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1. INTRODUCTION 

Th is  spec ia l  r e p o r t  w i l l  examine the  ma te r ia l  t r anspor t  i n t e r a c t i v e  

e f f e c t s  between an 8 cm mercury i o n  t h r u s t e r  and the  P 80-1 spacecraf t .  

The P 80-1 spacecraft has an a u x i l i a r y  e l e c t r i c  t h r u s t e r  complement o f  

two 8  . .n e l e c t r o n  bombardment mercury ?'on engines. I n  the  c o n f i g u r a t i o n  

t o  be examined here, one o f  these t h r u s t e r s  w i  11 be on the  zen i th  (upper) 

surface of the spacecraft, wh i l e  the  second t h r u s t e r  w i l l  be on the r e a r  

f ac ing  surface. The P 80-1 spacecraft a l s o  has i n  i t s  payload the Teal 

Ruby sensor, on the  " l e f t "  f a c i n g  surface, and the  ECOM-501 sensors, on 

the z e n i t h  and n a d i r  surfaces. There a r e  no experiment payloads on the  

f r o n t  and " r i g h t "  face surfaces. The s o l a r  a r r a y  and i t s  support ing 

r o t a t i o n a l  mounting f i x t u r e  a re  placed on the  " r i gh t , "  sun-facing, s ide  

o f  the spacecraft .  

The conf igura t ion  of the P 80-1 spacecraft  and i t s  var ious elements 

and v - r i ous  payload experiments w i l l  n o t  be i l l u s t r a t e d  here. Reference 

i s  made t o  the Rockwell I n t e r n a t i o n a l  P 80-1 Spacecraft F a m i l i a r i z a t i o n  

B r i e f i n g ,  presented March 7 and 8, 1378 a t  Seal Beach, C a l i f o r n i a  f o r  t he  

s p e c i f i c  conf igura t iona l  placement o f  the  th rus te rs ,  the  t h r u s t e r  spu t te r  

shields, t he  spacecraft surfaces, the  so la r  a r ray ,  and the  var ious 

entrance aper tures of the  ECOM-501 and Teal Ruby sensors. 

The examination of ma te r i a l  t r anspor t  e f f e c t s  w i l l  consider both 

n e u t r j l  and charged p a r t i c l e  species. For t he  neu t ra l  species, o n l y  t he  

1  i ne -o f - s igh t  ma te r i a l  t r anspor t  node i s  possi b le .  For charged p a r t i c l e s ,  

both l i n e - o f - s i g h t  and non l i ne -o f - s igh t  ma te r i a l  t r anspor t  must be con- 

sidered. Because of t he  t h r u s t e r  placements on the  spacecraf t  and the  

con f i gu ra t i on  o f  t he  sput te r  sh ie lds,  l i n e - o f - s i g h t  t ranspor t  o f  p a r t i c l e s  

i s  e i t h e r  e l  in i inated o r  i s  reduced t o  extremely low l e v e l s .  The pre-  

dominant concern, thus, w i  11 be w i  t h  nonl i ne-of-s ig l l t  i o n  motion arid 

depos i t ion .  I t  w i l l  be shown t h a t  t h i s  process i s ,  i n  the main, concerned 

w i t h  the  weakly energet ic  ions  released by the  t h r u s t e r  r a t h e r  than the  

energet ic  ( t h r u s t )  ions. Because the weakly e n e r ~ e t i c  ions c o n s t i t u t e  

o n l y  a  minor f r a c t i o n  of the t o t a l  charged p a r t i c l e  re lease by the th rus te r ,  



deposi t ion o f  ions on spacecraft surfaces w i l l  be a t  extremely low leve ls .  

It i s  bel ieved t ha t  these deposi t ion l eve l s  are s u f f i c i e n t l y  reduced t o  

s a t i s f y  even the most s t r ingent  requirements s f  spacecraft surface 

materi  a1 accumulation. 

Because o f  the comparative importance o f  the nonl ine-of  -tight trans- 

po r t  o f  weakly energetic ions, t h i s  process w i l l  be discussed f i v s t  ( i n  

Section 2). Sections 3 and 4 w i l l  discuss the l i ne -o f -s igh t  t ransport  

o f  neut ra l  and charged par t i c les .  Section 5 w i l l  discuss aspects of the 

phenomena which i n f  1 uence the accumulation and removal of mater ia l  when 

mater ia l  a r r i v a l  ra tes  a re  a t  very low levels,  and Section 6 w i l l  discuss 

the e f f ec t s  o f  e lectron deposition. A f i n a l  section, 7, w i l l  summarize 

the f ind ings  o f  t h i s  Special Report. 

This repor t  also contains two appendices. Appendix A reviews the e f -  
f 1 ux measurements of charged p a r t i c l e s  from an 8-centtmeter mercury i on  

thruster ,  and Appendix B examines the rec i r cu la t i on  of e l  e c t i c  thruster  

ions i n  the magnetic f i e l d  o f  the earth, w i th  possib le re in te rcep t ion  on 

spacecraft surf aces. 
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2. NQNLI NE-OF-SIGHT TRANSPORT OF WEAKLY ENERGETIC IONS 1 

i 

+ -+ 
2.1 ION TRANSPORT V I A  v+ x Be RECIRCULATION 

An tig+ i o n  released from the i o n  t h r u s t e r  w i l l  be acted upon by both 
I : 
i 

e l e c t r i c  and magnetic f i e l d s  as i t  moves through the  ambient space plasma. d 
4 

For near-earth o r b i t s ,  e l e c t r i c  f i e l d s  i n  the  ionospheric plasma a re  i 

d 
4 

genera l ly  a t  very low leve ls ,  and, even i f  present, may be e :?her tem- .I 
p o r a l l y  o r  s p a t i a l l y  vary ing i n  a  per iod  o f  t ime o r  space a t  such r a t e s  + 
t h a t  cause e f fec t i ve  cance l l a t i on  of t h e  q,E fo rces  on an ion. The + + 
magnetic f i e l d  force OR the  i o n  (g iven by q,v, x  Be where +q, i s  i o n  + 
charge, v; i s  i o n  vector  ve loc i t y ,  and Be i s  the  Ear th 's  m g n e t i c  f i e l d ) ,  

w i l l ,  genera l ly ,  exe r t  a coherent bending fo rce  on the  i o n  motion. This ;I 
bending f o r c e  causes the  i o v  t o  move i n  a  h e l i c a l  path, and, f ~ r  c e r t a i n  

-b + + 
o r i e n t a t i o n s  o f  v,, Be, and vs ( the  spacecraf t  vector  ve loc i ty ; ,  i t  i s  

poss ib le  f o r  t he  ( h e l i c a l )  path of t he  i o n  t o  r e i n t e r c e p t  the  spacecraft  

surface. 

A t  any p o i n t  i n  the  motion o f  a s p ~ c e c r a f t  along i t s  o r b i t  i t  i s  

poss ib le  t o  examine the  var ious i o n  re lease t r a j e c t o r i e s  and t o  determine s 
-b -+ 

i f  r e c i r c u l a t i o n  of the i o n  i n  the v, x  Be force and r e i n t e r c e p t i o n  of t he  
'1 

spacecraf t  surface i s  dynamical ly forb idden o r  dynamical ly cl lowed. I f  9 i 

. recirculation/reinterception i s  dynamical ly allowed, i t  i s  then poss ib le  $ .? 
t o  determine the  requ i red  magnitude of v, and the  requ i red  o r i e n t a t i o n  o f  
+ 3 + 
v+ r e l a t i v e  t o  vS and Be fo r  t h i s  r e i n t e r c e p t i o n  t o  occur. Because the  

spacecraf t  has a  f i n i t e  size, the  recirculation/relnterception cond i t ions  

can be sa t i s f i ed ,  if dynamical ly allowed, throughout a  narrow range i n  
+ -+ 

magnitude i n  v, and throughout a  narrow cone o f  d i r e c t i o n s  o f  v, r e l a t i v e  
3 -+ 

t o  vs and Be. 

Appendix B t o  t h i s  specia l  r e p o r t  provides a  d e t a i l e d  desc r ip t i on  o f  

t he  dynamical ly al lowed and forbidden regions of the spacecraf t  o r b i t  

f o r  i on  rec i r cu la t i on / re in te rcep t ion ,  der ives  the  "po in t - to -po in t  focus 

condit ions," and ca lcu la tes  the var ious d ispers ion  coe f f i c i en ts  o f  the  

i o n  p o i n t  o f  impact f o r  various small incremental parameter changes around 4 
t h e  focus cond i t ions .  When these d ispers ion  r e l a t i o n s  a re  used w i t h  3 

: i ;1 
estimated forms o f  t he  i o n  re lease d i s t r i b u t i o n  funct ion ( i n  energy and 4 



i n  angle) i t  i s  possib le to  ca lcu la te  the r a t e  o f  i o n  deposi t ion on 
-b 

spacecraft surfaces as a  r e s u l t  o f  i o n  r e c i r c u l a t i o n  i n  Be. 

I n  Appendix B  the spec i f ic  case o f  the top mounted i on  th rus te r  was 

examined and ca lcu la t ions were presented o f  the i o n  deposi t ion on the 
-+ + 

spacecraft zen i th  surface for  several vS, Be arrangements. The resu l ts .  

expressed i n  a  normalized ef f lux coe f f i c ien t ,  , whose u n i t s  are  

and the t o t a l  mission atom a'troughput i n  th rus te r  propel lant ,  N, a l low 

the determination o f  EN, i, n~eb-cury ion:, deposited on 1 square cen t i -  

meter o f  spacecraft surface. 

The values of E calculated i n  Appendix B  w i l l  depend upon some 

assumptions i n  the ion  release d i s t r i b u t i o n .  Because the r ec i r cu l a t i on /  

re in te rcep t ion  react ion has i t s  maximum l i k e l i h o o d  f o r  "weakly energetic" 

ions (where "weakly energetic" w i l l  genera l ly  range from 0  t o  4 0  eV), 

and because the i on  energy spectrum and i o n  angular d i s t r i b u t i o n s  f o r  

these weakly energetic p a r t i c l e s  are no t  known w i t h  the prec is ion o f  

( f o r  example) the t h rus t  i on  re1 ease propert ies,  sone assumptions w i l l  
be required i n  the ca lcu la t ions o f  the normalized e f f l u x  coe f f i c ien ts .  

For an assumed release d i s t r i b u t i o n  funct ion i n  weakly energetic ions 

corresponding t o  the present ava i lab le  experimental data on the ion  

thrus te  plasma plume, the normalized e f f l u x  c o e f f i c i e n t  i s  u5 x  10- l4 

cm-*. ;ing t h i s  E value and for  10,000 hours o f  t h rus te r  operat ion 

(2 x  ' ' th rus t  i on  throughput), the t o t a l  i on  deposi t ion over the 

e n t i  operat ional period i s  lo1* per square centimeter, which corresponds 

t o  O 301 manolayers. 

The ex t r ao rd i na r i l y  low leve l  s  o f  deposi t ion described above have 
+ -k 

been examined f o r  other o r ien ta t ions  o f  vS, Be, fo r  i n te rcep t ion  on 

o ther  spacecraft surfaces, and f o r  various assumptions r e l a t i v e  t o  the 

weakly energetic ion release d i s t r i b u t i o n .  The r e s u l t  o f  the more 

general examination f o l  lows the resu l  t o f  the spec i f ic  conf igura t ion 

described above. Depositions f o r  the 10,000-hour example o f  i o n  th rus te r  

operat ion remain a t  very small f rac t ions of a  monolayer for  the e n t i r e t y  

o f  the mission. As a  r e s u l t  of these studies, i t  has been concluded t h a t  

r e c i r c u l a t i o n  o f  ions i n  the magnetic f i e l d  of the ear th  r e s u l t s  i n  

neg l i g i b l e  l eve l s  o f  mater ia l  t ranspor t  f o r  the surfaces o f  the space- 

c r a f t  and i t s  various sensors. 



2 . ~  ION TRANSPORT V I A  ELECTRIC FIELD REFRACTION 

2.2.1 General Considerat ions 

Sect ion 2.1 has noted t h a t  both e l e c t r i c  and magnetic f i e l d s  a r e  

present  i n  the  space plasma and mJy a c t  on an i o n  moving through t h a t  

medium. It has been po in ted  out ,  however, t h a t  e l e c t r i c  f i e l d s  i n  the  

space plasma a r e  a t  t:ery weak 1  eve1 s and, even i f  present , do not  a c t  

i n  general t o  produce coherent r e f r a c t i o n  i n  the t r a j e c t o r i e s  o f  ions .  

The i n t e r e s t  of t h i s  Sect ion w i l l  be e l e c t r i c  f i e l d  r 4 ~ f r a c t i o n  o f  

the i o n  v e l o c i t y .  The e l e c t r i c  f i e l d s  o f  i n t e r e s t ,  however, a re  no t  

w i t h i n  the  space plasma bu t  are, instead, w i t h i n  the  plasma plume o f  

the i o n  t h r u s t e r  and between the plasma plume and the  var ious ma te r ia l  

surfaces o f  the spacecraft and the t h r u s t e r .  

The focus o f  i n t e r e s t  w i l l  be, again, upon the  t r a j e c t o r i e s  o f  

weakly energet ic  ions.  The approach t o  t r a j e c t o r y  r e f r a c t i o n  of such 

ions by e l e c t r i c  f i e l d s  has been both a n a l y t i c a l  and experimental. 

Appendix A o f  t h i s  Special Report, presents a  d e t a i l e d  d e s c r i p t i o n  

o f  the experiments and analyses on i o n  r e f r a c t i o n .  Three cond i t i ons  o f  

i o n  t h r u s t e r  opera t ion  were examined. These cond i t ions  were: 

(1) Operation o f  the t h r u s t e r  plasma discharge n e u t r a l i z e r  
o n l y  

(2 )  Operat ion o f  the  t h r u s t e r  discharge and the t h r u s t e r  
neu t ra l  i z e r  discharge (bu t  w i thout  t ne  a p p l i c a t i o n  
the i o n  engine acce lera t ion  vol tages)  

(3 )  Operation of t he  complete t h r u s t e r  (FULL BEAM ON) 

These var ious  opera t iona l  cond i t i ons  w i l l  be discussed i n  Sections 2.2.2, 

2.2.3, and 2.2.4. 

2.2.2 I o n  Transport f o r  Operation o f  the N e u t r a l i z e r  Discharge Only 

For nominal t h r u s t e r  n e u t r a l i z e r  operat ion, a  mercury i n j e c t i o n  o f  

6 mil l iamperes (equ iva len t )  o f  tig0 i s  d i rec ted  i n t o  the ho l low cathode 

discharge. The ho l low cathode discharge i s  maintained by a  keeper e lec-  

trode, maintained a t  %18 v o l t s  p o s i t i v e  w i t h  respect  t o  n e u t r a l i z e r  

cathode conimon and drawing a discharge cu r ren t  of ' ~ 0 . 5  amperes. The 

passage of the discharge c u r r e n t  creates an i o n  re lease c u r r e n t  o f  



~300 pA H~ ' .  These Hgt ions expand w i t h  the plasma plume e lec t rons  i n  

an  bipolar d i f f u s i o n .  Because the  n e u t r a l i z e r  plume expansion causes 

a  plasma dens i t y  drop-of f ,  and because o f  the  f i n i t e  e l e c t r o n  temperature 

i n  the plume, the  plasma has an e l e c t r i c  f i e l d  s t r u c t u r e  w i t h i n  it. The 

Hgt ions are  accelerated by these e l e c t r i c  f i e l d s  and the  ions gain 

energies which a re  genera l ly  " la rge"  (210) compared t o  kTe, where k  i s  

Bol tzmann ' s  constant and Te i s  e lec t ron  temperature. 

When the n e u t r a l i z e r  plasma plume, i n  i t s  expansion, encounters 

a  mater ia l  boundary, the  plasma w i l l ,  i n  general, e s t a b l i s h  an e l e c t r i c  

f i e l d  between the boundary and the plume. For i n s u l a t i n g  mater ia ls ,  

these e l e c t r i c  f i e l d s  a re  several t imes kT /e  ( i n  u n i t s  of v o l t s )  d i v ided  
et 

by the sheath thickness. A plasma plume Hg i o n  moving i n  t h i s  reg ion o f  

the  plasma sheath can be re f rac ted  by t h i s  e l e c t r i c  f i e l d  and nonl ine-of-  

s igh t  i o n  t ranspor t  resu l t s .  

For experiments w i t h  the  n e u t r a l i z e r  discharge only,  a  ser ies  o f  

probe measurements was c a r r i e d  out  i n  regions which can d i r e c t l y  view the  

r ~ e u t r a l i z e r  and a l s o  i n  regions which a r e  i n  the  "shadows" ( f o r  o p t i c a l  

transmission) created by var ious ma te r ia l  boundaries f o r  a  p o i n t  l i g h t  

source a t  the n e u t r a l i z e r  l oca t ion .  It was determined tha t ,  i n  general, 

the  "shadows" cast  i n  the  neut ra l  i z e r  plasma plume by the  mater ia l  

boundaries are comparat ively sharp. Some r e f r a c t i o n  of the  ions i s  

observed. This r e f r a c t i o n  i s  no t  l a r g e  fo r  i n s u l a t i n g  boundaries pro- 

vided t h a t  the  plasma has undergone a  h igh  degree o f  expansion from the 

neutra l  i z e r  o r i f  i c e  before encounter.iiig the  boundary. Fcr  ,:onducting 

boundaries, the r e f r a c t i o n  can be ,increased by the d e l i b e r a t e  c r e a t i o n  

o f  e l e c t r i c  f i e l d s  between the  plasma and the boundary. For these con- 

duct ing boundaries, however, t he  r e f r a c t i o n  of t he  ions may a l so  be 

reduced by varying the  boundary p o t e n t i a l  t o  reduce ( o r  e l im ina te )  the  

e l e c t r i c  f i e l d  between the plasma and t h e  boundary. 

From the above observations, i t  f o l l o w s  t h a t  the i o n  f lue  l e v e l s  

i n  the umbra region o f  the th rus te r  spu t te r  sh ie ld  w i l l  be very g r e a t l y  

reduced from f l u x  l e v e l s  i n  t h e  unshielded regions, and f l u x  l e v e l s  i n  
2 t h e  unshielded regions are given approximately by It/2nR where I+ i s  



the i o n  release current  (19.3 mil l iamperes) and R i s  the distance from 

the neu t ra l i ze r  t o  the po in t  o f  observation. For R ~1 meter, f l u x  l eve l s  
2 o f  the order o f  lo1' ions/cm /sec are ob,tained i n  the unshielded regions 

leading t o  t o t a l  i on  a r r i v a l  o f  ~1 mnolayer  per day. For, the shielded 

regions, the f l u x  dens i t ies  can be g rea t l y  reduced depending upon the 

po in t  of l oca t ion  i n  the umbra and upon e l e c t r i c  f i e l d  condi t ions a t  the 

materi a1 bou~~dary  . 
The explan3,tion o f  the comparatively sharp shadows i n  the plasma 

plume cast  by mater ia l  boundaries i s  t ha t  the i on  energies i n  the plume 

are s u f f i c i e n t l y  la rger  than kTe/, so t ha t  kTe/eA e l e c t r i c  f i e l ds  (where 

i s  a sheath thickness between a mater ia l  boundary and the plasma plume) 

cause on iy  minor bending o f  the t ra jec to ry .  

I n  examining possible in te rac t i ve  e f fec ts  o f  these i on  f l uxes  w i t h  

P 80-1 surfaces and sensors, there are three areas o f  p r inc ipa l  concern. 

These areas are the Teal Ruby sensor, the ECOM-501 sensor, and the P 80-1 

surface on t ha t  face o f  the spacecraft bearing the ion  th rus te r .  The 

f i r s t  element t o  examine i s  the Teal Ruby sensor. The or 'entat ion of the 

thruster  sput ter  shie ld i s  such t ha t  the Teal Ruby sensor l i e s  i n  the 

umbra o f  t h i s  sput ter  shie ld.  For an H ~ +  t o  move t o  the v i c i ~ i t y  o f  the 

Teal Ruby sensor, i t  must f i r s t  expand @ver the sput ter  shield, vust  

r e f r a c t  by ~ 9 0  degress, and must then t rave l  a distance o f  ~1 meter. A t  
t h i s  juncture the ion must expand over the edge of the spacecraft (con- 

necting the upper spacecraft face w i th  the r i g h t  fac ing surface o f  the 

Teal Ruby sensor) t o  encounter the ex te r i o r  of the Teal Ruby sensor. For 

an ion t o  reach the i n t e r i o r  o f  the Teal Ruby sensor i t  must then con- 

t inue i t s  movement but i n  a comparatively tortuous path, . involving p l u r a l  

re f rac t ions o f  the ion. Experiments w i th  Faraday cups (described i n  

Appendix A) were car r ied t o  determine the extent o f  i on  t ransport  i n t o  

ca l l ec t i ng  surfaces f o r  a p l u ra l  r e f r ac t i on  requirement. These experi- 

ments were unable t o  detect  such t ranspor t  beca.~se the signal l eve ls  

had diminished below the noise leve ls  i n  the measuring c i r c u i t s .  These 

probes were capable o f  detect ing mercury ion  a r r i v a l  a t  a1 monalayer per 
7 10 seconds ( ~ 1 1 5  days, ~ 2 8 0 0  hours o f  thruster  operation). 



7 .  .-r 

I n  sumnary f o r  the  da ta  above ac:: ~ U I  t:?c Teal Ruby sensor i t  may 

be concluded chat H ~ +  i o n  t ranspor t  i n t o  t h e  $ < ~ l i o r  i s  a t  n e g l i g i b l y  

small l e v e l s  ( l ess  than 1 monolayer per  10,000 hours of operat ion) .  

Even a t  the edge of the  spacecraf t  and f o r  t he  e x t e r i o r  of the  sensor 
7 i t  may be est imated t h a t  i o n  f l u x  i s  l e s s  than 1 monolayer per  10 sec- 

onds o f  opera t ion  i n  t h i s  cond i t i on .  For a  t h r u s t e r  miss ion i n  which 

the t o t a l  opera t ion  i n  a l l  modes i s  10,000 huurs, opera t ion  i n  the 

n e u t r a l i z e r  d ischarge on l y  c o n d i t i o n  may be est imated a t  l e s s  than 10% 

o f  t h i s  time, end even t h i s  10% f i g u r e  would be obta ined o n l y  f o r  a  

l a rge  number of engine turn-on cyc les  w i t h  o n l y  comparat ively b r i e f  

per$-tds of f u l  l - u p  th rus t i ng .  I n  o v e r a l l  summary, then, i o n  depos i t ion  

l e v e l s  a r e  below 1 monolayer per mlss ion  a t  t he  sensor e x t e r i o r  and a r e  

(probably) many orders o f  magnitude below the  mono1 ayer per mission 

l eve l  f o r  t he  sensor i n t e r i o r .  

TIle second areei. c i concern f o r  t h i s  n e u t r a l i z e r  plasma plume f l u x  i s  

the top-mounted ECOP1-501 sensor. This  top-mounted sensor occupies the  same 

surface as the tor-mounted t h r u s t e r  and must be examined f o r  poss ib le  mate- 

r i a l  t r anspor t  effects. There i s  no s i g n i f i c a n t  ma te r i a l  t r a m p o r t  t o  the  
top-mounted ECdM-501 sensor and the  r e a r  face th rus te r ,  and the  nad i r  mounted 

ECOM-501 sensor has no s i g n i f i c a n t  ma te r i a l  t r anspor t  from e i t h e r  t he  top  

face ot8 rea r  f ace  th rus te rs .  

The ECOM-501 sensor has a  z e n i t h  p o i n t i n g  opening which i s  loca ted  

i I the "backward hemi sphere" o f  the i o n  t h r u s t e r  (po la r  angle %I20 degrees) 

and a t  a  (po la r  coord inate system) r a d i a l  separat ion d is tance of z l  meter. 

There i s  no d i r e c t  l i n e - o f - s i g h t  from the  t h r u s t e r  n e u t r a l i z e r  t o  the  

entrance aper tu re  of ECOM-501 and ions  i n  the n e u t r a l i z e r  plume can reach 

the ECOM entrance o n l y  by a  t r a j e c t o r y  r e f r a c t i o n .  The placement o f  the  

th rus te r  spu t te r  s h i e l d  having been made so as t o  cas t  the umbra toward 

the Teal Ruby sensor r e s u l t s  i n  a  c o n d i t i o n  where the  umbra reg ion  f o r  

the ECOM sensor i s  cas t  by the ou ter  f r o n t  r i n g  of the  mercury i o n  engine. 

Ref rac t ion  o f  ions  must occur, then, i n  the e l e c t r i c  f i e l d s  between the  

n e u t r a l i z e r  plasma plume a r ~ d  the body o f  t he  t h r u s t e r .  The bending o f  

the  i ons  as the  ions  exgand over the t h r u s t e r  edge must be somewhat above 

30 degrees f o r  the  (now a1 te red)  t r a j e c t o r y  t o  be i n  the  d i r e c t i o n  o f  

the ECOM-501 entrance aper ture.  



Measurements o f  the neutral  i z e r  plasma plume expansion over the I i - l 
th ruster  edge were not car r ied out  i n  the experimental po r t ion  of the 1 i 

i 
program descr l t  (-.d i n  Appendix A because o f  the placement of other mater ia l  

surfaces i n  the t e s t  conf igurat ion and because o f  the a1 lowable range of 
> 

probe pos i t ions i n  the presence of those boundaries. 'There are, however, 

several features i n  the ion  motion and i n  the sensor entrance aperture \ 
which lead t o  a conclusion o f  very low l eve l s  o f  t rans?or t  i n t o  the sen- 

i 
sor i n t e r i o r .  The f i r s t  aspect of t h i s  t ranspor t  i s ~ t h a t  the weakly 4 

energetic ions movi ng toward the ECOM-501 sensor apertufle w i  11 encounter 1 
'1 

tha t  aperture a t  an angle w i th  respect t o  the sensor ax is  o f  6 0  degrees, 

For a l i n e  o f  s i gh t  p a r t i c l e  t o  enter the sensor i n t e r i o r  requires a 
d tij 

comparatively small angle between the p a r t i c l e  ve loc i t y  and the sensor 

axis. The ion, thus, w i  11 encounter the edge o f  the entrance aperture 

near the entrance plane. If the ion should be more severely re f rac ted 

v ia  some other t r a j ec to r y  and have ac entrance along the sensor axis,  

the p a r t i c i e  w i  I 1  then be subject t o  a transverse magnetic f i e l d  of 4 
1 

several hundred gauss (placed a t  the entrance t o  prevent the ions and 

electrons of the ambient space plasma from enter ing the sensor). A 
f i n a l  feature  t o  note here i s  t ha t  the entrance aperture temperatures z 

i 

are s u f f i c i e n t l y  elevated t h a t  mercury accumulation on the entrance 3 

surfaces w i l l  no t  resu l t .  The l i k e l y  ac t ion  i s  t ha t  a mercury ion 4 
1 

inc ident  on the surface w i  11 accommodate t o  the surface f o r  only a 

b r i e f  per iod before re-evaporation. 

O f  f i n a l  i n t e r e s t  here are the spacecraft surfaces inc lud ing the 

spacecraft body surface and the rear face of the so lar  array.  For the 
top mounted thruster ,  i on  deposit ion on the rear  surfaces o f  the so lar  

array may occur v i a  l i ne -o f -s igh t  t ranspor t  f o r  ions emerging near s 

polar  angle of 90 degrees from the thruster  axis. Because t h i s  l i ne -o f -  
s ight  t ranspor t  i s  s im i la r  t o  the ion  t ranspor t  t c  the rear  side o f  the 

solar  a r ray  f o r  the combined discharge ope-ation and f o r  the f u l l y  

operational thruster ,  a s ing le  discussion o f  ion a r r i v a l  t o  the solar  

array rear  face w i l l  be given i n  Sect:on 4. 



The remaining nonl i ne -o f - s igh t  t ranspor t  of ions  t o  the  spacecraf t  

body surfaces occurs as a r e s u l t  of i o n  r e f r a c t i o n  over  the edge o f  

the t h r u s t e r  f r o n t  r i ng ,  which has been p rev ious l y  examined as a 

mater ia l  t r anspor t  e f f e c t  f o r  the ECOM-501 sensor. For ions t o  encounter 

spacecraft body surfaces requ i res  r e f r a c t i o n  i n  the  range o f  30 degrees 

o r  nnre and o n l y  selected azimuthal po r t i ons  o f  the  th rus te r  per iphery  

(1~50%)  may c o n t r i  bute t o  t h i  s f l a w  because o f  the  presence o f  t he  thrdstec 

sput te r  sh ie ld .  As noted prev ious ly ,  i o n  r e f r a c t i o n  ef fects over  t h i s  

po r t i on  o f  the t h r u s t e r  edge were no t  capable o f  being measured i n  the  

experimental conf igura t ion .  Rela t i  ve t o  i o n  d e p ~ s i  t i o n  e f fec ts  on space- 

c r a f t  surfaces, however, i t  should be noted t h a t  these spacecraft sur- 

faces a r e  n o t  a t  unusual ly  low temperatures. The surfaces a l so  have 

ra the r  convent ional  so la r  a b s o r p t i v i t i e s  (a ~ 0 . 4 ) ~  so t h a t  the  t o t a l  

spacecraf t  opera t ion  i s  no t  faced w i t h  the ~ r o b l m  o f  ma in ta in ing  ex t ra -  

o r d i n a r i l y  low so la r  a b s o r p t i v i  t i e s  (such as OSRs). Because the  sur- 

faces move i n  a modest temperature range (minimum temperatures o f  

$0'~). ar?d because the  a r r i v a l  r a t e s  o f  any re f rac ted  ions are a t  such 

low l e v e l s ,  i t  may be c o ~ ~ c l u d e d  t h a t  no s i g n i f i c a n t  surface a1 t e r a t i o n s  

w i l l  occur. 

2.2.3 I o n  Transport f o r  Operat ion o f  the N e u t r a l i z e r  Discharge and - 
t h e  Thruster Discharge 

For t he  "combined discharge" plasma plume c o n d i t i o n  the t h r u s t e r  

discharge i s  operated a t  nominal mass i n j e c t i o n  r a t e  and nominal d i s -  

charge c u r r e n t s  and vol tages and the n e u t r a l i z e r  discharge i s  con- 

t inued i n  the opera t ion  described e a r l i e r  i n  Sect ion 2.2.2. I o n  acceler-  

a t i o n  vo l tages  a re  no t  app l ied  tq  t he  screen and acce lera tor  e lect rodes 

and the thrust:; discharge cathode common remains a t  V = 0, t he  chamber 

ground p o t e n t i a l  . 
1 Although the  bu l k  of t he  i n j e c t e d  HgO i s  ion ized i n  the t h r u s t e r  

d i  scharge, the absence of the l a rge  i o n  acce le ra t i on  p o t e n t i a l  s  prevents 1 ' 
, t h e  re lease of the m a j o r i t y  o f  the created ions.  A small cu r ren t  

( ~ 2  to  3 mi 11 iamperes) o f  H ~ +  can be t ranspor ted  i n  the  p o t e n t i s l  fa1 1 

between t h e  thruster.  discharge p: asma p o t e n t i a l  (g iven approximately by 
, 
! t h e  discharge anode p o t e n t i a l )  and the  screen e lec t rode.  The remainder 
I o f  the i n j e c t e d  mcrcury emerges, u l t i m a t e l y ,  i n  HgO atoms. 



I n  the region outside of the thruster ,  the tlgt Ions moving from the 

thruster  discharge are neutral ized by the thruster  discharge neu t ra l i ze r  

plasma. The comparatively low leve l  of required neutral  I zer e lec t ron 

current  t o  match the emerging tIgt dues not  cause the plasma plume po ten t ia l  

t o  r i s e  appreciably and the po ten t ia l  i n  t h i s  plume remains a t  a few vo l t s  

pos i t i ve  w i th  respect t o  the chamber walls. The H ~ +  ions created by the 

thruster  neu t ra l i ze r  continue t o  be released, thus, and have k i n e t i c  

energies of approximately the 10 eV fo r  the previously discussed case o f  

the neut ra l  i zer d i  scharge only. 

Retardi ny po ten t ia l  analyses o f  the ions moving from the thruster  

i n t o  the ex te r io r  plume reveal t ha t  these ions have k i n e t i c  energies o f  

u20 t o  30 eV whDch represents the po ten t ia l  f a l l  between the i n i t i a l  

region o f  i on  generation arrd the ex te r i o r  plasma. The cur rent  of these 

m r q :  energetic ions i s  approximately 10 times the cur rent  of ions created 

by the neutral  i z e r  plasma discharge. 

The presence o f  l a rger  ion  release currents might be taken t o  i n d i -  

ca te  tr,at increased leve ls  o f  deposi t ion might be encountered on space- 

c r a f t  surfaces. These addi t i ona l  ions, however, are more e ~ e r g e t i c  and 

are even less eas i l y  refracted i n  e l e c t r i c  f i e l ds  than the ion  discussed 

i n  Section 2.2.2. Measurements dt the e l e c t r i c  f i e l d s  i n  the plasma 

plume o f  tire combined discharge operation condi t ion reveal the e l e c t r i c  

f i e l d  structuh-e i n  t h i s  l a t t e r  case i s  essen t ia l l y  the same as i n  the 

ear l i e r ,  neutral  i z e r  discharge only, case. This e l e c t r i c  f i e l d  s t ruc ture  

s i t ua t i on  ; I 1  be g rea t l y  a l tered,  as w i l l  be seen, fo r  the plasma plume 

o f  the f u l l y  operational th rus te r  (Section 2.2.4). 

I n  the present condi t ion o f  operation, the released ion  cur rent  has 

increased by approximately one order o f  magnitude compared t o  the neutra- 

l i z e r  discharge only, the add i t iona l  ions are more energetic (20 t o  30 eV 

compared t o  ~ 1 0  eV i n  the e s r l i e r  case), the fon release p r o f i l e  i s  more 

sharply peaked along the thruster  ax is  (cons t i tu t ing  a weakly energetic 

ion beam), and re f r ac t i ng  e l e c t r i c  f i e l d s  i n  the plasma plume and between 

the plasma plume and the mater ia l  boundaries as essen t ia l l y  unchanged 

from the f ie ld :  present i n  the ea r l i e r ,  neu t ra l i ze r  discharge only, case. 

From these several features o f  the plasma plume i t  w i l l  be concluded t ha t  



i o n  depos i t i on  e f f e c t s  f o r  t he  combined plasma discharge case a re  below 

l e v e l s  of s i gn i f i cance  as was concluded e a r l i e r  f o r  the n e u t r a l i z e r  

plasma plume. These conclusions spp ly  t o  the  i o n  t ranspor t  t o  the 

regions of  the Teal Ruby Sensor, t he  regions of t he  ECOM-501 sensor, 

and t o  the surfaces on the spacecraft. Faraday cup measurements o f  

these i o n  cu r ren ts  i n  the umbra regions o f  ma te r i a l  boundaries conf i rm 

these conclus ions i n  the geometries f o r  which probe measurements were 

possib le.  There remain some questions, as before, on the  ex ten t  o f  the  

r e f r a c t i o n  of  weakly energet ic  ions  over  the f r o n t  r i n g  edge of the i o n  

th rus te r .  

A f i n a l  observat ion f o r  t h i s  combined discharge plasma plume 

opera t ion  c o n d i t i o n  r e l a t e s  t o  the expected o n - o r b i t  f r a c t i o n  of  a l l  

t h r u s t e r  opera t iona l  t ime i n  which these combined discharges a re  present 

b u t  i on  acce le ra t i on  vo l tage i s  no t  appl ied.  For a ser ies  of poss ib le  

miss ion opera t iona l  prof i l e s  ( t h r u s t e r  close-downs, t h r u s t e r  r e s t a r t s ,  

and steady s t a t e  th rus t i ng ) ,  i t  m y  be est imated t h a t  l ess  than 5% o f  

t he  t o t a l  pe r iod  w i l l  be i n  the combined discharge cond i t ion .  This 

has the f u r t h e r  e f f e c t  o f  reducing i o n  depos i t ion  l e v e l s  below detecta-  

b i l i t y  i n  even the  most s e n s i t i v e  of surfaces an3 sensors. 

2.2.4 I o n  Transport f o r  the  F u l l y  Operat ional I o n  Thruster 

With the  a p p l i c a t i o n  o f  i o n  acce le ra t i on  vol tages t o  the  screen and 

acce lera tor  e lect rodes,  the Iigf formed i n  the  t h r u s t e r  discharge may 

now be ex t rac ted  and accelerated i n t o  the i o n  t h r u s t  beam. The H ~ O  

re lease f rom the i o n  t h r u s t e r  diminishes by approximately one order  o f  

magnitude and the  i o n  re lease cu r ren t  increases t o  approximately 74 m i l l l -  

amperes. Because the  t h r u s t  ions  now r e q u i r e  matching cu r ren ts  o f  

e lec t rons  from the n e u t r a l i z e r ,  the  p o t e n t i a l  g rad ien t  cond i t i ons  i n  the 

reg ion  o f  the n e u t r a l i z e r  now reverse d i r e c t i o n ,  from t h a t  cond i t i on  

observed i n  the  e a r l i e r  two opera t iona l  cond i t ions .  I t  i s  be1 ieved 

t h a t  t h i s  reversa l  o f  p o t e n t i a l  g rad ien t  causes a suppression o f  the 

weakly energet ic  ions  created by the n e u t r a l i z e r  discharge. Weakly 

energet ic  i ons  w i l l  cont inue t o  emerge from the t h r u s t e r  plasma pldme, 

b u t  the mechanism 9roducing these ions and the energies and re lease 

d i r e c t i o n s  o f  the ions  w i l l  be d i f f e r e n t  i n  the f u l l y  operat ional  t h r u s t e r  



than from e i t he r  the neutral  i z e r  discharge on ly  cond i t i on  o r  the combined 

plasma discharge condi t ion.  

The e l e c t r i c  f i e l d s  required t o  ex t rac t  the neu t ra l i z ing  electrons 
froni the discharge neu t ra l i ze r  t o  the t h rus t  beam plasma r e s u l t  i n  poten- 

t i a l  increments (between the neu t ra l i ze r  and the plasma plume ax i s )  o f  

up t o  50 vo l t s .  De ta i l s  o f  these po ten t ia l  p r o f i l e s  i n  the f u l l  t h rus t  

beam are  given i n  Appendfx A and i n  the references c i t e d  there. Within 

the plasma column these f i e l d s  may reach l eve l s  o f  20 volts/cm w i th  the 

predominant e l e c t r i c  f i e l ds  i n  the h igh po lar  angle ( e  %90 degrees) 

d i rec t ions.  

The HgO re least  by the th rus te r  and the H ~ '  t h rus t  Ions can react  

v ia the (~g', Hg') charge t ransfer  react ion t o  produce an ( i n i t i a l l y )  

very low-energy i on  and an energetic neutt a1 . 'The charge exchange ion  

then acquires k i n e t i c  energy i n  the e l e c t r i c  f i e l ds  t n  the plasma, as 

discussed above. These "Group I V n  ions have a production r a t e  o f  approx- 

imately 300 microamperes f o r  a nominal operatJon condi t ion o f  an 8-cm 

thruster  a t  FULL BEAM ON. I n  add i t i on  t o  the charge exchange ions, 

there a re  a lso Hgt ions formed by the ion iza t ion  of H ~ O  by the beam 

neu t ra l i za t ion  electrons, a f r ac t i on  o f  which have su f f i c ien t  i n j ec t i on  

energies t o  cause the ion iza t ion  t o  occur. The propert ies o f  these 

electron-impact- ionization produced ions cannot be dist inguished from 

the Group I V ,  charge exchange, ions and the 300 PA production r a t e  c i t e d  

above include ions produced by both charge t rans fe r  and by electron 

impact ion izat ion.  

The p r inc ipa l  concern for  nonl ine-of - s igh t  ion t ranspor t  f o r  the 

f u l l y  operational thruster  i s  i n  the motion o f  the weakly energetic ions 

i n  the e l e c t r i c  f i e l d s  o f  the thruster  plasma plume and i n  the e l e c t r i c  

f i e l d s  between t h i s  plasma plume and various mater ia l  boundaries. As 

noted above, the weakly energetic ions now have k i n e t i c  energies ranging 

t o  approximately 50 eV. The e l e c t r i c  f i e l d s  i n  the plasma and between 

the plasma and the boundary are, however, a lso increased i n  magnitude 

from the previously examined operational condi t ion,  so t ha t  re f rac t ion  

o f  the "weakly energetic" ions may be through comparable angles i n  a1 1 

o f  these operational condit ions. 



