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ABSTRACT: Accurately estimating spacecraft charging requires consideration of an appropriate secondary electron yield (SEY) of space-
craft materials. SEY is influenced by factors such as surface roughness, oxidation, and contamination. Using SEY values for materials
not representative of actual spacecraft conditions can lead to significantly inaccurate spacecraft charging predictions. Against the use of
default values for smooth and clean elemental aluminum (Al), this work examines the impact of SEY of Al in its relevant states over a
spacecraft’s lifespan in favour of the reliable estimation of absolute charging. It specifically focuses on the impact of SEY on the absolute
charging of a pyramidal horn antenna, one of the essential spacecraft modules. For modeling of charging, the antennas are assumed to be
in appropriate states of Al, i.e., oxidized Al for the beginning of life and Al with thin Carbon (C) — rich contamination for the end-of-life
of a spacecraft. The observed deviation in absolute charging will determine a more realistic approach to protect a spacecraft against

Electrostatic Discharge (ESD).

1. INTRODUCTION

urface charging induced Electrostatic Discharge (ESD) is
Sone of the most notorious events of space environment,
leading to mission termination [1]. Spacecraft bodies orbiting
around the geosynchronous orbit (GEO) plasma environment
are charged with exceptionally higher negative potential dur-
ing geomagnetic substorm events. Such higher absolute charg-
ing and the greater mobility of electrons cause the emission
of ESD current. This ESD current releases the accumulated
charge stored in the capacitance between the spacecraft struc-
ture and ambient plasma. The initial stage of absolute charg-
ing may progress towards its subsequent stages of differential
charging and eventually, ESD because of dissimilar induced
electron yields and different sunlit conditions on the adjacent
surfaces of a spacecraft [2,3]. On account of the ESD occur-
rences on subsystems of a satellite such as various antennas and
solar arrays, several satellites in the past suffered from anoma-
lous commands, circuit shorts, and eventually triggered prema-
ture weapon ignition on various payloads [1-3]. In view of
possibility of catastrophic consequences, accurate computation
of absolute charging has been considered critically essential to
predict the ESD events and protect the satellites.

In view of this, several works related to this phenomenon
have been reported recently in the literature [4—8]. In order to
study and analyze the phenomenon of charging and ESD on
a spacecraft structure, estimation of the capacitance of differ-
ent geometrical shapes used in spacecraft bodies is imperative.
Detailed assessment of capacitance for different geometrical
shapes of a spacecraft such as rectangular plate, square plate,
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circular disk, rectangular cuboid, dielectric coated metallic par-
allelepiped cylinder, cuboid with plates, and pyramid has been
presented in [9-15]. A spacecraft structure is also composed
of dual bodies such as conical metallic structures in the form
of funnels oriented skewed or coaxial to each other. The com-
putation of capacitances of these structures is reported earlier
in [16]. However, absolute capacitance of isolated pyramidal
horn antenna structure is not available in the literature. Note
that horn antenna is an essential module in a spacecraft as a
feeder for large antenna structures of parabolic dish antennas,
besides its use in calibration of other high gain antennas and
measurement of electromagnetic interference measurements on
board [17]. Moreover, a coupled horn antenna module is in-
cluded in a satellite assembly [17]. Hence, the computation of
its capacitance and charge distribution is of practical interest.
This will in turn facilitate the estimation of the lumped circuit
capacitance model of a spacecraft and, subsequently, its charg-
ing caused by harsh ambient plasma.

SEY (secondary electron yield) and BEY (backscattered
electron yield) are the major contributors to the number of out-
going electrons from a material surface and enforce the space-
craft surface to float at a more positive potential. Computation
has to include dominant currents of SEY and BEY for reliable
estimation. In the recent past, absolute charging of a spacecraft
modeled as a rectangular cuboid and two plates with parabolic
reflector antennas have been computed [12, 13]. The analysis
of this model presented in these works lacks dominant currents
of SEY and BEY. Recently, these currents have been included
in [14] in the analysis of the charging of a metallic pyramid of
Aluminum (Al) using the formulation of Whipple [18]. Despite
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the fact that better SEY formulations have been made available
in the past [19], the characterization of SEY in absolute charg-
ing and the corresponding estimation is till an active area of
research.

The earlier research is based on the NASCAP (NASA Charg-
ing Analyzer Program) default values for smooth and clean ele-
mental Al [14,20-26]. Aging related surface modification sig-
nificantly affects SEY [27-29]. Hence, the consideration of
clean Al is inappropriate. In view of this, SEY values of Al with
rough surfaces and thicker oxide layers, and technical Al with
thin C-rich contamination are recommended over SEY values
of clean Al with smooth surfaces for beginning-of-life and end-
of-life space simulations, respectively [27].

The research presented in this paper (i) computes the sur-
face charge distribution and capacitance of an isolated pyrami-
dal and coupled pyramidal horn antenna using Method of Mo-
ments (MoM), (ii) studies the impact of SEY formulations of
Whipple [18] and Katz et al. [19] on the estimation of abso-
lute charging, (iii) investigates the implication of SEY of the
appropriate states of Al against clean Al on absolute charging
estimation of these structures. To investigate the effect of the
states of Al on absolute charging, we conducted analysis us-
ing a single Maxwellian plasma model. Our findings indicate
deviations from the results in the previous studies that utilized
clean elemental Al and highlight the necessity of considering
material state variations in charging predictions. For realistic
computations, the antennas are assumed to be of different ex-
tents of oxidized Al for the beginning of life and Al with thin
Carbon (C) — rich contamination for end-of-life modeling of
charging.

