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A mass spectrometric technique has Seen developed t o  measure t h e  

quan t i ty  of n e u t r a l  molecules r e l eased  by e l ec t ron  impact froin mztall-i.c 

su.rfaces covered with adsorbed gases  and was used t o  i n v e s t i g a t e  t h e  

e l e c t r o n  bombardment induced desorpti-on of carbon monoxide from tumgsten. 

'Ihe method i s  s e n s i t i v e  enough to d e t e c t  the desorp'ifon of about 

1.09 molecules during an eight-second bodoardrnent pirl.se. This s e n s i t i v i t y  

permi-ts frequen-t sampling of a su r f ace  without sj gnri f i c a n t l y  per turbing 

t h e  gas-ineta1 surface; t he re fo re ,  re lc t i -ons caii be followed as t hey  

occur. This technique f o r  studying gas-mctal i n t e r a c t i o n s  i s  compatible 

with other  metLods including low-energy electxon d i f f m c t i o n ,  f l a s h  

fil-ament measiirements, m d  t h e  desorpt ion of ions and secondary e l e c t r o n s  

due t o  e l e c t r o n  bombardnent. 

it was poss ib l e  t o  s epa ra t e  the e f f e c t s  of thermal desorpt ion dire 

t o  t h e  very small amount of t a r g e t  hea t ing  t h a t  accomp3ni.ed t h e  e lkc t ron  

bombardment from t h e  e f f e c t s  of e l ec t ron  impact per se. The therrrial 

e€ fec t s  were shown t o  be n e g l i g i b l e  f o r  the condi t ions of t h i s  study. 

They TrJere a l s o  shown t o  be pressure dependent so  t h a t  t hey  wou1.d. make an 

important con t r ibu t ion  f o r  the desox-ptrion of carbon monoxide from t h e  

tungsten t a r g e t  a t  300°K f o r  500 el-ectron v o l t  electrons a t  ambient 

carbon monoxide pressures  greater than J.n-' t o r r .  

- -I 



V 

The deso rp t ion  of n e u t r s l  ca.rbon monoxide molecules f r o n  a 

tungsten ribbon wi th  predominantly [ ~ O O ]  poles  normal t o  t h e  s-urfaee was 

measured f o r  e l e c t r o n  energies  in t h e  range from -30 t o  8,000 e l e c t r o n  

vo l t s .  Between 3 x 

i n c i d e n t  e l ec t ron ,  depending upon t h e  e l e c t r o n  energy, The desorpt ion 

appears -to be from t h e  alpha form of chemisorbed carbon rnonoxiih, whose  

measured popiulation was about 10 l3 molecules per square centi.meter. 

deso rp t ion  c r o s s  s e c t i o n  f o r  n e u t r a l  carbon monoxLde from t h i s  alpha 

s t a t e  i s  then caI.culated t o  be about L+ x 

e l e c t r o n s  hav ing  energies of l!lO el-ectron vo l t s .  The t h re sho ld  of 

e l e c t r o n  energy necessary t o  cause desorpt ion i s  approximately 

20 e l e c t r o n  v o l t s .  

and 6 x l o w 5  molecules were desorbed p e r  

~ i n e  

s q u a r e  cent imeters  f o r  

The  r e l a t i o n s h i  p of  t h e  d.esorpti.on c r o s s  s e c t i o n  $0 the e l e c t r o n  

energy i s  discussed, and a t e n t a t i v e  expl.anation i.nvo1.virig s e v e r a l  

processes i s  of'fered. 
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D e f i n i t i o n  of t h e  Study 

The desorpt ion of i ons  and gases  from metal. surPaces by 'oombardment 

with e l e c t r o n s  per se has been observed i n  ma.ny circumstances. '-"* 
q u a n t i t i e s  of desorbed gases  and i o n s  a r e  sometimes very l a rge .  Such 

desorbed gases  and ions  shorten t h e  l i f e  of high-pover e l ec t ron  tubes 

and can be  an important €actor  i n  t h e  operat ion of vacium systems and 

t h e  use of' i on  gauges. 