Deta i l s  of the experiments w i t h  the f u l l y  operational i on  th rus te r  

are given i n  Appendix A and i n  the references c i t e d  there. An important 

d i s t i n c t i o n  must be made, however, between the measurements for  the f u l l y  

operational beam and the measurements for  the neutral  i zer and thruster  

discharges. This d i s t i n c t i o n  i s  t ha t  the presence o f  the energetic t h rus t  

ions i n  the t es t i ng  chamber creates a series o f  f a c i l i t y  e f f ec t s  react ions 

and charged p a r t i c l e  f luxes which are not present i n  the previous two 

operational condit ions. These f a c i  1 i t y  e f f ec t s  have been known from 

previous experiments so tha t  t h e i r  presence i n  these more recent experi - 
ments was not  unexpected. The measurements were ca r r ied  out, however, 

t o  ex t rac t  as much informat ion as i s  possible on the "genuine" ion f l u x  

cignals, and a lso as a continuing e f fo r t  toward the reduct ion of the 

" f a c i l i t y  e f f e c t "  eff luxes. As the discussion t o  f o l l ow  w i l l  note, there 

are important remaining questions on the weakly enerqetic ion  f luxes f o r  

t h i s  f u l  l y  operational thruster  condi t ion.  

The primary concern of the i n te rac t i ve  e f fec ts  analysis i s ,  as 

before, i on  t ranspor t  t o  the Teal Ruby sensor. Following th is ,  the concern 

s h i f t s  t o  possib le ion  t ransport  t o  ECOM-501, w i t h  the remaining concern 

f o r  ion  t ranspor t  t o  spacecraft surfaces. 

For a Group I V  ion  t o  move t o  the regions o f  the. Teal Ruby sensor, 

that  i on  must be created i n  the plasma th rus t  beam and must then move 

under the ac t ion  o f  the plume e l e c t r i  c  f i e l ds  and plume-to-material 

boundary e l e c t r i c  f i e l ds  i n  a t r a j ec to r y  which proceeds i n t o  the region 

occupied by the sensor. I f  the Group I V  ion  i s  created near the ion 

th rus te r  (w i th in  a few centimeters of the accelerator  g r i d  plane), the 

ion must f i r s t  move i n  the downstream a x i a l  d i r ec t i on  ( i n  add i t ion t o  

i t s  r a d i a l l y  outward motion, where the rad ia l  d i r e c t i o n  i s  now defined 

i n  a c y l i n d r i c a l  coordinate system) i n  order t o  avoid the sput ter  

shield, f o r  assumed i on  t ransport  t o  the Teal Ruby sensor region. For 

t h i s  i o n  t o  then proceed toward the Teal Ruby sensor, t r a j ?c to r y  bending 

of the order o f  90 degrees may be required i n  the sheath f i e l ds  between 

the sput ter  sh ie ld  and the th rus t  beam plasma. Such high angle bending 

i s  not  1 i kely  considering the general range of Group I V  i on  k i n e t i c  

energies. It i s  possible t ha t  some lower energy Group I V  ions, created 



near the  edge o f  t h e  t h r u s t  beam plasma and accelerated by the (now) 

weaker e l e c t r i c  f i e l d s  i n  these plasma edge regtons, w i l l  be more e a s i l y  

re f rac ted.  The plasma edge regions w i  11, however, have e i t h e r  reduced 

(or  poss ib l y  reversed) a x i a l  e l e c t r i c  f i e l d s  and i t  w i l l ,  thus, be 

d i f f i c u l t  t o  s a t i s f y  the  j o i n t  requirements o f  downstream motion ( t o  

c lea r  t h e  spu t te r  sh ie ld )  fo l lowed by h igh  angle r e f r a c t i o n .  For Group I V  

ions created near the t h r u s t e r  acce lera tor  p l a ~ e ,  then, t ranspor t  over  

the edge o f  the sput te r  sh ie ld  and i n t o  the  spu t te r  s h i e l d  umbra regions 

occupied by the  Teal Ruby sensor appears an extremely low l e v e l  process. 

An important  d i s t i n c t i o n  concerning the  Group I V  ions i n  t h i s  f u l l y  

operat ional  t h r u s t e r  cond i t i on  and the  weakly energet ic  ions f o r  the  

previous two operat ional  cond i t ions  i s  t h a t  t he  Group I V  ions are pro- 

duced throughout the  t h r u s t  beam plasma, wh i le  t h e  weakly energet ic  ions  

examined e a r l  i e r  are  created i n  e a s i l y  described (and we1 1 proscr ibed) 

volumetr ic regions. The Sulk o f  t he  Group I V  ions  are, of course, created 
t 

near the  acce lera tor  g r i d  plane where the  densi t i e s  o f  HgO and Hg a r e  

a t  maximum leve ls .  There w i l l  be, however, cont inued charge exchange 

react ions throughout the t h r u s t  beam plasma, a l b e i t  a t  reduced volumetr ic  

rates.  The d iscussion w i l l  now examine the  Group I V  ions made i n  the  

downstream region.  

If a Group I V  i o n  i s  made a t  a s u f f i c i e n t l y  removed downstream 

locat ion ,  the view f a c t o r  from t h a t  l o c a t i o n  p o i n t  can inc lude the  Teal 

Ruby sensor. The quest ion then becomes one o f  determining e l e c t r i c  f i e l d  

s t ruc tu re  i n  the  plasma plume t o  determine i f  the e l e c t r i c  f i e l d s  can 

permit t he  created Group I V  i o n  t o  move i n t o  t h e  reg ion o f  the  Teal Ruby 

sensor. Some measurements o f  these plasma plume e l e c t r i c  f i e l d s  a re  

described i n  Appendix A and f i e l d  o r i e n t a t i o n s  a t  120 degree po lar  angle 

have been observed i n  the ou te r  edges o f  t he  plasma. A charge exchange 

ion  created a t  such a plasma l o c a t i o n  p o i n t  (and neglect ing previous HgO 

v e l o c i t y )  would move toward the  Teal Ruby sensor. A p r i n c i p a l  quest ion 

then becomes the poss ib le  volumetr ic  i o n  c rea t ion  ra tes  f o r  an i o n  

th rus te r  i n  space. The in-space d i s t i n c t i o n  i s  made here i n  t h a t  weakly 

energet ic f a c i l i t y  e f f e c t  i o n  f l uxes  a r e  known t o  e x i s t  f o r  the chamber 



measurements and tend t o  dominate any measurements o f  i o n  f l u x e s  i n  these 

regions.  Even t h e  e l e c t r i c  f i e l d  s t r u c t u r e  descr ibed above may be 

af fected by f a c i l i t y  wa l l  presence. Based on est imates of plume t h r u s t  

~ L I  and mercury atom dens i t i es ,  however, and a l l ow ing  these downstream 

Group I V  ions  t o  expand c y l i n d r i c a l l y  leads t o  depos i t i on  r a t e s  i n  t he  
8 2 8 2 range from 10 ions/cm /sec t o  a few times 10 ionslcm /sec i n  the 

v i c i n i t y  o f  t he  Teal Ruby sensor. These depos i t i on  r a t e s  a r e  a t  approx- 
7 l rnately 1 monolayer i n  10 seconds a t  the e x t e r i o r  of t he  Teal Ruby 

sensor. Reductions o f  depos i t fon  r a t e s  by many orders of magnitude f o r  

i n t e r i o r  po r t i ons  o f  the sensor a r e  expected because o f  the requirements 

o f  p l u r a l  i o n  r e f r a c t i o n  t o  enter  these sensor regions. There would 

appear t o  be, thus, comforting evidence t h a t  the  expansion o f  Group I V  

ions created i n  downstream regions and expanding outware i n t o  the regions 

o f  the  Teal Ruby sensor w i l l  ba a t  acceptably low l e v e l s .  I n  con f i rma t ion  

of t h i s  conclusion, i o n  c o l l e c t i o n  i n  Faraday cups i n  the  t e s t i n g  f a c i l i t y  

and f o r  the f u l l y  operat ional  t h r u s t e r  (and i n  s p i t e  of the  presence of 

f a c i  1 i t y  e f f e c t  f l uxes )  have demonstrated extremely low l e v e l s  o f  i o n  

t ranspor t ,  provided tha t  p l u r a l  i o n  r e f r a c t i o n  i s  requ i red  t o  en ter  the  

i o n  sensing device. These experiments are  described i n  Appendix A. 

The second area o f  concern f o r  Group I V  i o n  t ranspor t  i s  f o r  t he  

ECOM-501 sensor. This sensor nper tu re  i s  placed on the  same surface of 

the spacecraft  as the t h r u s t e r  f o r  the  case of i n t e r e s t ,  Previous 

sect ions have described how, fo r  i o n  t ranspor t  toward t h i s  device, the  

ions may be r e f r a c t e d  over the t h r u s t e r  f r o n t  edge. That previous d i s -  

cussion has a l so  noted t h a t  experimental determinat ions o f  i o n  r e f r a c t i o n  

i n  these regions has n o t  been c a r r i e d  ou t  because of c o n s t r a i n t s  on 

probe motion by the boundaries present  i n  t he  t e s t i n g  f a c i l i t y .  

For the f u l l y  operat ional  i o n  t h r u s t e r  and f o r  e l e c t r i c  f i e l d  

r e f r a c t i o n  over  the t h r u s t e r  f ron t  edge, the  ions  of i n t e r e s t  a re  the  

Group I V  ions created near the acce le ra to r  g r i d  plane and moving r a d i a l l y  

ou t  o f  t he  t h r u s t  beam plasma. The e l e c t r i c  f i e l d s  o f  i n t e r e s t  a re  

the e l e c t r i c  f i e l d s  between the plasma plume of the t h r u s t  beam and the  

i o n  t h r u s t e r  f r o n t  p l a t e  housing. Because the  plasma d e n s i t i e s  are  

comparat ively h igh  i n  these regions and because plasma p o t e n t i a l s  i n  



these reg ions  are  a l so  a t  elevated values (up t o  50 v o l t s  w i t h  respect 

t o  the  th rus te r ) ,  t he  e l e c t r i c  f i e l d s  may be comparat ively s t rong and 

r e f r a c t i o n  o f  the  Group I V  ions over the  t h r u s t e r  f r o n t  face edge should 

be expected t o  some degree. I t  i s  n o t  immediately ev ident  as t o  what 

the  ex ten t  o f  t h i s  r e f r a c t i o n  w i l l  be and add i t i ona l  in-chamber measure- 

ments f o r  t h i s  area would appear t o  be warranted, i n  s p i t e  of the  p o t e n t i a l  

problems fac ing  such measurements because o f  f a c i  1 i t y  e f f e c t  f luxes .  

Appendix A provides some add i t i ona l  d iscuss ion regarding possib le methods 

f o r  reducing the  l e v e l s  o f  f a c i l i t y  e f fec t  f l u x e s  compared t o  f l uxes  o f  

genuine Group I V  p a r t i c l e s  (where genuine here i s  intended t o  denote 

those charge exchange p a r t i c l e s  which would be present f o r  an i o n  t h r u s t e r  

i n  space). 

The depos i t ion  of ions  over the surface o f  t he  spacecraft and the  

depos i t ion  o f  ions a t  the  entrance aper ture  o f  the  ECOM-501 sensor are, 

as p rev ious l y  noted, r e l a t e d  i n  t h a t  both processes a re  the r e s u l t  o f  

Group I V  r e f r a c t i o n  over the t h r u s t e r  f r o n t  p l a t e  edge, w i t h  possib le 

add i t i ons  from Group I V  ions created near the edge o f  t he  plasma plume 

and launched i n t o  the backward hemi sphere o f  d i r e c t i o n s  by the e l e c t r i c  

f i e l d s  present i n  these plasma plume edge regions. An e a r l i e r  est imate 

o f  these f l u x e s  o f  ions, a f t e r  expansion t o  d is tances o f  approximately 
8 2 1 meter from the t h r u s t  beam a x i s  i s  o f  the order  o f  10 ions/cm /sec 

8 2 t o  a few times 10 ions/cm /sec. For the  spacecraft  upper surfaces, 

these very low a r r i v a l  ra tes  are  considered not  t o  be o f  concern, i n  

view of the sur face temperatures and the  genera l ly  modest so lar  

a b s o r p t i v i t i e s  requ i red  t o  those surfaces. The ECOM-501 sensor has a 

ser ies o f  geometrical p ro tec t i on  f a c t o r s  and a magnetic f i e l d  p ro tec t i on  

f a c t o r  which w i l l  a c t  t o  reduce mate r ia l  t ranspor t  i n t o  the sensor 

i t s e l f .  The present analyses would tend t o  i n d i c a t e  t h a t  ne i the r  the 

spacecraf t  surfaces nor the  ECOM-501 sensor w i l l  have any s i g n i f i c a n t  

e f f e c t s  because o f  mercury i o n  deposi t ion.  This Special Report w i l l ,  

however, recommend t h a t  continued experimental determi nat ions o f  these 

i o n  f l u x e s  be c a r r i e d  out  w i t h  a p a r t i c u l a r  emphdsis on weakly energet ic 

i o n  r e f r a c t i o n  over the t h r u s t e r  f r o n t  p l a t e  edge. 



3. LINE-OF-SIGHT TRANSPORT OF NEUTRAL PARTICLES 

The neu t ra l  p a r t i c l e s  emit ted by t h e  i o n  t h r u s t e r  a re  llgO atoms from 

the t h r u s t e r  and neut ra l  i zer d i  scharges, sput tered metal atoms from the 

acce lera tor  electrode, t h e  n e u t r a l i z e r  housing and t h r u s t e r  f r o n t  r i ng ,  

and sput tered atoms from the t h r u s t e r  spu t te r  sh ie ld .  A1 1  of these 

p a r t i c l e s  move i n  s t r a i g h t  l i n e  t r a j e c t o r i e s .  The surfaces on which 

these p a r t i c l e s  may deposi t  ( f o r  opera t ian  o f  t he  top-mounted t h r u s t e r )  

a re  the r e a r  face o f  the s o l a r  array, the  zen i th  face o f  spacecraft, and 

t h a t  ECOM-501 sensor which i s  mounted on t h e  spacecraf t  zen i th  face. The 

Teal Ruby sensor cannot be in tercepted by t h r u s t e r  emit ted neu t ra l s  

because o f  t h e  umbra cas t  by the  t h r u s t e r  spu t te r  sh ie ld .  

HgO emit ted by the  th rus te r  and sput tered metal atoms from the  

th rus te r  cannot deposi t  on the  spacecraf t  upper face as a  pr imary 

mater ia l  t ransport ,  where pr imary i s  intended t o  denote mater i  a1 t rans-  

p o r t  from t h e  th rus te r  t o  the  depos i t ion  surface o f  i n t e r e s t  w i t h  no 

in terven ing surface contact.  The l i m i t a t i o n  o f  pr imary ma te r ia l  t rans-  

p o r t  o f  HgO and sputtered metal atoms t o  o n l y  the r e a r  surface of the 

so la r  a r ray  r e s u l t s  from the ra i sed  conf igura t ion  o f  the  t h r u s t e r  mounting 

from t h e  z e n i t h  surface o f  t he  spacecraft. HgO and sput tered metal atoms 

from the t h r u s t e r  may depos i t  on the spacecraf t  upper face as a  secondary 

mater ia l ,  f o r  those neu t ra l s  which moved i n i t i a l l y  t o  the  spu t te r  sh ie ld  

and were subsequently resput tered from the spu t te r  sh ie ld .  The sput te r  

sh ie ld  does have a view f a c t o r  t o  the  spacecraf t  upper sur face over the  

th rus te r  f r o n t  r i n g .  I n  keeping w i t h  present d e f i n i t i o n s ,  ma te r ia l  from 

the spu t te r  s h i e l d  p roper  which i s  sput tered by t h r u s t  i o n  impact w i l l  be 

termed a  pr imary mater ia l  t ransport ,  and geometrical f a c t o r s  a l l o w  t h i s  

sputtered beam sh ie ld  mater ia l  t o  depos i t  on the  r e a r  o f  the  so la r  a r ray  

and on the spacecraft  upper surface. 

The se r ies  o f  experimental measurements described i n  Appendix A have 

examined charged p a r t i c l e  t ranspor t  o n l y  and no in format ion  was obtained 

there on the  depos i t ion  pat te rns  o f  HgO, sputtered t h r u s t e r  metal atoms, 

o r  sputtered beam s h i e l d  mater ia l .  I n  the  absence of experimental data 

there are  two possib le approaches which the  ana lys is  here may take. The 

f i r s t  i s  t o  pos tu la te  a  t o t a l  ma te r ia l  re lease i n  e i t h e r  one o r  another 



o f  the mass t ranspor ts  i d e n t i f i e d  above and t o  a l so  pos tu la te  the  

angular d i s t r i b u t i o n  funct ion of t h a t  re lease pat te rn .  I n  some cases 

( f o r  example, HgO re lease magnitudes a t  small po la r  angles and sput tered 

th rus te r  metal atoms a t  small po la r  angles) t h i s  approach can probably 

provide comparati v e l y  good estimates of the  actual  mass t ransports.  

Such postu lated d i s t r i b u t i o n s  a rc  probably not  representa t ive  o f  ac tua l  

cond i t ions  , however, f o r  mater ia l  which emerges a t  h i g h  po la r  angles 

(and a l so  i n  the backward hemisphere of d i rec t i ons ) ,  and these are  t h e  

mass t ranspor t  regimes o f  i n t e r e s t  here. 

A second approach which the ana lys i s  may take i s  t o  i d e n t i f y  the  

s p e c i f i c  mass t ranspor t  species and angular d i r e c t i o n s  of i n t e r e s t  and 

t o  recommend the experimental determinat ion o f  those mass f l u x e s  i n  

those d i r e c t i o n s .  This i s  the  approach which w i l l  be taken. 

The two mass t ranspor t  species and angular ranges of i n t e r e s t  are: 

(1) Sputtered metal atoms from the t h r u s t e r  i n  the po lar  angle 
range from ~ 7 0  t o  90 degrees 

(2 )  Sputtered beam s h i e l d  atoms i n  the  po la r  angle range 
from 1~70 t o  ~ 1 3 5  degrees, where the  po la r  angle d i r e c t i o n ,  
e = 0 deg, i s  ( i n  both 2 and 1) the t h r u s t  beam ax is .  

Determination o f  Hgo a t  po la r  angles near 90 degrees has n o t  been 1 i sted 

here because of the  b e l i e f  t h a t  t he  r e a r  face of the so lar  a r ray  w i l l  

be capable of thermal re-evaporat ion o f  H ~ O  a t  s u f f i c i e n t  ra tes  t o  pre- 

vent a bu i ldup o f  any a r r i v f n g  HgO. The terms o f  i n t e r e s t  above, then, 

a re  products w i t h  expected h igh probab i l  i t y  o f  s t i c k i n g  and very low 

thermal re-evaporat i  on ra tes .  

The a c t i o n  of deposited spu t te r  s h i e l d  mater ia l  and sputtered metal 

atoms on the  rea r  Face o f  the  so la r  a r ray  cannot be estimated here i n  

view o f  the  uncer ta in ty  i n  the r e l a t i v e  magnitudes o f  the two groups o f  

p a r t i c l e s  and because o f  unce r ta in t i es  i n  the  species makeup i n  the  

mater ia l  sput tered from the beam sh ie ld .  The recomended approach f o r  

t h e  in-chamber experimental determinat ions of these f l u x  l e v e l s  and 

species i s  depos i t ion  p la tes  w i t h  extreme care being given i n  the depo- 

s i  t i o n  p l a t e  holder con f igu ra t i on  i n  order  t o  suppress the f a c i l i t y  

generated metal atom f l u x .  



4. L INE-OF-S IGHT TRANSPORT OF CHARGED PARTICLES 

The remaining p a r t i c l e  species a rd  t ranspor t  mode of i n t e res t  (w i th  

the exception of plasma plume electrons, discussed i n  Section 6)  w i l l  
be charged p a r t i c l e s  i n  1 ine-of -s ight  t ransport .  The p a r t i  cul a r  charge 

species o f  i n t e res t  here i s  the Group I 1  ~ g '  and Group I V  ~ g '  i n  the 

polar angle regions near 90 degrees. Both o f  these species can, if 
emitted i n  the proper d i rec t ion,  i n te rcep t  the rear  face o f  the solar  

array. 

Group I 1  !igt ions are the r e s u l t  of charge t ransfer  react ions i n  

the screen grid-to-accel era tor  g r i d  interspace. Because the resu l tan t  

charge exchange i on  does not  move along the t o t a l  path of the th rus t  

ions, some f r a c t i o n  of the pa r t i c l es  may emerge a t  h igh po lar  angles. 

The energies o f  these Groun I 1  ions ranges becween the upper end po in t  

o f  the Group I V  ions and the t h rus t  i o n  energies. Group I 1  ions ,an, 

thus, cause sputter ing upon impact w i t h  a surface. 

The numbers o f  Group I 1  ions have been examined i n  previous labor- 

a tory  measurements. For po lar  angle near 90 degrees and f o r  separation 

distances o f  ~2 meters, the f l u x  of Group I 1  ions from a f ~ l l l y  operational 
2 ion  thruster  i s  ~5 x lo1' ionslcm /set. Because the energies o f  these 

pa r t i c l es  are somewhat reduced from Group I ions, sput ter ing r a t i o s  are 

reduced and the mater ia l  removal o f  t h e i r  impact can be estimated as 
2 52 t o  4 x 1011 part ic les/cm /set. This would cause a removal o f  one 

monolayer o f  mater ia l  from the back surface of the so lar  ;.rray i n  a 
period o f  approximately 1 day. 

From the cd lcu la t ion above i t  cannot be concluded t ha t  a net  mater ia l  

removal from the back surface of the a r ray  w i l l  occur. As was pointed 

out  i n  Section 3, both sputtered metal atoms from the th rus te r  and 

sputtered mater ia l  from the bearn sh ie ld  can deposi t  on the so lar  ar ray 

back surface. The estimates o f  tne neut ra l  mater ia l  t ranspor t  a t  la rge 

polar  angles general ly  exceed the Group I1 i on  f lux .  The l i k e l y  resu l t ,  

then, i s  t ha t  some mater ia l  accumulation on the back surface of the so lar  

array w i l l  r e s u l t  but t ha t  accumulation w i l l  be somewhat less because o f  

the "scrubbing" ac t ion  o f  the Group I 1  ions moving t o  these surfaces. 



A f i n a l  p a r t i c l e  flow of i n t e res t  i s  the Group I V  f l u x  which moves 

a t  po lar  angles near 90 degrees. This f l ux  i s  approximately one order 

of magnitude above the Group I 1  f l u x  leve ls  a t  these ang:es. Because 

of the lower energy range of these ions, t k e l r  impact on the surf?ce 

w i l l  no t  lead t o  sput ter ing o f  the surface. The expected temperatures 

o f  tho solar  a r ray  back surface, noreover, are expected t o  be s u f f i c i e n t  

t o  cause the thermal re-evaporation of those Group I V  ions which 

s t i c k  t o  the surface upon impact. From these several factors, then, the 

a r r i v a l  o f  Group I V  ions a t  the rear  surface o f  the solar  array i s  not  

expected t o  cause any in te rac t i ve  i , '%ects o f  s ign i f i ca r~ce .  



5. VERY LOW ARRIVAL RATE MATERIAL ACCUMULATION 
AND REMOVAL PHENOMENA 

I n  the  discussion of the preceding sections, the mater ia l  accumulated 

on a surface element has been considered thd matar ia l  f l u x  t o  the surface 

elenlent in tegrated over the t o t a l  per iod o f  such t ranspor t ,  This assump- 

t i o n  o f  complete s t i c k i ng  f o r  an encounter o f  s p 6 r t i c l e  w i t h  a surface i s  
c l ea r l y  an upper bound t o  the mater ia l  accumulation ss n r e s u l t  o f  t h i s  par- 

t i c u l a r  mass t,-arsport.  The discussion i n  t h i s  sect icn w i l l  consider the 

various processes which make the actual  mater ia l  accumulation less than 

t h i s  "complete s t i ck ing"  upper bound. 

Many o f  the mater ia l  t ransport  f luxes consldered i n  the previous sec- 

t ions are  weakly energetic pa r t i c l es  where "weakly energetic" may range 

trom a few eV t o  a few tens o f  eV. Expressed i n  terms o f  temperature, 
these are, then, pa r t i c l es  w i t h  k i n e t i c  temperatures ranging from a few 

tens o f  thousands of degrees Kelv in t o  a few hundreds o f  thousands o f  

degrees Kelvin. The encounter o f  p a r t i c l s ~  a t  these gas temperatures w i th  

a surface does not, i n  ac tua l i t y ,  lead t o  complete s t ick ing,  i r respect ive 
o f  surface temperature, because the instantaneous "temperature" a t  the 

po in t  o f  impact o f  the inc ident  p a r t i c l e  w i t h  the surface derives from 

both the i n i t i a l  atomic temperatures there and the (very high) temperaiwes 

o f  the a r r l v i n g  pa r t i c l es .  Not only may the s t i c k i ng  be less than complete, 
the weakly energetic p a r t i c l e  may also cause the removal o f  a surface 

pa r t i c l e .  

Whi ' r .  both surface accommodation and surface sput ter ing f o r  the 

a r r i v a l  o f  these weakly energetic ions and neut ra ls  are possible reactions, 

i t  i s  not  possible, i n  pract ice,  t o  assign accurate values t o  these reac- 

t i o n  cross sections f o r  regimes i n  which the mass t ranspor t  i s  a t  very low 

a r r i v a l  rates.  It i s  a lso required t o  consider mater ia l  removal through 

thermal re-evaporation. An important overa l l  feature t o  recognize here i s  

t ha t  many possib le reactions can be o f  importance when t ransport  rates o f  

monolayers i n  megaseconds (o r  longer) are involved. From a po in t  o f  per- 

spective, surface accumulation and surface evaporations a t  one monolayer 

per second correspond t o  'pressures" o f  10'~ t o r r .  A r r i va l  rates quoted 



i n  t he  d iscussion o f  some o f  the previous sect ions a t  1 monolayer per  10 7 
8 and 10 seconds correspond, thus, t o  "pressures" o f  10- l3 and 10- l4 t o r r .  

It becomes a reasonable quest ion, then, as t o  whether the  vapor pres- 

sures of ma te r ia l s  are known i n  tl se very low pressure regimes. A t y p i c a l  

p r a c t i c e  i s  t o  assign vapor pressures on t h e  bas is  o f  a mater ia l  evaporat ing 

from a substrate o f  i t s  own mate r ia l  ( f o r  example, mercury being evaporated 

from n mercury base). When dea l ing  w i t h  small f r a c t i o n s  o f  a monolayer, 

however, these "same mate r ia l "  assumptions a re  n o t  va l i d ,  and the  important  

quest ion becomes the r a t e  o f  ma te r ia l  evaporat ion from a d i f f e r i n g  ma te r ia l  

substrate.  To complicate any ana lys is  here a re  quest ions r e l a t i n g  t o  the  

ac tua l  ma te r ia l  i n  the upper monolayers o f  any mater ia l  which has been i n  

residence i n  ( f o r  example) room a i r .  Careful  analyses o f  such mater ia l  

surfaces reveal  t h a t  t he  upper 10 t o  100 8. conta ins many contaminant mate- 

r i a l  s i nc lud ing  waters o f  hydra t ion  and adsorbed coptaminant gases. For 

spacecraf t  surfaces, the  s t r i c t e s t  c o n t r o l  measures through spacecraft  

p repara t ion  and launch can s t i l l  r e s u l t  i n  10 t o  20 %, o f  contaminant mate- 

r i a l .  Spacecraft being launched v i a  the  Space Transportat ion  em Shut- 

t l e  may have even more i n  contaminant l a y e r  thickness. 

From the  above discussion sevprcii q u a l i t a t i v e  conclusions may be 

stated.  The f i r s t  conclusion i s  t h a t  there  i s  no r igorous knowledge o f  

the mater ia l  s t d t e  fo r  t he  uppermost l aye rs  o f  spacecraf t  surfaces and 

t h e i r  payload surfaces. Unknown contaminant ma te r ia l s  may be present t o  

depths o f  a t  l e a s t  10 monolayers. A second conclusion i s  t h a t  very low 

a r r i v a l  r a t e  s t i c k i n g  c o e f f i c i e n t s  and very low departure evaporat ion ra tes  

cannot be s ta ted  w i t h  accuracy because of both t h e  unknown nature o f  the  

substrate monol ayers and the  f r a c t i o n a l  monol ayer coverage o f  the a r r i v i n g  

(and poss ib ly  evaporat ing) mater ia ls .  An assumption o f  complete s t i c k i n g  

i s ,  c l e a r l y ,  a method f o r  g e t t i n g  upper 5ound est imates on mater ia l  accumu- 
l a t i o n .  Actual accumulations, however, 111,- he much lower. 

A f i n a l  observat ion on surface mate r ia l  accumulation i s  t o  note t h a t  

o r b i t i n g  spacecraft  are cont inuously impacted by the neu t ra l  and charged 

p a r t i c l e s  i n  t h e  ambient atmosphere and ionosphere. Space plasma i o n  
2 a r r i v a i  ra tes  may range from 10" t o  1012 par t ic les /cm /sec f o r  spacecraft  



near-earth o r b i t .  Space plasma ton energies on impact range from a few eV 
t o  -15 eV. For these weakly energetic impacts the sputter ing r a t i o s  are 
not  large. However. a sputter ing r a t i o  o f  log4 would r e s u l t  i n  a monolayer 

7 9 o f  surface removal i n  a per iod ranging from 10 t o  10 seconds depending 
upon the i on  f lux  densi ty assumed. Assignment o f  a sputter ing r a t i o  o f  
loo3 would lead t o  monolayer removal from the surface i n  periods ranging 
from lo6 t o  lo8 seconds. These surface removal rates l i e  i n  the same 

regimes as many of the mercury ion  and mercury neutral  rates of t ransport  

from the i on  t h r u ~ ~ e r  t o  spacecraft. I t  i s  possible, thus, t ha t  even such 
weakly erosive forces as surface scrubbing by the impact of the ioriospheric 

and atmospheric fluxes may ac t  t o  remove mercury accumulation on surfaces. 
From these several considerations. then, t he  most l i k e l y  s i t ua t i on  i s  t ha t  
the actual accumulations o f  H ~ +  and H ~ O  on spacecraft surfaces and sensor 
surfaces w i l l  be even less than those extremely small leve ls  derived from 
the " t o t a l  s t ick ing"  assumptions which have been an i m p l i c i t  po r t ion  o f  a l l  
o f  the analysis i n  t h i s  Special Report. 



6. ELECTRON DEPOSITION EFFECTS 

The previous sections have been concerned w i  t h  the deposi t ion effects 

o f  the neutral  pa r t i c l es  and ions released by the i on  thruster .  The ion 

currents from the thruster  are, however, a1 so accompanied by an equal 

charge densi ty of electrons i n  the th rus te r  plasma plume and the deposit ion 

o f  these electrons a t  spacecraft and sensor surfaces can produce i n t e r -  

ac t i ve  e. fects.  The physical a c t  of e lec t ron impact on surfaces i s  

general1 y not of concern. If, however, the po in t  o f  e lec t ron drainage 

i s  a t  a pos i t i ve  voltage, the e lec t ron moving t o  the drainage po in t  w i l l  
acquire a k i ne t i c  energy eAV, where e i s  e lec t ron charge and AV i s  the 

po ten t ia l  d i f ference between the plasma plume o f  the thruster  and the 

drainage po in t .  The power loss associated w i th  the t o t a l  drainage 
c u r ~ e n t ,  I,AV, can af fect  the e l e c t r i c a l  e f f i c i ency  o f  the c i r c u i t  i n  

question and the heat input  i n t o  the drainage po in t  from IebV can, under 

some circumstances, cause mater ia l  damage. The e l e c t r i c a l  equ i l  i brat ion 

o f  spacecraft w i th  the thruster  plasma plume and w i th  the ambient space 

plasma may also be a f fec ted by these e lec t ron drainage currents. 

The spec i f ic  areas o f  i n t e res t  i n  t h i s  sect ion w i l l  be the possible 

e lectron drainage ef fec ts  to  operating subsystems o f  the Teal Ruby sen- 

sor and the ECOM-501 sensor and t o  the so lar  array o f  the P 86-1 space- 

c r a f t .  The concern for  e lectron movement from the thruster  plasma plume 

i n t o  the i n t e r i o r  of the spacecraft experiment sensors wi th  subsequent 

drainage t o  post t i v e  voltages (on exposed elements) o f  the sensor sub- 

systems may be dismissed e n t i r e l y  if the spacecraft operational schedule 

does not  c a l l  for simulataneous operation of the ion engine and the 

experiment sensors. This i s  the most probable cperat ional  schedule. On 

the o ther  hand, i t  i s  o f  possible future bene f i t  t o  es tab l i sh  the 

f e a s i b i l i t y  of simultaneous operation i n  view o f  future spacecraft mission 

requirements i n  which sensor operation and th rus t ing  o f  the ion  engine 

may be required on a j o i n t ,  ra ther  than on an exclusive, basis. 

The ra tes o f  i on  movement i n t o  the regions of the ex te r io r  o f  the 

Teal Ruby sensos ;lave been estimated previously (Scction 2.2.4) to  be 
8 2 i n  the range from 1 t o  3 x 10 ions/cm /sec ( f u l l y  operational thruster  

case). Because e lec t ron mob i l i t i e s  are la rger  than i on  mob i l i t i e s  by 



t h e  r a t i o  of ( ~ + / m ~ ) ~ ' ,  where M+ and me a r e  i o n  and e l e c t r o n  mass. 

t h e  e l e c t r o n  f l u x  d e n s i t i e s  a t  the e x t e r i o r  o f  t he  Teal Ruby sensor 
2 would be i n  t he  range from 1 t o  2 x  10'' electrons/cm /sec. For e lec t rons  

t o  move t o  the  i n t e r i o r  of the  sensor, they must a l s o  fo l i ow  a  to r tuous  

path. E lec t ron  r e f r a c t i  b i  1  i t y  i s  q u i t e  high. however, and e lec t rons  can 

d i f f u s e  e a s i l y  a t  h igh  angles around mater ia l  boundaries. For the  

expansion o f  the e lec t rons  t o  cont inue t o  be in-plasma, however, Ions 

must accompany the  e lect rons,  and i o n  penet ra t ion  i n t o  the sensor (and 

r e q u i r i n g  p l u r a l  r e f r a c t i o n )  has been p rev ious l y  examined and considered 

a t  extremely low l e v e l s .  Electrons, thus, would have t o  proceed w i thout  

the  ions and under the in f luence o f  whatever e l e c t r i c  f i e l d s  may be 

w i t h i n  the  sensor i n t e r i o r .  I t  i s  no t  poss ib le  t o  s t a t e  d i r e c t l y  t h a t  

sensor generated e l e c t r i c  f i e l d s  w i l l  be e i t h e r  present o r  absent i n  

the  sensor i n  t h a t  present desc r ip t i ons  of the  sensor i n t e r n a l  conf igura-  

t i o n s  a r e  n o t  a v a i l a b l c .  I t  would be worthwhi le t o  note, however, t h a t  

these sensors must operate i n  the ambient space plasma and t h a t  e lec t ron  

f l u x  d e n s i t i r s  i n  t h e  ambient space plasma range from 10'' t o  10 13 
n 

electrons/cm'/sec. For the  sensors t o  operate i n  t h i s  p l a s m  background 

w i l l  r e q u i r e  the sh ie ld ing  of (poss ib le )  p o s i t i v e  h i g h  vol tages on 

exposed ma te r ia l  surfaces and the s h i e l d i n g  must be e f f e c t i v e  aga ins t  

e l e c t r o n  f l u x  d e n s i t i e s  i n  t he  ambient space plasma which can range t o  

more than two orders o f  magnitude above the  e l e c t r o n  f l u x  d e n s i t i e s  i n  

the  i on  t h r u s t e r  plasma plume ( a t  the  sensor l o c a t i o n ) .  Fro111 t h i s  i t  

may be concluded t h a t  simultaneous opera t ion  o f  the Teal Ruby s ~ n s o r  

and the i o n  t h r u s t e r  w i l l  n o t  r e s u l t  i n  s i g n i f i c a n t  i n t e r a c t i v e  efYects 

f rom e lec t ron  drainage from the t h r u s t e r  plasma plume. 

The ECGM-501 sensor loca ted on the spacecraf t  z e n i t h  surface i s  

somewhat c l o s e r  t o  the  t h r u s t e r  plasma plume a ~ d  does not  have the 

added p r o t e c t i o n  o f  the unibra created by the t h r u s t e r  sh ie ld .  This  

ECOM-501 sensor does have p o s i t i v e  high voltages i n  the microchannel 

secondary e l e c t r o n  m u l t i p l i e r s .  A view o f  the  sensor i n t e r n a l  ccn- 

s t r u c t i o n ,  however, reveals t h a t  these pvs i  t i v e  h igh  voltages a re  no t  

on exposed surfaces but  a re  i n  the most i n t e r i o r  (and very shie lded)  

regions o f  t he  sensor. I n  a d d i t i o n  t o  t h i s  considerat ion,  the i n l e t  



ape r tu re  o f  t he  ECOM-501 sensor has a  t ransverse  magnetic f i e l d  o f  

severa l  hundred gauss t o  p reven t  space plasma e l e c t r o n  e n t r y  i n t o  the 

sensor i n t e r i o r .  Froni t he  combined f a c t o r s  o f  t h e  ve ry  w e l l  sh ie lded  

p o s i t i v e  h i g h  vo l tages  and t h e  magnet ic b a r r i e r  a t  t he  sensor i n l e t ,  

i t  may be concluded t h a t  s imultaneous o p e r a t i o n  of  t h e  i o n  t h r u s t e r  and 

the ECOM-501 sensor w i l l  n o t  have any s i g n i f i c a n t  i n t e r a c t i v e  e f f e c t s  

f rom e l e c t r o n  dra inage f rom t h e  t h r u s t e r  plasma plunie. 

A f i n a l  area o f  concern i s  t h e  spacec ra f t  s o l a r  a r ray .  The back 

sur face  of t h i s  a r r a y  i s  ' ~ 2  meters f rom t h e  i o n  t h r u s t e r  a t  a  p o l a r  

ang le  o f  ~ 9 0  desrees. For  t h e  f u l l y  ope ra t i ona l  i o n  t h r u s t e r ,  t h e  

Group I V  charge exchange plasma plume w i l l  be p resen t  i n  these angu la r  

r e g i c n s  and a t  these s p a t i a l  sepa ra t i on  d i s tances .  From prev lous  f u l l y  

ope ra t i ona l  t h r u s t e r  d,3ta, the  e l e c t r o n  f l u x  d e n s i t i e s  i n  t h e  t h r u s t e r  
2 plasma plume w i l l  be ~1 pA/cm near  t he  back sur face  o f  t h e  s o l a r  a r ray .  

These t h r u s t e r  plasma plume e l e c t r o n  f l u x  d e n s i t i e s  a r e  comparable t o  

the anibi e n t  space plasma e l e c t r o n  f l u x  d e n s i t i e s .  

The dra inage o f  e l e c t r o n s  from t h e  t h r u s t e r  plasma plume t o  exposed 

elenients o f  the  s o l a r  a r r a y  cannot occur on t he  back surface o f  t h e  

a r r a y  but ,  ins tead,  must occur  on  the  f r o n t  su r face  i f  i t  i s  t o  t ake  

p lace  a t  any l e v e l .  The s o l a r  a r r a y  f r o n t  su r face  i s  i n  t he  umbra 

r e g i o n  o f  the  t h r u s t e r  plasnia pluriie as c rea ted  by t he  s o l a r  a r r a y  back 

surface. There i s ,  thus, cons iderab i  e a t t e n u a t i o n  o f  t he  t h r u s t e r  plasnia 

plunie f l u x e s  f o r  l o c a t i o n s  over  t he  f r o n t  su r face  o f  t h e  a r ray .  More- 

over, and as noted p rev ious l y ,  t h e  va r i ous  spacecraf t  systems and sen- 

sors  must be o p e r a t i o n a l l y  compat ib le  w i t h  t he  ambient space plasma. 

From these severa l  f a c t o r s ,  then, i t  may be concluded t h a t  e l e c t r o n  

dra inage from the  t h r u s t e r  plas~i ia pluliie t o  the  s o l a r  a r r a y  w i l l  n o t  

take p lace  a t  any l e v e l  of  s i g n i f i c a n c e .  



7. SUMMARY 

This Special  Report has examined both charged and neu t ra l  p a r t i c l e  

t ranspor t  from an 8  cm mercury i o n  t h r u s t e r  t o  the surfaces of t he  

P 80-1 spacecraft  and t o  the Teal Ruby sensor and the  ECOM-501 sensor 

i n  t h e  experiment payload o f  t h a t  spacecraf t .  The study has examined 

both l i n e - o f - s i g h t  and non l ine-o f -s igh t  p a r t i c l e  t ranspor t  modes, 

u t i  1  i z i n g  both l abo ra to ry  measurements and analyses i n  c a r r y i n g  ou t  

the mass t ranspor t  assessments. 

