelectron emissions, the solar sail floating potential is pos-
itive with respect to the ambient plasma, ¢, ~ 8.2V . The photoelectron emissions also
generate a non-monotonic potential profile in the photoelectron sheath. The non-monotonic
potential is generated by the excessive charge caused by the photoelectron emissions. Low
energy photoelectrons will be trapped by the potential barrier of the non-monotonic profile
[18, 28]. Some of the low energy photoelectrons will also back flow toward the sail surface.
Fig. 4.19 shows the z-direction phase space plot for photoelectrons where the trapping and
back flow of photoelectrons are evident. Fig. 4.20 shows the potential distribution and charge
distribution on solar sail surface. Note that the distribution of the deposited charge on the
sail surface is non-uniform. However, the potential distribution is uniform as it should be
for a conducting surface. Fig. 4.21 shows potential iso-surfaces where potential and distance

values are normalized by T. = 12¢V and electron Debye length \; = 8.7m, respectively.
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Figure 4.17: Ion density (top), photoelectron density (middle), and total charge density
(bottom) contours on a y — z plane. Density and distance are normalized by electron density

ne and electron Debye length \; = 8.7m, respectively.
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Figure 4.18: 1-D potential profile along the central axis of the solar sail (top) and potential
contours on the x=0 plane (bottom). Potential and distance values are normalized by T, =

12eV and electron Debye length \; = 8.7m, respectively.
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Figure 4.19: z-direction phase plot for photoelectrons. v, and z are normalized by solar wind

electron thermal velocity and electron Debye length \; = 8.7m, respectively.
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Figure 4.20: Potential contours (left) and charge density (right) on solar sail surface. Density,

potential, and distance are normalized by n., T, = 12eV, and \; = 8.7m, respectively.
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Figure 4.21: Potential iso-surfaces where potential and distance values are normalized by

T, = 12eV and electron Debye length A\; = 8.7m, respectively.
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4.2 Solar Wind Interactions with a Spacecraft

This section considers a more complex configuration for spacecraft model shown in Fig 4.22.
The spacecraft bus is modeled as a box and solar panels are modeled as two thin plates.
We consider two types of electric connections. In case I, we consider that the main body
is electrically isolated from the solar panels. In case II, we consider that the spacecraft
connected electrically between a main body and solar panels. The spacecraft charging is
examined under various solar wind conditions: solar wind mean flux, solar wind 5% flux,
solar wind 95% flux, and severe magnetosheath charging conditions as listed in Table 1.2.
In this simulation, photoelectron saturation current density and photoelectron energy are
assumed as Jp, = 5(uAm~?) and T, = 2eV/, respectively. Table 4.4 shows the spacecraft di-
mension corresponding to solar wind conditions. Using symmetric geometry of a spacecraft,
the simulation is carried out only on a quarter of the spacecraft as shown in Fig. 4.22. Ta-
ble 4.4 shows the spacecraft dimensions used in the simulations. The cell resolution is taken
to be Ax = Ay = Az = 0.1)\; where )4 is the solar wind plasma Debye length. Here, the
photoelectron Debye length is A, = 0.92m. The time interval is calculated from the cell size
and the maximum velocity for particles at each time step. The number of macro-particles
used is about 50 per cell for each species. The simulation is performed using the real ion
to electron mass ratio m;/m,. = 1836 in order to maintain the correct mesothermal velocity
ratio. In order to roughly estimate charging, the solar wind current density on the upstream
boundary is obtained using the one-sided drifting Maxwellian function of Eq. (2.7). Their
magnitudes are shown in Table 4.5. The balance for solar wind and photoelectron current
densities would allow a simple estimating of the spacecraft potential. For instance, it can
be expected that the spacecraft have high negative potential under severe magnetosheath
charging condition. Table 4.6 summarizes the floating potential obtained from the numerical

simulation for case I and case I1.



Hyunju Jeong Chapter 4. Results and Discussions 80

Figure 4.22: Simulation set-up associated with spacecraft geometry consisting of a body and

solar panels.

SPACECRAFT CHARING IN DIELECTRIC MATERIAL

We first performed a 3-D full PIC simulation for the spacecraft consisting of dielectric mate-
rials under the mean solar wind condition. Fig. 4.23 shows the potential contours on a y — z
plane for a spacecraft consisting of typical dielectric materials. As shown in the figure, the
sunlit surface of the main body is positively charged by the photoelectron emissions. The
wake side of the body is negatively charged due to back-flowing electrons. Solar panel also

shows a non-uniform potential distribution on the surface.
MEAN SOLAR WIND CONDITION

Fig. 4.24 shows the potential contours on a y — 2z plane of a spacecraft electrically isolated
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Table 4.4: Spacecraft dimensions used in charging simulations.

