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ABSTRACT 

A two-dimensional spacec ra f t  charging s imula t ion  program c a l l e d  CYLVIA, 
which t r e a t s  i n f i n i t e - c y l i n d r i c a l  geometries wi th  angle-dependence, has  been 
under development f o r  four  years .  Two f e a t u r e s  of t h i s  program, i t s  o r b i t  
i n t e g r a t i o n  and c u r r e n t  c o l l e c t i o n  methods, a r e  d iscussed .  A c a l c u l a t i o n  i s  
presented  of f l o a t i n g  p o t e n t i a l s  of  a s p a c e c r a f t  c ros s - sec t ion  which is  
r ep resen ted  by two conduct ive s e c t o r s ,  and a comparison is  made between the  
photoemission c u r r e n t  d i s t r i b u t i o n  obtained t h e r e i n  and another  given by an 
approximate a n a l y t i c  su r f ace  photocurrent  express ion  by Laframboise and 
Whipple. 

1. INTRODUCTION 

A two-dimensional spacecraf t -charg ing  s imula t ion  program, c a l l e d  CYLVIA 
(CYLinder Voltages i n  Ionosphere and Above), has  been cons t ruc t ed ;  d e s c r i p t i o n s  
of t h i s  program and pre l iminary  r e s u l t s  from i t  have been given previous ly  
(Laframboise and Prokopenko, 1977, 1978; Laframboise e t  a l ,  1979). Herein,  we 
p re sen t  (Sec. 2) a more d e t a i l e d  d i scuss ion  of two of i t s  p r i n c i p a l  f e a t u r e s :  
the  o r b i t  i n t e g r a t i o n  and c u r r e n t  c a l c u l a t i o n  methods used. We a l s o  o u t l i n e  
(Sec. 3) an  a n a l y t i c  su r f ace  photocurrent  c a l c u l a t i o n  which i s  t o  be descr ibed  
i n  d e t a i l  elsewhere (Laframboise and Whipple, t o  be pub l i shed ) ,  and we compare 
(Sec. 4) t h e  photoe lec t ron  c u r r e n t  d i s t r i b u t i o n  given by the  r e s u l t i n g  expres- 
s i o n  wi th  a corresponding r e s u l t  obtained us ing  CYLVIA. 

2. ORBIT INTEGRATION AND CURRENT CALCULATION 

CYLVIA uses  a form of t he  p a r t i c l e  o r b i t  equat ions  i n  which p a r t i c l e  
t o t a l  energy i s  e x p l i c i t l y  conserved. This  formulat ion was adopted because of  
a d i f f i c u l t y  which a rose  when us ing  more s tandard  methods t o  i n t e g r a t e  photo- 
e l e c t r o n  o r b i t s .  Accumulation of numerical e r r o r s  was occas iona l ly  found t o  
change t h e  t o t a l  energy of an  o r b i t  by amounts l a r g e  compared t o  the assumed 
thermal energy of emissim (1.5V), e s p e c i a l l y  near  p o i n t s  where o r b i t s  were 
" r e f l ec t ed"  by a p o t e n t i a l  b a r r i e r ;  t h i s  i n  t u r n  produced l a r g e  e r r o r s  i n  
c a l c u l a t i o n s  of  photoe lec t ron  cur ren ts  reimpact ing s p a c e c r a f t  su r f aces .  

I n  o rde r  t o  d e r i v e  t h e  o r b i t  equat ions,  we cons ider  t he  motion of a 
p a r t i c l e  i n  a p lane .  We l e t  ( r , e )  and (vr,ve) r ep re sen t  i t s  p o s i t i o n  and 
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v e l o c i t y  components i n  po la r  coord ina tes  (Fig. 1 ) .  We l e t  s r e p r e s e n t  a r c  
l eng th  along i t s  o r b i t ,  and and r ep resen t  u n i t  tangent  and u n i t  normal 
v e c t o r s  a t  a  po in t  on the  o r b i t ,  t he  l a t t e r  d i r e c t e d  toward i t s  l o c a l  c e n t r e  of 
curva ture .  We l e t  p r e p r e s e n t  i t s  l o c a l  r a d i u s  of curva ture .  We l e t  q,m, and 
E r ep re sen t  p a r t i c l e  charge,  mass, and t o t a l  energy,  and ep(r,8) r e p r e s e n t  
e l e c t r i c  p o t e n t i a l .  The equat ion  of motion m dv/d t=-qvq reduces t o :  

