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e l e c t r o n  energy was 0.1 eV, t h e  anode p o t e n t i a l  was 

7.5 kV and t h e  suppressor  p o t e n t i a l  was -300 v o l t s .  

Launch p o s i t i o n s  range from end of shank t o  emission 

cu to f f  p o i n t ,  w i t h  a l l  launch angles  normal t o  shank 

su r face .  Z and R a x i s  dimensions a r e  i n  urn. 

Magnified view of Figure 5-8. 

Calculated backsca t te red  t r a j e c t o r i e s  from t h e  anode. 

I n i t i a l  e l e c t r o n  energy was 7 keV, t h e  anode p o t e n t i a l  



w a s  7.5 kV and t h e  suppressor  was -300 v o l t s .  The 

launch r a d i i w e r e  350, 400, 450 and 500 urn and t h e  

launch angles were va r i ed  from 0 = 2" t o  0 = 20°, i n  

2 degree increments. 

5-11 Calculated backsca t te red  t r a j e c t o r i e s  from t h e  anode. 143 

I n i t i a l  e l e c t r o n  energy was 7 keV, t h e  anode p o t e n t i a l  

was 7.5 kV and t h e  suppressor  p o t e n t i a l  was -300 v o l t s .  

The launch r ad ius  was 250 um and t h e  launch angles  were 

v a r i e d  from 8 = 2' t o  8 = 20°, i n  2 degree increments. 

5-12 Calculated backsca t te red  t r a j e c t o r i e s  from t h e  anode. 14 4 

I n i t i a l  e l e c t r o n  energy was 7 keV, t h e  anode p o t e n t i a l  

was 7.5 kV and t h e  suppressor  p o t e n t i a l  w a s  -300 v o l t s .  

The launch r a d i u s  was 350 pm and t h e  launch angles  were 

va r i ed  from 0 = 2' t o  8 = 20°, in 2 degree increments.  

5-13 Calculated backsca t te red  t r a j e c t o r i e s  from t h e  anode. 145 

I n i t i a l  e l e c t r o n  energy was 7 keV, t h e  anode p o t e n t i a l  

was 7.5 kV and t h e  suppressor  p o t e n t i a l  was -300 v o l t s .  

The launch r a d i u s  was 450 urn and t h e  launch angles  were 

va r i ed  from 0 = 2" t o  0 = 20°, i n  2 degree increments. 

5-14 Calculated backsca t te red  t r a j e c t o r i e s  from t h e  anode. 146 

I n i t i a l  e l e c t r o n  energy was 7 keV, t h e  anode p o t e n t i a l  

was 7.5 kV and t h e  suppressor  p o t e n t i a l  was -300 v o l t s .  

The launch r ad ius  was 500 pm and t h e  launch angles  were 

va r i ed  from 8 = 2" t o  8 = 20°, i n  2 degree increments.  



Poin t  cathode modeled as an e q u i p o t e n t i a l  of a 

sphere-on-orthogonal cone. From Wiesner. 
6 

Extrapola t ion  of t r a j e c t o r y  back t o  axis cross ing  

po in t .  

A Schottky emission gun wi th  t i p  r a d i u s  of 1 urn and 

t h e  ca l cu la t ed  t r a j e c t o r i e s  f o r  s p h e r i c a l  t i p  ( s o l i d  

l i n e )  and f ace ted  t i p  (dashed l i n e ) .  The upper po r t ion  

shows i n i t i a l  pa ths  of t h e  t r a j e c t o r i e s .  

Leas t  squares  f i t  for Cs from a e lec t rons .  

Least  squares  f i t  f o r  C from vT e lec t rons .  
C 

Least  squares  f i t  f o r  Cc from vN e lec t rons .  

V i r t u a l  source con t r ibu t ions .  

V i r t u a l  source s i z e  f o r  e m i t t e r  r a d i i  0 .3 t o  3.0 um. 

Sphe r i ca l  end form. 

V i r t u a l  source s i z e  f o r  e m i t t e r  r a d i i  0 .3 t o  3.0 pm. 

Faceted end form. 

Minimum v i r t u a l  source s i z e .  

Experimental measurement of v i r t u a l  source s i z e .  

ZRWGUN flow cha r t .  

Mesh s t r u c t u r e .  

(continued) 

Space charge v i r t u a l  mesh. 

Cold e l e c t r o n  t r a j e c t o r i e s .  

Alpha e l e c t r o n  t r a j e c t o r i e s .  

x v i  



V e l e c t r o n  t r a j e c t o r i e s .  

Spherical-end emitter. 

ZRWGUN s t r u c t u r e  w i t h  3000 pm max z coord. 

Gun geometry f o r  ZRWGUN program d a t a  i npu t .  

Tape 1 4  output  d a t a  f i l e s .  

C l a r i f i c a t i o n  of U and U 1  a r r a y s .  

E l ec t ron  gun. 

Diagram of t h e  emitter p r o t e c t i o n  c i r c u i t  used i n  

t h i s  s tudy.  

Coherence func t ion  exper imenta l  appara tus .  
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The Z r / W  po in t  cathode e l e c t r o n  source i s  a h igh  b r igh tness ,  

low n o i s e  poin t  source of e l e c t r o n s  which has been used i n  s e v e r a l  

e l e c t r o n  o p t i c a l  systems. It has t h e  c a p a b i l i t y  of forming a h igh  

c u r r e n t ,  narrow cone angle  focused e l e c t r o n  beam a t  a  r e l a t i v e l y  

l a r g e  working d i s t ance .  I n  p a r t i c u l a r ,  i t  exceeds t h e  performance 

of t h e  LaB6 thermionic cathode, i t s  c l o s e s t  competi tor ,  i n  systems 

where a sub-quarter micron, s e v e r a l  nanoampere e l e c t r o n  beam is 

requi red .  

I n  o r d e r  t o  apply t h i s  e m i t t e r  t o  an e l e c t r o n  o p t i c a l  system, 

c h a r a c t e r i s t i c s  such a s  angular  i n t e n s i t y  d i s t r i b u t i o n ,  beam energy 

spread ,  beam n o i s e ,  I - V  curves,  e l e c t r o n  gun t ransmiss ion  and v i r t u a l  

source  s i z e  should be known a s  a  funct ion  of e m i t t e r  r ad ius ,  cur rent  

dens i ty ,  temperature and o the r  v a r i a b l e  parameters.  The present  

work covers  a l l  of t h e  above c h a r a c t e r i s t i c s  except energy spread.  

Experimental da ta ,  t h e o r e t i c a l  explanat ions  and computer 

s imula t ions  a r e  included. 



CHAPTER 1 

INTRODUCTION 

The purpose of t h e  work presented i n  t h i s  d i s s e r t a t i o n  i s  t o  

improve t h e  understanding of t h e  emission c h a r a c t e r i s t i c s  and e l ec t ron  

o p t i c a l  p r o p e r t i e s  of t h e  z i r c o n i a t e d  tungsten (Zro/W) poin t  cathode 

e l e c t r o n  source.  This  cathode has  been used i n  s e v e r a l  e l e c t r o n  

o p t i c a l  systems. It provides an extremely high b r igh tness ,  r e l a -  

t i v e l y  low n o i s e  e l e c t r o n  source which, when combined wi th  low 

a b e r r a t i o n  e l e c t r o n  l e n s e s ,  i s  capable of producing a  smal l  diameter 

(< 1 pm) h igh  cu r ren t  dens i ty  focussed beam of smal l  ha l f  angle  wi th  

a  long working d is tance .  The source i s  p a r t i c u l a r l y  s u i t e d  t o  

e l e c t r o n  beam l i t hography  a p p l i c a t i o n s  using a  Gaussian beam. 

5 
Emittance cons idera t ions  seem t o  preclude using t h e  source t o  form 

shaped beams, a t  l e a s t  f o r  t h e  t i p  r a d i i  (0.2 - 2 pm) normally 

produced by e lec t rochemica l  e tch ing .  

Phys ica l ly ,  t h e  e m i t t e r  c o n s i s t s  of a  t r i p l e - p a s s  zone r e f ined  

<loo> o r i e n t e d  tungsten wire  (.005 i n  d i a . ) .  The wi re  is  spo t  welded 

t o  a  tungs ten  h a i r p i n  f i lament  and e lec t rochemica l ly  etched t o  t h e  

d e s i r e d  rad ius .  A zirconium hydride r i n g  a t tached t o  t h e  e m i t t e r  

shank provides t h e  zirconium which, when heated i n  a  vacuum system, 

d i f f u s e s  out  t o  t h e  end of t h e  t i p  and e s t a b l i s h e s  a  Z r / O / W  s u r f a c e  

which lowers t h e  work func t ion  of t h e  (100) f a c e t  on t h e  apex of t h e  

t i p .  Figure 1-1 shows t h e  e m i t t e r  w i th  t h e  zirconium on t h e  shank. 



Figure 1-1. Z ~ / W  <lo03 thermal f i e l d  emitter showing zirconium 

on shank. 



Most of t h e  experimental d a t a  and a l l  computer s t u d i e s  presented 

he re  were done f o r  t h e  p a r t i c u l a r  e l e c t r o n  gun s t r u c t u r e  shown i n  

F igure  1-2. The vo l t ages  shown on the  f i g u r e  a r e  t y p i c a l  ope ra t ing  

vo l t ages  and were used f o r  most of t h e  computer s t u d i e s  of t h e  emi t t e r .  

The purpose of t h e  thermionic s h i e l d  opera t ing  a t  - 300 V is  t o  prevznt  

thermionic emission from t h e  h a i r p i n  f i lament  and e m i t t e r  shank from 

bombarding t h e  anode and causing excessive outgass ing  i n  t h e  gun. 

A photograph of t h e  e l e c t r o n  gun s t r u c t u r e  is shown in Figure 1-3. 

The upper p a r t  of t h e  photo shows t h e  assembled gun and t h e  lower p a r t  

shows t h e  component p a r t s .  The gun was cons t ruc ted  of molybdenum, 

with tungs ten  support  wires  and 1720 Pyrex g l a s s  a s  t h e  i n s u l a t i n g  

support  m a t e r i a l .  

Measurements of t h e  angular  d i s t r i b u t i o n  of c u r r e n t  from t h i s  gun 

wi th  va r ious  e m i t t e r s  ope ra t ing  under va r ious  cond i t ions  were done, 

a s  wel l  a s  computer c a l c u l a t i o n s  which attempted t o  p r e d i c t  t h e  

observed d i s t r i b u t i o n .  Measurement of cu r ren t  f l u c t u a t i o n  (noise)  

and i n t e r p r e t a t  i on  of n o i s e  c o r r e l a t i o n s  i n  terms of thermal f luc tu -  

a t i o n  w a s  accomplished. Current-voltage curves were p l o t t e d  and an 

at tempt was made t o  determine emi t t e r  r a d i u s  and work funct ion  from 

t h e s e  curves.  Angular d i s t r i b u t i o n  a s  a  func t ion  of temperature 

y ie lded  some unexpected d a t a  where, i n  c e r t a i n  cond i t ions ,  an increase  

i n  temperature produced a decrease  i n  c u r r e n t .  

The e l e c t r o n  o p t i c a l  c h a r a c t e r i s t i c s  of t h e  source-gun assembly 

were s tud ied  by experiment and computer c a l c u l a t i o n s .  The e f f e c t  

of suppressor  b i a s  on t r a j e c t o r i e s  was shown both experimental ly 
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Figure 1-3. ~mitter/suppressor/anode t e s t  structure. 



and t h e o r e t i c a l l y ,  and v i r t u a l  source s i z e  was predic ted  f o r  

v a r i o u s  ope ra t ing  condi t ions .  S t r ay  emission, due t o  low work 

func t ion  a r e a s  on t h e  emi t t e r  a t  pos i t fons  o t h e r  than  t h e  apex 

and a l s o  due t o  backsca t te red  t r a j e c t o r i e s  from t h e  anode, was 

inves t iga t ed  s i n c e  under c e r t a l h  cond i t ions  i t  can be pro jec ted  onto 

t h e  iznage p lane  of an  e l e c t r o n  o p t i c a l  system, 
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FIELD BUILD UP PROCESS 

I n  o rde r  t o  c h a r a c t e r i z e  t h e  angular  i n t e n s i t y  d i s t r i b u t i o n  of 

t h e  Z ~ O / W  po in t  cathode e m i t t e r  as a funct ion  of temperature,  f i e l d ,  

and e m i t t e r  geometry we pursued both  t h e o r e t i c a l  and experimental 

approaches. Micrographs taken of t h i s  type of emi t t e r  a f t e r  s e v e r a l  

hours  of opera t ion  wi th  appl ied  f i e l d  and temperature (See Figures  

2-1 and 2-2) have shown t h a t  a (100) c r y s t a l  f a c e t  forms a t  t h e  t i p .  

The e f f e c t  of t h i s  f a c e t  on t h e  e l e c t r i c  f i e l d  a t  t h e  s u r f a c e  of t h e  

t i p  was s tudied  by a computer model of t h e  emi t t e r  us ing  a f i n i t e  

d i f f e r e n c e  technique t o  compute t h e  e l e c t r i c  f i e l d .  The t i p  p r o f i l e  

and surrounding e q u i p o t e n t i a l s  a r e  shown i n  Figure 2-3. The most 

obvious r e s u l t  of t h i s  e m i t t e r  f a c e t i n g  is  t o  inc rease  t h e  f i e l d  a t  

t h e  edge of t h e  f a c e t  and t o  decrease  t h e  f i e l d  a t  t h e  c e n t e r  of t h e  

f a c e t  from t h e  va lues  expected f o r  a sphere-on-cone model of t h e  

e m i t t e r .  The main t h r u s t  of t h i s  chapter  is  t o  understand 

t h e  f ie ld- thermal  induced shape changes t h a t  t h e  emi t t e r  undergoes 

dur ing  opera t ion .  We present  h e r e  a b r i e f  a n a l y s i s  of t h e  dynamics 

involved i n  t h e  f i e l d  induced e m i t t e r  shape change. 

According t o  e a r l y  s t u d i e s  c a r r i e d  out  by Dyke and coworkers' 

an appl ied  d.c .  e l e c t r i c  f i e l d  causes " f i e l d  bui ld  up" t o  occur  on a 

f i e l d  e m i t t e r  a t  e leva ted  temperature.. The motivat ion f o r  f i e l d  

b u i l d  up is t h e  lowering of t h e  thermodynamic chemical p o t e n t i a l  



Figure 2-1. Micrographs and f ieLd electron patterns (a) before and 

(b) after faceting. 



Figure 2-2.  Micrograph of emitter t i l t e d  60° from SEM a x i s  showing 

end and side facets .  



Figure 2-3. Faceted 1 pm radius emitter tip and computed eauipotentials 

at 50, 100, 200 and 500 volts. 



a t  t he  e m i t t e r  t i p  which in t u r n  mot iva tes  su r face  migrat ion of 

su r face  atoms toward t h e  higher  f i e l d  reg ions  of t h e  e m i t t e r  apex. 

The r a t e  of t h i s  process  can be given In terms of t h e  r a t e  of 

change of t h e  emi t t e r  r a d i u s  

and 

( )  = 1.25 y v D aexp a o (- 2) 3, 
0 

where y is t h e  s u r f a c e  t ens ion  (y = 2900 dyn/cm f o r  W), va is  t h e  

volume per  atom, A i s  t h e  s u r f a c e  a r e a  per atom, Do i s  t h e  d i f f u s -  
0 

i v i t y  cons tan t  (D = 4 cm2/sec f o r  W ) ,  Ed is t h e  a c t i v a t i o n  energy 
0 

f o r  su r face  d i f f u s i o n  (Ed = 3.14 e V  f o r  W) and u is t h e  e m i t t e r  cone 

ha l f  angle .  For c l ean  W we ob ta in  f o r  t h e  zero  f i e l d  r a t e  of e m i t t e r  

d u l l i n g  

36300 ( = 2 .6  x 10-11 a exp (- T) (T.r3)-' ('E) s e c  . (2-3) 
0 

It can be seen t h a t  t h e  s ign  of (g) , i . e .  e m i t t e r  d u l l i n g  o r  bui ld  
Y 

up, i s  governed by t h e  condi t ions :  



I n  p r a c t i c e  when cond i t i on  (c)  occurs  t h e  o v e r a l l  e m i t t e r  r a d i u s  

does n o t  decrease  but  r a t h e r  t h e  p l anes  of low s u r f a c e  f r e e  energy 

( i . e .  l a r g e  y )  i n c r e a s e  i n  s i z e  a t  t h e  expense of lower y c r y s t a l  

f a c e s .  This  l eads  t o  a  po lyhedra l  shaped e m i t t e r  end form and, i n  

t h e  c a s e  of c l ean  W ,  a  r a d i c a l  change in t h e  emission d i s t r i b u t i o n .  2 

For c l e a n  W c o n d i t i o n ( b ) a b o v e  i s  given by 

f o r  r i n  cm. The u s e f u l  range of c u r r e n t  d e n s i t i e s  (J = l o 4  t o  l o 8  m 

A/cm2) corresponds t o  f i e l d s  i n  t h e  4 x l o 7  t o  8 x l o 7  V/cm range f o r  

c l e a n  W a t  T = 1800 K. I n  view of Eq,  (2 -4)  t h e  n e c e s s i t y  t o  avoid 

f i e l d  bu i ld  up p rec ludes  TF ope ra t ion  of cathodes wi th  r > 8 x 10'~ cm. 

This  i s  an  u n r e a l i s t i c a l l y  smal l  e m i t t e r  r a d i u s ,  t h u s  f o r  any e m i t t e r  

of p r a c t i c a l  s i z e a n d  cu r ren t  d e n s i t y  f i e l d  b u i l d  up always occurs .  

I n  t h e  case  of a  Z r O / W  cathode t h e  work func t ion  of t h e  (100) 

p lane  of W i s  s e l e c t i v e l y  lowered t o  2 .6  eV thereby  conf in ing  t h e  

emission t o  t h i s  one c r y s t a l  f a c e .  3 ' 4  I n  a d d i t i o n ,  a  lower F is 

r equ i r ed  t o  achieve  a  u s e f u l  c u r r e n t  d e n s i t y  of say 5 x l o 6  A/cm2 . 
Thus, f o r  t h e  l a t t e r  ca se  F = 1 x l o 7  V/cm a t  1800 K and t h e  con- 

d i t i o n  on r t o  prec lude  f i e l d  b u i l d  up i s  r 7 6.5 x cm. 



The approach we have taken i n  t h e  case  of t h e  Z ~ O / W  TF cathode 

is t o  use  v e r y  l a r g e  r a d i u s  emitters and a l low f i e l d  bu i ld  up t o  

occur  t o  completion. For tuna te ly ,  t h e  (100) and (110) p l anes  f a c e t  

t h u s  g iv ing  a  l a r g e ,  low work func t ion  (100) p lane  which is normal 

t o  t h e  e m i t t e r  a x i s  f o r  <loo> o r i e n t e d  e m i t t e r s .  Severa l  advantages 

accrue  t o  t h e  emission c h a r a c t e r i s t i c s  by use  of l a r g e  r a d i u s  

e m i t t e r s .  Fo r tuna te ly ,  t h e  unusual  work func t ion  lowering of t h e  

(100) p l ane  by Z r  a l lows  one t o  u se  a  l a r g e  r a d i u s  e m i t t e r  without  

caus ing  an  unacceptable  i nc rease  i n  ope ra t ing  vol tage .  

The process  of f i e l d  b u i l d  up f o r  t h e  Z ~ O / W  e m i t t e r  a t  T = 1800 K 

r e q u i r e s  s e v e r a l  hours  f o r  e m i t t e r s  of g ros s  r a d i u s  1 t o  2 m. 

Figure  2-4 shows t h e  sequence of emission d i s t r i b u t i o n  changes dur ing  

t h e  f i e l d  b u i l d  up. The emission p a t t e r n  dur ing  t h i s  process  con- 

sists of two o r  t h r e e  concen t r i c  r i n g s  of emission with t h e  inne r  

ones slowly co l l aps ing  with t ime.  F igure  2-5 ~ h ~ w s  t h e  a n t i c i p a t e d  

geometric shape of t h e  e m i t t e r  t h a t  c o r r e l a t e s  w i th  t h e  Figure 2-4 

emission d i s t r i b u t i o n s .  The process  of f i e l d  b u i l d  up occurs  by t h e  

outward d i f f u s i o n  of t h e  su r f ace  atoms from t h e  edge of each n e t  

plane.  Eventual ly t h e  f i n a l  s t a b l e  end form, (d) i n  Figure 2-5, 

is achieved which l e a d s  t o  t h e  emission d i s t r i b u t i o n  shown i n  Figure 

2-6. 

Upon reducing t h e  f i e l d  whi le  main ta in ing  t h e  e m i t t e r  a t  

e l eva t ed  temperature,  t h e  bu i ld  up end form r e l a x e s  and t h e  o r i g i n a l  

r i n g  s t r u c t u r e  emission d i s t r i b u t i o n  shown i n  Figure 2-4 is r e -  

e s t a b l i s h e d .  I n  o t h e r  words, f o r  l a r g e  e m i t t e r s ,  t h e  process  is 



ANGLE (DEGREES) 

Figure  2-4. Angular d i s t r i b u t i o n  of emission as a f u n c t i o n  of 

t ime:  t l  = 0, t2 = 1 h r ,  t 3  = 4.5 h r .  



Figure  2-5. Schematic of arrangement of (100) n e t  p lanes  where ( a ) ,  

(b)  and (c )  c o r r e l a t e  w i t h  t h e  F igure  2-4 e n l s s i o n  

d i s t r i b u t i o n s  t l ,  t 2  and t 3  r e s p e c t i v e l y .  (d )  i s  t h e  

s t a b l e  end form and corresponds t o  t h e  emission p a t t e r n  

of F igure  2-6 .  
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F i g u r e  2-6. Exper imenta l  a n g u l a r  i n t e n s i t y  d i s t r i b u t i o n  f o r  a Z r O / W  

e m i t t e r  a t  1800 K and v a r i o u s  v o l t a g e s  A t o  G 3700 t o  

4300 V i n  100 V inc rements .  F u l l  a n g l e  sub tended  by 

Faraday cup .0031 rad.  



r e v e r s i b l e  over many such c y c l e s ,  The exact  s i z e  of t h e  s t e p  

h e i g h t s  depic ted  in Figure  2-5 a r e  unknown, b u t  may be s e v e r a l  l a v e r s .  

Also t h e  makeup of t h e  n e t  plane l a y e r s  is presumably a  composite 

4 
of Z r / O / W .  From previous work we have concluded t h a t  t h e  optimum 

Z r / W  TF e n i t t e r  c o n s i s t s  of a  bulk t e r n a r y  phase of Z r / O / W  where 

Z r O  concen t r a t ion  is < 1% atomic weight.  4 

I n  F igure  2-7 we show t h e  sequence of emission p a t t e r n s  obtained 

in t h e  f i e l d  e l e c t r o n  microscope dur ing  t h e  bu i ld  up process  of t h e  

ZrO/W(100) emi t t e r .  The concen t r i c  r i n g  s t r u c t u r e  i s  c l e a r l y  shown 

f o r  t h e  zero  f i e l d ,  them.al end form in photo ( a ) .  Upon a p p l i c a t i o n  

of t h e  h igh  v o l t a g e  a t  T = 1900 K t h e  two o u t e r  r i n g s  slowly d i s -  

appear  without  r a d i a l  movement ( s ee  photo c ) .  The inner  b r i g h t  

d i s c  of emission goes through s e v e r a l  r e p e t i t i v e  sequences of  

co l lapsed  r i n g s  ( i . e .  photos d t o  f )  during which t ime t h e  c e n t r a l ,  

on a x i s  emission c y c l e s  through maxima and minima. F i n a l l y ,  a f t e r  

" 70 m i n .  t h e  s i n g l e ,  b r i g h t  emission spo t  shown in photo (g) is  

obta ined  and remains without  f u r t h e r  major change. A minor i nc rease  

in t h e  width of t h e  c e n t r a l  emission d i s c  and c u r r e n t  l e v e l  occur  

a s  shown i n  t h e  F igure  2-8 emission d i s t r i b u t i o n  scan a f t e r  which no 

f u r t h e r  change occurs .  

Upon r a i s i n g  t h e  temperature above 1950 K t h e  c e n t r a l  spot  

w i l l  d i sappear  ( i , e .  no emission],  however it r e v e r s i b l y  r e t u r n s  

upon lowering t h e  temperature.  A t  lower temperatures  (e .g .  

T 1900 K) t h e  p a t t e r n  sequence shown i n  Figure 2-7(a) t o  (g) 



(a) t = 0 (b) t = 1 rr+n 

(c) t = 3 min (d) t = 40 min 

Figure 2-7(a-d). Sequence of field electron patterns during field 

b u i l d  up of a Zr/W(100) emitter operating at 

T = 1900 K and V = 5779. Pattern (a) i s  the i n i t i a l  

u n b u i l t  emitter. 



(e) t: = 42 mfn 

(h) t = 47 hrs 

Figure 2-7(e-h). Photos ( e )  to (g) are continuation af Fig.2-7 

f i e l d  electron patterns. Pattern (h) w a s  obtained 

from pattern Cg) by operat ing the emitter at 1800 K 

w i t h  no a p p l i e d  voltage f o r  t he  indica ted  time. 
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Figure 2-8. Experimental angu la r  i n t e n s i t y  d i s t r i b u t i o n  f o r  a  Z ~ O / W  e m i t t e r  a t  
1800 K and 4700 v o l t s .  The t o t a l  c u r r e n t  was 105 and 167  uA 
r e s p e c t i v e l y  f o r  t h e  curve taken  a t  t = 0 and t h e  curve taken  l a t e r  
a t  t = 1 5  h r s .  



occurs  but  a t  a  much slower r a t e .  S ince  d i s s o l u t i o n  of t h e  n e t  

p lane  edge atoms occurs  v i a  su r face  d i f f u s i o n  we expect t h e  r a t e  t o  
- E ~ / ~ T  

be temperature dependent according t o  . e  where Ed is t h e  

a c t i v a t i o n  energy f o r  removal of atoms from kink s i t e s .  