The r e c i r c u l a t i o n  of ~ y +  ions i n  the  magnetic f i e l d  o f  t he  e a r t h  

has been analyzed f o r  s p a ~ e c r a f t  v e l o c i t y  vec tor  and ea r th  magnetic 

f i e l d  vec tor  conf igura t ions  which are  expected t o  occur i n  near ear th,  

c i r c u l a r ,  h igh  i n c l i n a t i o n  o r b i t s ,  such as the proposed P 80-1 o r b i t .  

For these magnetic f i e l d  and o r b i t  cond i t i ons  and f o r  expected i o n  

re lease d i s t r i b u t i o n  funct ions, i n  both angles and energies, the  

recirculation/reinterception o f  weakly energet ic  ions  on spacecraf t  

surfaces has been evaluated. For a  complete e l e c t r i c  t h r u s t e r  miss ion 

o f  10,000 hours o f  t h r u s t e r  operat ion, expected t o t a l  l e v e l s  o f  i o n  

r e c i  rculation/reinterception are  a t  approximately lom3 monolayers. The 
3 3 

study has concluded t h a t  these "v, x Be" non l ine-o f -s igh t  i o n  t ranspor t  

modes do n o t  r e s u l t  i n  any s i g n i f i c a t i t  depos i t ion  e f f e c t s  f o r  the P 80-1 

spacecraf t  o r  it; experiment payload sensors. 

The second form of non l ine-o f -s igh t  p a r t i c l e  t ranspor t  examined i n  the  

study i s  the  r e f r a c t i o n  of  weakly energet ic  ions i n  the  e l e c t r i c  f i e l d s  o f  

the t h r u s t e r  plasma plume and i n  the e l e c t r i c  f i e l d s  between t h i s  plasma 

plume a?d the ma te r ia l  boundaries of t h e  th rus te r ,  the  t h r u s t e r  spu t te r  sh ie ld ,  

and the  var ious spacecraft  surfaces. The study has s p e c i f i c a l l y  examined the  

i o n  t ranspor t  i n  t h i s  nonl ine-of-s;gt4t mode t o  the  Teal Ruby sensor, the  

ECOM-501 sensor, and the  spacecraft surface on t h a t  spacecraft face bearing 

the  i o n  t h r u s t e r .  For the  Teal Ruby sensor and f o r  the  t h r u s t e r  and t h r u s t e r  

sput te r  s h i e l d  con f i gu ra t i on  such t h a t  the sensor l i e s  i n  the  deep umbra o f  t he  

beam sh ie ld ,  the study concludes t h a t  there  a re  no s i g n i f i c a n t  i o n  depos i t ion  

l e v e l s .  For t he  ECOM-501 sensor loca ted on the same spacecraf t  surface 

as the i o n  t h r u s t e r  and a l so  f o r  t h a t  spacecraf t  surface, the study con- 

clude; t h a t  i t  i s  very ~ ~ r ~ l i k e l y  t h a t  s i g n i f i c a n t  i o n  depos i t i on  e f f e c t s  



w i  11 r e s u l t .  The study does, however, recommend t h a t  addi t f o n a l  l abo ra to ry  

measurements be c a r r i e d  o u t  t o  determine the  ex ten t  o f  r e f r a c t i o n  o f  

weakly energet ic  ions  over  the edge of t h e  t h r u s t e r  f r o n t  r i n g  by e l e c t r i c  

f i e l d s  i n  the plasma plume near the  f r o n t  r i n g  and between the plasma 

plume and the  r i n g .  

For t he  l i n e - o f - s i g h t  p a r t i c l e  t ranspor t  modes, the study has con- 

cluded t h a t  Group I 1  H ~ '  and Group I V  H ~ '  depos i t i on  on the  rea r  sur face 

o f  the spacecraf t  so la r  a r r a y  ( t h e  on l y  spacecraf t  surface possi b l  e  

f o r  l i n e - o f - s i g h t  i o n  t ranspor t  and depos i t i on )  w i l l  no t  be a t  l e v e l s  

o f  s igni f icance.  The neu t ra l  p a r t i c l e  t ranspor t  niodes o f  i n t e r e s t  have 

been i d e n t i f i e d  as sput tered metal atoms f r ~ i n  the th rus te r  acce lera tor  

g r i d  and t h r u s t e r  f r o n t  r i n g  and sput tered ma te r ia l  from the  t h r u s t e r  

beam sh ie ld .  The study has recomnended a d d i t i o n a l  1 aboratory measurements 

o f  the sput tered t h r u s t e r  metal atom f l u x  i n  the  p o l a r  angle range near 

90 degrees, and add i t i ona l  1 aboratory measurements of  beam sh ie ld  

sputtered materia: i n  the  po la r  angle range t o  2135 degrees. The sur - 
faces o f  p r i n c i p a l  concern f o r  those measurements are  the  r e a r  sur face 

o f  the spacecraft  so la r  a r r a y  and the  P 80-1 spacecraf t  surface bearing 

the  i o n  th rus te r .  Mater ia l  e n t r y  i n t o  the  ECOM-501 sensor i s  not  con- 

sidered t o  be a s i g n i f i c a n t  problem i n  view of the  1 in i i  t ed  cone o f  e n t r y  

d i r e c t i o n s  of t h a t  sensor which terminate on s e n s i t i v e  i n t e r n a l  surfaces 

of  the de tec tor .  

The study has a l so  attempted t o  p rov ide  some perspect ives on the  

u n c e r t a i n t i e s  i n  pa r t i c l e / su r face  behavior f o r  these "very low a r r i v a l  

r a t e "  regimes. It has been suggested i n  t h e  d iscuss ion  of t h a t  sect ion, 

t h a t  many processes may a c t  t o  cause ma te r ia l  removal from surfaces a t  

ra tes  which a r e  comparable t o  o r  i n  excess o f  the  a r r i v a l  ra tes  o f  

po ten t i a l  contaminant ma te r i a l s  and t h a t  ac tua l  accun~ulat ion o f  t h r u s t e r  

generated m a t e r i a l s  i s  probably a t  much lower l e v e l s  than even these 

small depos i t ions  which have been ca l cu la ted  f o r  "upper boundary" 

assumption/condi t i ons .  

A f i n a l  sec t ion  o f  t h i s  r e p o r t  has examined the  e f f e c t s  o f  e l e c t r o n  

depos i t ion  from the t h r u s t e r  plasma plume and has noted t h a t  the e l e c t r o n  

f l u x  l e v e l s  i n  the ambient space plasma a r e  genera l l y  i n  excess of t he  



electron fluxes in the thruster plasma for the possible locations of 
interest  for electron drainage to spacecraft surfaces or  sensor pay- 
load elements. The precautions taken by the spacecraft and sensor 
developers to avoid electron drainage ef fec ts  from the ambient space 
plasma wil l ,  thus, assure that there are  no significant electron 
drainage ef fec ts  from the ion thruster plasma plume. 
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APPENDIX A 

EFFLUX MEASUREMENTS OF CHARGED PARTICLES FROM AN 
8-CENTIMETER NERCURY ION THRUSTER 

1. I NTRODUCTI ON 

This appendix w i l l  describe a ser ies  cf measurements o f  the charged 

p a r t i c l e  ef f lux from an 8-centimeter mercury i o n  engine. Three condi t ions 

of operat ion of the mercury ion t h rus te r  were examined. The f i r s t  condi- 

t i o n  was fo r  the operat ion of only the mercury hollow cathode plasma d is -  

charge neu t ra l i ze r .  The second cond i t i on  was f o r  the c o m b ~ ~ ~ e d  operat ion o f  

both the plasma discharge neut ra l  i z e r  and the th rus te r  e lec t ron bombardment 

discharge but  d i d  not  inc lude the app l i ca t i on  of accelerat ion voltages t o  

the mercury ions created i n  the t h rus te r  discharge. The f i na l  cond i t ion  

was f o r  a f u l l y  operat ional i on  th rus te r .  

The p r inc ipa l  focus of emphasis i n  the charged p a r t i c l e  measurements 

was the determination of the i on  release patterns, inc lud ing both current  

f l u x  magnitudes and ion  d i r ec t i ona l  release propert ies,  f o r  the "weakly 

energetic" i on  components. These weakly energetic ions, which includes the 

Group I V  (charge t rans fe r  ions) are o f  p a r t i c u l a r  i n t e res t  i n  thrus ter /  

spacecraft i n teg ra t ion  analyses because of t h e i r  s ~ s c e p t i b i l i t y  t o  t r z j e c t c r y  

r e f r ac t i on  i n  the e l e c t r i c  f i e l d  s t ruc tu re  i n  the plasma plume and i n  the 

e l e c t r i c  f i e l d  s t ruc ture  between t he  plasma plume, the ambient space plasma, 

and the surfaces of the spacecraft. Such i on  t r a j ec to r y  refraction;, i f  the 

r e f r ac t i on  i s  of su f f ic ient  magnitude, can r e s u l t  i n  the deposit ion of an 

i o n  on spacecraft surfaces when such deposi t ion would be dynamically forbid-  

den f o r  l i ne -o f -s '  :ht i on  t r a j e c t o r i e s  and f o r  a given thrus ter lspacecraf t  

conf igura t ion.  Because the t h rus t  ions from the ion  engines are h igh ly  

energetic and w i l l  no t  sustain s i gn i f i can t  l ~ v e l s  of t r a j ec to r y  bending i n  

the expected magnitudes o f  e l e c t r i c  f i e l d s  i r l  the  plasma plume, i t  i s  an 

acceptable procedure t o  ca r ry  out  i n t eg ra t i on  analyses between the th rus te r  

and the spacecraft  based on ly  on l i ne -o f - s i gh t  i on  t r d j ec to r y  treatments. 

For such treatments, f o r  example, the umbra region created by the thruster* 

beam sh ie ld  i s  completely devoid of t h r ~ s t  ions and sens i t i ve  spacecraft 

surfaces may be located i n  t h i s  umbra wi thout  fea r  o f  t h rus t  i on  impact. 



When non 1 ine-o f -s igh t  considerat  ions  apply t o  i o n  t r a j e c t o r i e s ,  however, 

i o n  depos i t i on  can r e s u l t  upon even those spacecraft  surfaces i n  the umbra 

regisits, and est imates o f  t he  depos i t i on  l e v e l s  must be obta ined i n  o rder  t o  

determine if spacecraft  surface p rope r t i es  w i l l  undergo s i g n i f i c a n t  l e v e l s  

o f  p rope r t y  a1 t e r a t i o n .  

The bu l k  of t he  charged p a r t i c l e  measurements t o  be described i n  t h i s  

appendix were obta ined w i t h  on ly  the plasma discharge n e u t r a l i z e r  i n  opera- 

t i o n  o r  f o r  the  combined opera t ion  o f  the  t h r u s t e r  discharge and the d i s -  

charge n e u t r a l i z e r  bu t  w i t h  no app l i ed  i o n  acce le ra t i on  voltages. These 

opera t iona l  cond i t ions  corr,espond t o  two o f  the th ree  opera t iona l  condi-  

tior!s f o r  an i o n  t h r u s t e r  i n  space. The two opera t iona l  cond i t ions  d l so  

r e s u l t  i n  a  minimum l e v e l  o f  " f a c i l i t y  e f f e c t "  f l u x e s  o f  low energy ions 

which can obscure t h e  presence and p rope r t i es  o f  the  genuine weakly ener- 

g e t i c  i o n  f luxes. When i o n  acce le ra t i on  voltages a re  appl i e d  t+ese f a c i  1  i t y  

e f fec t  f luxes of low energy ions  increase merkedly and may c reate  erroneous 

determinat ions of the  weakly e n e r g ~ t i c  p a r t i c l e s .  I t  i s  essent ia l ,  however, 

t h a t  experimental techniques be der ived fo r  the  reduc t i on  of f a c i  1  i ty  e f f e c t  

f luxes  f o r  f u l l y  operat ional  i o n  t h r u s t e r s  i n  laborbatot-y t e s t i n g  chambers, 

and a  p o r t i o n  of t he  experimental e f f o r t  here has been d i r e c t e d  t o  measure- 

ments o f  f u l l y  operat ional  t h rus te rs  w i t h  a  r e s u l t i n g  advance i n  the  gen- 

e ra l  understanding o f  the plasma plume from such t h r u s t e r s  and of the i n t e r -  

ac t i on  o f  t h i s  energet ic  i o n  plume w i t h  f a c i l i t y  wa l l s .  

2.  EXPERIMENT CONFIGURATION 

The charged p a r t i c l e  measurements were c a r r i e d  ou t  i n  the  5- x 10- foot  

t e s t i n g  chamber. F igure  1 i l l u s t r a t e s  t h i s  t e s t i n g  f a c i l i t y .  The diagnos- 

t i c  probes used ir :  t he  measurements were the Spherical  L a ~ g m u i r  Probe (SLP), 

the  1-1/2- inch J+ probe, the 4 inch  J+ probe, and the  Piggyback (PB) probe. 

Figure 2 i l l u s t r a t e s  the probe con f i gu ra t i on  r e l a t i v e  t o  the  t h r u s t e r  and 

Figures 3, 4, and 5 i l l u s t r a t e  cons t ruc t iona l  d e t a i l s  of the probes. The 

probe mot ion and mounting rod  l oca t i ons  of t he  probes a re  fu r the r  i l l u s -  

t r a t e d  i n  F igure  6. 

I n  a d d i t i o n  t o  the  upper and lower s:~rouds and beam c o l l e c t o r  i n  t he  

t e s t i n g  chamber, the experimental con f i gu ra t i on  a l so  inc luded a  c y l i n d r i -  

c a l  e lec t rode  termed the b iasable surface. Figures 7 and 8 i l l u s t r a t e  the  
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Figure  3. Spher ica l  Langmuir Probe f o r  t b e  Charged P a r t i c l e  
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Figure 8. Arrangement o f  Current Sensing Elements on the Biasable Surface. 
[Coll  ec tor  C 1  i s  r e a r  quadrant on biasable surface. Col lec tors  
C2 through CB a r e  2  x 2  inch ( 5  x 5 cm) surfaces. Thruster 
sputter  sh ie ld  was present during t e s t s  but not  shown i n  drawing 
above f o r  f i g u r e  c l a r i t y ] .  



pos i t i on  of t h i s  cy l  i nd r i ca l  e lectrode i n  the overa l l  t e s t  conf igurat ion 

and provide d e t a i l s  on the various sensing elements i n  the biasable surface. 

The SLP and the l-1/2-inch J,, the 4-inch J,, and the Piggyback pcobes 

are used i n  measurements of charged p a r t i c l e  f luxes as funct ions o f  pos i t i on  

and as functions of ef f lux d i r ec t i on  of motion. Three o f  these probes 
(1 -12- inch  J ,  4-inch J,, and PB J,) are  a lso mul t i -gr idded re tard ing 

po ten t ia l  analyzers and, thus, permit the determination of the energy spec- 

trum o f  t h ~  charged p a r t i c l e  f luxes.  The ex te r i o r  elements o f  the Faraday 

cup/RPAs can also be used as f l o a t i n g  probes f a r  the measurement o f  f l o a t -  

i n g  potent ia ls  i n  the various plasma plumes. The SLP may a lso be used f o r  

f l o a t i n g  po ten t ia l  measurements. 

The elements (C1, . . . . , C9) of the biasable cy l inder  are separately 

i so la ted  and may be used f o r  chzrged p a r t i c l e  f l u x  measurements and f o r  

f l o a t i n g  po ten t ia l  measurements. The elements o f  the hiasable cy l inder  may 

a lso  be placed a t  a given e l e c t r i c a l  b ias po ten t ia l  f o r  the de l iberate  crea- 

t i o n  o f  an e l e c t r i c  f i e l d  s t ruc ture  between t h i s  element and the various 

plasma plumes from the several condit iof is o f  th rus te r  operation. This cre- 

a t i o n  and a l t e r a t i o n  o f  the e l e c t r i c  f i e l d  between a mater ia l  boundary and 

the plasma plirme permits a va r ia t ion  of the e l e c t r i c  f i e l d  re f rac t ion o f  

weakly energetic pa r t i c l es  moving i n  the regions near t h i s  structure,  and 

the motion of the probes t o  various po in ts  r e l a t i v e  t o  t h i s  mater ia l  bound- 

a r y  then permits a determination of the degree t o  which t h i s  r e f r ac t i on  

causes the ion  e f f l ux  t o  move i n t o  spa t ia l  regions which would not  be 

occupied by ion  f luxes f o r  ions moving or! s t ra i gh t  l i n e  t ra jec to r ies .  

3. CHARGED PARTICLE MEASUREMENTS I N  THE DISCHARGE 
NEUTRALIZER PLASMA PLUME 

3.1 Spherical Langmuir Probe Measurements 

3.1.1 Experri~,;,?nt Geometrical Considerations 

Section 2 has stressed t ha t  a p r i nc i pa l  emphasis i n  the charged par- 

t i c l e  measurements w i l l  be t o  examine the re f r ac t i on  o f  weakly energetic 

ions by e l e c t r i c  f i e l d s  i n  the plasma plunes and i n  the regions between 

the plasma plumes and various mater ls i  bourtdaries. To understand the geo- 

metr ica l  considerations which are i n  e f f e c t  here more f u l l y ,  i t  i s  



I 
j 

necessary t o  provide addi t iona l  de ta i l s ,  beyond t ha t  c f  Figures 1 through I 
1 

8, o f  the  probe and mater ia l  boundary pos i t ions r e l a t i v e  t o  the i on  thruster .  
4 

These addi t iona l  conf igurat ional  d e t a i l s  are given i n  Figures 9 through 11. t 

Figure 9 i s  a view along the -Z axis of the th rus te r  face and the 

spherical Langmuir probe pos i t i on  as a function o f  the r ~ j t a t i o n  angle, 

eSLp, o f  the probe mounting rod. The convention here i s  tha t  eSLp = 90 deg 

f o r  the SLP on the axis o f  the ion  thruster .  The usual range o f  probe 

pos i t ions i s  from eSLp = 30 deg t o  eSLp = 150 deg. Figure 9 a lso i l l u s -  

t ra tes  elements C 1  and C9 o f  the biasable cy l inder  and the pos l t i on  of the 

thruster  sput ter  sh ie ld  and the i on  th rus te r  beam neut ra l izer .  I n  addi t ion,  

two cross-sectional planes, AA and BB, are i l l u s t r a t e d .  

Figure 10 i s  the cross-sectional view, AA, i n  Figure 9. For the view 

i n  Figure 10, the SLP has been placed such t h a t  i t s  midpoint i s  the plane 
i 

Z = 26.0 centimeters where Z = 0 i s  the plane of the o r i g i n  o f  the accel- 
1 
.d 

e rator  g r id .  As the SLP moves from eSLp = 90 deg t o  eSLp = 3U deg i t  pro- 
4 
1 

presses i n t o  an umbra region created by the sput ter  sh ie ld  f a r  oSLp -55 deg, 
i 

depending upon the po in t  of l oca t ion  o f  the ions moving from the thruster  

face. Figure 10 i l l u s t r a t e s  several l i m i t i n g  s t r a i g h t  l i n e  t r a j ec to r i es  d I 

from the face o f  the accelerator g r i d  and from the loca t ion  o f  the ion  

thruster  beam neut ra l izer .  For eSLp -58 deg the SLP i s  i n  the umbra f o r  
d 

l i ne -o f -s igh t  ions from the discharge neu t ra l i ze r  whi le  eSLp must go t o  1 
4 

-49 degrees f o r  ions released over the accelerator g r i d .  These umbra loca- f 

t ions i n  eSLp are, o f  course, also functions o f  the Z-plane of motion o f  
il 

the probe. For eSLp '42 degrees, the ,>robe passes over the "south" edge o f  

the biasable cy l inder .  This edge o f  the biasable cy1 inder may a lso be 

expected t o  cast  shadows i n  the expanding f low o f  ions i n  the neu t ra l i ze r  

discharge plasma plume. Figure 10 a lso i l l u s t r a t e s  the SLP pos i t i on  as a 

funct ion of the probe Z se t t i ng  for  eSLp = 30 degrees. Element C8 o f  the 

biasable cy l inder  i s  a lso i i l u s t r a t e d  i n  Figure 10. 

Figure 11 i l l u s t r a t - es  the SLP pos i t ions as a funct ion o f  probe ro ta -  

t i o n  angle f o r  the cross-sectional view BB. In t h i s  passage over the 

++a 
"east" edge o f  the biasable cy l inder  there i s  no in tervent ion o f  the plasma 

3 
plume by the spu t te r  sh ie ld  and the creat ion o f  an umbra region i s  by the ug 

biasable cy l inder  only. A t  Z = 26 centimeters, the SLP moves completely 
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Figure 11. Cross-Sectional View i n  Plane B-B of Thruster,  Biasabie Surface 
and Spherical Langtwir Probe, a t  Various Rotat ion Angle and 
Axial  Posi t ions 



i n t o  the umbra a t  eSLp -150 deg. Figure 11 also i l l u s t r a t e s  the probe 

pos i t ion  as a function o f  Z placement f o r  eSLp = 150 deg. 

3.1.2 F loa t ins  Potent ia l  Measurements 

Sections 3.1.3 and 3.1.4 dfscuss the i on  co l l ec t i on  currents a\  d 

the e lect ron co l l ec t i on  currents from the ~;:utral i z e r  plasma p l u m  by the 
SLP. I n  order t o  se lec t i ve ly  c o l l e c t  one o r  thp-o ther  o f  the two charged 

species from the plasma, the SLP i s  biased e i t he r  negat ively o r  p o s i t i v e l y  

w i t h  respect t o  the plasma potent ia l  and a f i r s t  requirement f o r  the app l i -  

cat ion of the probe bias lroltage i s  the determination o f  the glasma poten- 

t i a l .  The determination of (exact) plasma potent ia l  by Langmui r probes 

can present some complications, p a r t i c u l a r l y  if the plasma densi ty i s  suf- 

f i c i e n t l y  d i l u t e  tha t  sheath growth comparable t o  the probe dimensions 

occurs f o r  probe potent ia ls  a t  only minor po ten t ia l  d i f ferences from the 

plasma po ten t ia l .  I n  addi t ion t o  these d i l u t e  plasma ef fects ,  there are 

also r e s i s t i v e  surface f i l m  ef fects because of contaminant layers on the 

probe surfaces. For the reasons above and also f o r  ease i n  experimenta- 

t i on ,  the less demanding measurement procedure o f  probe f l o a t i n g  po ten t ia ls  

w i l l  be used t o  estimate the plasma potent ia ls .  

10 With the SLP operating i n t o  a very h igh input  impedance ( > l o  n) d i g i -  

t a l  voltmeter, the e lec t r i ca l  equ i l i b ra t i on  of t h i s  i so la ted  mater ia l  body 

i n  the plasma requires t ha t  the net ion  and electron currents d i f f u s i n g  t o  

the probe from the plasma sha l l  be equal. This equa l i t y  o f  e lectron and 

i on  current deposition, i n  turn, acts t o  minimize the e f f ec t s  o f  possibie 

r e s i s t i v e  surface f i lms on the probes because, on the average, e lect ron and 

i o n  current  densi t ies are equal. When the SLP was placed i n  i t s  f l o a t i n g  

mode, the data i l l u s t r a t e d  -in Figure 12 was obtained. For these measure- 

aents, the neu t ra l i ze r  common i s  a t  ground potent ia l  (chamber wal l  ), the 
keeper electrode i s  set  i n  the range from 17 t o  18 vo l ts ,  keeper current  

i s  0.5 amperes, and neutral  mercury i n j e c t i o n  i s  -7 mill iamperes 

(equivalent).  

Several features are o f  i n te res t  i n  the data o f  Figure 12. The f i r s t  

feature i s  t h a t  plasma f l o a t i n g  potent ia l  i s  comparatively small compared 

t o  the known potent ia ls  (appl ied t o  the discharge neu t ra l i ze r  keeper elec- 

trode) a t  which i t  i s  believed t h a t  the neu t ra l i ze r  plasma plume i s  created. 

A-16 * 
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Figure 12. Spherical Langmuir Probe F loat ing  Potent ia l  as a  Function o f  
Probe Rotat ion Angle i n  the N e u t r a l i z e r  Plasma Plume 
(biasable surface f l o a t i n g )  



For neu t ra l i ze r  keeper po ten t ia l s  o f  the order o f  18 vo l ts ,  the very dense '1 

regions o f  the plasma plume (near the  ne t ra l  i z e r  o r i f i c e  and i n  the keeper , 

electrode region) are be1 ieved t o  be a t  plasma po ten t ia l  s o f  appr~x imate l  y , 
these leve ls ,  From the data o f  Figure 12, however, the (now) expanded ! 

plasma appears t o  be a t  much lower potent ia ls .  Potenti21 gradients w i t h i n  

a plasma are allowable, o f  course, I f  densi ty gradients and ( f i n i t e )  elec- 

t ron  temperatures also e x i s t  i n  the plasn~a (plasma po ten t ia l  moves i n  the \ I 
negative d i r ec t i on  - kTe ( i n  v o l t s )  f o r  each exponential drop-of f  (by 2.72) 1 
i n  plasma densi ty) .  The neu t ra l i ze r  plasma plume i n  moving from the neutral -  

8 

ri 
i z e r  o r i f i c e  t o  the probe l oca t i on  i s  i n  expansion and may f a l l  o f f  by as 

3 6 3 
1 

much as 10 orders o f  magnitude (from -1016 ionslcln t o  -10 ions/cn \ i n  1 1 
moving over the present (-26 centimeters) source-to-probe separation d i  s- I 
tance. A la rge pp ten t ia l  increment i n  the plasma plume over these par t icu-  

l a r  separation distances i s ,  thus, expected, and the data o f  Figure 12 
J 
1 
.i 

would appear t o  support t h i s  model o f  plasma plume expansion. 
- 

The f l o a t i n g  po ten t ia l s  i n  Figure 12 are not, o f  course, the plasma 
i 1 

po ten t ia l s  a t  these locat ions.  As a general ru le ,  an e l e c t r i c a l l y  i so la ted  s 

body f l o a t s  a t  a potent ia l  which i s  negative w i t h  respect t o  the actual j 

plasma po ten t ia l  by several kTe (because o f  d i f f e r i n g  ion  and e lec t ron 

mob i l i t i e s ) .  Actual plasma pc ten t i a l s  a t  the most dense port ions o f  the 

SLP motion i n  Figure 12 (near eSLp = 90 deg) may be o f  the order o f  5 o r  

6 vo l t s ,  and, thus, po ten t ia l  increments from the neu t ra l i ze r  o r i f i c e  t o  

t h i s  probe loca t ion  ( a t  26 cm and i n  the most dense por t ion  of the plume 5 

a t  t h i s  Z se t t i ng )  may be approximately 10 vo l t s .  4 

As the SLP moves t o  o values where sh ie ld ing GP the plume expansion 

by the sput ter  sh ie ld  can occur (eSLp -60 deg) the f l o a t i n g  po ten t ia l  o f  

the probe does diminish. This evidence i s  the f i r s t  d i r e c t  i nd ica t ion  

tha t  the presence o f  the sput ter  sh ie ld  does cause regions o f  space i n  

which plume densi ty i s  reduced because o f  a blockage i n  those d i rec t ions 

o f  the plume expansion. This e f f e c t  i s  o f  fundamental importance i n  

reducing ion t ransport  and deposi t ion on s p e c i f i c a l l y  sens i t ive  surfaces 

and the present r esu l t s  ind ica te  t h a t  some appeals can be made t o  i o n  

t r a j ec to r y  sh ie ld ing f o r  even these weakly energetic (and presumably 

eas i l y  re f rac tab le )  ions. 



For probe motion t o  h igher  eSLp values than 90 degrees, f l o a t i n g  

p o t e n t i a l s  remain comparat ively f l a t  i n d i c a t i n g  t h a t  t he  plume expansion 

i n t o  these regions i s  no t  impeded. An examination o f  F igure 11 ind ica tes  

t h a t  shadowing of t h e  plasma f l o w  by t h e  east  edge o f  t he  b iasable c y l i n -  

d e r  should n o t  occur u n t i l  eSLp -135 degrees. I n  p o i n t  o f  f ac t ,  t he  f l o a t -  

i n g  p o t e n t i a l  r e s u l t s  i n  F igure 12 do d i s p l a y  a  sharp drop-o f f  i n  p o t e n t i a l  

near t h i s  eSLp value, again conf i rming the  e a r l i e r  not ions t h a t  ma te r ia l  

boundaries a r e  capable of cas t i ng  e f fec t i ve  "shadows" i n  such expanding 

plasma plumes. The effect iveness of t h e  shadows cas t  on t h e  south edge 

passage (where both the  spu t te r  s h i e l d  and t h e  b iasable c y l i n d e r  a re  

present) a re  super io r  t o  those cas t  on the  east  edge passage (b iasable 

c y l i n d e r  on ly ) .  The data of Figure 12 would even appear t o  i n d i c a t e  suc- 

cessive shadowing e f fec ts  of ( f i r s t )  t he  spu t te r  s h i e l d  and (then) the  

b iasab le  c y l i n d e r  f o r  t he  south edge passage. 

A f i n a l  comment r e l a t i v e  t o  the  data of F igure 12 i s  the  appearance 

o f  f l o a t i n g  p o t e n t i a l s  which are negat ive w i t h  respect t o  V 0, t he  cham- 

be r  wa l l  p o t e n t i a l s .  Such p o t e n t i a l s  a re  n o t  forbidden by plasma consider- 

a t i ons .  Actual plasma p o t e n t i a l s  are, as noted, p o s i t i v e  w i t h  respect t o  

f l o a t i n g  po ten t ia l s ,  b u t  negative values f o r  e i t h e r  o f  these p o t e n t i a l s  

can occur i f  s u f f i c i e n t  dens i ty  drop-of f  occurs (and fo r  s u f f i c i e n t  l e v e l s  

o f  e lec t ron  temnerature i n  the  plumes). For the  reg ion o f  probe motion 

shown i n  Figure 12 and not ing  t h a t  ac tua l  plasma p o t e n t i a l s  are several 

kTe p o s i t i v e  w i t h  respect  t o  f l o a t i n g ,  i t  i s  l i k e l y  t h a t  the ac tua l  plasma 

p o t e n t i a l  i s  p o s i t i v e  i n  even the  most d i l u t e  regions o f  t he  plume under 

t h e  present examination. This conclusion w i l l  be u t i l i z e d  i n  the  s e t t i n g  
o f  probe b ias  p o t e n t i a l s  fo r  t he  i o n  c o l l e c t i o n  measurements t o  be described 

i n  the  f o l l o w i n g  sect ion.  

3.1.3 Ion  Ex t rac t i on  Current Measurements 

3.1.3.1 I o n  Ex t rac t i on  Current as a  Funct ion of SLP Biss Po ten t ia l  

The data i n  F igure 12 has i nd i ca ted  t h a t  plasma p o t e n t i a l  i s  pos i t i ve ,  

a t  l e a s t  i n  most of t he  regions o f  the  plasma. The exp lo ra t i on  o f  the i on  

c o l l e c t i o n  l i m b  o f  t he  Langmuir probe c h a r a c t e r i s t i c ,  thus, should be pos- 

s i b l e  f o r  probe b ias  p o t e n t i a l  i n  the  b ias  range below zero v o l t s ,  and 



elect ron a r r i v a l  a t  the probe for  such po ten t ia l s  s t~ou ld  be very much less  

than i o n  a r r i v a l ,  thus permi t t ing a measurement o f  i on  f l u x  densi ty i n  the 

neutral  i z e r  plasma plume. Figure 13 i 11 ust ra tes the SLP i o n  co l l ec t i on  

current  i n  the b ias  range from 0 t o  -10 v o l t s  f o r  SLP placement on the 

thruster  ax is  a t  Z = 26 centimeters. 

A t  0 vo l t s  b ias  potent ia l ,  the probe co l l ec t s  -150 nanoamperes. I f  

t h i s  probe cur rent  a r r i ves  over the e n t i r e t y  o f  the probe surface, then i on  

current  densi ty i n  the neu t ra l i ze r  plume would be approximately 3 nano- 
2 amperes/cm a t  t h i s  pos i t ion.  If, on the o ther  hand, the ion  flow i s  

la rge ly  ordered and i s  moving away from the neu t ra l i ze r  i n  a "spherical" 
2 expansion, the probe co l l ec t i ng  area i s  reduced t o  the order o f  10 cm and 

2 ion f l u x  densi ty estimates must be ra ised t o  -15 nanoanperes/cm a t  t h i s  

posi t ion.  

The conclusions on i on  f lux  densi ty discussed above are fu r the r  com- 

pl icated,  however, by the growth of co l lec ted  signa3 as more negative probe 

bias voltages are applied. Growth i n  the c o l l e c t i o n  s ignal  f o r  increased 

negative bias on the probe i s ,  o f  course, predicted from probe theory 

because o f  growth i n  the sheath s i ze  for  such d i l u t e  plasmas. Such probe 

theory, however, c a l l s  for  a "knee" i n  the ion  co l l ec t i on  current  l imb w i t h  

only modest increases i n  the co l lec ted i o n  cur rent  f o r  b ias voltages 

increased (negat ively)  beyond the Knee. The presence o f  a pos i t i ve  curva- 

ture  t o  the probe signal as bias voltage i s  increased, ra ther  than the 

negative curvatures of Section 3.1.5, Probe Surface F i lm Effects,  ind icates 

some operational problems w i th  the probe. I n  the discussion and experi- 

ments i n  Section 3.1.5, the existence of r e s i s t i v e  surface f i lms  w i l l  be 

demonstrated and cor rect ion o f  the f i l m  e f fec ts  w i l l  be ca r r ied  out. This 

w i l l  r e s u l t  i n  an e levat ion of the co l lec ted  i on  s ignal  for  small negative 

bias po ten t ia l s  compared t o  the r e s u l t s  i n  Figure 13. The general conclu- 

sions o f  the f i nd ings  o f  the probe charac te r i s t i cs  w i  11, however, be found 

t o  retnain the same, i r respect ive o f  the presence of r e s i s t i v e  fi lms. For 

t h i s  reason, Sections 3.1.3.2 and 3.1.3.3 w i l l  present data from probc 

experiments where such f i l m s  are present and from other  experiments i n  

which the f i lms, whi le  present, have been s i g n i f i c a n t l y  reduced by ion  

sput ter  cleaning. Coniparisons o f  the data under the two condit ions w i l l  

be ca r r ied  out  and i t  w i l l  be shown tha t  general conclusions o f  i on  



PROBE BIAS VOLTAGE (VOLTS) 

Figure 13. Ion Col lec t ion  Current from the N e u t r a l i z e r  Plasma Plume t o  the 
Spherical Langmuir Probe as a Function o f  Probe Bias Voltage 



t r a j ec to r y  re f rac t ion  are the same for  both condit ions of probe operation, 

although the basic estimates of i on  f l ux  leve ls  does change as the probes 

are cleaned. For present purposes, the data o f  Figure 13 w i l l  be taken t o  

demonstrate t ha t  co l lec ted ion  currents i n  the range from -100 t o  -1000 nano- 

amperes are observed f o r  modest negative bias po ten t ia l s  and tha t  estimates 
2 o f  ion  f l ux  density range from -3 nanoamperes/cm (randomly di rected f lux  

over the e n t i r e  probe and "low" t o t a l  s ignal  l e v e l )  t o  -100 nanoamperes/ 

cm2 (essen t ia l l y  laminar ion  flow for  "high" t o t a l  s ignal  l eve l ) .  

3.1.3.2 Ion Ext ract ion Current as a Function o f  Probe Pos i t ion 

Figure 14 i l l u s t r a t e s  the SLP co l lec ted  ion signal f o r  Z = 26 cm and 

as a func t ion  of probe r o t a t i o n  angle. Because of the concern over probe 

c o l l e c t i o n  signal as a funct ion of negative bias, discussed i n  the preced- 

ing  section, the data given i n  Figure 14 has a lso been examined as a func- 

t i o n  o f  probe bias po ten t ia l .  

The resu l t s  i n  Figure 14 i l l u s t r a t e  s i gn i f i can t  diminutions i n  ion  

signal as the probe moves t o  the more protected regions o f  space i n  the 

probe passage. Pa r t i cu l a r l y  steep drop-offs are observed for  probe angles 

less than -75 degrees and i n  the region above -135 degrees. Col lect ion 

current  drop-offs on e i t he r  side of eSLp = 90 degrees are also present, 

however, and f o r  angular pos i t ions f o r  which shadowing by material bound- 

a r ies  should not be taking place. To i l l u s t r a t e  the spec i f i c  angular 

regions i n  which geometrical shadowing should be expected, Figure 15 has 

selected a spec i f i c  curve o f  the Figure 14 data ( -4  v o l t s  negative bias) 

and has presented the data i n  a parameter normalized t o  the signal a t  

OSLP 
= 90 deg. Also shown on Figure 15, i n  the rectangular boxes, are the 

angular regions i n  which the probe should begin and should complete ent ry  

i n t o  the umbra. 

From the data given i n  Figure 15 i t  cannot be stated tha t  the drop-of f  

r a t e  i s  s i g n i f i c a n t l y  la rger  f o r  the u~b ra -en t r y  condi t ion than ex i s t s  i n  

1 o ther por t ions o f  the co l l ec t i on  s ignal  curve (a1 though some apparent 

steepening of the drop-off does occur near eSLp -145 degrees). The major 

f a c t  t o  note, however, i s  t ha t  f l u x  dens i t ies  i n  the umbra region reach 

l eve l s  t h a t  are orders of magnitude less than the values obtained on the 



Figure 14. Ion Col lec t ion  Current from the  N e u t r a l i z e r  Plasma Plume t o  the  
Spherical Langmuir Probe as a  Function o f  Probe Bias Voltage 
and Probe Rotat ion Angle (b iasable  surface f l o a t i n g )  
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Figure 15. Ion Collection Current (Normalized t o  Value a t  epR = 90') 
from the Neutral izer  Plasma Plume t o  the Spherical iangmuir 
Probe as a Function of Probe Rotation Angle (biasable surface 
f loat ing;  boxes indicate "sunset" regions for opt ica l  i l lumi-  
nation o f  the probe) 



th ruster  axis. This s a t i s f i e s  the u l t ima te l y  desired condi t ion o f  low i o n  

deposit ion leve ls  i n  these protected regions. 

A f i na l  experimental exercise i n  ion  co l l ec t i on  s ignal  i s  t o  deter- 

mine t h i s  signal drop-of f  f o r  probe no t ion  i n  the Z d i r ec t i on  (eSLp f ixed). 

Because the data i n  Figure 15 daes ind ica te  shadowing effects near 

eSLp = 145 degrees (corresponding t o  probe passage over the east edge), 

t h i s  region was chosen f o r  the Z-var ia t ion experiment. Figure 16 i l l u s -  

t ra tes  the ion c o l l e c t i o n  s ignal  as a function o f  Z f o r  eSLp = 150 degrees. 

For Z = 33 cm, the probe i s  f u l l y  i n  view o f  the neu t ra l i ze r  and near 

Z = 27 cm the probe i s  completely out-of-view o f  the neu t ra l i ze r .  Over 

the t o t a l  Z range from 33 cm t o  22 cm, probe s ignal  f a l l s  by more than 

two orders of magni tude. The probe s igna l  a lso exh ib i t s  a t r a i l - o f f  which 

fol lows approximately the i l l um ina t i on  fac to r  o f  a spherical probe of t h i s  

given s ize  for  op t i ca l  ( l i ne -o f - s i gh t )  t r a j ec to r i es .  The data presented 

i n  these f igures then leads t o  three conclusions: the f i r s t  conclusion i s  

tha t  i on  deposi t ion leve ls  i n  "sheltered" regions are reduced t o  values 

which are very small compared t o  t h e i r  on-axis leve ls .  The second conclu- 

sion i s  t h a t  the shadows which mater ia l  objects cast  i n  the i on  f low are 

e f f e c t i v e  and can reduce the deposi t ion levels;  and the f i n a l  conclusion 

i s  that, i n  sp i t e  of these shadowing e f fec ts ,  ions can be co l lec ted i n  

protected regions and tha t  some l eve l s  o f  t r a j ec to r y  re f rac t ion  must be 

present. Section 3.1.3.3 w i l l  examine t h i s  spec i f i c  phenomerton, u t i l i z i n g  

the capab i l i t y  of the biasable surface t o  a l t e r  i on  t r a j ec to r i es  by a l t e r -  

i n g  the po ten t ia l  d i f fe rence between t he  surface and the neu t ra l i ze r  plasma 

p l  ume. 

3.1.3.3 Ion  Ext ract ion Current as a Function o f  Biasable 
Cyl i nder Potenti  a1 

I n  the data given i n  Figures 13 through 16, the biasable cy l inder  

(elements C 1  . . . C9) were e l e c t r i c a l l y  i so la ted  and, thus assumed t h e i r  

f l o a t i n g  po ten t ia l s  i n  the plasma. I n  Section 3.1.2 i t  was pointed out, 

however, t h a t  the f l o a t i n g  po ten t ia l  o f  a mater ia l  body i s  t y p i c a l l y  nega- 

t i v e  w i th  respect t o  the plasma by po ten t ia l s  of the order of several kTe. 

