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Introduction

Plasma

environment

Jnet(\l) = @ Jbe + Jse + Jsi + Jpe + J EQUIllbrlum: .lnet(Veq) =0

C,-dv/dt=1J_.(V)+0oV — floating potential

secondaries (material dependent)
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SPENVIS S/C Charging package

EQUIPOT Coordinate generators ) ) DICTAT
(EQUHIbrIum POTentlal) Radiation sources and effects (DleIectrlc Internal

G.L. Wrenn & A.J. Sims, 1990 e Charging Threat
Spacecraft charging

Internal deep dielectric charging D. Rodgers, 1999
Surface charging

SOLARC Solar array and spacecraft structure potentials
(SOLar ARray interaction LEO environment parameters

Code) Spacecraft charging data sets:
R. Bond, 1990 GORIZONT/ADIPE CRRES/LEPA
Atmosphere and ionosphere
LEOPOLD Magnetic field

(Low Earth Orbit and Meteoroids and debris

POLar environments Miscellaneous
Data) Geant4 Tools

R. Bond & T. Field, 1990 ECSS Space Environment Standard

GORIZONT/ADIPE & CRRES/LEPA
Data bases
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EQUIPOT surface charging code

No input orbit required

1D calculation of equilibrium potential of passive S/C
No geometry effects

LEO and GEO environments

Inclusion of ram/wake effects and sunlight/eclipse
status

Version 1.3 in current SPENVIS
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EQUIPOT GEOMETRY

KAPTon Patch
Pt
A

/
/

S/C or structure = conducting sphere with radius = 1m
Patch = planar slab
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EQUIPOT wake/ram effect at LEO

Vion < Vs/c < Ve

— lons impact ram surface, e- everywhere
— Negatively charged rear surfaces
— Regions of differential charging

EXTENT OF WAKE DISTURBANCE
CONVERGING ION TRAJECTORIES 3;%%”0“0”
TRAJECTORY BUNCHING

AXIAL ION PEAK

ION
VOID
REGION

(G.B. Giffin, 1996)
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Spacecraftis in

EQUIPOT input (1): s/c environment

Spacecraftis in

Sun angle on isolated patch [deg]: 900 wrt patch norma

Incdent distribution:

0 | o

Environment type: QL[]0

high altltude

AN E I el Bl ECSS worst case model (SCATHA) -
(3}

ECSS worst case model (SCATHA)

NASA guidelines worst case

NASA guidelines average GEO environment
Meteosat very disturbed

Meteosat very q_uiet

Environment tlrpe: low altitude ~

Ram /wake effects: ramon ~

Spacecraft altitude [km]: 500.0
Angle of attack [deg]: wrt patch normal 00

IRl Solar min, winter - 800 km + 10 kR aurora

IS
Thermal spectra

IRl Solar max, summer - 800 km + 10 kR aurora

Ions

Maxwellians - 1000 km + auroral

Density Temperature Density

1000 0 10000
1000.0 1000.0
1000.0 1000.0

Flux spectra

Temperature
[em™] [eV] [em ] [eV]

T auroral type spectra from DMSP
[amu] cold Maxwellians for ram test
' test spectra and Maxwellians
cold single Maxwellian and Fontheim electrons

H Electrons ® Yon mass: B Jon mass: -

Energy Flux Energy Flux Energy Flux
-2_-1_ -1

[ev]l [am?s'srlev’] [ev] [cm?s'srlev’] [ev] [cmZs'srlev’]

)

SPENVIS
A

H Ton mass:

Flux

[em s srlev]
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EQUIPOT input (2): material properties

O = 5
K
Structure: ENHTTY - - Relative permittivity: Teflon
_ | a =¥ solar cell, Ce doped Si with MgF2 coating

. Thickness [m]: cerium doped glass type MARECS/ECS
Atomic number: 13 epoxy resin on conducting carbon fibre
Conductivity [ohm™ m™]: non-conductive black paint
Photoelectric current [A m_Z]: non-conductive black paint Herberts 1002-E