2. FORMULATION OF SURFACE CHARGING MODEL
AT GEO

A spacecraft stumbles upon GEO plasma-induced and material-
depended currents. The resulting transient variation of body
potential on a spacecraft structure from this spacecraft plasma
interaction is obtained by [2],

dVv .
C’body E = .]netA

(1)
where jne: 18 a net current density due to space plasma, Choqy
the body capacitance model of a structure with respect to am-
bient neutral plasma, V' the body potential, and A the surface
area of a structure. Figure 1 shows the methodology to esti-
mate absolute charging of a spacecraft across its lifespan. The
GEO plasma distribution is characterized by single Maxwellian
plasma model. The potential on a spacecraft surface due to in-
teractions with the plasma is determined by solving the balance
of currents leaving and striking the surface at equilibrium. The
body capacitance (Chody) of the spacecraft geometrical surface,
which governs the transient variation of the potential, is com-
puted using the MoM. Subsequently, the resultant differential
equation of surface charging is numerically integrated which
provides a transient variation of body potential on a material
surface. We find absolute charging for different values of SEY
corresponding to the material state variations across a space-
craft lifespan.
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FIGURE 1. Absolute charging estimation of spacecraft across its lifes-
pan.

A spacecraft collects zero net current from GEO plasma at
equilibrium and is indicated by the fundamental current balance
expression of the spacecraft charging [1],

Jnet = ZJZ" +Zjout =0

where Z Jin = _jey and Zjout = Jz + jse + jbe + jsi~

Here, J,.: is the total incident current density due to space
plasma; j. and j; are environmental induced electron and ion
current density; js. and j,e are secondary emitted electron cur-
rent density and backscattered electron current density due to
electrons, respectively; and js; is secondary electron current
density due to ions.

Further analysis of Eq. (2) follows orbit motion limited
(OML) regime relevant for the spacecraft charging in the GEO
environment. Accordingly, the net current density for single
Maxwellian plasma distribution for a sphere owing to repelled
species with body potential, V' < 0, is given by [3],

2

jnet = _je +]1 +jse +jbe +J51

) . eV . )
where j. = —joc exp T )0 Ji = Joi 1-—
e

kTe,i
Me

eV )
kT, )’ (3)

. 1
and jo.,; = Ene,ie
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Here jo. and jp; represent the electron and ion current den-
sity, respectively when spacecraft is not charged, i.e., charged
with zero (0) potential. The Boltzmann constant is denoted by
k. The density, temperature, and mass of electrons are denoted
by ne, Te, and m,, respectively. The density, temperature, and
mass of ions are denoted by n;, T;, and m;, respectively. The
constant ‘e’ represents an absolute value of the electron charge,
ie, 1.6 x 1071°C.

In order to solve Eq. (3) of the net current density, the fol-
lowing relationships of the expressions related to secondary and
backscattered current density (jse, jsi, and jp.) as well as par-
ticle energy are instrumental.

Secondary electron current density due to electrons is [30],

o= ( )fne(mEf(E)dEexp(;ji ) @

where Y. and F are electron-induced SEY and incident elec-
tron energy, respectively. Single Maxwellian space plasma ve-
locity distribution of species “s” (electrons and ions) is given

by f(E) [1],

2
2
m(i

Ms

3/2 -F 1,
L) = s 5 E=_- sUg
F(E) =n, <27TkTs) exp (kT) g M

where f is the distribution function expressed in sec®/cm®; n is
the density of species “s” expressed in cm™3; T, is the temper-
ature of species “s” expressed in eV; m is the mass of species
“s” expressed in kg; vs denotes the velocity of species
pressed in cm/sec.

The dependence of Y. (SEY) in Eq. (4) on an angle of in-

cidence (¢) and energy (F) of the incident electrons is given

by [18],
1.1146,, (E\"%° EN'?
Vo= — ™ 1—exp|—2.2 —
se cos @ ( E ) cxp 8cost (Em> ©)

where F,, is the primary energy corresponding to the maximum
yield (d,,). We employ two widely used SEY formulations pro-
posed by Whipple [18] and Katz et al. [19]. Because of the de-
pendence of SEY on incidence angle (6), the absolute charging
must be analyzed for isotropic and normal incidences [18]. Its
expressions are listed in Appendix A [18, 19].

Secondary electron current density (j;) due to ions is given
as [30],

[T

S €X-

Jsi=¢ (j;) /Ym (E—eV)Ef(E)dE (1 - g) Q)
(] 0 !

The expression for lon-induced SEY (Y5;) for isotropic and
normal incidences is listed in Appendix A [31].

Backscattered electron current density (73.) due to electrons
is represented as [30],

ie=e(2) [vie@Er B ases (1) ®©
€ 0 (&
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BEY (Y3.) for both the incidences is obtained from the inci-
dent electron energy (E) and the material atomic number (2)
with the expressions followed from [31]. Total incident surface
current density (j,e:) due to space plasma interaction as a func-
tion of the body potential (V') is computed using Eq. (2) through
Eq. (8).