processes a r e  being explored empir ical ly ,  a b e t t e r  understanding of the 

proc2sses con t r ibu t ing  to t h e  phenomenon would expedi te  t h e  sohi t i  on t o  

problems caused by unwanted desorpt ions and heip optimize tl-ic d e s i r a b l e  

a p p l i c a t j  ons. As  more i s  learned about e l e c t r o n  bombardrnent induced 

desorpt ion (E3ID), it i s  'oecoming an important t o o l  €or studying gas- 

m e t a l  su r f ace  i n t e r x t i o n s .  

The 

Though t h e s e  and o the r  t e c h n i c a l l y  important 

The motivst ion fo7 t h i s  study i n i t i a l l y  came from a desire t o  

understand E B I D  and e x p l o i t  it f o r  vacuum system processing and as r_ io01 

for studying t h e  gas-metal surface i n t e r a c t i o n s  t h a t  a r e  so important t o  

vacuum technology. Because of t h e  cmiplex na tu re  of both t h e  B I D  

process and t h e  gas-metal i n t e r a c t i o n s ,  it i s  desirable during t h e  

*Denotes references.  See pages 113 through 120. 
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development of apparatus and techniques t o  use  slimple gas-meta.1 

combinations t h a t  are convenient t o  manipulate experimentally. 

w a s  chosen because it can be cleaned of surface cont.minants, except 

carbon, by heat ing i n  a vacuum t o  2200 t o  2400°K, and even t h e  carbon 

may be removed by heat ing i n  oxygen a t  lom6 t o r r .  

carbon monoxide and hydrogen were inves t iga t ed  because they  a r e  common 

gases  i n  u l t r a h i g h  vacuiun systems; however, t h e r e  i s  much more informa- 

t i o n  fn t h e  1iteratuii.e on t h e  carbon monoxide-tungsten system, and t h e  

adsorbed. hydrogen i s  more d i f f  icul’c -Lo mari-ntain f r e e  of contamj.nation 

than  i s  t h e  carbon monoxide. Therefore, t h e  study w a s  concentrated on 

carbon monoxide, 

Tungsten 

Initial.l.y, both 

The experimental equipment devel-oped for t h i s  study has been 

designed t o  study t h e  ? B I D  of neutral. gas during e l ec t ron  bombardment; 

t h e  desorpt ion of ions may a l s o  be measured; however, s ince  o t h e r s  were 

studying t h e  desorpt ion of ions,  it w a s  decided t o  concentrate  0x1 neu t ra l  

p a r t i c l e  measurements. 

Purpose, Need, and Scope of t h e  Study ~ _ . - -  

Purpose. The two main goals  of t h i s  study were (1) t o  develop 

s e n s i t i v e  techniques f o r  studying .the desorpt ion of gases from m e t a l l i c  

su r f aces  by e l e c t r o n  bombardment, arid ( 2 )  t o  provide information t h a t  

wi1.l be u s e f u l  i n  p r a c t i c a l  app l l ca t ions  of EBI:D and i n  understanding 

of t h e  desorpt ion processes. 
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Need. The t h r e e  main j u s t i f i c a t i o n s  f o r  studying the desorpt ion - 
of gases by e l e c t r o n  bombardment are (1) i t s  p o t e n t i a l  value as a t o o l  

for i n v e s t i g a t i n g  gas-metal i n t e r a c t i o n s ,  (2) i t s  immediate value t o  

modern t e c h n o l o a ,  and (3)  a s c i e n t i f i c  i n t e r e s t  i n  t h e  desorpt ion 

mechanisms. 

It should not be necessary t o  show the g r e a t  importance of t h e  

i n t e r a c t i o n s  of s o l i d  su r faces  with gaseous environments. One need only 

to be reminded t h a t  co r ros ion  and c a t a l y s i s  are su r face  phenomwa. 

