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Abstract: 

SAXPIE (the Solar Array nodule Plasma Interaction Experiment) is a joint 
NASAIESA Shuttle flight experiment to investigate arcing thremholdm and plasma 
collection currente for modern solar array designs in low Earth orbit (LEO). 
Previous ground and apace flight teats have mhown that anomalour current 
collection ("snapover") at high positive voltages and arcing at high negative 
voltages may be expected for rolar arrayr in LEO. New, high power solar 
arrays being considered for use in LLO ume new materials and conmtruction 
techniques, which may change arcing threrholds and collection currents. 
S M X E  has been manifested for launch aboard the Shuttle in late calendar year 
1994. The experiment will be justified on the basis of previour ground test 
resulte and the results of flight experiments PIX and PIX-11, and on the new 
materials and conmtruction techniques tor modern, high power solar array 
designa. Phase B design and definition are now in progresm. Considerationm 
which influence the experiment design will be discussed, and objectives and 
constraints will be idenzified. 

Numerous ground experimontm and two flight experiments (PIX I and PIX 11, 
Grier and Stevens, 1978, and Crier, 1983) have mhown two way8 that molar 
arrays interact with the plasma. First, they collect current from the plasm. 
Becaume the mamm of an electron im much rmaller than the mars of a pomitive 
ion, the electron current collected at positive bias relative to the plarma is 
much greater than the ion current colLected at comparable negative biases. At 
positive biasem greater than about two hundred volts relative to the plamma 
potential, inmulating surfacem murrounding exposed conductor8 behave am if 
they were themselvem conductors, due to the phenomenon called "mnapover", 
greatly enhancing electron collection. On an operating molar array, the 
currents collected from the plamma appear a8 lommes in the array operating 
current and in the efficiency of the array. Furthermore, the currents 
collected from the plamma determine the potential at which different part. of 
the array will "float". It ir important to determina the manner in which 
rolar arraym collect current from the space plasma, in order to evaluatr array 
operating efficiency and to predict and control rpacecraft potontialr. 

Secondly, at high negative biares relative to the surroundi?g plamma, 
solar arrays arc into the plarma, cauring dimruptionr in the current produced, 
electromagnetic interference, and large dimcontinuoum change8 in the array 
potential.. Both ground tertm and flight temtm have indicated that for arrayr 
having mllver-coated interconnects a threrhold potential relative to the 
plarm. eximtm, below which no arcing occur., at about -230 volt8 (Fergumon, 
1986). There are theoretical reasonm and rome indications from ground tertm 
(Jongeuard a a, 1985, Snyder, 1986) that different conducting materials 
expomed to the plaama have different arcing threrhold potentialr. It ir 



important to determine the arcing threshold, arc strengths, and arc rates for 
solar arrays operating at high negative potentials in the space plasma. 

High power level solar arrays now being considered for space applications 
will operate at high end-to-end voltages to minimize the array currents. A 
major driver toward higher operating voltages is the mass of cabling which 
must be lofted into orbit to transmit the electrical power from the arrays at 
high efficiencies. Because the resistance of the cable is a strongly 
decreasing function of the cable mass per unit length, and because the cable 
l098.s are proportional to the current squared, it is advantageous to operate 
at high voltages, where the currents will be low, and a larger resistance per 
unit length (less cable mass per unit length) may be employed. A further 
factor in operating at high voltage and low current is that magnetic 
interaction effects (such as magnetic torques and magnetic drag) are minimized 
with minimum current operation. 

To save weight and manufacturing coat, new eolar arrays being considered 
for NASA and ESA missions are of a new design and utilize new materials, which 
may change the currents collected and the arcing threshold. In particular, 
new arrays being considered for NASA missions have e3lar cells with 
interconnects in the back, bonded to lightweight flexible substrates, 
employing copper traces which may become exposed to the space plasma. All of 
the solar arrays which have been flown in space to-date have had silver-coated 
interconnects expoeed to the plasma between cells on the front of a rigid 
substrate. 