We equate  r e spec t ive  components of Eq. ( I ) ,  and use the  r e l a t i o n s  d s =  $ (a+  8 ) ,  
d r  = cos (cr)ds, and r d8 = sin(cr)ds. We then o b t a i n  the  o r b i t  equat ions  i n  t he  
fol lowing form: 

dru = - 5 ( eoSrr &- sincr 
s i n  a 

ds  r a0 r 

- =  dr cos a, 
d s  

This  system i s  reduced from fou r th  t o  t h i r d  order  because t h e  l a s t  
equat ion  appears  i n  i n t e g r a t e d  form. A t  p o i n t s  where p a r t i c l e  r e f l e c t i o n  from 
p o t e n t i a l  b a r r i e r s  produces cusps or  near-cusps i n  an o r b i t  (da/ds becomes 
s i n g u l a r  o r  l a r g e ) ,  a  segment of t h e  o r b i t  i s  rep laced  by a  pa rabo l i c  a r c .  

We i l l u s t r a t e  t he  c u r r e n t  c a l c u l a t i o n  method used by CYLVIA by f i r s t  
cons ider ing  photoe lec t rons  which a r r i v e  a t  a  p o i n t  on the  s u r f a c e  whose normal 
makes an  ang le  8 with  the  sunward d i r e c t i o n ,  each of them having o r i g i n a t e d  a t  
some o the r  sur face  l o c a t i o n  8, (Fig. 2a) and forced  t o  r e t u r n  t o  t he  s u r f a c e  
by a  p o t e n t i a l  b a r r i e r  which surrounds the  spacec ra f t .  Their  c u r r e n t  d e n s i t y  
a t  the su r f ace  loca t ion  given by 8 i s :  

J ( e )  = rZw J~~ P ( v , ~ ) ( v  s i n w )  (v dv dw) (3) 

v = o  UFO 

2 t where v = (v + vg2) and w = tan-l  (vr/vO) ,a re  p o l a r  coo rd ina t e s  i n  i n c i d e n t  
v e l o c i t y  spaEe a t  the  su r f ace  l o c a t i o n  8, f  i d 2 ~ / d v  dvg i s  t h e  two-dimensional 
v e l o c i t y  d i s t r i b u t i o p o f  pho toe l ec t rons ,  and N i s  t f ie i r  number d e n s i t y .  By 
L i o u v i l l e ' s  theorem, f  i s  cons tan t  a long a  p a r t i c l e  o r b i t .  Assuming t h a t  
photoe lec t rons  a r e  emit ted wi th  a  Maxwellian d i s t r i b u t i o n  corresponding t o  a  
temperature T, t h e i r  emission f l u x  J, ,~(€I~) is  r e l a t e d  t o  1 a s  fo l lows:  

I f  t he  s u n l i t  s ide  of the  spacec ra f t  has  uniform m a t e r i a l  p r o p e r t i e s ,  then  



Jph(eo)  = Jph (0) cos Bo . We introduce dimensionless  v a r i a b l e s  a s  fo l lows  : 

Since %& + q, = %mvo2 + qv0, ((4) and (3) become : 

The f a c t o r  i n  square parentheses  i n  (7) is  eva lua ted  f o r  each u and (J.I by 
i n t e g r a t i n g  the  corresponding photoe lec t ron  o r b i t  backward t o  i t s  o r i g i n  t o  
f i n d  e0 and . To do the in t eg ra t ions  i n  ( 7 ) ,  we s e t  up a  polar -coord ina te  
g r i d  i n  ve loc  9 t y  space a t  t h e  sur face  l o c a t i o n  8 ,  a s  shown i n  f i g .  2b, where 
we have def ined  u n = - u r ,  u t = - u g  We approximate F(u,~)~(2/,&)~~~(8~)ex~(~-x> 
i n  each c e l l  u i  5 u S u i+ l  , w  S w ~ w j t l  by (A+ Bu) (C + Dw) where A ,  . . . , D can be 
determined i f  t he  va lues  04 F a t  i t s  f o u r  corners  a r e  found,again by i n t e g r a t -  
ing  o r b i t s  backward. Equation (7 )  then becomes: 

ui+l 

J(Q) =.Z d u u 2  e-U2(A. .+B. .u)  1J 1 J  dw s i n w  (Cij+ Dijw), (8)  
1 ,  U i  