= generic dielectric after 5 years at GEO
SEE yield for 1 keV protons: Atomic number: Si02

conductive black paint Electrodag 501
conductive white paint PCB-Z
conductive white paint PSG 120 FD
aluminium

SEE formula: Proton energy for maximum SEE yield [keV]: ggdd'z"d aluminium

Maximum SEE yield for electrons: silver

. steel
Electron energy for maximum SEE yield [keV]: 0. SEE formula: indium tin oxide coating

- Maximum SEE yield for electrons: carbon fibre, conducting, no resin layer
Stopping power fit: user defined insulator
R.[A]: Electron energy for maximum SEE yield [keV]: [ESl S EnE
: 2

[r— |
gold

silver Rl [A]: m user defined conductor

steel
conductive black paint Electrodag 501 Lot Atomic number:

conductive white paint PCB-Z R_[A]: Photoelectric current [A m™2]:
conductive white paint PSG 120 FD e = SEE yield for 1 keV protons:

indium tin oxide coating e Prot f i SEE yield [keV]:
Carbon ﬁbre roton energy or maximum yie e :

user defined material
fixed potential SEE formula: Katz

Maximum SEE yield for electrons: 0.97

Electron energy for maximum SEE yield [keV]: 03

Stopping power fit: Katz
S giTad T HE fixed potential Iterm e SElator R, [A: =

! Potential [V]: Relative permittivity: 3.0 n: e
Thickness [m]: 0.001 R, [Al: o0

Proton energy for maximum SEE yield [keV]: Photoelectric current [A m™2]:

SEE yield for 1 keV protons:

Stopping power fit:

Conductivity [ohm™ m™']: 1.0E-15 n: 1.76
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EQUIPOT outputs

Electron Yield Functions far Aluminiurn
T T —T T
Electren induce:

Bockeogitar_

sreV

emission yields \(s"energy (eV)

Electron Flux (m™ s

Paich Voltage (V)
Pateh Net Current (nA m~%)

ry
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EQUIPOT: use and interpretation

Rapid assessment of likelihood of charging for surface materials on s/c

Identification of worst case situations
Sensitivity study to small changes in environment and surface material
properties:

— estimate of error bars on the results of more complex charging codes

— indicate where more accurate material data or plasma measurement must
be made

Conclusion:
|Veql <100V : no serious charging problem

100 < |V,,|<1000V : appropriate design modification (after param. change)
Iveq |> 1000 V : more detailed study is needed
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SOLARC Solar Array Analysis Programme

e Fast charging analyses of solar panel attached or not to a
structure in LEO and Polar environments

e \ersion 2.00 in current SPENVIS

Electron
collection Electron

collection

collection
lon
collection

equilibrium at LEO dense plasma (from J-F Roussel 2002)

-
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SOLARC input(1): plasma environment

[ __Jzirc

helium niobium

beryllium molybdenum

boron ruthenium Include |~ ion population
carbon rhodium ! ——————————
oxygen palladium
neon silver
aluminium  tin n = " "
silicon henon Density [m>]: 6.0E11 Density [m™>]:
argon hafnium

titanium tantalum

vanadium  tungsten . . -
chromium  rhenium hydrogen \d ion population electron population

manganese osmium

iron iridium Energy [eV]: 4 82 Energy [eV]: 0.2

cobalt platinum

nickel gold -2 _-1q. 4 56E15 -2 14, 4 75E16
copper mercury Flux [m “ s 7]: : Flux [m“s ']: :
germanium thorium
Zirconium__ uranium

Exclude re [K]: 1400 Temperature [K]:

input from e.g. LEOPOLD,
IRI2001

r
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SOLARC input(2): s/c configuration

| ; |
hydrogen niobium
helium molybdenum
beryllium ruthenium
boron rhodium
carbon palladium
oxygen silver

neon tin
aluminium Xenon
silicon hafnium
argon tantalum
titanium tungsten
vanadium rhenium
chromium osmium
manganese | iridium

iron platinum
cobalt gold

nickel mercury
copper thorium
germanium | uranium

SPENVIS
A

Spacecraft configuration

Array/structure configuration |

Solar array voltage [V]: 160 ’
Number of blocks/cells: 100

Block area [m?]: 4
Interconnect area fraction: 0.05
Spacecraft structure surface area [m’]: 100
Structure/array attachment fraction: 00