H e a t h g  t h e  f i e l d  b u i l t  up end form of Figure 2-7(g) i n  the  

absence of an appl ied  e l e c t r i c  f f e l d  causes  a  change shown i n  p a t t e r n  

(h) which i s  a r e t u r n  t o  t h e  initial p a t t e r n  (a) d i s t r i b u t i o n .  The 

unbuilding process occurs  a t  a  slower r a t e  than  t h e  bui ld  up pro- 

c e s s  a t  a common temperature. I n  ope ra t ion  i t  is  adv i sab le  t o  l eave  

t h e  e m i t t e r  a t  room temperature when t h e  f i e l d  is o f f  i n  order  t o  

e l imina te  t h e  need t o  r epea t  t h e  build-up sequence. 

The t h e o r e t i c a l  geometry of t h e  f i n a l  end form has  been 

5 
previous ly  considered and is presented h e r e  s i n c e  present  measure- 

ments confirm t h e  t h e o r e t i c a l  p red ic t ion .  The o r i g i n a l  shape of 

t h e  e m i t t e r  was assumed t o  be sphe r i ca l .  It was a l s o  assumed t h a t  

build-up was t a n g e n t i a l  t o  t h e  sphe r i ca l  s u r f a c e  on t h e  low index 

planes,  except i n  t h e  <001> d i r e c t i o n .  From Figure 2-2, t h e  f ace ted  

planes ad jacen t  t o  t h e  (100) end f a c e t  a r e  ev iden t ly  (112) and 

(110) type  p lanes ,  t h e  (112) type  being along t h e  s i d e s  of t h e  (100) 

f a c e t  and t h e  (110) type a t  t h e  co rne r s  of t h e  square (100) f a c e t .  

A s  shown i n  F ig .  2-9, t h e  atomic l a y e r s  a r e  added t o  the  end f a c e t  

unt i l :  t h e  (110) p lanes  form t h e  c o m e r s  of t h e  (100) f a c e t ,  a t  which 

po in t  f u r t h e r  build-up must come from expansion of t h e  (110) p lanes  

u n t i l  t h e  (112) and (100) p lanes  d isappear .  I n  t h e  condi t ion  shown 



F i g u r e  2-9. Geomet r i ca l  d e s c r i p t i o n  f o r  build-up.  Taken from 

Refe rence  5. 
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i n  F igure  2-9, t h e  coord ina tes  of a t y p i c a l  po in t  P a r e  found as t h e  

i n t e r s e c t i o n  of planes:  

x = O  t h e  p l a n e  of t h e  y and z axes  

y + z = r f i ,  t h e  tangent  p lane  a t  Q, ( O l l ) ,  

and x + y + 22 = r&, t h e  tangent  p lane  a t  N, (1121, 

where r is t h e  r a d i u s  of t h e  sphere.  The simultaneous s o l u t i o n  

y i e l d s  

" P = o  

yp = 0.379 r ,  

and z = 1.035 r. 
P 

Therefore,  t h e  half-diagonal  of t h e  end (100) f a c e t  is 0.379 r and t h e  
- 

r a d i u s  of t h e  f a c e t ,  taken as Yp/h, is  

Examination of s e v e r a l  micrographs, such a s  F igure  2-1, has given an 

experimental  v a l u e  of f = 0.3 r .  

Under c e r t a i n  cond i t i ons  (not  t oo  well-understood a t  p re sen t )  

t h e  e m i t t e r  e t ch ing  process  l e a v e s  a spade-shaped t i p ,  w i th  

r a d i c a l l y  d i f f e r e n t  cone ang le s  i n  or thogonal  d i r e c t i o n s .  F igure  

2-10 shows micrographs of such a t i p .  Notice t h a t  t h e  (100) end 

f a c e t  ma in t a ins  i t s  four-fold symmetry but  t h a t  t h e  s i z e s  of t h e  

(110) and (112) f a c e t s  a d j u s t  t o  conform t o  t h e  ova l  c r o s s  s e c t i o n  

c r e a t e d  by t h e  e t ch ing .  The or thogonal  axes  of t h e  o v a l  correspond 





Figure 2-lo(=). End-on (0' tilt) view of emitter showing square 

(100) facet barely visible in dark area. 



t o  the  <loo> d i r e c t i o n s .  

Another th ing  t o  no te  concerning the  Figure 2-10 micrographs 

i s  t h e  radical c o n t r a s t  between the s e t  of end f a c e t s  and the  

emi t t e r  cone. This e f f e c t  has previous ly  been observed. The 

Figure 2-10 micrographs were taken a t  25 kV. It seems l i k e l y  t h a t  

t h i s  c o n t r a s t  is due t o  e l e c t r o n  channeling i n  the  <loo> d i r e c t i o n  

The e l e c t r o n  o p t i c a l  e f f e c t  of an emi t t e r  such a s  t h a t  i n  

Figure 2-10 is  a  l a r g e  astigmatism, which, when correc ted  by a 

s t igmator  (opera t ing  a t  unusual ly high e x c i t a t i o n )  s t i l l  

r e s u l t s  i n  an unacceptably l a r g e  spot  diameter i n  a focused 

beam system. This  has  been confirmed experimental ly i n  a dual  

magnetic l e n s  column. 7 
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CHAPTER 3 

ANGULAR DISTRIBUTION CHARACTERISTICS 

A. Experimental Angular D i s t r i b u t i o n  S tud ie s  

A complete s e t  of a n g u l a r d i s t r i b u t i o n s  a s  a funct ion  of anode 

vo l t age  f o r  Emit ter  No. A2 of Figure 2-6 is shown here  i n  Figures 3-1 

through 3-4. These d a t a  were taken a t  a cons tant  temperature of 

1800 K. The v o l t a g e  range covers  1800 V t o  4800 V on t h e  anode 

wi th  a  cons tan t  -300 V suppressor  vol tage .  Note t h a t  t h e  c h a r a c t e r  

of  t h e  d i s t r i b u t i o n  changes d rama t i ca l ly  from t h e  low v o l t a g e s  

(Figure 3-11 t o  t h e  h igher  vo l t ages  (Figures 3-3 and 3-4). The 

appearance of t h e  "horns" on t h e  s i d e s  of t h e  angular  d i s t r i b u t i o n  

a t  higher  vo l t ages  can be accounted f o r  by t h e  edges of t h e  (100) 

f a c e t ,  which cause a  l o c a l  i nc rease  in su r face  e l e c t r i c  f i e l d .  

The absence of t h e  "horns" a t  low v o l t a g e  can be a sc r ibed  t o  a  

s h i f t  i n  t h e  regime of emission from Extended Schottky t o  Schottky 

a s  t h e  vo l t age  i s  decreased. More q u a n t i t a t i v e  d e s c r i p t i o n s  

of t h e s e  e f f e c t s  a r e  presented l a t e r  in t h i s  s e c t i o n  and i n  t h e  

fol lowing sec t ions .  

F igures  3-5 and 3-6 show two-dimensional contour maps of t h e  

emission d i s t r i b u t i o n  at two d i f f e r e n t  vo l t ages .  The more uniform 

emission f o r  t h e  lower vo l t age  is  c l e a r l y  observed. I n  a d d i t i o n  

a  s l i g h t  e l l i p t i c a l  shape of t h e  emission c r o s s  s e c t i o n  can be seen. 

In  most c a s e s  t h e  emission c r o s s  s e c t i o n  is c i r c u l a r ;  t h e  e l l i p t i c a l  
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Fi gu re  3-1. Exper imental  angu l a r  d i s t r i b u t i o n s .  Curves A th rough  L 

correspond t o  anode v o l t a g e s  1800 V th rough  2900 V i n  

100  V increments .  E m i t t e r  r a d i u s  0.8 pm. 
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Figure 3-2. Experimental angular  d i s t r i b u t i o n s .  Curves A through I 

correspond t o  anode vo l t ages  2900 V through 3700 V i n  

100 v increments.  Emi t te r  r ad ius  " 0.8 pm. 
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F i g u r e  3-3. Exper imental  angu l a r  d i s t r i b u t i o n .  Curves A th rough  G 

correspond t o  anode v o l t a g e s  3700 th rough  4300 V i n  

100 V increments .  Emi t t e r  r a d i u s  = 0.8 um. 



ANGLE (DEGREES)  

Figure 3-4. Experimental angular  d i s t r i b u t i o n .  Curves A through F 

correspond t o  anode vo l t ages  4300 V through 4800 V i n  

100 V increments.  Emi t te r  r ad ius  = 0.8 urn. 
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Figure 3-5. Two-dimensional cu r ren t  d i s t r i b u t i o n  a t  1800 K and 4700 V 

taken by x-y movement of t h e  Faraday c o l l e c t o r .  I n i t i a l  

x and y p o s i t i o n s  were 9 and 10  mm r e s p e c t i v e l y  f o r  t h e  

lowest curve. Subsequent curves i n  inc reas ing  x were 

incremental  0.25 mm. V e r t i c a l  s c a l e  on lower r i g h t  

i n d i c a t e s  cu r ren t  s c a l e  f a c t o r .  



Y DISPLACEMENT ( m m )  

F i g u r e  3-6. Two-dimensional c u r r e n t  d i s t r i b u t i o n  a t  1800 K and 3800 V 

t aken  by x-y movement of t h e  Faraday c o l l e c t o r .  I n i t i a l  

x and y p o s i t i o n s  were 9 and 10  mm r e s p e c t i v e l y  f o r  t h e  

lowes t  curve.  Subsequent cu rve s  i n  i n c r e a s i n g  x were 

i nc r emen ta l  0.25 mrn. V e r t i c a l  s c a l e  on lower r i g h t  

i n d i c a t e s  c u r r e n t  s c a l e  f a c t o r .  



c r o s s  s e c t i o n  i s  be l ieved  t o  be  due t o  an e l l i p t i c a l  c r o s s  s e c t i o n  

of t h e  con ica l  po r t ion  of t h e  e m i t t e r ,  a s  i n  Figure 2-10. 

I n  Figure 3-7, t h e  emission angular  i n t e n s i t y  d i s t r i b u t i o n  of 

a Zr/W(100) e m i t t e r  i s  shown a t  va r ious  temperatures .  For t h i s  

p a r t i c u l a r  e m i t t e r  an  i n t e r e s t i n g  r e s u l t  was observed i n  which t h e  

c e n t r a l  emission c u r r e n t  I increased  wi th  T whi le  t h e  edge c u r r e n t  
C 

I went through a maximum. This  r e s u l t  i s  shown i n  more d e t a i l  e 

i n  Figure 3-8 where Ie and I a r e  p l o t t e d  v s  I a t  t h r e e  d i f f e r e n t  
C 

vo l t ages .  A s  seen i n  Figure 3-8 the  maximization i n  I v s  T is more e 

dramatic  a t  t he  h igher  v o l t a g e s  and r e s u l t s  i n  an  enhanced uni formi ty  

of t h e  emission d i s t r i b u t i o n .  A s i m i l a r  temperature e f f e c t  a l s o  

occurs  i n  t h e  r i n g  s t r u c t u r e  d i s t r i b u t i o n  obtained dur ing  f i e l d  

build-up. F igure  3-9 shows t h i s  case.  Although t h e  c u r r e n t s  de- 

t e c t e d  from t h e  r i n g s  do no t  go through a maximum, i t  is  obvious t h a t  

they a r e  not  p ropor t iona l  t o  the  c e n t r a l  emission cu r ren t .  

This  temperature e f f e c t  on edge emission c u r r e n t  d e n s i t y  i s  n o t  

e a s i l y  exp la inab le ,  given a uniform (100) f a c e t  wi th  only  a f i e l d  gra- 

d i e n t  (no work func t ion  o r  temperature g r a d i e n t ) .  Even assuming f ixed  

g rad ien t s  along t h e  su r face ,  a c u r r e n t  d e n s i t y  decrease  i s  never 

p red ic t ed  f o r  an  inc rease  i n  temperature, s o  i t  i s  l i k e l y  t h a t  

e i t h e r  a l o c a l  f i e l d  decrease  a t  the  f a c e t  edge o r  a l o c a l  work 

func t ion  inc rease  as a funct ion  of temperature i s  occurr ing.  The 

coverage of cesium adsorbed on a tungsten e m i t t e r  has been shown t o  

be a func t ion  of t h e  l o c a l  e l e c t r i c  f i e l d . 4  The f a c e t  edge is a 

region of high e l e c t r i c  f i e l d  r e l a t i v e  t o  t h e  cen te r .  
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Figure  3-7. Experimental angular  d i s t r i b u t i o n  f o r  the  B = 
C 

1.18 x l o 3  cm'l Z r / W  e m i t t e r  a t  4700 v o l t s  and va r ious  

temperatures .  A t o  I 1100 t o  1900 K i n  100' increments.  
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r e s u l t s .  (a) 4700 V; (b) 4500 V ;  ( c )  4000 V. 





Figures  3-3 and 3-10 a r e  comparisons of Z r / W  e m i t t e r s  of r a d i i  

0.8 and 2.3 micrometers,  r e spec t ive ly .  Severa l  important e f f e c t s  of 

emitter s i z e  can be noted from t h e s e  r e s u l t s .  F i r s t ,  t h e  inc rease  i n  

emission due t o  t h e  f i e l d  enhancement a t  t h e  n e t  p lane  edge occurs  a t  

a much l a r g e r  angular  i n t e n s i t y  f o r  t h e  l a r g e r  r a d i u s  emi t t e r .  For 

example, t h e  condi t ion  of a n e a r l y  f l a t  emission d i s t r i b u t i o n  occurs  

a t  0.35 m ~ / s r  f o r  t h e  Figure 3-3 e m i t t e r ,  whereas f o r  t h e  l a r g e r  

r ad ius  Figure 3-10 e m i t t e r  i t  occurs  at  1.4 mA/sr. However, f o r  both  

e m i t t e r s  t h e  ha l f  angle  of emission is  " 7'. 

One of t h e  more unexpected r e s u l t s  is  shown i n  Figures 3-11 and 

3-12 where t h e  t o t a l  emission cu r ren t  and t h e  emission from t h e  cen- 

t r a l  and edge po r t ions  of t h e  n e t  planes (us ing  a Faraday cup sub- 

tending  a 0.0031 rad f u l l  angle  a t  t h e  emi t t e r )  a r e  p l o t t e d  according 

t o  the  Schottky formula, t h a t  is  

where fi = F/V i s  i n  A-1 and k = 8.61  x eV/K. Note t h a t  t h e  

probe c u r r e n t  I has been assumed t o  be p ropor t iona l  t o  J ,  implying 
P 

a cons tant  emi t t i ng  a r e a .  J u s t i f i c a t i o n  f o r  t h i s  assumption w i l l  be 

given i n  Sec t ion  D of t h i s  chapter .  The background cu r ren t  ( t h e  

cu r ren t  measured by t h e  Faraday cup a t  angles  > l o 0  o f f  emission a x i s )  

was sub t r ac t ed  from t h e  c e n t r a l  and edge emission t o  minimize e r r o r  
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Figure 3-10. Experimental angular  i n t e n s i t y  d i s t r i b u t i o n  f o r  a  

Z r / W  e m i t t e r  a t  1800 K and va r ious  vo l t ages :  A t o  I 

5500 t o  6300 V in 100 V increments.  Faraday cup f u l l  

angle  = .0031 rad. Emit te r  r ad ius  - 2 . 3  um. 
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Figu r e  3-11. Schot tky p l o t  05 t h e  t o t a l ,  edge and c e n t r a l  emission 

c u r r e n t  of t h e  F igure  3-3 e m i t t e r .  The dashed l i n e s  

a r e  ex t ens ions  of t h e  Schot tky s lopes .  Background 

c u r r e n t  seen i n  angular  d i s t r i b u t i o n s  was s u b t r a c t e d  

from c e n t r a l  and edge emission. Emi t t e r  r a d i u s  = 
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Figure  3-12. Schot tky p l o t  of t h e  t o t a l ,  edge and c e n t r a l  emission 

c u r r e n t  of t h e  F igu re  3-10 emitter. The dashed l i n e s  

a r e  ex t ens ions  of t h e  Schot tky s lopes .  Background 

c u r r e n t  seen i n  angu la r  d i s t r i b u t i o n s  was s u b t r a c t e d  

from c e n t r a l  and edge emission. Emi t t e r  r a d i u s  



i n  t h e  Schottky s lope.  For t h e  l a r g e r  e m i t t e r  r e s u l t  shown i n  Figure 

3-12 t h e  Schottky formula ag rees  wi th  the  c e n t r a l  emission r e s u l t s  

up t o  an  emission l e v e l  o f "  1 m A / s r .  I n  c o n t r a s t  t h e  s m a l l  e m i t t e r  

r e s u l t s  i n  F igure  3-11 show agreement wi th  the  Schottky formula only 

up t o  0.26 nA/sr f o r  t he  c e n t r a l  emission. These r e s u l t s  show, 

somewhat s u r p r i s i n g l y  t h a t  f o r  e m i t t e r  r a d i u s  > 0.9 urn t h a t  i n  the  

range of u s e f u l  emission l e v e l s  t h e  c e n t r a l  emission from these  

e m i t t e r s  is  b a s i c a l l y  Schottky mode emission. 

By p l o t t i n g  the  s t r a i g h t  l i n e  po r t ion  of t he  Figures 3-11 and 

3-12 d a t a  according t o  Eq. (3-1) t h e  va lues  of 6 f o r  t h e  c e n t r a l  (B ) 
C 

and edge (B ) emission regions  could be c a l c u l a t e d  ( see  Table 3-1). e  

From Eq. (3-11, B i s  r e l a t e d  t o  t h e  base-10 l o g  s lope  by 

where 
A(l0g I ) 

( s l o p e l o )  = 
A ( v ~ / ~ )  

and T = abso lu te  temperature. 

I n t e r e s t i n g l y ,  t he  r a t i o  of Be /Bc  is  2.52 and 1.76 f o r  t h e  l a r g e  and 

small r a d i u s  e m i t t e r s  r e spec t ive ly .  This  i s  probably due t o  the  

l a r g e r  s i z e  of the f a c e t  f o r  t he  l a r g e  r a d i u s  e m i t t e r  which means 

a  g r e a t e r  depress ion  of t h e  c e n t r a l  n e t  plane f i e l d .  SEM photos of 

the  f u l l y  b u i l t  up e m i t t e r s  suggest  t h a t  t he  r a d i u s  of t h e  f a c e t  i s  

0.3 r ,  where r is the  o v e r a l l  e m i t t e r  r ad ius .  



Table 3-1 

Sununary of the values of Be and B and the central emission field 
C 

strengths F and voltages V required for 1 nA/sr for emitters of two 
C 

different radii r. The total current is I and T = 1800 K. 
T 

*Values for on axis emission levels of 1 mA/sr (corrected for 

background emission) 

**Extrapolated value. 

- - 
Emitter 
No. 

A2 
r = 0.8 w 

A3 
r = 2.3 urn 

B, (cm-'1 

1321 

623 

Be(cm-') 

2321 

1570 

Fc* (Vlcrn) 

6.8 lo6 

3.5 X lo6 

V* (volts) 

5140 

5625** 

IT(uA) 

130 

180 



B. Computer S tud ie s  of Surface E l e c t r i c  F ie ld  f o r  t he  Faceted 

Emit ter  

Since t h e  angular  d i s t r i b u t i o n  of cu r ren t  is  h igh ly  dependent 

on t h e  f i e l d  a t  the  su r face  of t h e  e m i t t e r ,  and s ince  a t  p re sen t  we 

know of no s t u d i e s  of t h e  e m i t t e r  s u r f a c e  f i e l d  which t ake  i n t o  

account t h e  e f f e c t  of t h e  f a c e t  a t  t h e  apex of t h e  e m i t t e r ,  we have 

done a  s e r i e s  of computer c a l c u l a t i o n s  t o  i n v e s t i g a t e  t h e  s u r f a c e  

f i e l d  and r e s u l t i n g  c u r r e n t  d e n s i t y  f o r  va r ious  condi t ions .  

Most of t he  experimental  angular d i s t r i b u t i o n s  show a r e l a t i v e l y  

f l a t  c e n t r a l  cu r ren t  d i s t r i b u t i o n  wi th  peaks o r  "horns" a t  t h e  edges 

of t h e  d i s t r i b u t i o n .  The f i e l d  d i s t r i b u t i o n  ac ross  the  f a c e t  can be 

used i n  conjunct ion wi th  the  work func t ion  and the  temperature t o  

compute the  c u r r e n t  d e n s i t y  a t  t h e  s u r f a c e  of t he  emi t t e r .  This  

i n i t i a l  c u r r e n t  d i s t r i b u t i o n  is then used t o  p r e d i c t  the  angular  

c u r r e n t  d i s t r i b u t i o n  observed downstream of the anode a p e r t u r e  

by making use  of t r a j e c t o r i e s  ca l cu la t ed  from the  e m i t t e r  s u r f a c e  t o  

a  reg ion  of f i e l d - f r e e  space p a s t  t h e  anode. A t  high c u r r e n t  densi- 

t i e s ,  an i t e r a t i v e  space charge c a l c u l a t i o n  w i l l  reduce t h e  e l e c t r i c  

f i e l d  a t  t he  e m i t t e r  s u r f a c e  and t h e r e f o r e  reduce t h e  c u r r e n t  dens i ty .  

I n  t h i s  s e c t i o n ,  we w i l l  no t  take space charge i n t o  account.  

Figure 3-13 shows t h r e e  e m i t t e r  p r o f i l e s  and t h e  surrounding 

e q u i p o t e n t i a l s  f o r  f a c e t e d  e m i t t e r s  of r a d i i  0 .2,  0.5, and 1 .0  urn. 

The f a c e t  r a d i u s  i n  a l l  t h r e e  cases  i s  0.3 t imes the  e m i t t e r  r a d i u s ,  

which i s  t y p i c a l  of t he  e m i t t e r s  we have micrographed. The ca l cu la t ed  

f i e l d  a t  t h e  s u r f a c e  normalized t o  the  apex f i e l d  i s  shown i n  Figure 
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SURFACE F IELD 
FOR FACETED EMITTER 
FACET DIA = 

1.5 0.6 x EMITTER RADIUS . 

a 
J 1.4 
W - 
LL 
A 
a 
U 
0 

1.3 
0 
W 
N - 
J 
a 
H 
a 1.2 
0 
z 

1 . 1  

1.0 
0 10 2 0  30 4 0  

S U R F A C E  P O S I T I O N  ANGLE (DEG) 

Figu re  3-14. Normalized s u r f a c e  f i e l d  f o r  t h e  t h r e e  e m i t t e r  

p r o f i l e s  of F i g u r e  3-13. Emi t t e r  r a d i i  a r e  

i n d i c a t e d .  



3-14. The abso lu te  va lues  of t he  f i e l d  w i l l  be  t r e a t e d  l a t e r .  It is 

apparent  from Figure  3-14 t h a t  i f  t h e  f a c e t  r a d i u s  i s  i n  f a c t  a f ixed  

f r a c t i o n  of t h e  e m i t t e r  r a d i u s  then the  s u r f a c e  f i e l d  d i s t r i b u t i o n  i s  

v i r t u a l l y  unchanged over most of t h e  f a c e t  and t h e  only e f f e c t  of 

increas ing  e m i t t e r  r ad ius  i s  t o  inc rease  t h e  r a t i o  of edge t o  c e n t r a l  

f i e l d .  This  would r e s u l t  i n  a  l a r g e r  r a t i o  of edge t o  c e n t r a l  emis- 

s ion ,  neg lec t ing  space charge e f f e c t s .  The unexpected f i e l d  d i s t r i b u -  

t i o n  crossover  occurr ing  a t  f3 - 24' i s  apparent ly  due t o  a  d i f f i c u l t y  
0 

i n  r e so lv ing  the  curved e m i t t e r  s u r f a c e  wi th  a  r ec t angu la r  f i n i t e  

d i f f e r e n c e  mesh. 

Having he ld  the  r a t i o  of f a c e t  r ad ius  t o  e m i t t e r  r a d i u s  ( f / r )  

cons tant  a t  0 .3 and changed t h e  e m i t t e r  r a d i u s ,  w e  now hold t h e  

e m i t t e r  r ad ius  cons tant  a t  1 um and vary t h e  f / r  r a t i o  from 0 

( s p h e r i c a l  end) t o  0.6. Figures 3-15 and 3-16 show the  e q u i p o t e n t i a l s  

f o r  t he  cases  f / r  = 0 .1  and f / r  = 0.6 r e spec t ive ly .  The r e s u l t i n g  

normalized su r face  f i e l d  i s  shown i n  Figure 3-17. We s e e  he re  a  very 

s i g n i f i c a n t  change i n  su r face  f i e l d  wi th  f a c e t  s i z e  f o r  a  cons tant  

r a d i u s  e m i t t e r .  Since we have a l r eady  observed co l l aps ing  r i n g s  of 

emission i n  t h e  angular  d i s t r i b u t i o n  p a t t e r n  ( c . f .  Figure 2-7) ,  Figure 

3-17 i n d i c a t e s  how we would expect t he  su r face  f i e l d  t o  change a s  the  

f a c e t  co l l apses .  I f  t h e  f / r  r a t i o  is  a funct ion  of r ad ius  o r  of 

temperature then we can p r e d i c t  t he  r a t i o  Be/$, where B = F/V and 

e  and c  r e f e r  t o  edge and c e n t r a l  a r e a s  of t h e  angular  d i s t r i b u t i o n  

r e spec t ive ly .  







SURFACE POSITION ANGLE e0 (DEG) 

F i g u r e  3-17. Normal ized  s u r f a c e  f i e l d  f o r  r = 1 ym, f / r  = 0.1 ,  0 .2 ,  



I f  a  s e r i e s  of c a l c u l a t i o n s  i s  made f o r  va r ious  e m i t t e r  r a d i i  

and va r ious  f / r  r a t i o s ,  a l l  of t h e  d a t a  on t h e  f i e l d  produced a t  t h e  

apex f o r  a .constant  anode vo l t age  can be reduced t o  two graphs f o r  

n e a r l y  two decades change i n  e m i t t e r  r ad ius .  These a r e  F igures  3-18 

and 3-19. I n  Figure 3-18 t h e  apex f i e l d  vs.  f a c e t  s i z e  i s  p l o t t e d .  