a  form i n  which a l l  i n t e g r a l s  can be eva lua ted  a n a l y t i c a l l y .  This  method f o r  
eva lua t ing  J(8)  i s  e s s e n t i a l l y  equiva len t  t o  t he  " inside-out"  method of Parker  
and Whipple (1967). The f a c t o r  exp(k-X)  i n  F(u,(J.I) may vary s t r o n g l y  w i t h i n  
ind iv idua l  c e l l s .  The p o t e n t i a l  b a r r i e r  which surrounds a  spacec ra f t  i s  
always of f i n i t e  h e i g h t ,  pe rmi t t i ng  some photoe lec t rons  t o  escape and ambient 
e l e c t r o n s  t o  reach it.  This  means tha t  t he  i n t e g r a t i o n  i n  (8) must be perform- 
ed over two reg ions  of v e l o c i t y  space, l a b e l l e d  I and I1 i n  Fig. 2b, conta in ing  
photoe lec t rons  (and secondary and backacat tered e l e c t r o n s ) ,  and ambient 
e l e c t r o n s ,  r e s p e c t i v e l y .  I n  gene ra l ,  f  w i l l  con ta in  a  d i s c o n t i n u i t y  a t  t he  
boundary between I and I1 (Whipple, 1976) which can  produce l a r g e  e r r o r s  i n  t h e  
eva lua t ion  of J (8 ) .  The i n t e g r a t i o n  method used i n  CYLVIA t r e a t s  t h e s e  d i s -  
c o n t i n u i t i e s  e x p l i c i t l y ,  using b i sec t ion  searches  t o  f i n d  po in t s  such a s  
those circled i n  Fig.  2b. I f  t he  ambient e l e c t r o n  v e l o c i t y  d i s t r i b u t i o n  is  
i s o t r o p i c ,  then  F i n  reg ion  I1 w i l l  be independent of w. 

3. SURFACE PHOTOCURRENT EXPRESSION 

An a n a l y t i c  express ion  h a s  been der ived  (Laframboise and Whipple, t o  be 
publ ished)  f o r  t h e  su r f ace  cu r r en t  dens i ty  of photoe lec t ron  migra t ion  along a  
p lane  s u r f a c e  y =  0, i n  t he  presence of :  (a) a  uniform normal e l e c t r i c  f i e l d  
E > O ,  which causes photoe lec t rons  emit ted from the  su r f ace  t o  reimpact  i t  
(9) a uniform t a n g e n t i a l  e l e c t r i c  f i e l d  Ex (c) a  uniform photoemission c u r r e n t  
d e n s i t y  g r a d i e n t  ~ ~ h ' = d ~  /dx, s o  tha t  t h e  photoemission c u r r e n t  pe r  u n i t  

ph s u r f a c e  a r e a  is  ~ ~ h ( x )  = Jph,-,+ Jphlx. This  photoemission g r a d i e n t ,  o r  



"product ion gradient1 ' ,  would o r d i n a r i l y  be caused by a  s p a t i a l  v a r i a t i o n  i n  
the  i l luminat ion  of the  su r f ace .  I n  t he  presence of (a )  and ( b ) ,  a l l  photo- 
e l e c t r o n  o r b i t s  a r e  parabolas  whose axes a r e  p a r a l l e l  t o  t he  r e s u l t a n t  
e l e c t r i c  f i e l d  vec tor .  It i s  a l s o  assumed t h a t  photoe lec t rons  a r e  emi t ted  
with a  Maxwellian v e l o c i t y  d i s t r i b u t i o n  corresponding t o  a  temperature T h .  
The su r f ace  cu r r en t  i n  the x d i r e c t i o n ,  per  u n i t  d i s t a n c e  z  perpendicu?ar  t o  
t he  (x,y)  plane,  can then be found by i n t e g r a t i n g  over p o s i t i o n  and v e l o c i t y  
of emission t o  f i nd  the  number of photoe lec t rons  per  u n i t  z and u n i t  time 
which c r o s s  the plane x = 0 i n  the' d i r e c t i o n  
the  corresponding r e s u l t  f o r  decreas ing  x.  

where e is t h e  magnitude of u n i t  e l e c t r o n i c  

This  r e s u l t  con ta ins ,  r e s p e c t i v e l y ,  a  
product ion-gradient  term, and a  cross- term.  

of i nc reas ing  x ,  then s u b t r a c t i n g  
The n e t  r e s u l t  i s :  

charge. 

p o t e n t i a l - g r a d i e n t  term, a  
The p o t e n t i a l - g r a d i e n t  term is  

twice t h a t  given by Eq. (14) of P e l i z z a r i  and Cr iswel l  (1978); reasons f o r  
t h i s  d i f f e r e n c e  a r e  given by Laframboise and Whipple ( t o  be publ i shed) .  It  i s  
noteworthy t h a t  t he  product ion-gradient  term is  enhanced f i v e - f o l d  i f  
( E , / E ~ ) ~  = 1, in comparison wi th  i t s  va lue  when Ex = 0; t h i s  i s  t r u e  r e g a r d l e s s  
of the s i g n  of Ex. 