Next, we compute the requisite surface charge distribution
and free space capacitance to find the ESD prone sites and the
absolute charging of spacecraft structures. Free space capaci-
tance, Chody, depends on spacecraft assembly with its modules.
This paper addresses the problem of absolute charging of the es-
sential structures of a spacecraft assembly, horn antennas. The
capacitance estimation of two different cases of the structure,
(i) isolated pyramidal horn antenna and (ii) coupled pyramidal
horn antennas using MoM, is discussed below.

2.1. Capacitance of an Isolated Pyramidal Horn Antenna

Consider the pyramidal horn antenna of Fig. 2(a) in a Cartesian
coordinates system. It consists of two parts: (i) waveguide with
length L, width W, and height H consisting of four rectangu-
lar plates, and (ii) horn aperture having four tilted trapezoidal
plates given by flaring angle o and 3 as shown in Fig. 2(b)
and Fig. 2(c), respectively. Horn has an aperture with E-plane
width of A and H-plane height of B.

From the geometry in Fig. 2, flare angles and various lengths
are given by:

A B
t. e t. E S~
an(a) = 5p- tan(B) = 5o
A B
Ra—A_WRA; Rb_ﬂRBa (9)
2 2
pemyt neme D

R4 and Rp, the perpendicular distances from the plane of the
waveguide opening to the plane of the horn, must be equal, i.e.,
R4 = Rp. For the given horn sides A, B, and length R4,
Eq. (9) allows the computation of all relevant geometrical pa-
rameters required for the construction of the horn antenna.

In order to find the capacitance of the structure of Fig. 2(a),
the unknown charge distribution on the structure must be com-
puted by assuming known equipotential (®) metallic surface.
The potential (®) at any observation point r(z,y, z) due to
charge distribution (p) at source point r/(z’, 3/, ") on eight con-
ducting surface is given by [32],

LS~ [ 20
d=— 1 i 1
e |2 ) s (10
1= S;

The integration is evaluated over the conductor surfaces de-
noted by S;. The resulting integral equations can find unknown
charge distributions (p1, p2, . . ., ps) on the surfaces using the
MoM [32]. In order to apply the MoM, the pyramidal horn
structure is divided into a number of rectangular subsections
(N), as shown in Fig. 3.
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FIGURE 3. Pyramidal horn antenna with uniform rectangular sub-sections.

The unknown charge distribution (p) appearing in Eq. (10)
is expressed using the point matching and delta function as the
testing function [32].

N

p=> onfn (11
n=1

Here, v, is an unknown coefficient representing charge per unit

surface area of n'" subsection of a body, f, the pulse basis

function, and N the number of subsections.

The set of simultaneous equations obtained from Eq. (10) af-
ter substituting Eq. (11) and using point matching method with
the help of Dirac delta function as the testing function is as fol-
lows:

N1 N1+Na
;=Y ornlitmnt D, Ooplizmnt o
n=1 n=N;+1
N1+Na+...+Ng (12)
+ Z O48nli8mn
n=N1+Na+...+N7+1
[ ®; ] [ o | [ (1] [h2]
o, Qo [l21]  [l22]
O Qasn [131]  [l11]
Oy | | oun [la1]  [la2]
Q5 || asn (l51]  [ls2]
g Qn [le1]  [l62]
oy Q7 [l71]  [i72]
Dy | | asn | | [ls1]  [is2]

114

where Nj, No,...,Ng are subsections along the eight
surfaces of the structure, respectively. Coefficients

litmns ligmn,s - - - lismn appearing in the above equations

are represented in a generalized form as,

1 1
lnn = ds'
M Areg / [T — 770 S

Sn

(13)
m=1,...,N and n=1,...,N
N =N;+ Ny+...Ng
where ds’,, is an area of source subsection, and

T'm(Tmy Ym, 2m) 1S a matching point at the midpoint of
each subsection in consideration.

The set of simultaneous equations of Eq. (12) for eight sur-
faces is transformed into an equation of matrices of the form,

4] 5] [he] [li7]  [las]

lloa] [l2s] [l26] [l27] [l2s]

F34} F%} Fn} Fzz? %l:ss}

laa) |las] |lae] [la7] |las

(I54] [lss] [lse] [is7] [iss] (19
lea) lles) [les] [ls7] [les]

[l7a] lizs] [lze]  [77]  [l7s]

[lsa] [lss] [lse] [ls7] [lss] |
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This system of linear equations in Eq. (14) is solved by
the generalized minimum residual (GMRES) iterative algo-
rithm [33] to determine charge density on each conducting

[65F7) [Cn] [Clz] [Cls] [<14]
Q2n [(21] [CQQ] [423] [424]
Q3n (Gal [Cial  [Cas]  [Caal
Qan | _ [<41] [442] [443] [(44]
Qs5p [Csl] [C52] [C53] [C54]
Qgn [Cﬁl] [<62] [C63] [<64]
[&4¢D) [(71] [Cn] [C73] [474]
| O8n | L [Csl] [482] [483] [484]

where [£;;mn] denotes elements of the inverse of [1;;,,] given
in Eq. (14). Thus, the total charge on the structure is evaluated
by,

Ny Ny Ng
Q: Z alnAsln+Z a2nA32n+- . +Z aSnASSH (16)
n=1 n=1 n=1

Free space capacitance (Cjsoiateq) Of the isolated horn antenna
with respect to ambient neutral plasma is calculated by,

an

Cisolated = 6

2.2. Capacitance of an Coupled Pyramidal Horn Antenna

Figure 4 shows two coupled pyramidal horn antennas separated
by a finite coupling distance D along Y -axis with identical di-
mensions. From here, Ay = Ay, By = By, Ra1 = Ry =
Rp1 = Rpa, Rqg = Ry, L1 = Lo, Wy = Wy, and Hy = Ho,

To find the capacitance of the above structure, we assume that
the two conductors are maintained at uniform potentials of ®
and ®,, respectively. Using the concept of superposition [16],
we can represent the relationship between the charges and po-
tential in the matrix form of linear equations:

FINEEIIE)
Q2 Co D)

where ()1 and @), are the charges on two pyramidal horn anten-
nas. C;; and Cj; represent the self and coupled capacitances of
the two antennas, respectively.