This  l a t t e r  curve w a s  found t o  be independent of e m i t t e r  r a d i u s  f o r  

va lues  from 0.1 t o  10.0 vm. I n  F igure  3-19 t h e  apex f i e l d  f o r  a  

s p h e r i c a l  and f ace ted  ( f  = 0.6 r )  e m i t t e r  i s  p l o t t e d  as a  func t ion  of 

e m i t t e r  r a d i u s  f o r  t h e  t y p i c a l  cond i t ions  of anode vo l t age  = 7500 V ,  

suppressor  vo l t age  = -300 V wi th  r e spec t  t o  t h e  emi t t e r .  The corre-  

sponding f i e l d  f a c t o r  B = F/V f o r  t h e  c e n t r a l  a r e a  (apex) on t h e  
C 

f a c e t  is a l s o  given i n  Figure 3-19. 

I n  Table 3-2 we summarize B and Be f o r  t h e  two d i f f e r e n t  
C 

e m i t t e r s  i n v e s t i g a t e d .  

TABLE 3-2 

B Rat io  from Table 3-1 Data 

Emit te r  No. 

Using Figure 3-19 and t h e  Table 3-2 va lues  of B we i n f e r  r a d i i  of 
C 

2 .0  and 0.8 vm r e s p e c t i v e l y  f o r  A2 and A3. Using t h e  Table 3-2 B e / B c  

va lues  and t h e  r e s u l t s  of Figure 3-14 ( s i n c e  Figure 3-14 was calcu- 

l a t e d  f o r  cons tant  anode vo l t age  V ,  B i s  d i r e c t l y  p ropor t iona l  
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Figure 3-15. Normalized surface field at emitter apex for all 

radii emitters, variable f/r. 
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r i g h t  hand v e r t i c a l  a x i s .  



t o  F) and Figure  3-17 we can e s t i m a t e  t h e  s i z e  of t h e  f a c e t .  

Assuming f o r  t h e  moment t h e  va lues  2.0 pm and 0.8 um f o r  t h e  

r a d i i ,  t h e  B / p  va lue  of 2.52 appears  unreasonable f o r  any f / r  i n  
e c 

F igure  3-17. For e m i t t e r  A2 t h e  va lue  B e / B c  = 1.76 is too  h igh  i f  

f / r  = 0.3; by going t o  F igure  3-17 we f i n d  t h a t  i f  f / r  = 0.4 then 

B ~ / B ~  = 1.75 f o r  r = 1.0 pm. We conclude from measurements of B and 
e 

B t h e  fol lowing c h a r a c t e r i s t i c s  f o r  t h e  e m i t t e r s .  
C 

TABLE 3-3 

Experimental r and f / r  Values 

Emi t te r  No. 13 (cm-') 
c ~ ~ ( c m -  '1 B e / B c  r ( um) - f / r  

A2 132 1 2321 1.76 0.8 0.4 

The f a i r l y  reasonable  r e s u l t s  f o r  r a d i u s  make i t  probable t h a t  

from t h e  B va lues  one can d i r e c t l y  i n f e r  t h e  e m i t t e r  r ad ius .  The 
C 

unreasonable f / r  > 0.6 va lue  der ived  from B / B  i n d i c a t e s  a problem 
e c 

w i t h  t h e  Be da t a .  A p o s s i b l e  explana t ion  f o r  an erroneous v a l u e  of 

Be l i e s  i n  t h e  f a c t  t h a t  t h e  Schottky s l o p e  f o r  t h e  edge emission i s  

der ived  from t h e  low vo l t age  end of t h e  I -V  d a t a  ( s e e  F igures  3-11 

and 3-12). The low v o l t a g e s  produce angular  d i s t r i b u t i o n s  w i t h  no 

d e f i n i t e  "horns," as i n  F igure  3-1. The i n a b i l i t y  t o  determine ( a t  

low vo l t ages )  j u s t  where i n  t h e  angu la r  d i s t r i b u t i o n  t h e  edge 

emission occurs  probably causes t h e  inaccuracy i n  B . In  o rde r  t o  
e 



make a Schottky p l o t  of edge emission, i t  was necessary t o  take the  

angular  p o s i t i o n  of t he  l a s t  observable "horns" and f i x  t h a t  p o s i t i o n  

f o r  cu r ren t  readings  a t  lower vol tages .  

The f3 f a c t o r  is  a funct ion  of t h e  suppressor  v o l t a g e  and t h e  gun 

geometry. Since a  "standard1' geometry (Figure 1-2) and "standard" 

V of -300 V has  been used f o r  t h e  previous c a l c u l a t i o n s  of B ,  i t  is  B 

necessary t o  determine how s e n s i t i v e  B i s  t o  v a r i a t i o n s  i n  V and B 

geometry. Table 3-4 shows t h e  ca l cu la t ed  B's f o r  va r ious  t ip- to-  

anode d i s t ances  and anode a p e r t u r e  diameters.  A 5 25 pm e r r o r  

i n  tip-anode spacing a t  a  nominal spacing of 508 urn (.020 inch)  re- 

s u l t s  i n  a  B e r r o r  of approximately + 35 cm ' from a nominal B of 

1148 cni l , only a + 3% e r r o r .  Table 3-4 a l s o  shows t h e  e f f e c t  of 

varying t h e  suppressor  b i a s  V from -300 t o  -700 V. Again t h i s  pro- 
B 

duces a  minor e f f e c t ,  approximately a  5% change i n  B f o r  a  200 V 

change i n  V B ' 

The B f a c t o r s  shown i n  Table 3-4 were ca l cu la t ed  by maintaining 

a cons tant  anode vo l t age  and c a l c u l a t i n g  e m i t t e r  apex s u r f a c e  f i e l d s  

f o r  t h e  va r ious  condi t ions .  Since t h e r e  a r e  t h r e e  e l e c t r o d e s  i n  t h i s  

gun, t h e  6's ca l cu la t ed  by a d j u s t i n g  anode vo l t age  t o  maintain a  

cons tan t  apex f i e l d  a r e  not  exac t ly  t h e  same a s  those  i n  Table 3-4. 

However, t h e  d i f f e r e n c e s ,  f o r  reasonable  anode vo l t ages  (>  2000 V) 

a r e  small.  This  was v e r i f i e d  i n  s e v e r a l  ca ses  by doing t h e  B f a c t o r  

c a l c u l a t i o n  both ways, using f i x e d  anode vo l t age  and o r  f ixed  

e l e c t r i c  f i e l d  a t  t h e  cathode apex. 



TABLE 3-4 

S e n s i t i v i t y  of B t o  Geometry of Gun and Bias  Voltage f o r  r = 1 pm 

and f / r  = 0.3. 

Tip-to Anode Anode Aperture B = F/V (cm-l) 

Spacing (pm) Diameter (um) (V = 7500 V ,  V = -300 V) 
A B 

2 54 635 1624 

* 
"Standard" Geometry: Tip-to-Anode = 508 pm 

Anode Aperture Diameter = 381 pm 

V, (V) B = F/V ( a - 1 )  

("Standard" Geometry) V = 7500 V) 

-300 1148 

-500 1105 

-700 980 



C. Computer Simulation of I-V Characteristics 

As mentioned previously, because of the low work function of 

the ~r/W(100) field emitter, at elevated temperatures one can 

attain operational conditions which cause emission to be primarily 

Schottky emission. This can be understood by considering the range 

of validity of the various emission equations ranging from pure field 

to Schottky emission. The emission equations for Schottky JS, extended 

Schottky JES, thermal field (TF) JTF and field emission Jm are given 

J~~ 

= J KqIsinKq for q < 1 S (3-4) 

- JTF - Jm rp/sin~p for p < 1 

- e 3 ~ 2  JFN - - g . . ~  exp[-4(2nm3) lj2/3heF] 

where p = 2(2rn4) 'I2 kT/beF and q = he1/4~3/41n(2m) '12kT. The 

conditions for validity of the various emission equations above are 

given in Figure 3-20 where the boundary F2(4,T) and F1(T) separating 

TF and extended Schottky emission is given by 

The upper limit of field occurs when the work function barrier is 

reduced to the Fermi level and is given by 



The hashed region i n  Figure 3-20 between t h e  a p p l i c a b i l i t y  of TF and 

extended Schottky express ions  has no a n a l y t i c a l  express ion  f o r  

c u r r e n t  dens i ty .  The dashed l i n e s  i n  Figure 3-20 a r e  t h e  c r i t i c a l  

cond i t ions  where f o r  q = 0.5 e l e c t r o n s  a r e  emit ted symmetrically 

above and below t h e  work funct ion  b a r r i e r  and f o r  p = 0.5 e l e c t r o n s  

a r e  emit ted symmetrically above and below t h e  Fermi l e v e l .  

We may e l imina te  t h e  problem of having t o  change from one 

equat ion t o  another  depending on the  temperature, f i e l d  and work 

func t ion  i f  we use t h e  fol lowing procedure. 

Murphy and ~ o o d ~  have given a  u n i f i e d  t reatment  of t h e  

emission of e l e c t r o n s  which i s  v a l i d  f o r  t h e  thermionic, f i e l d ,  and 

t h e  in termedia te  t r a n s i t i o n  region a s  wel l .  They form express ions  

f o r  t h e  t ransmiss ion  c o e f f i c i e n t  through t h e  p o t e n t i a l  b a r r i e r ,  

D(F,W) and f o r  t h e  number of e l e c t r o n s  per  second per  u n i t  a r e a  

inc iden t  on t h e  b a r r i e r ,  N(T,$ ,W) and i n t e g r a t e  the  product t o  f i n d  

the  emission c u r r e n t  dens i ty :  

where W is  t h e  energy a t  t h e  bottom of t h e  Somcerfeld p o t e n t i a l  
a 

w e l l  i n  t h e  metal .  The fol lowing p o t e n t i a l  energy diagram i l l u s t r a t e s  

the  r e l evan t  energy and p o s i t i o n  parameters.  



Figu re  3-20. S o l i d  l i n e s  show t h e  boundar ies  i n  terns of f i e l d  and 

tempera ture  t h a t  s e p a r a t e  t h e  i n d i c a t e d  emiss ion regimes.  



Fie ld  emission tunneling diagram.  

The t ransmiss ion  c o e f f i c i e n t  i s  taken t o  be un i ty  f o r  W > V 
max ' 

For W < Vmax, i t  is  evaluated by a  pa rabo l i c  WKB-type approximation 

which depends on the  shape of t he  p o t e n t i a l  curve between t h e  p o i n t s  

x1 and x2 f o r  a given W. 

Using t h e  express ions  from Murphy and Good and i n t e g r a t i n g  

numerical ly r a t h e r  than using a n a l y t i c  approxina t ions  wi th  l i m i t e d  

4 
reg ions  of v a l i d i t y ,  El-Kareh, Wolfe, and T.7olfe have generated 

graphs of J v s  F f o r  va r ious  temperatures  and work func t ions  and a l s o  

normal, t a n g e n t i a l ,  and t o t a l  energy d i s t r i b u t i o n s  f o r  t h e  emit ted 

e l e c t r o n s .  The au thor s  i n d i c a t e  t h a t  t h e i r  t h e o r e t i c a l  r e s u l t s  

agree  wi th  published experimental  r e s u l t s ,  a t  l e a s t  over t h e  range 

of c u r r e n t  d e n s i t i e s  considered. 

Using t h e  same procedure, t h e o r e t i c a l  Schottky p l o t s  have been 

5 
generated f o r  va r ious  f i e l d s  and work func t ions  a t  a  constant  

temperature of 1800 K. Although t h e  emission c u r r e n t  can be v a r i e d  

by temperature a s  w e l l  a s  by anode and suppressor  vo l t ages ,  i n  

p r a c t i c e  temperatures above-  1900 K r e s u l t  i n  a  l o s s  of t h e  low 



work func t ion  Zr-0-W (100) s u r f a c e  and temperatures  below "1600 K 

a l low t h e  s u r f a c e  t o  become contaminated a f t e r  s e v e r a l  hours  i n  a  

t o r r  environment, which r e s u l t s  i n  a  long term decrease  i n  

emission cu r ren t .  Therefore,  t h e  c a l c u l a t e d  curves f o r  1800 K 

( t h e  nominal ope ra t ing  temperature) p e r t a i n  t o  p r a c t i c a l  ope ra t ing  

cond i t i ons  f o r  t h e  e m i t t e r .  

F igure  3-21 shows t h e  c a l c u l a t e d  c u r r e n t  d e n s i t i e s  vs .  t h e  

square  r o o t  of t he  f i e l d .  The purpose of providing graphs f o r  work 

func t ions  from 2.5 t o  4.5 is t h a t  it i s  n o t  c e r t a i n  e x a c t l y  what t h e  

work f u n c t i o n  i s  f o r  t h e  Zr-0-W (100) s u r f a c e  a t  1800 K. The 

measured va lue  f o r  a  macroscopic s i n g l e  c r y s t a l  su r f ace  a t  room 

temperature is 2.67 eV, a s  determined by a  f i e l d  emission r e t a r d i n g  

p o t e n t i a l  measurement. Assuming we a r e  dea l ing  wi th  an  i d e n t i c a l  

s u r f a c e  on t h e  end of t h e  e m i t t e r ,  we s t i l l  do no t  know t h e  work 

func t ion  a t  an  e l eva t ed  temperature.  Some measurements of t o t a l  

energy d i s t r i b u t i o n  from t h i s  e m i t t e r  seem t o  i n d i c a t e  a  work 

func t ion  i n  t h e  r eg ion  of 3.0 eV a t  1800 K. The work func t ion  f o r  

c l e a n  tungs ten  i s  4 .5  eV, s o  t h e s e  curves cover what i s  considered 

t o  be t h e  range of p o s s i b l e  work func t ions .  

The f i e l d s  app l i ed  t o  t h e  e m i t t e r  can be r e l a t e d  t o  t h e  anode 

v o l t a g e s  requi red  i n  t h e  s tandard  gun (s tandard geometry, VBIAS - - 

- 300 V) by means of Figure 3-19 i n  s e c t i o n  B. These anode v o l t a g e s  

a r e  shown i n  F igure  3-21 f o r  e m i t t e r  r a d i i  f o r  0.3 t o  3.0 pm. The 

range of 2  t o  15 kV was chosen t o  d e s c r i b e  t h e  anode v o l t a g e s  f o r  normal 



2 5 10 15kV - 
FIELD (v/&) 

Figure 3-21. Theore t i ca l  Schottky p l o t s  based on numerical  i n t e g r a t i o n  of t h e  
e l e c t r o n  supply func t ion  and b a r r i e r  t ransmiss ion  c o e f f i c i e n t .  
S impl i f ied  computer program g iv ing  cu r ren t  dens i ty  i s  given in 
Appendix B. 



opera t ion ,  < 2 kV being gene ra l ly  too  low t o  g e t  any measurable 

emission and > 15 kV approaching an a rc ing  condi t ion  i n  t h e  gun. 

The regimes of emission descr ibed  by f i e l d  boundary equat ions  (3-7) 

and (3-8) a r e  shown i n  t h e  f i g u r e ,  a s  w e l l  a s  a boundary between 

the  Schottky and Extended Schottky regimes, es t imated  a t  

I? = 0.15 F1 (T) .  

Having a l r eady  attempted t o  measure Schottky s lopes  and 

experimental ly determine a B f a c t o r ,  i t  can be seen t h a t  t hese  B 

f a c t o r s  w i l l  i n  genera l  be too  high,  s i n c e  t h e  opera t ing  regime f o r  

t y p i c a l  r a d i i  Z r / W  e m i t t e r s  i s  i n  t h e  extended Schottky regime. 

Since t h e  experimental  da t a  i n d i c a t e  we can ob ta in  Schottky-type 

s lopes  i n  t h e  extended Schottky regime, a t  l e a s t  over  t h e  decade o r  

so cu r ren t  range a v a i l a b l e  experimental ly,  i t  i s  of i n t e r e s t  t o  see  

what t hese  experimental  d a t a  mean and a l s o  i f  t h e r e  is some way 

an accura t e  B f a c t o r  can be determined. 

I f  we p l o t  t h e  normalized s lopes  of t h e  c a l c u l a t e d  

Schottky curves i n  Figure 3-21, we ob ta in  t h e  i n t e r e s t i n g  r e s u l t  

shown i n  Figure 3-22.  The s lopes  of t h e  curves  i n  t h e  Schottky 

regime a r e  given by: 

which i s  used a s  t h e  normalizing f a c t o r  f o r  F igure  3-22. It can be 

seen t h a t  t h e  Schottky s lopes  a l l  i n c r e a s e  toge the r ,  independent of 

work funct ion ,  u n t i l  a t  a c r i t i c a l  f i e l d  s t r e n g t h ,  which is  

dependent on work func t ion ,  they d ive rge  from t h e  main curve. 





The impl ica t ion  of t h i s  behavior is t h a t  i f  we  s t a y  below the  

c r i t i c a l  f i e l d s ,  we have a  p r e s c r i p t i o n  f o r  determining t h e  apparent  

i nc rease  i n  f3 and t h e r e f o r e  the  t r u e  B va lue  from experimental  da t a .  

I f  t h e  c r i t i c a l  f i e l d s  a t  which t h e  curves i n  F igure  3-22 d iverge  

a r e  p l o t t e d  on Figure 3-21, t he  l i n e  A-A' r e s u l t s .  The i n c r e a s e  

i n  Schottky s lope  from the  Schottky regime out  t o  A-A' can be 

accounted f o r  independently of work func t ion  by Figure  3-22, which is  

f o r t u n a t e  s i n c e  t h e  exac t  work func t ion  i s  unknown. I n  an experimental  

s i t u a t i o n ,  i f  we can s e t  a  lower l i m i t  on the  expected work func t ion  

and then measure B a t  a f i e l d  l e s s  than o r  equal  t o  t h e  c r i t i c a l  

f i e l d  f o r  t h a t  work func t ion ,  the  co r rec t ed  B w i l l  be v a l i d  and 

independent of work funct ion .  

There is  a  b i t  of c i r c u l a r  argument i n  t h e  preceding 

d iscuss ion ,  t h a t  is,  i f  we know B ,  we can determine t h e  f i e l d  and 

i f  we know t h e  f i e l d  we can determine t h e  t r u e  €3. For tunate ly ,  an 

i t e r a t i v e  procedure a s  ou t l ined  i n  Table 3-5 w i l l  converge t o  a 

v a l u e  f o r  f3. This  procedure was appl ied  t o  the  experimental  r e s u l t s  

i n  Table 3-3 and reduced both B's by -8%. To c o r r e c t l y  apply t h i s  

i t e r a t i v e  procedure, we must be s u r e  t h a t  we start t h e  i t e r a t i o n s  t o  

t h e  l e f t  of themaxima in t h e  Figure  3-22 curves. The l o c a t i o n  of 

t h e s e  maxima on t h e  Figure 3-21 p l o t  i s  shown by l i n e  B-B'. 

Figure 3-21 covers  a  cu r ren t  d e n s i t y  range of more than  10 

decades, obviously not  a  r e a l i s t i c  range f o r  experimental measurement. 

By r e s t r i c t i n g  ope ra t ion  of t h e  v a r i o u s  r a d i i  e m i t t e r s  t o  t h e  p r a c t i c a l  

anode vo l t age  ranges i n  Figure 3-21, and by borrowing r e s u l t s  from 



TABLE 3-5 

Procedure f o r  Determining B 

Measure experimental  Schot tky s l o p e  and anode v o l t a g e  V 
0 

a t  c e n t e r  of s l o p e  measurement span. 

Es t imate  B from Schot tky s l o p e  (B e s t i m a t e  w i l l  be 
(1) 

h igher  than  t r u e  B) , 

C a l c u l a t e  t h e  f i e l d  F = B(l)V ( F ( ~ )  
(1) 

w i l l  be  h ighe r  than 

Ca lcu l a t e  B (< t r u e  6 ) .  
(2) 

Use t h i s  B a t  V t o  f i n d  F 
(2)  = B(2)v  9 2 )  

< t r u e  F). 

Use Figure  3-22 t o  f i n d  f a c t o r  (2) . 
C a l c u l a t e  B(j) (> t r u e  6 ) .  

- 
F(3) - %3) 

V (> t r u e  F) .  

Go t o  s t e p  4 .  

I t e r a t e  t o  convergence. 

* 
no te :  Schot tky s l o p e  cc B 1 l 2  

In  s t e p  3 i f  F < .15 Fl = 36 T ~ / ~  then  s t o p .  Already in 
(1) 

Schot tky regime. 

Computer program performing t h i s  procedure i s  shown i n  Appendix A. 



s e c t i o n  D of t h i s  chap te r  t o  r e l a t e  measured angular  i n t e n s i t y  t o  

t h e o r e t i c a l  cathode c u r r e n t  d e n s i t y ,  t h e  p r a c t i c a l  opera t ing  a r e a s  

can be def ined  a s  i n  F igure  3-23. The boxes f o r  t h e  t h r e e  d i f f e r e n t  

r a d i i  e m i t t e r s  a l l  d e f i n e  t h e  same experimental  ope ra t ing  reg ion;  

anode v o l t a g e s  from 2 t o  15  kV and angular  i n t e n s i t i e s  from 0 .1  t o  

1 .0  m A / s r .  Again t h e  l i n e  A-A' is p l o t t e d ,  and we can s e e  t h a t  

l a r g e  r a d i i  e m i t t e r s  ( r  > 1 um) l i e  t o  t h e  l e f t  of t h e  l i n e  and 

t h e r e f o r e  6 ' s  a r e  measurable exper imenta l ly  w i th  t h e  he lp  of F igure  

3-22. I n  t h e  case  of r < 1 urn f o r  low work func t ion ,  9 = 2.5 t o  

3.0 eV, @ is  s t i l l  c a l c u l a b l e  from experimental  measurements, b u t  

f o r  9 = 3.5 t o  4 .5  eV i t  i s  n o t ,  un l e s s  t h e  work func t ion  is known 

w i t h  some p r e c i s i o n ,  i n  which case  Figure 3-22 can be  used p a s t  t h e  

c r i t i c a l  f i e l d .  Another f a c t o r  worth mentioning f o r  r < 1 vm is  

t h a t  space charge e f f e c t s  w i th  t h e  c u r r e n t  d e n s i t i e s  encountered f o r  

reasonable  angu la r  i n t e n s i t i e s  may change both t h e  vo l t age - f i e ld  

r e l a t i o n s h i p  and the  angular  i n t e n s i t y  - c u r r e n t  d e n s i t y  r e l a t i o n s h i p .  

The boundaries  i n  F igure  3-23 a r e  c a l c u l a t e d  neg lec t ing  space charge. 

I m p l i c i t  i n  t h i s  s e c t i o n  has  been t h e  assumption t h a t  J ,  t h e  

cathode c u r r e n t  d e n s i t y  is d i r e c t l y  p ropor t iona l  t o  I t h e  
P ' 

exper imenta l ly  measured probe c u r r e n t  i n t o  an ape r tu red  Faraday 

cup. The nex t  s e c t i o n  i n  t h e  c a l c u l a t i o n  of t r a j e c t o r i e s  w i l l  show 

t h e  v a l i d i t y  of t h i s  assumption. 

The @-determining procedure was appl ied  t o  d a t a  taken from 

7 emi t te rs .  Unfortunately,  none of t h e  e m i t t e r  r a d i i  were known. 

Table 3-6 shows t h e  r e s u l t s  of apply ing  t h e  Table 3-5 procedure 
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TABLE 3-6 

Experimental  B Data 

Experimental Measurement 

Emi t te r  
No. 

I ~ e m ~ .  Vol tage Voltage Bmeas I B t r u e  r a d i u s  
(K) ( l m A / s r )  ( B  meas ) (cm-'1 (cm-'1 ( um) 

1800 5200 ( e s t . )  2500 1321 1207 0.8 

* 
P o s s i b l e  e r r o r :  B Vol tage r e s u l t s  i n  i n i t i a l  f i e l d  t oo  l a r g e  f o r  a p p l i c a t i o n  of  

meas 

theory ,  beyond l i n e  B-B' i n  F igure  3-21. 

- 
6 excluding 3 and 3' = 2.75 eV 



t o  t h e  emitter da t a .  Note t h a t  t h e  v o l t a g e  a t  which Bmeas was taken 

is used wi th  Bmeas t o  produce B t r u e '  Then ' t rue  i s  used wi th  F igure  

3-19 t o  compute the e m i t t e r  r ad ius .  Then t h e  f i e l d  F requi red  t o  

ob ta in  1 ma/sr is  j u s t  F = 
' t rue Voltage ( 1  mA/sr). The cu r ren t  

d e n s i t y  J corresponding t o  1 m d s r  i s  ca l cu la t ed  from Eq.(3-12) 

(next s e c t i o n )  us ing  t h e  emitter r a d i u s  a s  i n f e r r e d  above. F i n a l l y ,  

given a f i e l d  F, c u r r e n t  d e n s i t y  J and temperature T,  t he  work 

f u n c t i o n  @ can be determined. In t h i s  case ,  s i n c e  t h e  emission is  

confined t o  t he  Schottky and extended Schottky regimes, a simple 

program was w r i t t e n  t o  c a l c u l a t e  $ from the  a n a l y t i c a l  express ion ,  

Eq. ( 3 - 4 ) .  See Appendix C. 

The va lues  f o r  L$ ca l cu la t ed  from t h e  experimental  d a t a  a t  

1800 K a r e  no t  too d i f f e r e n t  from t h e  room temperature va lue  of 

2.67 eV. Although t h i s  i s  a very  i n d i r e c t  way of determining 

work func t ion ,  i t  g ives  reasonable  r e s u l t s  from emitters wi th  a wide 

range of app l i ed  f i e l d s  and c u r r e n t  d e n s i t i e s .  