4. RESULTS AND DISCUSSION 

Figure  3 shows a  CYLVIA c a l c u l a t i o n  of e q u i p o t e n t i a l  contours  surrounding 
a  c y l i n d r i c a l  spacecraf t  c ros s - sec t ion  whose su r f ace  c o n s i s t s  of two independ- 
e n t l y  f l o a t i n g  conductive s e c t o r s ,  the  smal le r  of which i s  shaded and subtends 
an  ang le  of  900. In t h i s  c a l c u l a t i o n  the  ambient ion  and e l e c t r o n  v e l o c i t y  
d i s t r i b u t i o n s  a r e  double Maxwellians wi th  the  fol lowing p r o p e r t i e s  : 

N i l  = 1 cm3 ~~1 = 1 cm3 
T i1  = 20 eV Tel = 500 eV 
Ni2 = 1 cm3 Ne2 = 1 cm4 
Ti2 = lo4 eV Te2 = 5000 eV 

The photoelectron charge f l u x  eJph is 4 5 x  1 0 ' e ~ / m ~  a t  normal s u n l i g h t  incidence. 
Tph= 1.5 eV. Secondary and backsca t te red  e l e c t r o n  f l u x e s  a r e  assumed zero.  
Ambient ion  and e l e c t r o n  and photoe lec t ron  c u r r e n t s  a r e  c a l c u l a t e d  us ing  numer- 
i c a l  o rb i t - fo l lowing  a s  descr ibed  i n  Sec. 2. The computation g r i d  i n  (r ,B)  
con ta ins  6 5 x  48 i n t e r v a l s .  The computation g r i d  i n  ( u , ~ )  con ta ins  8 x  16 i n t e r -  
v a l s  f o r  each Maxwellian component of each p a r t i c l e  s p e c i e s ,  a p a r t  from 
b i s e c t i o n  searches  (Sec. 2) which g ive  f i n e r  r e s o l u t i o n .  Linear  space charge 
i s  assumed [ ~ a f r a m b o i s e  and Prokopenko, 1977, Eq. ( 3 ) l .  The above-mentioned 
plasma parameters imply an  ambient Debye length  of 32.5 meters;  s p a c e c r a f t  
r a d i u s  rs i s  1 meter. The o u t e r  boundary of the  computation g r i d  i s  a t  e s r s  
148 rs. The most noteworthy f e a t u r e  of f i g u r e  3 i s  a  nega t ive  saddle-point  
p o t e n t i a l  b a r r i e r  which surrounds the  l a r g e r  s e c t o r ,  and whose h e i g h t  v a r i e s  
from about 2 v o l t s  a t  the  sunward p o i n t  t o  s e v e r a l  hundred v o l t s  near  t he  
edges of t h i s  s ec to r .  



The r e s u l t i n g  normalized cu r ren t  d e n s i t i e s  ji, je, and jph of ambient 
i ons ,  ambient e l e c t r o n s ,  and photoelectrons a r e  shown a s  func t ions  of s u r f a c e  
p o s i t i o n  i n  Fig.  4. We have made a  separa te  c a l c u l a t i o n  of jph us ing  Eq. (9) 
wi th  the  t a n g e n t i a l  e l e c t r i c  f i e l d  Ex s e t  equal  t o  zero  s i n c e  the  s p a c e c r a f t  
s u r f a c e s  a r e  conductive. To use ( 9 ) ,  we note t h a t  the n e t  photoe lec t ron  
f l u x  ou t  of t h e  s u r f a c e  is  equa l  t o  the divergence of w i t h  r e s p e c t  t o  
s u r f a c e  coord ina tes .  I n  ou r  geanet ry ,  t h i s  means t h a t  