Main body (m?®) Solar panel (m?) e,

Solar wind mean flux density TXTx35 TXT 1
Solar wind 5% flux density 12x12x6 12 x 12 1
Solar wind 95% flux density 2x2x1 2 x 2 1

Magnetosheath 46 x 46 x 23.5 46 x 46 1

Table 4.5: Comparison of solar wind and photoelectron current densities.

Je(pAm=2)  Ji(pAm=?)  Jpn(pAm=?)

Solar wind mean flux density 1.18 0.65 5
Solar wind 5% flux density 0.41 0.24 5
Solar wind 95% flux density 18.2 14.4 5

Magnetosheath 92.16 14.4 5t

(case I) under the mean solar wind condition. The figure clearly shows the photoelectrons
sheath profile in the front side of a spacecraft by photoelectron emissions and the wake
structure in the back side of a spacecraft by drifting plasma. As shown in the figure, a solar
panel is positively charged up to 3.6V under photoelectron emissions, J,, = 5uA/m?. On
the other hand, a main body has relatively low positive floating potential, ¢, ~ 0.2V, due to

the ambient electrons impinging onto the side of the body. Fig. 4.25 provides iso-surfaces for

Table 4.6: Floating potential under various solar wind conditions for case I and case II.

Parameter body panel body + panel
Solar wind mean flux density 1.2V 3.6V 2.5V
Solar wind 5% flux density 4.8V 7.2V 6V
Solar wind 95% flux density —6V  —1.5V -3V

Magnetosheath — — —1400V
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electric potential (Case I) under the mean solar wind condition. The potential and distance
are normalized by T, = 12eV and electron Debye length Ay = 8.7m, respectively. Figs. 4.26
- 4.28 show the results (case II) for spacecraft charging under the mean solar wind condi-
tion. Fig. 4.26 shows electron (top-left), ion (top-right), photoelectron (bottom-left), and
total charge (bottom-right) density contours on y — z and x — z planes at steady state. The
density and distance are normalized by electron density n. and electron Debye length Ay,
respectively. Fig. 4.27 shows the potential contours on a y — z plane. As shown in Figs. 4.27
- 4.28, the floating potential is equipotential, ¢5 ~ 2.5V, on the entire spacecraft by charge
re-distribution. It is obvious that the spacecraft is charged positively based on current bal-
ance given in Table 4.5. Fig. 4.29 shows the spacecraft potential evolution through time
where the dotted line, dashed line, and solid line indicate a main body (case I), a solar panel
(case I), and a spacecraft (case II). Potential and time are normalized by T, = 12eV and

wy' = 6. x 107%s, respectively.

SOLAR WIND 5% FLUX CONDITION

Figs. 4.30 - 4.34 shows the results for spacecraft charging for both case I and case II under
solar wind 5% flux condition. Fig. 4.30 shows the potential contours on a y — z plane of a
spacecraft electrically isolated (case I). Fig. 4.31 provides iso-surfaces for electric potential
(case I) under solar wind 5% flux condition. The potential and distance are normalized by
T, = 12eV and electron Debye length Ay = 14.5m, respectively. Fig. 4.32 shows the poten-
tial contours on a y — z plane for case II. Fig. 4.34 shows the spacecraft potential evolution
through time where the dotted line, dashed line, and solid line indicate a main body (case
I), a solar panel (case I), and a spacecraft (case II). The potential and time are normalized

by T, = 12eV and w;el = 1.0 x 107%s, respectively.

SOLAR WIND 95% FLUX CONDITION

Figs. 4.35 - 4.39 shows the results for spacecraft charging for both case I and case II under
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95% solar wind flux condition. As shown in Table 4.5, the ambient electron current density
exceeds the ion current and photoelectron current and expected to result in the negative
floating potential. Fig. 4.35 shows the potential contours on a y — z plane (case I). Fig. 4.36
provide iso-surfaces for electric potential (case I). The potential and distance are normal-
ized by T, = 12eV and electron Debye length \; = 2.6m, respectively. Fig. 4.37 shows the
potential contours on a y — z plane (case II). As shown in Figures 4.37 - 4.38, the floating
potential is equipotential on the entire spacecraft (case II). Fig. 4.39 shows the spacecraft
potential evolution over time where the dotted line, dashed line, and solid line indicate a
main body (case I), a solar panel (case I), and a spacecraft (case II). The potential and time

are normalized by T, = 12¢V and w, ' = 1.8 x 107%s, respectively.