D. Computer Calcula t ions  of "Cold ~ l e c t r o n "  T r a j e c t o r i e s  

Rela t ing  t h e  predic ted  cu r ren t  d e n s i t y  a t  t h e  e m i t t e r  s u r f a c e  t o  

t h e  measurable angular  i n t e n s i t y  i n  t h e  f l 'e ld-free region downstream 

of t h e  anode r e q u i r e s  knowledge of t h e  e l e c t r o n  t r a j e c t o r i e s  from t h e  

t i p  t o  t h e  measuring plane.  Accurately c a l c u l a t i n g  t r a j e c t o r i e s  

through many o r d e r s  of magnitude change i n  e l e c t r i c  f i e l d  r e q u i r e s  

8 extreme accurac ie s  i n  t h e  f i e l d .  A computer program us ing  a  v a r i a b l e  

mesh s i z e  in s p h e r i c a l  coordina tes  centered  on t h e  emi t t e r  t i p  

permi ts  f i e l d  accurac ie s  on t h e  order  of  10-7. A r ec t angu la r  mesh 

program used t o  c a l c u l a t e  t h e  su r face  f i e l d s  on t h e  emi t t e r  gave 

s u f f i c i e n t  accuracy f o r  t h a t  purpose but  proved t o  be very  i n e f f i c i e n t  

f o r  c a l c u l a t i n g  f i e l d s  of extreme accuracy. Moreover, t h e  r ec t angu la r  

mesh program requi red  t h e  use  of t h e  success ive  magni f ica t ion  technique 

t o  r e so lve  t h e  f a c e t  on t h e  emitter s u r f a c e  a s  wel l  a s  t o  inc lude  

t h e  anode and suppressor .  There seems t o  be a  fundamental, b u i l t -  

9 in e r r o r  wi th  t h e  success ive  magni f ica t ion  technique.  Since t h e  

s p h e r i c a l  coord ina te s  wi th  inc reas ing  mesh (SCWIM) technique is a b l e  

t o  handle t h e  e n t i r e  gun wi th  one mesh conf igu ra t ion ,  i t  i s  expected 

t o  be i n h e r e n t l y  more a c c u r a t e  than programs which success ive ly  

c a l c u l a t e  f i e l d s  and change t h e  mesh between c a l c u l a t i o n  t o  a r r i v e  a t  

a  f i n a l  f i e l d .  See Appendix D f o r  SCWIM program d e t a i l s .  

The t r a j e c t o r i e s  ca l cu la t ed  f o r  t h e  purpose of determining 

angular  d i s t r i b u t i o n s  were spaced a t  equal i n t e r v a l s  along t h e  f a c e t  

from t h e  apex t o  t h e  edge. The i n i t i a l  ene rg ie s  were a l l  zero. These 



e l e c t r o n s  w i l l  be  r e f e r r e d  t o  as "cold e l ec t rons , "  a f t e r  Wiesner. 10 

Figure 3-24 i s  a p l o t  of t r a j e c t o r y  s lope  CARIAZL from r a y s  

o r i g i n a t i n g  R from t h e  a x i s  f o r  a 1 urn emi t t e r .  It can be seen t h a t  
0 

t h e  t r a j e c t o r i e s  i n i t i a l l y  diverge,  then converge throughout most of 

t h e  gun and aga in  d iverge  due t o  t h e  "cathode lens"  e f f e c t  of t h e  

anode a p e r t u r e .  The t r a j e c t o r y  marked Ro = .30 i s  from t h e  edge of 

t h e  f a c e t ,  where t h e  su r face  e l e c t r l c  f i e l d  and t h e r e f o r e  t h e  

c u r r e n t  d e n s i t y  is  h ighes t .  This  would be expected t o  correspond t o  

t h e  "horns" on t h e  angular  d i s t r i b u t i o n  graphs. This  t r a j  ec to ry  

'Ro 
= .300) l eaves  t h e  gun with a s lope  angle  A r c t a n ( A ~ / A ~ )  of 

0.11974 rad  a t  Z = 1694 urn. However, a t  t h e  measuring plane 

downstream of the  anode a p e r t u r e  it is not  t h e  t r a j e c t o r y  

s lope  Arctan(AR/AZ) but  r a t h e r  t h e  pos i t i on  ang le  Arctan(R/Z) 

which is  experimental ly measured, with Z = 0 corresponding t o  t h e  

e m i t t e r  pos i t i on .  Figure 3-25 shows behavior of R / Z  throughout 

t h e  gun. Again n o t i c e  t h e  R = .300 t r a j e c t o r y  which has a 
0 

p o s i t i o n  tangent  of approximately 0.12236 a t  1694 urn. The 

r a d i a l  p o s i t i o n  a t  Z = 1694 um i s  t h e r e f o r e  208.3 urn. A t  

t h i s  p o s i t i o n  t h e  e l ec t ron  cont inues  on in f i e l d - f r e e  space 

with a s lope  angle  = 0.11974 rad  u n t i l  i t  reaches t h e  measuring 

plane a t  Z = 16 mm a t  which poin t  i t s  p o s i t i o n  tangent  is 

It can be seen t h a t  R / Z  approaches t h e  va lue  of A R / A Z  a s  t h e  measuring 

plane moves away from t h e  anode a p e r t u r e  but it can be s l i g h t l y  





5 2 
5 0 
0 'rl 
)-I U 

.rl 5 m 
0 
a 

JJ 'rl 

5 3 
M 
c a, 
(6 3 
JJ *rl 



d i f f e r e n t  from A R / A Z  i f  t h e  measuring plane i s  very c l o s e  t o  t h e  

ape r tu re .  Since 

Arctan (R/Z) = Arctan (0.1206) = 6.88" 

t h e  p o s i t i o n  of t h e  "horns" on t h e  angular  d i s t r i b u t i o n  r e s u l t i n g  

from t h e  high e l e c t r i c  f i e l d  a t  t h e  edge of t h e  f a c e t  should be a t  

6.88" o f f  t h e  a x i s .  Experimental angular  d i s t r i b u t i o n s  show a range 

of from 5 . 8 "  t o  7 "  i n  t h e  p o s i t i o n  of t h e  "horns." This  is a good 

agreement cons ider ing  t h a t  t h i s  t h e o r e t i c a l  p red ic t ion  was done 

f o r  only one emi t t e r  r ad ius  and gun v o l t a g e  condi t ion  and t h e  

experimental d a t a  were taken over a  range of r a d i i  and vo l t ages .  

This agreement i s  somewhat f o r t u i t o u s ,  however, s i n c e  t h e  

model used f o r  t h e  computer c a l c u l a t i o n s  has  a  sharp edge a t  t h e  

t r a n s i t i o n  from t h e  f a c e t  su r face  t o  t h e  s p h e r i c a l  su r face  (See 

Fig. 3-13) .  The t r a j e c t o r y  launched from t h e  f a c e t  edge r a p i d l y  

acqu i re s  an i n i t i a l  s lope ,  as seen i n  Figure 3-24. This i n i t i a l  

s lope ,  which a f f e c t s  t h e  f i n a l  s lope ,  i s  a func t ion  of t h e  mesh 

spacing i n  t h e  computer program. Var i a t ions  of angular  mesh 

i n t e r v a l s  over reasonable  ranges have produced v a r i a t i o n s  i n  t h i s  

t r a j e c t o r y  f i n a l  ang le  of from 6.25 t o  6.88". The o t h e r  

t r a j e c t o r i e s  launched from t h e  f a c e t  (R < 0.3) do not  show t h i s  
0 

dependence on mesh spacing. Therefore,  t h e  exact  p o s i t i o n  of t h e  

"horns" of t h e  angular  d i s t r i b u t i o n  must be provided by an improved 

model of t h e  e m i t t e r ,  which inc ludes  a  small  r a d i u s  a t  t h e  f a c e t  

edge in s t ead  of a  sharp  edge. 



W e  can use  t h e  s u r f a c e  p o s i t i o n  ang le  (0 ) ,  as shown i n  F igure  
0 

3-13, t o  d e s c r i b e  t h e  t r a j e c t o r y  launch p o s i t i o n  and use  t h e  beam 

h a l f  a n g l e  ( a )  i n  f i e l d  f r e e  space  t o  d e s c r i b e  t h e  ang le  measured 

by t h e  Faraday cup p o s i t i o n .  A s e r i e s  of 16  t r a j e c t o r i e s  were 

c a l c u l a t e d  w i t h  zero  i n i t i a l  v e l o c i t y  and equa l  p o s i t i o n  increments 

from t h e  apex of t h e  emitter (0 = 0) t o  t h e  edge of t he  f a c e t  
0 

(Bo = 17.46O). A s i m i l a r  set of t r a j e c t o r i e s  was c a l c u l a t e d  f o r  

t h e  spherical-ended e m i t t e r  model. The r e s u l t s  of t h o s e  c a l c u l a t i o n s  

f o r  a  1 urn emitter a r e  shown i n  F igure  3-26. 

The spherical-end e m i t t e r  r e s u l t s  a r e  i n t e r e s t i n g  s i n c e  they  

show approximately t h e  p r e d i c t i o n s  of t r a j e c t o r y  behavior  based on 

t h e  sphere-on-cone emitter model. The angular  magni f ica t ion  f o r  

c e n t r a l  emission can be determined from the  s l o p e  of F igure  3-26. 

The s l o p e s  f o r  Bo  6' a r e  0.223 f o r  t h e  f ace t ed  e m i t t e r  and 0.507 

f o r  t he  s p h e r i c a l  e m i t t e r .  Note t h a t  t hese  angular  magni f ica t ions  

a r e  a  func t ion  of e m i t t e r  r a d i u s  and t h a t  F igure  3-26 is f o r  a 1 um 

emitter. The t r a j e c t o r i e s  would be unchanged f o r  a l l  anode v o l t a g e s  

were i t  no t  f o r  t h e  suppressor  e l e c t r o d e  a t  v o l t a g e  VB. The 

presence of t h i s  a d d i t i o n a l  e l e c t r o d e  a f f e c t s  t h e  angular  magnifi-  

c a t i o n s  a t  low anode vo l t ages  a s  shown i n  F igure  3-27. The suppressor  

tends t o  compress t he  beam ang le  a t  low anode v o l t a g e s  and thereby 

reduces the  angular  magni f ica t ion .  





We can now s e e  an a d d i t i o n a l  complicating f a c t o r  involved in 

t h e  determinat ion of B from t h e  I -V da ta .  I f  t h e  vo l t age  on t h e  

anode is  too low when t h e  Schottky p l o t  i s  made, then  t h e  r e l a t i o n s h i p  

I p  a J breaks down due t o  t h e  spreading of t h e  t r a j e c t o r i e s  with 

inc reas ing  anode vol tage .  A poss ib le  so lu t ion  t o  t h i s  problem is t o  

make VB a VA f o r  t h e  p l o t t i n g  of a  Schottky s lope .  However, f o r  

VA > 3 kV and a f ixed  VB of -300 V , a Schottky s lope  taken over a 

reasonable vo l t age  span (AV = 2 kV) w i l l  produce an e r r o r  i n  t h e  I 
P 

( t o  J r e l a t i o n s h i p  of " 6X, which w i l l  i n  t u r n  cause a  B e r r o r  of only 1 

) Figure 3-27 was used t o  e s t a b l i s h  t h e  cu r ren t  dens i ty  boundaries 1 
on F ig .  3-23. The angular i n t e n s i t y  is r e l a t e d  t o  t h e  cathode cu r ren t  

dens i ty  by 

where R = s o l i d  angle  downstream of anode, I = c u r r e n t ,  J = dI/dA = 

cur ren t  dens i ty .  The cathode area dA corresponding t o  a  s o l i d  angle 

dCt f o r  a f ace ted  e m i t t e r  is  given by 





d~ = d1rr2  s i n 2  0,l - 
dQ - d12n(l - cas a)] 

s i n  0 cos  Bo deo 
= r2  O 

s i n  a dci 

deo 8 
- 0 i f  8 << 1 rad,  a << 1 rad and -- - . 

o d a a 

where 0 = su r face  p o s i t i o n  angle  on cathode and a = beam ha l f  
0 

ang le  downstream of anode. Therefore 

Since Figure 3-27 provides t h e  va lues  of angular  magni f ica t ion  

( d ~ / d 0 ~ ) ,  t h e  va lues  of dB Ida a r e  known and t h e  angular  i n t e n s i t y -  
0 

cu r ren t  d e n s i t y  r e l a t i o n s h i p  a t  VA = 6 kV, V3 = -300 V is t h e r e f o r e  

I' = K J ~ ~  with  

With only these  d a t a ,  the bes t  equat ion t o  d e s c r i b e  I' is  



I' = 20.42 3 r1aB71 

o r  in more p r a c t i c a l  u n i t s  

w i th  I' i n  m A / s r ,  J i n  ~ / c m ~ ,  and r i n  pm. 

To compare t h e  f ace t ed  emitter t o  t h e  spherical-ended emitter, 

we look  a t  t h e  c a s e  f o r  r = 1 pm. A s  i n  Eq. (3-11) 

I' = K J r 2  with 

K 20.11 f o r  a f ace t ed  e m i t t e r ,  r = 1 p, f / r  = 0.3, V A =  7500 V 

and K 3 . 8 9  f o r  a s p h e r i c a l  emitter, r = 1 urn, VA = 7500 V. 

Therefore,  t h e  e f f e c t  of t h e  f a c e t  i s  t o  compress t h e  e l e c t r o n  

t r a j e c t o r i e s  such t h a t  a given cathode cu r ren t  d e n s i t y  w i l l  produce 

5.2 t imes  t h e  angular  i n t e n s i t y .  Conversely, a t  a given 

angular  i n t e n s i t y  (the important parameter f o r  an  e l e c t r o n  o p t i c a l  

system) only  0.19 t imes  t h e  ca thode  c u r r e n t  d e n s i t y  w i l l  be 

requi red  of a f a c e t e d  emitter a s  compared t o  a spherical-ended 

e m i t  t er . 
O f  course,  the  depress ion  of t h e  apex f i e l d  due t o  t h e  f a c e t  

lowers  t h e  c u r r e n t  d e n s i t y  a v a i l a b l e  from t h e  f ace t ed  emitter f o r  a 

given r a d i u s  and anode vo l t age .  According t o  F igure  3-18, t h e  apex 

f i e l d  i s  lower=>d by -- 0.7 8 r e l a t i v e  t o  t h e  spherical-ended e m i t t e r .  

This  produces a r educ t ion  in cathode c u r r e n t  d e n s i t y  of 0.39 (from 

Figure  3-23).  The n e t  e f f e c t  of t h e  formation o f  t h e  f a c e t  a t  a 

cons tan t  r a d i u s  and anode v o l t a g e  i s  t o  i nc rease  t h e  angular  i n t e n s i t y  

by a f a c t o r  of 
5.2 x 0.39 - 2 



The changes i n  ca thode  apex s u r f a c e  f i e l d ,  apex c u r r e n t  d e n s i t y ,  

angular  magn i f i ca t ion  and angular  i n t e n s i t y  occu r r ing  upon formation 

of t h e  f a c e t  on a  thermally annealed e m i t t e r  a r e  shown i n  Table 3-7. 

These parameters  a r e  a l l  c a l cu la t ed  f o r  a  cons t an t  work func t ion  of 

2.8 eV and t y p i c a l  ope ra t ing  angular  i n t e n s i t i e s "  0.8 mA/sr. 

Note t h a t  t h e  per  cen t  r educ t ion  i n  f i e l d  and angular  magni f ica t ion  

is independent of r a d i u s ,  whi le  t h e  r educ t ion  i n  c u r r e n t  d e n s i t y  and 

i n c r e a s e  i n  angular  i n t e n s i t y  depends on t h e  a b s o l u t e  v a l u e s  of 

cathode f i e l d ,  n o t  t h e  r e l a t i v e  va lues .  The change i n  J as a 

f u n c t i o n  of F can be  obtained from Figure  3-21. 
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E. Computer Simulation of Angular I n t e n s i t y  D i s t r i b u t i o n s  

Sec t ions  B, C,  and D of t h i s  chapter  provide t h e  informatron 

necessary  t o  compute t h e  angular  d i s t r i b u t i o n s  observed i n  Sec t ion  A. 

Currents  a r e  a s soc ia t ed  wi th  each t r a j e c t o r y  by mul t ip ly ing  t h e  

c u r r e n t  d e n s i t y  ( a s  computed in Sect ion  C from t h e  temperature,  work 

func t ion ,  and cathode f i e l d )  by t h e  cathode a r e a  represented  by t h a t  

t r a j e c t o r y .  I n  f i e l d  f r e e  space downstream of t h e  anode, t h e s e  

c u r r e n t s  a r e  a s soc ia t ed  wi th  t h e  t r a j e c t o r y  s lope  ang les  and 

corresponding s o l i d  angles ,  t o  produce t h e  angular  i n t e n s i t i e s  dI/dR 

a s  a  func t ion  of a, t h e  t r a j e c t o r y  s lope .  This  computation is  incor- 

porated as a  subrout ine  i n  t h e  f i e l d  and t r a j e c t o r y  program. The 

only  problem which occurs  wi th  t h i s  method is  a t  t h e  f a c e t  edge. 

The indeterminate  n a t u r e  of t h e  t r a j e c t o r y  s lope  a t  t h i s  poin t  has  

a l r eady  been mentioned. Another problem is t h e  huge e l e c t r i c  f i e l d  

due t o  t h e  sharp  edge, which produces u n r e a l i s t i c  cu r ren t  d e n s i t i e s .  

The r ap id  inc rease  in angle  a always outweighs t h e  inc rease  in cur ren t  

d e n s i t y  so t h a t  t h e  f a c e t  edge t r a j e c t o r y  always has a  smal le r  

angular  i n t e n s i t y  a s soc ia t ed  wi th  i t  than t h e  t r a j e c t o r y  next  t o  t h e  

edge. This  means t h a t  t h e  exact  p o s i t i o n  of t h e  "horn" and t h e  

exact  angular  i n t e n s i t y  t h e r e  is  unce r t a in .  

The behavior of t h e  experimental angular  d i s t r i b u t i o n  a s  a  

func t ion  of v o l t a g e  can be understood by cons ider ing  Figure 3-28 

and 3-29. Both Figures  show t h e  behavior of t h e  su r face  e l e c t r i c  

f i e l d ,  t h e  cathode cu r ren t  d e n s i t y  and t h e  f a c t o r  K a s  a func t ion  of 







8 where 
0 

I' = K J ~ ~ .  

and €I0 = t h e  cathode su r face  p o s i t i o n  angle .  For r e l a t i v e l y  

low anode vo l t ages ,  t h e  e m i t t e r  i s  ope ra t ing  c l o s e r  t o  t h e  Schottky 

mode and t h e  e l e c t r i c  f i e l d  produces an almost f l a t  J curve a s  i n  

Figure 3-28. For higher  anode vo l t ages ,  t h e  emission regime 

moves f u r t h e r  away from t h e  Schottky mode where t h e  dependence of 

J on F is  g r e a t e r  and so  t h e  J curve i n  Figure 3-29 inc reases  more 

quickly.  For t h e  low vo l t ages  t h e  shape of t h e  angular  i n t e n s i t y  i s  

dominated by t h e  shape of t h e  K curve,  whi le  a t  h igher  vo l t ages  t h e  

shape is  more s t rong ly  a f f e c t e d  by t h e  shape of t h e  J curve. 

Figures 3-30 t o  3-41 show computed angular  i n t e n s i t y  d i s t r i -  

bu t ions  f o r  va r ious  e m i t t e r  r a d i i  and anode vo l t ages .  Angular in-  

t e n s i t i e s  g r e a t e r  than 4' off  a x i s  a r e  shown by do t t ed  l i n e s  f o r  two 

reasons. S ince  t h e  ex i s t ence  of t h e  sharp t r a n s i t i o n  between t h e  

f a c e t  and t h e  rounded por t ion  of t h e  e m i t t e r  caused an extremely 

r a p i d  v a r i a t i o n  of f i n a l  angle  wi th  i n i t i a l  launch p o s i t i o n ,  only 

t h r e e  t r a j e c t o r i e s  l i e  beyond 4" off  ax i s .  Also, t h e  sharp f a c e t  

edge produced an u n r e a l i s t i c a l l y  high s u r f a c e  f i e l d  and angular  

i n t e n s i t y ,  s o  t h a t  i n  no case  d i d  t h e  "horns" d isappear ,  a s  they  

d id  i n  the  experimental  r e s u l t s  of Figures 3-1 and 3-2. It would be 

b e t t e r  t o  provide a small r a d i u s  a t  t h e  f a c e t  edge and a d j u s t  t h e  

r a d i u s  u n t i l  t h e  experimental  angular  d i s t r i b u t i o n s  were reproduced. 

However, t h e  computer program d id  not  a l low such a modif ica t ion  t o  

be e a s i l y  made. 
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Figure  3-33. Computer c a l c u l a t e d  angular  i n t e n s i t y  d i s t r i b u t i o n .  



















The work f u n c t i o n  chosen f o r  t h e s e  c a l c u l a t i o n s  was 2 .8  eV 

a s  i t  gave reasonable  r e s u l t s .  Changing the  work f u n c t i o n  by in-  

crements of 0 .1  eV causes approximate f a c t o r s  of 1 .9  change i n  t h e  

O.l/kT 
angular  i n t e n s i t i e s  ( e  1. Since t h e  J t o  F  r e l a t i o n s h i p  

(Schottky p l o t  s lope )  i s  independent of work func t ion  f o r  our 

ope ra t ing  regime (F < 0.12 VIA) ( s e e  F igure  3-22), a  work func t ion  

change should a f f e c t  only t h e  a b s o l u t e  va lues  of t h e  angular  d i s t r i -  

bu t ions ,  no t  t h e i r  shapes. A l i s t i n g  of t h e  cond i t i ons  f o r  t h e  

c a l c u l a t i o n s  of F igures  3-30 t o  3-41 i s  given i n  Table 3-8. A s  t h e  

emission d i s t r i b u t i o n  shapes progress  from convex t o  concave, they 

go through a r eg ion  i n  which t h e  d i s t r i b u t i o n  i s  approximately f l a t .  

This  cond i t i on  occurs  a t  h igher  v o l t a g e s  and a t  h igher  angular  

i n t e n s i t i e s  as e m i t t e r  r a d i u s  is inc reased ,  i n  agreement w i t h  t h e  

experimental  r e s u l t s  presented  i n  Sec t ion  A. 



TABLE 3-8 

Computer Simulations of Angular I n t ens i t y  Dis t r ibut ions  

T = 1 8 0 0 K  $ = 2 . 8 e V  

Central Emission Central Emission 

Emitter Radius Anode Voltage In t ens i t y  I' Dis t r ibut ion Shape 

0.3 vm 2000 V 0.038 m A / s r  convex 

3000 0.2 f l a t  

4 000 0.75 concave 

6000 9.0 concave 

convex 

convex 

f l a t  

concave 

convex 

convex 

f l a t  

concave 

* 
Values of I' > 10 m A / s r  have not been observed i n  any experiments 

t o  date .  Also, anode voltages > 15 kV a r e  not  reasonable for t h i s  

e lec t ron  gun. 
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CHAPTER 4 

CURRENT FLUCTUATION STUDY 

A.  Experimental Current  F luc tua t ion  R e s u l t s  

E l ec t ron  beam n o i s e  s p e c t r a  were taken f o r  s e v e r a l  d i f f e r e n t  

emitters i n  d i f f e r e n t  experimental  arrangements  and u s i n g  d i f f e r e n t  

spectrum ana lyze r s .  A t y p i c a l  n o i s e  spectrum is  shown in Figure  

4-1. The v e r t i c a l  a x i s  of F igure  4-1 is t h e  power s p e c t r a l  d e n s i t y  

W(f) where 

Experimental ly ,  t h e  mean square of t h e  c u r r e n t  f l u c t u a t i o n s  i n  a 

spec i f  i e d  f requency  range (f t o  f 2) is measured by a bandpass 

a m p l i f i e r  followed by some type  of averag ing  c i r c u i t  t o  e x t r a c t  t h e  

mean square  o r  more o f t e n ,  t h e  root-mean-square va lues .  Alterna-  

t i v e l y ,  d i g i t a l  s i g n a l  a n a l y s i s  t echniques  can be  app l i ed  t o  a 

probe cu r r en t  s i g n a l  t o  ach ieve  t h e  same r e s u l t s .  The d a t a  of 

F igure  4-1 was taken  wi th  an analog type  spectrum ana lyzer .  The 

beam c u r r e n t  was ampl i f i ed  wi th  a PAR model 181  cu r r en t  s e n s i t i v e  

p reampl i f i e r  and t h e  ou tput  was f ed  t o  a Quantech model 304 spectrum 

ana lyzer .  The p r e a m p l i f i e r  f requency response was DC t o  5 kHz. 

D i s c r e t e  da t a  p o i n t s  were taken  f o r  s e v e r a l  runs  through t h e  spec- 

trum from 1 Hz t o  5000 Hz. A spectrum w i t h  t h e  beam turned  o f f  was 
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sub t r ac t ed  from t h e  beam n o i s e  spectrum t o  c o r r e c t  f o r  background. 

These d a t a  were analyzed w i t h  a computer and i n t e g r a t e d  t o  o b t a i n  t h e  

f i n a l  o v e r a l l  n o i s e  percentage. 

I n  o r d e r  t o  compare n o i s e  s p e c t r a  taken w i t h  d i f f e r e n t  probe 

c u r r e n t s  of t h e  s p e c t r a l  dens i ty  was normalized by d iv id ing  it by t h e  

square  of t h e  probe cu r ren t .  The j u s t i f i c a t i o n  f o r  normalizing t h e  

n o i s e  power s p e c t r a l  d e n s i t y  t o  t h e  square of t h e  probe cu r ren t  (beam 

c u r r e n t )  can be seen i n  F igure  4-2, where t h e  n o i s e  power s p e c t r a l  

d e n s i t y  i n  t h r e e  d i f f e r e n t  reg ions  of t h e  spectrum i s  p l o t t e d  ve r sus  

t h e  probe c u r r e n t ,  I . The n o i s e  power i s  p ropor t iona l  t o  t h e  square  
P  

of t h e  probe c u r r e n t ,  a t  l e a s t  f o r  t h e  f r equenc ie s  and c u r r e n t s  con- 

s i d e r e d  i n  F igure  4-2. This  i s  equiva len t  t o  say ing  t h a t  t h e  n o i s e  

percentage remains cons tan t  w i th  r e s p e c t  t o  probe cu r ren t .  