Incdude spacecraft structure in analysis: yes «

Current collection models  Empirical relatic

Model for solar array: NASA-Lewis ~
Model for spacecraft structure: thin sheath ~
Apply to energetic ions: yes -

Apply to energetic electrons: yes v NO ‘

Materials for erosion rate calculation

-

Solar array matenals: Kapton ~ and Kapton

Spacecraft structure materials: Kapton « and Kapton

operating voltage

of tot.
solar array cell area

effective current
collection area

ships for J/J,(E,|V])
|

PIX-2
thick sheath
thin sheath
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SOLARC output

Main outputs:

current collected by the specified solar array and spacecraft surfaces;

array and structure voltages relative to the ambient plasma potential (i.e.
floating voltages);

plasma current and power loss;
erosion or sputtering of surfaces caused by energetic ion impingement.

STRUCTURE

ry
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DICTAT Internal charging code

No input orbit required, but can be an input

1-D internal charging code calculating E and V due to penetrating
electrons

Fast, analytical transport equations

Simulates dielectric + shielding

Planar or cylindrical geometry

Built-in FLUMIC environment model or user input

Use: -Is dielectric safe or not to Electrostatic Discharge (ESD)?
- If not which countermeasures?

Version in current SPENVIS: 3.0
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High energy DICTAT Code logic

electron flux
spectrum

Electron Local
Shielding prop. transport environm.:
through T, radiation

Slab. coax Radiation dose

Current in dielectric
Grounding deposition in

scheme dielectric
Material

Sample props.:

temperature o, & RIC, ...

CalculateE,,,

Exposure time Breakdown

threshold E,

<E, E .. >E}

No ESD max ESD

Change Change
shielding dielectric

€
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DICTAT input(1): electron flux

F)rbit type: general

OnIv 15t se

& e i O RS NTIG LTSS FLUMIC model at a (B/Bo,L) location

B/Bo: 1.0

(J LIRS N ALl t=11s FLUMIC model over a spacecraft orbit ~ \

LIR.]: 45

Fraction of solar cycle: 0 at sol. min.

Fraction of year:

0 at1 jan.

S S GOSN G DTN upload an electron spectrum -

Label: user defined spectrum

Exposure duration [hr]: 48.0

Directionality: isotropic * or monodirectional

No. of energies: 2 -

| Eneroy[Mevl | Intcgral Flux em s s

SPENVIS
A

FLUMIC 3.0
omni + isotrop.

INTEGRAL spectrum
max. 30 pts
E: 0.001-10 MeV
F(E<E,,;,) = const
F(E>E, .,) =
F(E, . <E<E, ., ): lin.int
Omni: cm2s1sr?!
Mono: cm2s!

SPENVIS User Workshop
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DICTAT input(2): geometry & mat. Props.

cxinndrlcal , = Ifomni

Thickness [cm]: 0.1 m aluminium v-

298-398 K Temperature [K]: 298.0 Thickness [cm]:

Density [g cm]: 2.17

Conductivity [Ohm 'm™']:  1.0E-16 ]
. . Radius [cm]: 0.1

= Dielectric constant: 2.15

Breakdown el. field [V m 1]: 1.0E7
RIC dose rate factor kp: 2 0E-14

If omni Field of view [deg]: (-90° - ‘

($(J)=Kp_(dD/dt)A
| Delta: 0.7
o(T)=a-exp(-bE,/T)/T = Activation energy [eV]: 0.0
Grounded at onesurface ~ or both surfaces

inner ~ surface

R=0.55-E[1-0.9841/(1+3E)] E=J-(1-exp(-t/T))/O
(E<10 MeV), 7<26 t=RC=¢/c

<~V SPENVIS
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DICTAT outputs

) ) . ) - - TUTORIALSCC
DICTAT v3.0 - Dielectric Internal Charging Threat Assessment Tool