where 

edJphYout/d8 = -45 x s i n  8 

and the  r a d i a l  e l e c t r i c  f i e l d  Er is obtained from the  numerical s o l u t i o n  f o r  
cp( r ,8)  used t o  c o n s t r u c t  F ig .  3.  Net photoe lec t ron  c u r r e n t s  obtained i n  t h i s  
way a r e  shown a s  dashed curves i n  F ig .  4. We s e e  t h a t  near  8 =  0°, t he  n e t  
outward photocurrent  i s  badly underestimated by Eq. (10) s i n c e  the  p o t e n t i a l  
b a r r i e r  f o r  e l e c t r o n s  a t  t h i s  l oca t ion  is  not  much h igher  than the photoelec-  
t r o n  mean thermal energy,  s o  a  s u b s t a n t i a l  f r a c t i o n  of photoe lec t rons  escape,  
and t h i s  is not  allowed f o r  i n  Eqs. (9) and (10). However, i n  the i n t e r v a l  
30' <,8 s go0, where photoe lec t ron  escape i s  n e g l i g i b l e ,  agreement between 
Eq. (10) and the numerical r e s u l t  i s  much b e t t e r .  The numerical r e s u l t  i s  
about  10% t o  20% above t h a t  given by (10) ; t h e  most important reason f o r  t h i s  
d i f f e r e n c e  i s  probably the  f a c t  t h a t  the t a n g e n t i a l  e l e c t r i c  f i e l d ,  a l though 
zero  a t  the  spacec ra f t  s u r f a c e ,  i s  nonzero o u t s i d e  i t ,  and the  form of t he  
c ross - te rm i n  (9) i n d i c a t e s  t h a t  t h e  product ion-gradient  c u r r e n t  [which i s  t h e  
one c a l c u l a t e d  i n  Eq. ( l o ) ]  is s t rongly  s e n s i t i v e  t o  such f i e l d s .  We have 
shown t h e  photoe lec t ron  c u r r e n t  a s  decreasing t o  zero almost d i scont inuous ly  
beyond 8 =  go0, because the  average angular d i s t a n c e  of  photoe lec t ron  migra t ion  
i n  the  e l e c t r i c  f i e l d s  a t  t h i s  po in t  (Ee = 0, Er = 1824 V ~ I )  is  about 0. lo. 

Another noteworthy f e a t u r e  of Fig. 4  i s  t h e  decrease i n  t h e  f l u x  of 
ambient e l e c t r o n s  a t  l a r g e r  8,  caused by the inc reas ing  h e i g h t  of t he  
p o t e n t i a l  b a r r i e r  a s  orre moves away from the  sunward p o i n t  8 =  O0 
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Figure  2.  Pos i t ion-space  (a! and ve loc i ty-space  (b) coord ina tes  f o r  
c a l c u l a t i o n  of i nc iden t  c u r r e n t  dens i ty  a t  a  su r f ace  p o i n t .  Figure 2a shows 
s e v e r a l  p a r t i c l e  o r b i t s  i nc iden t  a t  a su r f ace  po in t  8, one of them having 
o r i g i n a t e d  a t  the  su r f ace  po in t  eO. 

F igu re  3. Equ ipo ten t i a l  contours  around a c y l i n d r i c a l  s p a c e c r a f t  c ros s - sec t ion  
w i t h  two conduct ive s e c t o r s  having angles  of 270' and 90' .  Sector  p o t e n t i a l s  
are -2.265 kV and  -11.88 kV, r e spec t ive ly .  Other d a t a  p e r t i n e n t  t o  t h i s  
c a l c u l a t i o n  are g iven  i n  Sec. 4. The r a d i a l  coo rd ina t e  i n  t h i s  f i g u r e  is 
1+ h(r/r,) where r, is s p a c e c r a f t  rad ius .  
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Figure  4 .  Current d e n s i t i e s  v s  su r f ace  p o s i t i o n  f o r  t he  s i t u a t i o n  shown i n  
Fig.  3 and descr ibed i n  Sec. 4. I n  t h i s  f i g u r e ,  normalized c u r r e n t  d e n s i t y  j 
i s  def ined  a s  J/J,,~, where Jref i s  t h e  random f l u x  of Maxwellian ions  having 
a temperature and d e n s i t y  of 1 keV and 1 cm3. Approximate photoe lec t ron  
c u r r e n t s  jph obtained us ing  the  approximate s u r f a c e  c u r r e n t  ("current  sheet1')  
model g iven  by Eqs. (9) and (10) a r e  shown a s  dashed curves.  
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