SEVERE MAGNETOSHEATH CHARGING CONDITION

Charging analysis is carried out in magnetosheath for case II. Table 4.5 shows that the
electrons current density extremely exceeds the ion current and photoelectron current. As
expected in the current comparison, spacecraft is negatively charged up to —1400V. Fig. 4.40
shows the potential contours on a y — z plane. As shown in Figs. 4.40 - 4.41, the floating
potential is equipotential on the entire spacecraft. Fig. 4.42 shows the spacecraft potential

evolution through time (case II).
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Figure 4.23: Potential contours on a y — z plane for a spacecraft consisting of a dielectric
material. The potential and distance are normalized by T, = 15eV and electron Debye

length A\; = 15.4m, respectively.
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Figure 4.24: Potential contours on a y — z plane under the mean solar wind condition (case
I) where the main body and solar panel are electrically isolated. The potential and distance

are normalized by T, = 12eV and electron Debye length A\; = 8.7m, respectively.
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Figure 4.25: Iso-surfaces for electric potential (case I) under the mean solar wind condition.
The potential and distance are normalized by T, = 12eV and electron Debye length \; =

8.7m, respectively.
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Figure 4.26: Electron (top-left), ion (top-right), photoelectron (bottom-left), and total charge
(bottom-right) density contours on y — z and x — z planes at steady state under the mean
solar wind condition (case II). The density and distance are normalized by electron density

ne and electron Debye length \; = 8.7m, respectively.
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Figure 4.27: Potential contours on a y — z plane where the main body and solar panel
are electrically connected under the mean solar wind condition (case II). The potential and

distance are normalized by T, = 12eV and electron Debye length A\; = 8.7m, respectively.
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Figure 4.28: Iso-surfaces for electric potential (case IT) under the mean solar wind condition.
The potential and distance are normalized by T, = 12eV and electron Debye length Ay =

8.7m, respectively.
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Figure 4.29: Spacecraft potential evolution over time where the dotted line, dashed line, and
solid line indicate a main body (case I), a solar panel (case I), and a spacecraft (case II)
under the mean solar wind condition. The potential and time are normalized by T, = 12eV

and w, ' = 6. x 1070, respectively.
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Figure 4.30: Potential contours on a y — z plane under solar wind 5% flux condition (case I)

where the main body and solar panel are electrically isolated.

00
_\—z\&/

Phi: -0.24 -0.22 -0.21 -0.19 -0.17 -0.15 -0.14 -0.12 -0.10 -0.10 0.60

Phi: -0.24 -0.22 -0.21 -0.19 -0.17 -0.15 -0.14 -0.12 -0.10 -0.10 0.28 0.60

Figure 4.31: Iso-surfaces for electric potential (case I) under solar wind 5% flux condition.
The potential and distance are normalized by T, = 12eV and electron Debye length \; =
14.5m, respectively.
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Figure 4.32: Potential contours on a y — z plane where the a main body and a solar panel
are electrically connected under solar wind 5% flux condition (case II). The potential and

distance are normalized by T, = 12eV and electron Debye length A\; = 14.5m, respectively.
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Figure 4.33: Iso-surfaces for electric potential (case II) under solar wind 5% flux condition.
The potential and distance are normalized by T, = 12eV and electron Debye length \; =
14.5m, respectively.
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Figure 4.34: Spacecraft potential evolution over time where the dotted line, dashed line, and
solid line indicate a main body (case I), a solar panel (case I), and a spacecraft (case II)
under solar wind 5% flux condition. The potential and time are normalized by T, = 12eV

and w, ' = 1.0 x 10~°s, respectively.
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Figure 4.35: Potential contours on a y — z plane under solar wind 95% flux condition (case I)
where the a main body and a solar panel are electrically isolated. The potential and distance

are normalized by 7, = 12eV and electron Debye length \; = 2.6m, respectively.
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Figure 4.36: Iso-surfaces for electric potential (case I) under solar wind 95% flux condition.

