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SUMMARY 

The Spacecraft Charging Design Guidelines Handbook has been prepared as a 
tool to be used in the design of geosynchronous satellites. This handbook 
compiles the results of prior flight experience with ground technology studies 
into a series of guidelines that will minimize detrimental effects of 
interactions with geomagnetic substorm environments. The handbook is 
organized into two main parts: guidelines to assess charging interactions, 
and guidelines to minimize charging effects. In this paper several of the 
principal guidelines are presented with illustrative examples. Although the 
paper does not cover all guidelines, it does indicate why they should be used 
and what the designer should be looking for. The handbook does not treat 
discharge criteria and SCATHA data. Both of these areas are in rapid 
transition and not ready for inclusion at this time. The handbook will be 
revised to include these data. 

INTRODUCTION 

The output of the U.S. Air Force - NASA spacecraft charging technology 
investigation is to be summarized in three documents (ref. 1): an 
environmental atlas, a military standard, and a design guidelines handbook. 
The atlas is to summarize the geomagnetic substorm environments based on 
~pplications Technology Satellites 516 (ATS-516) and P78-2, SCATHA (Spacecraft 
Charging at High Altitudes) data (refs. 2 to 4). The military standard is to 
have the stature of specifications to be imposed on satellite hardware 
(refs. 5 and 6). The Design Guidelines Handbook is to provide criteria to be 
used in the design of geosynchronous satellites to minimize spacecraft 
charging effects (ref. 1). Although all three documents are interrelated, it 
is the handbook that will compile the available ground technology and flight 
data into a form usable by designers. 

The handbook was first formulated 2 years ago on the basis of reviews 
with spacecraft contractors and from available data (ref. 7). The handbook 
was circulated for a limited review and is currently being revised to 
incorporate the pertinent comments from the review and to update the 
information prior to a general release. 

In its present form the handbook is divided into two main parts: 
guidelines to assess charging interactions, and guidelines to minimize 
charging effects. The guidelines to assess charging are based on the use of 
analytical modeling techniques with a recommended environmental 
specification. The principal deficiency of the present handbook is the lack 
of a clear breakdown criterion - a guideline to tell designers when to expect 
problems. This is caused by the discrepancy between ground test data on 



differential voltage thresholds for breakdown and .the modeling of predicted 
differentials (refs. 8 and 9). The document will be updated and reissued when 
this criterion has been established. Since there is a serious question about 
breakdown criteria, the section on component susceptibility is equally vague. 

The second part of the handbook is subdivided into two additional parts: 
guidelines for the overall spacecraft, and subsystem guidelines. The 
spacecraft guidelines refer to such topics as filtering, shielding, materials 
selection, and incorporation of charge control devices and monitors. The 
subsystem guidelines are a series of detailed do's and don't's for each of the 
major spacecraft subsystems. 

In this paper several guidelines have been chosen for discussion. These 
guidelines illustrate how the handbook is to be used. They point out to the 
designer what to look for and why the guidelines are important to spacecraft 
system operations in geomagnetic substorm environments. Each of the design 
guidelines to be discussed herein is given as the title of a major section of 
this paper. The first two guidelines refer to the assessment of charging 
interactions; the last three deal with minimization of charging effects. It 
should be stressed that this paper considers only five of the many guidelines 
in the handbook. 

GUIDELINE - THE GEOMAGNETIC SUBSTORM SPECIFICATION GIVEN HERE 
SHOULD BE USED TO QUALIFY SATELLITE DESIGNS 

To assess spacecraft charging interactions, it is necessary to have a 
specification for the geomagnetic substorm environment in terms that are 
compatible with available analytical tools. Previous attempts to provide this 
specification either provided overwhelming data or were based on small data 
samplings (ref. 10). For this handbook a specification based on an ATS-516 
statistical summary has been jointly worked out. This specification has been 
derived to produce the maximum stress within dielectrics specifically for use 
in design evaluation. It probably does not have the characteristics of a real 
subs torm. 