In order to apply the MoM, all conductor surfaces are divided
into a large number of rectangular sub-sections, as shown in
Fig. 4.

Following the method applied previously in Subsection 2.1,
the unknown charge densities (a1, and as,,) are obtained as,

Lot ] -] I[5]
[n] | 2
where £imn; ¢, § = 1.2 denotes elements of the inverse of
lig s 4, J = 1.2.

Comparison of Eq. (18) and Eq. (19) shows that the sum of
the elements of each sub-matrix can be evaluated as an element

C(12
022

(18)

512mn
522mn

gllmn
521mn

(19)
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surface. The unknown charge density is represented as,
] Klﬁ] [417} [Cls] 11 oy ]
] [<26} [C27} [Czs] oy
5] [Cse]  [Carl  [Casl Q3
5] [Cael  [Car]  [Cus] Dy (15)
5] [Gsel  [Cs7]  [Gos] 5
5] [Cos] [Cor]  [Ces] D
] [Cm} K77} [478] o7
] stﬂ [Csﬂ [Css] 4 L g |
of the capacitance matrix appearing in Eq. (18). The expres-
sions for capacitance matrices are given by,
P P,
Cii=>_ > &itmn X S
m=1n=1
Pi1+P> P
Ci2 = Z memn X 51
m=P;+1n=1
(20)
P Pi+Ps
C121 = Z Z §21mn X SQ
m=1n=P;+1
Pi+P; Pi+P»
Ca2 = Z Z §22mn X S

m=P1+1n=P;+1

where Cj; is the charge on the conductor i, resulting from a
unit potential applied to conductor j, under the condition that
all other conductors are grounded. Here, ¢ and j assume values
ranging from 1 to 2. S and .S, refer to the surface areas of each
horn antenna. P; and P, are the numbers of subsections along
the surfaces of each horn antenna.

The coupled capacitance (Ceoupiea) per unit length (H) of
the coupled structure is now determined by the following rela-
tionship [16],

011022 — 0122 1

x
Ci1+Cw+2C1s H

Ccoupled = (21)
Charge distribution and capacitance for the horn antenna struc-
tures of Fig. 2 and Fig. 4 have been numerically computed using
Eq. (9) through Eq. (21). The results of charge distribution on
spacecraft structures facilitate the prediction of the most likeli-
hood sites of ESD and are discussed in the following section.
Additionally, the numerical results of the steady-state body po-
tential in the Maxwellian plasma environments with the help of
these capacitances are also presented.

3. NUMERICAL RESULTS AND DISCUSSION

The primary objective of this work is to evaluate the implication
of SEY of the appropriate states of Al against clean Al on ab-
solute charging estimation of spacecraft structures. The results
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FIGURE 5. Axial charge distribution on pyramidal horn antenna.

obtained from the numerical analysis presented in the previous
section are discussed in the following sections:

Based on the results of charge distribution and capacitance,
we first validated the steady state body potential from the com-
parison of temporal profile of body potential of horn antenna
structures with that of the spacecraft and its modules reported
earlier [12—14, 20]. We employ SEY formulations proposed by
Whipple [18] and Katz et al. [19] to examine the impact on ab-
solute charging for clean Al structures. Subsequently, we study
the effect of SEY of different Al states on charging and demon-
strate the deviation from the results published earlier [14] with
clean Al. Later, the charging is evaluated in the worst case of
single Maxwellian plasma.

3.1. Charge Distribution and Capacitance

Numerical computations of charge distribution and free space
capacitances have been carried out for the horn antenna struc-
tures using Eq. (9) through Eq. (21). The typical dimensions
of the horn antenna structures of Fig. 2 and Fig. 4 are con-
sidered to be of L x W x H Im x 1m x 0.5m and
Ax BxC =3mx 1.5m x 3m. All charges on conduc-
tors are evaluated by considering uniform potential of 1 V. Both
combined flat plate and tilted plate are subdivided into planar
10 x 10 subsections.

The sudden charge released during ESD from spacecraft
structure is profoundly dependent on its geometry and the sur-
face charge distribution. Fig. 5 depicts axial charge distribution
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in the XY plane of the horn antenna. The charge distribution
on the flat and tilted metallic plate shoots up at the edges and is
relatively flat at the middle portion of the plate, as observed in
Fig. 5. The accumulation of higher charges at the edges with a
small radius of curvature builds a stronger electric field with a
higher possibility of ESD at such locations. The examination of
axial charge distribution on the individual tilted plate in Fig. 6
reveals dissimilarity in the peaks of the charge distributions on
each end of the tilted plate. This is because one end of the tilted
plate is isolated in free space while the opposite end is attached
to the surface of a flat plate. Because of the higher peak at the
isolated end, the possibility of ESD is higher at this end than
the other, where the tilted plate is attached to a flat plate. Sim-
ilar finding can be applied to the flat plate, where one end is
isolated in free space while the opposite end is attached to the
surface of a tilted plate.