The potential and distance are normalized by T, = 12eV and electron Debye length \; =

2.6m, respectively.
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Figure 4.37: Potential contours on a y — z plane where the main body and solar panel
are electrically connected under solar wind 95% flux condition (case II). The potential and

distance are normalized by T, = 12eV and electron Debye length Ay = 2.6m, respectively.
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Figure 4.38: Iso-surfaces for electric potential (case IT) under solar wind 95% flux condition.
The potential and distance are normalized by T, = 12eV and electron Debye length \; =

2.6m, respectively.
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Figure 4.39: Spacecraft potential evolution over time where the dotted line, dashed line, and
solid line indicate a main body (case I), a solar panel (case I), and a spacecraft (case II)
under solar wind 95% flux condition. The potential and time are normalized by T, = 12eV

and w, " = 1.8 x 107%, respectively.
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Figure 4.40: Potential contours on a y — z plane where the a main body and a solar panel
are electrically connected under severe magnetosheath charging condition (case II). The
potential and distance are normalized by 7. = 1000eV and electron Debye length \; =

23.5m, respectively.
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Figure 4.41: Iso-surfaces for electric potential (case I1) under severe magnetosheath charging
condition. The potential and distance are normalized by T, = 1000eV and electron Debye

length \; = 23.5m, respectively.
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Figure 4.42: Spacecraft potential evolution through time under severe magnetosheath charg-
ing condition. The potential and time are normalized by T, = 1000eV and w,! = 1.8x107%s,

respectively.
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4.3 Solar Wind Interactions with a Multibody System

In this section, we investigated the interactions of a “multibody system” and the solar wind
in the absence of photoelectron emissions (eclipse). The multibody system considered here
consists of a large platform and a rectangular body. The primary objective of the multibody-
plasma interactions is to explore the interactions of the charged bodies as well as the wake
charging effect. Several studies associated with the wake charging effects have been discussed
(39, 40, 45, 87, 16, 93]. The wake charging is caused by a lack of ions in the wake behind
a large structure in a flowing plasma. In previous studies, Boltzmann PIC simulations are
performed to investigate the wake charging effect [93]. Here, we extend the previous studies
by using a full particle simulation model.

Simulations are performed for solar wind mean flux, solar wind 95% flux, and severe mag-
netosheath conditions as shown in Table 1.2. Ion and electron currents collected by the free
flyer are different along the distance from the platform, depending on ambient plasma tem-
perature and the size of the front platform. In simulation conditions used here, severe wake
charging may occur in the wake zone close to a front plate due to reduced ion current. In this
dissertation, we set a free flyer at 2)\; behind the large platform on the central axis in the
wake. We used the the same non-dimensional input for the plate and free flyer for all three
different plasma conditions considered. The plate dimension is taken to be 6A; x 6, and
the free flyer dimension is 1.2X\; x 1.2)\; X 0.6\4. Since the plasma Debye length varied under
different ambient plasma conditions, the systems studied for different plasma conditions are
of different sizes. The physical dimensions of the systems considered are listed in Table 4.7.

Table 4.8 shows the floating potential obtained from the numerical simulations.

MEAN SOLAR WIND CONDITION

Fig. 4.44 shows electron density contours (top-left), electron velocity vectors (top-right), ion
density contours (bottom-left), and ion velocity vectors (bottom-right) on a y — z plane

under the mean solar wind condition. Ion thermal velocity (vy; ~ 43.8km/s) is relatively
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Figure 4.43: Simulation set-up associated with multibody system consisting of a large plat-

form and a free flyer.

lower than the drifting velocity (vq ~ 468km/s), resulting in the wake structure. Due to
a lack of ions in the wake region, a free flyer will be charged more negatively in order to
collect the ion current required to balance the electron current. The floating potential ratio
between a platform and a free flyer is about %ﬁ ~ 2.14 where ¢, and ¢; are the floating
potential for a platform and a free flyer, respectively. Figs. 4.45 - 4.46 show the potential
contours and iso-surfaces where the potential and distance are normalized by T, = 12eV and
electron Debye length \; = 8.7m, respectively. Here, we consider the following system: a
plate size of 6)\; X 6Ag and a free flyer size of 1.2\; x 1.2)\; x 0.6)\4 sitting at 2)\; behind

the platform in the wake. For this particular system, a free flyer is charged negatively about
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Table 4.7: Multibody system dimensions used in charging simulations.

Platform (m?) Free flyer (m?3) e,

Solar wind mean flux density 52 x H2 10 x 10 x 5 1
Solar wind 95% flux density 16 x 16 3x3x1.5 1
Magnetosheath 140 x 140 28 x 28 x 14 1

Table 4.8: Floating potential under various simulation conditions.