A full panel of new array technology eolar cells planned for Space 
Station Freedon application have been shown to arc at biases as small as -210 
V, relrtive to the plaama, in ground tests at the Lewis Research Center 
(Nahra, ?elder, and Stamkus, this session). No in-epace tests of these arrays 
have been done, or are plannod. The Space Station Freedom array nominal 
operating voltage of 160 V is uncomfortably close to the 210 V arcing 
threshold found in these ground tests and may be exceeded when the arrays come 
out of eclipse. 

Comparison of ground tests and flight tests of the old-technology solar 
arrays have shown many differences between their behavior in vacuum tanks and 
in the real space plasma. On PIX 11, for example, the shape of the collection 
current vex-us voltage curves were quite different in space than on tho 
ground, and two different types of curves were obtained, depending on whether 
the arrays were in the ram (forward facing) or wake (backward facing) 
orientation. Although the same arcing threshold meems to obtain for the PIX 
I1 cells in orbit and in the ground plasma, the arc rate versus potential 
above the threshold potential was quite different (and much higher at voltages 
h a m  than about 1000 V) in the space plasma than on the ground. The origin of 
the di8crepancies is not known, due to inadequacies in the theory of the 
arcing phenomenon (Jongeward & d, 1985, and Hrmtingm & gL, 1989). Thum, 
while ground tests may give um information about the arcing threshold 
potential, they will not give us the detailed information necessary to allow 
confident design of large future NASA and ESA solar arrays. 

For these reasonm, it io important to determine the dependence of plasma 
collecrion currents, arc rates and strengths on potential relative to the 
plasma, and arcing potential thresholdm for new technology solar arrays in a 
real space plasma through one or more space flight experiments. The relevant 



plaema parameters. such as electron density and temperature, and spacecraft 
factors, such as orientation relative to the velocity vector, and potential 
relative to the plaema, must be concurrently measured along with the array 
performance, in order to understand the interactions which take place, and to 
enable confident and reliable design and operation of future NASA and ESA 
space power systems. SAUPIE will help enable the design of such systems. 

SAMPIE Obiectives 

The objectives of SAHdIE are to: 

1) Determine the volcage thresholds at which arcing occurs on the NASA 
and ESA solar array cent modules and the arc rates and strengths. 

2) Deteraine the plasm current colt-ction characteristics of the solar 
array test modules. 

3) Measure a basic set of plasma parametera to aid in data analysis. 

SAMPIE will conoiet of two small soLar arrays, individually biased to 
hrgh potentials relative to the plaema, mounted on the end of a collapsible 
tube mast (CTU) which map be extended up to 15 meters from the payload bay of 
the Space Shuttle (see Figures 1 and 2). The CTM is of ESA deoign and 
construction, and will impose operational and design constraints on SAMPIE. 
One of the solar arrays will be of NASA chosen design and construction, and 
the other will be of ESA design and construction. The arrays will be biased 
by a powsr supply to DC voltages as high as -700 V and +700 V with respect to 
the array structure ground, so that the arrays will be at high potentials with 
respect to the space plasma. While the arrays are biased, instruments will 
detect the occurrence of and measure the strength of any arc8 from the arrays 
to the plasma, and will measure tho amount of current being collected from the 
plasma. To characterize the plasma and other test conditions, other 
instruments will measure the degree of solar insolation and the plasma 
electron density and temperature, as well as the potential of the solar array 
structure ground with respect to the plaema, this being a minimum set of 
conditions to be measured. The orientation of the solar arrays with respect 
to the Shuttle velocity vector will b. known at all times, as well as the 
timer and conditions of Shuttle reaction control thruster events. This 
information will be obtained from Shuttle operations logs or tapes. 