' * 4 
There are, thus, e l e c t r i c  f i e l ds  between the biasable cy l  inder elements 

3 and the neu t ra l i ze r  plasma plume, and weakly energetic ions, moving i n  
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these e l e c t r i c  f i e l ds  w i  11 have non 1 ine-of -s ight  t ra jec to r ies .  Because 
the biasable cy l inder  i s  negative w i t h  respect t o  the plasma, ions moving 

past  the cy l inder  w i l l  be a t t rac ted  toward the cy l inder  and w i l l  be 

re f rac ted i n t o  the umbra, and Figure 16 has exh ib i ted  evidence o f  such i o n  

t r a j ec to r i es  i n  the  umbra. 

To determine the degree t s  which ions may be re f rac ted  i n t o  protected 

regions by such e l e c t r i c  f ie lds ,  the SLP c o l l e c t i o n  s ignal  has been exam- 

ined a t  a spec i f ic  e value as a function o f  biasable cy l inder  po ten t ia l  

and over a range i n  e f o r  two values of cy l inder  bias. Figure 17 i l l u s -  
t ra tes  the probe c o l l e c t i o n  s ignal  a t  eSLp = 140 degrees as cy l inder  b ias  

moves f r o m  -4 v o l t s  t o  +6 vo l t s .  Some increase i n  the co l lec ted  signal i s  
evident f o r  the m r e  negatjvc bias voltages on t he  cy l inder  ind ica t ing  t ha t  

i on  t r a j ec to r i es  are  being bent t o  b r i ng  ions i n t o  a protected region. The 

s ignal  Increases seen here, however, a re  small, and a review o f  the probe 

conf igurat ion r e l a t i v e  t o  the east edge and a t  esLp = 140 degrees (see Fig- 

u re  11) ind icates t ha t  major a l t e ra t i ons  i n  i o n  co l lec ted  s ignal  are not  t o  

be expected i n  view o f  the comparatively exposed probe pos i t i on  s t  t h i s  

angle. More s t r i k i n g  e f f ec t s  should be seen, however, f o r  probe pos i t ions 

we l l  i n t o  the umbra. Figure 18 does examine the i on  c o l l e c t i o n  signal over 

a range from eSLp = 50 deg t o  eSLp = 150 deg and fo r  f i x e d  bias potent ia ls  

o f  +4 v o l t s  and -4 v o l t s  on the biasable cy l inder  elements. Over la rge 

port ions o f  the angular range, no d i f ference i n  cc l lec ted  i on  signal i s  

observed and should not  be expected i n  view o f  the l i m i t e d  e l e c t r i c  f i e l d  

oenetrat ion depth f ro~n the biasable c y l  inder and i n t o  the neutral  i z e r  

plasma plume. For eSLp > 150 deg, however, the di f ference i n  signal l eve l  

between the two bias voltage condit ions i s  s t r i k i ng .  More than an order o f  

magnitude i n  co l lec ted  ion  s ignal  i s  present, f o r  example, a t  

%LP = 155 deg. 

The resu l t s  i n  Figures 17 and 18 i l l u s t r a t e  t ha t  e l e c t r i c  f i e l d s  

between the biasable cy l inder  and the plasma plume are a t  comparatively 

low leve ls  f o r  cy l inder  bias po ten t ia l s  of the order c f  +2 t o  +4 vo l t s  

which tends t o  conf i rm eay l i e r  motions on the plasma po ten t ia l  i n  these 

regions. I n  add i t i on  t o  t h i s ,  the resu l t s  i l l u s t r a t e  t ha t  the cor rect  
t a i l o r i n g  o f  the e l e c t r i c  f i e l d s  between a mater ia l  boundary and the 
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Figure 17. Ion Collection Current from the Neutralizer Plasma Plume to the 
Spherical Langmuir Probe as a Function of Biasable Surface 
P~tential 
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Figure 18. Ion Col lec t ion Current from the Neut ra l izer  Plasma Plume t o  the 
Spherical Langmuir Probe as a Function of Probe Rotat ion Angle 
for  Biasable Surface a t  +4V and -4V 



plasma can dramatical l y  reduce the l eve l  of i on  re f r ac t i on  i n t o  protected ..I 
regions. The a1 t e r n a t i  ve statement i s  t ha t  i ncor rec t  t a i  l o rd  ng of these 

boundary condi t ions can enhance the re f rac t ion  o f  ions and can introduce 

i on  deposi t ion onto surfaces i n  the protected regions. I t  fol lows t ha t  

the d i l  igent  in tegra t ion  o f  i on  thrusters  i n t o  spacecraft must consider i 
these boundary condi t ion e f f ec t s  and attempt t o  so arrange them as t o  mini-  

mize ion  t ranspor t  re f rac t ion .  

A f i n a l  area t o  note i n  the data of Figures 17 and 18 i s  the l e v e l  o f  ,1 

i on  s ignal  throughout the various experiments. These s ignal  l eve ls  are 

increased r e l a t i v e  t o  the range o f  s igna ls  displayed i n  Figures 13, 14, and 

15 ( f o r  comparable SLP bias voltages). The reason f o r  t h i s  signal d 

increase i n  Figures 17 and 18 i s  tha t  i on  sput ter  cleaning o f  the SLP has 

been ca r r i ed  ou t  f o r  t h i s  experiment. While suf;? sput ter  cleaning o f  the 
i 

probes has resu l ted i n  increased signal ievels,  the general conclusions on 
i 

ion  r e f r a c t i o n  from the probe data are no t  alter8ed. The important features 

i n  a l l  o f  t h i s  data are t ha t  ions are a t  s i g n i f i c a n t l y  reduced l eve l s  i n  i 

'I 
the umbra region ana t ha t  even more s i g n i f i c a n t  reductions o f  these s ignals 

can be obtained i f  a t ten t ion  i s  paid t o  minimizing e l e c t r i c  f i e l d s  between 

mater ia l  boundaries and the plasma plume. I 

i 
3.1.4 Electron Extract ion Current Measurements i 

Langmuir probes may be used i n  p r i nc i p l e ,  f o r  determinations o f  both 

the ion propert ies and the e lec t ron propert ies i n  pl?,rils. I n  the present 

plasma, attempts were made t o  determine Te by the shape o f  the e lec t ron 

c o l l e c t i o n  l imb of the probe. These attempts were not  successful because 

o f  a  continuous pat tern  o f  d r i f t s  i n  the  co l lec ted e lec t ron s ignal .  These 

d r i f t  pat terns are considerably reduced i n  the i on  l imb current  co l l ec t i on  

charac te r i s t i cs  and the measurements there (Figures 13 through 18 and Fig- 

ures 19 through 26) can be car r ied  out  w i t h  run-to-run s t a b i l i t y .  Because 

the e lec t ron currents r i s e  so rap id ly  and because e lec t ron k i n e t i c  ener- 

gies are suspected o f  being much lower than ion  energies, only small f luc-  

tuat ions i n  probe surface charac te r i s t i cs  can cause measurable d r i f t i n g  

i n  e lec t ron co l lec t ion .  

The general ind icat ions from the Langmui r probe charaster i  s t i c s  

attempted f o r  e lec t ron temperature measurement i s  t ha t  T, i s  a  r r a c t i o n  rf 



Figure 19. Computed Shape of the Expected Ion Collection Current from a 
Plasma as a Function of Probe Bias Potential 
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Figure 20. Ion Col lec t ion  Current from the N e u t r a l i z e r  Plasma Plume t o  the 
Spherical Langmuir Probe as a Function of Probe Bias Voltage 
Following Ion Sputter Cleanings 



Figure 21. Ion Col lec t ion  Current from the  N e u t r a l i z e r  Plasma Plume t o  the 
Spherical Langmuir Probe ( f o r  off-axis probe locat ions and 
fo l lowing ion sputter  c leaning)  
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Figure 22. Ion Col lec t ion  Current from the  N e u t r a l i z e r  Plasma Plume t o  the 
Spherical  Langmuir Probe ( for  continued ion  sputter  cleanings) 
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Figure 23. Ion Collection Current from the Neutral izer  Plasma Plume to the 
Spherical Langmuir Probe ( fo r  continued ion sputter cleanings) 



Figure 24. Ion Col lec t ion  Current from the N e u t r a l i z e r  Plasma Plume t o  the 
Spherical Langmuir Probe as a  Function o f  Probe Rotat ion Angle 
( a f t e r  ion  sputter  c leaning)  



Figure 25. Floating Potential of the Spherical 
Langmuir Probe in the Qeutralizer 
Plasma Plume, as a Function of 
Probe Axial Position 
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Figure 26. Ion Collection Current from the Neutral- 
izer Plasma Plume to the Spherical Lang- 
muir Probe as a Function of Probe Axial 
Position 



an electron-vol  t, of order 0.5 eV. De f i n i t i ve  Te measurements were no t  

obtained , however. 

3.1.5 - Probe Surface F i lm Ef fec ts  

The probe surface f i l m  e f fec ts  discussed i n  Section 3.1.4 above do 

not r u l e  ou t  ion cur rent  co l l ec t i on  l imb measurements, although the cur- 

rent  magnitudes observed a t  low negative bias po ten t ia l s  can be reduced 

because o f  r e s i s t i v e  po ten t ia l  drops across the f i lms.  The presence o f  

f i lms i s  a lso suspected t o  be the cause o f  the pos i t i ve  curvature e f f e c t  

i n  ion c o l l e c t i o n  i n  the data o f  Figure 13. A comparatively simple com- 

putat ion o f  expected probe i on  co l lec t ion,  i l l u s t r a t e d  i n  Figure 19, d is -  

plays a s l i g h t  "knee" and the appropriate negative curvature i n  ion  s ignal  

i n  the regions near the knee. 

Because of the various evidence o f  f i l m  build-up, ion  sput ter  clean- 

i ng  of the probe was car r ied  ou t  by imposing a large (-400 v o l t )  negative 

bias on the  probe w i t h  respect t o  the discharge neu t ra l i ze r  plasma plume. 

Figure 20, Rdn 11, i l l u s t r a t e s  the ion co l l ec t i on  charac te r i s t i c  a f t e r  t h i s  

probe cleaning procedure. The "knee" i s  now v i s i b l y  present and the co l -  

l ec t i on  cha rac te r i s t i c  i n  and near the knee i s  now o f  the expected shape. 

The magnitude o f  the ion  s ignal  a t  probe bias voltages i n  the general range 

o f  zero v o l t s  i s  now s i g n i f i c a n t l y  la rger  than f o r  the same bias condi t ion 

i n  the e a r l  i e r  (non-cl eaned probe) measurements. However, the l eve l  o f  

i on  signal a t  the knee i s  on ly  400 nanoamperes and even i f  the flow i s  
2 laminar, J+ i s  only o f  the order o f  40 nanoamperes/cm for  the usual 

method o f  i n te rp re ta t ion  of Langmsir probe charac te r i s t i cs  on i on  "satura- 

t i o n  current .  " 

A f t e r  Run I 1  o f  the data shown i i ,  Figure 20, the data i n  Runs I 11  and 

I V  o f  Figure 21 were obtained i n  regions near the umbra fo r  the sput ter  

sh ie ld  and f o r  the east edge. The (now) cleaned probe exh ib i t s  the marked 

drop-of f  i n  i o n  s ignal  between these angular set t ings and eSLp = 90 deg 

j u s t  as was previously observed w i t h  the  noncleaned probe. This appears t o  

confirm the statement made a t  the conclusion o f  Section 3.1.3.1 t ha t  both 

cleaned and noncleaned probes exh ib i t  the same general behavior i n  ion  

p l  ume expansi on. 



Following Run I V  i n  the data of Figure 21, the probe was cleaned 

again and the data o f  Run V i n  Figure 21 was obtained. The "knee" o f  the 

curve i s  now less sharply defined and the knee pos i t i on  has now shi f ted as 

the possib le r esu l t  o f  even f u r t he r  surface f i l m  cleaning. The general 

agreement between the  two probe charac te r i s t i cs  i s ,  however, good and the 

use o f  the knee as the i on  saturat ion cur rent  would lead t o  almost exact ly  

the same i o n  co l l ec t i on  r e s u l t  f o r  Runs I 1  and V. 

As a f i n a l  exercise i n  possib le surface f i l m  ef fects the probe was 

cleaned again before obtain ing the co l  l e c t i o n  charac te r i s t i c  i n  Figure 22 

and once again before obtaning the c o l l e c t i o n  charac te r i s t i c  i n  Figure 23. 

The leve l  of i on  s ignal  a t  the knee remains f a i r l y  wel l  f ixed, although 

extracted cur rent  for  more negative biases appears t o  be r i s i n g  as the 

r e s u l t  of each successive cleaning operation. These l a t t e r  changes are 
not, however, considered t o  be s i gn i f i can t .  

A f i n a l  f igure i n  t h i s  section, Figure 24, i l l u s t r a t e s  the SLP ion 

= h ~ r a c t i o n  cur rent  as a funct ion o f  probe ro ta t i on  angle f o r  the (now) 

sput ter  cleaned probe. The data given i n  Figure 24 may be compared t o  the 

data i n  Figure 14 which was obtained p r i o r  t o  the i on  sput ter  cleaning o f  

the probe. As may be seen, the post-sput ter  cleaned probe i n  Figure 24 

exh ib i t s  a higher l eve l  o f  i on  co l l ec t i on  than i n  Figure 14, for  a compar- 

able probe b ias  set t ing.  The conclusions on ion  re f r ac t i on  i n  the plasma 

p l  ume expansion over the mater ia l  boundaries remain unchanged. The growth 

i n  co l lec ted signal i s  p a r t i a l l y  due t o  the sput ter  cleaning and ( i t  i s  

bel ieved) i s  p a r t i a l l y  due t o  the higher leve ls  o f  neutral  mercury in jec -  

t i o n  (-15 mA, f o r  example) f o r  the (degraded condi t ion)  neu t ra l i ze r  i n  the 

l a t e r  experiments. Neutral mercury i n j e c t i o n  w i t h  the neu t ra l i ze r  f o r  the 

ea r l  i e r  probe measurements was -7 m i l  1 iamperes (equivalent).  

3.1.6 Neutral izer  Plume Expansion Measurements 

A f i n a l  experiment on the neu t ra l i ze r  discharge plasma plume w i th  the 

SLP i s  an examination of the va r ia t ion  i n  probe f l o a t i n g  po ten t ia l  f o r  

increasing a x i a l  separation, Z, and a measurement along t h i s  same path o f  

the i on  cur rent  co l lec ted by the probe. The resu l t s  o f  these measurements 

are  given i n  Figures 25 and 26. For increasing Z ,  f l oa t i ng  po ten t ia l  



continues t o  d iminish and the s ign o f  the e l e c t r i c  f i e l d  i n  the plasma i s  

such as t o  continue t o  accelerate the outwardly moving ions. THe ion  cur- 
ren t  densi ty appears t o  be f a l l i n g  off  as the inverse square o f  the d is -  

tance from the neut ra l  i zer , thus undergoing an essent ia l  l y  'spherical 'I 

expansion. The pat tern  of behavior suggested here and by the previous 

data i s  t ha t  of a plasma i n  which the e l e c t r i c  f i e l d  i s  r a d i a l l y  outward 

and i s  created by the plasma densi ty gradients and by the f i n i t e  e l ec t ro r~  

temperature. Ions i n  such a po ten t ia l  conf igurat ion would acquire k i n e t i c  

energy i n  the expansion, and, depending upon the scat ter ing lengths f o r  

ion motion and possible ion  energy loss mechanisms, could acquire k i n e t i c  

energies much la rger  than kTe, i n  tha t  po ten t ia l  i Trements much la rger  

than kTe are present i n  the expansion plume o f  the plasma. I f  the ions 
acquire k i n e t i c  energy large compared t o  kTe, t h e i r  r e f r ac t i on  by e l e c t r i c  

f i e l d s  generated by plume expansion over more d i s t a n t l y  removed mater ia l  i 
boundaries would be comparatively minor. To t h i s  po in t  i n  the experimental : I 
series on neu t ra l i ze r  plume behavior the above descr ip t ion appears t o  match . J 

the apparent degree t o  which comparatively sharp shadows are cast  by the Y 

biasable cy l inder  and by the sput ter  shie ld.  Actual determinations o f  i on  

energy i n  the expansion plume cannot, however, be ca r r ied  ou t  w i th  the i 

Langmuir probe and w i l l  requ i re  the use of Faraday cupIRetarding Potent ia l  

analyzers. These Faraday cup/RPA measurements w i  11 be described i n  the 
section which follows. 

3.2 Faraday CupIRetarding Potent ia l  Analyzer Measurements 

3.2.1 Experiment Geometrical Considerations 

The Faraday CupIRetarding Potent ia l  Analyzer i n  use f o r  t h i s  group o f  

measurements i s  the l - l / 2 - inch  J+ probe. This probe i s  i l l u s t r a t e d  i n  Fig- 

ures 2 and 4 and d e t a i l s  i n  the construct ion of the probe are given i n  Fig- 

ure  4. The path of the probe for  a ro ta t iona l  sweep through the plasma 

plume i s  il lus t ra ted  i n  Figure 6. However, because geometrical considera- 

t i ons  are o f  such importance i n  the probe response t a  plasma currents f o r  

the probe ent ry  i n t o  umbra regions created by mater ia l  boundaries, two 

addi t iona l  f igures have been prepared. Figure 27 i l l u s t r a t e s  the probe 

$44" 
pos i t i on  r e l a t i v e  t o  the thruster  and the biasable cy l inder  i n  a view along 

* v  



Figure 27. View Along Thruster Axis o f  Thruster ,  Biasable Surface, and 
1-11 2-Inch J+ Probe, a t  Various Rotat ion Angle Posi t ions 
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the -Z axis.  The entrance aperture of the 1-112-inch J+ i s  shown there as 
a function of r o t a t i o n  angle, el-l,2-inch J+ , around the probe mounting 

rod. The convention i n  the descr ip t ion of el-l/Z-inch Jt i s  t ha t  

'1-112-inch J+ = 0 deg for  the errtrance aperture on the th rus te r  axis. 

For '1-1/2-inch J+ -45 deg, the entrance aperture passes over the west 

edge o f  the biasable cy l inder  and f o r  el-112-inch J+ -315 deg, the entrance 

aperture passes over the northeast edge of the biasable cyl inder.  

Two cross sectional planes, AA and BB, are ind icated i n  Figure 27. 

I n  the cross sectional plane BB the plasma plum2 from the neu t ra l i ze r  can 

expand i n  t h e  d i r ec t i on  of the northeast edge o f  the biasable cy l inder  

without any sh ie ld ing e f fec t  by the th rus te r  sput ter  shield. This s i tua-  

t i o n  i s  somewhat more complicated i n  the cross sect ional  plane AA. 
Because of angle of cut  i n  the thruster  sput ter  sh ie l d  the umbra a f  the 

sput ter  sh ie l d  i s  general ly reduced i n  i t s  sh ie ld ing effect iveness f o r  

probe movement toward the west edge of the biasable surface. Another com- 

p l i c a t i n g  factor  here i s  the o f f -ax is  loca t ion  of the th rus te r  neu t ra l i ze r  

fo r  measurements of the neutral  i z e r  plasma plume. The nearest passage o f  

the 1- l /2- inch J, t o  the thruster  neu t ra l i ze r  occurs f o r  el-l,2-inch J+ 

-8 deg. To ass is t  i n  the general v i sua l i za t ion  o f  the shadow region cre- 

ated by the beam shield,  the dashed l i n e s  i n  Figure 27 i l l u s t r a t e  the 

in te rsec t ion  of the umbra f o r  a po in t  source a t  the midpoint o f  the i on  

th rus te r  beam neu t ra l i ze r  w i t h  spec i f i c  planes perpendicular t o  the Z ax is  

o f  the th rus te r  system. 

Figure 28 i l l u s t r a t e s  a cross sect ion o f  the 1-1/2-inch J, together 

w i t h  the pos i t i on  o f  the l i n e s  o f  s igh t  from r = z = 0 t o  the biasable 

cy l inder  west edge. For the probe entrance aperture i n  the plane 

z = 23.7 csntimeters and f o r  a probe ro ta t i ona l  angle of 50 degrees those 

port ions ? f  the entrance aperture which connect t o  the co l l ec to r  v i a  

s t r a i gh t  ' l ine t r a j ec to r i es  and a t  the appropriate angle are f u l l y  i l l u m i -  

nated. For a movement o f  the probe r o t a t i o n  angle t o  -51.3 degrees, the 

i n i t i a t i o n  o f  a "sunset" i n  the i l luminated port ions of the co l l ec to r  i s  

encountered. This sunset i s  completed for  a probe r o t a t i o n  angle o f  

-55 degre2s. 
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The considerat ions above on c o l  l e c t o r  ill umination are  based upon 

s t r a i g h t  l i n e  t r a j e c t o r e s  i n i t i a t e d  from r = z = 0 and makfng contac t  wi th 

the  west edge of the  b i a s a t )  ? cy l i nde r .  Several f a c t o r s  a c t  t o  complicate 

these geometrical considerat ions. The f i r s t  o f  these fac tors  i s  t h e  o f f -  

a x i s  l o c a t i o n  o f  t he  thruster  n e u t r a l i z e r .  A second f a c t o r  i s  t he  shadow- 

i n g  created i n  the  west edge d i r e c t i o n  by the  spu t te r  sh ie ld .  A t h i r d ,  

and important, compl i c a t i n g  f a c t o r  i s  t h e  departure o f  i o n  t r a j e c t o r i e s  

from s t r a i g h t  l i n c s  because o f  e l e c t r i c  f i e l d  r e f r a c t i m  o f  these weakly 

energet ic  p a r t i c l e s .  As Sect ion 3.1.3.3 has described, i t  i s  poss ib le  t o  

cause i o n  re f rac t ion ,  t o  some extent ,  by a l t e r a t i o n  o f  t he  p o t e n t i a l  d i f f e r -  

ence between t h e  b iasable c y l  inder  and t h e  plasma plume. Ion  t r a j e c t o r y  

r e f r a c t i o n  can a lso  occur because o f  e l e c t r i c  f i e l d s  between the  plasma 

plume and the  e x t e r i o r  surfaces of t h e  measuring probe. I t i s  possible, 

thus, f o r  ions t o  appear a t  t he  c o l l e c t o r  o f  ib .e 1-1/2-inch J, when such 

appearance would be dynamical ly forbidden on a basis of l i n e - o f - s i g h t  i o ; ~  

motion. If, however, i t  can be demonstrated t h a t  i o n  cur rents  t o  the  

probe c a l l e c t o r  are markedly reduced as the  probe moves i n t o  umbra regions, 

then i t  w i l l  have been demonstrated t h a t  r e f r a c t i o n  o f  the  ions, wh i l e  s t i l l  

present t o  some degree, i s  no t  of s i g n i f i c a n t  concern provided t h a t  sensi- 

t i v e  sur face placement i n  the  umbra regions requ i res  (even low l e v e l )  

mu1 t i p l e  r e f r a c t i o n s  f o r  t he  i o n  t o  depost t  on t h e  s e n s i t i v e  surface. 

3.2.2 F loa t ing  Po ten t ia l  Measurements 

Before proceeding t o  the  Faraday cup/RPA determinat ions o f  i o n  f l u x  

dens i t i es  and i o n  energy spectra i n  t h e  n e u t r a l i z e r  plume, an examination 

w i l l  be made c f  t he  f l o a t i n g  p o t e n t i a l  i n  the  plasma plume. These mcasure- 

ments have been  previous;^ c a r r i e d  o u t  using the  spher ica l  Langmuir probe 

(see Sect ion 3 2 ,  and the  present measurements w i t h  the  1-1/2-inch J+ 
can a c t  t o  corroborate the  previous f i n d i n g s  as w e l l  as t o  exp lore  poss ib le  

new plume behavior along the  s p e c i f i c  rnotioni~; path o f  t h i s  second probe. 

To c a r r y  ou t  t he  f l o a t i n g  poten' ,a1 measurements, a l l  elements ( e x t e r i o r  

case, middle g r i d ,  and c o l l e c t o r )  are connected together  and the e n t i r e t y  

i s  then e l e c t r i c a l l y  i so la ted .  

F igure  29 i l l u s t r a t e s  the  f l o a t i n g  p o t e n t i a l  o f  these probe elements 

as a f u n c t i o r  o f  probe r o t a t i o n  angle. The r e s u l t s  shown there  appear t o  

agree q u a l i t a t i v e l y  w i t h  the r e s u l t s  g iven e a r l i e r  i n  F igure 12. The 
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i n  the plasma and the known po ten t ia l s  on the keeper electrode, i t  appears 

possib le tha t  ions could acquire k i n e t i c  energies considerably i n  excess 

o f  kTe because of extremely large densi t y  drop-offs (estim. ted t o  be o f  

the order of lo1') between the neu t ra l i ze r  o r i f i c c  and these comparatively 

d i l u t e  downstream plasma locations. 

To determine the ion  energy spectrum, the Faraday cup/RPA was placed 

at '1-112-inch J+ = 10 ddg ( the po in t  of nearest passage t o  the neu t ra l i ze r )  

i n  the plane a t  z = 23.7 cm. Figure 30 i l l u s t r a t e s  the RPA charac te r i s t i c  

obtained a t  t h i s  loca t ion  and the energy spectrum o f  ions as t ha t  i on  f low 

appears a t  the ~ n t r a n c e  plane ( a t  V = 0 vo l t s )  of the analyzer. I n  the 

data given i n  Figure 30, most o f  the ions appear t o  have k i n e t i c  energies 

i n  the range from 12 t o  18 eV wi th  small spectrum content a t  higher and a t  

lower energies. I t  i s  bel ieved t ha t  some of the broadening of the i on  

energy spectrum i s  instrumental ( inc lud ing plasma densi ty e f fec ts)  and t ha t  

the actual  energy spectrum i s  even more narrowly defined than the r e s u l t  

given i n  Figure 30. 

The f ind ings i n  Figure 30 are o f  considerable importance i n  explain ing 

the cornparati vely sharp shadows cast by mater ia l  boundaries i n  the plasma 

plume. The evidence given i n  Figure 30 indicates the great ma jo r i t y  o f  the 

ions are created i n  a plasma region which i s  approximately a t  the neu t ra l i ze r  

keeper po ten t ia l .  As the neut ra l izer  plasma plume expands from t h i s  po in t  

i n  an ambipolar d i f fus ion,  the density gradients and the f i n i t e  Te combine 

t o  produce an e l e c t r i c  f i e l d  which continues t o  accelerate the ions. From 

the data i n  Figure 30 there i s  no evidence t ha t  +ens undergo c o l l i s i o n s  o r  

lose energy t o  any s i gn i f i can t  degree t o  such co l l i s i ons .  The ions i n  the 

plume, thus, acquire a k i n e t i c  energy which i s  approximately given by the 

di f ference i n  plasma po ten t ia l  between the i on  generation region (plasma 

po ten t ia l  -VNK) and the plasma po ten t ia l  a t  the spec i f i c  po in t  o f  i n t e r e s t  
b 
I i n  the plume. I f  the plume undergoes a considerable expansion between i t s  

c reat ion region and the pc ' n t  a t  which the plume encounters a mater ia l  1 
boundary,  hen ions acquire k i n e t i c  energies i n  the reqion o f  t ha t  bound- 

, a r y  which can be many times greater than k" / I f  the boundary i s  e l e c t r i -  e e' 
c a l l y  f l oa t ing ,  then a po ten t ia l  d i f fe rence ~f several kTe!, can e x i s t  be- 

i 
tween the boundary and the plasma. The e l e c t r i c  f i e l d s  c l n  be described as 



Figure 30. Ion Collector Current of the 1-1/2-Inch J+ Probe i n  the 
Neutral izer  Plasma Plume as a F u n c t i s ~  of Retarding Potential 
on the Middle Grid, and Resultant ion Energ] Spectrum 
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where t k T e I e  i s  t h e  p o t e n t i a l  d i f ference between the boundary and the plasma 

and A i s  the  sheath thickness between t h e  boundary and the  plasma and the  

minimum rad ius  o f  curvature o f  an i o n  moving i n  such an e l e c t r i c  f i e l d  w i l l  

be 

where y i s  the  i o n  energy a t  t h i s  p o i n t  i n  t he  plasma i n  u n i t s  o f  kTele. For 

the minimum bending radius g iven i n  Equation (Z), t h e  maximum value of the  

t o t a l  i o n  r e f r a c t i o n  angle, er,max can be est imated a t  

us ing t h e  n o t i o n  t h a t  i o n  t r a j e c t o r y  motion i n  the  sheath reg ion  has a t o t a l  

pa th  l eng th  of approximately the same d is tance as t h e  sheath thickness. For 

values of 4 - 5 and y - 20, e, ,max i s  o f  the  order  o f  0.1 radians. For t h i s  

p a r t i c u l a r  case and conf igura t ion ,  then, i t  should be expected t h a t  t he  

mater ia l  boundary w i l l  cas t  a comparat ively sharp shadow i n  the  plasma 

plume. 

The d e r i v a t i o n  above has not  considered the  continued, long term, 

r e f r a c t i o n  of an i o n  which can occur, i n  p r i n c i p l e ,  f o r  t h a t  i o n  t r a j e c t o r y  

ivhich happens t o  l i e  i n  the  edge o f  the  plasma plume expansion " fan"  over a 

mater ia l  boundary. I t  should be noted, however, t h a t  the e l e c t r i c  f i e l d s  

i n  the edge of the  expansion are  generated by plasma dens i ty  gradients.  

For a r  i o n  t h r u s t e r  i n  space, the  plasma plume dens i t y  f a l l s ,  u1 t ima te l y ,  

t o  the dens i t y  of t he  ambient space plasma and dens i t y  g rad ien t  e l e c t - r i c  

f i e l d s  become van ish ly  smal l .  For a spa rec ra f t  i n  a near-ear th o r b i t ,  
4 6 these ambient space plasma d e n s i t i e s  can range from 10 t o  10 ions/cm 3 

and an important  f a c t o r  then becomes t h e  plasma plume dens i ty  r e l a t i v e  t o  
4 6 3 these d e n s i t i e s  o f  10 t o  10 ions/cni . 



One method of determining neu t ra l i ze r  plume plasma density i s  t o  use 

the measured current  densi ty i n  the Faraday cup and an average i on  ve loc i t y  

f o r  the i o n  f low. 

Using the data of Figure 30 i t  can be estimated t h a t  the neu t ra l i ze r  

plasma plume a t  t h i s  near on-axis l oca t i on  and 2-plane i s  

Because o f  the r e l a t i v e l y  h igh neutral  mass f low ( -15 mA, e.g.) i n t o  the 

neutral i zer for  t h i s  (now degraded operation) neutral  i zer , an estimate o f  

'+,plume ( e  = o', z = 24 cm) f o r  a completely nominal neu t ra l i ze r  w i l l  be 

6 = lo0, z = 24 cm) - 2 x 10 ions/cm 3 P+,plume ('1-1/2 J, 

For probe pos i t ions near the biasable cy l inder  loca t ion  (and f o r  the cen- 

t e r l i n e  condi t ion discussed i n  Equation (4)  zbove) the p:vrne density has 

dropped o f f  s t i l l  f u r t he r  t o  

6 (biasable cy l inder  edge) - l o 5  - 10 ions/cn 3 
,PI ume ( 5  ) 

The continued expansion of t h i s  plume must only proceed by leve ls  o f  
4 3 -10 ions/cm t o  drop t o  leve ls  general ly charac te r i s t i c  o f  the ambient 

space plasma f o r  near-earth o r b i t a l  condit ions. There are, thus, strong 

reasons t o  expect tha t  densi ty gradient generated e l e c t r i c  f i e l d  regions 

w i l l  not  continue t o  occur f o r  subs tan t ia l l y  prolonged port ions o f  the ion  

t r a j ec to r i es  as they move beyond separation distances o f  -1 meter and tha t  

the "continued" e l e c t r i c  f i e l d  re f rac t ion  of i on  t r a j ec to r i es  w i l l  not s ig-  

n i f i c a n t l y  a1 t e r  the eer l  i e r  conclusions of comparatively sharply cast 

shadows by mater ia l  boundaries i n  the plasma plume. 

3.2.4 - Ion Flux Density D is t r ibu t ions  

The remaining measurements of i n t e r e s t  w i t h  the 1 - l j 2 - i nch  Faraday 

cup/RPA dre the i on  f l ux  density d i s t r i bu t i ons  as a funct ion o f  probe 



r o t a t i o n  angle f o r  a f i x e d  z - l oca t ion  of the  probe. Figures 31 and 32 
i l l u s t r a t e  two such dens i ty  d i s t r i b u t i o n  measurements, u n t i  1 the  i n c l u s i o n  

o f  the second f i gu re  fo r  purposes o f  demonstrating run- to-run reproduci- 

b i  1 i ty i n  these measurements. 

The peak cu r ren t  dens i t i es  are, as expected, a t  el-l/2-inch J+ -10 deg, 

which corresponds t o  the  probe p o i n t  of nearest passage t o  the  n e u t r a l i z e r  

pos i t i on .  A t  t h i s  p o i n t  and f o r  t he  neu t ra l  vapor f l o w  present i n  the  

(degraded opera t ion)  neut ra l  i zer, t h e  i o n  cu r ren t  dens i t y  reaches a l e v e l  

o f  - 4 x ~ / c m ~ .  For the reduced mass flow f o r  a nominal neu t ra l i ze r ,  

t h i s  peak cur rent  dens i ty  would be reduced t,o - 2 x lo-' ~ / c m ~ .  As the 

probe moves t o  r o t a t i o n  angles greater  than 50 degrees and l e s s  than 

310 degrees, the  i o n  cur rent  densi ty ,  f o r  ions  reaching the  c o l l e c t o r ,  

f a l l s  t o  values l ess  than ~ / c m ~ .  For these ca lcu la t i ons ,  the  probe 
2 entrance area has been se t  a t  6.12 cm , i r r e s p e c t i v e  o f  probe pos i t i on .  

F igure 28 i l l u s t r a t e d  some of t h e  i o n  t r a j e c t o r y  co ts ide ra t i ons  f o r  

probe piacement near the b iasable c y l i n d e r  edge. The r e s u l t s  i n  F ig-  

ures 31 and 32 demonsSrate conc lus ive ly  t h a t  t he  p l u r a l  r e f r a c t i o n  o f  

ions, over  the b iasable c y l i n d e r  edge and i n t o  the  Faraday cup, produces 

an extremely low l e v e l  o f  ne t  ion t ranspor t  f o r  the r e f r a c t i o n  cond i t ions  

required i n  these probe/cyl i nder/neutral  i zer conf igura t ions .  Such low 

l e v e l  t ranspor t  i s  n o t  the p a r t i c u l a r  r e s u l t  of attempts t o  miniwize e lec-  

t r i c  f i e l d s  between the mater ia l  boundaries and the plasma. I n  t h i s  pres- 

ent  experiment the  b iasable c y l i n d e r  i s  a t  i t s  f l o a t i n g  p o t e n t i a l  and the 

probe entrance aperture i s  a t  V = 0. There are, thus, e l e c t r i c  f i e l d s  

which can cause i o n  bending over the c y l i n d e r  edge and i n t o  the  cup, f o r  

t he  h igher angle (8 2 50 deg) cup placements. I n  s p i t e  of such e l e c t r i c  

f i e l d s ,  the  p l u r a l  r e f r a c t i o n  i o n  t ranspor t  i s  a t  very low leve ls ,  and the  

previous experience (see Sect ion 3.1.3.3 and Figures 17 and 18) on reduc- 

t i o n  o f  t r a j e c t o r y  r e f r a c t i o n  by t a i l o r i n g  the  boundary p o t e n t i a l s  t o  the  

p o t e n t i a l  o f  t he  l o c a l  plasma ind ica tes  t h a t  s t i l l  f u r t h e r  reduct ions i n  

i o n  t ranspor t  can be achieved. 

The data given above ind i ca tes  t h a t  p r o t e c t i o n  o f  s e n s i t i v e  surfaces 

can be c a r r i e d  o u t  t o  very low dep05i t ion l e v e l s  by s u i t a b l e  t a i l o r i n g  o f  

bcundaries and by the  requirement t h a t  t he  i o n  t r a j e c t o r i e s  must engage i n  
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Figure 31. Ion Current Density in the 1-1/2-Inch J+ Probe in the 
Neutralizer Plasma Pli~ne, as a Function o f  Probe 
Rotation Angle 
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Figure 32. Ion Current Density i n  the  1-1/2-Inch J+ Probe i n  the 
N e u t r a l i z e r  Plasma Plume, as a Function o f  Probe 
Rotat ion Angle (second f i g u r e  t o  i l l u s t r a t e  run-to-run 
reproduci b i  l i t y )  



p lu ra l  re f rac t ions  o f  some angular extent, i n  order t o  in te rcep t  the sen- 

s i  t i v e  surface. Such t a i l o r i n g  o f  the geometrical and e l  e c t r i c e l  proper- 

t i e s  o f  the boundary may not  always be possible i f  the placement o f  the 

sens i t ive  surface requires t ha t  i t  have a d i rec t ,  1 ine-of-sight, viewing 

angle t o  the thruster .  If, however, the sens i t ive  surface can be located 

i n  a t o t a l  spacecraft/thruster/payload conf igurat ion which requires e i t h e r  

s ing le  i o n  r e f r a c t i o n  a t  a h igh angle o r  p i u ra l  i on  re f rac t ions  a t  qome- 

what lower angles, then, i o r  deposit ion rates can be reduced t o  extremely 

low leve ls .  I n  the  present instance, for  exds~ple, i on  deposi t ion rates i n  
8 2 the 1-1/2 3, cup co l l ec to r  are a t  l eve l s  from 6 x 10 cm /sec t o  less than 

8 2 10 cm /sec f o r  cup placement i n  the angular range from 52 t o  -60 degrees. 

The z and r separations here are o f  the order o f  24 centimeters and 25 t o  

30 centimeters. I n  sp i te  o f  the small z and r separation values, the t o r -  

tuous nature of the ion path required has reduced deposi t ion leve ls  t o  
6 7 values o f  approximately 1 monolayer i n  10 t o  10 seconds. This i s  i n  the 

rafjge o f  1 monolayer per thousand hours for  a comparatively near r and z 

placement. Even lower values o f  deposi t ion r a t e  coula be obtained by 

increasing the separation distances. Throughout the whole procedure, how- 

ever, the important feature i n  deposit ion reduct;on on the surface i s  the 

requiremert o f  l a rge  angle s ing le  ion re f r ac t i on  o r  lower leve l  angle 

p l  ural  re f rac t ions  . 
4. CHARGED PARTICLE MEASUREMENTS I N  THE PLASMA PLUME OF THE THRUSTER 

DISCHARGE AND THE DISCHARGE NEUTRALIZER 

4.1 Spherical Langmui r Probe Measurements 

The condi t ion o f  an operating th rus te r  discharge and an operdting d is -  

charge neutral  i z e r  occurs during normal th rus te r  s tar t -up i n  the i n te r va l  

j u s t  p r i o r  t o  the app l i ca t ion  o f  i on  accelerator  vo'l tages ( t o  the screen 

electrode and the accelerator  electrode) and the FULL BEAY ON condit ion. 

I n  the laboratory measurements o f  the plasma plume from these two sources, 

the screen voltage and accelerator \.oltages are set  a t  zero vo l t s  (chamber 

wa l l  po ten t ia l )  and the cathode commcn leads o f  the neu t ra l i ze r  and the 

thruster  discharge are set  as before, a t  V = 0. The voltages and currents 

f o r  the th rus te r  discharge and the neu t ra l i ze r  keeper are set  a t  nominal 

leve ls  f o r  t h i s  8-cm thruster .  



The geometrical considerations ( locat ions o f  umbra r e l a t i v e  t o  probe 

pos i t iuns)  are essen t ia l l y  the same f o r  t h i s  "combi~ed" discharge opera- 

t i o n  condition as fo r  the neu t ra l i ze r  discharge only condit ion. An exam- 
ina t ion  of Figures 9, 10, and 11 w i l l  i l l u s t r a t e  t ha t  some s h i f t i n g  o f  the 

umbra boundaries does r e s u l t  because of the more extended source s ize  i n  

the combined discharge ope-ati on case compared t o  neutral  i z e r  only, but  

the "sunset" regions for  d i r e c t  1 ine-of-s ight  i 1 lumination o f  the probes 

are essen t ia l l y  the sane i n  the two condit ions. 