TUTCRIALSCC

User inputs were:

Planar geometry
Dielectric grounded onece at inner surface
Shield material: L densitcy: 2T g/cm*=3
S5hield thickness:
Isol. metal material: L L densitcy: LT g/cm*=3
Isol. metal thickness:
Dielectric material: TEFLON
density: g/fcm**3 conductivity:
permittivity: breakdown field:
Ep: activation energy:
Delta:
Dielectric thickness: cm
Surface charging potential volts
Temperature: 298.0 .
Field of wview: 90.0 degrees about normal
Flux isotropic
Model is FLUMIC V3.0 19,/11/03
Fraction of Solar cycle=0.800 Fraction of year=0.800
Using L-shell=4.50 and B/BO= 1.00 with duration 48.

=y

Integral Flux (m™s™'sr™")

electron spectru

Differential Flux (m™s™"sr'Mev™")

.0
Energy (MeV}

4t Egquilibrium: [ max’ VS’ JtOt’ eee VS. tlme
Charging current= 1.3153E-11 Amps/cm**2

7.0x10%
E-max= 1.0895E+07 V/m Voltage= 5644, volts

Lfter 48.0 hours:
Charging current= 1.3153E-11 Amps/cm®*2
E-max= 1. 95E+07 V/m Voltage= 5644. volts

6.5%108

The gielectric IS lipble To eXperience broakdown

Maximum field is higher than Breakdown field= 1.00E+07 V/im

Maximum Elestric Fisld {v m™')

Maximum currsnt incident on the component= 2 3 Wil hold 5.5%10°

Cptions to make the structure safe:

5.0x10°

Eeduce dielectric thickness to less than 9,.203%E-02 cm Time (hr)
ime (hr

Increase shield thickness to greater than 6.73B2E-03 cm

DICTAT Normal termination

Y]
"/
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Environment and charging data

] LEOPOLD:

Low Earth environment (200-2000 km)
density, temperature, velocity, flux, ...

ry

‘ SPENVIS SPENVIS User Workshop
Y —— Brussels 2013




] 2 databases with charging events:
* Gorizont 91/2-ADIPE:
= GEO, long. 80°E : 25/11/1991 - 29/09/1993
CRRES-LEPA:
= GTO, 18° incl., apogee at 6.3 Earth radii: 21/08/1990 — 13/07/1991

Data | Maximum Electron | Electron
duration | Potential charging | potential

25 NOV-91 14 30-15:0 4[] 20:20

11-MAR-92 | 17:00-19:30 |22:20-00:350

22-MAR-92 | 18:30-24:00 |23:50-05:20

24-MAR-92 (16:00-19:30 |21:20-00:50
25-MAR-92 | 18:00-19:00 | 23:20-00:20

27-MAR-92 | 22:00-24:00 |03:20-05:20

28-MAR-92 | 22:00-23:30 |03:20-04:50
29-MAR-92 (20:45-21:45 |02:05-03:05
07-APR-92 |16:30-19:15 | 21:50-00:35

03-APR-92 |18:30-19:20 | 23:50-00:50

24-AUG-92 |00:00-02:00 [05:20-07:20 c 400+900
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Gorizent 91,2 o m warting dubs ;
. ifferential fluxes (5 'cmiZer Tkey™!
Electron spectrum: case a adipe ( ) 11—MAR— 1452

—y
L]
w

=)
[r1]
Ll

120D 1800 21100 OD:co 0300

=+ [gka
= Ooubla Woxwallan rit
* GOATHA Yol cose

lan energy (hev)

gl

-
=
|
T
vl

Flus (8™ em=ar ka7

(h=%) Bectron deraity (em¥]  Bactron =nergy [kei)