SAMPIE will be performed with the CTM at full extension and at two or 
more intermmdiatm extenmions, including zero extension, to derive information 
about the influence of the large Shuttle Orbiter body on the ram and wake 
conditions seen by the arrays, and on the plasma surrounding the Orbiter. 
While at full extension, the maneuvering capability of thm Shuttle will be 
limited to the use of the vernier thrusters only, for structural dynamics 
reason*. A further limitation on Shuttle operations is imposed by the fact 
that the experiment ground will be tied to Shuttle Orbiter ground, which is 
tied to the plasma potential mainly through about 30 m2 of exposed metal on 
thm Shuttle nain Engines (Sasaki If d, 1986). When the arrays are biased to 
positive voltages higher than about 100 volts, the orientation of the Orbiter 
will bm restricted such that the Main Engine nozzles are not in the vehicle 
wake, for large vehicle potential 8xcursions would occur at those times, due 
to the low collectible ion density in the Orbiter wake. An operational 
constraint may also bm imposed on the conduct of the experiment by the 



p r o s p e c t  o f  t h e  O r b i t e r  c h a r g i n g  t o  h i g h  p o t e n t i a l s .  The maximum d e s i r a b l e  
p o s i t i v e  a r r a y  b i a s  w i l l  b e  c o n s i d e r e d  u n d e r  IV. S c i e n t i f i c  T e c h n o l o a i c a l  -- 

SAHPIE w i l l  b e  mounted on  a  H i t c h h i k e r  a t t a c h m e n t  p l a t e  w i t h i n  t h e  
O r b i t e r  p a y l o a d  bay ,  a n d  w i l l  u s e  t h e  s t a n d a r d  H i t c h h i k e r  d a t a  r e c o v e r y  
cymtems. B e c a u s e  o f  l i m i t a t i o n s  on t h e  s i z e  and  number o f  w i r e s  f o r  power and 
d a t a  t r a n s m i s s i o n  which  may bo e x t e n d e d  w i t h  t h e  CTM, a s  much a s  p o s s i b l e  o f  
t h e  e l e c t r o n i c s  n e c e s s a r y  t o  per form t h e  e x p e r i m e n t  and  d i a g n o s e  e x p e r i m e n t  
c o n d i t i o n s  w i l l  b e  p l a c e d  o n  t h e  end  o f  t h e  mas t  a l o n g  w i t h  the s o l a r  a r r a y s .  
Mass l i m i t a t i o n s  on  t h e  package  a t  t h e  end o f  t h e  CTM are impoeed by 
s t r u c t u r a l  dynamics ,  a n d  a maxhum mass o f  1 5  kg o n  t h e  e n d  o f  t h e  mas t  h a s  
b e e n  a g r e e d  t o  by NASA and  ESA. 

SAHPIC's o p e r a t i o n a l  mode w i l l  b e  t o  bias o n e  a r r a y  segment  t o  a  c e r t a i n  
v o l t a g e  f o r  a c e r t a i n  l e n g t h  o f  t i m e ,  meaeur ing  t h e  c u r r e n t  c o l l e c t e d  and  t h e  
t i m e s  a n d  s t r e n g t h s  o f  a r c s  a s  t h e y  o c c u r ,  and s i m u l t a n e o u s l y  to measure  t h e  
d i a g n o s t i c l r  o f  s o l a r  i n s o l a t i o n ,  plasma c o n d i t i o n s ,  and v e h i c l e  p o t e n t i a l ,  and 
t h e n  t o  move o n  to  a n o t h e r  b i a s  v o l t a g e ,  m e a s u r i n g  a l l  o f  t h e  same t h i n g s ,  
r e p e a t i n g  u n t i l  a l l  o f  t h e  d e s i g n  b i a s  v o l t a g e s  have  been  c o v e r e d .  Then t h e  
o t h e r  a r r a y  segment  w i l l  b e  tested i n  a s i m i l a r  f a s h i o n .  The a r r a y s  w i l l  b e  
t e s t e d  a t  o a c h  CTM e x t e n s i o n  i n  a wide  v a r i e t y  o f  v e h i c l e  o r i e n t a t i o n s  w i t h  
respect t o  t h e  s u n  a n d  t h e  v e h i c l e  v e l o c i t y  v e c t o r  i n  o r d e r  to d e t e r m i n e  
e f f e c t s  o n  c o l l e c t i o n  c u r r e n t s  d u e  t o  s o l a r  i n s o l a t i o n ,  ram and wake 
c o n d i t i o n s  a t  d i f f e r e n t  d i s t a n c e s  from t h e  O r b i t e r  body, and  aspect w i t h  
respect t o  t h e  E a r t h ' s  m a g n e t i c  f i e l d .  SAXPIE w i l l  have  c o n t r o l  o f  t h e  
O r b i t e r  o r i e n t a t i o n .  