Space charge suppression of n o i s e  can be s i g n i f i c a n t  a t  h igh  

cu r ren t  d e n s i t i e s  f o r  f i e l d  e m i t t e r s .  Pushpavat i  and Van d e r  Z i e l  
1 

have shown t h e o r e t i c a l l y  t h a t  n o i s e  c u r r e n t  i n c r e a s e s  w i th  beam 

c u r r e n t  u n t i l  t h e  c u r r e n t  d e n s i t y  a t t a i n s  a  va lue  on t h e  o rde r  of 

l o 5  t o  l o 6  A/cm2 a t  which po in t  space charge n o i s e  suppress ion  

should cause t h e  n o i s e  c u r r e n t  t o  decrease  wi th  a  f u r t h e r  i nc rease  i n  

beam cu r ren t .  Since f o r  our  groups of e m i t t e r  r a d i i  and angular  in-  

t e n s i t i e s  we do n o t  go above " 5 . 1 0 ~  A/cm2 ( s e e  F igure  3-23), we do 

n o t  have t o  cons ider  t h i s  e f f e c t .  Space charge n o i s e  suppress ion  

can be seen i n  prev ious  d a t a  taken on a  Z r / W  e m i t t e r  of sma l l e r  

r ad ius .  
2  



I p  ( n o )  

Figu re  4-2. V a r i a t i o n  of t h e  s p e c t r a l  d e n s i t y  f u n c t i o n  W ( f )  
w i t h  probe c u r r e n t  I . 

P  



Considering Figure 4-1, t h e  t o t a l  i n t eg ra t ed  n o i s e  c u r r e n t  from 

1 Hz t o  5000 Hz is  0.26X. 

Note t h a t  t h e  high frequency end of t h e  spectrum f a l l s  o f f  as 

l / f  (-3 dB/octave).  Assuming t h a t  t h i s  behavior cont inues  a l l  t h e  

way down t o  shot  n o i s e  l e v e l ,  we can determfne t h e  frequency a t  

which t h i s  occurs  and t h e  a d d i t i o n a l  con t r ibu t ion  t h a t  t h i s  ex t ra-  

polated h igh  frequency por t ion  would make t o  t h e  t o t a l  nus n o i s e  

percentage. The frequency a t  which t h e  ex t rapola ted  n o i s e  l e v e l  

would reach  shot  n o i s e  i s  190.5 kHz. The a d d i t i o n a l  r m s  n o i s e  in 

t h e  > 5 kJ3z region i s  0.27%. Therefore,  t h e  t o t a l  rms n o i s e  per- 

centage  would be 0.53Z, i f  one can assume t h a t  t h e  l / f  decrease 

cont inues  a l l  t h e  way t o  shot  no i se .  

Figure 4-3 shows n o i s e  s p e c t r a  taken from t h r e e  d i f f e r e n t  

e m i t t e r s  in two d i f f e r e n t  experimental arrangements. The fol lowing 

cond i t ions  p e r t a i n  t o  Figure 4-3. 

Experimental Approximate Electron Beam Spectrum 

Emit ter  Apparatus Radius Half Angle Analyzer 

A2 Angular 0.8 vn .00156 rad  Analog 

D i s t r i b u t i o n  

G7 OpticalColumn 2 . 3  .006 Analog 

GI0 Opt ica l  Column 2 . 7  .006 D i g i t a l  

Figure 4-3 shows t h e  r e l a t i v e  n o i s e  percentages under v a r i o u s  con- 

d i t i o n s .  A s  can be seen, i nc reas ing  e m i t t e r  r a d i u s  reduces the  no i se  

l e v e l ,  a s  would be expected s i n c e  a g r e a t e r  emi t t ing  s u r f a c e  a r e a  





reduces  t h e  percentage  c o n t r i b u t i o n  from ind iv idua l  f l u c t u a t i o n s .  

Reducing t h e  a p e r t u r e  ha l f  -angle a and reducing t h e  emitter 

r a d i u s ,  a s  is  done f o r  e m i t t e r  A2, compounds t h e  reduct ion  of 

cathode s u r f a c e  emission area;  i n  t h i s  case ,  a p e r t u r e  angle  and 

emitter r a d i u s  reduct ion  each c o n t r i b u t e  approximately a  f a c t o r  of 

1 0  emi t t i ng  a r e a  reduct ion ,  wi th  t h e  r e s u l t  that  t h e  emi t t i ng  a rea  

of A2 is  - 0.01 t imes t h a t  of G7. E m i t t e r  A2 was mounted i n  t h e  

angular  d i s t r i b u t i o n  measuring appa ra tus ,  so t h a t  bo th  t h e  c e n t r a l  

and t h e  f a c e t  edge emission could be examined. The i n c r e a s e  in n o i s e  

a t  t h e  f a c e t  edge is  mainly confined t o  t h e  low f r equenc ie s  (< 100 Hz) . 
An at tempt  was made, using emitter G10, t o  observe d i r e c t l y  t h e  

e f f e c t  on t h e  n o i s e  of changing t h e  a p e r t u r e  angle .  In  t h i s  experi-  

ment, a focus ing  magnetic l e n s  was used t o  compress t h e  e l e c t r o n  

t r a j e c t o r i e s  (reduce t h e  angular  magni f ica t ion)  so t h a t  wi th  a  f i x e d  

a p e r t u r e  0.012" diameter  a t  1.0" from t h e  t i p ,  t h e  e f f e c t  of a  

v a r i a b l e  a p e r t u r e  could be obta ined .  The r e s u l t  of t h i s  experiment 

is shown in Figure  4-4. The normalized power s p e c t r a l  d e n s i t y  

dec reases  with inc reas ing  a p e r t u r e  ang le  f o r  f r equenc ie s  > 5 Hz. 

This  i s  expected behavior i f  t h e  r e l a t i v e  n o i s e  power is  due t o  random 

uncorre la ted  emission s i t e s  on t h e  su r f ace .  Taking a l a r g e r  su r f ace  

would be expected t o  inc lude  a  g r e a t e r  number of s i t e s .  The behavior 

of t h e  v a r i a b l e  a p e r t u r e  spectrum f o r  f  < 5 Hz is  unexpected. Even 

i f  a l l  t h e  emission s i t e s  were c o r r e l a t e d  a t  f < 5 Hz,  t h e  f r a c t i o n a l  

n o i s e  power would only  remain cons tan t  w i th  a p e r t u r e  angle ,  n o t  

i nc rease .  





I n  t h i s  exper iment ,  i f  t h e  probe c u r r e n t  is used t o  i n d i c a t e  

t h e  i n c r e a s e  i n  a (assuming a  c o n s t a n t  ca thode  c u r r e n t  d e n s i t y ) ,  

t hen  t h e  t o t a l  i n t e g r a t e d  r . m . s .  n o i s e  percen tage  v s .  a is  g iven  

by F igu re  4-5. Th is  p l o t  shows a f u n c t i o n a l  r e l a t i o n s h i p  o f :  

-1/3 
% rms n o i s e  c u r r e n t  a a 

F igu re  4-6 shows t h e  v a r i a t i o n  i n  n o i s e  c u r r e n t  pe r cen t ages  as 

a f u n c t i o n  of t empera ture .  The 1800 K normal o p e r a t i n g  t empe ra tu r e  

of t h i s  e m i t t e r  i s  c l o s e  t o  t h e  n o i s e  minimum f o r  h igh  f r e q u e n c i e s  

but  beyond t h e  minimum f o r  low f r e q u e n c i e s  ( f  " 200 Hz). Thi s  d a t a  

may be compared w i th  e a r l i e r  d a t a  ( r e f e r e n c e  2)  which cove r s  a  

d i f f e r e n t  t empe ra tu r e  range  (300 K - 1600 K). 
One l a s t  s e t  of exper imenta l  d a t a  was ob t a ined  by means o f  a  

Hewlet t  Packard 54208 D i g i t a l  S i g n a l  Analyzer.  Th i s  i n s t rumen t  h a s  

two i n p u t  channe l s  and can  measure c r o s s - c o r r e l a t i o n  and t h e  co- 

herence  f u n c t i o n  a s  w e l l  a s  t h e  u sua l  power spectrum and au to-  

c o r r e l a t i o n  u s ing  a  s i n g l e  channe l .  Emi t t e r  GI0 of F igu re  4-3 w a s  

used i n  t h e  unfocused mode, t h a t  is,  a = 0.006. The coherence  

f u n c t i o n  is  

where deno t e s  an  average  

and G ( f )  = S ( f )  S x ( f ) * .  
yx Y 
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The linear spectrum, Sx(f ) ,  i s  t h e  Four i e r  t ransform of t h e  input  

v o l t a g e  s i g n a l ,  x ( t )  . 
Channel 1 Sx(f) = F x ( t )  

Channel 2 Sy (f) = F y ( t )  

The coherence func t ion  between t h e  probe c u r r e n t  and t o t a l  

c u r r e n t  f o r  e m i t t e r  GI0 is  shown in Figure 4-7. The i n c r e a s e  i n  n o i s e  

power wi th  decreas ing  frequency i n  t h e  range f  < 10  Hz seems t o  be 

due t o  a  d i f f e r e n t  t ype  of c u r r e n t  f l u c t u a t i o n ,  one i n  which t h e  

e n t i r e  emi t t i ng  s u r f a c e  f l u c t u a t e s  i n  phase, r a t h e r  than a s  i nd iv idua l  

random emission sites. The phase was determined from t h e  c ros s -  

spectrum t o  be -0" f o r  t h e  coherent  p a r t  of t h i s  spectrum. This  

behavior sugges t s  t h a t  t h e  low frequency p o r t i o n  of t h e  spectrum may 

be due t o  thermal  f l u c t u a t i o n s ,  r a t h e r  than  s u r f a c e  d i f f u s i o n  of 

atoms. This  viewpoint w i l l  be explored in t h e  fo l lowing  s e c t i o n .  

F igure  4-8 shows t h e  s p e c t r a l  d e n s i t y  f o r  t h e  same e m i t t e r  

showing both t h e  probe I and t o t a l  I n o i s e  c u r r e n t s .  Each spectrum 
P  T 

i s  a l s o  m u l t i p l i e d  by t h e  coherence func t ion  t o  g i v e  t h e  coherent  

n o i s e  power. Notice t h a t  t h e  t o t a l  cu r r en t  shows a  much s t e e p e r  

s l o p e  than  t h e  probe cu r ren t  i n  t h e  reg ion  where f  < 10  Hz. Also, 

t h e  t r a n s i t i o n  from t h e  f l a t  in te rmedia te  po r t ion  of t h e  spectrum t o  

t h e  s t e e p  low frequency po r t ion  occurs  a t  - 2  Rz f o r  t h e  probe c u r r e n t  

and a t  " 20 Hz f o r  t h e  t o t a l  c u r r e n t .  
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Figure 4-7. Coherence function. 
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Figure 4-9 shows t h e  no i se  spec t r a  i n  F igure  4-8 normalized. 

We s e e  t h e  same genera l  phenomenon a s  in Figures 4-3 and 4-4, namely, 

t h a t  an increase  i n  emission a r e a ,  whether accomplished by changing 

e m i t t e r  r a d i u s ,  changing a p e r t u r e  s i z e  o r  s h i f t i n g  from probe t o  

t o t a l  c u r r e n t  measurements, produces a lowering of t h e  power s p e c t r a l  

dens i ty  f o r  f 7 1 0  Hz and inc reases  t h e  low frequency n o i s e  power 

(f <V 2 Hz). It appears  t h a t  i f  a s u f f i c i e n t l y  small a r e a  were probed, 

t h e  low frequency noise  component would disappear  and t h e  spectrum 

would be f l a t  down t o  1 Hz. 

B. Thermal F luc tua t ions  - Theore t i ca l  

One of t h e  most pecu l i a r  experimental r e s u l t s  in t h e  preceding 

s e c t i o n  concerned t h e  low frequency (f 7 10  HZ) n o i s e  power. Because 

of t h e  behavior of t h e  coherence funct ion  i t  seems reasonable  t o  

at tempt t o  expla in  t h i s  p a r t  of t h e  spectrum i n  terms of thermal 

f l u c t u a t i o n s .  F i r s t ,  an  e s t ima te  of t h e  magnitude of thermal 

f l u c t u a t i o n s  requi red  t o  produce t h e  observed low frequency spectrum 

is  ca lcu la t ed .  We have seen t h a t  t h e  emission regime is  b a s i c a l l y  

Schottky with an increased B f a c t o r .  The governing equat ion i s  E q .  

(3-3) 

J, = 120 r2 exp [-  + - e 'I2 F'/~)/~TI. (4-1) 

The d e r i v a t i v e  wi th  r e spec t  t o  temperature is 
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For T = 1800 K,  Q = 2 .8  eV, F = 0.08 v/A 

The re fo r e ,  a 1 ° K  t empe r a tu r e  f l u c t u a t i o n  produces  a 0.7% f l u c t u a t i o n  

in JS. From F igu re  4 -9 ,  c u r r e n t  f l u c t u a t i o n s  i n  IT f o r  0 . 1  t o  2.0 Hz 

amount t o "  0.14% (A1 rms/I). Thi s  cou ld  be produced from - 0 . 2  K 

t empe ra tu r e  f l u c t u a t i o n s  in t h e  same f requency  band. 

The nex t  s t e p  i s  t o  de te rmine  why t h e  t empera ture  f l u c t u a t i o n s  

2 
are conf ined  t o  t h e  low f requency  r e g i o n  of t h e  spectrum. B l i e k  h a s  

g iven  a d i f f u s i o n  model f o r  samples o f  f i n i t e  dimensions  which g e n e r a t e s  

n o i s e  power s p e c t r a  having r e g i o n s  of f - 1 /2 ,  f - l ,  f m 3 I 2  and f -2 .  The 

boundar ies  of  t h e s e  r eg ions  a r e  de r i ved  from t h e  sample dimensions.  

In o u r  c a se ,  t h e  h e a t  c o n d u c t i v i t y  o r  d i f f u s i o n  equa t i on  is 

where p = the rmal  energy d e n s i t y ,  t h e  d i f f u s i o n  c o e f f i c i e n t  

k = the rmal  c o n d u c t i v i t y  = 1 .03  W/cm K (1800 K) 

p = d e n s i t y  = 19.3 gm/cm3 



c  = s p e c i f i c  hea t  = 0.036 cal/gm C (1000 C ) ,  

t he re f  o r e  D = 0.3541 cm2/sec. 

~ l i e k ' s  theory s t a t e s  t h a t  f o r  w i re - l i ke  samples such a s  our  

hea t ing  f  i larnent,  t h e  f - l  s p e c t r a l  reg ion  should vanish ,  The r e s u l t  

of f i t t i n g  l i n e s  of  t h e  remaining s l o p e s  t o  t h e  t o t a l  cu r r en t  d a t a  of 

Figure 4-9 is shown i n  Figure 4-10. The breakpoin ts  of  t h e  lines 

a r e  a t  approximately 5.7 Hz and 2 0  Hz. B l i e k ' s  theory  r e l a t e s  t h e s e  

breakpoin ts  t o  dimensions of t h e  sample by means of 

where Lx = sample dimension and 

f  = breakpoint  frequency. 

The breakpoin ts  in Figure 4-10 correspond t o  tungs ten  sample 

dimensions of 0.625 cm and 0.344 cm. 

Figure 4-11 shows a drawing of t h e  emitter and i t s  hea t ing  

f i l amen t .  The two dimensions der ived  above may r e l a t e  t o  

t h e  f u l l  l e n g t h  and ha l f  l e n g t h  of t h e  tungs ten  h a i r p i n  f i l amen t .  

The r e l a t i o n  t o  t h e  f u l l  l e n g t h  (" 0.6 cm) of t h e  f i lament  is  easy  

t o  understand from Bl i ek ' s  theory.  The ha l f  l e n g t h  is  poss ib ly  re- 

l a t e d  t o  t h e  thermal  d i s c o n t i n u i t y  produced by t h e  e m i t t e r  spo t  

welded a t  t h e  half-way po in t  on t h e  f i l amen t .  

The preceding is  meant t o  sugges t  an explana t ion  f o r  t h e  t o t a l  

c u r r e n t  n o i s e  spectrum and t h e  coherent  p a r t  of t h e  probe cu r ren t  

n o i s e  spectrum. Fur ther  d a t a  w i l l  have t o  be taken on d i f f e r e n t  

f i l ament  l e n g t h s  u s ing  d i f f e r e n t  m a t e r i a l s  before  t h i s  explana t ion  

can be confirmed. 
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CHAPTER 5 

ELECTRON OPT1 CAL CHARACTER1 ST1 CS 

A. Elec t ron  Gun Transmission 

We d e f i n e  the  e l e c t r o n  gun t ransmiss ion  t o  be t h e  probe 

c u r r e n t  d iv ided  by t h e  t o t a l  c u r r e n t ,  where t h e  probe c u r r e n t  

is  t h a t  which passes  through a beam de f in ing  a p e r t u r e  and i s  

used t o  form t h e  focused beam. The t o t a l  c u r r e n t  is  t h a t  which 

l e a v e s  t h e  emitter, a s  measured by a microammeter in s e r i e s  w i th  

t h e  t i p .  For p r a c t i c a l  reasons ,  t h e  c u r r e n t  measured a t  t h e  anode 

i s  combined w i t h  t h e  c u r r e n t  s t r i k i n g  t h e  beam d e f i n i n g  a p e r t u r e  

p l a t e  (o r  Faraday cup ape r tu re )  and t h i s  i s  considered t o  be t h e  

t o t a l  c u r r e n t .  There i s  evidence1 t h a t  t h e  low c u r r e n t  d e n s i t y  

background (seen in t h e  angular  i n t e n s i t y  experimental  d a t a )  ex- 

t ends  ou t  from t h e  anode a p e r t u r e  t o  ang le s  which make it imposs- 

i b l e  t o  a t t r i b u t e  t h i s  background t o  emission from t h e  t i p  t o  shank. 

This  i s  probably backsca t te red  cu r r en t  from t h e  anode, which w i l l  

be d iscussed  i n  t h e  nex t  s ec t ion .  This  background cu r ren t  may no t  

be e n t i r e l y  c o l l e c t e d  by t h e  angu la r  d i s t r i b u t i o n  experimental  

arrangement. 

The gun t ransmiss ion  o r  e f f i c i e n c y  i s  an important  p r a c t i c a l  

cons ide ra t  ion f o r  t h i s  e m i t t e r  . Since cons iderable  thermionic 

emission occurs  from t h e  con ica l  po r t ion  of t h i s  e m i t t e r ,  and from 

t h e  f o u r  (100) a r e a s  or thogonal  t o  t h e  end (100) f a c e t ,  t h i s  r e s u l t s  



i n  anode outgass ing  and c r e a t i o n  of an  e f f e c t i v e  gas  source  i n  t h e  

v i c i n i t y  of t h e  e m i t t e r  t i p .  A h igh  l o c a l  p re s su re  i n  t he  v i c i n i t y  

of t h e  emitter c r e a t e s  s e v e r a l  problems. One problem is a reduct ion  

i n  c u r r e n t  d e n s i t y  brought about  by h igh  r e s i d u a l  O2 pres su res .  

Also, i on  s p u t t e r i n g  of t h e  t i p  by e l e c t r o n  bombardment i o n i z a t i o n  

of t h e  r e s i d u a l  gas  and g r e a t e r  p r o b a b i l i t y  of a  d e s t r u c t i v e  a r c  

occur  w i t h  i n c r e a s i n g  p re s su re .  The suppressor  e l e c t r o d e  reduces 

t h e  anode bombardment, bu t  a l s o  reduces t h e  e l e c t r i c  f i e l d  a t  t h e  

t i p .  The r a d i u s  of t h e  e m i t t e r  a l s o  c o n t r o l s  t h e  e l e c t r i c  f i e l d  a t  

t h e  e m i t t e r  apex r e l a t i v e  t o  t h e  cone shank, s i n c e  t h e  cone ang le  i s  

more o r  l e s s  t h e  same f o r  va r ious  e m i t t e r  r a d i i .  

Table 5-1 l i s t s  the  beam t ransmiss ion  a t  an angular  i n t e n s i t y  of 

1 m A / s r  f o r  e m i t t e r s  of v a r i o u s  r a d i i  (.i.e. d i f f e r e n t  ope ra t ing  

v o l t a g e s ) .  From the  Table 5-1 r e s u l t s  it i s  c l e a r  t h a t  beam 

t ransmiss ion  decreases  wi th  inc reas ing  ope ra t ing  vo l t age .  This  

r e s u l t  can be understood on the  b a s i s  of l a r g e r  r a d i i  e m i t t e r s  

r e q u i r i n g  g r e a t e r  vo l t ages  f o r  a  given angular  i n t e n s i t y  wh i l e  t h e  

geometry of t h e  cone and shank does n o t  change much with t i p  r a d i u s .  

Thus, whi le  doubling the  anode v o l t a g e  may compensate f o r  an  

inc rease  i n  t i p  r a d i u s ,  i t  overcompensates f o r  t he  s l i g h t  geometr ical  

change on t h e  cone and shank thus  causing more shank emission. 



Table 5-1 

Summary of vol tage  va lues  requi red  f o r  1 mA/sr a t  1800 K and the  t o t a l  

emission cu r ren t ,  IT, f o r  var ious  emi t t e r s .  I is  t h e  c e n t r a l  emission 
C 

beam cur ren t  obtained through a 3 .1  mrad f u l l  angle ape r tu re .  

Voltages (kV) 

The t h e m i o n i c  emission suppressor  e l e c t r o d e  has  been operated 

a t  -300 V wi th  r e spec t  t o  emi t t e r  p o t e n t i a l  f o r  the  d a t a  shown i n  

Table 5-1, I t  is of i n t e r e s t  t o  determine the  e f f e c t  of v a r i a b l e  

suppressor  b i a s  on t h e  t ransmission (I 
p robe / l to t a l  ), the anode 

vo l t age  requi red  f o r  a  given angular  i n t e n s i t y  on a x i s  and the  angular  

d i s t r i b u t i o n .  

Figure 5-1 is a p l o t  of t o t a l  and probe c u r r e n t s  taken with a  

cons tant  anode vo l t age  and v a r i a b l e  suppressor  vol tage .  This d a t a  

was taken f o r  a  gun with a  f ixed  a p e r t u r e  i n  an e l e c t r o n  o p t i c a l  

column, It can be seen t h a t  the  t o t a l  cu r ren t  decreases f a s t e r  

than t h e  probe c u r r e n t ,  implying a b e t t e r  t ransmission f o r  h igher  

suppressor  vol tages .  
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F i g u r e  5-1. Suppressor  c o n t r o l  of c u r r e n t  w i t h  c o n s t a n t  anode 

v o l t a g e .  Fixed a p e r t u r e  a t  1 .00 i n c h  d i s t a n c e  from 

e m i t t e r .  



Using Emit te r  No. A 3 ,  in t h e  condi t ion  shown i n  Figure 3-10, 

beam t ransmiss ion  v s  suppressor  b i a s  f o r  a  cons tan t  c e n t r a l  

angular  i n t e n s i t y  (cons tan t  f i e l d  a t  apex of t i p )  was measured. 

This was done f o r  t h r e e  d i f f e r e n t  angular  i n t e n s i t i e s ,  F igure  5-2 

shows the  i n c r e a s e  i n  t ransmission f o r  i nc reas ing  suppressor  b i a s .  

There i s  evidence t h a t  f o r  suppressor  b i a s  of 0  t o  -100 V,  t h e  

focused e l e c t r o n  spo t  i n  an o p t i c a l  column becomes d i f f u s e  due t o  

i nc lus ion  of emission i n  t he  probe c u r r e n t  which comes from t h e  

shank and no t  t h e  t i p .  The f a c t  t h a t  below about -125 V t he  t rans-  

mission curves c ros s  over would tend t o  i n d i c a t e  t h a t  t h i s  reg ion  

inc ludes  emission from t h e  d i f f e r e n t  a r e a s  on t h e  e m i t t e r  than t h e  

r eg ion  above -125 V. 

The anode vo l t age  requi red  t o  main ta in  t h e  cons t an t  angular  

i n t e n s i t i e s  i n  Figure 5-2 i s  p l o t t e d  i n  Figure 5-3. It can be  

seen t h a t  a s  t h e  anode v o l t a g e  i n c r e a s e s ,  t he  suppressor  b i a s  

becomes a smal le r  propor t ion  of t h e  anode v o l t a g e  and s o  has  l e s s (  

e f f e c t  on the  f i e l d  a t  t h e  t i p .  

F igure  5-4 i s  a p l o t  made us ing  Emit ter  No. 3A w i t h  t h e  angular  

d i s t r i b u t i o n  c h a r a c t e r i s t i c s  shown i n  F igure  3-10. This  is a p l o t  

of t h e  angular  d i s t r i b u t i o n  f o r  suppressor  b i a s  of -100, -300 and 

-500 v o l t s ,  wi th  t h e  anode v o l t a g e  r ead jus t ed  a t  each suppressor  

v o l t a g e  t o  main ta in  a  cons t an t  c e n t r a l  angular  i n t e n s i t y ,  There 

i s  a  ve ry  s l i g h t  compression of t h e  angular  spread wi th  inc reas ing  

b i a s  vo l t age ,  b u t  i n  t h e  reg ion  of beam h a l f  a n g l e  u p  t o  0.040 r ad .  



Figu re  
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SUPPRESSOR B I A S  VOLTAGE ( V )  

5-2. Transmiss ion v s  supp re s so r  b i a s  f o r  c o n s t a n t  a n g u l a r  

i n t e n s i t y .  a = 0.00156 rad .  
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Figure  5-4. Angular d i s t r i b u t i o n  f o r  v a r i a b l e  suppressor  b i a s .  

Anode v o l t a g e  a d j u s t e d  t o  main ta in  cons t an t  angular  

i n t e n s i t y .  



t h e r e  is v i r t u a l l y  no change i n  t h e  d i s t r i b u t i o n .  We can i n f e r  from 

t h e s e  d a t a  (Figure 5-4) t h a t  t h e  e f f e c t  of t h e  suppressor  probably 

does n o t  have t o  be included i n  e l e c t r o n  o p t i c a l  c a l c u l a t i o n s ,  s i n c e  

even wide ang le  t r a j e c t o r i e s  seem t o  be unaf fec ted  by suppressor  

b i a s  v a r i a t i o n s  a s  long a s  t h e  f i e l d  a t  t h e  s u r f a c e  of t he  e m i t t e r  

remains cons t an t .  