By collectively adding the charges of each subsection for
total numbers of 1170 and 2340 subsections, and applying
Eq. (17) and Eq. (21), the converged values of the capacitances
are 154.23 pF and 87.19 pF (for D = 5 m) in the case of isolated
pyramidal horn antenna and coupled pyramidal horn antenna,
respectively. Impact of the coupling between the two pyrami-
dal horn antennas on the capacitance is mentioned in Table 1
for different distances (D) between the two antennas along the
Y -axis. The result of reduction in the total capacitance of the
coupled structure with increasing distance between the identi-
cal structures is consistent with the results reported earlier for
two identical cones [16]. Such reduction in the total capaci-

WWwWw.jpier.org



Progress In Electromagnetics Research B, Vol. 111, 111-124, 2025

rPIER B

Charge(C)
- n
| |

w
|

4
2 0

Number of sub-sections in Y direction

x 10"

6.5

55

4.5

35

10 25

4
2

Number of sub-sections in X direction

15

FIGURE 6. Axial charge distribution on tilted trapezoidal plate.

----- Horn antenna(Isolated)

--------- Horn antenna(Coupled)

== Whipple,E=10keV(Isotropic incidence)
===Katz,E=10keV (Isotropic incidence)

=
°
>
=
S
=
=
<
=}
A
>
=
Pg -14566V
e = 7 7
-1.8 \\\'%..____ ~-,-.....,_.___""-"" -19095V
22 1 L 1 1 | | 1 L |
0 0.2 0.4 0.6 0.8 1 1.2 1.4 1.6 1.8 2

Time(Second)

FIGURE 7. Body potential temporal variation (n. = n; =

TABLE 1. Effect of change in distance on the capacitance of the coupled
horn antennas.

Sr. No. | Distance D (m) | Capacitance (pF)
1 0.1 112.24
2 0.5 101.22
3 96.10
4 90.12
5 87.19

tance indicates that the distance is also an influencing factor on
the temporal profile of the body potential of a spacecraft (To be
discussed in the following section), which in turn, affects the
total number of ESD events that a spacecraft must withstand.

3.2. Validation of Body Potential

The potential at steady-state signifies stability between surface
potential and ambient potential of spacecraft structures which
are based on the material properties and plasma environment.
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1.25 x 10°m™>, kT, = 7.5keV, kT; = 10keV).

Therefore, despite differences in the area and capacitance of
the structures, the results of earlier works [12—14,20] can be
applied to validate our numerical results of body potential. The
validation of body potential computed as per our approach is
initiated with the single Maxwellian plasma parameters (7. =
n; = 1.25 X 108m=3, kT. = 7.5keV, kT; = 10keV) of the
earlier works [12—-14,20]. Note that in these works, the body
potential is obtained without considering currents due to SEY-
BEY and is designated as Vz gy (ZEY-Zero Electron Yield) in
this paper (Eq. (22)).

1 . .
Vzey 2/07(—]@ + ji) Adt (22)
body

Here, j. and j; are evaluated from Eq. (3), and A is the surface
area of the horn antenna structure. Fig. 7 illustrates body po-
tential temporal variations for horn the antenna structures deter-
mined from Eq. (22). The results of the geometrical and electri-
cal parameters presented in Table 2 provide comparison of the
earlier works [12—14, 20] with our work in this paper. Identical
values of the steady-state body potential of the structures in-
vestigated in this paper and the structures analyzed earlier [12—
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TABLE 2. Comparison with the results of earlier works.
G . Cuboid with Cuboid with Pyramid with Spherical Isolated Coupled
eome
N Plates Plates Cuboid Object (OML) Horn Horn Antenna
Parameters
[12] [13] [14] [20] Antenna (D =0.1-5m)
Area (m?) 72 14.86 8.68 50.26 27 54
Capacitance (pF) 328.86 155.68 81.77 222.52 154.23 112.28-87.19
Body Potential (V) —19095 —18779 —19095 —19094 —19095 —19095
Time (s) 1.258 2.560 1.10 1.2 1.37 0.43-0.36
10keV

14,20] validate our computation. The temporal profile com-
puted for each structure allows us to predict the time required
to arrive at the ESD inception threshold, and subsequently ESD
events are likely to occur over its lifetime. Due to differences in
capacitance and area of the structures, the body potential tem-
poral profiles demonstrate unequal slopes. Consequently, the
coupled antenna attains the steady-state potential of —19095V
earlier (in 0.36s—0.43 s corresponding to the distance of 5 m—
0.1 m between two antennas) than the case of the isolated horn
antenna (in 1.37 s), as observed in Table 2.

3.3. Estimation of Absolute Charging with SEY Formulations

In order to estimate the charging of satellite structures in the
presence of SEY, several earlier works [14,20,22,30,36]
based on numerical computation have applied Whipple
model [18] and Katz formulation [19]. As the accuracy of
SEY is a determining factor for a reliable charging analysis, it
is worthwhile to study the impact of these SEY formulations
on the estimation of absolute charging. Hence, the body po-
tential (Vspy_pEy) (Eq. (23)) for SEY-BEY related currents
(Egs. (24) and (25)) is computed initially for particle strike
with the energy of 10keV for an isolated horn antenna. As the
particle energy up to a few tens of keV (50 keV) is responsible
for surface charging [2], the investigation initially undertakes
particle energy within this range. The charging analysis with
respect to the entire particle energy range is discussed in
Subsection 3.5.