Because  t h e  s o l a r  a r r a y s  a t  h i g h  n e g a t i v e  p o t e n t i a l s  r e l a t i v e  t o  t t e  
p l a s m a  w i l l  p r o d u c e  a r c s ,  which a r e  known t o  e m i t  b roadband  e l e c t r o m a g n e t i c  
i n t e r f e r e n c e  (Leung,  1 9 8 5 ) ,  t h e  c a p a c i t a n c e  o f  t h e  a r r a y s  t o  s p a c e  w i l l  b e  
t a i l o r e d  t o  p r o d u c e  a r c s  o f  a c c e p t a b l e  s i z e  and EM1 p r o d u c t i o n .  Also ,  a 
w a i v e r  o f  t h e  EM1 specs f o r  O r b i t e r  p a y l o a d  bay  e x p e r i m e n t s  w i l l  bo n e c e s s a r y .  

SAHPIE w i l l  b e n e f i t  f rom t h e  p r i o r  e x p e r i e n c e  g a i n e d  a t  t h e  Lawim 
R e s e a r c h  C e n t e r  i n  d e e i g n  and c o n s t r u c t i o n  o f  t h e  SPHINX, PIX, PIX-11, a n d  
VOLT-A p lasma i n t e r a c t i o n  s p a c e  f l i g h t  e x p o r i m e n t s .  

SAMPIE w i l l  b e  p l a c e d  i n  a n  o r b i t  which k e e p s  it from e n t e r i n g  t h e  
a u r o r a l  o v a l ,  f o r  o c c a s i o n a l  mtrong h i g h  e n e r g y  e l e c t r o n  f l u x e s  and low 
t h e r m a l  e l e c t r o n  f l u x e s  t h e r e  make c o n d i t i o n s  h a r d  t o  measure ,  u n p r e d i c t a b l e ,  
a n d  t h e r e f o r e  n o t  i d e a l  f o r  t h i s  e x p e r i m e n t .  The O r b i t e r  o r b i t a l  i n c l i n a t i o n  
d u r i n g  SAMPIE w i l l  be r e s t r i c t e d  t o  less t h a n  a b o u t  58' t o  t h e  e q u a t o r .  

SAHPXE i s  now m a n i f e s t e d  f o r  f l i g h t  i n  1994,  s h o r t l y  a f t e r  t h e  maximum o f  
t h e  s o l a r  a c t i v i t y  c y c l e ,  i n  1992,  b u t  t h e r e  is a p o s s i b i l i t y  t h a t  it v i l l  f l y  
i n  1993.  The p lasma d e n m i t y  i n  low E a r t h  o r b i t  d e p e n d s  on  t h e  l e v e l  o f  s o l a r  
a c t i v i t y ,  p e a k i n g  a t  timer o f  s o l a r  maximum. Recent  e s t i m a t e 6  o f  t h e  l e v e l  o f  
m o l a r  a c t i v i t y  e x p e c t e d  a t  t h e  peak i n  1991 o r  1992 p l a c e  t h e  l e v e l  u n u s u a l l y  
h i g h ,  w i t h  some e m t i m a t e s  of  t h e  a v e r a g e d  s u n s p o t  number a s  h i q h  a@ 200. Rune 
of t h e  IRI-86 computer  model f o r  t h e  i o n o s p h e r e  (Rawer and B r a d l e y ,  1987) 
p l a c e  t h o  maximum d a y t i m e  e l e c t r o n  d e n s i t y  f o r  ouch h i q h  s o l a r  a c t i v i t y  l e v e l s  
a s  h i q h  am 3 . 8  x l o 6  e l e c t r o n s  p e r  c u b i c  c e n t i m e t e r ,  a t  e l e c t r o n  t e m p e r a t u r e s  