Though knowledge of gas-metal r eac t ions  i s  inc reas ing  r ap id ly ,  we s t i l l  

l a c k  much of the b a s i c  jnformation needed f o r  understanding t h e  processes 

we use so widely. 

In 1964, L. H. Germer said:" 

One should r e f l e c t  upon t h e  enormous importance of c a t a l y t i c  
processes,  and upon t h e  absence of b a s i c  understanding of <hese 
processes .  It seem t o  me t h a t  g e t t i n g  t o  understand cata:lysis w i l l  
have a g r e h t e r  impact upon t h e  world t h a n  w i l l  a l l  t h e  solid stn-te 
devices  t h a t  can eve r  be developed. 

Surface phenomena 8re, of course, t h e  h e a r t  of t he  mztter. 

The su r faces  of s o l i d s  are d i f f i - cu l t .  t o  s tudy experimen;ally and. 

are Foorly understood because of the number and v a r i e t y  of phenomena 

involved and t h e  d i f f i c u l t y  of measuring and c o n t r o l l i n g  them. No one 

techaiyu-e i s  b e s t  f o r  s tudying su r face  phenomenz; r a t h e r ,  each technique 

provides a c e r t a i n  kind of information, and it i s  t h e  combination of a 

v a r i e t y  of techniques t h a t  gives t h e  most complete understanding of 

surface phenomena. The EBID of gases arid ions may be used wi-th thermal 

desorpt ion methods and mass spectrometry t o  provide a very usek'u.1 



combinat ion. Thermal de s o w  t i o n  measures a c t i v a t i o n  energies  f o r  

desorption, the abundance of t he  adsorbed species ,  and helps  i d e n t i f y  

phases;  mass spectrometry i d e n t i f i e s  the kind and amount OI? t he  desorbing 

spec ies ;  and EBID provides  both a sensiLive measure of t h e  abundance of 

c e r t a i n  adsorbed species  and information about t he  bonding t o  -the surface.  

Since e l ec t ron  bombardment can be accomplished wit'n low-intensi ty ,  narrow 

e l ec t ron  beams, it can be used as a probe t o  follow sur face  changes a s  

they  occiIr without i n t e r f e r i n g  s i g n i f i c a n t l y  with t h e  phenomena as 

would be necessary with the  thermal desorpt ion technique. 

The second j u s t i f i c a t i o n  f o r  studying EBID i s  the  importance of 

t h i s  phenomenon -Lo modern technology. Perhaps t h e  most obvious appl ica-  

t i o n  i s  "cleaning up" vacuum systems. 

desorpt ion has been reported t o  lower the  base p re s su re  of vacuum systems 

by as much a s  a f ax to r  of 100 ( re ferences  1 2  and 13) .  The EBID can a l s o  

be uxed t o  monitor t ne  "cleanup" of  gases by thermal o r  o the r  techniques 

o r  t o  monitor t ne  contamination of vacuum with hydrocarbons, It may 

a l s o  be use fu l  i n  inducing chemical changes and i n  c e r t a i n  cases  f o r  

producing c lean  sur faces  without heat  o r  r a d i a t i o n  damage. 

The use of EBID with thermal 

The t h i r d  j u s t i f i c a t i o n  i s  s c i e n t i f i c  c u r i o s i t y .  None of t he  

published explanations f o r  EBID f i t  a l l  of t he  observat ions,  It seems 

l i k e l y  t h a t  s eve ra l  mechanisms a r e  important and t h a t  some o r  a l l  of 

them a r e  d i r e c t l y  r e l a t e d  t o  t h e  na ture  of t h e  bond between the  subs t r a t e  

and the  adsorbate.  If t h i s  i s  s o ,  it  should be p o s s i b l e  t o  ge t  new 

inforrnat ion about bonding from EBID da ta .  
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Scope. This work was l i m i t e d  to developing a technique f o r  

studying EBID of gases  and ions  from meta l  sur faces  and a study of t h e  

deso rp t ion  of carbon monoxide from tungsten f o r  the reasons mentioned 

e a r l i e r .  However, Appendix A, page 123, conta ins  some d a t a  f o r  t h e  

EBID of hydrogen from tungsten.  

t h i s  study and were i n  good q u a l i t a t i v e  agreement wi th  published data .  