Parameter Platform (¢, V) Free flyer (¢, V)
Solar wind mean flux density —8.4 —18
Solar wind 95% flux density —4.8 —17.4
Magnetosheath ~ —1810 ~ —1950

—18V(~ —1.5T,) by a wake effect. Fig. 4.47 shows the potential evolution of a platform
and a free flyer over time where the potential and time are normalized by T, = 12eV and
wp_el =6 x 10795, respectively. Fig. 4.48 shows ion and electron currents for a platform and
a free flyer over time where the current and time are normalized by J, and wp_el =6 x 10753,
respectively. In the simulation presented here, we initially loaded particles in the simula-
tion domain and injected particles at each time step till each object reach to steady state
condition. The current collection represents transient characteristics of our simulation sys-
tem, showing the current balance process to obtain the floating potential. Note that a free
flyer charged by wake charging converges on a floating potential much slower than the front
platform does. As shown in the table, a free flyer are charged negatively by a wake effect of
about —18V under the mean solar wind condition and —17.4V under solar wind 95% flux
condition, respectively. As can be estimated by the ambient plasma properties, a free flyer
under solar wind 95% flux condition due to enhanced ion current is less charged than the

free flyer under the mean solar wind condition.
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SEVERE MAGNETOSHEATH CHARGING CONDITION

Fig. 4.49 shows electron density contours (top-left), electron velocity vectors (top-right), ion
density contours (bottom-left), and ion velocity vectors (bottom-right) on a y— z plane under
severe magnetosheath charging condition. lon thermal velocity (vy; ~ 438km/s) is relatively
high when compared with the plasma drifting velocity (vg ~ 900km/s). As can be seen in
the figures, significant ion back-flow occurs due to comparatively high energy ions as well
as the high voltage of the front plate. The floating potential ratio ,‘z—i, is about 1.1 which
indicates that wake charging is relatively low. Also, the vector contours show that electrons
are expelled by the highly charged objects at the steady state condition. Fig. 4.52 shows the
potential evolution of a platform and a free flyer over time where the potential and time are
normalized by T, = 1000eV" and w, ' = 1.8 x 107%s, respectively. For a multibody system
consisting of a 6y x 6)\g plate and a 1.2)\; x 1.2)4 x 0.6\ free flyer, the floating potential
for a free flyer is as high as ~ —1950V (~ —1.957,). The simulation results show that wake

charging is not severe under both the mean solar wind condition and severe magnetosheath

charging condition.
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Figure 4.44: Electron density contours (top-left), electron velocity vectors (top-right), ion
density contours (bottom-left), and ion velocity vectors (bottom-right) on a y— 2 plane under
the mean solar wind condition. The potential and distance are normalized by T, = 12eV

and electron Debye length Ay = 8.7m, respectively.
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Figure 4.45: Potential contours on a y — z plane under the mean solar wind flux condition.
The potential and distance are normalized by T, = 12eV and electron Debye length \; =

8.7m, respectively.
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Figure 4.46: Iso-surfaces for electric potential under the mean solar wind flux condition. The
potential and distance are normalized by T, = 12eV and electron Debye length Ay = 8.7m,

respectively.
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Figure 4.47: Potential evolution of a platform and a free flyer over time under the mean solar

wind condition. The potential and time are normalized by T, = 12¢V and w;el =6 x 1075s,

respectively.
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Figure 4.48: Ton and electron currents for a platform and a free flyer over time under the

mean solar wind condition. The current and time are normalized by .J, and wp_el = 6x1075s,

respectively.
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Figure 4.49: Electron density contours (top-left), electron velocity vectors (top-right), ion
density contours (bottom-left), and ion velocity vectors (bottom-right) on a y — z plane
under severe magnetosheath charging condition. The potential and distance are normalized

by T, = 1000eV and electron Debye length \; = 23.5m, respectively.
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Figure 4.50: Potential contours on a y — z plane under severe magnetosheath charging
condition. The potential and distance are normalized by 7. = 1000eV and electron Debye

length \; = 23.5m, respectively.
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Figure 4.51: Iso-surfaces for electric potential under severe magnetosheath charging condi-
tion. The potential and distance are normalized by T, = 1000eV and electron Debye length
Ag = 23.5m, respectively.
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Figure 4.52: Potential evolution of a platform and a free flyer over time under severe mag-

netosheath charging condition. The potential and time are normalized by 7. = 1000eV and

wy' = 1.8 x 107%s, respectively.



Chapter 5

Summary and Conclusions

5.1 Summary

In this dissertation, we investigated spacecraft charging and solar wind interactions by using

both analytical and numerical approach.
Analytical Approach

In the analytical approach, we extended the previous photoelectron sheath theory [28, 18, 69]
to include the effects of drifting electrons effects. We showed the modification of the potential
profile and surface floating potential by the induced electron currents when drifting electrons
are considered. There can exist three types of photoelectron sheaths in the presence of
photoelectron emissions which can be classified as monotonic (Type B or Type C) or non-
monotonic potential profile (Type A). Previously, Fu suggested that there can exist two
solutions of monotonic and non-monotonic sheath profiles when photoelectron emissions are
significant. A non-monotonic profile is the more stable solution in some parameters. We
found that the surface floating potential obtained from the current balance calculation is very
similar to that of the monotonic sheath solution. The potential barrier of a non-monotonic

sheath will modify not only the photoelectron current but also the incident ambient current.