The experiment corresponding t o  F igure  5-4 was done f o r  t h e  

computer model of t he  f ace t ed  1 p t i p ,  however f o r  t h i s  s imu la t ion  

t h e  anode v o l t a g e  was he ld  cons t an t .  The angular  magni f ica t ion  

graph ( t r a j e c t o r y  ang le  a l eav ing  gun v s  t r a j e c t o r y  launch p o s i t i o n  

ang le  (3 ) is  given i n  Figure 5-5. A s  t he  nega t ive  b i a s  i s  increased  
0 

from -100 t o  -700 V,  t h e r e  is  a  s l i g h t  compression of t he  angular  

d i s t r i b u t i o n  f o r  beam ha l f  ang le s  a > lo but ve ry  l i t t l e  e f f e c t  on 

t r a j e c t o r i e s  where a < lo. This  ag rees  ve ry  we l l  w i t h  t h e  exper i -  

mental r e s u l t s  of Figure 5-4. The c e n t r a l  emission angular  magnifi-  

c a t i o n  K v a r i e s  w i th  b i a s  " 0.002/100 V. 

In s e c t i o n  C. t h e  e f f e c t  of va r ious  gun parameters on t h e  v i r t u a l  

source  s i z e  of t h e  e m i t t e r  w i l l  be  i nves t iga t ed .  It w i l l  be  seen 

t h a t  suppressor  v o l t a g e  has  n e g l i g i b l e  e f f e c t  on v i r t u a l  source  

s i z e .  

B. Computer S tud ie s  of Backscat tered T r a j e c t o r i e s  in Gun 

The e f f e c t  of t h e  Z r / O / W  complex i n  lowering t h e  work func t ion  

of t h e  (100) c r y s t a l  f a c e  of  tungs ten  is re spons ib l e  f o r  t h e  h igh  

b r igh tnes s ,  angu la r ly  confined beam which is emi t ted  from t h e  (100) 
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Figu re  5-5. Angular magni f ica t ion  f o r  gun w i t h  V 
ANODE 

= 7500 V, 

'BIAS = v a r i a b l e .  Sequence of graphs from upper t o  

lower: -100 V, -300 V, -500 V, -700 V. 



f a c e t  on t h e  end of a  <loo> o r i e n t e d  zone-refined etched tungsten 

2 emi t t e r .  Due t o  the  cubic c r y s t a l  s t r u c t u r e  of tungs ten ,  fou r  

o the r  (100)-type c r y s t a l  f a c e s ,  a l l  perpendicular  t o  the  wire  a x i s ,  

a r e  exposed a t  t he  e m i t t e r  t i p .  Af ter  opera t ion  a t  normal temperature 

and wi th  an appl ied  f i e l d ,  i n  add i t ion  t o  the  formation of t he  f a c e t  

on t h e  end of t he  e m i t t e r  (.which has  been seen t o  a f f e c t  angular  

d i s t r i b u t i o n )  o t h e r  low index f a c e t s  form and t h e  e m i t t e r  end becomes 

s l i g h t l y  elongated,  a s  i n  Figure 5-6. The amount of e longat ion  

depends on the  r a d i u s ,  wi th  l a r g e  r a d i u s  e m i t t e r s  ( r  "1 p) showing 

very l i t t l e  elongat ion.  The o the r  f o u r  (100)-type f a c e t s ,  perpen- 

d i c u l a r  t o  the  e m i t t e r  a x i s ,  a r e  a l s o  reg ions  of low work func t ion  

which produce a  high cu r ren t  dens i ty  s i m i l a r  t o  t h a t  of the end (100) 

f a c e t ,  This r e s u l t s  i n  four  b r i g h t  s p o t s  of emission surrounding 

the  c e n t r a l  spo t .  

T r a j e c t o r i e s  f o r  emission from va r ious  p o s i t i o n s  along t h e  

e m i t t e r  t i p  and shank a r e  shown i n  Figure 5-7. A l l  emission 

except  t h e  c e n t r a l  emission from the  end f a c e t  is  i n t e r c e p t e d  by 

t h e  anode and does no t  l eave  t h e  gun. Due t o  t h e  negat ive  b i a s  on 

t h e  suppressor  e l ec t rode ,  t r a j e c t o r i e s  from pas t  t h e  cu to f f  po in t  

never l eave  t h e  e m i t t e r  s u r f a c e  whi le  those j u s t  ahead of t h e  cu t -  

o f f  poin t  a r e  pushed toward t h e  axis and s t r i k e  t h e  anode c l o s e r  

t o  the  a x i s  than those  t r a j e c t o r i e s  coming from t h e  s i d e  (100) f a c e t s  

on t h e  e m i t t e r  t i p  ( see  F igures  5-8 and 5-9). I n  a  gun s t r u c t u r e  

wi th  t h e  dimensions shown noneof t h e  s i d e  (100) f a c e t  emission o r  

shank (100) emission should g e t  p a s t  t h e  anode ape r tu re .  





Figure  5-7. T r a j e c t o r i e s  launched from v a r i o u s  p o s i t i o n s  on e m i t t e r .  

Note t h a t  s i d e  (100) f a c e t  emission and shank emission 

do not  ge t  through anode a p e r t u r e .  I n i t i a l  k i n e t i c  

energy = 0 eV. Z and R a x i s  dimensions a r e  i n  vm. 



Figure 5-8. T r a j e c t o r i e s  launched from e m i t t e r  shank. I n i t i a l  e l e c t r o n  energy was 

0 .1  eV, t h e  anode p o t e n t i a l  was 7.5 kV and t h e  suppressor  p o t e n t i a l  was 

-300 v o l t s .  Launch p o s i t i o n s  range from end of shank t o  emission cu to f f  

po in t ,  w i th  a l l  launch ang le s  normal t o  shank su r f ace .  Z and R a x i s  

dimensions a r e  i n  pm. 





Elec t ron  backsca t t e r ing  from t h e  anode s u r f a c e  can r e s u l t  i n  

t r a j e c t o r i e s  which l e a v e  t h e  gun a t  r e l a t i v e l y  l a r g e  angles .  The 

emission from t h e  s i d e  (100) f a c e t s  and from t h e  shank s t r i k e s  the  

anode and t h e  backsca t te red  e l e c t r o n s  can be r e f l e c t e d  i n  an e l e c t r o n  

mi r ro r  formed by t h e  anode and suppressor ,  as shown i n  Figure 5-10. 

The t o t a l  backsca t t e r  c o e f f i c i e n t  f o r  molybdenum ( t h e  anode ma te r i a l )  

i s  36.7% f o r  5  keV and 38.1% f o r  10 keV primary e l e c t r o n  ene rg ie s  a t  

normal incidence.  
3  Non-normal inc idence  e e n e r a l l y  inc reases  the  

backsca t t e r  c o e f f i c i e n t .  The energy d i s t r i b u t i o n  of backsca t te red  

e l e c t r o n s  f o r  elements i n  the  v i c i n i t y  of molybdenum (2 = 42) shows 

4 
a  peak a t "  95% of t h e  inc iden t  energy. For our "standard e l e c t r o n  

gun" wi th  VANODE = 7500 V ,  t he  backsca t t e r  would peak a t  7125 V. 

Figure 5-10 shows backsca t te red  t r a j e c t o r i e s ,  a l l  w i th  i n i t i a l  k i n e t i c  

ene rg ie s  of 7000 eV, launched a t  R = 350, 400, 450 and 500 um and a t  

Z = 508 urn (anode su r face ) .  F igures  5-11 through 5-14 t r a j e c t o r i e s  

launched from R = 250, 350, 450 and 500 urn from t h e  anode su r face ,  

r e spec t ive ly .  

I n  Figure 5-11, t h e  backsca t te red  t r a j e c t o r i e s  do no t  g e t  p a s t  

t h e  anode and thus  do no t  c o n t r i b u t e  t o  beam c u r r e n t ,  I n  Figure 

5-12 a  few t r a j e c t o r i e s  g e t  through the  anode a p e r t u r e  bu t  a r e  

de f l ec t ed  by the  d iverg ing  l e n s  e f f e c t  of the a p e r t u r e  and a r e  

t h e r e f o r e  e a s i l y  removed by a  downstream beam-defining ape r tu re .  In 

Figures  5-13 and 5-14, however, some t r a j e c t o r i e s  a c t u a l l y  c r o s s  

t h e  a x i s  a t  va r ious  d i s t ances  from the  anode and these  t r a j e c t o r i e s  
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Anode 

Figure 5-10. Calcu la ted  backsca t t e r ed  t r a j e c t o r i e s  from t h e  anode. I n i t i a l  e l e c t r o n  

energy was 7 keV, t h e  anode p o t e n t i a l  w a s  7 .5  kV and t h e  suppres so r  was 

-300 v o l t s .  The launch  r a d i i  were 350, 400, 450 and 500 pm and t h e  

launch a n g l e s  were v a r i e d  from €3 = 2" t o  0 = 20°,  i n  2  degree  increments .  



Suppressor 

Emit te r  

Figure 5-11. Calcula ted  backsca t t e red  t r a j e c t o r i e s  from t h e  anode. I n i t i a l  e l e c t r o n  

energy was 7 keV, t h e  anode p o t e n t i a l  w a s  7.5 kV and t h e  suppressor  

p o t e n t i a l  w a s  -300 v o l t s .  The launch r a d i u s  w a s  250 pm and t h e  launch 

ang les  were v a r i e d  from 8 = 2 O  t o  8 = 2 0 ° ,  i n  2 degree increments.  
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Figure 5-12. Calculated backsca t te red  t r a j e c t o r i e s  from t h e  anode. I n i t i a l  

e l e c t r o n  energy was 7 keV, t h e  anode p o t e n t i a l  was 7.5 kV and 

t h e  suppressor  p o t e n t i a l  was -300 v o l t s .  The launch r a d i u s  was 

350 um and t h e  launch ang les  were v a r i e d  from 8 = 2 O  t o  8 = 20°, 

i n  2 degree increments.  





E m i t t e r  
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Figure  5-14. Ca l cu l a t ed  b a c k s c a t t e r e d  t r a j e c t o r i e s  from t h e  anode. I n i t i a l  

e l e c t r o n  energy w a s  7 keV, t h e  anode p o t e n t i a l  w a s  7 .5  kV and 

t h e  supp re s so r  p o t e n t i a l  was -300 v o l t s .  The launch  r a d i u s  

was 500 urn and t h e  l aunch  a n g l e s  were v a r i e d  from 8 = 2" t o  

= 20". i n  2  deg ree  increments .  



may pass through a  downstream beam de f in ing  a p e r t u r e  t o  c r e a t e  

" s ide  lobes" i n  a  fou r fo ld  symmetric p a t t e r n  around t h e  main beam. 

This  fou r fo ld  symmetry i s  due t o  t h e  f a c t  t h a t  t h e  primary beams 

causing t h e  backsca t t e r  o r i g i n a t e  from t h e  fou r  (100)-type s t r i p e s  

on t h e  e m i t t e r  con ica l  s ec t ion .  This  can be seen by n o t i c i n g  t h e  

r e s u l t s  from Figures  5-11 through 5-14, namely t h a t  launch p o s i t i o n s  

r < 500 vm on t h e  anode do not  t ransmi t  e l e c t r o n s  n e a r  t h e  o p t i c a l  

ax i s .  A t  r = 500 um, we can s e e  from Figure 5-7 t h a t  t h e  inc iden t  

beam comes from t h e  con ica l  po r t ion  of t h e  emi t t e r .  

These lobes  have been observed i n  an aper tured  gun where t h e  

beam de f in ing  a p e r t u r e  i s  placed approximately 1 .0  inch  from t h e  

emi t t e r .5  One approach t o  e l imina te  t h e  lobe emission would be t o  

shape t h e  anode o r  t h e  suppressor  i n  such a  way t h a t  t h e  backsca t te red  

t r a j e c t o r i e s  never  ge t  p a s t  t h e  anode. The c u r r e n t  d e n s i t y  i n  t h e  

s i d e  lobes  i n  some cases  i s  " 1% t h a t  of t h e  main beam and 

o r d i n a r i l y  does n o t  cause a  problem i n  focused beam app l i ca t ions .  

However t h e  ex i s t ence  of mul t ip l e  beams i n  a  column, no ma t t e r  what 

t h e  i n t e n s i t y ,  i s  qn undes i rable  s i t u a t i o n .  



C. V i r t u a l  Source S ize  Calcula t ion  

The v i r t u a l  source of t h e  Z ~ O / W  (100) e m i t t e r  i n  t h e  e l e c t r o n  

gun conf igura t ion  is  t h e  wais t  of t h e  crossover  formed by t h e  

p ro jec t ion  (back i n t o  t h e  emi t t e r )  of a l l  e l e c t r o n  t r a j e c t o r i e s  

which pass  through t h e  beam de f in ing  ape r tu re .  This  i nc ludes  

e l e c t r o n s  leaving  t h e  e m i t t e r  wi th  t h e  va r ious  i n i t i a l  d i rec-  

t i o n s  and v e l o c i t i e s  p red ic t ed  by emission theory.  

wiesner6 ' l  has developed a  formalism f o r  dea l ing  wi th  a  

c a l c u l a t i o n  of t h i s  type. Rather than do a  "bru te  force" 

c a l c u l a t i o n  of hundreds of t r a j e c t o r i e s  leaving  t h e  e m i t t e r  

s u r f  ace  wi th  a l l  poss ib l e  i n i t i a l  condi t ions ,  Wiesner t r e a t s  

t h e  emitter-anode region a s  an e l e c t r o n  o p t i c a l  l e n s  wi th  t h e  

cathode emi t t ing  su r face  a s  t h e  ob jec t  and t h e  v i r t u a l  source 

a s  t h e  image. This  permits  an eva lua t ion  of t h e  s i z e  of t h e  

v i r t u a l  source from t h e  quadrature sum of t h e  Gaussian, s p h e r i c a l  

a b e r r a t i o n ,  chromatic a b e r r a t i o n  and d i f f r a c t i o n  d i s k  diameters.  

The Gaussian d i sk  i s  the  abe r ra t ion - f r ee  image of t h e  cathode 

su r f  ace. 

I n  o rde r  t o  c a l c u l a t e  t h e  above q u a n t i t i e s ,  Wiesner used a 

8 
sphere-on-cone (SOC) model of t h e  emitter-anode space. See 

Figure 5-15. This  model provides an a n a l y t i c a l  expression f o r  

t h e  e l e c t r i c  f i e l d  and p o t e n t i a l  a t  a l l  p o i n t s  between t h e  e m i t t e r  

and anode. Wiesner uses  t h e  f i e l d s  and p o t e n t i a l s  t o  c a l c u l a t e  

t r a j e c t o r i e s  of e l e c t r o n s  from t h e  e m i t t e r  t o  t h e  anode. The 



Figu re  5-15. P o i n t  ca thode  modeled as a n  e q u i p o t e n t i a l  of a 

sphere-on-orthogonal cone. From Wiesner.  
6 



t r a j e c t o r i e s  a r e  a l l  c a l c u l a t e d  i n  a  meridian p lane  of t h e  

system, i . e .  no skew t r a j e c t o r i e s  a r e  considered. The e l e c t r o n s  

a r e  divided i n t o  t h r e e  groups: 

cold e l e c t r o n s  - zero  i n i t i a l  v e l o c i t y  

va r ious  i n i t i a l  p o s i t  ions  on 

cathode su r face  

alpha e l e c t r o n s  - f ixed  i n i t i a l  v e l o c i t v  

va r ious  i n i t i a l  d i r e c t i o n s  

i n i t i a l  p o s i t i o n  on cathode apex 

v e l e c t r o n s  - var ious  i n i t i a l  v e l o c i t i e s  

i n i t i a l  d i r e c t i o n  tangent  t o  s u r f a c e  a t  

apex; i n i t i a l  p o s i t i o n  on cathode apex; 

a l s o  o t h e r  p o s i t i o n s  on cathode 

Wiesner e x t r a p o l a t e s  t h e  f i n a l  p o s i t i o n  and s lope  of t h e  

ca l cu la t ed  t r a j e c t o r i e s  back t o  t h e  po in t  a t  which they c ross  t h e  

a x i s .  See Figure 5-16. 

The Abbe s i n e  law: 

v  s i n  = M v s i n  a 
0 0 

where vo = i n i t i a l  v e l o c i t y  = i n i t i a l  angle  
0 

v  = f i n a l  v e l o c i t y  = f i n a l  ang le  ( s lope)  

makes use of t h e  a lpha  e l e c t r o n  d a t a  t o  de t e rn ine  the  magnifica- 

t i o n  M and image p o s i t i o n  of the  cathode iaage .  

The s p h e r i c a l  a b e r r a t i o n  i s  ca l cu la t ed  by f i t t i n g  t h e  alpha 

e l e c t r o n  r e s u l t s  t o  t h e  long i tud ina l  s p h e r i c a l  a b e r r a t i o n  

equat ion  : 





where Az is  t h e  d i f f e r e n c e  i n  t he  a x i s  c ros s ing  coord ina t e s  f o r  

a p a r a x i a l  and a  marginal  ( s lope  = a) t r a j e c t o r y ,  C i s  t h e  
S 

s p h e r i c a l  a b e r r a t i o n  c o e f f i c i e n t  and o! is t h e  t r a j e c t o r y  angle  

wi th  t h e  a x i s .  The s p h e r i c a l  b l u r  d i s k  r a d i u s  i s  
3 

i n  t h e  Gaussian p lane ,  however i n  the  p lane  of l e a s t  confusion 

Chromatic a b e r r a t i o n  makes use  of t h e  v e l e c t r o n  d a t a  t o  

o b t a i n  a  va lue  f o r  C i n  t he  l o n g i t u d i n a l  c5romatic a b e r r a t i o n  
C 

equa t ion  

The chromatic d i s k  r a d i u s  is 

The d i f f r a c t i o n  term c o n t r i b u t e s  a  d i s k  r a d i u s  

The co ld  e l e c t r o n  t r a j e c t o r i e s  a r e  used t o  determine t h e  

Gaussian image d i s k  s i z e  by f i t t i n g  t h e  d a t a  t o  

where 

m = angu la r  magni f ica t ion  

O0 = i n i t i a l  angular  p o s i t i o n  on cathode. 

Obtaining M from t h e  Abbe sine law, Wiesner f i n d s  t h e  Gaussian 



where a  = cathode apex r ad ius .  

The quadrature sun 

g ives  t h e  r a d i u s  of the  apparent  o r  v i r t u a l  source.  Wiesner 's 

procedure i s  used i n  the  c a l c u l a t i o n s  presented he re ,  however 

the  SCWIM program9 was used t o  genera te  t h e  t r a j e c t o r y  d a t a  f o r  

t he  co ld ,  a lpha  and V e l e c t r o n s .  

Figure 5-17 shows t h e  e f f e c t  on the  cold e l e c t r o n  t r a j e c t o r i e s  

of t h e  s p h e r i c a l  and f ace ted  end shapes. Since Wiesner 's r e s u l t s  

were generated f o r  a  rounded-end e m i t t e r  wi th  no suppressor  and 

no anode a p e r t u r e  i t  is expected t h a t  t h e r e  w i l l  be some 

d i f f e r e n c e  between t h e  d a t a  from t h e  SOC nodel  and the  p resen t  

s p h e r i c a l  end emi t t e r .  The d a t a  from these  two shapes should 

be c l o s e  enough, however, t o  e s t a b l i s h  t h a t  t he  SCWIM program 

i s  c o n s i s t e n t  wi th  t h e  a n a l y t i c a l  SOC model. The new d a t a  

presented h e r e  i s  the  e f f e c t  on v i r t u a l  source s i z e  of t he  

f a c e t .  Since the  f a c e t  enhances angular  i n t e n s i t y  by t h e  increased  

angular  demagnif icat ion,  i t  i s  of i n t e r e s t  t o  s e e  i f  t h e r e  is  

any e l e c t r o n  o p t i c a l  penal ty  t o  be pa id  f o r  t he  increased  beam 

c u r r e n t .  

Using the  SCWIM program, "alpha" e l e c t r o n s  were launched 

from t h e  e m i t t e r  apex wi th  i n i t i a l  launch ene rg ie s  of 0 .5 ,  1.0, and 

2.0 eV. For each launch energy, t h e  launch ang le  was v a r i e d  
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Figure  5-17. A Schottky emission gun w i t h  t i p  r a d i u s  of 1 urn and 

the  c a l c u l a t e d  t r a j e c t o r i e s  f o r  s p h e r i c a l  t i p  ( s o l i d  

l i n e )  and faceted tip (dashed line). The upper 

po r t ion  shows i n i t i a l  pa ths  of t h e  t r a j e c t o r i e s .  



from 0 t o  90 degrees.  F igure  5-18 shows t h e  r e s u l t  f o r  a 

1 pm spherical-ended e m i t t e r .  The d i f f e r e n t  launch ene rg i e s  a l l  

gave t h e  same va lue  f o r  C . 
S 

The "v" e l e c t r o n s  were subdivided i ~ t o  two c l a s s e s .  The 

normal v and t h e  t a n g e n t i a l  v  The vT e l e c t r o n s  were launched N T ' 

wi th  a n  i n i t i a l  d i r e c t i o n  tangent  t o  t he  e m i t t e r  s u r f a c e  and a t  

t h e  e m i t t e r  apex wi th  vary ing  i n i t i a l  ene rg i e s ,  a s  shown i n  

Figure 5-19. These e l e c t r o n s  gave c o n s i s t e n t  r e s u l t s  f o r  

Cc, except  f o r  the  ca ses  of t h e  3 pm r a d i u s  e m i t t e r ,  were C 
C 

changed s i g n  and was only v a l i d  f o r  a < 5 n r .  The vN e l e c t r o n s  

were launched normal t o  the  e m i t t e r  s u r f a c e  a t  a  p o s i t i o n  ang le  

of 0.05 rad.  See F igure  5-20. These e l e c t r o n s  gave Cc va lues  

gene ra l ly  nega t ive  and smal le r  than t h e  C va lues  obta ined  from 
C 

t h e  v e l e c t r o n s .  
T 

The leas t - square  r eg re s s ion  f i t s  such a s  i n  F igures  5-18 

through 5-20, va lues  f o r  C and C were computed f o r  sphe r i ca l -  
s C 

end and faceted-end e m i t t e r s  of r a d i i  f r o n  0.3 t o  3.0 urn. Table 

5-2 shows t h e  a b e r r a t i o n  c o e f f i c i e n t s  and l i n e a r  and angular  

magni f ica t ions  (M and m) computed a s  i nd ica t ed  above. "Cold" 

e l e c t r o n  d a t a  was a l s o  p l o t t e d  t o  o b t a i n  a  v a l u e  f o r  Cs. A s  

can be  seen  from Table 5-2, t h e  co ld  e l e c t r o n  C ag rees  w i th  t h e  
S 

a e l e c t r o n  Cs f o r  t h e  spherical-end e m i t t e r  bu t  no t  f o r  t h e  

faceted-end e m i t t e r .  This  i n d i c a t e s  t h e  presence of o f f - ax i s  

th i rd-order  geometr ical  a b e r r a t i o n s  f o r  t h e  faceted-end e m i t t e r .  
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Figure  5-18. Leas t  squares  f i t  for C from a e l e c t r o n s .  
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Figure 5-19. Least squares fit f o r  C from v e lectrons .  
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Figure 5-20. L e a s t  s q u a r e s  f i t  f o r  C from v, e lec t rons .  
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Fur ther  work w i l l  be required t o  e x t r a c t  t he  of f -axis  a b e r r a t i o n  

c o e f f i c i e n t s  from these  da ta .  From Table 5-2, we can s e e  t h a t  

t h e  C ca l cu la t ed  from vN e l e c t r o n  t r a j e c t o r i e s  is  gene ra l ly  
C 

smal le r  i n  magnitude and of oppos i t e  s ign  of C from the  vT 
C 

e l e c t r o n s .  wiesner7 takes  t h i s  t o  mean t h a t  " the  e f f e c t s  due 

t o  a  spread i n  normal v e l o c i t y  components can be neglected 

i n  cornparision wi th  t r ansve r se  e f f e c t s . "  It w i l l  be seen 

s h o r t l y  t h a t  both s p h e r i c a l  and chromatic a b e r r a t i o n  contr ibu-  

t i o n s  t o  the  v i r t u a l  source s i z e  a r e  n e g l i g i b l e  wi th  r e s p e c t  t o  

t h e  d i f f r a c t i o n  and Gaussian source terms, s o  t h a t  o f f - ax i s  

geometr ical  a b e r r a t i o n s  and d i s t i n c t i o n s  between t r ansve r se  and 

normal C w i l l  no t  a f f e c t  t he  f i n a l  r e s u l t .  
C 

Figure 5-21 shows a  t y p i c a l  r e s u l t  obtained f o r  a  1 pm 

r a d i u s  faceted-end emi t t e r .  The s p h e r i c e l ,  chromatic,  d i f f r a c t i o n  

and Gaussian con t r ibu t ions  t o  t h e  v i r t u a l  source  a r e  shown 

along wi th  the  quadra ture  sum (dashed l i n e ) .  The s p h e r i c a l  

and chromatic con t r ibu t ions  a r e  evaluated from the  a and v T  

t r a j e c t o r i e s .  The v i r t u a l  source s i z e  i s  doninated by the  d i f f r a c -  

t i o n  and Gaussian terms. 

F igures  5-22 and 5-23 show t h e  v i r t u a l  source  s i z e  f o r  

va r ious  r a d i i  e m i t t e r s  wi th  s p h e r i c a l  and f ace ted  end forms. 

I n  genera l ,  the  presence of t he  f a c e t  causes t h e  v i r t u a l  

source s i z e  t o  approximately double, f o r  ang les  a t  which the  

d i f f r a c t i o n  term is no t  dominant. FJhere t h e  d i f f r a c t i o n  

term is  dominant, a t  the  small  ang le s ,  the  e m i t t e r  r ad ius  has  no 
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Figure  5-21. V i r t u a l  source  c o n t r i b u t i o n s .  



Figure  5-22. V i r t u a l  source  s i z e  f o r  e m i t t e r  r a d i i  0 . 3  t o  3.0 pm. 

Sphe r i ca l  end form. 
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F i g u r e  5-23. V i r t u a l  s o u r c e  s i z e  f o r  e m i t t e r  r a d i i  0.3 t o  3.0 vn. 

Face ted  end form. 



e f f e c t  on v i r t u a l  source s i z e .  Figure 5-24 shows t h e  minimum 

v i r t u a l  source s i z e  a s  a func t ion  of emi t t e r  r ad ius .  From t h i s ,  

i t  is obvious t h a t  a smal le r  e m i t t e r  r ad ius  always produces a 

smal le r  v i r t u a l  source s i z e ,  however the  disadvantages of a 

small  emi t t e r  a r e  increased  energy spread due t o  t h e  Boersch 

e f f e c t ,  g r e a t e r  emission cu r ren t  no i se  and an  increased 

s u s c e p t i b i l i t y  t o  d e s t r u c t i o n  by a vacuum a r c .  