between 1100 K and -300 K. Nighttime electron densities are predicted to be 
5 ae low as 1.6 x 10 . Under these conditionr, the plasma will be capable of 

maintaining electric fielde at low potentialr over a distance of approximately 
one Debye length, which is given by equation (I), 

where Te is the electroa temperature in eV, k is the Boltzmann constant, pi 
3.14159 ..., e is the charge of the electron, and n is the electron density in 
c~'~. Placing representative values from runs of the IRI model in the above 
equation, one finds a minimum Debye length from 0.12 cm at 1100 K to 0.17 cm 
at 2300 K. Openinge in the experiment electronics enclosure will be smaller 
than the minimum Debye length to prohibit plaema interactions with the 
experiment electronice. 

It is be desirable for SAMPIE to place ite plasma diagnostic instrument8 
outside the plasma eheath (the sheath being the region where the plasma ie 
significantly disturbed by the applied electric fields) of the array being 
biased. For large patentiale, using orbit-limited collection (see Galofaro, 
thie eeesion) the plasma sheath radius may be taken ae the radius of a sphere 
with the erne area ae the area of the collecting array segment, multiplied by 
the square root of the quantity, the applied bias in volte divided by the 
electron energy in eV. Under ram conditions, the ion eheath may be somewhat 
smaller than this (perhaps 1/4 the radiue), because the flux of ram ion. ie 
greater than the thermal flux. For a voltage of 700 V, thie implies a sheath 
radius of more than a meter ucder all reasonable pla8ma densities. At even 
noderate voltagee, such aa two hundred volte, the sheath will extend for a 
distance of more than 45 cm, using orbit-limited theory. 

Alternatively, one may aaaume that the flow of charged particles to the 
solar arrays is limited by a build-up of space charge around the collecting 
array. In this case, calculatione indicate that at 200 V, the sheath radius 
will be at Least 30 cm for electron collection and/or ion collection without 
ram ion impingemmt, and at leaet 9 cm collecting ions in the ram direction. 
In the caee of electron and non-ram ions, this indicates that the sheath 
radium is much greater than the array dimensions diecuered below, so that 
orbit-limited theory will apply. Recent experiments of Thiemann and Bogus 
(1986 and 198R), indicating much emaller plasma sheaths, may have been 
influenced by electron ionization of the denre background gas, or by ram ion 
impingement in their high energy atreaming plasma. The discrepancies will be 
investigated ar part of SAMPIE by means of NASCAP/LEO. 

A pre1Lminary mechanical design of the array package to be placed on the 
end of the CTH is shown in Figure8 3, 4, and 5. It may not be porsible to have 
the Langmuir probe or other instruments measure the undisturbed plasma density 
and temperature and "ground" potential on the array structure when an array 
oogmrnt is being biased to eignificant voltages because the plasma sheath will 
have dimensionr exceeding the dimensionr of the arcay rtructure. Between 
array bias voltages the array bias will be switched off for a short time, to 
allow menmorn mounted on the structure to measure the undisturbed plasma, 
before going on to the next bias voltage. 

Calculations of the rate of chanqe of plarma parameterr in the IRI model 
of tho ionorphere rhow that within 5 degrees of orhit, the plasma densities 
and temperatures may change by 2 5 % .  Since it is desired to measure the plasma 



conditions to within about SO\, each bias voltage interval will be remtricted 
to less than about 10 degrees in the orbit, or about 3 minutes ~f time. 