107
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This is not surprising because current balance calculation does not include the modification
of current sources by the potential barrier. This can lead to very different predictions on
spacecraft floating potential. However, we can not determine mathematically which of two
solutions is the physical one. In this dissertation, this question has been resolved using

numerical simulation.
Numerical Approach

We studied a spacecraft charging and solar wind plasma interactions by using a 3-D full
Particle PIC method [4]. Additionally, a charging model based on the capacitance matrix
method is integrated into a PIC model so the floating potential on a spacecraft is calculated
self-consistently using charges deposited on the surface. The PIC model is first applied to
study the photoelectron sheath in a flowing plasma. We found that the numerical results
from a charging model agree well with those of the non-monotonic sheath profile from the
analytical method under solar wind conditions. PIC simulation results show that the po-
tential barrier in a non-monotonic sheath can modify electron behavior and capture low
energy electrons. The PIC model is then applied to investigate spacecraft charging under
several solar wind conditions. The simulation results show that spacecraft charging is not
severe under typical solar wind condition. However, a spacecraft is negatively charged up
to —1400V for severe magnetosheath charging condition. We also investigated the plasma
interactions of a multibody system consisting of a large plate (6A; X 6);) and a small free
flyer (1.2M\g x 1.2)\4 x 0.6)\y) in the absence of photoelectron emissions. In this dissertation,
we set a free flyer at 2)\; behind the large platform on the central axis in the wake. In our
simulation cases, the free flyer is sufficiently far away form the platform where ion currents
can be refilled and cancel electron currents. The simulation results under both the mean so-
lar wind condition and severe magnetosheath charging condition show that wake charging for
our simulation case is not severe. As a results, the free flyer potentials are about ~ —1.5T7,
under the mean solar wind condition and about ~ —1.957, under severe magnetosheath

charging condition.
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5.2 Suggestions for Future Work

Realistic Spacecraft Configuration

The charging model presented here considered a relatively simple configuration. It is neces-
sary to improve a charging model in order to account for a more realistic configuration and
various surface materials. In order to carry out the simulations in realistic and complicated
spacecraft geometry, it is critical to use a fine mesh around a spacecraft, thus suggesting the
implementation of a stretched mesh method.

Another challenging work is to extend the charging model in order to account for the inho-
mogeneous surfaces such as a solar array. The solar array consists of a cluster of dielectric
solar cells. Thus, the charging model should include the multi-material charging of both in-
sulating and conducting materials. Additionally, the charging calculations should take into

account the differential charging caused by the multi-material structure.
Parallel Computation

The dimensions of the capacitance matrix are N, x N, where N, is the total grid number
designated by a spacecraft. In order to carry out the simulation for the complicated and
realistic spacecraft geometry, it is necessary to use a fine mesh around the desired spacecraft
geometry, requiring a large amount of computer memory and computational time. These

current limitations require parallelizing the charging model developed here.
Comparisons of Measurements

The results from the charging model developed here showed reasonable agreement with ob-
servation data (~ 5V to 10V) for typical solar wind [75]. However, it is necessary to compare
the numerical results under various solar wind conditions with measurements. Also, studies
for detailed plasma dynamics and modification due to the sheath generated by spacecraft
charging should be carried out and quantitatively compared with measurements. The sheath
generated by spacecraft charging will modify ambient plasma incidence. For example, an

ambient plasma detector on the charged spacecraft can not accurately measure due to modi-
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fication by the sheath. Studies using full PIC simulations have been carried out to investigate
the ambient plasma dynamics and reduce the surface potential by ejecting plasma from a
satellite [85]. However, previous studies have been limited to a biased floating spacecraft po-
tential, ignoring the time-dependant sheath effect and the floating potential self-consistently
determined. Thus, the charging model can be applied to improve the limitations of the

previous studies.
Wake Charging

In this dissertation, we only consider the waking charging effect in eclipse. However, the
charging study should be performed in sunlight conditions. Also, in order to investigate
comprehensively the wake charging, it is necessary to study the charging effect through
different positions of a free flyer. Ion and electrons current will be changed along the distance
from the front plate in the wake region. For instance, ion and electrons current will be reduced
near the plate in the wake region, depending on the plasma temperature. Additionally,
it is necessary to study the wake charging effect when a front plate and a small flyer are
electrically connected. For instance, solar sail charging simplified as a thin plate showed that
the charging effect is not severe. However, when we consider realistic solar sail configuration,
it is significant to study the charging effect by the small body positioned in the wake region.
Additionally, the charging effect for the small flyer attaching on the ram side will be studied.
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Appendix A