They are not r epor t ed  here, however, s i n c e  t h e  experimental e f f o r t  

concentrated on obtaining n e u t r a l  p a r t i c l e  data .  

A €ew ion  measurements were made i n  

Organization of t h e  D i s s e r t a t i o n  

Tne fol lowing chapters  (1) develop t h e  h i s t o r i c a l  and t h e o r e t i c a l  

background for t h e  study of B I D  t o  provide a b a s i s  for t h e  discussioii  

of the experimental  r e s u l t s ;  ( 2 )  summarize t h e  s t a t e - o f  - t h e - a r t  knowledge 

about t h e  adsorpt ion of carbon monoxide on tungsten;  ( 3 )  desc r tbe  t h e  

experimental method, apparatus,  and techniques used i n  t h i s  study; 

( 4 )  present  t h e  experimental da ta ;  and (5 )  discuss t h e  experimental 

r e s u l t s  i n  r e l a t i o n  t o  t h e  information i n  t h e  l i t e r a t u r e  and t h e  re levant  

desorpt ion mecharii s m s  . 



This chapter. provides an hi s t o r i c a l  i n t roduc t ion  t o  EBlD,  

summarizes subsequent d.evelopiaents up t o  t h e  present ,  and reviews t h e  

desorpt ion and adsorpt ion mechanisms descr ibed i n  t h e  l i t e r a t u r e .  The 

l i t e r a t u r e  review i s  not intended t o  b2 complete bu t  r a t h e r  t o  recount 

some of t h e  most importent deve3.opmen'is and provide background. for t h e  

-pr e s e n t study . 

Electron Bombardment Induced Desorpti. on l_^__.___l___l 

b p e r i r n e n t a l  r e s u l t s .  The f i r s t  account of desorpt ion from 

surf?ces due t o  e l e c t r o n  bombardment -j_s apparent1.y reported. by 

A. J. Dernps-Ler": i n  1918. He w a s  searching f o r  sources of "pos i t i ve  

r ays"  t o  be used with 1ij.s "New Method of P o s i t i v e  Ray Analysis, 'I which 

was an m r l y  vers ion of t h e  magnetic mass spectrometer. 

It w a s  thought t h a t  t h e  bombardment of salts by el.ectrons might; 
break up t h e  chemical compounds and gl.ve r i s e  t o  many p o s i t i v e  ions.  
. . . Although t h e  aluminim phosphate was chemically pinre, t h e  r ays  
obtained under t h e  bombardment of 128 v o l t  e l e c t r o n s  were very 
compkx; t h e  following ions were observed besides  a cou.ple of 
unresolved groups: HI, H2, L i  (weak), 02. ( s t rong) ,  Na ( s t rong) ,  
0 3  ( ? )  (weak), M = 62 (weak, poss ib ly  Na20), M = 6'7 (s t rong,  
possibly H,P02 = 66), M = 76 ( s t rong) ,  M = 86 (weak, poss ib ly  
Rb =: 8 5 . 5 ) ,  M = 112 (s t rong,  possibly P20~ = 110). . . . From t h e  
bmbardment of aluminum phosphate t o  which a l i t t l e  I l t h ium 
ch lo r ide  and sod-iiun ch lo r ide  had been added s t rong bundles of 



hydrogen atoms and hydrogen molecules were obtained. . . , The 
experiments i nd ica t ed  t h e  convenience of t h e  method of obta in ing  
p o s i t i v e  rays and opened up a n  i n t e r e s t i n g  f i e l d  f o r  inves t iga t ion .  l(+ 

I n  s p i t e  of t h i s  promising start and t h e  subsequent r ap id  

development of t h e  mass spectrometer t h e r e  i s  nothing more i n  t h e  1- J- Of23 

l i t e r a t u r e  u n t i l  about 1950 regarding t h e  use  o f  e l e c t r o n  bombardment 

of su r f aces  t o  produce ions  or n e u t r a l  p a r t i c l e s .  