Of great interest to SAHPIE is a calculation of the floating potential of 
the Shuttle Orbiter when the array segments are bi~sed to high voltages. Not 
only do the true potentiale of the array segmenta with respect to the plasma 
depend on the potential of the mpacecraft "ground" relative to the plasma, but 
it may be possible to charge the Orbiter up to potentials where non-array 
material junctions could arc into the plasma. As this is clearly undesirable, 
I will perform a calculation of the expected Orbiter floating potential. In 
this first calculation, I will assume that the plasma sheath dimensions 
greatly exceed the collecting surface dimeneionr, so that current collecting 
surfaces collect current according to the spherical orbit-limited collect~on 
law, 

where A is the area of exposed conductor, e is the electron charge, V is the 
applied potential relative to the plasma, k is the Boltzmann conmtant as 
before, and T is the temperature of the collected species (Chen, 1965). Here, 
Jo is the so-called "thermal current density", given by the expression 

where n im the density of the charged species, k and T are as defined before, 
and m is the mass of the charged species. Evaluating Jo for electrons at the 
maximum density of 3.8 x lo6 it may be seen that 

Because of the difference in atomic o rgen ion mans and electron mas., for 
ion8, 

There is evidence from ground test8 that the plasma current collection 
cnaracteristicr of solar arrays depende on the potential of the surroundi.ng 
material, and also on the speed with whlch the bias LS appl~ed (Carruth, 
1987). Tho ourrounding material may alter the orbite of the electronr to be 
collected, and thus change the currents reaching the expsed biamed 
ccnductorm. For this reaeon, to simulate a large molar array, where larqe 
adjacent areas are at ab01~t the same potential, it ie beet to bias up both 
array aeqments when measuring the electron collection current of either of 
them, to give a surrounding potential nearly the same as that of the array 
mgment being measured. 

Setting the electror! and ion currente equal, and approximating the 
distribution of voltage8 on the Orbiter as n high negatlve voltage area at one 
negative potentLal and one high positive voltage area at one pomitive 
potent lal, equat Lon ( 3 ) y i.e ldr 



where the subscript e refers to electrons, i to ions, and + and - to negative 
and positive potential collecting areae. At low voltages, the array 
collecting areas will be the areas of exposed conductor, which for solar 
arrays even of the old technology comes out about 59  of the array area. 
However, under mnapover conditions, at positive array potentials of more than 
about 150 volts, the entire biased array area starts to behave as if lt were 
oxpored conducting material, and the effective collecting area of the array is 
greatly increased over the interconnect area. Taking the electron and Lon 
temperatures equal, and the ratio of J-/J+ = 171, as it is for an atomic 
oxygen slasma in LEO, and assuming a biased array electron collecting area of 
1000 cm and an area of 30 rn2 for the Shuttle Orbiter, under enapover 
conditions, 

Thus, under snapover conditions on the array eegment, the Orbiter is 
likely to charge up to a potential comparable to the potential on the array 
segment. Quantitativ'ly, if the array eegment is biased to +300 V with 
respoct to the plaema, V-, the Orbiter potential, becomes -171 V, a potential 
where it ia unknown whether arcing could occur from the Orbiter to the plasma. 
Laboratory meaeuremente made by the late J. . '  - *  LeRC, on new 
technology solar arrays (Staskus, 1988).  in^^ *.hat at a potential of +200 V 
relative to the plasma, only about ? L b  of the cell area acts as collecting 
area, but at +300 V, nearly a ! ~  of the cell area acts as a colloctor. In 
prcczical terms, this impl~es that to keep the Orbiter potential, V-, Lower 
than about -75 V, the Skglab proven "mafe" operating potential to avoid 
arcing, the array potentla1 relacrvo :a the pirema must be limited to about 
+260 V, and the array biae relative to the Orbiter must be limited to below 
about +335 V. 

A somewhat more realietic calculation takes account of the fact that the 
main engine nozzles of the Shuttle, where the ion collection takes place, are 
much larger in dimonmion than the ion sheath will be at realietic Shuttle 
potantialm. The currents collected at this end will then bo apace charge 
limited, rather than orbit limited, am they will be at the electron collecting 
array end. Also, the flux of ions ont- tho Main Engine nozzles due to the 
Orbiter velocity will exceed the thermal flux, modifying the rize of the ion 
sheath and the currents collected. A preliminary calculation indicates that 
the Shuttle may float at -75 V when the array is at +240 V relative to the 
plamma, putting a possible Lim~t on the maximu~.i poaitive array biam voltage of 
315 V. Thrs calculation depends menmitively on the ion density hitting the 
nozzlem, howewr. Further calculationr uming NASCAP/LEO are required to place 
raalimtic constraintm on the experiment. 