D. V i r t u a l  Source - Experimental Considerat ion 

Experimental measurement of t h e  e l e c t r o n  v i r t u a l  source 

s i z e  can be accomplished by e i t h e r  a conventional  e l e c t r o n  

o p t i c a l  system which magnifies t h e  v i r t u a l  source t o  a measurable 

s i z e  o r  by an  e l e c t r o n  i n t e r f e r e n c e  p a t t e r n  technique which 

measures t h e  s p a t i a l  coherence of t h e  beam by t h e  number of 

f r i n g e s  i n  the p a t t e r n  c rea t ed  by a beam s p l i t  wi th  a n  

e l e c t r o s t a t i c  bi-prism. The system we consider  he re  w i l l  be 

based on t h e  former p r i n c i p l e .  The c o n s t r a i n t s  on such a 

system a r e  a s  fol lows:  

1 )  Aperture angle  must be smal l  enough s o  t h a t  system 

a b e r r a t i o n  e f f e c t  on beam s i z e  i s  n e g l i g i b l e .  

2 )  Aperture angle  must be l a r g e  enough t h a t  d i f f r a c t i o n  

l i m i t i n g  of beam s i z e  does not  occur.  

3) Angular i n t e n s i t y  must be smal l  enough s o  t h a t  

excess ive  AV does not  produce a chromatical ly l i m i t e d  

bean s i z e  (Boersch e f f e c t ) .  





4) Angular i n t e n s i t y  must be  l a r g e  enough s o  t h a t  s i g n a l  t o  

n o i s e  r a t i o  a l lows  a c c u r a t e  beam s i z e  measurement. 

5) System magni f ica t ion  must be g r e a t  enough t o  produce 

a f i n a l  beam s i z e  which i s  e a s i l y  measurable (- 0.1  vm). 

If we use  a commercially a v a i l a b l e  magnetic l e n s  (Celco 

NF-434-366) and o p e r a t e  our  e l e c t r o n  gun a t  6 kV, we can use  t h e  

magnetic l e n s  t o  magnify t he  v i r t u a l  source  of a Zr/l?T TF e m i t t e r .  

The beam diameter  v s  beam h a l f  ang le  a f o r  t h e  l e n s  ope ra t i ng  

w i t h  a magn i f i ca t i on  of 17.34 i s  shown i n  F igure  5-25. 

A s  shown i n  F igu re  5-25, t h e  f i n a l  beam diameter  w i l l  be 

p r i m a r i l y  determined by t h e  Gaussian v i r t u a l  sou rce  d iameter  f o r  

0.005 < a < 0.015. 

For t h e  same range  o f a ,  i f  an angu la r  i n t e n s i t y  of 0 .1  m ~ / s r  is 

used t o  minimize t h e  Boersch e f f e c t ,  t h e  range  of beam c u r r e n t s  i s  

79 nA t o  707 nA, an e a s i l y  measurable  c u r r e n t  range. The p r e d i c t e d  

range of beam diameters ,  from t h e  magnified Gaussian d iameter ,  is  

0.31 um t o  0.91 pm, an e a s i l y  measurable range. Therefore ,  an 

experiment l i k e  t h i s  should be a b l e  t o  e a s i l y  measure t h e  v i r t u a l  

source  s i z e .  



BEAM HALF ANGLE a (rod)  

Figure 5-25. Experimental measurement of v i r t u a l  source  size. 
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CHAPTER 6 

SUMMARY AND CONCLUSIONS 

The results presented in the preceding chapters can be 

separated into five categories: 1) angular intensity 

distribution, 2 )  I-V characteristics, 3)  current fluctuation 

characteristics, 4 )  gun structure effects (transmission and 

backscatter) and 5) virtual source size calculations. The 

following paragraphs summarize the results obtained for each of 

these categories. 

Angular intensity distributions provide a powerful method 

for examining the field build up process and the stability of the 

faceted end-form of the emitter. The size of the facet relative 

to the emitter radius agrees with that predicted by crystalline 

geometry considerations. The character of the angular 

distribution changes from convex to flat to concave with 

increasing anode voltage and can be explained in terms of 

variation of emission regimes and angular magnification across 

the facet. A computer program using a spherical mesh to 

calculate electric potential was used to generate angular 

intensity distributions which agreed qualitatively with the 

experimental results. Uncertainties in work function 

distributions across the facet and in local radius at the facet 

edge prevent absolute quantitative agreement. 



Current-voltage characteristics gave information on the 

central emission regime and showed it to be primarily Schottky 

and extended Schottky emission, with probe current varying as 

exp [e3 l2 $ l2 /kT] in the Schottky case. The facet edge 

emission is much more strongly dependent on the electric field F 

and probably lies in the thermal field regime at high fields. A 

procedure using I-V data was developed to determine emitter 

radius and work function. This procedure gave reasonable results 

when applied to several emitters. The sensitivity of this 

determination to gun geometry and suppressor bias voltage was 

small (see Table 3-41, amounting to about a 10% error in radius 

determination in the vicinity of 1 um (see Figure 3-19) for 

reasonable variations in geometry and bias. Attempting to 

determine the size of the facet based on ratios of central to 

facet edge I-V data was unsuccessful, pointing out the fact that 

more investigation of the local edge field and work function is 

necessary to completely understand this emitter. 

Current fluctuation studies on several different emitters 

2 showed similar behavior, a l/f spectral region below a few 

Hertz, a flat spectral region from - 10 to " 100 Hertz and a 
l/f region beyond a few hundred Hertz. The low frequency l/f2 

noise is competely correlated between the probe and total 

emission currents. An argument was made to explain these 

correlated fluctuations in terms of random thermal fluctuation on 



t h e  h e a t e d  f i l a m e n t  which s u p p o r t s  t h e  e m i t t e r .  A t y p i c a l  n o i s e  

t o  s i g n a l  r a t i o  i s  0.5% a t  a  200 kHz bandwidth f o r  an a p e r t u r e  

h a l f  a n g l e  of 0.006 rad  and an e m i t t e r  r a d i u s  of - 2 pm. It 

c a n  be shown1 t h a t  t h e  n o i s e  from a  ca thode  s u r f a c e  a r e a  A i s  

p r o p o r t i o n a l  t o  AI 12. This  i m p l i e s  a  n o i s e  dependence 

on e m i t t e r  r a d i u s  r and a p e r t u r e  h a l f  ang le  a of 

A 1  -113 is The e x p e r i m e n t a l l y  measured dependence -a a I 

probab ly  due t o  t h e  t echn ique  used t o  o b t a i n  a v a r i a b l e  a p e r t u r e ,  

namely magnet ic  focus ing  of  t h e  beam between t h e  emiss ion  p o i n t  

and t h e  beam d e f i n i n g  a p e r t u r e .  

E l e c t r o n  gun t r a n s m i s s i o n  (probe c u r r e n t l t o t a l  c u r r e n t )  

g e n e r a l l y  h a s  a  v a l u e  of 5 t o  7 10'~ f o r  a  h a l f  ang le  a of 

0.00156 r a d .  Th is  i m p l i e s  an a n g u l a r  i n t e n s i t y  t o  t o t a l  c u r r e n t  

r e l a t i o n s h i p  of  - 7.85 m A / s r  probe a n g u l a r  i n t e n s i t y  per  mA 

t o t a l  c u r r e n t .  The s u p p r e s s o r  v o l t a g e  has  a  smal l  e f f e c t  on gun 

t r a n s m i s s i o n ,  a t  l e a s t  i n  t h e  p r e s e n t  geometry.  More s u p p r e s s o r  

c o n t r o l  can be achieved by reduc ing  t h e  e m i t t e r  p r o t r u s i o n  from 

t h e  s u p p r e s s o r ,  b u t  t h i s  may have u n d e s i r a b l e  e f f e c t s  on t h e  

v i r t u a l  source  s i z e .  



An a r t i f a c t  of t h e  pun i s  due t o  t h e  n e g a t i v e  p o t e n t i a l  on 

t h e  s u p p r e s s o r  e l e c t r o d e  forming an e l e c t r o n  m i r r o r  f o r  e l e c t r o n s  

b a c k s c a t t e r e d  from t h e  anode. Four d i f f u s e  s p o t s  su r round ing  t h e  

focused  s p o t  can be seen  i n  some focused beam systems u s i n g  a  

phosphor s c r e e n  i n  t h e  image p l a n e .  These f o u r  s p o t s  a r e  caused 

by e m i s s i o n  from t h e  f o u r  (100) t y p e  low work f u n c t i o n  s t r i p e s  on 

t h e  c o n i c a l  p o r t i o n  of  t h e  e m i t t e r ,  bombarding t h e  anode i n  a  

4-fold  symsnetric p a t t e r n  and g e n e r a t i n g  b a c k s c a t t e r e d  e l e c t r o n s  

which a r e  r e f l e c t e d  by t h e  n e g a t i v e  p o t e n t i a l  on t h e  s u p p r e s s o r  

and can t r a v e l  through t h e  anode a p e r t u r e  c l o s e  enough t o  t h e  

a x i s  t o  pe rmi t  them t o  pass  through t h e  beam d e f i n i n g  a p e r t u r e .  

V i r t u a l  s o u r c e  s i z e  c a l c u l a t i o n s  show t h a t  t h e  e f f e c t  of  t h e  

f a c e t  on t h e  e m i t t e r  apex i s  t o  approx imate ly  double t h e  source  

d i a m e t e r ,  r e l a t i v e  t o  an  e m i t t e r  w i t h  a  s p h e r i c a l  apex.  Th i s  

o c c u r s  a t  a p e r t u r e  h a l f  a n g l e s  g r e a t e r  t h a n  a  few m i l l i r a d i a n s .  

For  s m a l l e r  a p e r t u r e s ,  t h e  v i r t u a l  s o u r c e  s i z e  i s  d i f f r a c t i o n  

l i m i t e d  and t h e  shape of  t h e  e m i t t e r  apex and t h e  r a d i u s  have no 

e f f e c t  on t h e  s i z e .  The v i r t u a l  s o u r c e  s i z e  i s  on t h e  o r d e r  of a  

few hundred angstroms and i s  p r o p o r t i o n a l  t o  e m i t t e r  r a d i u s  f o r  

beam h a l f  a n g l e s  g r e a t e r  than  a  few m i l l i r a d i a n s .  

I n  s e v e r a l  y e a r s  of working w i t h  t h e  ZrO/W e m i t t e r s ,  

t e c h n i q u e s  have evolved f o r  o b t a i n i n g  r e l i a b i l i t y  and long l i f e  

from t h e s e  s o u r c e s .  One of t h e  most s i g n i f i c a n t  i n c r e a s e s  i n  

l i f e t i m e  and r e l i a b i l i t y  o c c u r r e d  due t o  t h e  work of  Dan ie l son  



and ÿ wan son,^ which showed t h a t  t h e  ZrO/W s u r f a c e  can be 

t h e r m a l l y  removed and then  r e s t o r e d  by d i f f u s i o n  of  Z r  and 0 from 

t h e  b u l k  t u n g s t e n .  Th is  work was a  c u l m i n a t i o n  o f  p r o g r e s s  which 

l e d  t o  t h e  e l i m i n a t i o n  of  t h e  4 p a r t i a l  p r e s s u r e  p r e v i o u s l y  

r e q u i r e d  t o  o p e r a t e  t h e s e  e m i t t e r s .  A second techn ique  which 

d r a s t i c a l l y  reduced e m i t t e r  f a i l u r e  due t o  a r c s  was p r o v i d i n g  

adequa te  vacuum pumping d i r e c t l y  a t  t h e  e m i t t e r .  A g r e a t  d e a l  of  

t r o u b l e  wi th  t h e  e m i t t e r  was exper ienced  when us ing  conductance 

l i m i t e d  pumping of  t h e  emit ter -anode r e g i o n .  When a  p r o p e r l y  

pumped e l e c t r o n  gun chamber was used ,  l i f e t i m e s  > 3000 hours  

became normal.  Apparen t ly ,  due t o  t h e  o u t g a s s i n g  of  t h e  anode,  a  

l a r g e  gas  source  is  p r e s e n t  i n  t h e  e m i t t e r  v i c i n i t y .  Th i s  can 

c a u s e  t h e  p r e s s u r e  i n  t h e  r e g i o n  of  t h e  e m i t t e r  t o  be o r d e r s  of  

magnitude g r e a t e r  than  t h e  su r rounding  s t a t i c  p r e s s u r e ,  

p a r t i c u l a r l y  i f  t h e  p a t h  t o  t h e  pump i s  not  d i r e c t  and i f  t h e r e  

i s  no t  a  l a r g e  "vacuum b a l l a s t "  space t o  absorb  p r e s s u r e  

t r a n s i e n t s  from t h e  e m i t t e r  r e g i o n .  
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APPENDIX A 

COMPUTER PROGRAM FOR DETEREIINING $ FROM EXPERIMENTAL SCHOTTKY SLOFE 

AT T = 1800K 

This  program uses  a f o u r t h  order  polynomial r eg re s s ion  f i t  

t o  t he  curves of Figure 3-22, neg lec t ing  t h e  p o r t i o n s  of t h e  

curves t h a t  branch o f f  a t  d i f f e r e n t  work func t ions .  It was 

w r i t t e n  i n  BASIC and run on a Tektronix 4051 Graphics Computer. 

CO = 1.011264 

C 1  = -0.4007104 

C2 = 5.255788 

C3 = -14.01381 

C4 = 21.0272 

PRINT "Input  Beta ( l /cm),  Voltage (V)" 

INPUT B , V  

B 1  = B 

PRINT " I t e r a t i o n  No . I 1 ,  "F ie ld  (V/A)" , "Beta (l /cm)" 

FOR I = 1 To 30 

F = Bl*V*l.OE-8 

PRINT I ,  F, B 1  

I F  F < 0.0078 THEN 300 

I F  F > 0.1764 THEN 320 

IF  F > 0.1444 THEN 340 

F2 = SQR(F) 



G = CO+F2*Cl+F2+2*C2+F2+3*C3+F2+4*C4 

B 1  = B/G 1. 2 

NEXT I 

END 

PRINT "Already i n  Schot tky regime" 

END 

PRINT "Caution - F i e l d  beyond B-B' f o r  t h i s  i t e r a t i o n  i f  

PHI = 2.5" 

GO TO 250 

PRINT "Caution - Fie ld  beyond A-A' f o r  t h i s  i t e r a t i o n  i f  

PHI = 2.5" 

GO TO 250 



APPENDIX B 

Computer program using Schottky and extended Schottky 

equations to calculate current density from temperature, field 

and work function. 

PRINT "INPUT TEMPERATURE (K) " 

INPUT T 

PRINT "INPUT FIELD (v/A)" 

INPUT F 1  

PRINT "INPUT PHI (eV)" 

I?.TPUT P 1  

K=1.38E-16 

P=P1*1.602E-12 

F=333600*F1 

E=4.803E-10 

Hz6.63E-27 

M=g.llE-28 

1 7 0  J1=120*~+2*EXP ((-P+E+ ( 3 / 2 ) * ~ +  (l/2)) / (K*T) ) 

180 C=H/ (2*PI)*E+O. 25*Ff0.75/  ( P I *  (2*M) + O .  5) 

19 0 Q = c /  (K*T) 

2 0 0  J2=J l*PI*Q/SIN (PI*Q) 

2 1 0  PRINT " CURRENT DENSITY (A/CM2)" 

220 PRINT "SCHOTTKY", JI 

2 3 0  PRINT "EXTEMDED SCIIOTTKY" , J 2  



240 PRINT " Q  =",Q 

250 I F  Q>0.75 THEN 270 

260 END 

270 PRINT "Q TOO BIGH FOR ACCURATE CALCULATIO~~" 



APPENDIX C 

Computer program u s i n g  Schottky and extended Schottky 

e q u a t i o n s  t o  c a l c u l a t e  work function from t e m p e r a t u r e ,  f i e l d ,  

and c u r r e n t  density. 

PRINT "INPUT TEMPERATURS (K) " 

INPUT T 

PRINT "ITJPUT FIELD (V/A)" 

INPUT F 1  

PRINT "I?JPUT CURRENT DENSITY (A/cM~)"  

INPUT 52 

K=1.38E-16 

F=3336OO*Fl 

E~4.803E-10 

H=6.63E-27 

Mz9.11E-28 

~1=120*T+2*EXP (E+ (3 /2 )  *F+ (112) / (K*T)) 

C=H/(2*PI)*E+0.25 F+0.75/(PI*(2*M)f0.5)  

Q=C/ (K*T) 

X2=Xl*PI*Q/SIN (PI*Q) 

P=K*T*LOG(XZ/J2) 

PRINT "WORK FUNCTIOY PHI (eV) =",P/1.602E-12 

PRINT 

240 PRINT "Q =" , Q 



250 I F  Q>0.75 THEN 270 

260 END 

270 P R I N T  "Q TOO HIGH FOR ACCURATE CALCULATION" 
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A. In t roduc t ion  

The SCWIM (Spher ica l  Coordinates With Inc reas ing  Mesh) program 

has been w r i t t e n  i n  t h r e e  v e r s i o n s ,  LABGUN, ZRWGUN and LMIGUN f o r  

LaB6 poin ted  cathodes,  ZrO/W pointed cathodes and f i e l d  e m i t t e r s ,  

and l i q u i d  metal  ion sources r e spec t ive ly .  The d i f f e r e n c e s  i n  t h e  

t h r e e  ve r s ions  a r e  mainly i n  t h e  n a t u r e  of t h e  mesh refinement i n  

t h e  v i c i n i t y  of t h e  e m i t t e r  t i p  and t h e  equat ions  used t o  determine 

t h e  emission cu r ren t  dens i ty .  The LABGUN program d e a l s  w i t h  

e m i t t e r s  of " 10 vm r a d i u s ,  t h e  ZRWGUN program d e a l s  wi th  "1 vm 

r ad ius  and t h e  LMIGUN is  requi red  t o  model e m i t t e r s  of " 100 A 

rad ius .  This  guide was w r i t t e n  f o r  t h e  ZRWGUN program, which was used 

i n  t h i s  d i s s e r t a t i o n .  The flow c h a r t  f o r  t h e  ZRWGUN program i s  shown 

in Figure A-1. 

B. Mesh S t r u c t u r e  

The c a l c u l a t i o n  of p o t e n t i a l  u s e s  a s p h e r i c a l  coordina te  system 

w i t h  an inc reas ing  mesh s i z e  a s  t h e  mesh r a d i a t e s  from t h e  emi t t e r  

t i p .  The r a d i a l  mesh s i z e  inc reases  wi th  r a d i u s  according t o  a 

geometr ical  s e r i e s  wi th  a  term r a t i o  ( 1  - he)- ' ,  where h  is  t h e  e 
angular  mesh s i z e .  To obta in  f i n e r  r e s o l u t i o n  i n  t h e  v i c i n i t y  of 

t h e  e m i t t e r  su r face  i n  o r d e r  t o  accura t e ly  r e so lve  t h e  f a c e t ,  two 

regions  wi th  d i f f e r e n t  angular  mesh s i z e s  a r e  defined.  See Figure 

A-2.  Region I i s  t h e  coarse mesh region wi th  angular  mesh s i z e  h  
c ' 

Region I1 i s  t h e  f i n e  mesh region  wi th  angular  mesh s i z e  h  and 
cc '  

hcc = hc/Mo 



where M i s  t h e  demagnif icat ion f a c t o r  f o r  t h e  f i n e  mesh (Mo = 3 t o  
0 

10) .  Fur ther  d e t a i l s  can be found i n  r e fe rence  1. 

C. Calcula t ion  of P o t e n t i a l  

The d e t a i l s  of t h e  mesh spacing,  d i f f e r e n c e  formulas,  d e t a i l s  

of t h e  convergence of t h e  ove r re l axa t ion  c a l c u l a t i o n  can be found in 

re fe rences  1 and 3. 
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D. Calcu la t ion  of Cathode Current Density 

The cathode c u r r e n t  d e n s i t y  a t  each p o s i t i o n  on t h e  cathode 

s u r f a c e  is  c a l c u l a t e d  by i n p u t t i n g  t h e  work func t ion  and temperature 

(from Tape 6 )  and us ing  t h e  cathode s u r f a c e  f i e l d  ( c a l c u l a t e d  by t h e  

program) in a  sub rou t ine  which i n t e g r a t e s  t h e  product  of t h e  e l e c t r o n  

dens i ty  i n  t h e  emi t t i ng  m a t e r i a l  and t h e  p o t e n t i a l  b a r r i e r  t r a n s -  

mission c o e f f i c i e n t  w i th  r e spec t  t o  energy. This  sub rou t ine  g i v e s  

t h e  cu r r en t  d e n s i t y  d i r e c t l y ,  without  t h e  n e c e s s i t y  of u s ing  t h e  

a n a l y t i c  approximations v a l i d  only f o r  c e r t a i n  ranges  of #, T and F. 

The sub rou t ine  i s  based on work done by El-Kareh, Wolfe and Wolfe. 
2 

E. Calcu la t ion  of T r a j e c t o r i e s  

The f o u r t h  o rde r  of Runge-Kutta method wi th  automatic  

s e l e c t i o n  of s t e p s  is  app l i ed  t o  i n t e g r a t e  t h e  equat ion  of motion 

in s p h e r i c a l  coord ina tes :  

where 11 is t h e  r a t i o  of charge t o  mass; ER, E a r e  r a d i a l  and e 
angular  f i e l d s ,  r e s p e c t i v e l y .  

F. Calcu la t ion  of Space Charge 

A v i r t u a l  a u x i l i a r y  mesh system as shown by t h e  do t t ed  l i n e s  i n  

F igure  A-3 is  e s t a b l i s h e d  t o  e v a l u a t e  t h e  space charge dens i ty  a t  any 

mesh p o i n t  ( i ,  j) : 





where I i s  t h e  c u r r e n t  c a r r i e d  by t h e  t r a j e c t o r y  which f a l l s  i n  t h e  
II 

a u x i l i a r y  c e l l  ( i , j ) ;  A t  i s  t h e  time i n t e r v a l  of a  s t e p ,  Vij 
n  is  t h e  

volume of t h a t  mesh c e l l ;  t h e  summation i s  performed only  f o r  those 

t r a j e c t o r i e s  R and time i n t e r v a l s  n which f a l l  w i t h i n  t h e  volume V .  . 
li 

G. Program Improvements 

I n i t i a l  exper ience  wi th  t h e  program d i sc losed  problems w i t h  

t r a j e c t o r y  output  d a t a  s c a t t e r .  A smoothing r o u t i n e  was t r i e d  t o  f i t  

t r a j e c t o r y  s lopes  t o  a  smooth curve of s l o p e  v s  t r a j e c t o r y  number. 

Although t h i s  technique improved t h e  r e s u l t s ,  t h e r e  were s t i l l  

problems whenever a  t r a j e c t o r y  c rossed  a  r a d i a l  mesh l i n e  and 

bes ides ,  t h e  curve smoothing was only  a  "band-aid" approach app l i ed  

t o  t h e  output  da ta .  Use of a  f i n e r  mesh produced a g r e a t e r  ou tput  

d a t a  s c a t t e r .  F i n a l l y ,  a  new i n t e r p o l a t i o n  scheme was t r i e d  which 

c a l c u l a t e d  t h e  p o t e n t i a l ,  and t h e  8 and R e l e c t r i c  f i e l d  components, 

a t  any p o i n t  i n  space,  based on a  Lagrange i n t e r p o l a t i o n  us ing  1 6  

mesh nodes r a t h e r  than t h e  o r i g i n a l  4 nodes. This  i n t e r p o l a t i o n  not  

on ly  produced smooth output  d a t a ,  but a l s o  caused t h e  program t o  run 

f a s t e r .  The more a c c u r a t e  i n t e r p o l a t i o n  r e s u l t e d  i n  l a r g e r  

t r a j e c t o r y  i n t e g r a t i o n  s t e p  (At) i n t e r v a l s ,  probably because l e s s  

e r r o r  i n  E and E r e s u l t e d  i n  a  more a c c u r a t e  increment i n  e l e c t r o n  r 0 

p o s i t i o n  and v e l o c i t y  over  longer  t ime i n t e r v a l s .  I t  was a l s o  

found t h a t  t h e  i n t e r p o l a t i o n  i n  t h e  8 d i r e c t i o n  could con ta in  only  

even o rde r  terms, s i n c e  t h e  p o t e n t i a l s  a r e  symmetric about t h e  

system a x i s .  This  was p a r t i c u l a r l y  important  f o r  t r a j e c t o r i e s  c l o s e  

t o  t h e  a x i s .  



Fur the r  ref inements  were necessary  when t h e  program w a s  

requi red  t o  genera te  d a t a  f o r  t h e  v i r t u a l  source  c a l c u l a t i o n .  The 

backward p ro jec t ion  of t h e  t r a j e c t o r y  f i n a l  s lopes  determines t h e  

v i r t u a l  a x i s  c ross ing  p o s i t i o n s  and, due t o  t h e  long l e v e r  arm, a 

smal l  s c a t t e r  in t h e  s l o p e  d a t a  produced l a r g e  f l u c t u a t i o n s  i n  t h e  

a x i s  c ross ing  po in t s .  It was found t h a t  i f  a "stopping plane" was 

c rea t ed  beyond t h e  anode and two t r a j e c t o r y  p o i n t s  on e i t h e r  s i d e  of 

t h a t  imaginary p lane  were used t o  i n t e r p o l a t e  a  s lope ,  p o s i t i o n  and 

k i n e t i c  energy a t  t h e  p lane ,  t h e  d a t a  s c a t t e r  disappeared. It seems 

t h a t ,  even i n  a r e a s  beyond t h e  anode, i n  f i e l d  f r e e  space,  t h e  

f i e l d  is  no t  t r u l y  zero  so t h a t t h e o r i g i n a l  s c a t t e r  i n  s topping  

p lane  p o s i t i o n s  f o r  va r ious  t r a j e c t o r i e s  was r e f l e c t e d  i n  s c a t t e r  i n  

t r a j e c t o r y  s lopes .  

