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I n  p a r t  I o f  t h i s  paper ( r e f .  I ) ,  we e x ~ l a i n e d  the o v e r a l l  s t r u c t u r e  of 
our  computer code f o r  sirnulatincj p lasma- insulator  i n t e r a c t i o n s .  I n  p a r t  I 1  we 
exp la in  how we have begun t o  model d i e l e c t r i c  p rope r t i es .  

The f i r s t  p lasma-d ie lec t r i c  i n t e r a c t i o n  we have inc luded i n  our  code i s  
secondary e lec t ron  emission ( S E E ) .  We present  a ca l cu la ted  cu r ren t  dens i t y  
vs. vo l tage curve, and compare t h i s  t o  an experimental curve. 

INTRODUCTION 

Because the P I C  method fo l l ows  p a r t i c l e  t r a j e c t o r i e s ,  the t reatment  o f  
the d i e l e c t r i c - p a r t i c l e  i n t e r a c t i o n  may be done i n  c lose d e t a i l .  Any process 
which may be modeled s t a t i s t i c a l l y  f o r  a s i n g l e  plasma p a r t i c l e  may be modeled 
by P I C ;  the success o f  the c a l c u l a t i o n  i s  then dependent on having a l a r g e  
enouah number o f  p a r t i c l e s  t h a t  the  s t a t i s t i c a l  t reatment  i s  meaningful .  Thus 
i t  i s  poss ib le  t o  inc lude the e f f e c t s  o f  secondary e ~ i s s i o n ,  backscat ter ing,  
charge s t i c k i n g  and poss ib l y  d i e l e c t r i c  breakdown, photoemission, and 
spa1 l a t i o n .  

Our i n i t i a l  computer runs contained a very naive model o f  the  plasma- 
d i e l e c t r i c  i n t e r a c t i o n :  any p a r t i c l e  t h a t  s t ruck  the d i e l e c t r i c  s imply s tuck 
t o  it. We have made the  treatment more r e a l i s t i c  by i n c l u d i n g  the  p o s s i b i l i t y  
o f  SEE, as shown i n  f i g u r e  1: an incoming p a r t i c l e  s t r i k i n g  the  d i e l e c t r i c  i s  
capable o f  g i v i n g  o f f  secondaries, which may change the  amount of c u r r e n t  
c o l l e c t e d  by the exposed conductor. 

We have re ta ined the geometry used i n  reference 1. As i n  reference 1, 
we a r e  u l t i m a t e l y  concerned w i t h  producing a c u r r e n t  dens i t y  vs. vo l  taqe curve. 
Each p o i n t  on the curve requ i res  one computer run, du r ing  which the  charge 
dens i ty  on the  d i e l e c t r i c  and i n  space must reach equ i l i b r i um.  

The balance o f  t h i s  paper w i l l  be g iven t o  exp la in ing  how SEE i s  inc luded,  
and showing ou r  r e s u l t s .  

* This work i s  supported i n  p a r t  by NASA Lewis Research Center, Research 
Grant #NSG - 3290. 



SECONDARY ELECTRON EMISSION -- AN EMPIRICAL TREATMENT 

When an incoming e lec t ron s t r i kes  the d i e l e c t r i c ,  there i s  a chance t h a t  
one o r  more electrons w i l l  be l i be ra ted  from the surface. The y i e l d  o f  
secondary electrons (SE's) depends on the energy and the angle o f  incidence o f  
the primary. 

The dependence o f  the secondary y i e l d  6 on the primary eneray Eo i s  

displayed i n  a y i e l d  curve, which i s  charac te r i s t i c  o f  a pa r t i cu l a r  t a rge t  
mater ia l .  The y i e l d  curve data comes from normal incidence primaries, and so 
includes no information on primary angle dependence. An example o f  a y i e l d  
curve r e l a t i o n  i s  equation ( I ) ,  from Haffner ( re f .  2) : 

K, a and b are charac te r i s t i c  o f  a given mater ia l .  The resu l t i ng  y i e l d  curve 
i s  shown i n  f i gu re  2, f o r  Kapton. 

Most o f  the SE's come from a t h i n  layer  near the surface. As the anale 
o f  primary incidence i s  slanted from normal incidence toward tangent ia l  
incidence, more o f  the primary path i s  i n  t h i s  upper layer  - -  hence more 
electrons are l iberated.  Wall, Frederickson, and Burke ( r e f .  3 )  use the 
fo l lowing cosine re l a t i on :  

where c i s  about 2 fo r  polymers. 

Combining equations (1) and ( 2 ) ,  we can w r i t e  the y i e l d  as a funct ion o f  
the energy E and angle o f  incidence a. o f  the p r i r a r y :  

0 

Equation (3) t e l l s  how many outaoing SE's t o  expect Der incomino p a r t i c l e .  