1.0
Blactren Enecgy [kev]

— — SCATHA Warst case

Hot mlactrors
—— Cald sactrons

El=ctron temperature

3
| 1uium

Cauble Maxwelban fit parometers

Cold

Case a electrons electrons 117

11-MAR-1992 £1.1B-
16:18:52 e Te n.,:_‘ Te o 115
(keV) |(cm™) || (keV) | 114

1137

Double Maxwellian 113

Fit . . 0.648| 2.712 o e 50

LT 1700 2000

SCATHA Worst case | 0. ]|.200 27.500

€
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S/C charging in SPENVIS-NG

DICTAT 4.0 (Jupiter)
New/upgraded environment models

Interfaces to charging tools from the
“Energetic Electron Shielding, Charging and
Radiation Effects and Margins” project

Extension of database with charging events

Suggestions from YOU

. //SPENVIS SPENVIS User Workshop
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Back-up slides

DUSK 18 -

MIDNIGHT

Local time distribution of occurrences of static discharges,
based on 122 reported events.
Radial extent shows relative number of events in each sector.

After Lam and Hruska, 1991, J. Spacecraff and Rockers
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Environment spectra

o Thermal electron Thermal ion Electron flux Ion flux
Description Reference
spectra spectra spectrum spectra

| Low altitude environments

|IR] at solar minimum, in winter, at 800 km, plus 10 kR aurora |1 |3 |}-‘es |1 |

IRI at solar maximuim, in summer, at 800 km, plus 10 kR .

aurora ! 3 yes !

|Maxwellians for 1,000 km plus aurora |1 |3 |}-‘es |1 |

|Aur01'al type spectra from DMSP |l |1 |}-‘es |1 |

|Cold Mazxwellians for ram test |1 |1 |110 |n011e |

|Test spectra and Maxwellians 3 |3 |}-‘es |1 |

|Cold Single Maxwellian and Fontheim electrons |1 |1 |}-‘es |n0ne |F ontheim et al., 1952

| High altitude environments
|EC SS worst case model (SCATHA)

2 |2 |n0 |none |Gussem‘wve}? and Mullen, 1983

Mullen and Gussenhovenn,

NASA guidelines worst case 2 2 1o

1982
|NASA guidelines average GEO environment 2 |2 |110 |n0ne |Pun';'s etal., 1984
|Me‘reosa‘r very disturbed |none |n0ne |}-‘es |1 |Ff’renn and Johnstone, 1987
|Metec-aa‘r very quiet |none |n0ne |}-‘es |1 |W’rea?.n and Johnstone, 1987
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Charging mechanism

Incident lgns Sunltight

Incident Electrons

4
SHEATH

reflected
Secondary f
! phpto-emission

Electrons
f

Back-scatlered
Clectrons

* ! Surface v

v_ y
-t T & -

4 isplated Conductor 4 Charging
i X e

100 Deep Dielectrir ///// ;.

//17 / C/har/gng//




Latitude (deg)

Earth regimes of concern for on-orbit surface (a) and internal (b) charging
(R.W. Evans et al., 1989)

soov 800V 300V
- L 500V 700V

400 V#© o 3
500 V # e 27000 V
400 V™ 600 V- 28000 V

800 V-
1000 V-
900 V
700 V
300V 400V

200v, />

_ 800V
/ 600 V oV
100V 500 V
400V 100V

Ll L iiiil | E_2-13 LAl /| L L1l

1,000 10000 # 100,000
Altitude (km) Geostationary

r

SPENVIS
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Key: Level of
Surface Charging
Hazard

I

Medium

Moderate

Low
100

Orbital Inclination (deg)

1
1,000

Key: Level of
Internal Charging
Hazard

Medium

® Geostationary
Location

10,000 100,000

Circular Earth Orbit Altitude (km)
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. Plasma Potential
(OV)
Solar Array

fons
Y Y
V=V+V
= array voltage

< SPENVIS
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Spacecraft Structur:

Absolute charging (~s)
A A IS SIS SIS AA A A5

Envir
Cs

. s/c
Differential charging (*min)
A o A o o A




FLUMIC 3.0

INNERBELT (L<2.5 R,)

=1MeV Flux versus L profile .
FE’II’#I&ETLJ =4 0x10% 12-+45 AAL+0.05)"2 - 45 61L+0.05)"3}

Spectrum
F(=E}=F(=1MeV) x exp[{1-EVEy]
where Ey=0.14 MeV

B/Bl
For L <3 Flux = Flux(equatorialjx10“(EE-1)

where a=-04559L+1.4385

and  a=36.{1/sinh{(L-1)x10.)+0.7)
ForL =3 the fornmla of Vette [14] is used. as in AES

-2 -1 -1
m 5 &I

L=175
L<175

=

Integral Flux (m™2s 'sr™")
=
1

Differential Flux (M5 'sr'Mev™) o

.o
Energy (MeW)

O'SPENVIS
A

OUTERE BELT (I.-2.5 R}

=2MeV Flux ar L=6.6 B,

The peak integral flux above 2 MeV at L= 6.0 15 taken fo be 8x10° m” s s

Solar Cycle
F(fsc)=8x1 0%{0.625+0.375sin[2* (fse-0.7)H0.125sin[4n*(fsc-0.15)]
where fsc 15 the solar cycle phase starting at solar mininmm.

Season
F(foy.fac)=F(fsc) {0.625-0.375cos[4n(foy+0.03)]-0.125cos[2n(foy+0.03)]}
where foy is the fraction of year starting from 1% January.

Spectrum

F(=E)=F(=2MeV)x exp[(2-E)E1q]  where o
E;=025 for F(>2MeV) < 10" B2 $1501 _
Ey =0.25+0.11((log[F(=2MeV)] -T)*¥)  for F(=2MeV) > 10" m= s st

E; in the outer belt is the subject of ongoing study and so this aspect of the model may be
updated before the model is finalised.

Flux versus L profile L
F(=E.L) =F(=E.6.6) x 16tanh[0.6(L-2.5)]/cosh[1.5(L-4.3)] m™ s~ sr
where F(=E.6.6) = F(foy fsc) x exp[(2-E)/Eq].

Table 1. Summary of databases used for FLUMIC

EEM Orbit GTO with inclination of 7°

Dhata duration | 1994 to 1998,

Drata Electron flux in three channels, 1-2.2 MeV, 2 2-4.6 MeV and 4.6-
10 MeWV

Orbit Geostationary, with longitude around 75W and 135W.
Data duration | More than a solar cycle
Diata Electron flux in two channels, =0.6MeV and =2MeV.

Orbit GTO. with inclination of 7

Diata duration | 12 davs, after which communication with the spacecraft was lost.
Data Electron current behind two levels of shielding, corresponding
approximatelv to 1MeV and 1. TMeV

SPENVIS User Workshop
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DICTAT geometry

shield present shield present shiaeld absent shaeld absent
grounded hence inner ground nuber ground nner ground cuber ground

shield present skhizld present shizld absent  shield present skield absent
core present Core present Cofe present core absent vore absent

e mwise ieMiEr el ififet e el greussd

SPENVIS User Workshop
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Algorithm for breakdown solution

The code first determines the critical current necessary to exactly reach the threshold field,
based on Adamec's and Calderwood's [1975] equation (9) and stored values of the radiation-
induced conductivity.

The ratio by which the actual current exceeds the critical current is found.

The existing shield thickness is multiplied by this ratio to give a second value of the shield
thickness.

With this shield thickness, a second equilibrium electric field is found.

If the new electric field is not within 0.5% of the breakdown threshold, a third thickness is
created based on a linear extrapolation or interpolation from the first two points.

If the electric field resulting from this thickness is not acceptably close to the breakdown
threshold, a fourth point is created, based on linear extrapolation from the second and third
points.

This process is continued until convergence is achieved and the final value is multiplied by
0.99 to ensure the result is between 1.5 and 0.5% below breakdown.
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