Figure 33 i l l u s t r a t e s  the SLP ior l  cur rent  as a funct ion o f  probe ro ta-  

t i o n  angle for probe bias potent ia ls  o f  -2, -4, and -6 vo l t s  and f o r  bias- 

able cy l inder  elements a t  t h e i r  f l o a t i n g  potent ia ls .  These SLP measure- 
ments were obtained without probe surface cleaning and probe behavior here 

general ly follows the behavior f o r  the data given i n  Figures 13 through 18 

( the pre-cleaning per iod i n  the neu t ra l i ze r  discharge measurements). Probe 
currents i n  the combi ned d l  scharge plume reach maximum leve l s  approximately 

f i v e  times the leve l  obtained for  s i m i l a r  probe pos i t i on  and e l e c t r i c a l  

b ias f o r  the neu t ra l i ze r  discharge on ly  case. The peak i n tens i t i es  f o r  

the combined discharge case are sh i f ted somewhat from the loca t ion  o f  the 

peak i n tens i t y  i n  the neu t ra l i ze r  only case. The sharp cut-of fs o f  probe 

signal are  located i n  the same angular i n t e r va l s  f o r  combined discharge 

operation as for  the neu t ra l i ze r  discharge on ly  case. 

The r e f r a c t i b i l i t y  of ions i n  t h i s  combined discharge plume can be 

examined, as before, by prot, placement i n  e i t h e r  a sunset region o r  i n  

the  umbra w i t h  var ia t ions i n  both probe and cy l inder  bias. Figure 34 

il l j s t r a t e s  SLP signal  ( a t  z = 26.0 cm and eSLp = 150 deg) as a function o f  

probe bias from -2 t o  -10 vo l t s  and w i t h  the biasable surface set  a t  

-10 vo l t s  and a t  +6 vo l ts .  Refract ion o f  ions i n t o  t h i s  umbra region by 

negative e l e c t r i c  f i e l ds  from the cy l inder  and from the probe i s  demon- 

strated.  F igur t  55 i 1 lus t ra tes  t h i s  r e f r a c t i o n  e f f ec t ,  again, but w i t h  

SLP bias f i x e d  and w i t h  a continuous va r i a t i on  o f  the cy l inder  bias poten- 

t i a l .  These re f rac t ion  effects remain as q u a l i t a t i v e  feature here i n  view 

o f  the s ize ~f the SLP and i t s  a b i l i t y  t o  measure i on  a r r i v a l  from any and 

a1 1 d i rec t ions.  Subsequent data w i  11 demonstrate, however, t ha t  the gen- 

e r a l  leve ls  o f  the energies o f  the ions i n  the combined discharge plume are 
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Figure 33. Ion Col lec t ion  Current from the Combined Discharge Plasma Plume 
to  t Spherical Langmuir Probe as a Function o f  Probe Bias 
Y .age and Probe Rotation Angle (biasable surface f l o a t i n g )  
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Figure 34. Ion Col lec t ion  Current from the Combined Discharge Plasma Plume 
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Voltage and Biasable Surface a t  +6V and - l O V  
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Figure 35. Ion Collection Current from the Combined Discharge Plasma Plume 
to the Spherical Langmuir Probe as a Function o f  Biasable 
Surface Potential 



several times la rger  than those eneryies measured i n  the neu t ra l i ze r  d i s -  

charge on ly  ease. 

The f l a t t e i l i n g  of the i on  c o l l e c t i o n  s ignal  on the SLP i n  the range 

from +4 t o  +6 vo l t s  of biasabie cy l inder  po ten t ia l  i n  Figure 35 indicates 

tha t  plasma plume potent ia l  i n  the regions near the biasable cy l inder  are 

i n  t h i s  po ten t ia l  range. I n  the bu lk  of the remaining data t o  be given i n  

t h i s  SLP section, the cy l inder  b ias  po ten t ia l  w i l l  be set a t  +6 vol ts,  a  

minimized re f rac t ion  condi t i on .  Figure 36 il lus t ra tes  SLP i o n  co l l ec t i on  

signal as a  funct ion of probe angular pos i t i on  a t  m = 26 cm and f o r  a  

probe bias of -4 vo l ts .  The cur rent  s ignal  i n  Figure 36 i s  normalized LO 

the probe s ignal  a t  eSLp = 90 deg (on-axis t o  the th rus te r ) .  The sunset 

regions f o r  probe i l l um ina t i on  by a  l i ne -o f -s igh t  source a t  r = z  = 0 are 

also indicated i n  Figure 36. Strong s ignal  cu t -o f f s  i n  those regions are 

evident, i nd ica t ing  tha t  ion  refract ion,  whi le present, i s  on ly  through 

1  i m i  ted t r a  j ec t s r y  bending. Figure 37 presents an expanded version o f  

probe s ignal  3s a  function of angular pos i t i on  (now normalized t o  the value 

a t  eSLp = 135 deg, the onset of the sunset regifon) and also il lus t ra tes  the 

probe i l l um ina t i on  for  l i ne -o f -s igh t  i on  f low from r = z  = 0. Only a  minor 

prolongation of the sunset i s  evident. 

Figure 38 i l l u s t r a t e s  SLP ion  s ignal  as a funct ion o f  ax i a l  pos i t i on  

f o r  f i xed  angular posi t ion.  This permits another method o f  passage o f  the 

probe from i t s  f u l l y  i l luminated t o  i t s  f u l l y  darkened state.  Strong cu t -  

o f f  e f f ec t s  are evident, as i n  the Figure 37 data, and evidence o f  prolon- 

gat ion o f  the sunset by increased i on  re f rac t ion over a  boundary i s  again 

present for  the data obtained w i t h  the biasable cy l inder  a t  V = 0 vo l t s .  

Figure 39 p r o ~ i d e s  an expanded presentat ion of probe signal,  normalized 

t o  the value a t  z = 33 cm ( f u l l y  i l luminated) ,  and the corresponding il l u -  

mination factor .  

I n  summary for t h i s  section, the berdvior  exh ib i ted w i t h  the neut ra l -  

i z e r  discharge only p:ume i s  again present for  the combined discharge con- 

d i t i o n .  Ion f l u x  leve ls  have increased but ion  r e f r a c t i b i l i t y  remains a t  

sa t i s f y i ng l y  low leve ls .  



Figure 36. Ion Col lec t ion  Current (Normalized t o  Value a t  90 Degrees) 
from the  Combined Discharge Plasma Plume t o  the  Spherical 
Langmuir Probe as a Function o f  Probe Rotat ion Angle (boxes 
i n d i c a t e  "sunset" regions) 
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Figure 37. Ion  Col lec t ion  Current (Normalized t o  Value a t  135 Degrees) 
from the Combined Discharge Plasma Plume t o  the  Spherical 
Langmuir Probe as a Function o f  Probe Rotat ion Angle 
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38. I o n  C o l l e c t i o n  Cur ren t  f rom the  Combined Discharge Plasma Plume 
t o  t he  Spher ica l  Langmuir Probe as a Func t ion  o f  Probe A x i a l  
P o s i t i o n  and f o r  B iasab le  Surface P o t e n t i a l s  o f  + 6 V  and OV 
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Figure 39. Ion  Col lec t ion  Current (Normalized t o  Value a t  33 cm) from 
the Combined Discharge P l a s m  Plume t o  the  Spherical 
Langmuir Probe as a Function o f  Probe Axial  Pos i t ion  



4.2 Faraday Cup/Retarding Po ten t i a l  Analyzer Measurements 

4.2.1 F l o a t i n g  Po ten t i a l  Measurements 

Sect ion 3.2.2 has described how t h e  1-1/2- inch J+ probe can be used 

as a f l o a t i n g  probe, and the  data t o  be g iven i n  t h i s  sec t ion  (4.2.1) w i l l  

be obta ined i n  t he  same manner. These f l o a t i n g  p o t e n t i a l  measurements are  

requ i red  i n  o rder  t o  se t  appropr ia te  b ias  p o t e n t i a l s  on the probe entrance 

aper ture.  The f l o a t i n g  p o t e n t i a l  measurements a l so  prov ide data on the  

e l e c t r i c  f i e l d  s t r u c t u r e  i n  t i l e  ~ i a s m a  plume anti i n  the  regions near the  

plume and the ma te r ia l  bounda,*ie; Such ddta, combined w i t h  determinat ions 

o f  i o n  energy, a l l ow  the t r a j e c t o r y  bending o f  the ions  i n  these f i e l d s  

t o  be ; a r e  accu:*ately ca lculated.  

F igure  40 i l l u s t r a t e s  the f l o a t i n g  p o t e n t i a l  o f  the  probe i n  the com- 

bined discharge p l a s m  plume a func t i on  o f  probe r o t a t i o n  angle and probe 

a x i a l  pos i t i on .  Figure 41 provides a c ross -p lo t  o f  t h i s  data. For these 

measurements the b iasable c y l i n d e r  was al lowed t o  f l o a t  i n  the plasma plunte. 

The r a d i a l  excursion as the probe i s  r o t a t e d  through A e  i s  

approximately 

A r  (cm) = 0.6 a0 (degrees) (6 )  

using a probe r o t a t i o n  rad ius  o f  34.3 cent imeters.  For t he  z = 23.7 cm 

plane i n  F igure 40, the e l e c t r i c  f i e l d  i n  t he  r a d i a l  d i r e c t i o n  i s  

-0.16 volts/cm. For z  = 28.7, the average value of Er i s  approximately 

0.11 volts/cm w h i l e  the average value of Er a t  z = 33.7 crn has diminished 

t o  -0.05 volts/cm. Comparatively s t rong a x i a l  e l e c t r i c  f i e l d s  are  observed 

near '1-112-inch J +  = 55 deg and i n  the  15.7 t o  23.7 cm a x i a l  range. 

To ga in  a b e t t e r  understanding of the l o c a t i o n  o f  var ious ( 8 , ~ )  values 

r e l a t i v e  t o  the b iasable c y l i n d e r  edge, F igure  42 i l l u s t r a t e s  the west edge 

o f  t h a t  c y l i n d e r  and the  l o c a t i o n  o f  the midpoint  of the 1-1/2 J+ entrance 

aper ture f o r  a g iven ( 0 , ~ )  probe placement. A lso shown i n  F igure  42 i s  t he  

s t r a i g h t  l i n e  t r a  c t o r y  from r = z = 0 t o  t he  downstream terminat ion  o f  

the  b iasab le  c y l  i ..r west edge. Examining t h e  data i n  Figures 40 and 41 

w i t h  the p o s i t i o n  .c. lat ive t o  the umbra l i n e  and the c y l i n d e r  edge i n  F ig -  

u re  42, i t  may be en t h a t  the  l a r g e s t  e l e c t r i c  f i e l d s  a re  near the 
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Figure 40. Floating Potential o f  the 1-1/2-Inch J+ (used as a f loa t ing  
probe) i n  the Combined Discharge Plasma Plume as a Function 
o f  Probe Rotation Angle and Probe Axial Position 



Figure 41. Cross-Plot o f  the F loat ing  Potent ia l  Data of preceding Diagram 
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cy l inder  i n  the deep port ions o f  the umbra where plasma densi ty gradients 

(and, hence, a lso plasma po ten t ia l  g rad im ts )  are expected t o  be a t  t h e i r  

la rgest  values. Across the umbra boundary a t  L a 28.7 ern the t o t a l  elec- 

t r i c  f i e l d  i s  -0 .12  volts/cm and i s  o r i e ~ t e d  a l  a po la r  angle o f  

-120 degrees. For z = 23.7 cm, the d i r ec t i on  o f  the e l e c t r i c  f ~ e l d s  remains 

a t  -120 degrees po lar  angle, but f i e l d  magnitude increases t o  

-0 .24  volts/cm. I n  Section 4 .2 .2 ,  determinations o f  the ion energy i n  the 

combined discharge plasma plume w i l l  be given anA these ion energies and 

the e l e c t r i c  f i e l ds  derived above permit a determination of the radius o f  

curvature o f  the ions i n  t h e i r  r e f r ac t i on  i n t o  the umbra regions. 
'I 

4 . 2 . 2  Ion Energy Spectrum Measurements I 
Firr :re 43 i l l u s t r a t e s  the ion  co l l ec to r  current  as a funct ion of the 

re tardat ion po ten t ia l  on the middle ( re tardat ion)  g r i d  o f  the Faraday cup/ 

RPA. The upper curve i s  f o r  cup placement on the thruster  axis and the 

lower curve i s  for  cup placement a t  30 degrees probe ro td t i on  angle re la -  

t i v e  t o  the axis. The z ,{\ne uf the measurements i s  4 3 . 7  centimeters. 

The resu l t s  i n  Figure 43 ind icate  t ha t  the great ma jo r i t y  o f  the ions 

i n  the combined discharge plasma plume have k i n e t i c  energies i n  the range 

from -20 t o  -26 eV. This indicates tha t  most o f  the ions were crcated i n  

the th rus te r  discharge po ten t ia l  (which i s  approximately a t  anode poten- 

t i a l  ) and are accelerated by a voltage dif ference o f  -20  vo l t s  as they 

move from the i n t e r I o r  of the thruster  t o  the (ex te r i o r )  plasma plume. 

Thus, even i n  the absence of a d i r e c t  imposi t ion o f  screen and accelerator 

g r i d  potent ia ls ,  the ions emerging i n t o  the plume const i tu te ,  i n  fac t ,  a 

low energy ion  beam. For an ion o f  t h i s  indicated energy and the e l e c t r i c  

f i e l d  magnitude and o r ien ta t io f i  determined i n  Section 4 . 2 . 1  above, the 

radius o f  curvature o f  an ion  moving along the umbra boundary (1 ine from 

r = z = 0 t o  cy l inder  edge) w i l l  be -2  meters, from Equation ( 2 ) .  There 

i s ,  thus, only a minor bending o f  the ions by the plume density gradient 

generated e l e c t r i c  f i e l d s  i n  t h i s  region o f  the plasma. The modest bend- 

ing derived from these measurements confirms the experimental ly observed 

behavior o f  (comparatively) sharp shadows cast  by the boundaries. 



Figure 43. Ion Collector Current of the 1-1/2-Inch J+ Probe i n  the 
Combined Discharge Plasma P l u m  as a Functlon o f  Retarding 
Potential cn the Middle Grid 
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4.2.3  Ion Flux Deasi t y  Measurements 

Figure 44 i l l u s t r a t e s  the ion  f l u x  densi ty i n  the combined discharge 

plasma plume as a funct ion o f  probe r o t a t i o n  angle f o r  the 1- I /?- inch 3, 
i n  an a x i a l  plane a t  24.7 em. I n  the data shown there and for  probe ro ta-  

t i o n  angles w i t h i n  -93 degrees o f  the th rus te r  axis,  f l u x  density drop-offs 

o f  the order o f  5 are observed which indicate,  once again, tha t  the ion 

th rus te r  i n  t h i s  operational condi t ion i s ,  i n  e f f ec t ,  generating a weaklv 

energetic, but  nevertheless comparat~vely wel l  defined, i on  beam. For 

probe r o t a t i o n  angles beyond -55 degrees from the thruster  axis, the 

entrance aperture t o  the probe i s  w i t h i n  the umbra and f l u x  drop-of f  o f  

another three orders o f  magnitude (from the e -30 Jeg f l u x  leve ls )  are 

observed. Further increases i n  e beyond the 55-degree po in t  cause the 
2 f l u x  l eve l s  t o  d iminish below present system noise leve ls  o f  -10-l1 A/cm . 

There i s ,  thus, an exiiremely rap id  cu t -o f f  o f  i on  signal t o  the co l l ec to r  

f o r  probe pos i t ion ing such t ha t  p l u r a l  r e f r ac t i on  o f  the t r a j ec to r y  i s  

required f o r  i on  observation. Section 3.2.4 has discussed these p l u rd l  

ion re f r ac t i on  considerations and has noted tha t  f o r  sensi t ive surface 

placement such t ha t  p l u ra l  re f rac t ions  w i  11 be r?qui  red through even modest 

bending angles, extremely low leve ls  of i on  deposi t ion w i l l  be obtained on 

these surfaces. 

A f i n a l  determined parameter i n  the combined discharge plasma plume 

i s  plasma density. From the measured current  densi ty and the measured 

ion energy, the plasm& density may be determined on the axis o f  the plasma 
7 3 plume and f o r  z - 24 cm. this  plasma density i s  - 6 x 10 ions/cm . 

Because the flow i s  co~npar~atively we1 l ordered, the plasma density o f  the 

plume diminishes considerably a t  the loca t ion  o f  the biasable cy l inder .  
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Figure 44. Ion Current Density i n  t h e  1-1/2-Inch J+ Probe i n  the  Combined 
Discharge Plasma Plume as a Function of Probe Rotat ion Angle 
(biasable surface f l o a t i n g )  



5 .  CHARGED PARTICLE MEASUREMENTS IN THE PLASMA PLUME OF A FULLY 
OPERATIONAL ION THRUSTER 

5.1 Syher ica l  Langmuir Pro te  Measuremcnts 

1 A prev ious r e p o r t  conta ins extensive measurements on the charged 

p a r t i c l e  e f f l u x e s  o f  a  f u l l y  opera t iona l  i o n  th rus te r .  The experiments 

t o  be described i n  Sect ion 5 o f  t h i s  r e p o r t  have n o t  attempted t o  reexamine 

a l l  o f  the  areas prev ious ly  inves t iga ted .  The measurements t o  be described 

here have been c a r r i e d  out ,  however, t o  prov ide a d d i t i o n a l  d e t a i l s  on 

" f a c i l i t y  e f f e c t "  p a r t i c l e  e f f l u x e s  and t o  determine i f  procedures can be 

devised t o  a l l o w  measurements o f  very low l e v e l  charged p a r t i c l e  cu r ren ts  

from the  t h r u s t e r  i n  the presence of these "wall-generated" p a r t i c l e  

cur ren ts .  

Before proceeding t o  the  probe rneasurelnent data, i t  w i  11 be o f  b e n e f i t  

t o  pos tu la te  the o r i g i n s  and general p rope r t i es  o f  the f a c i l  i t y  e f fec t  

charged p a r t i c l e s .  I n  t h i s  d iscussion a f a c i l i t y  e f f e c t  p a r t i c l e  w i l l  be 

def ined as a  p a r t i c l e  whos? measured presence i n  a  detector i s  the r e s u l t  

o f  the i n t e r a c t i o n  o f  the i o n  t h r u s t e r  e f f l uxes  w i t h  the f a c i l i t y  wa l l s .  

A major element i n  t h i s  o v e r a l l  i n t e r a c t i o n  occurs as a  r e s u l t  o f  the t h r l t - +  

i o n  impact on the bean1 c o l l e c t o r .  This  t h r u s t  i o n  impact on the  c o l l e c t o r  

leads t o  f o u r  p r i n c i p a l  reac t i ons :  These reac t ions  are: 

(1) Neutra l  tigo re lease v i a  a  nonst ick ing  i n c i d e n t  ion .  I n  t h i s  
reac t ion ,  the  i n c i d e n t  energet ic  (keV) i o n  impacts on the 
c o l l e c t o r  bu t  does not  s t i c k  t o  the surface and rebounds as a  
weakly energet ic  neu t ra l ,  moving i n  the backward hemi sphere o f  
d i r e c t i o n s .  

t 
(2 )  Sputtered H ~ O  re lease under encrget ic  Hg impact. I n  t h i s  

reac t ion ,  the i n c i d e n t  ~ g '  t h r u s t  i on  sput te rs  accommodated H ~ O  
from the  (LN2 cooled) beam c o l l e c t o r  surface and causes the 
re lease o f  a  weakly energet ic  HgO, moving i n  the backward 
heliii sphere o f  d i r e c t i o n s .  

t 
( 3 )  Sputtered nietal atom re leasc  under energet ic  Hg impact. I n  

t h i s  reac t ion ,  the i nc iden t  Hgt sput te rs  a  nietal a tom from the  
beam c o l l e c t o r  and causes, thus, the r e l e a s e  o f  a weakly ener- 
g e t i c  neu t ra l  p a r t i c l e  i n t ~  the  backward hemi sphere o f  d i r e c t i o n s  , 
and, 

- 
I" 1on Engine Auxi 1  i a r y  Propul s ion  Appl i c a t i o n s  and I n t e g r a t i o n  Study," 
NASA CR-135-312, J u l y  1977. 



( 4 )  Rebounding i o n  re lease.  I n  t h i s  reac t ion .  the  energet ic  Hgt 
impact r e s u l t s  i n  a  weakly energet ic  i o n  re lease i n t o  the  
backward d i r e c t i o n  w i t h  bo th  mercury and metal ions  as poss ib le  
re lease species. 

O f  the  reac t ions  above, the  major contr ibut .ors t o  ef f luxes nioving 

i n  the backward d i r e c t i o n s  a re  reac t i ons  1, 2, and 3. I n  a l l  o f  these 

react ions,  the species i s  ( i n i t i a l l y )  neu t ra l  and w i l l  no t  cause an 

erroneous nieasure~iient i n  the charged p a r t i c l e  de tec tors .  The Hg0 neu t ra l  s, 
+ t 

however, can convert  t~ !!CJ v i a  charge t r a n s f e r  reac t i ons  w i t h  the Hg 
t 

t h r u s t  ions .  Charge t rans fe r  between metal atonis and Hg may a l so  occur. 

but  the nonresonant nature o f  t h i s  charge t r a n s f e r  g r e a t l y  reduces the 

charge t r a n s f e r  cross s., - . t ions.  The p r i n c i p a l  avenue f o r  producing 

f a c i l i t y  e f fec t  charged p a r t i c l e s ,  thus, i s  the charge t rans fer  of weakly 
+ 

energet ic tlgO, moving i n  t he  backward d i r e c t i o n ,  t o  Hg ions.  From geo- 

111etrical considerat ions these weakly eneiSgetic f ac i  l i t y  e f fec t  t i g +  ions 

should be i n  l i lotion w i t h i n  the po la r  angle range o f  d i r e c t i o n s  from 90 t o  

180 degrees where 0  degrees i n  t h i s  coord inate frame i s  along the t h r u s t e r  

ax is .  Because the f a c i l i t y  e f fec t  ions  a re  weakly energet ic ,  t h e i r  t r a -  

j e c t o r i e s  can be re f rac ted  i n  the e l e c t r i c  f i e l d  s t r u c t u r e  i n  the plasma 

plume and between the plasma plunie and the var ious boundaries. 

With the above d iscussion as a  background fo r  poss ib le  r e a c t i o n  

processes, ~rieasure~iients w i t h  the spher ia l  Langmuir probe were c a r r i e d  o u t  

w i th  the f u l l y  operat ional  i o n  t h r u s t e r .  F igure  45 i l l u s t r a t e s  the  SLP 

cur ren t  as a  func t ion  o f  probe r o t a t i e n  angle fo r  Z = 26 c~ i i  and f o r  a  

probe b i a s  p o t e n t i a l  o f  +;O v o l t s .  This probe b ias  vo l tage i s  se t  so t h a t  

the SLP w i l l  be s u f f i c i e n t l y  negat ive w i t h  respect  t o  the t h r u s t  Seam 

plasnia p lu~i le  t o  repe l  e lec t rons  froni the p las~ r~a  but  a l s o  :it a  s u f f i c i e n t l y  

sniall p o t e n t i a l  ir\crement w i t h  respec:t t o  t he  plasnla t o  discourage excessive 

sheath growth on the i o n  c o l l e c t i o n  1  inib (see a l s o  d iscuss ion  i n  Sec- 

t i o n  5.3.1 on the f l o a t i n g  p o t e n t i a l s  i n  the plasma plume o f  the  f u l l y  

operat ional  i o n  t h r u s t e r ) .  

The data i n  F igure 45 i l l u s t r a t e s  a  peak i o n  s igna l  o f  approximately 

15 ~iiill ianiperes f o r  the on-axis  p o s i t i o n  o f  the SLP. Because the i o n  

f l ow  i s  w e l l  ordered here, the e f f e c t i v e  probe area i s  mr2 (which i s  

2.15 cn? f o r  t h i s  4.32 cen t i~ i l e te r  disi!!eter spher ica l  pi-obe) and the cu r ren t  
2 desn i ty  o f  ions i s  approxiniately 1 aiA/ci~i . This  observed cur re t i t  dens i t y  
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Figure 45. Ion  Col lec t ion  Current from the  F u l l  Beam P l a s m  Plume t o  the  
Spherical Langmuir Probe as a Function o f  Probe Rotat ion Angle 
(biasable surface f l o a t i n g )  



obeys the  t y p i c a l  f a l l - o f f  f o r  o f f - a x i s  p o s i t i o n s  o f  t he  beam (exponential  

wing). For probe pos i t i ons  beyond eSLp 'L 140 deg, however, the  observed 

i o n  s ignal  becomes approximately constant.  S im i la r  behavior i s  a1 so 

observed f o r  eSLp l e s s  than 1. 50 degrees. A review o f  t he  probe and 

mater ia l  boundary geometries (see Figures 9, 10, and 11) i nd i ca tes  the  

SLP i s  i n  t h e  umbra regions created by the  b iasable c y l i n d e r  f o r  eSLp 
3135 deg, and i n  the  umbra created by both the  s p u t t c r  s h i e l d  and the  

b iasable c y l i n d e r  f o r  eSLp 245 deg. The SLP cu r ren ts  observeo i n  these 

umbra loca t ions  are, thus, probably f a c i l i t y  e f f e c t  f l u x e s  f o r  the  greater  

p a r t .  An est imate o f  the  f l u x  dens i t y  i n  these umbra regions i s  

A / ~ ~ ~ .  

li the  neut ra l  HgO re lease from t h e  beam c o l l e c t o r  i s  dB, t he  t h r u s t  

i o n  current ,  and i f  these neu t ra l s  a r e  emit ted over %ZIT steradians o f  

sol  i d  angle, the f l u x  dens i t y  a t  such neu t ra l s  near the  th rus te r  would be 

where L i s  the  d is tance from the beam c o l l e c t o r  t o  the  probe locat ion .  
2 For J B  = 74 mi l l iamperes and 1.2 200cm, J ( H ~ ' )  %3(10)-' equivalent  A/cm . 

For detec t ion  as an ion, however, charge t r a n s f e r  must occur and from the  

observed i o n  cu r ren t  dens i t i es  on the  SLP, t h e  requ i red  conversion prob- 

a b i l i t y  would be %30%. This i s  somewhat l a r g e r  than the  expected con- 

vers ion  p r o b a b i l i t y .  On the  o ther  hand, the  neut ra l  emission 11tay be Inore 

conf ined than the  IT steradians assumed above. Also the  re lease cu r ren t  

o f  neu t ra l s  exceeds JB i n  t h a t  both t h e  a r r i v i n g  i o n  cu r ren t  and the  

sputtered HgO from t h e  beam c o l l e c t o r  ( reac t ions  1 and 2 i n  the  l i s i  o f  

beam/col l e c t o r  i n t e r a c t i o n s  above) a r e  i n  the H ~ O  re lease cur rent .  I n  

view o f  these several fac tors ,  there  i s  a comparat ively good agreement 

between expected l e v e l s  of f a c i l i t y  e f f e c t  i o n  f luxes and the  i o n  f l uxes  

observed on the SLP f o r  probe loca t ions  i n  these umbra regions. 

From the  above d iscussion i t  would appear t h a t  because f a c i l i t y  e f f e c t  
2 f l u x e s  o f  t he  order o f  lo-' A/cm are  present near t h e  th rus te r ,  de ter -  

minat ions o f  normalized e f f l u x  c o e f f i c i e n t s  would be l i m i t e d  t o  regimes 



where c 510'~ ~ m ' ~ .  As the subsequent discussion w l l l  demonstrate, 

however, substant ia l  gains i n  signal-to-noise r a t i o  can be achieved by 

1 i m i  t i n g  the cone of acceptance d i rec t ions  o f  a measuring probe. Because 

the Spherical Langmuir probe accepts pa r t i c l es  over 4~ steradians o f  

d i rec t ions,  the measurements o f  charged pa r t i c l es  w i t h  t h i s  probe are 

the most subject t o  the presence of f a c i l i t y  eff luxes. This statement 

on SLP c a p a b i l i t i e s  should no t  be in terpreted t o  mean t ha t  SLP measure- 

ments obtained w i t h  the neu t ra l i ze r  discharge on ly  and w i t h  the combined 

neu t ra l f ze r  and thruster  discharge plasma plume are s i g n i f i c a n t l y  i n f l u -  

enced by f a c i l i t y  presence. I n  both o f  these p r e v i o ~ s  operational con- 
d i t i o n s  the ion  energies are s i gn i f i can t l y  reduced from t h e i r  l eve l s  i n  

the f u l  l y  operational thruster  case. Sputtering o f  mater ia l  s from beam 

co l l ec to r s  and shrouds, thus, i s  not, general ly speaking, present i n  

these e a r l i e r  operational cases. I n  addi t ion,  the t o t a l  magnitudes o f  i on  

f luxes are g rea t l y  reduced for  the f i r s t  two operational condi t ions 

compared t o  ion  fluxes leve ls  f o r  the r u l l y  operational thruster .  The 
p o s s i b i l i t y  o f  a neutral  H ~ O  charge-transfer t o  the tig+ i n  a backward 

passage through the tes t ing  chamber i s ,  thus, very small f o r  the neutra- 

l i z e r  discharge on ly  and for  the combined neu t ra l i ze r  and thruster  

d i  scharges only. 

A f i n a l  measurement obtained w i th  the SLP i n  the plume o f  the f u l l y  

operational i on  thruster  i s  i l l u s t r a t e d  i n  Figure 46. I n  the data given 

there, the SLP i s  moved a x i a l l y  f o r  a f ixed probe r o t a t i o n  angle 

OSLP 
= 30 deg. I n  t h i s  motion t o  smaller Z values from larger  Z values, 

the probe i s  increasingly withdrawn i n t o  a region bounded by the t es t i ng  

chamber wal l  on the one side and by the biasable cy l inder  on the other 

w i t h  the r e s u l t  t h a t  a diminishing f r a c t i o n  of a l l  o f  the f a c i l i t y  e f fec t  

e f f luxes can in te rcep t  the probe surfaces. This demonstrates tha t  at ten- 

uat ion o f  f a c i l i t y  e f f l u x  l eve l s  i s  possible by appeals t o  geometrical 

considerat ions i n  material boundary placements, and t ha t  such boundary 

placements may be an important aspect o f  fu tu re  t e s t  planning t o  assure 

t h a t  laboratory measurements o f  thruster  e f f luxes become increasingly 

more accurate i n  t h e i r  determinations o f  in-space ef f lux  condit ions. 
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Figure 46. Ion C o l l e c t i o n  Current from the F u l l  Beam Plasma Plume t o  the 
Spherical Langmuir Probe as a Function o f  Probe Axial  Posi t ion 
(biasable surface f l o a t i n g )  



5.2 Piggyback J+ and 4-Inch J+ Measurement? 

The Piggyback J+ has i t s  primary entrance ax is  along the po lar  angle 

d i r e c t i o n  e = 180 deg, where e = 0 deg i s  the t h rus t  i o n  axis, and charged 

p a r t i c l e s  moving w i th in  4 5  degrees o f  t h i s  entrance aperture ax is  can be 

intercepted on the probe co l lec to r .  Figure 47 i l l u s t r a t e s  the measured i o n  

current  density i n t o  t h i s  Faraday cup as the probe i s  moved a x i a l l y  from 

i! values o f  the entrance plane from 265 t o  %5 centimeters. The i on  th rus te r  

i s  i n  i t s  f u l l y  operational condi t ion and a l l  g r ids  o f  the probe are set  

a t  V = 0. 

The current  dens i t ies  given i n  Figure 47 are obtained by d i v i d i ng  

co l l ec to r  current  by the area i n  the apertures imnediately proceeding the 

co l lec to r .  From the data given i n  Figure 47, the magnitudes o f  i on  

f luxes through these apertures and w i t h i n  the cone of acceptance d i rec t ions  
2 are o f  the order o f  nanoamperes/cm . A t  Z = 26 cm the entrance plane o f  

the PB J+ i s  near the plane o f  the SLP measurements i n  Figure 45 and 
2 measured PB cur rent  density i s  $1 nA/cm . Thi s may be compared t o  SLP 

current  dens i t ies  i n  t h i s  same Z plane and ( cy l i nd r i ca l  ) r a d i a l  d i s -  
2 placement o f  %I00 nA/cm . From t h i s  i t  would appear that ,  although the 

f a c i l i t y  e f f e c t  ions are moving i n  the backward d i rec t ions,  on ly  a minor 

f r ac t i on  o f  these e f f luxes are w i t h i n  a divergence cone o f  +45 degrees 

around t h i s  e = 180 deg d i rec t ion .  The neutrals emanating from the beam 

col 1 ector  and moving toward the thruster  are, however, general l y  w i t h i n  

such a d i r ec t i ona l  range. Under such circumstances, then, i t  would appear 

that  the current  dens i t ies  i n  the PB probe should be somewhat c loser t o  the 

SLP cur rent  dens i t ies  than present ly demonstrated. An explanation o f  t h i s  

d i f fe rence i n  cur rent  dens i t ies  may be i n  the bending of the charge 

exchange ion t ra jec to r ies ,  away from the o r i g i n a l  H ~ O  d i rec t ion ,  i n  the 

e l e c t r i c  f i e l d s  i n  the thruster  plasma plume. Section 5.3.1 w i l l  present 

f l o a t i n g  po ten t ia l  measurements which i l l u s t r a t e  both rad ia l  and ax ia l  elec- 

t r i c  f i e l d s  i n  the thruster  plume. Because the f a c i l i t y  e f f e c t  neutrals are 

weakly energetic, the act ion of a r a d i a l  e l e c t r i c  f i e l d  upon the (charge trans- 

f e r  produced) ion  would be t o  de f l ec t  the i on  i n to  d i rec t iona l  ranges which 

might l i e  outside o f  the acceptance cone o f  the PB J + .  This i s ,  admittedly, 

a complicated i n te rac t i ve  e f f e c t  invo lv ing both r a d i a l  and ax ia l  e l e c t r i c  





f i e l d s ,  i n i t i a l  neut ra l  d i rec t i ons ,  charge exchange i o n  energies (which 

change along t h e  path because o f  e l e c t r i c  f i e l d  ac t i ons ) ,  and the  accept- 

ance cones o f  entrance d i r e c t i o n s  of the  var ious  probes. The r e s u l t s  

would appear t o  ind ica te ,  however, t h a t  appeals may a l s o  be made t o  such 

e l e c t r i c  f i e l d  ac t ions  on the f a c i l i t y  e f f e c t  ions  as a means of reducing 

f a c i l i t y  e f f e c t  i o n  f l u x e s  i n  t he  measuring probes. For c e r t a i n  probe 

measurements, of course, t h e  probe o r i e n t a t i o n  and the cone o f  acceptance 

d i r e c t i o n s  w i l l  no t  lead t o  a c l e a r  exc lus ion  o f  f a c i l i t y  e f f e c t  ions 

moving u ~ d e r  t h e  i n f l uence  o f  the plasma plume e l e c t r i c  f i e l d s  i n  which 

case bozh "genuine" charged p a r t i c l e  cu r ren ts  and " f a c i  1  i t y  e f f e c t "  charged 

p a r t i c l e  cu r ren ts  w i l l  be detected a t  the c o l l e c t o r s  and i r~accurac ies  w i l l  

be present,  t o  some degree, i n  the measured e f f l u x  c o e f f i c i e n t s .  

A second f a c i l i t y  e f f e c t  measurement us ing the  4 i nch  J,/PB J, 

i s  g iven i n  F igure  48. I n  the data g iven there, t he  4 i n c h  J, i s  o r i en ted  

so t h a t  i t s  entrance a x i s  po in t s  r a d i a l l y  outward toward the  t e s t i n g  

chamber wa l ls .  A l l  probe g r i d s  were set  a t  V = 0 v o l t s  and the  probe i s  

moved through the  Z range from G 5  t o  Q-5 cent imeters.  I on  c u r r e n t  den- 

s i t i e s  are  determined by d i v i d i n g  the  probe c u r r e n t  by the entrance 

aper ture area. 

The c u r r e n t  d e n s i t i e s  i n  F iqure 48 a r e  reduced t o  l e v e l s  below those 

given i n  F igure 47. The explanat ion f o r  such reduct ions  i s  t h a t  i o n  

motion t o  en ter  the  probe becomes even more dS f f i cu l  t than f o r  e n t r y  i n t o  

the Pb probe. Over po r t i ons  of  t he  4 i nch  3, placement, e l e c t r o n  currents,  

penet ra t ing  the g r i d s  a t  V = 0, exceed i o n  cu r ren ts  i n t o  the probe. This 

i s  n o t  unexpected i n  view o f  the racdomized d i r e c t i o n s  i n  plasm& plume 

e lec t rons  as compared t o  f l o w  pat te rns  (genera l l y  n o t  randomized) i n  the 

weakly energet ic  ions as the  r e s u l t  o f  r a d i a l  and a x i a l  e l e c t r i c  f i e l d s  i n  

the plasma plume. E l e c t r i c  f i e l d s  between the  plasma and the  probe can, 

o f  course, cause some i o n  r e f r a c t i o n  i n t o  the probe, and care must be 

exercised i n  the  assignment o f  probe g r i d  p o t e n t i a l s  t h a t  i o n  e n t r y  i n t o  

the p,.obe i s  n o t  being s i g n i f i c a n t l y  increased by such e lec t t ' i c  f i e l d s .  

A second c r i t e r i o n  i n  g r i d  p o t e n t i a l  assignment i s  the exc lus ion  o f  

e lec t rons  ( f o r  measurements o f  i o n  e f f l u x e s )  and a s a t i s f a c t o r y  s o l u t i o n  

of the  requ i red  e l e c t r o n  exc lus ion  w i thout  i o n  r e f r a c t i o n  may n o t  always 
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be obtained. I n  the data o f  Figure 48, some ion  r e f r a c t i o n  i n t o  the probe 

i s  probably present. The important aspect t o  note, however, i s  t ha t  ion 
2 signal l eve l s  below the nanoampera/cm l eve l  are being obtained, i n  

f a c i l i t y ,  f o r  a f u l l y  operational i o n  thruster .  

5.3 Faraday Cup/Retardi ng Poten :ial Analyzer Measurements 

5.3.1 F loat ing Potent ia l  Measurements 

The 1-1/2 inch J, has been used as both a f l oa t i ng  probe and as a 

Faraday Cup for .reasl.!re~ents o f  the i on  f l ux  of a f u l l y  operational 

thruster .  This section w i l l  describe the f loa t ing  po ten t ia l  measurements 

and Section 5.3.2 w i  11 describe the Faraday cup measurements. Retarding 

potent ia l  analyses were not  car r ied out. For probe locat ions i n  the 

thrust  beam, the dominance of the very energetic t n rus t  ions does not 

al low re tard ing po ten t ia l  analysis o f  weakly energetic ions. Also f o r  

probe locat ions i n  umbra regions, the (extremely small ) signal l eve l  s 

( i n t o  the noise l e v e l )  r u l e  out  f u r t he r  examination v i r  re tard ing 

potent ia l  analyses. 

Figure 49 i l l u s t r a t e s  the f l o a t i n g  po ten t ia l  o f  the 1-1/2 inch J, 

probe as a funct ion o f  probe r o t a t i o n  angle (not ing t h a t  e I-1lz inch J+ - - 
0 deg corresponds t o  probe placement on the th rus t  beam ax i s )  and f o r  the 
Z-planes o f  23.7, 43.7, 63.7, and 83.7 centimeters. A cross-plot  o f  t h i s  

data i s  given i n  Figure 50. 

Figure 50 i 1 lus t ra tes  a comparatively complex po ten t ia l  s t ructure.  

The p r inc ipa l  e l e c t r i c  f i e l ds  i n  t h i s  s t ruc ture  are r a d i a l l y  outward 

wi th  l eve l s  .-* high as 1.5 volts/cm being observed (see, f o r  example, 

the Z = 2 3 . i  i m  scan i n  the angular range from 0 t o  + 4 O  degrees). 

The rad ia l  e l e c t r i c  f i e l ds  tend to  d iminish i n  magnitude f o r  the Z-pldnes 

fur ther downstream from the thruster .  There are some regions t ha t  appear 

"anomalous" (310 deg r e .: 330 deg, Z = 43.7 cm) for  which the r a d i a l  

e l e c t r i c  f i e l d  ex i s t s  but would cause the inward rad ia l  motion of a weakly 

energetic ion  created a t  such a locat ion.  

On the axis o f  the t h rus t  beam the ax ia l  e l e c t r i c  f i e l d s  are i n  the 

downstream d i rec t ion .  These f i e l ds  a re  a t  ~0.5 volts/cm i n  the region 
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Figure 50. Cross-Plot o f  the F loat ing  Potent ia l  Data o f  Figure 49 



23.7 < Z < 43.7 cm and d imin ish  f o r  increasing Z. For o f f - a x i s  locat ions ,  

however, t he  a x i a l  e l e c t r i c  may d i r ~ i i n i s h  t o  very  small l e v e l s  o r  may 

reverse d i r e c t i o n s  t o  cause the backwards movement o f  a wedkly energet ic  

ion.  