To characterize the outaoing pa r t i c l e ,  we must give i t s  energy E and the 
angle i t  makes w i t h  the ta rge t  surface, a. 

The emission energy d i s t r i b u t i o n  spectrum, V(E) vs. E, i s  much more 
d i f f i c u l t  t o  f i n d  i n  the l i t e r a t u r e  than the y i e l d  curve; however, we know the 
general shape o f  the curve, shown i n  f i au re  3. Figure 3 was drawn from a 
curve f o r  s i l v e r  given by Rudberg (ref. 4 ) .  

The por t ion  o f  the emission energy spectrum below about 50 eV i s  taken 
t o  be the " t rue  secondary" region -- the emit ted p a r t i c l e  i s  d i f f e r e n t  from 
the incoming p a r t i c l e .  Fortunately f o r  our computer simulat ion, the shape of 
t h i s  po r t i on  o f  the curve does not  depend s t rong ly  on the incornin? energy. 

Figure 3 shows a spike a t  E=Eo, which i s  the backscatter peak. The 

backscattered p a r t i c l e  i s  the incoming pa r t i c l e ,  so t h i s  peak does no t  



represent a  " t rue  secondary" process. 

I f  the backscatter peak i s  removed from f igure 3  and the area under the 
curve i s  calculated, the area must be equal t o  the y i e l d  a; i .e. , l e t t i n g  
N '  (E) be the energy d i s t r i b u t i o n  funct ion wi thout  backscatter, 

I NNE0(E) dE = a(Eo). ( 4 )  

SECONDARY ELECTRON EMISSION -- THE CALCULATION 

The inc lus ion of SEE i n t o  our program begins i n  a  subroutine which i s  
ca l l ed  when a macropart icle crosses the z=O plane. I f  the r-coordinate i s  
such t h a t  the macropart icle has h i t  the d i e l e c t r i c ,  then the incoming energy, 
Eo of the p a r t i c l e  and i t s  angle o f  incidence a, are calculated. From Eo and 

a we calculate the y i e l d  a, using equation (3) .  
0 

Because we do not  know the energy d i s t r i b u t i o n  funct ion f o r  polymers, we 
have used a Maxwellian ve loc i t y  d i s t r i b u t i o n  t o  ca lcu la te  the ve loc i t i es  o f  
the SE's. We hope t o  improve on t h i s ,  a f t e r  a  more thorough 1 i t e r a t u r e  search. 

The d i rec t ion  o f  the SE i s  chosen randomly so t h a t  the azimuthal angle 
i s  uni formly d i s t r i bu ted  between 0 and n/2. This i s  not  uni formly d i s t r i bu ted  
i n  s o l i d  angle, but  ra ther  gives a  preference t o  normal emission, i n  keeping 
w i t h  experimental observation ( r e f .  5) .  

A TYPICAL RUN: 200 VOLTS 

Figures 4 ,  5 and 6 are po ten t ia l  p l o t s  for  a  run w i t h  200 Vol ts on the 
conductor. 

A t  time step 0 ( f i g .  4), there i s  no charge on the d i e l e c t r i c .  The 
d i e l e c t r i c  bui lds up a  negative charge w i t h  time, so t h a t  a f t e r  2000 t ime 
steps ( f i g .  5)  the po ten t ia l  i s  zero throughout the s imulat ion region, except 
very close t o  the exposed conductor. The po ten t i a l  a t  t ime step 4000 ( f i g .  6) 
i s  near ly  iden t i ca l  t o  t ha t  a t  time step 2000, i nd i ca t i ng  the po ten t ia l  has 
s e t t l e d  t o  equi l ibr ium. 

A comparison o f  the equ ipotent ia l  p l o t  o f  f i gu re  6 w i t h  the corresponding 
p l o t  from reference 1 ( f i g .  10 o f  r e f .  1) shows the in f luence o f  the inc lus ion  
o f  SEE. I n  the SEE case, the sh ie ld ing has been reduced, and therefore the 
equipotent ia ls are pushed far ther  ou t  i n t o  the plasma, away from the p la te .  

Figure 7 i s  a  time h i s t o r y  p l o t  o f  the number o f  macroelectrons producing 
secondaries, and the number of secondaries produced. The numbers p l o t t e d  are 
cumulative, so t ha t  equ i l i b r ium i s  ind icated by the 1  inear  form f o r  l a t e r  time. 
There i s  an average o f  1.7 outgoing SE's per primary. 

Figure 8 i s  a  p l o t  of the same quan t i t i es  f o r  a  50 Vo l t  run. Here we 



have 1.2 secondaries per primary, on the average. 