1 S ) .
VSEY—BEY:/ Cho (—Je+ji+isetjve+7si)Adt (23)
ody
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jse’be:e<72rg> / Yse,be(E)Ef(E)dEexp(;—j‘fe> (24)
0

10keV

jsi:e(2W> / YSZ.(E_eV)Ef(E)dE(l—ElYi) (25)

p)
m;

Here, j. and j; are evaluated from Eq. (3). The result of ab-
solute charging for the isotropic incidence of particle strike is
shown in Fig. 7. Because of the lesser SEY prediction of Katz
model than the Whipple model as shown in Fig. 8, the amount
of absolute charging (—15712V) with Katz’s formulation is
1146V higher than that of Whipple’s formulation (—14566).
We find that the rise in absolute charging with the Katz’s for-
mulation decreases to 484 V for normal incidence. This is due
to less prominent effect of normal particle incidence.

It is evident from its application in NASCAP-2k and SPIS
that the Katz formulation is widely acceptable for SEY char-
acterization. The Katz’s formulation provides improved esti-
mation of SEY through strong relations with characterized ma-
terial parameters and possible future progress by considering
the latest laboratory measurement results [19], which reflect in
its higher absolute charging. Hence, the subsequent analysis of
absolute charging in this paper adopts the Katz’s formulation.

Although numerous previous studies on spacecraft charg-
ing have considered clean aluminum (Al) spacecraft struc-
tures [14, 15,20-26], in reality, the surface state of Al changes
due to prolonged exposure to the space environment [27-29].
This makes the assumption of clean Al structure in the charg-
ing analysis inappropriate because of the aging related surface

WWwWw.jpier.org



Progress In Electromagnetics Research B, Vol. 111, 111-124, 2025

rPIER B

-2000

-4000

-6000 |- L 4

-8000 -

-10000 -

Body Potential(Volt)

—*— Clean ALE=10keV

= === Heavily Oxidized ALLE=10keV
m B Fully Oxidized ALE=10keV
— C-rich ALE=10ke

o
L f
..........--7292V.--.--......-..--..--..--..\

-12000 - [T -1 A
-14000 7 -14848V
-15810V
-16000 : : ; : : : ‘
0 0.5 1 15 2 2.5 3 35 4
Time(Second)
FIGURE 9. Body potential (Vsgy —pry) temporal variation for isotropic incidence (. = n; = 1.25 x 10°m™3, kT. = 7.5keV, kT; =
10keV) [12-14].
TABLE 3. Material parameters for the analysis [1, 18,27-29].
A Electron-induced SEY | Ion-induced SEY | Atomic number
Material
Om Er, (keV) 01 E,, (keV) Z
Clean Al 0.97 0.3
Heavily Oxidized Al | 3.21 0.35 0244 230 13
Fully Oxidized Al 5.0 0.6
C-rich Al 2.0 0.35

modification. In view of this, SEY values of Al with rough
surfaces and thicker oxide layers and technical Al with thin C-
rich contamination are recommended over SEY values of clean
Al with smooth surfaces for beginning-of-life and end-of-life
space simulations, respectively [27]. Therefore, we carry for-
ward the analysis for different extents of oxidized Al and C-rich
Al in subsequent sections.

3.4. Implication in Charging Estimation for Different States of
Al over Spacecraft Lifespan

SEY coefficients of various states of Aluminum with atomic
number (Z) used in the computation of current densities due to
SEY-BEY are listed in Table 3. Here, §,,, and d; are peak emis-
sion coefficient for incident electrons and the incident ions with
energy of 1keV, respectively. The other parameter F,, is elec-
tron or ion energy corresponding to peak electron yield. The
range of possible values of SEY (§,,,) for oxidized Al reported
in literature is from 2.34 to 5.0, whereas for C-rich Al, it is from
1 to 2.5 [27-29]. Accordingly, we have carry out the analysis
for some typical values from this range for oxidized Al, i.e., 6.,
is 3.21 for heavy oxidized state, and §,, is 5 for fully oxidized
state. For C-rich Al, the analysis is performed for d.,, of 2.
Figures 9 and 10 illustrate the corresponding results of charg-
ing (Vsgy — ey as per Eq. (23)) for different states of Al under
the isotropic and normal incidences of particles at 10 keV, re-
spectively. Due to the significant increase in SEY (4,,,) of dif-
ferent states of oxidized Al and C-rich Al compared to clean Al
as observed in Table 3, the body potential is significantly more
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positive than the earlier work [14] based on clean Al. The dif-
ferences of more than 3000 V and 8000 V are observed between
the charging results of clean Al (—15810V) and heavily oxi-
dized Al (—12610V), and between clean Al (—15810V) and
fully oxidized Al (—7795 V), respectively for the isotropic in-
cidence. For normal incidence, the differences are found to be
~ 700V and ~ 1800 V. Such large deviations in results clearly
reveal the consequence of the inappropriate consideration of
clean Al structure in charging analysis.