I n  a d d i t i o n  t o  the co~np l i ca t i ng  f a c t o r s  discussed above, there a r e  

the  e f f e c t s  o f  wa l l  po ten t ia l s ,  shroud and beam c o l l e c t o r  p o t e n t i a l s  

( f l oa t i ng ) ,  b iasable c y l i n d e r  po ten t ia l s ,  and t h e  e f f e c t s  o f  dens i t y  

g rad ients  i n  the plasma plumes as the r e s u l t  o f  a l l  of these mate r ia l  

boundaries ( w i t h  p a r t i c u l a r  emphasis on the  presence o f  the  b iasable 

cy l i nde r ) .  The t r a j e c t o r y  o f  a weakly energet ic  i o n  created on such a 

complicated p o t e n t i a l  s t ruc tu re  cannot be described w i t h  ease. The 

r e f r a c t i o n  o f  the ions i n  whatever EZ f i e l d s  a r e  encountered along the  

i o n  pathway w i l l  depend upon the (accumulated) i o n  k i n e t i c  energy as i t  

proceeds t o  " r o l l "  down t h i s  r a t h e r  tor tuous p o t e n t i a l  " h i l l s i d e . "  For 

the  e = 40 deg reg ion and Z ~23.7 cm, the  net  e l e c t r i c  f i e l d  i s  4 . 6  vol ts /cm 

and i s  o r i en ted  i n  the backward d i r e c t i o n  a t  a  po la r  angle o f  ~ 1 1 0  degrees 

w i t h  respect  t o  the t h r u s t  ax is .  A charge exchange i o n  created a t  t h i s  

p o i n t  (and with, essen t ia l l y ,  zero k i n e t i c  energy) would commence i t s  

motion i n  the  po la r  angle d i r e c t i o n  o f  110 degrees. A charge exchange i o n  

moving from a c rea t ion  p o i n t  on the beam axis,  howe~~er,  could have acquired 

k i n e t l c  energies o f  the order  o f  40 eV, could be moving i n  the downstream 

j i r e c t i o n  as the r e s u l t  o f  p rev ious ly  encountered p o s i t i v e l y  d i rec ted  EZ, 

and would have a rad ius  o f  curvature o f  %50 cm a t  the  ( 9  = 40 deg, 
+ 

Z = 23.7 cm) example l o c a t i o n  from the ca lcu la ted ne t  E a t  t h a t  p o i n t  and 

t h y  (postu lated)  40 eV o f  i o n  energy. Backvbrd bending of the  i o n  would 

be present bu t  need no t  r e s u l t  i n  a backwardly d i r e c t e d  i o n  motion i f  the  

prev ious ly  acquired forward Z motion i s  a t  s u f f i c i e n t  l eve ls .  

The example discussed above ind i ca tes  weakly energet ic  i o n  motion i n  

the  plasma plume of f u l l y  operat ional  i o n  th rus te rs  remains as a l ess  than 

completely understood phenomenon which should be examined i n  o ther  

mater ia l  boundary and probe conf igura t ion  cond i t ions ,  An important 

element i n  such f u r t h e r  examinations would be the  demonstration t h a t  

measurements o f  the weakly energet ic  i o n  f l exes  f o r  such con f igu ra t i ons  
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w i l l  n o t  be m a t e r i a l l y  a l t e r e d  hy f a c i l i t y  e f fec t  i o n  f luxes.  The d i s -  

cussions i n  prev ious sect ions have i nd i ca ted  t h a t  appeals car] be wade t o  

geometr ical  f ac to rs  I n  the  measuring probe cons t ruc t i on  and i n  ma te r i a l  

b u n d a r y  placement i n  o rder  t o  reduce the  e f fec ts  o f  fac i l l ! ; y  presence 

t o  acceptably small l eve l s .  

5.3.2 Flux Density Measurements - 
Figure  51 i 1 l u s t r a t e s  the ~ireasurements o f  i o n  cu r ren t  dens i ty  f o r  

the angular r o t a t i o n  o f  the  1-1/2 i nch  J +  probe i n  the Z = 23.7 c. plane 

and f o r  a  f u l l y  opera t iona l  i o n  t h r u s t e r .  As the  probe i s  ro ta ted  thmugh 

'1-112 i nch  Jt = 0 deg, the t h r u s t  bean1 ax is ,  the cu r ren t  dens i t y  beconles 

sl i g h t l y  l a r g e r  that1 A/CIII~. This i s  i n  good agreailent w i  t h  the 

e a r l  i e r  cu r ren t  densi t y  ~l~easurenlents us ing  the spher ica l  L a n g ~ u i  r probe 

(see F igure  45). The 1 1 ~ j o r  d i f f e rence  between the  1-112 i nch  J+ probe 

and the SLP occurs as the Faraday cup/RPA liloves i n t o  the ulnbra o f  the 

b iasable c y l  inder .  For ( 1  .55 deg , f o r  example, the c u r r e n t  dens i ty  
i 
8 (determined by cup c o l l e c t o r  c u r r e n t  d i v ided  by entrance aper ture area)  

d imin ishes t o  i e v s l  s below 10- l1  ~ l c m ~ .  

Fro111 the SLP resu l  t s ,  t he h i  yh r o t a t i o n  angle s igna ls  i nd i ca te  
2 f a c i l i t y  e f fec t  f luxes on 'ens of A/cm (see Sect ion 5.1).  These 

i o n  f luxes ,  Ilowever, a re  c l e a r l y  d i r e c t e d  i n t o  the backward t~en~isphere o f  

d i r e c t i o n s  i n  t h a t  the 1-1/2 inch  J +  probe i n  these sawe regions perceives 
2 less  than 10- l1  A/cm . To enter  the  1-1 / 2  inch J, prohe requ i res  a  

fo rward ly  d i r e c t e d  ion, genera l l y  w i t h i n  z.50 degrees of the po lar  d i r e c t i o n  

arrgle of 0  degrees, and, from the  observed resu l t s ,  l ess  than 1 p a r t  i n  
4  10 o f  t he  f a c i l i t y  e f fec t  f l u x  i n  these u~r~bra  regions i s  w i t h i n  t h i s  cone 

o f  acceptance d i r e c t i o n s .  From the  Piggyback probe r e s u l t s  (see Sec- 

t i o n  5.2 arid F igure 47), i t  would a l so  appedr t h a t  o n l y  a  s ~ l ~ a l l  f r a c t i o n  

o f  the f a c i l i t y  e f fec t  f luxes i n  the ul~lbra regions l i e  w i t h i n  the ascept- 

ance cone o f  d i r e c t i o n s  f o r  t h a t  probe. These cun~hined observat ions, then, 
I i n d i c a t e  a  f a c i l i t y  a f fec t  f l u x  a t  *\.lo-' ~ / i t t I ~  i n  the t o t a l  rnnge o f  back- 

2 ward d i rec t i ons .  11110-9 A/CIII i n  t.lte colic n f  d i r e c t i o n s  (hd l  f dngle o f  

45 degrees) around 180 degrees o f  po la r  angle d i r e c t i o n ,  and less  than 
2 1 0  A i n  the forward d i r e c t i o r l  (cone h a l f  angle o f  -\.50 degrees 

around the  po la r  angle = 0 degrees direction). As has h e w  prev ious ly  
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noted, these q u a l i t i e s  o f  t he  f a c i l i t y  e f f e c t  f l u x  may be used t o  r a i s e  

the signs;-to-noise r a t i o  between genuine p a r t i c l e  e f f l u x e s  and f a c i l i t y  

e f f e c t  p a r t i c l e  effluxes, provided t h a t  c e r t a i n  probe o r i e n t a t i o n  d i r e c -  

t i o n s  and mate r ia l  boundary placements can be achieved. 

6. TESTING CHAMBER PRESSURE EFFECTS 

5.1 General Considerations 

Sect ion 5.1 has discussed the generat ion o f  a f l o w  o f  weakly 

energet ic  ions as the  r e s u l t  of neu t ra l  fig0 re lease from the beam c o l l e r -  

t o r  and subsequent change exchange t rans fer  o f  these H ~ O  atoms t o  H ~ '  

ions. This spec i f i c  reac t i on  process i s  o n l y  one o f  several poss ib le  

processes which may o c ~ d r  as the  r e s u l t  of the presence of an ambient 

gas i n  the  t e s t i n g  chamber, and the i n t e r e s t  o f  t h i s  sec t ion  w i l l  be t o  

examine f a c i l i t y  pressure e f fec ts  as they may a f f e c t  the  r e s u l t s  from 

the plasma discharge n e u t r a l i z e r  exper ime~ts ,  from the  experiments on 

the combined neut ra l  i z e r  and th rus te r  discharges, and, f i n a l  ly, from the 

f u l l y  opera t iona l  t h r u s t e r  experiments. Because the  l a r g e s t  i n t e r a c t i v e  

cross sec t ion  between the var ious p a r t i c l e  species i s  the  charge exchange 
+ 

cross sec t ion  between H ~ "  and Hg (oCX "5 x cm2) the  p r i n c i p a l  

focus i n  the  d iscussion of t h i s  Section w i l l  be upon ambient HgO atoms. 

Pressure measurements i n  the chamber are obtained w i t h  i o n i z a t i o n  

gauges, located a t  the  chamber wal ls ,  and i t  should be noted t h a t  such 

measurements are  no t  spec i f i c  i n  the p a r t i a l  pressures of the various gas 

species i n  the  chamber. The gas species present can inc lude Np, 02, C02. A,  
d i f f u s i o n  pump vapors, H20 and mecury. Because o f  t he  extensive wa l l  

area o f  LN2 cooled shrouds, s t rong cryopumping of d i f f u s i o n  pump vapors, 

H20, and Hr10 i s  expected. The area o f  LN2 cooled surface v i s i b l e  from 

the t e s t i n g  chamber midpoint  i s  approximately 10.5 m2, and, f o r  t o t a l  

s t i c k i n g  of a (cryopumpable) gas a t  the  wa l l ,  the  atom purnping r a t e  i s  

2 x 10'' atoms per second fo r  an ambient chamber pressure o f  lom6 t o r r .  

This atom pumping r a t e  i s  equivalent  t o  %3 amperes of i n j e c t e d  neu t ra l  

f l ow  o f  cyropumpable gas. If the i n j e c t i o n  r a t e  i s  lowered t o  300 m i l l i -  

amperes (equ iva lent )  of neu t ra l  gas, t h e  chamber equi 1 i brium pressure 

should be -lom7 t o r r .  



As the discussion i n  the subsections t o  f o l l ow  w i l l  indicate,  

the in jec ted ion species frcm the thruster ,  under i t s  various operation 

conditions, are not, i n  general, accommodated a t  the wdlls on the f i r s t  

encounter, and mu1 t i p l e  t raversa ls  of these pa r t i c l es  may be required 

before s t i c k i ng  o f  the p a r t i c l e  t o  a cryopanel. Neutral pa r t i c l es  leaving 

the thruster  have temperatures o f  the order of a few hundred degrees 

Kelv in and w i l l  probably s t i c k  t o  the cryosurfaces on the f i r s t  encounter. 

Mercury atoms sputtered from the beam co l l ec to r  by energetic th rus t  ions 

have energies i n  the range of several e lec t ron vol  t s  and may requi r e  more 

than a s ing le  encounter w i th  the cryopanels t o  be accomnodated. The 

densi ty o f  mercury atoms i n  various regions o f  the chamber w i l l  be deter-  

mined by the various ra tes  of mater ia l  i n j e c t i o n  from the several source 

regions and the t raversa ls  required before (u l t imate)  atom attachment t o  

the cold surfaces. The density of noncryopumpable gases w i l l  tend t o  be 

more uniform over the chamber volume, and may cons t i tu te  the major por t ion  

of observed chamber pressure under some o f  the th rus te r  operational con- 

d i  t ions.  These noncryopumpabl e gases w i  11 probably not, however, be the 

p r inc ipa l  source o f  i n t e rac t i ve  e f fec ts  w i th  H ~ O  and because o f  the 

general l y  reduced magnitudes of nonresonant charge t ransfer  compared t o  

resonant charge t ransfer .  

6.2 Pressure Effects f o r  Neutral izer  Plasma Plume Measurements- 

For nominal operation, the neu t ra l i ze r  vapor feed r a t e  i s  approxi- 

mately 7 mill iamperes (equivalent) of H ~ O .  From the present J+ data i n  

the plume (see Figure 32, f o r  example) the ion  cur rent  created i n  the 

neu t ra l i ze r  discharge and expanding i n t o  the t es t i ng  chamber i s  of the 

order o f  300 microamperes. I n  the o r i f i c e  o f  the thruster  neut ra l izer ,  

neutral  pressures are  of the order o f  1 t o r r ,  but as the neutral  f low moves 

away from the o r i f i ce ,  the densi ty drops rap id l y  and a t  a distance o f  -3 cen t i -  

meters from the o r i f i c e  t h i s  mercury f lux  has dens i t ies  which correspond 

t o  t o r r  pressure. The cryopumping o f  such neut ra ls  probably occurs 

on the f i r s t  wal l  encounter, and pressure i n  the t es t i ng  chamber due t o  

t h i s  mercury i n j e c t i o n  i s  a t  extremely low leve ls  except, as noted, w i t h i n  

very small distances from the neu t ra l i ze r  o r i f i c e .  The dens i t ies  o f  H ~ +  



i n  the expanding plasma plume are reduced from HgO dens i t i es  by a  fac to r  

o f  -200 ( r esu l t i ng  from a  factor  o f  20 i n  production r a t e  and a f ac to r  

o f  10 i n  streaming ve loc i ty ) .  I n  the combined HpO and Hg* released from 

the neut ra l izer ,  thus, the pressure i s  a t  low l eve l s  throughout almost the 

en t i r e t y  o f  the tes t ing  chamber. Sputtering o f  cryopumped ttgo from the 

cold wa l l s  under Hg+ impact does not occur because o f  the r e l a t i v e l y  low 

(10-15 eV) energies of these neu t ra l i ze r  plume ions. 

During the measurements o f  the neutral  i z e r  plasma plume, chamber 

pressures on the ion iza t ion  gauge ranged from 8 x lo-' t o  1 x t o r r .  

From the discussion above, i t  i s  apparent tha t  those indicated chamber 

pressures cannot be the r e s u l t  of H ~ O  and Hgf release i n t o  the chamber. 

The niost 1  i kely  explanation for  the observed ion iza t ion  gauge readings 

i s  tha t  t h i s  pressure i s  the chamber pumping s ta te  f o r  the various non- 

cryopumpable gases (p r i nc i pa l l y  N p  and 0 2 )  The c r i t i c a l  question then 

becomes the extent  t o  wh,ic3 any o f  these chamber species car! a l t e r  the 
t 

~bserved  f luxes and energies o f  the Hg ions i n  the neu t ra l i ze r  plume. 

The mean f r ee  path f o r  ion  charge t ransfer  i n  the Hgt, HgO react ion 
3 i s  2.6 x 10 centimeters for Hgt moving through t o r r  of H ~ O .  Thus, 

even i f  the e n t i r e t y  of ion gauge reading, described above was due t o  

H ~ O ,  l ess  than 31  of the Hg+ produced by the neu t ra l i ze r  would engage i n  

a charge t ransfer  f o r  ion motion along the complete f l i g h t  path from the 

thruster  neu t ra l i ze r  t o  the d i s t an t  beam co l l ec to r  and less than 0.3% 

would charge t ransfer  i n  the space between the neu t ra l i ze r  and the genera1 

locat ion o f  the measuring probes. Ion in teract ions wi th  the non1:ryopump- 

able gases are a t  gas k i ne t i c  cross sections o r  less, f o r  which the cross 
t 

section mag~,itudes are of the order of 10"16 cm2. For Hg in te rac t ion  

wi th  N2 and 02, thus, the mean free paths a t  t o r r  (now assuming t ha t  
d. 

the e n t i r e t y  o f  the gauge reading of 1 0 ' ~  t o r r  i s  N p  o r  02) would be 
5 3 3 x 10 cm and on ly  1 par t  i n  10 of the ions would engage i n  a  scat ter ing 

in te rac t ion  f o r  a  t raversal  of the t o t a l  chamber length. 

From the discussion above, these are strong grounds t o  bel ieve t ha t  

pressure e f f ec t s  have not inf luenced the ion  nleasurements f o r  chamber 

pressures a t  t h i s  l om6  t o r r  f igure.  The experimental evidence from the 
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% Faraday cup/RDA tends t o  conf irm t h i s  f ind ing .  I n  the  data of F igure 30, 
I 

the i o n  energies a r e  r a t h e r  s t rong ly  peaked i n d i c a t i n g  t h a t  t he  great  

bulk  of t he  ions  a re  formed a t  the approximate p o t e n t i a l  o f  the  n e u t r a l i z e r  

keeper and move i n  the  e l e c t r i c  f i e l d  of t he  plasma plume, ga in ing  energy 

as the plasma p o t e n t i a l  lowers. If ions moving i n  the e l e c t r i c  f i e l d s  of  

the plume were t o  engage i n  charge t rans fer  w i t h  an tigo, the  r e s u l t  would 

be a broadening o f  the i o n  energy spectrum and a s h i f t  o f  the  spectrum 

to  lower energies. Tne absence of such broadening and such s h i f t s  and 

the cross sec t ion  arguments g iven above i n d i c a t e  t h a t  the n e u t r a l i z e r  

plume measureriients described e a r l i e r  have no t  Seen m a t e r i a l l y  a f fec ted  

by f a c i l i t y  pressure ef fects.  

6.3 Pressure Ef fec ts  f o r  Thruster Discharge and Neu t ra l i ze r  Discharge 
P l  ume Measurements 

For t he  opera t iona l  c o n d i t i o n  i n  which the  t h r u s t e r  discharge and 

the neu t ra l  i zer discharge a re  i n  operat ion ( b u t  i o n  acce le ra t i on  voltages 

are  no t  app l ied) ,  a  subs tant ia l  increase i n  the H ~ O  re lease occurs, 

compared t o  the p rev ious l y  examined, n e u t r a l i z e r  discharge on ly ,  case. 

For t h i s  cor~hined discharge plasma plume, the  HgO vapor feed i s  se t  a t  

2-100 m i  11 iai!$peres equ iva len t  and nominal values o f  discharge cu r ren t  and 

vol tage a r e  es tab l ished i n  both the t h r u s t e r  discharge and i n  the neu t ra l -  

i z e r  discharge. Ions a re  produced i n  the t h r u s t e r  discharge and, even 

i n  the absence o f  app l ied  acce le ra t i on  po ten t i a l s ,  a  low energy " i on  

beam" i s  created (see data i n  F igure 43 and 44) .  The t o t a l  cu r ren t  i n  

the i o n  beam i s  o n l y  a small f r a c t i o n  o f  the  neu t ra l  riiercury i n j e c t i o n ,  

however, because of t h e  1 in i i ted  cu r ren t  acce le ra t i on  i n  the p o t e n t i a l  f a l l  

between the  t h r u s t e r  discharge plasma and the  screen and acce lera tor  e lec-  

trodes. From Figure 44, i t  may be est imated t h a t  the  i o n  c u r r e n t  i n  the 

weakly energet ic  beam i s  of t he  order  of 2 t o  3 mi l l iamperes.  The great  

bulk  of the  i n j e c t e d  HgO i n t o  the t h r u s t e r  discharge must, then, eventua l ly  

eKerge from the  t h r u s t e r  i n  the  s t i l l  un- ionized s ta te .  

From the  d iscussion o f  system cryopurnping c a p a b i l i t y  i n  Sect ion 6.1, 

i t  may be seen t h a t  systeni e q u i l  i brium pressure t o  pump 100 n i i l l  iamperes 

o f  H ~ O  f rom the  t o t a l  chamber volume would be much l e s s  than 10" t o r r .  

The neu t ra l  H ~ O  dens i t y  i n  the chamber i s  more complicated than t h i s  

simple c a l c u l a t i o n ,  however, because of source s i z e  e f f e c t s  and ordered 



f low e f fec ts .  The release o f  -100 m i l  1 iamperes equivalent o f  HgO from 

the 8 cm diameter of the i on  thruster  accelerator  g r i d  opening causes a 
3 l oca l  HgO dens i ty  of 4 x 10" atoms/cm near the th rus te r  e x i t  plane. 

w i th  subsequent neut ra l  densi ty fa1 1 -of fs i n  the  downstream regions 

because o f  neutral  f low expansion. For a charge exchange cross sect ion 

( H ~ + ,  H ~ O )  o f  5 x 1 0 ~ ' ~  cm2 , the mean free path of an Hgt i on  against 

charge t ransfer  i s  4 0 0  cm for  the gas dens i t i es  a t  the th rus te r  e x i t  

plane. The mean free path for  charge t ransfer  increases very rap id ly ,  

however, i n  moving t o  downstream locat ions because of the neutral  plume 

expansion, and i t  may be estimated tha t  less  than 2% of the Hgt ions 

released by the th rus te r  w 3 i l  charge t rans fe r  i n  the space between the 

thruster  and the general l oca t ion  ( Z  %24 cm) of the measuring Faraday 

cup/RPA. From t h i s  low charge transfer p robab i l i t y ,  i t  would appear t ha t  

the ion  energy spectrum i n  the weakly energetic beam should correspond 

general ly  t o  the po ten t ia l  f a l l  between the thruster  discharge plasma 

and the ex te r i o r  plasma plume region, The data o f  Figure 43 appears t o  

confirm these conclusions. 

The ions released i n  the weakly energetic beam have energies o f  the 

order o f  20 t o  30 eV and beam currents o f  the order o f  2 t o  3 m i l  1 iamperes. 

These ions w i l l  probably not  accomnodate t o  the beam co l l ec to r  on the f i r s t  

impact and w i l l  probably requ i re  a second encounter w i th  the co ld  wal ls  

i n  order t o  be cryopumped. Ions o f  those low energies cannot sput ter ,  

however, and the passage of several milliamperes o f  rebounding "hot" neutrals 

cannot subs tan t ia l l y  e l  iminate HgO dens i t ies  i n  the chamber. The observed 

chamber i o n  gauge readings for  t h i s  operational condi t ion remained a t  the 
1.0 x loo6 t o r r  readings discussed e a r l i e r  i n  Sc- t ion 6.2 f o r  operation 

o f  the neu t ra l i ze r  discharge only. As noted ea r l i e r ,  there are reasons 

t o  bel ieve t h a t  these gauge readings represent, i n  general, the non- 

cryopumpa b l  e chamber gases . 
From a l l  o f  the above considerations i t  would appear t ha t  there are 

no ma te r i a l l y  s i gn i f i can t  f a c i l i t y  pressure e f f ec t s  f o r  these measurements 

o f  the plume o f  the combined thruster  discharge and the neu t ra l i ze r  

discharge. 



6.4 Pressure E f f e c t s  f o r  F u l l y  Operat ional I on  Thruster  Measurements 

For a  f u l l y  operat ional  i o n  th rus te r ,  t he  t o t a l  t igo i n j e c t i o n  i n t o  

the t h r u s t e r  is t he  same as fo r  the  "combined discharge" plasma plume 

measurements discussed i n  Sect ion 6.3, above. The a p p l i c a t i o n  of i o n  

acce le ra t i on  po ten t ia l s ,  however, causes the mass re lease from the  t h r u s t e r  

t o  change from a f r a c t i o n a l l y  small weakly energet ic  i o n  beam t o  a  

f r a c t i o n a l l y  l a rge  beam of energet ic  ions. These energet ic  ions a r e  

not  cryopumpable on the f i r s t  co ld wa l l  encounter. The impact o f  these 

energet ic  ions on the beam c o l l e c t o r ,  moreover, causes the  re lease o f  any 

prev ious ly  cryopumped atoms. The " l ossN o f  t h e  beam c o l l e c t o r  area as an 

e f f e c t i v e  s ink f o r  H ~ O  and the  presence i n  the  t e s t i n g  chamber o f  a 
ser ies  o f  p a r t i c l e  f lows emanating from the downstream w a l l  surfaces does 

cause an observable r i s e  i n  chamber pressure (as seen by the i o n i z a t i o n  

gauge) and does cause f a c i l  i ty  e f f e c t  pressure react ions.  A s p e c i f i c  

f a c i l  i t y  e f f e c t  reac t i on  has been p rev ious l y  discussed i n  Section 5.1, 

i n  the backwards d i rec ted  weakly energet ic  i o n  f luxes.  For the f u l l y  

operat ional  i o n  th rus ter ,  then, f a c i  1  i t y  pressure e f f e c t s  do e x i s t  and 

in f l uence  the  p a r t i c l e  e f f l u x  measurements. These f a c i l i t y  e f fec ts  are, 

moreover, no t  sub jec t  t o  e l im ina t ion  by the simple procedure o f  addi t f o n a l  

pumping o f  e i t h e r  the  conventional form o r  v i a  cryopumping i n  t h a t  the 

p a r t i  c l  e  cur rents  and dens i t i es  i nvol ved a re  dynamic re1  eases from 

spec i f i c  boundaries under energet ic  i o n  impact. 

While i t  i s  n o t  possib le t o  e l im ina te  f a c i l i t y  pressure e f f e c t s  f o r  

the  f u l l y  opera t iona l  i o n  th rus te r ,  i t  i s  considered t o  be poss ib le  t o  

reduce these e f fec ts  through a  v a r i e t y  o f  methods inc lud ing  the use o f  

l a r g e r  t e s t i n g  f a c i l i t i e s ,  the i n t r o d u c t i o n  o f  add i t i ona l  mater ia l  bound- 

ar ies ,  and, f i n a l l y ,  the use o f  measuring probes w i t h  more narrowly 

d i r e c t i o n a l i z e d  entrance apertures. 

Th is  appendix has d e t a i l e d  a se r ies  o f  measurements on the plasma 

plumes from i o n  th rus te rs  under var ious operat ional  cond i t ions .  The f i r s t  

c o n d i t i o n  examined was t h a t  o f  t he  opera t ion  of the n e u t r a l i z e r  discharge 

only.  Th is  plasma plume has a  f l o a t i n g  p o t e n t i a l  on l y  a  few v o l t s  p o s i t i v e  



wi th  r e s ~ e c t  t o  ground f o r  probe locat ions o f  the order of 20 t o  30 cen t i -  

meters from the neutral  i ze r .  The source o f  the ions i n  the plasma i s  

approximately a t  neu t ra l i ze r  keeper po ten t ia l .  The po ten t ia l  difference 

between the source and these more d i l u t e  regions o f  the plume i s  i n  the 

d i r e c t i o n  o f  ion accelerat ion rad 'a l i y  outward, and, if ion  energy loss 

does not occur, would r e s u l t  i n  the generation o f  i on  energies o f  the 

order of 10 t o  15 e lec t ron vo l t s  i n  the d i l u t e  r3egions of the plume. Sub- 

sequent determinations o f  the i on  energy spectra w i t h  re tard ing po ten t ia l  

analyzers has demonstrated t ha t  these i on  energies are  present. These 

r e s u l t s  not  on ly  va l idate  the postulated model o f  the plasma plume electron- 

dr iven sheath potent ia l  s  but a1 so denonstrate t ha t  the presence of residual  

gas ( a t  low pressures) i n  the t es t i ng  chamber has not  ma te r i a l l y  affected 

the i on  f l ow  propert ies. 

Because the ion  energies i n  the plasma are subs tan t ia l l y  greater 

than kTe, fo r  plasma expans:on t o  the probe locations, the ion  t r a j ec to r i es  

are on ly  s l i g h t l y  bent as the r e s u l t  o f  plume expansion over mater ia l  

boundaries. These comparatively sharp shadows i n  the umbra created i n  the 

flow by mater ia l  boundaries indicates t ha t  sens i t ive  surface placement i n  

the umbra can e f f ec t i ve l y  ac t  t o  reduce the deposi t ion l eve l s  o f  mercury 

ions. The adjustment o f  the boundary po ten t ia l  ( f o r  conducting mater ia ls )  

can ac t  t o  reduce the e l e c t r i c  f i e l d s  i n  the sheath r e g i ~ n  between the 

mater ia l  and the plasma plume and can, thus, create even more ef fect ive 

(reduced deposit ion) umbra regions. A1 te rna t i ve ly ,  the m i  sappl i c a t i o n  of 

po ten t ia l s  t o  boundaries i n  the plasma plume can r e s u l t  i n  ion  re f rac t ion  

i n to  the umbra regions and a  reduction i n  the sh ie ld ing ef fect iveness o f  

the boundary. 

The ~mpos i t i on  o f  a  requirement f o r  p l u r a l  re f rac t ion  i n  the ion 

t r a j ec to r y  i n  order t o  deposit  on a  given surface has also been examined 

using probes w i th  more narrowly defined cones o f  d i r ec t i on  i n  the entrance 
i 
;i 
11 

aperture. For these probes and for. selected probe and mater ia l  boundary 1 
conf igurat ions such tha t  p l u ra l  r e f r a c t i o n  i s  required for  ion  t ransport  { 

1 

t o  the co l l ec t i ng  surfaces, ex t rao rd ina r i l y  low leve ls  o f  i on  co l l ec t i on  i 

are observed. This r e s u l t  demonstrates t h a t  pro tect ion of sens i t ive  sur- 

faces can be car r ied  out  t o  very high leve ls  of required cleanl iness by 

su i tab le  placement o f  boundaries such t ha t  p l u ra l  i on  re f rac t ion  i s  



required i n  order  t o  reach the  surface. Specif ic examples have been 

described i n  the  t e x t  and have Hgt i o n  depos i t ion  l e v e l s  o f  t he  order  o f  
1 monolayer per thousand hours o f  t h r u s t e r  opera t ion  i n  t h i s  cond i t i on  

and f o r  comparat ively near r and Z placement of the  sur face from the  t h r u s t e r .  

S t i  11 f u r t h e r  reduct ions i n  these depos i t ion  l e v e l s  w i l l  be obtained f o r  

more d i s t a n t  placement o f  sur face from the th rus te r .  

The second cond i t i on  o f  t h r u s t e r  operat ion examined was the  combined 

operat ion o f  the  n e u t r a l i z e r  discharge and the  t h r u s t e r  discharge bu t  w i th -  

ou t  t he  appl i c a t i o n  o f  acce le ra t i on  po ten t ia l s .  For t h i s  second opera t iona l  
t 

cond i t i on  the H ~ O  and Hg re lease l e v e l s  are a t  ~ 1 0 0  mil l iamperes (equiv- 

a l e n t )  and ~2 t o  3 mil l iamperes. Both of these l e v e l s  a re  approximately 

one order  o f  magnitude over the HgO and Iigt re lease f o r  t h e  operation 

o f  the discharge n e u t r a l i z e r  only.  I n  s p i t e  o f  t h i s  increased HgO and Iig* 

release ra te ,  the  data conf irms t h a t  f a c i l i t y  pressure e f f e c t s  have n o t  

a1 tered the  proper t ies  o f  the i o n  f low.  

Measurements o f  the  plasma p o t e n t i a l  i n  the  e x t e r i o r  plume revea l  

a plasma which i s  p o s i t i v e  by $1 t o  2 v o l t s  w i t h  respect t o  the chamber 

wal ls .  The ions i n  the  plasma plume pcsses energies which correspond 

f a i r l y  accura te ly  t o  the  p o t e n t i a l  f a l l  between the p l a s ~ ? -  discharge 

on the t h r u s t e r  i n t e r i o r  and the  e x t e r i o r  plasma plume. rnese p o t e r t i a l  

increments (ranging from 20 t o  30 v o l t s )  produce, thus, a weakly energet ic  

i o n  "beam." The i o n  energies, though small, are, however, many times 

la rge r  than kTe and expansions o f  the  plasma past  mater ia l  boundaries 

does n o t  r e s u l t  i n  appreciable i o n  r e f r a c t i o n .  The conclusions s ta ted 

above r e l a t i v e  t o  s e n s i t i v e  sur face p ro tec t i on  f o r  t he  plasma plume o f  the  

n e u t r a l i z e r  discharge are, thus, equa l l y  v a l i d  f o r  t h i s  combined d i s -  

charge opera t i o n .  

The f i n a l  cond i t i on  o f  opera t ion  examined i n  the  experiments was 

a f u l l y  operat ional  i o n  th rus te r .  For t h i s  opera t iona l  condi t ion,  i t  i s  

apparent t h a t  the  presence o f  f a c i l i t y  wa l ls  does c reate  p a r t i c l e  f l uxes  

which can i n t e r f e r e  w i t h  and mask the  p a r t i c l e  cu r ren t  f l u x e s  which would 

be observed f o r  an i o n  th rus te r  opera t ing  i n  an unbounded geometry. The 

p r i n c i p a l  form o f  these f a c i l i t y  e f f e c t  f l uxes  i s  a f l o w  o f  weakly energet ic  



ions i n  the  backward d i r e c t i o n .  This backwards t r a v e l i n g  e f f l u x  i s  

p r i m a r i l y  the  r e s u l t  o f  H ~ O  re lease from the  beam c o l l e c t o r  ( e l  t he r  by 

spu t te r i ng  o r  by impact and n e u t r a l i z a t i o n ,  w i thou t  s t i ck ing ,  o f  a  t h r u s t  

ion)  w i t h  subsequent charge t r a n s f e r  t o  Hgt v i a  an (HgO, H ~ * )  charge 

t r a n s f e r  reac t i on .  The e l e c t r i c  f i e l d  s t r u c t u r e  i n  the plasma plume o f  the  

f u l l y  opera t iona l  i o n  t h r u s t e r  has been determined and a  general l e v e l  

of understanding of f a c i l i t y  e f fec t  p a r t i c l e  mot ion i n  these f i e l d s  has 

been developed and descrli bed. 

The r e s u l t s  o f  t he  f u l l  beam ON measurements and the conments above 

do n o t  lead t o  t h e  conclus ion t h a t  the  measurement o f  the  genuine p a r t i c l e  

e f f l u x e s  cannot proceed beyond c e r t a i n  d e s i r a b l e  lower 1  eve1 s. A s p e c i f i c  

example has been described i n  which c u r r e n t  f l u x e s  a t  the 10-l1 and 
2 lom1* A/cm l e v e l s  have been c a r r i e d  o u t  i n  the t e s t i n g  f a c i l i t y  and i n  

s p i t e  o f  the presence o f  f a c i l i t y  e f f e c t  p a r t i c l e s .  These l a t t e r  exper i -  

ments, u t i l i z i n g  measuring probes w i t h  a  reduced cone o f  i o n  acceptance 

d i r e c t i o n s ,  i n d i c a t e  t h a t  the use of s p e c i a l l y  conf igured probes and the 

use o f  s p e c i a l l y  conf igured mater ia l  boundaries can reduce these f a c i l i t y  

presence e f f e c t  f luxes .  The use o f  even l a r g e r  t e s t i n g  chambers appears 

a lso as a  worthwhi le  d i r e c t i o n  o f  development i n  f u t u r e  tes t i ng .  

I n  summary fo r  the  t o t a l  se r i es  o f  measurements, the i o n  depos i t ion  

l e v e l s  f o r  the n e u t r a l i z e r  discharge o n l y  and f o r  the  combined discharges 

o f  the  t h r u s t e r  and the  n e u t r a l i z e r  have been demonstrated t o  be a t  l e v e l s  

which can s a t i s f y  even the  most s t r i n g e n t  o f  spacecraft  surface contami- 

na t i on  requirements. These remain some unresolved quest ions on the  ex ten t  

and nature  of f a c i l i t y  e f fec t  p a r t i c l e s  f o r  the  f u l l y  opera t iona l  t h r u s t e r  

and methods fo r  the  reduc t i on  of these f a c i l i t y  e f f e c t  f l u x e s  appear t o  

be w i t h i n  the realm o f  p o s s i b i l i t y  f o r  co~npara t i ve l y  modest extensions i n  

present l abo ra to ry  t e s t i n g  techniques. 
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RECIRCULATION OF ELECTRIC THRUSTER IONS I N  THE MAGNETIC F IELD OF 

THE EARTH AND POSSIBLE ION REINTERCEPTION ON 

SPACECRAFT SURFACES 
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APPENDIX B 

RECIRCULATION OF ELECTRIC THRUSTER IONS I N  THE MAGNETIC FIELD 
OF THE EARTH AND POSSIBLE I O N  REINTERCEPTION ON 

SPACECRAFT SURFACES 

1. INTRODUCTION 

Th is  appendix w i l l  consider the  mater ia l  t ranspor t  of ions, released 

by a mercury i o n  th rus ter ,  i n  the magnetic f i e l d  of t h e  ear th.  Under cer-  
-+ -b -b 

t a i n  circumstances, the v+ x 6, force, where v+ i s  t he  i o n  vec tor  v e l o c i t y  

and Je i s  the  magnetic f i e l d  o f  the  ear th,  can cause a released i o n  t o  

r e c i r c u l a t e  i n  such a manner as t o  r e i n t e r c e p t  the surfaces of t h e  space- 

c r a f t  bear ing the e l e c t r i c  th rus te r .  The p r i n c i p a l  focus of t h i s  appendix 

w i l l  be the  de r i va t i on  of the  expected leve ls  o f  such mater ia l  t ransport .  

These t ranspor t  l e v e l s  w i l l  be used, i n  turn,  t o  determine i f  deposi t ion 

l eve l  s  of s i  gni f icance can occur d6 r ing  c e r t a i  n p ro jec ted  i o n  t h r u s t e r  

missions. 

The appendix w i l l  f i r s t  examine t h e  general cond i t ions  of i o i  r e c i  rcu- 

l a t i o n  and w i l l  i d e n t i f y  those por t ions  o f  a spacecraf t  o r b i t ,  f o r  an ea r th  

o r b i t i n g  spacecraft, i n  which i o n  rec i r cu la t ion / re in te rcep t ion  i s  dynam- 

i c a l l y  allowed and those por t ions  fo r  which t h i s  t ranspor t  i s  dynamically 

forbidden. For the  dynamical l y  a1 lowed cases the  "focus cond i t ions"  w i  11 

be determined. Those focus cond i t ions  are t h e  i o n  vec tor  d i r e c t i o n s  and 

energies such t h a t  t h t  i o n  re in te rcep ts  the  spacecraft  z t  the precise p o i n t  

of the  e a r l i e r  departure of the  ion. Real izable spacecraft, however, have 

f i n i t e  sur face areas and va r ia t i ons  i n  the prec ise  values o f  t h e  i o n  d i rec -  

t i o n  angles and v e l o c i t y  are possib le f o r  i on  t r a j e c t o r y  re in te rcep t ion  

over those broader regions o f  spacecraft  surface. To determine the  per- 

m iss ib le  range i n  angles and energies requires t h e  d e r i v a t i o n  o f  the d i s -  

pers ion funct ions i n  the i o n  motion. The d ispers ion  funct ions must be 

1 coupled, i n  turn,  t o  the  expected d i s t r i b u t i o n  func t ions ,  i n  d i r e c t i o n  and 
i energy, of t h e  released ions for* the  f i n a l  ca l cu la t i ons  o f  the  expected 

normalized e f f lux  c o e f f i c i e n t s  f o r  t h i s  mode o f  mater ia l  t ranspor t .  Follow- 

i n g  these normalized e f f l u x  c o e f f i c i e n t  ca lcu la t ions ,  t he  appendix w i l l  sum- 

marize i t s  f ind ings i n  terms o f  expected i n t e r a c t i v e  e f f e c t s  as the  r e s u l t  i 
o f  mercury i o n  t ranspor t  and depos i t ion  on spacecraft s u r  aces. 

0-1 



2. DYNAMICALLY ALLOWED AND DYNAMICALLY FORBIDDEN REGIONS FOR ION 
RECIRCULATIONIREINTERCEPTION ON SPACECRAFT SURFACES 

The i n t e r e s t  of t h i s  appendix w i l l  be f o r  spacecraf t  i n  c i r c u l a r ,  near 4 

earth,  o r b i t s  . Results o f  the  ana lys is  are genera1 1y appl i cable, however, 1 4  

and r e s t r i c t i o n  o f  a t t e n t i o n  t o  t h i s  p a r t i c u l a r  case i s  t o  focus the  analy- I 

J 
s i s  on spacecraf t  o r b i t  and magnetic f i e l d  cond i t ions  which a c t  t o  produce , 4  

! 
the h ighes t  poss ib le  l e v e l s  o f  t h i s  mode o f  ma te r i a l  t r anspor t .  I f  i t  can 4 
be demonstrated t h a t  p a r t i c l e  t ranspor t  under these conditions i s  a t  t o l -  1 

erab le  l e v e l s ,  then extension o f  t he  f i nd ings  t o  o ther  ( lower  l e v e l  t rans-  i 
p o r t )  cond i t ions  w i  11 requi  r e  no f u r t h e r  a n a l y t i c a l  e f f o r t .  1 

An i o n  released from t h e  t h r u s t e r  w i l l  be sub jec t  t o  the  forces s ta ted  

i n  t he  Lorentz equat ion 

3 
where q i s  t he  i o n  charge i n  coulombs, E i s  e l e c t r i c  f i e l d  i n  v o l t s  per  

$ 
t 

-+ i 

meter, v, i s  the  i o n  v e l o c i t y  i n  meters per  second, and B i s  magnetic f i e l d  +1 

i n  webers per  meter2. I n  t he  MKS system used here, the  fo rce .  7, i s  i n  + 

newtons. 