This specification is derived from the previously published 100 days of 
data on geomagnetic substorm characteristics from ATS-516 Auroral Particles 
Experiments (refs. 11 and 12). When these data were plotted as energy flux 
against number flux, all the data fell within an envelope (fig. l(a)). 
Furthermore it was found that the electron data could be treated by an 
adiabatic compression relation: 

where 

k Boltzmannconstant 

T temperature 

A constant parameter 



ND number density 

y ratio of heat capacities (assumed constant) 

With y = 3 and A arbitrarily chosen to be lo4 for severe substorms 
and 500 for moderate substorms, straight lines could be generated that would 
fall within the substorm data envelope. Those portions of the envelo e 
associated with the lower number fluxes e . ,  about 10) eV cm-2 seeeP sr-l) 
represent the quiescent environmental measurements, which do not produce 
surface charging. From these straight-line relations it is possible to 
compute electron temperatures and densities. Similar data are available for 
computing ion temperatures and densities. 

Once the temperatures and densities have been obtained, it is necessary 
to determine how often in a year a satellite could encounter a given 
intensity substorm. This can be obtained from a probability of occurrence 
curve (fig. l(b)). In this curve the percentage of time an energy flux is 
above a specific value is plotted as a function of that value. The ATS-5 
data form the basis for the minimum geomagnetic activity curve, and the 
ATS-6 data are used for the maximum. The curves are averaged for use in the 
specification. Hence, there now is a means of computing temperatures and 
densities as a function of time in orbit (based on 8760 hr/yr). 

The resulting specification for satellite time in geomagnetic substorm 
environments is shown in figure 2. The specification is given in terms of a 
single Maxwellian temperature for severe and moderate substorms. This 
temperature description was chosen because previous analysis of satellite 
surface charging showed that single Maxwellian environments, although not as 
realistic as the double Maxwellian description, produced more severe 
charging. The time curve runs out to only 4000 hours since beyond that time 
particle temperatures drop below levels that produce charging. The ion 
temperature relations found can be adequately expressed as 10 times the 
electron density. To account for the ion composition of the substorm 
environment, which indicates a substantial oxygen ion population in addition 
to hydrogen ions (ref. 13), the ion density is set to be one-third of the 
electron density. 

From this specification an environment for evaluating satellite designs 
can be obtained. The recommended environment for this purpose is shown in 
figure 3 and is based on specification curves for the first 300 hours. Both 
sunlit and eclipse conditions are considered so that transient conditions 
are evaluated. It is recommended that sunlight be at some angle of 
incidence to produce maximum differential charging. This environment starts 
with a 8-keV, 2. 1-electron/cm3 substorm in sunlight for 15 minutes. Then 
a simultaneous change to an 11-keV, 1. 1-electron/cm3 subs t o m  in eclipse 
for 20 minutes is followed by 15 minutes in sunlight at the same intensity. 
The substorm intensity is reduced to 5 keV, 3.2 electrons/cm3 for 
15 minutes to complete the design environment. The ion parameters are 
related to the electron as previously described. 



GUIDELINE - ALL SATELLITE DESIGNS SHOULD BE EVALUATED BY 
USING ANALYTICAL MODELING TECHNIQUES 

The NASA Charging Analyzer Program (NASCAP) computer code is 
recommended for use in analyzing satellite designs. It has the capability 
of treating both three-dimensional effects, which are important in 
accurately predicting surface voltages (ref. 14), and the transient effects 
required by the design evaluation.environment given previously. The code 
has been adequately described in the literature and is not repeated here 
(refs. 15 to 17). 

As an example, the effect of satellite configuration on surface 
charging is evaluated by subjecting both a three-axis-stabilized satellite 
and a spinning satellite to the design environment. A more detailed 
evaluation of configuration effects is given in reference 18. The NASCAP 
models of the two configurations are shown in figure 4. The three-axis- 
stabilized satellite chosen is the NASA Tracking and Data Relay Satellite 
System (TDRSS) that will replace ground stations. It is a large satellite, 
18.9 by 11.7 meters in overall dimensions. It consists principally of two 
large solar arrays, two main antennas, two smaller antennas, and the 
spacecraft body. The materials chosen simulate the actual coatings. The 
two main antennas were modeled as an octagonal rim with a center rectangular 
feed in order to evaluate the charging of the optical solar reflectors 
(OSRts) covering the electronic enclosure behind the antenna feed. Since 
the antenna mesh was transparent, there was the possibility of part being 
sunlit while the rest was shaded. The backing of the solar arrays was 
assumed to be plain Kapton. The exposed metal areas were given secondary 
electron yields of less than 1. The spinning satellite used here is the 
P78-2 (SCATHA) model similar to the one used in reference 19. It has 
cylindrical sides covered primarily with solar arrays and uses appropriate 
dielectrics on the "bellybandtt and the top and bottom surfaces. 