Besides, it can be observed from Fig. 9 and Fig. 10 that
the difference in charging across different extents of oxidiza-
tion, i.e., between heavily oxidized Al and fully oxidized Al, is
~ 4800V and ~ 1150V, for isotropic and normal incidence, re-
spectively. Moreover, there is an apparent difference in charg-
ing in the different states of oxidized Al (appropriate states for
the beginning of life) and C-rich Al (appropriate state for the
end-of-life) for both types of incidences. Such an immense dif-
ference in charging is due to the large variation in the electron
yields between different states of oxidized Al and C-rich Al
Hence, the SEY variation in Al causes a significant variation in
the charging level from the beginning of life (oxidized Al) to
the end of life (C-rich) journey of a typical spacecraft surface.
As reliable analysis of ESD needs correct estimation of abso-
lute charging, the results presented in this work clearly indicate
the necessity of considering the appropriate states of Al in the
charging analysis.

The foregoing analysis of this paper adopted the plasma pa-
rameters from earlier works [12—14,20] primarily to validate

WWwWw.jpier.org



rPIER B

Pandya et al.

-10000

-12000

Body Potential(Volt)

——Clean ALE=10keV(-16898V)
» == Heavily Oxidized ALE=10keV(-16201V)
® ® Fully Oxidized ALLE=10keV(-15051V)
—— C-rich ALE=10keV/(-16595V)

-14000
X .....II--I.IIIIIIIIIII---IIII-IIIII-IIIII--IIII
-16000 - N m R R A AR AR AR AR R
-18000
0 0.5 1 1.5 2 2.5 3 3.5 4
Time(Second)

FIGURE 10. Body potential (Vs gy — gy ) temporal variation (Normal incidence) (7. = 1; = 1.25 x 10°m =3, kT, = 7.5keV, kT; = 10keV) [12—
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FIGURE 11. Body potential (Vsgy _ gy ) transient profile in single Maxwellian worst case of plasma (7. = 1.2 x 10°m™3, n; = 236 x 103 m 3,
kT. = 16keV, kT; = 29.5keV) [35]. Here, Vsey —pry refers to the body potential computed from Eq. (23) for SEY-BEY currents when the

particle energy is 10 keV.

the results obtained with our approach and demonstrate the de-
viation in the charging results while considering the spacecraft
surface of clean Al. We continued the analysis further for the
recommended cases related to the extreme temperature con-
ditions known as the normal and worst cases of Maxwellian
plasma environment. The normal case is a quiet plasma con-
dition, whereas the worst case is characterized by significantly
higher electron temperature than the normal case.

3.5. Absolute Charging in Single Maxwellian Plasma Environ-
ment

The single Maxwellian plasma environment is simulated with
parameters of Table 4. The normal case stands for an average
body potential during a quite plasma state, whereas the worst
case represents the largest negative body potential [14]. Be-
cause of the largest negative body potential in the worst case
environment, the body potential temporal profile in such envi-
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TABLE 4. Single Maxwellian recommended cases of plasma parame-
ters [34, 35].

Parameters | Normal case | Worst case
Ne (M) 1.09 x 108 1.2 x 10°
kT (keV) 4.83 16
7 (m™ %) 580 x 10° | 236 x 10®
kT; (keV) 14.5 29.5

ronment is one of the key factors in spacecraft design, and test-
ing for the determination of the ESD events is likely to occur
during a spacecraft lifetime [35]. Therefore, charging analysis
adheres to this case of plasma environment from here onwards.

During the worst case with the particle energy of 10 keV for
SEY-BEY currents, the body potential transient variations for

the horn antenna structures are shown in Fig. 11. Apparently,
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higher charging level of isolated horn antenna draws a longer
time (~ 9s) to attain the steady-state than the time (~ 1.37s)
noted from Fig. 7 with the previous set of plasma parameters
used for validation. The observation is similar for the coupled
horn antenna. While a greater time of attaining the steady-state
can decrease ESD events over a spacecraft lifetime, the strength
of ESD can be significantly higher due to greater charging.

Moreover, it is observed that the differences in the charg-
ing levels between clean Al (—60989 V) and heavy oxidized
Al (—59256 V) and between clean Al (—60989 V) and fully oxi-
dized Al (—57664 V) are as high as ~ 1700 V and ~ 3300V, re-
spectively. The deviations in the charging results shown above
clearly indicate the impact of SEY in the respective material
states, and accordingly the requirement of accommodating the
variation occurring during a spacecraft life span.

To reinforce our findings, we extend the computations for a
range of particle energy (up to 50 keV) responsible for surface
charging [2]. The differences in the results of charging due to
SEY modification among three states of Al for varying particle
energy of SEY-BEY currents are shown in Fig. 12. The results
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of all material state demonstrate a greater positive charging than
Vzey (VzEy is the body potential obtained without consider-
ing currents due to SEY-BEY as per Eq. (22)) with increasing
particle energy of currents related to SEY-BEY. This trend is
observed due to the increment in the total electron yield (which
includes the electron and ion induced SEY, and electron in-
duced BEY) with particle energy as shown in Fig. 13 [36]. The
plot of electron and ion induced yields against particle energy
in Fig. 13 is obtained for clean Al from the expressions reported
in[18] and [19]. A similar trend is observed for the other states
of Al. Note that SEY and BEY are the major contributors to the
number of outgoing electrons from a material surface and en-
force the spacecraft surface to float at a more positive potential.