A posmibly more merioue limitation on the poalt~ve biam of the arraya 
will be curreC! limitations on practical power eupplies. Again, uming 
Staml-.us'. meauurements, the thermal current ia collected at a potential of 
about +1 0 V. Thie corrouponde to about 3 mA, for a SAHPIE 1000 cm2 array at 8 3 . 7  x 10 cmm3 and a temperature of 1100 K. At about +200 V, the currant in 
Staakus's experiment* increased to about 3/10 the full anapover current, or 
about 1.8 A in terms of S M P I E .  At +300 V, full snapover was reached, 
implying currents of oeveral ampa and power leveie cf over 1000 W, clearly 
impractical for the mama and power constralnte on the SAMPIE power mupply. 
One might expect that at about *I75 V potent.ia1, ttre array may eometimem be 
drawing as much current ae a 100 mA power rupply (for example) could provide. 



Using equation ( 4 ) ,  and assuming that at this potential, the effective array 
current collecting area is about 300 cm2, gives V- = -30 V. Then V+-V-, the 
bias voltage, is 205 V. 

From these considerations, it appears that a positive biae of from +205 V 
to +335 V is the maximum practical for the bias voltages which may be used in 
SAMPIC. This will restrict the ability of SMPIE to explore the snapover 
r q i m  fully, but under ordinary conditions, voltage limitations on arrays 
Lmpomed by the possibility of arcing on the negative end may make snapover 
unreachable on the positive end, so that space measurements of full snapover 
may not be as inwdiately important ar measurements of arcing thresholds. 
Ground tests may help further illuminate the snapover voltage for the new 
technology solar cells, and computer modeling may help to specify the maximum 
usable bias voltage in SMPIE. On SMPIE, since instrument8 will be measuring 
the "ground" potential V- relative to the plasma, it may be possible to design 
so as to stop increasing the array positive bias when the Shuttle Orbiter goee 
a spocifiod number of volts (such am -75 V), away from plasma potential. 

On the negative bias side, constraints on the experiment are imposed by 
the expected arc rate of the solar paneis. In the only quantitive, large 
scale ground tests of new technology, welded-through interconnect solar panel 
arc rates to date, Norman Crier's (1984) measurements may be interpreted to 
yield an arc rate versus voltage law of 

where T is the plaama 
im the plasma density 
Taking n - 3.8 x lo6, 

temperature in eV, V is negative potential in volts, n 
in and m is the ion mas8 in amu (Ferguson, 1986). 
the maximum expected in orbit, T = 5 eV (tho ram ion 

energy), and m = 16 (atomic oxygen), one finds that the expected arc rate at - 
700 V is 1552 arcs per second! Because of the strong dependence of arc rate 
on voltage, the expected arc rate drops to 0.06 arcs per second at -200 V, and 
0.00022 arcs per second at -100 v. 

Ground experiments done by David Snyder, of LeRC, have shown (Snyder, 
1986) that for simulated silver solar cell interconnects, the potential after 
arcing drops to about -230 V, the same as the arcing voltage threshold found 
from PIX 11 and ground tests. Similar teats done for copper, the material 
likely to be exposed to the plasma in the new technology solar cells, show 
that the potential after arcing drops to a much lower voltage, on the order of 
-100 V, suggesting that the arcing threahold for copper may be as low as -100 
V. Thus, it La desirable for SMPIE to be able to measure arc rates as low as 
they may be at -100 V in orbit. 