The design evaluation environment (fig. 3) was used in this study. 
The Sun incidence for the TDRSS evaluation was offset such that the viewer 
would be looking at the model from the Sun. For the SCATHA evaluation the 
Sun was assumed to be normal to the solar array and the satellite to be 
spinning at 1 rpm. 

The results predicted for satellite grounds and shaded Kapton 
insulation cells are shown in figure 5. In conducting the analysis the 
voltages for all cells are computed, but for this paper the results 
presented illustrate the desired effects. 

The three-axis-stabilized spacecraft ground is charged more negatively 
both in sunlight and eclipse than the spinning satellite ground. This is 
due to the large areas of shaded insulation behind the solar arrays, which 
charge to high negative values and thus create fields surrounding the 
satellite and reducing photoemission. The spinning satellite tends to 
average this shading effect and thus maintain a lower ground potential. 

The differential voltage of the shaded Kapton insulation is between 1.5 
and 3.0 kilovolts in both cases. These values are too low to produce the 



l abo ra to ry  type of d i scharge  observed ( r e f .  20). This  complicates  t h e  
~ r o b l e m  of t e l l i n g  des igners  what t o  look f o r  i n  eva lua t ing  t h e  design.  A t  
t h i s  ~ o i n t  t h e  des igner  has t o  watch out f o r  d e t a i l s  i n  c o n s t r u c t i o n ,  f o r  
g r a d i e n t s  i n  s o l a r  a r r a y s ,  and f o r  a reas  decoupled from t h e  s t r u c t u r e .  An 
example of such a t t e n t i o n  t o  d e t a i l  i s  t h e  t reatment  of t h e  TDRSS antenna t o  
check on t h e  s u n l i t  and shaded OSR's. This  was i d e n t i f i e d  a s  an  a r e a  of 
concern, t he  model was s e t  up t o  eva lua te  i t ,  and the  r e s u l t s  i nd i ca t ed  on ly  
a  smal l  d i f f e r e n c e  i n  s u r f a c e  vol tages .  This  r e s u l t  was n o t  known 
beforehand and had t o  be v e r i f i e d .  

I t  i s  i n t e r e s t i n g  t o  compare these  r e s u l t s  wi th  t h e  a c t u a l  behavior  of  
t he  ATS-5 ( sp inn ing )  and ATS-6 ( t h r ee -ax i s  s t a b i l i z e d )  ground p o t e n t i a l s  
ob ta ined  from f l i g h t  da ta .  The ATS-6 has  been charged t o  a  maximum nega t ive  
ground vo l t age  of -2.2 k i l o v o l t s  i n  sunl igh t  ( r e f .  21) and t o  -19 k i l o v o l t s  
i n  e c l i p s e  ( r e f .  22).  The model p r e d i c t s  about -3 k i l o v o l t s  i n  s u n l i g h t  and 
-16 k i l o v o l t s  i n  e c l i p s e .  The ATS-5 f l i g h t  d a t a  i n d i c a t e  t h a t  t h e  maximum 
p o t e n t i a l  i s  about  -300 v o l t s  i n  sun l igh t  and about -10 k i l o v o l t s  i n  e c l i p s e  
( r e f .  23).  The sp inning  model p r ed i c t s  about -200 v o l t s  i n  s u n l i g h t  and 
about -12 k i l o v o l t s  i n  e c l i p s e .  Therefore  t h e  code p r e d i c t s  reasonable  
t r ends ,  and t h e  des ign  environment can be  used t o  eva lua t e  maximum s t r e s s .  