The program was o r i g i n a l l y  w r i t t e n  i n  double p rec i s ion ,  there-  

f o r e  a l l  r e a l  numbers were i n  t h e  form of 3.1416DO. The program w a s  

changed t o  s i n g l e  p rec i s ion  f o r  t h e  CYBER 175, s i n c e  s i n g l e  p rec i s ion  

on t h e  CYBER i s  equiva lent  t o  double p rec i s ion  on some smal le r  

computers. This  is  t h e  reason r e a l  numbers appear i n  t h e  somewhat 

awkward form 3.1416EO. 

H. Future  Improvements 

The fol lowing i t e m s  would b e n e f i t  from some work: 

i) A t  low f i e l d s ,  t h e  cathode cu r ren t  dens i ty  subrou t ine  

doesn ' t  work. This  sub rou t ine  should be extended t o  t h e  

low Schottky and space charge regimes of emission. 



i )  TAPE 6 

This f i l e  conta ins  program c o n t r o l  v a r i a b l e  va lues ,  

f l a g s ,  two l i n e s  of remarks which a r e  reproduced in t h e  

main output  f i l e  and phys ica l  parameters such as 

e m i t t e r  temperature and work funct ion .  F igures  A-4, 

A-5 and A-6 show t h r e e  t y p i c a l  TAPE 6 f i l e s .  An 

explanat ion of t h e  f i l e  fol lows : 

F i r s t  two l i n e s  - cha rac te r  s t r i n g s  which a r e  i n s e r t e d  

i n  t h e  main output f i l e ,  TAPE 14. 

TY - program c o n t r o l ,  increments e i t h e r  launch ang le  o r  

i n i t i a l  K.E. of e l ec t rons .  

Algorithms f o r  incrementing a r e  a s  fol lows:  

(TY = 0) uo = ( 1 * 1 0 - ~ )  (2 L-1) 
r ad ians  

(TY = 1.1 eVo = ( 1 * 1 0 - 5 ) ( 2 ~ - ~ )  eV 

Note t h a t  t h e  number of t r a j e c t o r i e s  (LT) determines t h e  

maximum u and e V  . Since  a  must be < ~ / 2 ,  LT = 18 f o r  
0 0 0 

t h e  a lpha  e l ec t rons .  

AF - i n i t i a l  a c c e l e r a t i n g  f a c t o r  f o r  success ive  over- 

r e l a x a t i o n  c a l c u l a t i o n  of p o t e n t i a l .  See r e fe rence  3 

f o r  more informat ion.  

P o t e n t i a l  = (All) (New Calcula t ion  of P o t e n t i a l )  + ( 1  - 

AF) (Old P o t e n t i a l )  

AFlO - Comparison a c c e l e r a t i n g  f a c t o r  used f o r  f i r s t  AF 

adjustment.  

EVINIT - i n i t i a l  K.E. f o r  t r a j e c t o r i e s .  Note t h a t  i f  TY 
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COLD ELECTRON TRAJECTORIES 
16 TRAJECTORIES FROM .APE% 'TO EDGE OF FACET . 

0 TY . (@=COLD AND RLPHA, 14. ELECT RON) . : 

1,888E0 AF .(ACCELERATION FACTOR 4TERIT IONS) . 
0, E8 QF10 ( IN1 T IFIL 'ACCELERATION FACTOR) 
0.0E0 EVINIT . ( INITIAL: K.E.. I N  ELECTRON VOLTS) ' . '  
l e e € - 8 8  EPS (CONTROL ACCURflCY OF. f RAJECTORY 'CALCUL~T IONS) 
019 KA . ' CNUMBER OF WfNOR ITERfiTIONS) . 

. .. . . 

1 .  KB (FLRG, ACCELERATING FACTOR, i -CONSTANT, O ~ H W G I H G )  
0 . KU . . (PLAG, @+AUTO' EQUIPOTENT ICILS,, 1anANUAL EOUI POTENTIALS) 
816 . . ' LT (HUNBER OF , TRQJEC.TORIES FROH TIP) . .. . 
0 KREODY. (.FLFLG a1 : USE PREUiOUS. POTENT I ALSi =0: CALC; POTENT I ALS) 
1800. EB' . ' T.. . . ' .. (T 1.P TENPERPTURE I N  DEGREES ..'KELUI:N) 
2.0E8 .. 'WF ~WORKFUNCTIOHFOR.TIP) . 
1. € 0  DHQSS.' . ( RELATI UE. RFISS. OF. PART! CLE I. ELECTRON* 1 > ' 

94 H0 . .. ~DEHAGN~FICATION FCICTOR OF FINE REGION 3: 18 ) .  
013 IBOUNb '(RADIhL INTEGER..HESH 4 DF'FINE REGION). 
1 KF IELD '(FLAG,. BtF I ELD , 1t.TRA JI 2+SPACE ' CHARGE) 
3.E0 . HC (ANGULAR MESH SIZE I N  DEGREES) 
e BATCH' (LOGIC~~L, :~=INTERRCTIUE, L..BMCH) . .. . 
1 ', .. AUTOT 4LOGICALr l=fiUTO. TRAJECTORIES, . 04lQNUAL TRAJ, > . 

Figure A-4.  



ALPHfl ELECTRON TRAJECTORIES 
18  TRAJECTORIES WITH I N I T I A L  KE = IEU 

0 T Y (BtCOLD AND ALPHA, 1 4  ELECTRON) 
1.880E8 AF'  (ACCELERATION FACTOR ITERfiT IONS) 
0.E0 AF10 ( IN IT IQL  fiCCELERATION FACTOR) . 

1.0E0 EUINIT  ( I N I T I A L  K.Es I N  ELECTRON VOLTS) 
1 l BE-88 EPS . (CONTROL ACCURQCY OF TRAJECTORY CCILCULATIONS) 
819 KQ . (NUMBER OF AINOR ITERATIONS) - - 

1 KB (FLAG, QCCELERAT ING FACT OR, 14ONSTANT WCHANCI NC) 
0 K (FLAG, @=AUTO EQUIPOTENTIALS, loNANUAL EQUIPOTENTIRLS) 
010 L 7 (NUMBER OF TRAJECTORIES FROB TIP)  
1 KREADYv (FLAG =!:USE PREVIOUS POTEtiTIALS, o0:CALC. POTENTIALS) 
1800aEB . T (T IP  TEHPERATURE I N  DEGREES KELVIN) 
2.8E0 W F (MORK FUNCTIOt4 FOR TIP; 
1.E0 . OHASS ' (RELATIVE MUSS OF PARTICLE, ELECTRONzl) 
84 M8 \ (DEMAGNIFICATION FACTOR OF FINE REGION 3 - 101 
015 IBOUND' (RADIAL INTEGER MESH # OF FINE REGION) 
1 L KFIELD (FLAG, B=FIELDy leTRQJ, 2fSPACE CHARGE) 
3. €0 - HC (ANGULAR HE-SH S I Z E  I N  DECREES) 
8 -  8ATCH (LOCICkL, B~INTERACTIUEJ ¶=BATCH? 

AUTOT (LOGIChL, l*AUTO TRAJECTORIES, B=NQNUAL TRAJI ) 

Figure A-5. 



V ELECTRON TRAJECTORIES . 
20 TRAJECTORIES WITH I N I T I A L  LAUNCH ANGLE i 98 DEC, 

' 

1 TY (@=COLD AND ALPHA, l = V  ELECTRON) 
1.888E8 AF ' . (ACCELERATION FACTOR ITERAT IONS) . . 
8. €0 . AFl0 :. ' ( INITIAL'FICCELERATION'FACTOR) , . ' . , .  
1,8E0 EUINI  T ( I N I T I A L  K.E, I N  ELECTRON .UOLTS)' . '  , ' 

1.8E-88 EPS .. <CONTROL ACCURslCY OF , TRcl JECTORY CCILCULATIONS) 
819 .KFc ' (NUMBER OF HINOR ITERAT I'ONS) . . . . 

1 KB (FLfiG, :(ICCELERQT ING FACTOR fi I~CQNSTAHT, B=CHANGING) 
0 :* , . . ..': CFL,AG, @=AUTO EQUIPOTENTIALSI l=WNUAL 'EQUIPOTEHtICSLS) 
028 ' L T  ' ' " <NUMBER OF TRAJECTOR.IES FROM 'T IP )  . .. . 
f ' "KREADY - (FLAG - s l  :USE PREVIOUS POTENT'I ALSi 4: CfiLC.: POTENTIALS) 
18ee.h a. 7 .  . (T IP  TEHPERATURE .IN DECREES KELVIN) . 

.2.8€0 : - F .' : CUORK FlJHCTlON .FOR TIP) ., 

1. EB : ,I., OMASS ' CRELATIIJE HASS OF P(3RT ICLE, . ELECTRONS~ ;) 
84 , : '  .. . M e  .n CDEIlffiNIFICfiTI'ON :FACTOR.. OF. .F.INE REGION. 3 .  - I@> - 815 .. ;:. . - .  IBOUND' . (R4D IAL  INTEGER WESH # .,OF 'FINE REGIOH) . 

1 :"'" '. KFIELD. ( F I X ,  . B+FIELb; ItTRAJ,' 2zSP13CE CHhRCE) ., . ,.. 

3. E0 ' .:" - 1  HC ' (ANGULFIR .PlESH' SIZE ' I N  DEGREES) ' ' 

. . . I> . . 
BClTCH . 1: (LOGICAL,. 0% INTERACTIUE,. ItBCSTCH) 0 '  :',:.," . .J . .  
.CIUTOT '. ' (LOGICAL, l'=RUTO,. TRC~JECTORIESI B4lFINUAL TRAJ. ) . 0- 

Figure A-6.  



= 1 then t h i s  input  is ignored. 

EPS - Two c a l c u l a t i o n s  a r e  made of each t r a j e c t o r y  s t e p ,  one 

us ing  a  A t  s t e p  t o  c a l c u l a t e  a new p o s i t i o n  and 

v e l o c i t y  and one us ing  two At/2 s t e p s  t o  do t h e  same 

th ing .  A t  i s  then increased ,  decreased o r  l e f t  un- 

changed depending on t h e  r e l a t i v e  e r r o r s  i n  p o s i t i o n  

and v e l o c i t y  between t h e  two c a l c u l a t i o n s .  EPS is t h e  

r e l a t i v e  e r r o r  nominal value.  

KA - number of i t e r a t i o n s  of ove r re l axa t ion  c a l c u l a t i o n  

performed between success ive  e s t ima tes  of AF. 

KB - Equipo ten t i a l  con t ro l :  I f  0,  V ( i )  = V + 
e  q suppressor  

'AN ODE 
/i f o r  i = 1 through 20; i f  1, V i s  input  from 

e  q 

t h e  te rminal  by a  FORTRAN free-form read s tatement .  

LT - Number of t r a j e c t o r i e s ,  s u b j e c t  t o  l i m i t s  ( s e e  

explanat ion  of TY) 

KREADY - P o t e n t i a l  c a l c u l a t i o n  bypass c o n t r o l ,  i f  0 calcu- 

l a t e  p o t e n t i a l s ,  i f  1, use p o t e n t i a l s  c a l c u l a t e d  on 

TAPE 10. Saves time when doing d i f f e r e n t  t r a j e c t o r i e s  

wi th  same geometry and vol tages .  Note t h a t  t h e  

samples of TAPE 6 show KREADY = 0 only f o r  cold 

e l e c t r o n s ,  s i n c e  t h e  o rde r  of c a l c u l a t i o n  w a s  co ld ,  

a lpha ,  and V e l e c t r o n  t r a j e c t o r i e s .  

T - Emit te r  temperature i n  Kelvin 

WF - Work funct ion  of emi t t i ng  s u r f a c e  i n  eV 



D W S  - Rela t ive  mass of t h e  p a r t i c l e .  Elec t ron  = 1. 

MO - Demagnification f a c t o r  of f i n e  mesh r e l a t i v e  t o  

coarse  mesh. 

IBOUND - The f i n e  mesh region  extends out  r a d i a l l y  t o  t h e  

s p h e r i c a l  s u r f a c e  a s soc ia t ed  wi th  t h e  i n t e g e r  

IBOUND i n  t h e  coarse  mesh. 

KFIELD - Controls  ex ten t  of o v e r a l l  ca l cu la t ion :  

0 -- Calcula te  Laplace f i e l d  and cathode cu r ren t  

densi ty.  

1 -- Calcula te  t r a j e c t o r i e s  a l so .  

2 -- I t e r a t e  space charge c a l c u l a t i o n s  t o  convergence. 

HC - Coarse mesh angular  mesh increment i n  degrees, 

BATCH - Controls  output back t o  terminal .  

0 -- Various output  i s  w r i t t e n  t o  t e rmina l  during 

program execution. 

1 -- Output t o  t e rmina l  is suppressed. 

AUTOT - Auto t r a j e c t o r y  cont ro l .  

0 -- T r a j e c t o r i e s  s t a r t  from e m i t t e r  apex. 

1 -- T r a j e c t o r i e s  a r e  spaced a t  equal  i n t e r v a l s  from 

apex t o  edge of f a c e t  ( o r  f i r s t  breakpoint  i n  

geometry l i s t e d  on TAPE 7). 

i i )  TAPE 7 

This  f i l e  con ta ins  t h e  geometry and t h e  app l i ed  

vo l t ages  f o r  t h e  e m i t t e r  and gun. F igures  A-7 and A-8 

a r e  t y p i c a l  TAPE 7 input  f i l e s .  The geometry 



SPHERICOL-END EMITTER ' . . : 
1 UH EMITTER UITH -388, 6880U APPLIED .. 
5 . , 

Figure A-7.  





assoc ia t ed  wi th  t h e s e  two f i l e s  i s  shown i n  F igure  A-9. 

The r u l e s  of w r i t i n g  t h i s  f i l e  a r e  a s  fol lows:  

F i r s t  two lines - cha rac te r  s t r i n g s  which a r e  w r i t t e n  

i n t o  t h e  output  f i l e ,  TAPE 14. 

To ta l  number of e l e c t r o d e s  (KO) - Note t h a t  t h e  

number of i n t e r s e c t i o n s  between each r a d i a l  mesh 

l i n e  and each e l e c t r o d e  must be 2 ,  otherwise 

d iv ide  t h e  e l e c t r o d e  i n t o  two e l ec t rodes .  

Accumulating mode numbers (KK(K)) - I n  F igure  A-9 

t h e  nodes o r  breakpoin ts  between t h e  geometr ical  

l i n e s  and curves a r e  numbered. The numbers 

corresponding t o  t h e  l a s t  poin t  on each e lec-  

t r o d e  a r e  l i s t e d  here  i n  sequence, s epa ra t ed  by 

commas. 

L i s t  of coordina tes  (Z, R,  p) of each node number i n  

Figure A-9. A l l  segments c o n s i s t  of s t r a i g h t  

l i n e s  except f o r  t h e  e m i t t e r  which can be  e i t h e r  

f ace ted  o r  s p h e r i c a l .  The apex is  always t h e  

f i r s t  po in t  where t h e  coordina tes  a r e  (0,0,0). 

The sequence of e l e c t r o d e s  i s  always cathode, 

anode and Wehnelt. A l l  a x i a l  dimensions (Z) a r e  

r e l a t i v e  t o  t h e  cathode apex. A l l  r a d i a l  

dimensions (R) a r e  r e l a t i v e  t o  t h e  a x i s .  The 

t h i r d  column, p ,  i s  zero  f o r  a s t r a i g h t  l i n e  

segment and p = 
Ro' t h e  tip-end r a d i u s ,  f o r  t h e  





s p h e r i c a l  p o r t i o n  of t h e  emitter. All dimensions a r e  

in  micrometers. I n  t h e  TAPE 7 f o r  t h e  spherical-end 

e m i t t e r ,  n o t e  t h a t  even though t h e  geometry is n o t  

f a c e t e d ,  a break po in t  o r  node is inc luded  on t h e  

s p h e r i c a l  su r f ace .  The reason f o r  t h i s  i s  t h a t  t h e  

t r a j e c t o r y  launching p o i n t s  f o r  co ld  e l e c t r o n s  and 

t h e  angular  e x t e n t  of t h e  f i n e  mesh a r e  determined by 

t h e  l o c a t i o n  of t h e  first node i n  t h e  geometry a f t e r  

t h e  apex. Other i t ems  t o  n o t e  a r e :  a) t h e  Z 

coord ina tes  of t h e  last nodes of t h e  f i r s t  and last 

e l e c t r o d e  must be equal ;  b) t h e  R coo rd ina t e s  of two 

p o i n t s  c o n s t i t u t i n g  an open boundary must be equal ;  

c )  t h e  r i g h t  hand s i d e  of t h e  coord ina te  space must 

be c losed  ( i . e .  must s t a r t  a t  R = 0). Voltages of 

t h e  e l e c t r o d e s  a r e  i n  sequence corresponding t o  t h e  

accumulating node numbers. 

J. Output Data F i l e s  

There a r e  7 ou tput  d a t a  f i l e s  as fol lows:  

i. TAPE 8 

Th i s  is a f i l e  for gene ra l  check-up. It inc ludes  

boundary d a t a ,  r a d i a l  mesh coord ina t e s ,  d a t a  of 

boundary procedure, p o t e n t i a l  convergency, cathode 

dens i ty  (both  space charge l i m i t e d  and temperature 

l i m i t e d )  e t c .  



ii. TAPE 9 

Current dens i ty  a t  a l l  mesh po in t s  (space charge 

d e n s i t y  mul t ip l i ed  by v e l o c i t y  corresponding t o  mesh 

p o t e n t i a l  energy).  

iii. TAPE 10 

Laplace p o t e n t i a l  map f o r  t h e  mesh. This  f i l e  can be 

used e i t h e r  f o r  check-up purposes o r  f o r  t h e  next  run 

(when KREADY = 1 ) .  

i v .  TAPE 11 

Boundary coordina tes  f o r  graphic  use. 

v. TAPE12 

Tra jec to ry  coordina tes  f o r  graphic use. 

v i .  TAPE 13 

Equ ipo ten t i a l  coordina tes  f o r  graphic  use. 

v i i .  TAPE 1 4  

This  f i l e  conta ins  t h e  major r e s u l t s  of t h e  run and is  

reproduced f o r  a  t y p i c a l  case  i n  Figure A-10. 
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K. L i s t  of Program V a r i a b l e s  

i. Arrays  

V (168,65) Coarse mesh v o l t a g e s .  

R (168) Radia l  d i s t a n c e s  from o r i g i n  t o  c o a r s e  

VU (50) 

P (168,65) 

VOLUM (168,lO) 

HS (168) 

C J  (25) 

* ITRAJ (20) 

mesh p o i n t s .  

F ine  mesh v o l t a g e s .  

Radia l  d i s t a n c e s  from o r i g i n  t o  f i n e  

mesh p o i n t s .  

Rad i a l  c o o r d i n a t e s  o f  e m i t t e r  s u r f a c e .  

Space cha rge  d e n s i t y .  

Space charge  c e l l  volume. 

Radia l  c o a r s e  mesh increments .  

Cathode c u r r e n t  d e n s i t y  f o r  each  

t r a j e c t o r y .  

Cur ren t  a s s o c i a t e d  w i t h  each  t r a j e c t o r y .  

Rad i a l  c o o r d i n a t e s  of p lanar -d iode  anode 

(used i n  LABGUN on ly)  

Rad i a l  c o o r d i n a t e  o f  e ach  t r a j e c t o r y  on 

cathode.  

Angular c o o r d i n a t e  of each t r a j e c t o r y  on 

cathode.  

Va l i d  d a t a  i n d i c a t o r  f o r  t r a j e c t o r y  

r e g r e s s i o n  a n a l y s i s .  



VINTC (4) In t e rmed ia t e  i n t e r p o l a t e d  p o t e n t i a l  

VINTR (4) va lues  used i n  16 po in t  i n t e r p o l a t i o n .  

* CM (25) Angular coo rd ina t e  of planar-diode anode 

(used i n  LABGUN only) .  

Cathode a r e a  corresponding t o  each 

t r a j e c t o r y .  

Beginning r a d i a l  coo rd ina t e  of 

t r a j e c t o r y .  

R, 8, R', 0' ' (Runge-Kutta Coordinates)  

Y (4)  Next s t e p  va lues .  

Y T 1  (4)  Auto s t e p  s i z e .  

YT2 (4)  

YE (4) R e l a t i v e  e r r o r .  

YO ( 4 )  I n i t i a l  va lues .  

CB (25) - Beginning angular  coo rd ina t e  of 

t r a j e c t o r y .  

* VM (25) P o t e n t i a l  of planar-diode anode ( f o r  

LABGTJN program on ly ) .  

See Fig.  A-11 f o r  c l a r i f i c a t i o n  of U and U 1 .  

U (65,lO) Radia l  d i s t a n c e  from o r i g i n  t o  e l e c t r o d e  

boundary (outward s i d e ) .  

U 1  (65,lO) Radial  d i s t a n c e  from o r i g i n  t o  e l e c t r o d e  

boundary (inward s i d e ) .  



Figu re  A - 1 1 .  C l a r i f i c a t i o n  of U and U1 a r r a y s .  



I B  (65) 

I S 1  (65) 

I C O  (65,lO) 

DELTAC (168,65) 

I n t e g e r  corresponding t o  U. 

I n t e g e r  corresponding t o  U1 .  

Accumulating node po in t  numbers of each 

e l e c t r o d e .  

Z ,  R,  p va lues  from boundary da t a .  

Voltages  f o r  each e l e c t r o d e .  

S t a r t i n g  po in t  of i t e r a t i o n  Radia l  I No's. 

Ending p o i n t  of i t e r a t i o n  1 
Angular p o s i t i o n  f o r  each boundary noda l  

po in t .  

Values of equipoten t  i a l s  . 

Radia l  d i s t a n c e  t o  open boundaries .  

P o t e n t i a l s  on open v e r t i c a l  boundary 

( log  i n t e r p o l a t i o n ) .  

Las t  i t e r a t i o n  po in t  f o r  open boundary. 

I r r e g u l a r  po in t  on open boundary. 

Radia l  I no. l e av ing  boundary e l e c t r o d e .  

A0 f o r  i r r e g u l a r  boundary p o i n t s  (mesh 

po in t  n o t  on boundary) . 
Radia l  I no. e n t e r i n g  boundary e l e c t r o d e .  

P o t e n t i a l s  on open h o r i z o n t a l  boundary 

( l i n e a r  i n t e r p o l a t i o n ) .  



RX (100,65) Approximate r a d i a l  coordina te  of nodal  

poin t .  

RPOINT (100) Exact r a d i a l  coordina te  of nodal  po in t  

(permi ts  d i s t ingu i sh ing  ent rance  and 

e x i t  of r a d i a l  l i n e s ) .  

HHS (90) Radial f i n e  mesh increments.  

I I K  (50) S t a r t i n g  poin t  of i t e r a t i o n  ( f i n e  mesh). 

EQJ (11) Values of equi-current  dens i ty .  

PP (90,50) Space charge dens i ty  i n  f i n e  mesh. 

WOLUM (90,50) Space charge c e l l  volume ( f i n e  mesh). 

Tra jec tory  Endpoint Calcula t ion  Parameters 

The fol lowing a r r a y s  a r e  a s soc ia t ed  wi th  a maximum of 25 

t r a j e c t o r i e s ,  t h e  l a s t  10 p o i n t s  of which a r e  used f o r  ca l cu la t ion .  

POIXTX (10,25) REND (25) 

POINTY (10,25) POINTVR (10,25) 

Y I  (25) POINTVR (10,25) 

X I  (25) SLOPE (25) 

SLOPE1 (25) VFINAL (25) 

A N G I  (25) 

*Probably can b e  removed from ZRWGUN program. 



ii. Var iab les  (no t  explained elsewhere) 

I M  Maximum coarse  mesh I no. ( r a d i a l  d i r e c t i o n ) .  

J M  Maximum coa r se  mesh J no. (angular  d i r e c t i o n ) .  

IMM Maximum f i n e  mesh I no. 

J M M  Maximum f i n e  mesh J no. 

EO 8.854010-l2 = E 
0 

E Small number 0  ( 1 * 1 0 - ' ~ )  

KD Major i t e r a t i o n  no. 

KE Convergency i n d i c a t o r  

JBOUND Angular i n t e g e r  mesh no. of f i n e  reg ion .  

The f i n e  mesh extends t o  JBOUND + 2 i n  t h e  

angular  d i r e c t i o n .  
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APPENDIX E 

EXPERIMENTAL TECHNIQUES 

The data in this dissertation were collected with relatively 

simple experimental setups. Figure 1-2 shows the electron gun 

structure. Two different configurations of this structure were 

built. Figure 1-3 shows the emitter/suppressor/anode test 

structure used for angular distribution and some noise 

measurements. The other configuration is shown in Figure A-12. 

This is an apertured electron gun used for forming a microprobe 

in a dual magnetic lens system.l Data from the apertured gun 

is primarily given in the current fluctuation and electron 

optical chapters. The particular experimental apparatus used for 

a given figure can be determined by the identifying letter code 

in the upper right corner of the figure: A denotes the Figure 

1-3 gun and G denotes the Figure A-12 gun. Because of poor 

pumping of the G type gun in the glass tube, a tip protection 

circuit was built to decouple the emitter from the large stored 

charge in the high voltage power supply and connecting cable. 

This device improved emitter life by preventing minor arcs from 

destroying the emitter. A schematic is shown in Figure A-13. 

Angular distributions and I-V data were taken in UHV ion 

pumped chamber with the A type electron gun suspended over an x-y 

stage which had a Faraday cup mounted on it. A Keithley 600A 
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( Figure A-13.  Diagram of the emitter protection circuit used in this study. 



electrometer was used to measure the cup current and was 

connected to an x-y recorder for obtaining plots of angular 

distributions. The stage position was transmitted to the x-y 

recorder via a 10 turn potentiometer coupled to the x-y stage 

motion control. 

Noise spectra in Chapter 4 were taken using two different 

spectrum analyzers, an analog type (Quantech model 304)  and a 

dual channel digital signal analyzer (Hewlett-Packard 54208) .  

The Faraday cup current was amplified with a PAR 181 current 

sensitive preamplifier in both cases. The experimental setup for 

dual channel coherence function measurements is shown in Figure 

A-14. 
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1 
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F i g u r e  A-14. Coherence f u n c t i o n  e x p e r i m e n t a l  a p p a r a t u s .  
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