The ana lys is  w i l l  consider  t h a t  t he  i o n  i s  s u f f i c i e n t l y  removed from 

the t h r u s t e r  n e u t r a l i z a t i o n  ( e l e c t r o n  i n j e c t i o n )  regions t h a t  e l e c t r i c  ;I 
4 

f i e l d s  i n  these regions are  no longer  present and t h a t  t he  o n l y  f o rce  remain- 
+ -+ 

i n g  i s  t h a t  due t o  the  v, x B term i n  Equation (1 ) .  The analys is ,  thus, 
-+ 

neglects any E f i e l d s  i n  the  space plasma. Also t o  be neglected i n  t h i s  

ana lys is  are coulomb s c a t t e r i n g  e f f e c t s .  The magnetic f i e l d  t o  be used i n  
-+ 

Equation (1 )  w i l l  be Be, t he  magnetic f i e l d  o f  t he  ear th .  Because the cyc lo -  

t r o n  o r b i t s  of the  ions  are small compared t o  the  general dimensions o f  

the e a r t h ' s  magnetic d ipo le ,  the term remains f i x e d  du r ing  the  course o f  

the i n i t i a l  i o n  r e c i r c u l a t i o n  motion. 

With the  assumptions above, Equation (1) becomes 

and the  i o n  motion i s  t h a t  o f  a h e l i x .  The v e l o c i t y  of the i o n  a t  the  
-+ 

i n s t a n t  o f  i t s  re lease from the  t h r u s t e r  and i n t o  the Be r e c i r c u l a t i o n  f i e l d  



-b -b + 
has components v  and vl , both p a r a l l e l  and perpendicular  t o  Be. The 

II 
he1 i c a l  motion o f  the i o n  l i e s  on a c y l i n d e r  whose a x i s  has the  vec tor  

+ 
d i r e c t i o n  o f  v  and whose radius,  R, i s  g iven by II 

where M i s  i o n  mass i n  ki lograms, and v i s  the  magnitude of G1, the com- 
t L 

ponent o f  i o n  v e l o c i t y  perpendicular  t o  Be. For the  MKS system used, R i s  

i n  meters. 

Figure 1 i l l u s t r a t e s  the  c y l i n d e r  on which the  h e l i x  o f  the i o n  motion 

i n  ie i s  placed. The spacecraf t  p o s i t i o n  a t  the  i n s t a n t  o f  i o n  rh lease 
-f 

( t  = 0) i n t o  Be i s  denoted as p o i n t  0 on t h i s  c y l i n d e r .  I f  the  i o n  i s  t o  

r e i n t e r c e p t  t he  spacecraft ,  then the  spacecraf t  motion a f t e r  t = 0 must be 

such as i n t e r c e p t  the c y l i n d e r  on which the i o n  t r a j e c t o r y  i s  contained. 

F igure  1 i l l u s t r a t e s  th ree  cond i t ions  o f  t he  spacecraf t  motion r e l a t i v e  t o  

t h i s  cy l i nde r .  I n  t he  f i r s t  o f  these cond i t ions  the  spacecraf t  motion sub- 

sequent t o  t = 0 does cause the  spacecraft t o  r e i n t e r c e p t  the  cy l i nde r .  

I n  t h i s  case i o n  r e i n t e r c e p t i o n  i s  dynamical ly allowed, and i o n  re in te rcep-  

t i o n  w i l l  occur provided t h a t  c e r t a i n  "focus" cond i t ions  i n  the  i o n  d i rec -  

t i o n  angles and energy are  s a t i s f i e d .  I n  Condi t ion 2, i o n  r e i n t e r c e p t i o n  on 

spacecraf t  surfaces i s  dynamical ly forbidden i n  t h a t  the spacecraft  motion 

encounters the i o n  motion c y l i n d e r  on l y  a t  t = 0, the i n s t a n t  o f  release. 

Cond i t ion  3, inc luded fo r  genera l i t y ,  permi t s  i o n  re in te rcep t i on .  Condi- 

t i o n  3 i s ,  however, of o n l y  l i m i t e d  i n t e r e s t  i n  t h a t  p rec ise  alignment 
+ -t 

between the spacecraf t  v e l o c i t y  vector ,  vS, and Be i s  requi red.  While such 

a1 ignment i s ,  i n  p r i n c i p l e ,  poss ib le  fo r  a spacecraft  i n  o r b i t ,  the  per iods 

o f  t ime  f o r  such alignment are van ish ing ly  small f o r  spacecraf t  i n  near- 

ear th  o r b i t s .  

The analys is  t o  be conducted i n  the f o l l o w i n g  sec t ions  w i l l  examine 

the spacecraf t  motion and i o n  motion con f i gu ra t i on  i l l u s t r a t e d  i n  Condi- 

t i o n  1 of Figure 1. Before proceeding t o  these analyses, however, i t  i s  o f  

i n t e r e s t  t o  examine the r e l a t i v e  per iods o f  time du r ing  a spacecraft  o r b i t  1 
f 

i n  which i on  r e c i  r c u l  a t i o n / r e i n t e r c e p t i o n  i s  dynamical ly a1 lowed and 
I dynami c a l  l y  f o r b i  dden. 
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Figure 1. He l i x  o f  Ion Moti n and Supporting Cyl inder f o r  Ion 
Recirculat ion i n  8 ,  and+Three Possible Configurat ions 
of Spacecraft Velocity, vs, Re la t ive  t o  the Supporting 
Cyl i nder 

3.  ORBITAL AND MAGNETIC FIELD CONDITIONS FOR DYNAMICALLY ALLOWED AND 
DYNAMICALLY FORBIDDEN I O N  R E C I  RCULATION/REINT!iRCEPTION 

It w i l l  be assumed i n  the i n i t i a l  discussion i n  t h i s  sect ion t ha t  the 

magnetic f i e l d  o f  the ear th  can be represented by a magnetic dipole. I t  

w i l l  a l so  be assumed t ha t  the axis o f  t h i s  magnetic d ipo le  coincides w i t h  

the ax is  of r o t a t i o n  o f  the earth.  Figure 2 i l l u s t r a t e s  the o r i en ta t i on  
-+ -+ 

o f  the spacecraft ve loc i t y  vector, vS, r e l a t i v e  t o  Be f o r  a spacecraft  i n  

a c i r c u l a r  equator ia l  o r b i t .  I n  the Cartesian coordinate system shown 

there, the X ax i s  coincides w i t h  ; , and the Z ax is  i s  along the (zen i th )  s 
d i r ec t i on  o f  the loca l  ve r t i ca l .  For the c i r c u l a r  equator ia l  o r b i t  condi- 

-+ 
t i o n  and the assumed dipole magnetic f i e l d  and f i e l d  alignment, Be w i l l  be 

along the  Y ax is of t h i s  system throughout the course of an o r b i t .  



\ \ 
ION RKIRCUuTION ION RKIRCU~TION PATH 
FOR ION RWA.5ED WllH FOR ION RELWED wlrn 
vx = O A l t  OAND vZ 0 AT t 0 AND 

v z > O A I t - 0  v,,>OATt 0 

\ 

ION RK~RCULAIION PATH 
FOR ION RELEASED wlrn 

V,'OATt - O A M  

vz OAT t 0 

Figure 2. Or ientat ion of;  and 5 f o r  a Spacecraft i n  a C i rcu la r  Orb i t  
a t  the Magnetic quator and Ion Recirculat ion Trajector ies € 
(and Simultaneous Spacecraft Mot ion)  f o r  Ions Released by 
a Top-Mounted Thruster on the Spacecraft 

For the spacecraft ve loc i t y  and magnetic f i e l d  conf igurat ion i n  Fig- 
ure 2 and for  a "top-mounted" th rus te r  ( t h rus te r  axis along the +Z axis) ,  

i t  can be demonstrated t ha t  i t  i s  dynamically forbidden f o r  any th rus te r  
-+ 

i on  t o  r ec i r cu la te  i n  Be and t o  re in tercept  the spacecraft. This fo l lows 

from Equation (1) and the use of the ion ve loc i t y  vector r es t r i c t i ons  f o r  

the top mounted thruster .  From Equation ( I ) ,  
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+ t  t 
where v+ = r vx + J v t cvz i n  the Cartesian frame o f  Figure 2. Because 

Y 
z 2 0 f o r  a l l  ions released by the top-mounted thruster ,  fx 5 0 f o r  a l l  

ions. Because fx r 0, the center of curvature f o r  any ion released from 

the top-mounted thruster  1 ies  i n  the backward hemisphere of d i  rec t ions 

from the spacecraft ve loc i t y  vector, is, and the cy l inders  which contain 

the various hel ices f o r  the t r a j ec to r i es  o f  the ions c i r c u l a t i n g  i n  ie 
inte rsec t  the spacecraft path o f  motion a t  only the s ing le  po in t  a t  t = 0 

a t  which the i on  was released. This corresponds t o  Condition 2 i n  Fig- 

ure 1 (dynamical l y  forbidden in te rcep t ion ) .  For convenience Figure 2 

i l l u s t r a t e s  several possible i on  c i r c u l a t i o n  pat terns,  demonstrating t ha t  

re in tercept ion of the spacecraft surfaces i s  forbidden i n  t h i s  present 

exampl e , 

The resu l t s  i 1  lus t ra ted  i n  Figure 2 and discussed do not  mean t ha t  

re in tercept ion i s  forbidden for  a1 1 possible t h rus te r  mounting configura- 

t i ons  f o r  t h i s  equatorial o r b i t  condi t ion.  A rear-mounted thruster  and a 

bottom-mounted thruster  both have dynamical l y  a1 lowed reintercept ion.  

Figure 3 i l l u s t r a t e s  several i on  ve loc i t y  condit ions a t  the ins tan t  o f  

release. For some condit ions re in tercept ion i s  allowed (cases where 

z < 0 a t  t = 0) and i n  other condit ions, re in tercept ion i s  forbidden. It 

should be emphasized that ,  even f o r  allowed re in tercept ion (vZ < 0 a t  t = 0). 

tha t  other ve loc i t y  condit ions must also be met. I n  the present example o f  
-b + 
vS along the X axis and Be along Y, the i on  must have zero ve loc i t y  i n  the 

Y d i r ec t i on  t o  rec i rcu la te  and t o  re in te rcep t  the spacecraft. The ion  must 

a lso have a spec i f ic  magni tude o f  release ve loc i t y  t o  re in tercept  the space- 

c r a f t .  These focus condit ions w i l l  be derived i n  Section 4 f o r  re in te r -  

ception of the i on  w i th  a "pointu-sized spacecraft, and Section 5 w i l l  

der ive the condit ions for  re in tercept ion on f i n i t e  s ized spacecraft. 

The condit ions i l l u s t r a t e d  i n  Figures 2 and 3 have been f o r  an equa- 
3- 

t o r i a l  c i r c u l a r  o rb i t ,  f o r  a magnetic d ipo le  representat ion o f  Be, and for  

the coalignment of the magnetic d ipo le  axis w i th  the axis o f  the spacecraft 
-P 

o r b i t .  Another i l l u s t r a t i v e  cask i s  a po la r  o r b i t i n g  spacecraft, w i t h  Be 

again represented by a magnetic d ipole.  Figure 4 i l l u s t r a t e s  the d i r ec t i on  
-+ 

o f  B during a complete po lar  o r b i t  for  a Cartesian coordinate system i n  e 
which the X ax is  i s  the d i rec t ion  o f  spacecraft ve loc i t y ,  qS, and the Z axis 

i s  the upward d i rec t ion  along the l oca l  ve r t i ca l .  For t h i s  po lar  o r b i t i n g  



ION ORBITS FOR REAR MOUNTED THRUSTER 

ION ORBITS FOR BOTTOM MOUNTED THRUSTER 

v z <  O A T  t = 0 v = O A T t = O  

v - 0 A T t - 0  vx>OATt; 0 

Figure 3. I o n  Rec i rcu la t ion  T ra jec to r ies  f o r  a Spacecraft i n  a C i r c u l a r  
O r b i t  a t  the Magnetic Equator and fo r  Ions Released from a 
Rear-Mounted Thruster  and a Bottom-Mounted Thruster 
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Or ien ta t i on  o f  fie Re la t i ve  t o  GS i n  the  Earth Frame Coordinate 
System f o r  a Spacecraft i n  a Po lar  O r b i t  (magnetic f i e l d  
assumed as d ipo le  w i t h  a x i s  a l igned w i t h  ea r th  a x i s )  

spacecraft ,  t h e w  are per iods of the  o r b i t  i n  which s p e c i f i c  i o n  re lease 

angles prevent re in te rcep t ion  and i n  which o the r  i o n  release angles can 

r e s u l t  i n  re in tercept ion .  The general case here i s  more d i f f i c u l t  t o  

describe than f o r  t he  equator ia l  o r b i t  case described e a r l i e r .  As a ru le ,  

however, and consider ing t h e  e n t i r e  o r b i t ,  k.;lf of a l l  i o n  re lease angles 

lead t o  dynamical l y  forbidden reintercept: ion. O f  t he  remaining ha1 f o f  

a l l  i o n  release angles (and which are  dynamical ly i n  the "allowed" region),  

only a very small f r a c t i o n  can s a t i s f y  the focus condi t ions.  

A p a r t i c u l a r l y  i n t e r e s t i n g  cond i t i on  f o r  the  p o l a r  o r b i t i n g  spacecraft  

occurs du r ing  the  magnetic equator i  a1 passages. Figure 5 i 1 l u s t r a t e s  the 

cond i t i on  o f  the northward equator ia l  passage dur ing  which GS i s  p a r a l l e l  
-b -f -+ 

t o  Be. This p a r a l l e l  r e l a t i o n s h i p  between vS and Be corresponds t o  Condi- 

t i o n  3 i n  Figure 1. I n  Condi t ion 3 and i n  the  con f igu ra t i on  i l l u s t r a t e d  i n  

Figure 5, a l l  values o f  v and vZ i n  the  i o n  v e l o c i t y  c reate  he l i ces  whose 
Y 

support ing cy l i nde rs  conta in the  spacecraft v e l o c i t y  vector.  This would 





appear t o  r e s u l t  i n  very high leve ls  o f  re in te rcep t ion  w i th  the spacecraft. 

It should be noted, however, t ha t  on ly  those ions whose vx a t  release equals 

vs can re in tercept  the spacecraft, and on ly  a small f r a c t i o n  o f  the released 

ions now l i e  w i t h i n  the acceptance band f o r  re intercept ion.  Two other fac- 

to rs  a lso serve t o  m i t iga te  the e f f ec t s  o f  i o n  rec i r cu la t i on  i n  t h i s  special 

case. The f i r s t  factor  i s  t ha t  only minor coulomb scat ter ings of the ions 

as they make t h e i r  (comparatively lengthy) he l i ca l  motion through the space 

piasma are required t o  disperse the t r a j ec to r i es  and thus t o  diminish the 

apparent focusing e f f ec t s  shown i n  Figure 5. These coulomb scat ter ing i n t e r -  

act ions have not  been included i n  the analysis of t h i s  appendix but  should 

be reviewed i n  any dynamical s i t u a t i o n  i n  which perfect  he l i ca l  motion of 

many separate p a r t i c l e  t r a j ec to r i es  w i l l  be required t o  create a focusing 

e f fec t .  A second m i t i ga t i ng  circumstance i s  t ha t  a condi t ion of GS ( I ife 
wi th i n  the required preci: ion t o  produce the i l l u s t r a t e d  t r a j ec to r i es  i n  

FiguiRe 5 i s  of only b r i e f  durat ion i n  the assumed po lar  o r b i t .  The ra te  o f  

change of magnetic f i e l d  d i r ec t i on  w i t h  respect t o  Gs i s  approximately 

0.2 degree per secona dur ing equator ia l  passage, and the Condition 3 o f  

Figures 1 and 5 i s  present f o r  only small fractions o f  a second on any 

pa r t i cu l a r  equator ia l  passage. A f i n a l ,  and more general condi t ion i s  t ha t  
+ 
vS ( I ife  nay never occur for  lower i n c l i n a t i o n  o r b i t s  i n  the actual mag- 

ne t i c  f i e l d  of the earth. 

A f i n a l  area o f  i n t e res t  f o r  t h i s  present examination o f  spacecraft 

ve loc i t y  and magnetic f i e l d  o r ien ta t ion  e f f ec t s  i s  the expected o r ien ta t ion  

o f  GS and 8e f o r  a spacecraft i n  a h igh i n c l i n a t i o n  o r b i t  8nd for  actual 

values and or ienta t ions o f  the ear th ' s  magnetic f i e l d .  For a high inc l ina -  

t i o n  o r b i t  ( f o r  example, a t  60 degrees o r  greater i n c l i n a t i o n )  the mag- 

ne t i c  f i e l d  a t  the maximum nor ther l y  and maximum southerly passage po in t  i s  

almost completely along the loca l  v e r t i c a l  d i rec t ion .  As the spacecraft 
passes the magnetic equator (magnetic f ie1 d i n  the 1 ocal hor izontal  d i r ec t i on  

+ -b 

only) the minimum angle between v and Be occurs. Because o f  dec l inat ion 
S 

e f fec ts  (departure of the magnetic f i e l d  from the t r ue  nor ther ly  d i rec t ion )  

i t  i s  poscib le f o r  Gs and se t o  be pa ra l l e l  f o r  a b r i e f  per iod of  time on 

occasional o r b i t s  and for  su f f i c i en t l y  h igh o r b i t a l  i n c l  inat ion.  On the 
northern magnetic equator ia l  passage, and f o r  s u f f i c i e n t l y  h igh o r b i t a l  

-b 

i nc l ina t ion ,  the range o f  Be can include pos i t i ve  and negative B values 
Y 
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as i s  i l l u s t r a t e d  i n  Figure 6. The southern magnetic equator '  ' passage 

a lso i l l u s t r a t e d  i n  Figure 6 can a lso include both pos i t i ve  and negative 

B values. These small angle condit ions between cs and Ze are o f  spec i f i c  
Y  

i n te res t  because of the possibly enhanced leve ls  of t ransport  i n  t h i s  con- 

f i gu ra t i on  (see discussion above on Condi t i o n  3 conf igurat ions).  Because 

a  complete analysis of a l l  o r ienta t ions o f  Cs and de i s  not  ins t ruc t i ve ,  

and because t h i s  examination of mass t ransport  should focus on those con- 

f i gu ra t ions  where the t ransport  i s  expected t o  be a t  the la rger  o f  the 

possib le range of values, a t ten t ion  w i l l  be devoted t o  the condi t ion o f  

magnetic equator ia l  passage and for  a  range of angles between 4 and $ f o r  

tha t  condi t ion i n  which { l i e s  i n  the X - Y  plane, w i t h  a  major component 

along the d i r ec t i on  of the X  axis, and w i t h  a  minor component along the 

- Y 1  axis.  

x (v,, 

NORTHWARD 
MAGNETIC 
K;IUATORlAL 
PASSAGE 

(CONFIGURATION 
POINT TO BE USED 

-Y I N  LATER ANALVSES) 

EQUATORAL 
PASSAGE L // 1 

0 " T A R D  \ I / (vs) 

MAGNETIC 

- Y  

-b + 
Figure 6. Possible Range of Or ientat ion of Be Relat ive t o  vS f o r  Magnetic 

Equatorial Passage o f  a  High I n c l i n a t i o n  (C i rcu la r )  Orbi t i n g  
Spacecraft and w i th  Actual Earth 's Magnetic F i e l d  Decl inat ion 
Effects Included 



4. POINT-TO-POINT ION RECIRCULATION FOCUS CONDITIONS 

This sect ion w i l l  der ive the necessary i c n  angles of emission and i on  
emjssion energy such t ha t  the released p a r t i c l e  w i l l  r ec i rcu la te  i n  the 

magnetic f i e l d  and w i l l  re in tercept  the spacecraft a t  the prec ise po in t  
+ 

o f  the ion  release. The con f i gu ra t i r n  between the spacecraft ve loc i ty ,  vS, 
-b 

and the magnetic f i e l d  o f  the ear th  Be, t o  be used i n  t h i s  "focus condi t ion" 

der i va t ion  i s  i l l u s t r a t e d  i n  Figure 7. The choice o f  the configurat ion 

shown there follows from the discussion i n  the f i na l  port ions of Section 3. 

The Cartesian coordinate systems i l l u s t r a t e d  i n  Figure 7 w i l l  be termed 

the "ear th  framen and the "magnetic f i e l d  frame." The spacecraft ve l oc i t y  
+ 

vector, vS, i s  along the X ax is  o f  the ear th  frame and the Z ax ls  i s  the 
-+ 

upward loca l  ve r t i ca l .  The vector 8, 1 i es  i n  the X - Y  plane (Elex > 0, 
-+ 

< 0)  and i s  a t  angle, q, w i t h  respect t o  vS i n  the ear th  frame. Be 
also l i e s  along the x'  ax is  of the magnetic f i e l d  frame. 

The ion i s  released from the spacecraft a t  t = 0 a t  which time the 

spacecraft i s  a t  the o r i g i n  (0, 0, 0)  of the ear th  frame. Because the 
spacecraft moves along the X ax is  o f  t h i s  frame a t  vs, the X-posit ion o f  

the spacecraft i s  

whi le YSIC = zs/c = 0 fo r  a11 t. 

The ion  motion i n  the ;+ x ite force can be viewed more eas i l y  by an 

i n i t i a l  separation o f  the ion  ve loc i ty ,  a t  release, i n t o  ve loc i t y  components 

pa ra l l e l  and perpendicular t o  $. Because the ;+ x ite force vanishes a:ong 
+ + 

the Be d i rec t ion ,  ion ve loc i t y  p a r a l l e l  t o  Be remains constant. Denoting 
t h i s  p a r a l l e l  ve loc i t y  component o f  5, as vlI, i t  fol lows that  the ion  p x i -  

t i o n  a t  t, a f t e r  i t s  release a t  t = 0 must be i n  a plane whose distance 

from the o r i g i n  i s  v t. Figure 7 i l l u s t r a t e s  t h i s  plane i n  a view along I1 
the -Z  ax is *  Figure 7 a lso i l l u s t r a t e s  the plane contain ing the spacecraft 

a t  t ime t, viewed i n  t h i s  same d i rec t ion .  If the i on  i s  t o  re in tercept  the 

spacecraft, i t  i s  required tha t  these two planes must coincide a t  the time 

of re in tercept ion T. This requires t ha t  
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Figure 7. Earth Frame and Magnetic F i e l d  Frame Coordinate Systems and 
Planes Containing the Ion and the Spacecraft f o r  t > 0 
( Ins tan t  of Ion Release) 

from which the f i r s t  o f  the two focus condi t ions i s  given: 

VI( = vs cos rl ( 6 )  

The second o f  the focus condi t ions i s  somewhat more d i f f i c u l t  t o  v is -  

ua l ize .  Figure 8 provides a view i n  the d i r e c t i o n  of 4, o f  the spacecraft  

and ion  motion. I n  t h i s  view (along the X I  ax is )  the spacecraft  has an 

apparent ve l oc i t y  along the Y '  ax is  o f  

vSIC ( Y ' )  = vS s i n  

4 - 
The ion ve l oc i t y  i n  t h i s  presentat ion i s  the perpendicular component, vl, - 
and the i on  nroves i n  a c i r c l e  o f  radius 
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Figure 8. Ion  Motion i n  $ i n  a View Along the +Xi Axis o f  the 
Magnetic F i e l d  hame 

The angle CY i l l u s t r a t e d  i n  Figure 8 i s  the angle between the plane contain- 
-* -+ 

i n g  Be and vl a t  t = 0 and the X ' Y '  plane. 

The i on  acquires a nonzero Z '  coordinate dur ing i t s  r o t a t i on  around 

if TO re in te rcep t  the spacecraft, however, the i on  must be a t  Z '  = 0 e ' 
because the spacecraft remains a t  Z '  = 0. If the t ime o f  re in tercept ion i s  
T, i t  also i s  required t ha t  the Y '  value of the ion  a t  T be equal t o  the 

Y '  value of the spacecraft a t  T. Now the arc- length along the segment o f  
the c i r c l e  i s  2 Ro and the time f o r  the ion  t o  t raverse t h i s  arc length 

a t  v1 i s  
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The chord length from the o r i g i n  o f  the Y ' Z '  - i g i n  i s  2R s i n  a and the 

time required f o r  the spacecraft t o  t raverse t h i s  distance i s  

T = 2R s i n  a 
vs : in n 

For re in tercept ion t o  occur, the time, T, i n  Equation (8) must equal the 

time, T, i n  Equation (9 ) .  This leads t o  

2R s i n  a - 2Ra - -  
vs s i n  T-, vl 

(10) 

from which the second o f  the two focus condi t ions i s  given 

a 
"1 = vs s i n  n (=) (11 1 

1 
I 
1 
.1 

The spec i f i ca t ion  o f  vS, n, and a thus determines the v and vl o f  the ion II >I . 
which determines the ion energy f o r  a po in t - to-po in t  re in tercept ion and 

the required angles of emission f o r  the re in tercept ion.  I t  should be 
i 

emphasized tha t  the angle a i s  a var iable and, thus, a continuous range o f  

i cn  energies and angles o f  emission are possib le leading t o  re intercept ion.  

For a pa r t i cu l a r  ion energy, however, only a s ing le  d i r ec t i on  o f  release 

can lead t o  r e i  nterception. 

The spec i f i ca t ion  o f  the focus condit ions i n  Equations (5 )  and (11) 

does no t  a l low an immediate recogni t ion o f  the ion  propert ies as viewed a t  

the th rus te r  locat ions.  I t  should be emphasized t ha t  the v,, and vl s tated 

thus f a r  are r e l a t i v e  t o  the magnetic f i e l d .  The knowledge o f  the ion  

propert ies i n  the thruster  plume, however, i s  i n  the th rus te r  frame which 

i s  a t  r e s t  w i th  respect t o  the spacecraft but i s  i n  motion, a t  ve loc i t y  vs, 

wi th respect t o  the ear th  frame. Figure 9 i l l u s t r a t e s  these two coordinate 

systems. The spacecraft frame ( i n  which the th rus te r  i s  a t  r e s t )  moves 

along the X axis o f  t.he ear th  frame a t  vS. For a ve loc i t y  transformation 
4 

between the spacecraft frame and the ear th  frame 



1; 
Figure 9. Spacecraft Frame (X", Y", Z") Or ien ta t i on  and Not ion Re la t ive  r j  

2 t o  the  Earth Frame (X ,  Y, Z). Also shown g r e  the p o l a r  rild 1; azimuthal angles fo r  i o n  r e c i r c u l a t i o n  i n  Be w i t h  Reintercep- I .a 
t i o n  on spacecraft  surfaces. I l 

"11 = v 
Y'  

and v,,. = 
2 '  

1 
i 

The knowledge of the  i o n  v e l o c i t y  i n  the magnetic f i e l d  frame (vil, v , ~ )  and 
i the o r i e n t a t i o n  o f  the magnetic f i e l d  frame w i t h  respect t o  the e a r t h  frame 

al lows vll and vl t o  be s ta ted  i n  the  ea r th  frame, and Equation (12) then 1 
1 .  

i ?  

a l lows the  i o n  v e l o c i t y  t o  be s ta ted i n  the  spacecraft  frame. Most i o n  
i t h r u s t e r  plume diagnost ics,  however, are c a r r i e d  i n  a  p o l a r  coordinate 
1 " 
3 system whose p o l a r  ax is  i s  the ax is  o f  the  i o n  th rus te r .  For a  top-mounted 



th rus ter ,  the t h r u s t  a x i s  i s  along the  Z" d i r e c t i o n  and the  p o l a r  and a z i -  

muthal angles are as i l l u s t r a t e d  i n  F igure 9, w i t h  a p a r t i c u l a r  choice 

shown the re  f o r  the  o r i g i n  and d i r e c t i o n  of the  azimuthal angle, 4. 

The burden o f  the mathematical a c t i o n  i n  the statement o f  the focus 

cond i t i on  then becomes the  t rans format ion  o f  v,, and vL (which are known 
+ 

r e l a t i v e  t o  Be) t o  the  ea r th  frame, w i t h  a subsequent transform from t h e  

ea r th  frame t o  the  spacecraft ( t h r u s t e r )  frame. These coordinate t ransfor- 

mations w i l l  not  be c a r r i e d  o u t  i n  d e t a i l  i n  t h i s  discussion, but  Attach- 

ment 1 t o  t h i s  appendix w i l l  ca r ry  ou t  t he  transformations and the subse- 

quent use of these transforms i n  the  ca l cu la t i ons  o f  d ispers ion  c o e f f i c i e n t s .  

The t ransformat ion which provides i o n  1 aboratory angles and energies 

from i o n  angles and energies i n  the  spacecraf t  frame i s  

1 - 2y" s i n  e s i n  + + ( y " )  

6 = cos-l (cos 0 ( 1 - y I1(s in  8 s i n  +I)+ sin ,(,'I s i n  0 0 s  d 
Y Y 

and 

I' COS 8 a = s i n - ' ( y  y s i n  B ) 
where 0 a n d 4 a r e  the  i o n  p o l a r  and azimuthal angles i n  the  spacecraft  frame, 

y i s  the i o n  v e l o c i t y  i n  the  ea r th  frame normalized t o  vs, y"  i s  the I o n  

i o n  v e l o c i t y  i n  the t h r u s t e r  frame normalized t o  vS, the  angles a and n 

have been prev ious ly  defined, and 6 i s  t he  angle between $+ i n  the labora- 
3 

t o r y  frame and Be (see Attachment 2 f o r  f igures i l l u s t r a t i n g  these angles 

and transforms). A reverse transformation (which der ives  y" ,  0, and from 

an i n i t i a l l y  s ta ted Q and a) a lso  has been der ived b u t  w i l l  no t  be s ta ted 

here. 

The various t ransformat ions described above have been programmed i n t o  

a computer and a se r ies  of transforms between i n i t i a l  a and T-, and the 

t h r u s t e r  frame have been c a r r i e d  out.  A1 though these computational p r i n t -  

ou ts  w i l l  n o t  be reported i n  d e t a i l  i n  t h i s  appendix, i t  w i l l  be i n s t r u c t i v e  



t o  1  i s t  a  ser ies o f  values o f  e, 9 ,  and ion energy i n  the t h rus te r  frame 

f o r  s ta ted q and a i n  the laboratory frame. These values are given i n  

Table 1 f o r  q = 30 degrees and a ranging from 5 t o  165 degrees. Several 

features of these ca lcu la t ions are o f  i n te res t .  The f i r s t  i s  t ha t  near the 

th rus te r  ax is  ( 8  -+ 0 fo r  the top-mounted thruster ) ,  the focus condi t ion i s  

for  very weakly energetic ions (energies of the order o f  eV o r  less),  whi le  1 
large e values ( 6  -+ 90 deg) requ i re  i o n  energies i n  the ranges o f  k i l o -  !/ ./ 
e lec t ron vo l t s .  These focus condit ions are o f  i n t e r e s t  f o r  t h i s  top- i % 2 

mounted th rus te r  i n  tha t  the expected i on  propert ies i n  the th rus te r  plume 

(very energet ic ions a t  small 8, weakly energetic ions a t  la rge 0 )  d i r e c t l y  

reverses t9e focus condit ion. This indicates t h a t  the match-up between the 

ion  release propert ies i n  the top-mounted th rus te r  and the required focus :1 
propert ies i s  small and may be almost t o t a l l y  noninclusive. This, i n  turn,  i 
indicates a  very low leve l  o f  i on  rec i r cu la t i on  and r e i n t e r c e p t i ~ n  on space- 

c r a f t  surfaces. 

Table 1 a lso l i s t s  values of e, $, and ion  energy f o r  0 = 20 deg and 

10 deg and for  a ranging from 5 t o  165 degrees. The behavior pat terns shown 

e a r l i e r  fo r  the Q = 30 deg case i n  Table 1 are a lso present f o r  Q = 20 deg 

and 10 deg. These data w i l l  a lso  be used i n  the ca lcu la t ion  o f  dispersion 
-C -+ 

coe f f i c i en t s  for  various or ienta t ions between Be and vs (see Section 5 ) .  

A f i n a l  area o f  i n t e res t  i n  t h i s  sect ion i s  t o  examine the f indings 

i n  focus co,idi t i ons  i n  terms o f  a  rear-mounted th rus te r .  A rear-mounted 

th rus te r  w i l l  have i t s  th rus t  ax is  along the -Xu  ax is  and w i l l ,  thus, have 

energetic ions emerging a t  la rge angles w i th  respect t o  Z". The rear-  

mounted t h rus te r  w i l l  a lso have weakly energetic ions emerging a t  la rge 

angles w i t h  respect t o  X" which leads t o  some weakly energetic ions a t  

small angles w i t h  respect t o  I". From t h i s  i t  would appear tha t  the 
match-up between i on  release propert ies and the focus condit ions i s  some- 

what be t t e r  for  the rear-mounted thruster  than for  the top-mounted thruster .  

While t h i s  match-up may, i n  fact, be improved, the fo l lowing sections w i l l  

examine the expected ion t ransport  for the top-mounted th rus te r  and w i l l  

demonstrate t ha t  t h i s  t ransport  i s  a t  such reduced leve ls  t ha t  the t r ea t -  

ment o f  both top- and rear-mounted thrusters  i s  not  required. An addi t iona l  

po in t  t o  note i s  t ha t  the treatment of the top-mounted th rus te r  i s  mathe- 

mat i ca l l y  simpler because the e, $ angles stated w i t h  respect t o  Z" are 



Table 1. e ,  4 ,  and Ion Energy in the Thruster (Spacecraft) Frame as f (a )  and 0 = 30, 20, 10 Deg 
Assumed Spacecraft Velocity of 7.7 km/s 

t 

a 
(deg) 

5 

10 

15 

20 

25 

30 

4 5 

6 0 

75 

90 

105 

120 

135 

150 

165 

Ion Angles and Energies 

n = 30' 

for Poi nt-to-Point Reci rcul ation/Reinterception 

0 

(deg 

1.67 

3.34 

5.01 

6.69 

8.38 

10.08 

15.82 

20.69 

26.38 

32.48 

39.13 

46.53 

54.93 

64.68 

76.23 

4 '  
(deg! 

30 

30 

30 

SO 
30 

30 

30 

30 

30 

30 

30 

30 

30 

30 

30 

0 = 20° 

E" 
(ev 1 

0.12 

0.47 

1.06 

1.90 

2.99 

4.35 

10.19 

19.26 

32.83 

53.31 

85.82 

142.5 

258.5 

576.3 

2249.3 

8 
(deg) 

1.67 

3.34 

5.01 

6.69 

8.38 

10.08 

15.82 

20.69 

26.38 

32.48 

39.13 

46.53 

54.93 

64.68 

76.23 

rl = lo0 

8 

( deg 1 

1.67 

3.34 

5.01 

6.69 

8.38 

10.08 

15.82 

20.69 

26.38 

32.48 

39.13 

46.53 

54.93 

64.68 

76.23 

0 
. (deg) 

20 

20 

20 

20 

20 

20 

20 

20 

20 

20 

20 

20 

20 

20 

20 

E" 
(ev) 

0.05 

0.22 

0.50 

0.89 

1.40 

2.03 

4.77 

9.01 

15.36 

24.94 

40.16 

66.67 

121.0 

269.7 

1052.5 

$ 
(deg) 

10 

10 

10 

10 

10 

10 

10 

10 

10 

10 

10 

10 

10 

10 

10 

E" 
(ev) 

0.01 

0.06 

0.13 

0.23 

0.36 

Q. 52 
1.23 

2.32 

3.96 

6.43 

10.35 

17.19 

31.18 

69.52 

271.3 
A 



also the e, q, angles used i n  the diagnoses o f  i on  th rus te r  plumes. For the 

rear-mounted thruster ,  however, an add i t iona l  and compl ica ted coordinate 

transform would be required t o  res ta te  the e, 4 angles from the I" axis t o  

the - X u  axis t o  correspond t o  the po la r  and azimuthal angles f o r  ions 

re1 eased by th! s rear-moun ted ion engine. 

5. CALCULATION OF DISPERSION COEFFICIENTS FOR ION RECIRCULATION/ 
REINTERCEPTION ON A FINITE SIZE SPACECRAFT 

The previous section has derived the required angles of emission and 
+ 

emission energies for  an ion  t o  r ec i r cu la te  i n  Be and t o  re in te rcep t  the 

precise po in t  o f  i on  departure. The spacecraft bearing the ion  th rus te r  

w i l l ,  however, have a f i n i t e  s ize and minor var ia t ions i n  the "focus" 

angles and energies can occur and s t i l l  r e s u l t  i n  i on  re in tercept ion o f  

the spacecraft. 

The p r inc ipa l  i n t e res t  of t h i s  sect ion w i l l  be the descr ip t ion o f  the 

dispersion coe f f i c ien ts  for  ion a r r i va l / r e i n te r cep t i on  pos i t i on  as minor 

var ia t ions i n  the po lar  and azimuthal angles and minor var ia t ions i n  i on  

energy are ca r r ied  out  for  the ion a t  the focus parameters i n  the space- 

c r a f t  frame ion releahe 

I n  the der i va t ion  o f  a pa r t i cu l a r  d ispersion coe f f i c i en t ,  the release 

po in t  o f  an ion w i l l  be a t  X"  = Y "  = 2" = 0 where the Xu,  Y " ,  ZN notat ion 

indicates the spacecraft frame o f  reference. I n  the previous "point- to-  
po in t "  r ec i r cu la t i on  calculat ions,  the i on  t r a j ec to r y  terminates a t  
X "  = Y "  = Z" = 0. I f ,  however, the po la r  and azimuthal angles o f  i on  

release are held f i x e d  and the ion  energy i s  increased A € "  from the cor rect  

(po in t - to-po in t )  value o f  E, the re in tercept ion o f  the spacecraft surface 

w i l l  occur a t  some f i n i t e  X "  and Y " .  The physical l i m i t a t i o n s  o f  the space- 

c r a f t  surface w i l l  l i m i t ,  i n  turn, the allowable leve l  o f  AE", fo r  e and q, 

f ixed. Dispersion of the i on  points of impact can also be derived f o r  minor 

var ia t ions i n  4 (w i t h  e and E held f i xed )  and f o r  minor var ia t ions i n  e 
(w i th  4 and E f ixed).  



The d e r i v a t i o n  o f  t he  d ispers ion  c o e f f i c i e n t  formulae i s  c a r r l e d  o u t  

i n  Attachment 3 t o  t h i s  appendix and a  computer program has been generated 

t o  c a l c u l a t e  the  various c o e f f i c i e n t s .  The c o e f f i c i e n t s  computed are: 

Xe: Va r ia t i on  i n  t h e  x" value of i o n  impact f o r  AB away from 0 a t  
t h e  focus value (4, E f i x e d )  

: Var ia t i on  i n  the  x" value o f  i o n  impact f o r  A4 away from 4 a t  
Xp the  focus value (0. E f i x e d )  

Var ia t ions  i n  the  x" value o f  i o n  impact f o r  AE away f r o m  E 
a t  t he  focus value (0. 4 f ixed)  

Y e :  Var ia t ions  i n  the y "  value o f  i o n  impact f o r  A0 away from 0 a t  
t he  focus value (4, E f i x e d )  

: Var ia t ions  i n  the  y "  value o f  i o n  impact f o r  A$  away from 4 a t  
Y m  t he  focus value (0, E f i x e d )  

YE:  Var ia t ions  i n  the  y" value o f  i o n  impact f o r  AE away from E a t  
the  focus value ( 0 ,  p f i x e d )  

The p r i n c i p a l  focus of a t t e n t i o n  a f t e r  t h i s  computation i s  upon those 

p a r t i c u l a r  d ispers ion  c o e f f i c i e n t s  which most severely l i m i t  the  v a r i a t i o n  

of e i t h e r  0 ,  p, o r  E. The two c o e f f i c i e n t s  o f  major i n t e r e s t  a re  X and + 
YE.  The v a r i a t i o n  of + through a  very narrow angular range causes the  i o n  

impact p o i n t  t o  move t o  X "  values which exceed the  physical  l i m i t s  o f  t h e  

spacecraf t  i n  the  X "  d i r e c t i o n .  I n  a  s i m i l a r  fashion, on l y  small va r ia t i ons  

i n  E a re  requ i red  t o  cause the i o n  impact p o i n t  t o  move t o  y" values which 

exceed t h e  physical  l i m i t s  of the  spacecraft .  Table 2 i l l u s t r a t e s  the  

l i m i t a t i o n s  i n  i o n  energy and the  l i m i t a t i o n s  i n  the  t o t a l  range o f  az i -  
-b -b 

muthal angle, A ( ~ ~ ~ ,  f o r  t he  Q = 30 deg con f igu ra t i on  o f  Be re la t i l ve  t o  vS. 