Sheath Theory for Stationary

Maxwellian Electrons

A.1 Non-monotonic Sheath Profile: Type A

The theoretical model reviewed here follows the method suggested by Fu [28], [18] and
extended by Nitter et al. [69]. The calculation was carried out for a large planar object. In
this theory, two assumptions are applied: ambient plasma consists of cold and drifting ions
and stationary Maxwellian electrons. When photoelectrons dominate, there can exist two
types steady state solution of the potential profile in the photoelectron sheath, the monotonic
profile and non-monotonic profile and the non-monotonic profile is a more stable solution

[18]. Ton velocity can be obtained using energy conservation:

Lo 1 5
Moo = 5MY; (x) — ep(x) (A.1)
i) = [ — 26%35) (A.2)
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Then ion density can be obtained by a continuity equation:

Voo 2ep(r), 1
= = 1 — 2 A
2 22 4 .2
. o m 3/2 _m(vz + Uy + Uz) e(¢(x) - ¢]) A4
where ¢. = ¢ corresponds to the potential at infinity for plasma electrons 7 = e and

¢p = ¢o is the surface floating potential of objects for photoelectrons j = p.

The density distribution of ambient electrons and photoelectrons can be obtained as

njf(x) = /O:O /O:o /1: fi(v)d*v = Zjexp(e((b(?_j))(l — erf(vm<x)))

_ony o e(o(z) — @) e((x) — ¢m)
= 5 exp(—ij )(1— erfJ KT, ) (A.5)

miele) = 2 [ [T [ )b = nyexp( AL o )y

kT] Ut
e(4(x) — ¢;) e(P(2) = ¢m)
= e ory | GO (A.6)
In this equation, v; = % and v,,(z) = %W are the thermal velocity and the mini-

mum speed, respectively. When z < z,,, the reflected electrons n., does not exist because
the low energy ambient electrons return by a potential barrier. Similarly, the photoelectrons
relatively lower energy than minimum potential can not overcome the potential barrier.

Therefore, captured photoelectrons are zero at x > x,,.

The Poisson’s equation can be written as
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d*¢ e
G~ g T Med T e =y M) (A7)

The Poisson’s equation can be simplified by using mathematical technique as follows:

d dé Qdéﬁ

%(%)2 = (%)da}? (A.8)

The electric field can be obtained by integrating (A.8) from ¢ = ¢y, to ¢,. The equation

can be written as

d
dz

~

¢z
(G =2 [ ey + e g e = )0 (A.9)

The electric field for electrons can be obtained as

Bu = 2 [ iegdd =2 [P (O 1 — e C s (A10)
_ o — oo s — O Om — bocr; 2 | Gs— Om
= TecoBlexp(T—)ll —erf(y =5 )]+ (T )[ﬁ 5
E., = 2/m P pdd = 2/m The,00 €XP( _ﬁ(b Jer f( ¢_ﬁ¢m)d¢§ (A.11)
_ Q§$_¢;o ¢$_¢Am _l Q;m_gb;o ng_ém
= Zieoexp(T—gm= Jer f( =5 ) NG P T g

where gb;o = ( at infinity.

The electric field for photoelectrons is

~

$a R $a 1) A =
By = 2 b =2 [ B exp(d— 6,01 = erf (16— )l (A12)
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= fpolexp(de — )L — erf (e — bu)] + exp(Bn — ¢;1>[j%\/a§x o — 1]}
Bre = 2 iedd=2 [ ingexp(6 - %)erf(\/ b~ )i (A13
- 2ﬁp,O{exp( gbm)GT’f( ¢ ¢m) - \/— exp ¢m \/ ¢m}

The electric field for ions is

_ b= 2 _ 2o gy o 26, _ _ 20
Ei_—2/¢);n midg = == g0 [J1-§M2 41 ] (A.14)

Then, the equation can be written as

d ~
¢ = \/Eef + Eey + By + Epe + B = \| By (9) (A.15)

The non-monotonic sheath profile can be found by integrating from ¢A0 to an arbitrary qu

when < x7,. It is written by

bo 1 ~
3= / 4 i<, (A.16)
@
where gz§0 < ¢y < (bAm
When & > 7, the sheath profile can be obtained by
%= / = dd > (A.17)
®

where ¢, < ¢p < Goo

The distance for minimum potential can be obtained by
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(A.18)