Besides, the plots demonstrate significant difference in the
charging with clean Al and different states of oxidized Al,
whereas the difference in the different states of oxidized Al (ap-
propriate states for the beginning of life) and C-rich Al (appro-
priate state for the end-of-life) is also clearly visible for both
types of incidences.
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4. CONCLUSION

Detailed investigations presented in this paper examine impli-
cations of SEY as well as the states of Al on surface charging in
different conditions and environments related to space plasma.
Our extensive analysis computes absolute charging of pyrami-
dal horn antenna structures with SEY consideration of the most
appropriate material states related to satellite life span. Major
findings based on the electrostatic analysis carried out for the
recommended single Maxwellian space plasma environments
are summarized below.

(i) The edges of the structures are more prone to ESD than the
middle portions due to higher charge accumulation. Ad-
ditionally, the greater charge peak at isolated end of each
plate reveals a higher possibility of ESD than the other end
attached to the adjacent plate.

(i1) The distance between the coupled horn antennas influ-
ences the temporal profile of the spacecraft’s body poten-
tial. Its variations inversely affect the total capacitance
and saturation time, which in turn impacts the total num-
ber of ESD events. The computed values of capacitance
are essential for the lumped circuit capacitance model for
the charging analysis of an entire spacecraft.

(iii) There is a significant modification in the charging levels
between clean Al and different states of oxidized Al. Such
large deviations in results clearly reveal the consequence
of the inappropriate consideration of clean Al structure in
charging analysis. This finding is crucial for reliable esti-
mation of the ESD events likely to occur during a space-
craft lifetime.

(iv) SEY variation in Al causes a significant variation in the
charging level from the beginning of life (oxidized Al) to
the end of life (C-rich) journey of a typical spacecraft sur-
face for both particle incidences.

)

The results of charging of different states of Al demon-
strate a greater positive charging with increasing parti-
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cle energy of currents related to SEY-BEY. Moreover, de-
pending on the incident energy of the plasma, remarkable
difference is observed in the charging results of different
states of Al

The consideration of clean Al spacecraft structures results in
an unreliable estimation of absolute charging and, subsequently
the strength of ESD due to its lesser SEY than oxidized state.
The numerical results presented in this paper establish that the
assumption of clean Al structure in the charging analysis is in-
appropriate as it does not accommodate the changes occurring
because of the surface modifications.

APPENDIX A. FORMULATIONS OF SEY-BEY

A.1. Electron Induced SEY Formulation (Whipple) [18]

The dependence of Y. (SEY) on an angle of incidence (¢) and
energy (E) of the incident electrons is given by,

0.35 1.35
Yie= 1'2;13” (%) {l—exp[—2.28c050 (;) }} (A1)

For isotropic incidence (angle averaged particle strike on a
spacecraft), Eq. (Al) is integrated to give an angle averaged
SEY,

2.2285,, [ Em "% _
}/se—Q<E> (Q_1+e Q)
1.35 (A2)
where, Q = 2.28 <§)

For normal incidence, & = 0° with respect to a surface normal.
Eq. (A1) is reduced to the form,

E 0.35
Yo = L1141 — exp (—Q)] 61 (’”) (A3)
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A.2. Electron Induced SEY Formulation (Katz) [19]

This formulation is applied in the NASCAP and SPIS software.
The estimation of secondary emission yield (Ys.) is based on
the range and energy loss rate of incident particles:

R
Yie(0) = cl/‘zf'dEexp(chcose)dx (A4)
0

where range R is represented by the sum of two exponentials:

R=rE™ +roE™ (AS)
The range and energy loss rate are related by,
dE|  (dR\
— == A6
dx (dE ) (A6)

The above equation can be evaluated with constants ¢; and ¢,
determined from the energy maximum yield Ei,,x and its cor-
responding yield Y, max for a given material.

By assuming that dE/dx is constant, Eq. (A4) is evaluated as,

]

da
Ed

-1
Yie(0) =1 / (ZIE%) exp(—cax cos 0)dx (A7)
0

ol

For isotropic incidence (angle averaged), yield is expressed as,

Q—1+exp(—Q
Yie(E) = 261 E ( o (=Q) (A8)
where () = CQER%.
A.3. lon Induced SEY (Y;; Formulation [31]
Y, for isotropic incidence is given as,
E
Yy =(2— 9)2*Q51E1/2 14+ — (A9)
2 E,,
0; E > 10keV

1
where, Q = 5= 0.1; 0.476keV < E < 10keV
2; E < 0.476keV

For normal incidence # = 0° with respect to surface normal it
is given as,

Yy = 51E1/2m (A10)
14+ £

Here, ¢, is the yield at 1keV, and FE,, is the energy for maxi-
mum yield.

TABLE A1. BEY for normal incidence.

E (eV) BEY (Y1)
> 100, 000 0.0
10,000-100,000 1 —0.7358"0%77
1,000-10,000 1—0.7358°%%7% 1 0.1exp (55)
50-1,000 [0.33381n (£) [1—0.7358" %7 +-0.1exp (=2 )]
<50 0.0

A.4. Electron Induced BEY formulation [31]

BEY (Y%) can be obtained from incident electron energy and
material atomic number (Z) from Table Al.

For isotropic incidence, the normal value of Yj is trans-
formed to,

2(]- - Ybe + Yiye X lnY—be)
In* Yy

(All)
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