Table 2 a1 so provides s i m i l a r  values o f  energy range and azimuthal angle 

range f o r  the  0 = '20 deg and rl = 10 deg conf igurat ions.  Some e n t r i e s  i n  

the t a b l e  are  not  l i s t e d  because d ispers ion  a t  t h a t  parameter conf igura t ion  

i s  no t  s u f f i c i e n t  t o  exclude any value o f  the  coordinate ( f o r  example, f o r  

very weakly energet ic  ions near e = 0 deg, the  d ispers ion  i n  @ i s  small and 

a l l  @ values are permiss ib le ) .  The d iscussion i n  Sect ion 6 w i l l  demonstrate, 

however, t h a t  ( f o r  p r a c t i c a l  cond i t ions  i n  the  i o n  re lease d i s t r i b u t i o n s )  

those angular  and energy ranges are probably not  s i g n i f i c a n t .  



- 
,=-:> T- 

--- 
P S  . 

.. . 

I i\ - && h 

Table 2. Allowable Total Range i n  Azimuthal Angle, b$to t ,  and Energy Half-Width, Emx - Efocus, 
f o r  Hg+ Ions Recirculat ing t o  a Spacecraft o f  Total X-Y Area o f  2 x 2 Meters. 
Assumed spacecraft ve loc i t y  o f  7.7 km/s and assumed Be of 0.33 gauss 
(0.33 x 10-4 webers per meter squared). 

Ion Azimuthal Angular Range and Ion Energy Range f o r  Recirculat ion and Reinterception on a 

I a 
(deg 

5 

10 

15 

20 

2 5 

30 

4 5 

6 0 

7 5 

90 

105 

120 

135 

150 

165 

e 
(deg) 

1.67 

3.34 

5.01 

6.69 

8.38 

10.08 

15.82 

20.69 

26.38 

32.48 

39.13 

46.53 

54.93 

64.68 

76.23 

F i n i t e  Sized 

r, = 30' 

A @ t o t  
(deg) 

- 

117.1 

34.6 

14.5 

7.4 

4.3 

1.19 

0.50 

0.24 

0.13 

0.08 

0.05 

0.03 

0.01 

0.006 

Emax - Efocus 
(ev 

1.18 

0.67 

0.53 

0.45 

0.39 

0.35 

0.28 

0.24 

0.23 

0.24 

0.27 

0.34 

0.51 

0.96 

3.30 

Spacecraft 

r, = 20° 

%ot 
( deg 

- 

185.7 

54.9 

23.1 

11.8 

6.8 

1.88 

0.80 

0.39 

0.21 

0.12 

0.07 

0.04 

0.02 

0.01 

r, = lo0 

Emax - Efocus 
(ev) 

0.56 

0.33 

0.28 

0.25 

0.23 

0.21 

0.18 

0.16 

0.15 

0.16 

0.18 

0.23 

0.35 

0.65 

2.26 

Q t o t  
(deg) 

- 

114.6 

47.6 

24.3 

14.0 

3.89 

1.64 

0.80 

0.43 

0.25 

0.15 

0.09 

0.05 

0.02 

- Efocus 
(ev) 

0.16 

0.09 

0.08 

0.08 

0.08 

0.07 

0.07 

0.07 

0.07 

0.08 

0.09 

0.12 

0.17 

0.33 

1.15 
b 



As an addi t ional  a i d  t o  one v isua l i za t ion  of these dispersion proper- 

t i es ,  Figures 10 t k ~ o u g h  12 present the t o t a l  azimuthal angular width, 

" to t  * the energy hal f -width,  Emax - Efocus ), and the focus energy f o r  t h i s  
+ 

case of a 2 x 2 meter ( X - Y  er+ent)  spacecraft. Tile value of Be used i n  

these ca lcu la t ions i s  0.33 5russ and vs i s  se t  a t  7.7 km/s (a near earth 

c i r c u l a r  o r b i t  condi t ion).  

The important features t o  note i n  the data of Table 2 and Figures 10 

through 12 i s  that ,  except for  very small e,  the a1 lowable azimuthal angu- 

l a r  range i s  qu i t e  small. The energy ha l f -w id th  f o r  r ec i r cu la t i on1  

re in tercept ion on a f i n i t e  sized spacecraft i s  a lso small, being general ly 

f rac t ions  o f  an e lec t ron-vo l t .  For re in tercept ion t o  occur then, the ions 

must be emitted w i t h i n  very narrow angular and energy var ia t ions away from 

the "focus" condit ions described ea r l  i e r  f o r  po in t - to-po in t  r ec i  rcu la t ion.  

The major question, then, becomes the populat ion densi ty of released ions 

i n  the angular and energy regions around the focus angles and energies. 

Section 6 w i l l  consider several forms o f  released i on  d i s t r i b u t i o n  func- 

t ions and w i  11 then ca lcu la te  expected normal ized e f f l u x  coe f f i c i en t s  for  
-+ 

t h i s  v+ x 4 mode o f  i o n  t ransport  and deposit ion. 

6. CALCULATION OF THE NORMALIZED EFFLUX COEFFICIENTS FOR ION 
REC I XCULATION/ RE1 NTERCEPTION ON SPACECRAFT SURFACES 

The previous sections have described the ca lcu la t ions of the po in t -  

to-point  rec i  r cu la t ion / re in te rcep t ion  focus condit ions and a1 lowable az i -  

muthal and energy ranges, about these focus condit ions, for  i n te rcep t ion  

on a f i n i t e  sized spacecraft. This sect ion w i l l  examine the spec i f i c  ca l -  

cu la t ion  o f  the normalized e f f l u x  coe f f i c ien t ,  E ,  f o r  i on  t ransport  from 

a top-mounted th rus te r  t o  the top o f  the spacecraft fo r  the GS, Se con- 

f i gu ra t i on  i l l u s t r a t e d  i n  Figure 7. 

The normalized e f f lux  coef f ic ient ,  E ,  i s  defined as the a r r i v a l  ian 

' f s current density ( ions per square centimeter per second) normalized t o  the 
k t o t a l  th rus te r  throughput (stated, essent ia l ly ,  as t h rus t  ions per second 

and no t ing  tha t  the bulk sf  the mater ia l  released by an ion th rus te r  i n  

nominal operation w i l l  be i n  the Group I ( th rus t  i on )  content).  To ca l -  

culate the ion  current  a r r i v a l  over the spacecraft area, A, the f r a c t i o n  o f  

a1 1 released ions w i t h i n  the azimuthal angular range and energy range and 

a t  a given po lar  angle must be determined. This, i r r  turn, requires the 
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Figure 12. Focus Energy as  a Function of Focus Angle, e 



formulat ion o f  the ion  release d i s t r i b u t i o n  funct ion,  f ( e ,  4, E), where 

f (e,  g, E)  i s  ions per steradian per energy wid th  a t  0, $, E. I n  the pres- a 

ent ca lcu la t ions a normalized d i s t r i b u t i o n  funct ion w i l l  be used, i .e., 

h 

where the indicated in tegra l  i s  over the ava i lab le  sol  i d  angle and energy 

ranges f o r  a1 1 the released ions. 

The previous f indings i n  Sections 4 and 5 have ind icated t h a t  the 

p r inc ipa l  pa r t i c ipan ts  i n  i on  rec i  r cu l  a t ion l re in te rcep t ion  for  the top- 
+ + 

mounted th rus te r  and the vs, Be conf igurat ion o f  Figure 7 w i l l  be weakly 

energetic ions emitted a t  r e l a t i v e l y  small values o f  0 and t ha t  th rus t  i o n  

rec i  r cu l  a t ion l re in te rcep t ion  w i  11 be a t  van1sb:ngly small levels.  The 

d i s t r i b u t i o n  funct ion of i n te res t ,  then, i s  ftSwe (0, 4, E )  where the +,we 

dzsi gnates weakly energetic ions. The t o t a l  cur rent  o f  weakly energetic 

ions in te rcep t ing  the spacecraft topside w i l l  be 

i s  the release current  o f  weakly energetic ions and the i n te -  where I+,we 2 t 

gral i n  e, 4, E i s  now over the re levant e and f o r  the allowed hmtot and 3 

AE f o r  recirculat ion/reintercept ion.  Table 2 and Figures 10 through 12 

provide the re levant angular widths, energy widths, and angles and energies. 
9 
1 

The f i n a l  stage ca lcu la t ion o f  the normalized e f f l u x  coe f f i c i en t  f o r  

weakly energetic i on  t ransport  and deposit ion i s  

where A i s  spacecraft area on the top side and J B  i s  the conventional rep- : 
resentat ion o f  the t h rus t  i on  cur;-ent i n  a u x i l i a r y  i on  thrusters.  

I 
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4 key element i n  the ca lcu la t ion  o f  E, 1s the funct ion f+,we. 
B we 

The 

most thorough recent determinations o f  the plume proper t ies  o f  the 8 cm 

th rus te r  are described i n  Reference 1. Although the data given there i s  

comparati ve ly  detai led,  ce r ta in  proper t ies  o f  the weakly energetic i o n  

d i s t r i b u t i o n  have not  been determined and there are  strong reasons t o  

be1 i eve tha t  experimental measurements (beyond those present Iy described) 

w i l l  be d i f f i c u l t  t o  obtain. The p a r t i c u l a r  area o f  i n t e res t  i s  i n  weakly 

energetic ions fo r  small e. For those small e values the th rus t  i o n  cur- 

rents are orders of magnitude above the weakly energet ic  ions and re ta rd ing  

po ten t ia l  analyses of the Faraday cup s ignals a t  small 0 w i l l  probably not  

have s u f f i c i e n t  s ignal- to-noise r a t i o s  t o  a l low a p o s i t i v e  Qeterminatiott 

o f  the current  dens i t ies  of weakly energet ic  ions i n  these angular ranges. 

The p r i ~ c i p a l  experimental evidence i s  t ha t  weakly energet ic  ions ( l a rge l y  

Group IV)  tend t o  emerge a t  la rge angles ( i n  the range from 60 t o  90 degrees, 

and there i s  a comparatively f i rm ana ly t i ca l  basis for  s t a t i n g  t h a t  emis- 

sion o f  weakly energetic ions near 8 = 0 deg i s  u n l i k e l y  because of the 

r e l a t i v e  magnitudes o f  r ad i a l  and ax i a l  e l e c t r i c  f i e l d s  i n  the t h rus te r  

plasma plume. The strength o f  the observed e l e c t r i c  f i e l ds  i n  these 

plumes and the general knowledge of the formation po in t  f o r  Group I V  i on  

creat ion (and the e l e c t r i c  f i e 1  d strengths i n  these formation regions) 

a lso makes i t  u n l i k e l y  t ha t  weakly energet ic  ions are created i n  any s ig -  

n i f i c a n t  nur+er i n  the range below a few e lec t ron vo l t s .  

While there i s  a comparatively f i r m  basis for  a descr ip t ion o f  f, 
,we 

w i th  an emission peak a t  high angles and w i t h  an absence of ions below 

(say) 10 eV, the ca lcu la t ions of E+ 
,we 

should not  be a r b i t r a r i l y  l i m i t e d  

t o  t h i s  form o f  d i s t r i b u t i o n  function. A conservat i te approach t o  

ca lcu la t ions i s  t o  u t i : i ze  assumed forms o f  ftawe and t o  examine the 

values o f  i on  t ranspor t  under each assumed d i s t r i bu t i on .  For t h i s  reason 

two basic d i s t r i b u t i o n  functions w i  11 be used. 

The f i r s t  form o f  the d i s t r i b u t i o n  funct ion i s  

1. " Ion Engine A t i x i l i a ry  Propulsion Appl icat ions and In tegrat ion Study," 
NASA CR-135312, TRId 29999-6013-RU-00, Ju ly  7, 1977. 
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z., * '  

if a I n  t h i s  d i s t r i b u t i o n  function the ions are emit ted uniformly over 2r 

steradians o f  sol  i d  angle and are emitted uni formly i n  energy from some 

minimum energy. Eo t o  a maximum energy, E The second f o r n  o f  the d is -  1' 
t r i b u t i o n  funct ion i s  

- 2 s i n  e - -  q 
(20 2 ft." . (El - ED) 4 

I $ 
: 

The emission o f  ions i n  the energy space from Eo t o  El remains uniform, as 

i n  the f, given i n  Equation (19) above. This second d i s t r i bu t i on ,  how- , we 
ever, does have a pre ferent ia l  emission o f  ions a t  l a rge  angles when s i n  e 

1 
1 

has i t s  more s ign i f i can t  values. I n  both o f  the d i s t r i bu t i ons ,  0 5 e r n/2, 1 
I 

and 0 5 @ s 2n fo r  the po lar  and azimuthal angular ranges. 3 
>? 
i J 

1 
Figure 13 i l l u s t r a t e s  the ca lcu la ted values of as a funct ion o f  , 

the minimum energy, E for  the two forms o f  the d i s t r i b u t i o n  function. 0 ' 
The value of El used i n  these ca lcu la t ions i s  53.3 eV, which approximates 

- 
t an expected upper end po in t  t o  Group I V  i on  energies. The value of I+,we 
'I 

used i n  the c calculat ions i s  3 x JB. derived from the f indings o f  
4 2 Reference 1. The spacecraft area A i s  4 x 10 cm . Because the al lowable 

I 

angular band for  recirculation/reinterception scales w i t h  the basic scale 3 
-1 

size X o f  the spacecraft and the energy acceptance band s!:ales w i th  the Y 4 
o f  the spacecraft, the values o f  E+ i n  Figure 13 are independent o f  4 

,we 'j 
spacecraft scale s i ze  and spacecraft area i s  described here on ly  i n  t ha t  'I 

": 
the angular and energy acceptance bands, i n  the previous tab le  and f igures 

have teen calculated for  an example spacecraft whose upper face i s  

2 x 2 meters. 
i 1 

The resu l t s  i n  Figure 13 i l l u s t r a t e  a maximum value of r, 
s we 

o f  

3.6 x 10- l2 cm-2 f o r  the uniform emission o f  weakly energetic ions from 

zero energy t o  El and for an angular emission uniform over 2n steradians. 

For only very modest increases i n  Eo, however, the E, values are s ig-  
Ik ,we 
i n i f i c a n t l y  reduced and the inc lus ion o f  s in  e e f fec ts  i n  the angular emis- 
7: 

t i o n  ( t o  favor higher angular emission of  these ions) causes the E,,, 
1 
1 

values t o  diminish s t i l l  fur ther.  For ti weakly energetic ion emission 
i 

7% 
r4 inc lud ing s i n  e e f fec ts  and w i t h  minimum ion  energies o f  $10 eV, the 

1 
'+ ,we va lue  :rp of the order o f  5 x lo'14 These l a t t e r  conditions 
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( s i n  e weighting i n  the angular emission, and Eo S 10 eV) corresponds t o  

the d i s t r i b u t i o n  most expected t o  occur i n  view of the previously obtained 

laboratory data on the e l e c t r i c  f i e l d  structures w i t h i n  the th rus te r  plasma 

p l  ume . 
A f i n a l  area of i n t e res t  i n  t h i s  sect ion i s  t o  examine the possible 

behavior o f  E+ as the angle 0 between GS and ife varies. Table 3 l i s t s  
,we 

values o f  product of the t o t a l  azimuthal angular acceptance band f o r  

recirculation/reinterception times the h a l f  energy acceptance band f o r  

values of 0 = 30, 20, and 10 deg and for  various values of po lar  angle 

emission o f  the ions. This product, 1/2 (bEallOwed ) (*@allowed ), general ly 
describes the p o s s i b i l i t y  tha t  released ions i n  f+,we w i  11 be rec i  rculated 

and w i l l  re in tercept  the spacecraft, and, from the data i n  Table 3, t h i s  

re intercept ion p o s s i b i l i t y  i s  only weakly dependent upon the value o f  n. 

This net  weak dependence resu l t s  from counteracting effects i n  the al low- 

able energy and angular windows as n varies. (See Table 2 fo r  the separate 

values of the energy and angular windows. ) The important feature o f  t h i s  

weak dependence i n  the t o t a l  energy and angular acceptance wiildow product 

i s  t ha t  the f indings of E+ 
,we 

values for  0 = 30 deg can now be accepted 

as general ly va l<d  f o r  even smaller values o f  Q, and there are no a n t i c i -  

pated s ingul  a r i  t i e s  i n  the rec i  rculation/reinterception calculat ions f o r  

the small 0 angle regime. 

7. GENERALIZATION OF DERIVATION OF EQUIRED POLAR AND AZIMUTHAL 
ANGLES FOR i o N  REcrRcuLATroN I N  ie AND REINTERCEPTION ON 
THE SPACECRAFT 

+ 
Figure 7 (see Section 4 )  has i l l u s t r a t e d  a dS, Be conf igurat ion which 

may occur for a spacecraft i n  a high i nc l i na t i on ,  c i r c u l a r  ear th  o r b i t  

during the magnetic equator ia l  passage. The resu l t s  o f  Sections 5 and 6 
+ + 

have been i n  terms o f  t h i s  spec i f i c  vs, Be conf igurat ion.  As Section 3 

has pointed out, however, a widely ranging ser ies of configurat ions o f  
-f 

vS and ge occur dur ing the t o t a l  o r b i t  for a h igh i n c l i n a t i o n  o r b i t .  The 

i n te res t  o f  t h i s  sect ion w i l l  be t o  general ize the angular transformations 
+ -+ 

used i n  Section 4 t o  the t o t a l  range of v,, Be conf igurat ions.  



Table 3. Product o f  1/2 Energy Window X To ta l  Azimuthal Angular 
Window as f ( 0 )  f o r  0 r 0 s 76.226 deg. Be = 0.33 gauss 
and vs = 7.7 km/s 

Figure 14 i l l u s t r a t e s  the  th ree  coordinate frames used i n  prev ious 

sect ions.  These are  the  e a r t h  frame ( X ,  Y ,  Z ) ,  t he  magnetic f i e l d  frame 

( X I  , Y '  , Z '  ) , and the  spacecraft frame ( X " ,  Y '  , Z " ) .  The X and X "  axes 

are detern ined by the vector  d i r e c t i o n  is a t  the  s p e c i f i c  i n s t a n t  i n  the 

o r b i t  path f o r  which the i o n  r e c i r c u l a t i o n  i s  under examination. The X-Y 

plane i s  then determined by l o c a t i n g  t h a t  plane which conta ins Cs and <, 
I w i t h  t h e  choice of Y ax is  d i r e c t i o n  such t h a t  the  y component o f  ite i s  
, along the - Y  d i r e c t i o n .  This  completely determines the o r i e n t a t i o n  o f  

( X ,  Y ,  Z )  and X " ,  Y " ,  Z" .  The X '  ax is  i s  determined by the ae a t  the 

s p e c i f i c  i n s t a n t  i n  the o r b i t a l  path fo r  which the  i o n  r e c i r c u l a t i o n  i s  t o  
8' be examined. The angle between ;s and ge must be i n  the range from 



Figure 14. Or ientat ions of Magnetic F i e l d  Frame, Earth Frame, and 
Spacecraft Frame Axes and the Polar  and Azimuthal 
Angles f o r  Ion Rec i rcu la t ion and Reinterception. 
Indicated A0 and A$ i s  fo r  i on  re in te rcep t ion  on a 
f i n i t e  sized spacecraft. 

0- t o  n radians. The choice o f  Y '  d i r ec t i on  i s  such t h a t  the angle between 

+Y and + Y 1  i s  a lso  n. 

Figure 14 a lso  i l l u s t r a t e s  a po la r  angle e and an azimuthal angle $I. 

Bot'l e and 4 are determined by the transformation equations given i n  

Attachment 2 t o  t h i s  appendix. For a f i n i t e  s ized spacecraft  var ia t ions 

i n  e and 4 are permissib le w i th  one t r a j ec to r y  impact po in t  remaining 

on the spacecraft surface. 

While Figure 14 i l l u s t r a t e s  8 e, $ cond i t ion  which w i l l  lead t o  an 
-+ 

ion r e c i r c u l a t i n g  i n  Be and re in te rcep t ing  the spacecraft ,  there i s ,  as 

yet,  no assurance that  the ions released by the th rus te r  w i l l  be emitted 

i n  these d i rec t ions .  I n  the e a r l i e r  example In  Section 4 of a top-mounted 

th rus te r  ( t h rus t  ax is  along the +Z1' ax is)  there i s  a match-up between the 

cone o f  d i rec t ions  f o r  the released ions and the required d i rec t ions  o f  

emission fo r  recirculation/reinterceytion. However, f o r  a bottom-mounted 

th rus te r  (ax is  along the -Z" ax is)  no such match up ex i s t s  and rec i r cu l a t i on  

wi th  re in te rcep t ion  fa1 1s i n t o  the dynamically forbidden cond i t ion  c i t e d  
*( e a r l i e r  (Section 3 )  

k 



As the spacecraft moves over i t s  complete o r b i t ,  the d i r e c t i o n  o f  the 

Z" ax is  r e l a t i v e  t o  the spacecraft w i l l  change, no t ing  t ha t  ( 2  , 2 ' .  Z " )  
-b + 

are determined by or ienta t ions of vS and Be. The 2" ax is  may, then, emerge 

over any one o f  the s i x  faces of the spacecraft and the cone o f  acceptance 

d i rec t ions  for  re in tercept ion may o r  may not  inc lude the cone of d i rec t ions  

o f  i on  release. I n  general, some s o r t  of match up o f  the two cones might 

be expected over about 50% of the time i n  a complete o r b i t ,  wh i le  some 

conf igurat ions (top-mounted th rus te r  i n  equator ia l  o r b i t  and forward face- 

mounted th rus te r  i n  equator ia l  o r b i t )  are dynamically forbidden i n  r e i n te r -  

cept ion over the e n t i r e t y  o f  the o r b i t  wh i le  o ther  conf igurat ions (bottom- 

mounted th rus te r  i n  equator ia l  o r b i t  and rear  face-mounted th rus te r  i n  

equator ia l  o r b i t )  have dynamical l y  a1 lowed in te rcep t ion  over the e n t i r e t y  

o f  the o r b i t .  

The importance o f  the general izat ion condi t ions described above i s  

t ha t  the E values calculated e a r l i e r  (Section 6) must be m u l t i p l i e d  by 

another "orb i  t-averaging factor .  " I f  re in te rcep t ion  i s  dynamically a1 lowed 

f o r  the e n t i r e t y  of the o rb i t ,  the c vallles determined i n  Section 6 are 

mu l t i p l i ed  by un i ty .  If re f  ntercept ion i s  dynamical l y  a1 lowed over ~ 5 0 %  

o f  the o r b i t ,  the E values of Section 6 are t o  be m u l t i p l i e d  by 0.5, and 

i f  re in tercept ion i s  forbidden over the e n t i r e t y  o f  the o r b i t ,  then the 

E values are mu l t i p l i ed  by zero. Now the range o f  C+ for  the various 
,we 

f+ ,we ion d i s t r i b u t i o n  functions ranged from 3.6 x 10-12 cm" t o  

2.8 x 10-l4 cm'2. Applying an o r b i t  averaging f a c t o r  of 0.5 causes these 

'+ ,we t o  d iminish t o  a range given by 

For a mission i n  which the t o t a l  i on  release i n  a th rus te r  i s  ~2 x 10 2 5 

th rus t  ions, the integrated ion in te rcep t ion  over the t o t a l  mission l i f e  

would range from 



which may be expressed as 

0.0002 mono1 ayers I 
J+ ,we d t  5 0.036 monolayers (23)  

I n  the discussion of Section 6 the expected f+ 
,we 

leads t o  E+ o f  
,we 

5.0 x  10- l4 c c 2  and fo r  t h i s  expected i on  release condi?ion, the i n t e -  
2 grated i on  deposi t i o n  over the mission would be 1012 ions/cm which repre- 

sents an in tegra ted deposi t ion of monolayers per mission. 

8. SUMMARY 

This appendix has examined the r ec i r cu l a t i on  o f  ions from the i o n  

t h rus te r  i n  the magnetic f i e l d  of the ear th  and the possible re intercep- 

t i o n  o f  these ions on spacecraft surfaces. I t  has been demonstrated t h a t  

t h i s  re in te rcep t ion  i s  dynamically allowed under some condi t ions i n  the 

arrangement of GS (spacecraft ve loc i t y ) ,  ge ( the magnetic f i e l d  of the 

ear th) ,  and the axis o f  the i on  thrus ter ,  wh i le  f o r  o ther  arrangements, 

re in te rcep t ion  i s  dynamically forbidden. 
-h 

A spec i f ic ,  dynamically a1 lowed, conf igura t ion i n  vS, 8e and t h rus te r  

o r i en ta t i on  has been examined. For t h i s  spec i f i c  case, the pa r t i c l es  

hhich are the more apt t o  match the required emission angles and energies 

are the weakly energetic ions. Several forms o f  the d i s t r i b c t i o n  funct ion 

o f  such weakly energetic ions were convolved w i t h  the angular and energy 

acceptance windows and normalized e f f lux  coe f f i c ien ts ,  have been 

determined. These E, 
,we 

values have ranged from 2.8 x 10-14 c d 2  t o  

3.6 x  10- l2 cm-'. The "most l i k e l y "  value of C, ( f o r  f+ 
,we 

o f  expected 
,we 

angular and energy dependences) i s  1.0 x 10-l3 cm-2. For a  general o r b i t ,  
averaging over the o r b i t  reduces t h i s  f i gu re  o f  t o  5.0 x l0 ' l4  

which would r e s u l t  i n  l o e 3  nonolayers per mission ( in tegra ted i on  deposi- 

t i o n  over the mission) fo r  a  t o t a l  t h rus te r  throughput o f  2  x t h rus t  

ions dur i cg  the mission. These in tegra ted deposi t ion f igures are com- 

f o r t i n g l y  small and ind ica te  t h a t  ;+ x $ rec i r cu l a t i on  o f  ions w i l l  no t  

lead t o  any s i  gni f i  cant a1 t e r a t i  ons o f  spacecraft  surface propert ies.  



Because of the very low leve ls  of these depositions and because surface 

thermal reevaporation of the ions ( t o  reduce surface bui ldup) has not been 

invoked, i t  fo l  lows t ha t  r ec i  r cu l  a t i o n l r e i  nterceptbta d;?po&i t j o n  o f  ions 
" *.+r docs not  lead t o  s ign i f icant  surface a1 t e ra t i on  i r respec t i ve  o f  the values 

o f  surface temperature. 



ATTACHMENT 1 

ION VELOCITY TRANSFORMS FROM THE SPACECRAFT FRAME TO THE 
EARTH AND MAGNETIC FIELD FRAMES 

- 3 - -  - - - - " " = b  

azimuthal angles. Alsb I 

C-, L L -  ..*A 1 . . - 

i 1 

I F i a u r ~  1-1 + r a t e s  the  spacecraft frame and the  i o n  p o l a r  and 
n 

1 I..- t r a t e d  i s  t h e  d i r e c t i o n  of spacecraf t  motion 
5 1 

I cne u l n m a t e  transformation of coordinates and angles i n t o  t h e  e a r t h  

frame . 
The i o n  v e l o c i t y  vector  i s  a "normal i r e d "  vec tor  where t h e  normaliza- 

> 

t i o n  v e l o c i t v  i s  v T R l l r  

has a l l  o f  i t s  comDonents ( V U -  ,1811 m A - - l ~ - - A  .-- 
8 - -- 

' - X '  'Y '  "2  
I r ~ u r l l l a l  lrea r e l a t i v e  t o  v-. From 

*I. 1 -. - .  - 

N.B. THE PRE SENT METHOD OF 

Figure 1-1. Spacecraft Frame and Ion Angles 

D E F I N I N G  9 



3: = Y"  (t" (-  s in  e s i n  r )  + p' ( -  s in  e cos 4) + I?' (cos e)) (1-2) 

defines the ion ve loc i ty  vector i n  the spacecraft frame. 

When the vector i n  (1-2) i s  transformed i n t o  the laboratory frame the 
vector w i l l  be denoted as $+. Because of the vs or ientat ion along xu and 

the normalization t o  vS. 

-C 

V+ 7 (y" - s in  e s in  4) + 1) 

+ f (y" - s in  e cos 4)) (1-3) 1 

I 

+ P (y" (COS 8)) 

The next calculat ion i s  t o  determlne the angles 3 and a between 3, *I 
* 4 

and 5 and between the plane containing ?+ and 8, and the X-Y (horizontal) j 
plane. Flgure 1-2 i l l u s t r a t e s  the or ientat ion of 8, i n  the earth (X .Y .2 )  d 

7 
frame. Also i l l u s t r a t e d  i n  Figure 1-2 i s  the Be frame (denoted as the X f  . 1 

Y ' ,  Z f  frame). Note that  8, i s  i n  the X-Y  plane a t  angle s with respect j 

t o  the X  axis. 

To determine the angle between ?+ and 8,. the dot product of v+ and 

8, may be used, i.e., 

Figure 1-2. Earth Frame and ge Frame 
i * 

' 3" 

8-38 



- Because i t  i s  easier  t o  work w i t h  u n i t  vectors i n  t h i s  calculat ion.  the f o l -  

lowing u n i t  vectors w i l l  be calcvlated: 
+ -* 

U n i t  vector for  Be i s  Be 
9 uv 

+ + 
Be,uv 4 (COS n) - 1 ( s i n  n) (1-5) 

-b 
The magnitude of Gt = ($+ Vt)1/2 and w i l l  be denoted as y where 

2 r = [(TI' - s i n  8 s i n  4 + 112 + - n e 0 4)) t (yll cos 01  

and 

s/2 
Y = (1 - 2yw s i n  e s i n  4 t (ytl)2) 

and 

+ = (1  - y ( s i n  e s i n  4 )  
"+ , uv Y 

+ j (- Y" ( s i n  e cos 4) 
Y 

+ f yl1 COS e 
i Y  1 

from which 6 may now be calculated. i .e., 

-b 

-% From angle B ,  vii, the component of i on  ve loc i ty ,  v+, which i s  p a r a l l e l  
t o  Be may be calculated. Using 



-*-T.--F- 

r - r i -.i 

- - - --= -v -1. q. w -- ,-T"-'--- 

- x m r  . 

Vll I$+/ COS B 

and, r eca l l i ng  tha t  + = y leads t o  

11 - cos n ( 1  - y" ( s i n  e s i n  4 ) )  + s i n  n (Y" s i n  e cos 6) (1-9) 

not ing t h a t  t h i s  i s  a  normalized ve loc i t y  ( t o  vs) as are a l l  other veloc- 

i t i e s  i n  these calculat ions.  The rematning component of ion  ve loc i t y  t o  
ca lcu la te  i s  vl, the component o f  ?+ perpendicular t o  Be, and not ing t ha t  

"1 = I$+t,l s i n  e, 

vl y s i n  @ 

The remaining angle t o  ca lcu la te  i s  the angle a ,  i l l u s t r a t e d  i n  Figure 1-3, 1 
which i s  the angle between the plane containing $+ and Be and the X-Y plane. i I 

3 

From t h i s  f igure i t  can be seen tha t  
3 

4 

(1-11) 2 vI s i n  a = v '  z i 
1 
J 

.; 
I 1. 

I < 

6, i 4 3  

* !$ . g. 

i* ' 
C 

' k  T =. 

8-40 

and, because v; = 

Figure 1-3. Angle a 1 n $, Frame 
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1 

a 
a = sin-' 

(1-12) 
a = S i n - '  {Y+) 

v s n ~  1 
1 

A l l  of the processes above merely allow the calculat ion o f  the various 

angles and ve:ocity components. The next step i s  t o  calculate the disper- 
s!on coefficients. These dispersion coeff icients w i  11 be uerived i n  
Attachment 3. 

4i 'a 
9 

"& 

d '  

9 

1 

\ 

- ' -,- 
l+ ' 

-& *.-. 1 .  " - ' ' 



ATTACHMENT 2 

ION VELOCITY TRANSFORMS FROM THE MAGNETIC F I E L D  FRAME 
TO THE SPACECRAFT FRAME 

The focus condit ions have required t h a t  

VII = vs cos ll 

and 

I n  normalized v e l o c i t i e s ,  t o  be used throughout the remainder of t h i s  

transformation 

" 1 1  = CoS 

and 

the t c t a l  ion  v e l o c i t y .  normalized t o  vs,  i s  glven by 

and 

1/Z 

( * 
2 

) = cos '1 + s i n  11 (+<) ) 
where y has been ureviously defined ( 1 - 6 ) .  



The angle a i s  a spectf ied quant i ty .  The angle 6 ,  defined as the 

angle between ?+ and ife i s  given by 

B = tan 
COS rl 

The vector components of ; i n  the magnetic f i e l d  frame are  (normalized) 

v; = COS I-, 

OI v '  = s i n  rl ( )  cos a 
Y 

and 

V; a s i n  

and the vector components o f  y i n  the ear th  frame a re  (normalized) 

2 2 vx = cos 0 + s i n  n I-&-) cus a 
\Sin a 

a cos ar - v = s i n  q cos I-, (- 1) Y 

and 

The veloc ' ty  t ransforaat ion i n t o  the th rus te r  (spacecraft)  system i s  com- 

p a r a t : t e l y  simple ( r e l a t i v e  ve l oc i t y  on only one ax is )  and y i e l ds  

2 a COS a vN x = s i n  
t, (=- I 1  

vM = s i n  n cos 0 (asiisaa - 1) 
Y 

V; = a s i n  



From the de f i n i t i on  of the azimuthal angle used i n  the e a r l i e r  f igures 

(Figure 1-1) 

4 = tan-' I;/ = tan" ( tan  n)  

from which i t  follows tha t  

an i n te res t i ng  r e s u l t  which i s  he lp fu l  i n  terms o f  v i sua l i z ing  the focus 

condi t ions.  The t o t a l  ion ve loc i t y  i n  the spacecraft frame i s  denoted as 

yN (normal i zed) where 

a COS a 
Y' = s i n  n ( (  a - + a 2 y 2  

and the remaining quant i ty  of i n te res t ,  the polar  angle e i n  the spacecraft 

frame i s  given by 

An i n te res t i ng  feature t o  note here i s  tha t  4 i s  not  a function o f  a but  i s  

determined by the value of n, whi le  e i s  a f u n c t i l n  of a only and does no t  

depend on the choice of n. These features can be used for  s imp l i f y ing  the 
v i sua l i za t ion  of i on  po in t - to-po in t  r ec i r cu la t i on  condit ions. 



and 

and 

en. - ., I- 7. 

1 ATTACHMENT 3 

DERIVATION OF THE DISPERSION RELATIONS I N  X '  AND Y '  
FOR VARIATIONS I N  I O N  POLAR AND AZIMUTHAL ANGLES 

AND FOR VARIATIONS I N  I O N  ENERGY 

To ca lcu la te  the dispersion i n  X '  and Y '  f o r  va r ia t ions  ;n the ion  

angles of emission and var ia t ions i n  Ion  energy, the general candit ions for  

the po in t - to-po in t  recirculation/reinterception must f i r s t  be stated. For 

the i bn  a t  the precise a, B ,  y fo r  re in tercept ion:  

VI1 = cos tl 

vI = s i n  q - 
(SI ;  a ) (3-1) 4 9 

i 

'1 
" e .  

. I  
1 r2 4 

( 2 .I y = cos 1 + s i n  q (k) 1 4 
i s  required fo r  po in t - to-po in t  r ec i r cu la t i on  and re in tercept ion.  T h e  time 
t o  have re in tercept ion i s  a lso known for  the po in t - to-po in t  case and i s  

1 
:1 

2rl 
T = --- (3-2) 

"1 

where i s  the radius of curvature i n  Be f o r  an ion  o f  ve loc i t y  v l  and 

the "hat"  indicates a  dimensional (nonnormal ized) ve loc i t y .  Denoting Tci 
as the period for  an ion  cyc lo t ron o r b i t  i n  ge for  an ion o f  HCJ', then 

T = (;) Tci (3 -3)  

43 
, ;i 

ii 
I 

8-45 



From Equations (3-3) and (3-1). and F igure  1-2 i t  can be seen t h a t  a 

v a r i a t i o n  i n  8 which causes an a v a r i a t i o n  o f  do w i l l  cause a v a r i a t i o n  i n  
A 

T, and can a l s o  cause va r ia t i ons  i n  v l ,  r l  and 8. Concentrat ing f i r s t  on 

the  e f fec ts  of d ispers ion  along the  X '  a x i s  caused by v a r i a t i o n s  i n  ill the 

q u a n t i t y  A X '  w i l l  denote t h e  X '  d is tance between t h e  i o n  as i t  recrosses 

the  X ' Y '  p lane and the  p o s i t i o n  of t h e  spacecraft midpoint  ( p o i n t  of 

re lease of the  ion) .  The spacecraft midpoint  a t  T i s  

and 

A 

dXISlC MP ' Vs dT 

The X '  value of t h e  i o n  as i t  recrosses the  X ' Y '  p lane i s  

- VIl T - - 
"ion recross cos n 

and 

- 1 - -  
dX ' ion  recross cos 0 

(d i l l  T + ill dT) 

From (3-4) and (3-7), A X '  i s  given by 

A X '  = - ( d i l l ~ + i l l d ~ )  - v ~ ~ T  
COS 0 

but  

- dill 
A X '  - cos 0 

h A 

no t ing  t h a t  v = cos I-, vs thus, I I 



- ( "' ) 
A X '  = vS i - 

COS r, 

n 

From Equation (1-9) 

" 1 1  -- 
cos r, - ( 1  - y" ( s i n  e s i n  4)) + tan  0 y "  ( s i n  e cos 4) 

From t h i s  the  d ispers ion  may be r a t h e r  e a s i l y  ca l cu la ted  fo r  v a r i a t i o n s  i n  

y", e, and p .  F i r s t ,  examining dv,,/de, 

1 - dv'l - yN (COS e  s i n  4 )  + tan y"  (COS B cos o 
cos r, de = 

and 

A X '  A - =  
de vS T~~ (f) { Y "  ( -  s i n  m + tan  cos $11 (3-12) 

i s  t h e  d ispers ion  i n  X '  f o r  de changes i n  the  i o n  parameters. The d isper -  

s ion  i n  A X '  f o r  d4 i s  

A X '  * - = v  T  
d  tJ s  ci (:) { Y "  s i n  0 ( -  cos 4  - tan  q s i n  r n ) /  (3-13) 

and 

= ; s c i ~  T  ( O )  { s i n  e ( -  s i n  4  + tan  cos $11 (3- 14) 

Turning now t o  the somewhat mow d i f f i c u l t  d e r i v a t i o n  of the d isper -  

s ion i n  t h e  Y '  d i r e c t i o n ,  i t  sho~ : ld  be noted t h a t  the midpoint  o f  the  space- 

c r a f t  has a  Y 1  value as a  func t ion  of t which i s  



and, a t  T ( the reinterception time) 

I 

Y ' S / C  Mp = vs sin r~ T 

The Y '  value of the ion as i t  recrosses the X I Y '  plane i s  

A I 
vs s i n  11 (3 Tci 

i n  Equations (3-18) and (3-19) 

AY' = (2drl s in u + 2du rl cos - 2rl s in  (k)) (3-20) 
a 

4 *s I 



a r m  = 2r1 s i n  a (3 + da c o t  a - 
'"1 

cos a - 1)) A Y '  = 2rl s i n  a (d*l+ da (.K a 
\ rl 

rl cos a 
A Y '  = Cs s i r  (g) T (-+ da (-- 1)) n C( rl S l f l a  a 

(3-21) 

t o  p lace the  equation i n  a form somewhat more s i m i l a r  t o  t h a t  used i n  

Equations (3-11) and (3-14). 

To determine AY ' I d6  , AY ' Id+,  and A Y  ' /dy" now requ i res  the  appropr iate 

d e r i v a t i v e s  of rl and a w i t h  respect  t o  e, 4, and y". Now 

from M+ vf/rl = q v1 Be (Lorentz fo rce  equation).  Thus 

and 



I t  i s  a l so  known t h a t  

V* = Y s i n  0  

Equation (1-10) and y and 0  are  def ined i n  Equations (1-4) and (1-6).  I t  
i s  required, thus, t o  determine dvl where 

- d s i n  0  - - +, + 0 s  e c i ~  
v l  Y S ~ B  Y ST 

dvl $- + C O s  B d 0  - =  
"1 s i n  s-- 

and 

s i n  e 

Nei ther  these q u a n t i t i e s  nor the  da terms i n  Equation (3-21) are  simple 

enough t o  encourage a d i r e c t ,  closed, f c m u l a t l o n .  What i s  des i rab ls ,  
instead, i s  the  c a l c u l a t i o n  of y, a, e f o r  a given y", e, 4 and then the 

ca l cu la t i ons  of da, o r  dB, o r  dy as a v a r i a t i o n  r f  da, dm, o r  d v '  i s  

imposed. 
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