GUIDELINE - SELECTED MATERIALS AND COATINGS SHOULD 
BE USED TO MINIMIZE CHARGING 

I t  i s  by t h e  proper  choice  of a v a i l a b l e  m a t e r i a l s  t h a t  both t h e  
abso lu t e  and d i f f e r e n t i a l  charging of s a t e l l i t e s  can be minimized. A t  
p r e sen t  t h e  on ly  way t h a t  s a t e l l i t e  p o t e n t i a l  v a r i a t i o n s  can  be e l imina t ed  
i s  by making a l l  su r f aces  conduct ive and ty ing  them t o  a  common ground. 
Transparen t  conduct ive coa t ings  of indium oxide have been developed f o r  
i n s u l a t o r s  ( r e f .  24).  This  technique i s  expensive and i s  used only when t h i s  
un i formi ty  i s  mandatory f o r  a succes s fu l  miss ion  ( r e f .  25) .  

There a r e  o t h e r  pos s ib l e  means of reducing s u r f a c e  charg ing  on 
s a t e l l i t e s .  F igure  6  shows t h e  e f f e c t  o f  us ing  a  meta l  s u r f a c e  t h a t  has a  
h igh  secondary y i e l d  on the  TDRSS model. Figure 6 (a )  i s  t h e  p red i c t ed  
response of  t h e  s a t e l l i t e  i n  t h e  design substorm when s t anda rd  m a t e r i a l s  a r e  
used. F igure  6(b)  i s  t he  pred ic ted  response when the  exposed m e t a l l i c  
s u r f a c e s  have been assumed t o  be coated w i th  an  ox ide  t h a t  r a i s e s  t h e  
secondary-electron y i e l d  t o  2.6. The abso lu t e  charging l e v e l  has been 
reduced d rama t i ca l l y ,  and t h e  d i f f e r e n t i a l  charging of  t h e  shaded Kapton has 
been reduced s l i g h t l y .  

I f  t h e r e  i s  a  p o s s i b i l i t y  of  using m a t e r i a l s  wi th  h igh  secondary- 
e l e c t r o n  emission,  they should be used. However, changes t o  s p e c i f i c  
m a t e r i a l s  should no t  be made indescr imina te ly .  Designs wi th  m a t e r i a l  
changes i n  s p e c i f i e d  a r ea s  should be checked a n a l y t i c a l l y  t o  v e r i f y  t h a t  t h e  
change d i d  n o t  in t roduce  problems i n  o the r  a r e a s  of  t h e  s a t e l l i t e .  



GUIDELINE - ALL CONDUCTING ELEMENTS SHOULD BE 
TIED TO A COMMON ELECTRICAL GROUND 

T h i s  g u i d e l i n e  i s  one of  t h e  e a r l i e s t  ones  developed a s  a  means o f  
c o n t r o l l i n g  charg ing  e f f e c t s  ( r e f .  26). It i s  s t i l l  a  good g u i d e l i n e .  I n  
p r i n c i p l e  i t  says t h a t  a r e a s  on t h e  s a t e l l i t e  shou ld  n o t  b e  a l lowed  t o  f l o a t  
e l e c t r i c a l l y ;  t h a t  i s ,  i n t e r s t r u c t u r a l  c a p a c i t a n c e s  shou ld  be  c o n t r o l l e d .  
It i s  b e l i e v e d  t h a t  l a c k  of  c o n t r o l  of  i n t e r s t r u c t u r a l  c a p a c i t a n c e  
c o n t r i b u t e d  t o  t h e  power sys tem f a i l u r e  on Defense  S a t e l l i t e  Communications 
System (DSCS 11) ( r e f .  27) .  The e f f e c t s  of  n o t  f o l l o w i n g  t h i s  g u i d e l i n e  a r e  
i l l u s t r a t e d  by comparing t h e  c h a r g i n g  o f  a n  ungrounded a r e a  ( v e r y  s m a l l  
c a p a c i t a n c e )  wi th  t h e  c h a r g i n g  o f  d i e l e c t r i c  booms ( l a r g e  c a p a c i t a n c e ) .  