I n  t h e  per iod 1950 t o  1959 s e v e r a l  i n v e s t i g a t o r s  examined t h e  

use of e l e c t r o n  bombardment t o  decompose compounds and to s p u t t e r  

oxides  and metals  (Dart, 

Moore, l8 arid Wargo and Shepardlg) .  

t h a t  ( 1 )  e l e c t r o n  bombardment could decompose compounds, bu t  t h a t  t h e  

t'nreshold energy for decomposition i s  not  d i r e c t l y  r e l a t e d  t o  t h e  hea t  

of formation of t h e  compound and t h a t  t h e  decompositions a r e  not a l l  

p ropor t iona l  t o  t h e  e l e c t r o n  cur ren t ;  ( 2 )  e l e c t r o n  bombwdment was not  

e f f e c t i v e  i n  causing s p u t t e r i n g  of oxides o r  metals ;  (3) e l e c t r o n  

bombardment removed adsorbed gases as both ions  and molecules; snd 

( 4 )  e l e c t r o n  bombardment produced some 0 

s e v e r a l  electrori  volts. 

Plwnlee and Ehith, l6 Moore and Hughes, l7 

These i n v e s t i g a t i o n s  e s t ab l i shed  

-!- 
i o n s  wi th  k i n e t i c  eKergfes of 

+ 
I n  1960 Young2' repor ted  desorp t ion  e f f i c i e n c e s  of about lo-' 0 

ions  per i nc iden t  90 e l e c t r o n  v o l t  e l e c t r o n  from oxidized meta l  sur faces ;  

Todd, Lineweaver, and Kcrr3 r epor t ed  e f f i c i e n c e s  of up t o  7 x lo-* 

oxygen molecules per e l e c t r o n  from g l a s s ,  and Moorel repor ted  t h e  

r e s u l t s  from t h e  f i r s t  experimeni; spec i f i ca l l -y  designed t o  s tudy EBID 

of gases  from a wel l -charac te r ized  m e t e l  suryace. 

r ibbon t a r g e t  mounted i n  f r o n t  of a mass spectrometer i o n  source so  

He used a molybdenum 
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t h a t  desorbed ions  could be measured d i r e c t l y  by t h e  mass spectrometer. 

I n  1961 Moore gave a comprehensive r e p o r t  of his f ind ings  on t h e  

i n t e r a c t i o n  of e l e c t r o n s  having eiicrgi e s  up t o  325 e l e c t r o n  v o l t s  w i t k  

carbon monoxide adsorbed on p o l y c r y s t a l l i n e  molybdenum and tungstei?. 2 1  

Figure 1 shows schematically hi  s experimental arrangement. F'igu1-e 2 

shows t h a t  t h e  desorpt ion e f f lc lency  f o r  0 

though t h e  bombarding cu r ren t  w a s  varied. f i v e  o rde r s  of magnitude. 

-t- 
rions does no-i; change even 

This i s  good evidence t h a t  t h e  desorpt ion process i s  a f i r s t  order 

process, t h a t  i s ,  it reqiuires only one e l r e i r o n .  No C o r  CO i ons  

were deiectcd.  The yield of 0 ions  per  e l e c t r o n  i s  p l o t t e d  as a 

func t ion  of e l e c t r o n  energy i n  Figure 3. 