For a single arc at -1.) V at the arc rates calculated above, SMPIE 
would need to dwell at -100 V for 76 minutes, the greater part of a complete 
orbit, even at the maximum predicted plasma density. This seems to be 
impractical, given the time constraints on any experiment i n  orbit. Because 
of the strong depmndence on voltage, however, a dwell time of only about 20 
minutem would be necemsary to e m c t  one arc at -120 V. Thl~o, an experiwent 
timeline has been sot up which allows at least a twenty minute dwell time at - 
120 V ,  and correspondingly shorter tunes at higher voltages. SAMPIE will not 
to test for arcs at a voltage greater than -600 V .  At thla voltage, the arc 
counter may be filled up at the end of two recondr, and it may be impractical 
to remet the high voltage power rupply on a time wale ahorter than a few 



milliseconds, as will be seen below. To follow the plasma denrity during the 
long dwell times it may be necessary to break them up into increments of 3 
minutes or less, with Langmuir probe eweeps in betueen. 

To keep the solar arrays from being damaged by large arcs powered by the 
high voltage power supply, a large impedance will be placed in the biam 
voltage circuit, between the high voltage power supply and the biased array 
regment. This will isolate the array segment from the p w e r  supply during the 
short duration arcs. To tailor the size of the arcs to something that the 
transient detector can comfortably detect, the capacitance of the array 
regment to the Orbiter will be specified. These considerations limit the 
ability of circuit to recover rapidly after an arc takes place, and may limit 
the highest negative voltage to be used in arcing studies because of the 
expected high arc rates at high negative voltages. Because the arcs are 
likely to laet far about 20 microseconds at the most, SAMPIE will have an RC 
time constant in the biar circuit of at least 100 microseconds. 

There is evidence that the arc rate of a solar array in a plasma 
decreaser to a steady state value on a t ~ m e  scale of a few hour. (Uiller, 
1983, Ferguson, 1986). Also, outgasring from the Orbiter payload bay may mike 
neutral densities abnormally high for a matter of many hours after the Orbiter 
is in orbit. Under such conditions, electron ionization of the neutral gar 
may make collection currents and arc rates and strengths uncharacteristic of 
the values obtained in a long-lived solar array in orbit. For these rearonr, 
the start o. SAHPIE will be delayed for at least 24 hours after the Orbiter is 
in orbit with the payload bay doors open. 

In order to compile good mtatistrcs and to cover an adequate rangs of 
plamma conditions, Orbiter attitudes and CTH extensionm, the one orbit voltage 
biam mequence will be done for at leart six times with each array segment, for 
a total of at least twelve orbits (18 hours). 

Finally, arcing may ba exacerbated by the presence of rtrong electric 
fields in the vicinity of the arc rite. For thin reason, when one of the 
array segmentr im being biared negative, the other megment will be grounded, 
to strengthen the local fields. Thrm also will help simulate the porsible 
adjacency of different parts of the large area array string in future large 
space power rymtemm. In ground experiments, arcs aometimer have also occurred 
botween adjacent conductors at hrgh relative potentials. The arc detector on 
SAXPIE will be capable of diecriminating these two types of arcs, based on 
characteristics found in ground experimente. 

Part of the SAMPIE flight pro;ect is a ground-baoed teicting effort, to 
evaluate array arcing and collection models, and to determine the most 
informative mamplem to flight test. Dr. C.  Barry H~llard will be conducting 
this ground-test effort Ln laboratories at Lewis Research Center. Dr. Hillard 
presents hir plane aa another paper In this eesslon, ro I won't go into them 
further here. However it ie ~nteresting to note that S M P I E  is being 
derigned so that which the flight samples are teated may be determined am late 
as posrible, to allow ground-based teating to h e ; p  riptimize the information to 
be gained Ln flight. 



S M P I E  is a Shuttle-based flight experiment which will investigate the 
currents collected by, and the arcing behavior of, new technology solar arrays 
in LEO. It is in the Phase B design and definition stage of development, but 
is manifested for launch in 1994. Design and construction of modern high 
power, high voltage, solar arrays for ucre in LEO require the information that 
a flight experiment such am SAMPIE may obtain. 
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