The e f f e c t  o f  .ungrounded o r  f l o a t i n g  a r e a s  i s  shown i n  f i g u r e  7. I n  
f i g u r e  7 ( a )  a  shaded r e g i o n  of  a  t h r e e - a x i s - s t a b i l i z e d  s a t e l l i t e  i s  
c o n s i d e r e d  t o  be w e l l  coup led  t o  t h e  s t r u c t u r e .  Here t h e  d i f f e r e n t i a l  
c h a r g i n g  of t h e  Kapton and OSR's b u i l d s  up s l o w l y ,  f o l l o w i n g  t h e  c h a r g i n g  
c u r v e  o f  t h e  s t r u c t u r e .  However, i f  t h e s e  same m a t e r i a l s  were a l lowed t o  
become ungrounded and on ly  weakly coupled t o  t h e  s t r u c t u r e ,  t h e s e  i n s u l a t o r s  
would respond  very  r a p i d l y  t o  t h e  environment ,  a s  shown i n  f i g u r e  7 ( b ) .  The 
s t r u c t u r e  charges  a t  e s s e n t i a l l y  t h e  same r a t e ,  and t h i s  produces  a  l a r g e r  
d i f f e r e n t i a l  v o l t a g e ,  which may t r i g g e r  d i s c h a r g e s .  Hence, t h i s  c o n d i t i o n  
shou ld  be e l i m i n a t e d  by grounding.  

The q u e s t i o n  o f  t h e  u s e  o f  d i e l e c t r i c  booms c a n  be  e v a l u a t e d  by l o o k i n g  
a t  t h e  boom charg ing  o f  t h e  s p i n n i n g  s a t e l l i t e  ( i . e . ,  SCATHA model) .  The 
d i f f e r e n t i a l  c h a r g i n g  o f  one o f  t h e  boom c e l l s  o f  t h i s  model i s  shown i n  
f i g u r e  8 .  I n  the  f i r s t  phase  of  t h e  d e s i g n  subs to rm environment ,  t h e  
c h a r g i n g  i s  no t  s e v e r e .  However, i n  e c l i p s e  t h e  booms c h a r g e  t o  l a r g e  
p o s i t i v e  s u r f a c e  v o l t a g e s  r e l a t i v e  t o  t h e  s a t e l l i t e .  A gap o r  c r a c k  t h a t  
exposes  a  m e t a l l i c  s u r f a c e  a t  s t r u c t u r e  p o t e n t i a l  c o u l d  t h e n  a c t  a s  a n  
e l e c t r o n  e m i t t e r  and t r i g g e r  d i s c h a r g e s .  I n  f i g u r e  8  t h e  o s c i l l a t i o n s  o f  
t h e  boom v o l t a g e  i n  e c l i p s e  a r e  p robab ly  a  c o m p u t a t i o n a l  a r t i f a c t  and n o t  
r e a l .  However, t h e  v o l t a g e  i n  e c l i p s e  is  of  t h e  o r d e r  of  1.4 k i l o v o l t s  
p o s i t i v e  w i t h  r e s p e c t  t o  t h e  s t r u c t u r e .  T h i s  i s  s u f f i c i e n t  t o  c a u s e  
problems. On e x i t  from e c l i p s e  t h e  c e l l  p o t e n t i a l  t e n d s  t o  l a g  t h e  change 
i n  s t r u c t u r e  p o t e n t i a l s  r a t h e r  t h a n  f o l l o w  t h e  s t r u c t u r e .  Hence one c o u l d  
expec t  problems e n t e r i n g  e c l i p s e  i n  s e v e r e  substorms and p o s s i b l y  on e x i t .  
The SCATHA f l i g h t  d a t a  d i d  i n d i c a t e  d i s c h a r g e s  d u r i n g  c h a r g i n g  i n  a n  e c l i p s e  
i n  a  b r i e f  s e v e r e  substorm s u r g e  and a l s o  on e n t e r i n g  s u n l i g h t  when s t i l l  
e x p e r i e n c i n g  substorms ( r e f .  28) .  T h e r e f o r e  i t  i s  p robab ly  a  good r u l e  n o t  
t o  u s e  d i e l e c t r i c  booms on shaded a r e a s  of  s a t e l l i t e s .  