t -I- 

-I- 

Lhrves A and D a r e  supposedly 

f o r  only carbon monoxide on t h e  t a r g e t ,  and t h e  maxima are 2 and 6 x loc6 

i ons  per  e l e c t r o n  when co r rec t ed  f o r  t h e  p r o b a b i l i t y  t h a t  a l i b e r a t e d  

i o n  w i l l  pass through t h e  spectrorneter. Moore used oyygen i n  h i s  

system, so  h i s  t a r g e t  may have been contaminated with oxygen thus 

g iv i cg  0 desorpti.om higher than f o r  a pure carbon monoxide adsorption. 
+ 

He a t t r i b u t e d  t h e  observed desorpt ion t o  the b e t a  s ta te  of carbon mon- 

oxide s ince  h i s  measwements were 3.L 950°K o r  higher.  The th re sho ld  

e l e c t r o n  energy w a s  between 17.0 and 18.3 e l e c t r o n  v o l t s  which i s  

6 v o l t s  lower than t h e  energy r equ i r ed  t o  produce 0 from carbon 
4- 

monoxide i n  t h e  gas phase. 

I n  1962 Degras, Pgtermann, and Schrani22 gave t h e  f irst  of a 

s e r i e s  of papers b u i l t  around t h e  measuremen-t of D I D  of n e u t r a l  gas  

molecules from nickel su r faces  using an omegatron m a s s  spectrometer. 

T'ni.s paper proposed using EBID with 10 t o  150 e l e c t r o n  v o l t  e l e c t r o n s  
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' I  
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MAGNETIC t 
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I / 

BOMBARDING ELECTRON, / 

BEAM FILAMENT 
:F3 ,Fa 1 

"ILAMENT ( F I  ,F2 J 
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Figure 1. Experimental arrangement used by &ore t o  study t he  
i n t e r a c t i o n  of e l e c t r o n s  v i t h  adsorbed gases. 
G. E. Moore, "Dissoc ia t ion  of Adsorbed CO by Slow Elec t rons ,"  Journal 
of - Applied Physics,  32:1241, 1961.) 

(Reprinted f rom 
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10-8 10-7 10-6 I 0-5 I 0-4 10-3 10-2 
INCOMING ELECTRON CURRENT 

Figure 2. W g e n  ion cur ren t  a s  a func t ion  of  e l ec t ron  bombard- 
ment cilrrent. (Reprinted from G. E. Moore, "Di.ssociation of  Adsorbed 
CO by Slow Electrons,  " Journa l  _l_ of Applied Physics, 32: 1245, 1961). 
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ELECTRON ENERGY IN ev 

Figure 3. Oxygen ion current  as a function of the energy of t h e  
bombarding electrons.  (Curve A: oxygen was l e s s  than as abundant 
as carbon monoxide. 
oxide. Curve C: oxygen was about 0.90 as abundant as carbon monoxide. 
Curve D: oxygen valve closed. Oxygen w a s  1.6 X as abundant as 
carbon monoxide i n  ambient. (Reprinted from G. E. Moore, "Dissociation 

Curve 8: oxy-gen was 0.14 as abundant as carbon mon- 

of  Adsorbed CO by S l o w  Electrons," Journal of Applied Physics, 3 2 : l 2 4 5 ,  
1961. ) 
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‘io remove gas  s t r i c t l y  from surfaces ,  thus making poss ib l e  a d i f f e r e n -  

t i a t i o n  between su r face  and bulk gas  sources. They a l s o  proposed t o  

d e t e m i n e  s t j  eking p robab i l j - t l e s  but  gave no r e s u l t s  on e i t h e r  proposal. 

L a t e r  papers8, 2 3  r e p o r t  a y-ield of 1.9 x gas molecules per i.ncident 

e l ec t ron  f’rom a nickel. su r f ace  t h a t  w a s  covered wi th  carbon monoxide. 