7 —/x;"dgzv—/xm 4 do /%
" 0 0 d¢dx . /Ett

In order to determine ¢,,, ¢o, and n., three conditions are imposed: 1) neutrality condition
at infinity, 2) no electric field at infinity, and 3) zero total current at steady state. The

neutrality condition at infinity can be obtained by equations (A.5) and (A.6):

ne(00) + 1y (00) = n3(00) = ne £(00) 4 126, (00) 4 1 £ (00) — 124(00)

:n62’°°(1+erf —i;n)%—exp gbo (1 —erfy/ gbm — Moo =0 (A.19)

It is assumed that the total current is zero at steady state where the captured photoelectrons

and the reflected electrons do not contribute to the total current. The condition can be

written as
Jes(00) + Jp £(0) / / / Vs (0, v)dv,dvy,dv,
+/ / /_ 8 vxfe(oo, v)dvgdvydv, + n;(0o)v;(co) =0 (A.20)
where vy, (x) = %):M is the minimum velocity.

Then it can be simplified by integration as follows:

N0 €XP (P — neoo\[exp )+ Ni o/ 2B /m; M = 0 (A.21)

The total electric field is zero at infinity where the captured photoelectrons do not contribute:
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E(00) = E. f(00) + E.,(00) + E, r(00) + Ei(c0) =0 (A.22)

It can be simplified as

~ ~ ~

{1+ enfly) =25 — (P14 T2y =)
-%%MWF%W—Wﬂf%M+%W%—%&%-%%—H
20,
+ 2 0BMP(1 — |1 — ﬁMQ) =0 (A.23)

A.2 Monotonic Sheath Profile: Type B

In this section, type B potential profile is introduced. The sheath profile does not contain

captured electrons in the calculation. The resulting the Poisson’s equation can be written as

d*¢ e
i —g—o(ni — Nef — Np.f — Np.c) (A.24)

Then, the Poisson’s equation can be normalized as

do e R R X s
=2 [ (g e + g + e = ) (425
The electric field for each species can be calculated with equations (A.10)-(A.14). In type B,

the minimum potential ngAm is zero. The monotonic sheath profile of positive surface potential

can be obtained by integrating from ng to an arbitrary ¢Ax as follows:
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o 1 ~
:%:/A o dd (A.26)
¢

where gbAO < qu.T < Qs;o

The unknown variables of 650 and n. are simply obtained by two conditions: neutrality at

infinity and zero total current at steady state.

Neutrality at infinity is expressed as

1e(00) 4 15(00) —1;(00) = 7, 7(00) + 12y, £(00) — i (00)

The zero total current at steady state can be obtained as follows:

N0 exp(—qgo) — Neoo\/ B+ Ni oo/ 2T Bme /M = 0 (A.28)

A.3 Monotonic Sheath Profile: Type C

In this dissertation, the sheath profile of negative surface potential and increasing monoton-
ically to infinity is defined as Type C. There are no captured photoelectrons in the type C
sheath profile and (bAm = 950. To obtain the function of the potential distribution, the electric

field is found by integrating the Poisson’s equation from gz§0 = 0 to an arbitrary qu:

~ ~ ~ ~

¢_

E 2/(5“ dé z/qgwﬁm (
e = Ne = — e

(A.29)
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2 /o% frerdp = 2 /o% Neoo exp(¢ _ﬁgboo)erf( ¢ —ﬁﬁbo)dqg (A.30)

bx . b ) . — .
Boy = 2 [ s =2 [ exp(é = )1 erf (/6 — on)ldd (A31)
o exp(—h) {ex0(6 ) e fe(y/ 6 — )] = er Fely/ = ) + = expldu) Vo — o — /= )
6 . 26

B = -2 /0 fudd = 200 M 1= S = 1 (A.32)

Then, the sheath profile can be obtained by

boo 1 .
Y N (A.33)
/‘” Eiot(9)

where <bA0 < qu < (b;o.

In the same way, the unknown variables of gz§0 and n, are simply calculated by two conditions:

neutrality at infinity and zero total current at steady state. The neutrality condition at

infinity can be obtained by equations (A.5) and (A.6):

flesoo (I+erfy|—=)+ % exp(—quo)(l —erfy/ —gzgo) —Njoo =0 (A.34)

The zero total current at steady state can be determined as follows:

~

Np.0 — Ne.oo ﬁexp(ggo) + N o/ 2T /M M = 0 (A.35)