G U I D E L I N E  - ELECTRICAL FILTERING SHOULD BE USED TO PROTECT 
CIRCUITS FROM DISCHARGE-INDUCED UPSETS 

S a t e l l i t e  s u r f a c e s  a r e  charged  by geomagnet ic  subs to rm environments .  
I f  t h e s e  s u r f a c e s  a r e  charged ,  t h e r e  i s  a  f i n i t e  p r o b a b i l i t y  t h a t  t h e r e  w i l l  
be d i s c h a r g e s .  I n  many c a s e s  t h e r e  i s  no  way t o  p r e v e n t  them. I n  f i g u r e  
9 ( a )  d a t a  from s e n s o r  moni to r ing  d i s c h a r g e s  i n  a n  OSR a r r a y  a r e  shown 
( r e f .  2 9 ) .  Even i n  a  q u i e t  t ime  p u l s e s  were coun ted .  I n  f i g u r e  9 ( b )  t h e  
h a r n e s s  n o i s e  count on t h e  Communications Technology s a t e l l i t e  (CTS) f o r  a n  



active day is shown (ref. 3 0 ) .  As can be seen from these figures, a large 
number of discharges can occur. Only a relatively small number couple into 
the harness and probably a smaller number can cause upset. Yet in long 
missions the probability does exist that upsets can happen. Although it can 
be argued that the data presented are from two different satellites at 
different times, it is not logical to assume that this negates the 
argument. There will be disruptive discharges unless the entire surface is 
at an absolutely uniform potential. 

The usual criterion suggested for filtering is to eliminate noise 
with less than a specific duration. On CTS, inline transmitters and 
receivers were used that effectively eliminated noise pulses of less than 
5 microseconds (ref. 31). Similar filtering concepts have been proposed for 
circuits that required protection (ref. 3 2 ) .  Hence filtering is believed to 
be an effective means of preventing circuit disruption and should be 
included in system designs. 

CONCLUDING REMARKS 

A design guidelines handbook to provide criteria for minimizing 
spacecraft charging effects in geosynchronous satellites has been formulated 
and will be distributed as a design tool. Data used in this handbook have 
been assembled from interviews with spacecraft manufacturers, from results 
of ground technology programs, and from available flight results. Since the 
technology investigation is not complete at this time, the handbook will be 
revised periodically to incorporate the latest results. 

In the present version of the handbook a geomagnetic substorm 
environment specification for design evaluation is given. This 
specification is based on available ATS-516 data and, when used with the 
recommended NASA Charging Analyzer Program (NASCAP) computer code, it 
results in voltage predictions consistent with trends observed on both ATS-5 
and ATS-6. 

Each satellite design must be analyzed to determine the spacecraft 
surface voltage profiles. Both absolute and differential voltages are 
influenced by the satellite configuration and by the choice of spacecraft 
materials. It has been found that metallic surfaces should be grounded and 
that dielectric booms should be avoided. Since it is impossible to 
guarantee absolutely that there will be no discharges, filtering should be 
incorporated on those circuits where anomalous behavior must be avoided. 
Testing in accordance with the military standard also must be accomplished 
to verify that the satellite will be immune from environmental effects. 

Though all this sounds like a serious imposition on spacecraft 
projects, it must be recognized that similar procedures are routinely 
followed in   re paring spacecraft thermal control designs. The handbook 
procedures are simply to be used in preparing spacecraft electrostatic 
control designs. 

It is recognized that there is a serious deficiency in this handbook: 
the lack of a criterion for predicting when disruptive discharges can 



occur. While several interestin possibilities for establishing this 
criterion do exist, there is notkng that can now be stated. Therefore the 
designer is faced with the need of minimizing differential voltages, 
eliminating edge effects (as much as possible), minimizing positive voltage 
gradients (structure potential more negative than dielectrics), eliminating 
capacitive decoupling from the structure, and employing grounding and 
filtering techniques. When a discharge criterion is established, it will be 
included in the handbook. 
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