This y i e l d  was independent of cu r ren t  (2-20 microampe:res per  square 

cent imeter)  and e l c c t r o n  energy (100-300 e l e c t r o n  v o l t s ) .  The yi-eld. 

of carbon monoxide from a n i c k e l  oxide su r face  was 8 x loq8 molecules 

per e l e c t r o n  and w a s  proportional. t o  .the beam power, Another paper 

g ives  sone d a t a  t h a t  i n d i c a t e s  t h a t  on an unbaked n i c k e l  specimen t h e  

su r face  i s  covered wi th  car’ooii monoxide and hydrogen yu-ite rapld.1.y by 

d i f f u s i o n  from t h e  bulk, and t h a t  bulk d i f f u s i o n  i s  s t i l l  811 important 

con t r ibu to r  t o  t h e  adsorbed su r face  gases  after t h e  sample has been 

baked a t  400°C f o r  35 hours.”” 

I n  1962 and 1963 a l a r g e  number of papers appeared t h a t  

recognized t h a t  both ion gauges and mass spectrometers may produce 

l a r g e  spurious s i g n a l s  due t o  the EBID o f  ions and/or n u e t r a l  mole- 

cu le s  from g r i d s  o r  o the r  s u r f a ~ e s . ~ > ~ ~ - ~ ~  

s tand the  r e l a t i v e l y  l a r g e  e f f e c t  of adsorbed oxygen on measurements 

with ion gauges, Redhead s tud ied  the  EBID o f  ions from oxygen absorbed 

on a p o l y c r y s t a l l i n e  molybdenum  ribbon."^^^ 

f i e l d  arrangement shown schematicallg i n  Figure 4.. ‘The tungsten 

f i lament  i s  t h e  source of e l ec t rons ,  and t h e  anode i s  t h e  e l e c t r o n  

t a r g e t .  T h i s  arrangement and. a l a t e r  improvement, t h a t  uses a 

hemispherical  geometry f o r  t h e  g r i d s  and. c o l l e c t o r ,  3 3  permits accu ra t e  

I n  an e f f o r t  t o  under- 

He used the r e t a r d i n g  



ANODE 

Figure 4. Schematic diagram of t h e  r e t a r d i n g  f i e l d  appai-atus used 
by Redhead t o  s tudy t h e  EBID of ions  from oxygen chemisorbed on molyb- 
denum. (Reprinted from P. A. Redhead, " In t e rac t ion  of  Slow Electrons 
with Chemisorbed Oxygen, " Canadian Journa l  of Physics, 42:  887, 1964. ) 

I 



measurements of t h e  t o t a l  ion production due t o  EBID. Qy us ing  suitab1.e 

e l e c t r i c a l  potentia.1.s on the  var ious elements of t he  apparatus a,n 

energy a n a l y s i s  of t h e  ions  a l s o  may be obtai-ned. This method does not,, 

however, i d e n t i f y  t h e  ion  spec ie s .  The anode can be heated so t h a t  

themnal c leaning and -thema.l desorpt ion measurements are p r a c t i c a l .  A 

series of experiments bas been reported by Redhead i n  which he used 

t h i s  technique t o  determi-ne thc  threshold energy f o r  desorpt ton,  t h e  

i o n  energy d i s t r i b u t i o n s ,  and the %BID y i e l d s  of i ons  (and i n d i r e c t l y  

neutral. molecules) from both molybdenum and tungsten po lyc rys t a l  Line  

t a r g e t s  covered with adsorbed oxygen o r  carbon monoxide. The threshold 

f o r  desorpt ion of oxygen from molybd.enim w a s  reported t o  be 

17.6 t 0.2  e l e c t r o n  v o l t s ;  the threshold f o r  desorpt ion o f  ions 

from carbon monoxide on molybdenum w a s  found 'IO be 15 .5  el-ectron v o l t s . 5  