COMPARISON WITH EXPERIMENT 

Me compare our ca lcu la t ion  resu l ts  w i t h  the experimental r esu l t s  o f  
Stevens, e t  a1 . ( r e f .  6 ) .  

The experiment described i n  reference 6 measured the cur rent  t o  a  
s ta in less s tee l  d isk  (.035 m i n  diameter and .001 m t h i c k )  which rested on 
a  Kapton surface. The conductor disk was held a t  a  given po ten t ia l ,  and was 
a1 1  owed t o  come t o  equi 1 i b r i  um w i t h  the ambient plasma. 

We compare our calculated potent ia l  i n  the plane o f  the d i e l e c t r i c  
( f i g .  9) w i t h  the experimental ly measured po ten t ia l  ( f i g .  10). They are 
qua1 i t a t i v e l y  the same, a1 though the calculated po ten t i a l  drops t o  zero 
more s lowly than the measured potent ia l ,  outside o f  the d i e l e c t r i c  reaion. 
This d i f ference i s  due t o  a  grounded p la te  below the Kapton i n  the experimen- 
t a l  run. 

Figure 10 gives some important informat ion about the d i f ference between 
runs inc lud ing o r  neglect ing SEE, since the negative voltage case may be 
compared t o  a  pos i t i ve  voltage case w i th  no secondaries. The case wi thout  
SEE shows a sharp drop i n  po ten t ia l  immediately outs ide the conductor, bu t  
the case w i t h  SEE shows a gradual drop o f  po ten t ia l  across the e n t i r e  extent  
o f  the d i e l e c t r i c .  This e f f ec t  showed up i n  our ca lcu la t ion,  as the 
equ ipotent ia ls  were pushed out  fu r the r  i n  the SEE case than i n  the case 
wi thout  SEE. It i s  a lso evident i n  a  comparison o f  f i gu re  9 w i t h  the no-SEE 
case, which i s  f i gu re  11 o f  reference 1. 

Figure 11 i s  a  cur rent  area density vs. voltage p l o t ,  showing our 
ca lcu la ted resu l t s  compared t o  resu l ts  taken from reference 6. Our r esu l t s  
d i f f e r  by less than an order o f  magnitude over the range o f  10 t o  250 Volts. 

DISCUSSION OF RESULTS 

The discrepancy between our calculated cur rent  densi ty vs. vol taae 
curve and the experimental curve are due t o  three major causes. 

F i r s t  , the calculated runs and experimental measurements had d i f f e r e n t  
condit ions. The c o l l e c t o r  areas were d i f f e r e n t  by a  f ac to r  o f  72. The 
substrate i n  the experiment was grounded, whi le  our ca lcu la t ion  d i d  not  
inc lude a grounded substrate. 

Second, the SEE treatment needs t o  be improved. We used a 100' K 
Maxwellian d i s t r i b u t i o n  f o r  the SE energy spectrum, which i s  not  r e a l i s t i c .  

Third, processes o ther  than SEE may s t rong ly  in f luence our resu l ts .  I n  
pa r t i cu l a r ,  our code does no t  y e t  allow f o r  any charge m o b i l i t y  i n  the 
d i e l e c t r i c .  



CONCLUDING REMARKS 

I n  t h i s  and the preceding paper we have introduced our plasma simulat ion 
code, ESP. Because the P I C  method f o l  lows ind iv idua l  p a r t i c l e  t r a j ec to r i es ,  
we may model any process which may be modeled s t a t i s t i c a l l y  f o r  an ind iv idua l  
p a r t i c l e .  

We have completed t e s t  runs w i t h  a  s t a t i s t i c a l  model o f  secondary 
e lec t ron emission (SEE). We have compared our r esu l t s  t o  experimental data, 
i n  terms o f  the po ten t ia l  d i r e c t l y  above the  surface, and the cur rent  densi ty 
t o  a  cur rent  co l lec tor .  
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Emitted energy, E 

Figure 3. A sketch of the energy spectrum curve f o r  S E ' s  

Figure 4. Potent ia l  p l o t s  a t  t ime step 0, w i t h  a 200 V po ten t ia l  on 
the conductor 



Figure 5 .  Potential p lots  a t  time step 2000, with a  200 V potent ia l  
on the conductor 

Figure 6 .  Potent ial  plots a t  time step 4000, wi th  a  200 V potent ia l  
on the conductor 



Figure 7. A time p l o t  o f  the (cumulative) numbers o f  primaries and 
secondaries, with 200 Volts on the conductor 

Figure 8. A time p l o t  of the (cumulative) numbers o f  primaries and 
secondaries, with 50 Volts on the conductor 
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Figure 11. P l o t  o f  current area density vs. voltage 
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