Using th i s  value,  he est imated t h e  h e s t  of desorpt ion of carbon from 

tungsten t o  be 9 e l e c t r o n  v o l t s .  The -threshold f o r  i on  desorptioil  from 

carbon monoxide on tungsten was -found t o  have two branches with values  

of 15.1 e l e c t r o n  v o l t s  a,nd. 18.7 elkc-Lroii v o l t s  which he a s soc ia t ed  with 

two adsorbed states of carbon monoxide on t ~ m g s t e n . ~ ~  Figure 5 shows 

t h e  y i e l d  of ions from oxygen adsorbed on molybdenum as a func t ion  of 

e l e c t r o n  energy and compares t h i s  r e s u l t  with t h e  i o n i z a t i o n  probabi l -  

i t y  f o r  atomic oxygen. Redhead uses  'chis ohv:i_oix s i m i l a r i t y  as support 

f o r  h i s  model of the desoyption process,  which i s  discussed i n  t h e  next 

sec t ion .  Figure 6 shows t h e  energy d i s t r i h t i o n  of t h e  ions produced 

from carbon monoxide and oxygen a,dsorbed on tungsten.  It i s  suggested 

t h a t  t h e  peak that  occurs a t  a r e t a r d i n g  voltage, VR, = 1.5 vol t s  i s  
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Figure 5. Normalized i o n i z a t i o n  p r o b a b i l i t y  a s  a Tunetion of 
e l e c t r o n  energy for oxygen adsorbed on molybdenum a t  300°K ( s o l i d  curve) 
and atomic oxygen i n  the gas phase (dashed curve) .  
P. A. Redhead, " I n t e r a c t i o n  of Slow Elec t rons  with Chemisorbed Oxygen, I '  

Canadian Journa l  of Physics, 42:291, 1964. ) 

(Reprinted from 

- 
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Figure 6. Ion energy d i s t r i b u t i o n s  f o r  carbon monoxide on tungsten 
at 300°K and above. 
300°K i s  a l s o  shown f o r  conqarison. 
pressure equals 8 X lom8 t o r r .  Reprinted from P. A. Redhead, "Electron- 

The ion energy d i s t r i b u t i o n  f o r  adsorbed oxygen a t  
[Electron energy equals 100 v o l t s ,  

I q a c t  Desorption of Carbon Monoxid.e f r o m  Tungsten, " Supplemento al. 
Nuovo Cimento, 5(2):589, 1967. ] 

- 



1 7 

+ 
due t o  deso rp t ion  of CO 

t ungs t en  and t h a t  t h e  peak a t  V = 7 v o l t s  i s  due t o  0 ions  f r o r n  t h e  

alpha s t a t e  of carbon monoxide on tungsten.  Figure 7 shows t h e  v a r i a t i o n  

from t h e  "virgin"  s ta te  of carbon mon3xide on 

f 

R 

of i o n  c u r r e n t  with energy for t h e  two states of carbon monoxide on tung- 

s t en .  Note t h a t  t h e  i o n  cu r ren t  does no t  f a l l  a t  higher energies  i n  

c o n t r a s t  t o  t h e  behavior of t h e  curve f o r  oxygen on molybdenuni shown i n  

Figure 5, page 15. This  r e p r e s e n t s  8 depa r tu re  Prom t h e  behavior pre-  

d i c t e d  by bo th  his deso rp t ion  mechanism and t h e  one proposed by  Menzel 

and Gomer. 3 4  

I n  1963 L i ~ h t m a n ~ ~ ~  began a s e r i e s  of experiments using equipment 

b a s i c a l l y  s i m i l a r  t o  t h a t  of Moore except t h a t  he used an e l e c t r o n  beam 

t o  bombard t h e  t a r g e t  su r f ace  i n s t e a d  of a n  unfocused e l e c t r o n  emi t t e r  

and an Electron n u l t i p l i e r  t o  inc rease  t h e  s e n s i t i v i t y  of h i s  inass 

spectrometer. (The increased s e n s i t i v i t y  permits  t h e  use of v x y  small 

e l e c t r o n  c u r r e n t s  and t h e r e f o r e  n e g l i g i b l e  pe r tu rba t ion  of t h e  su r f  ace 

by t h e  e l e c t r o n  bombardment.) Figure 8 shows t h e  c o r r e l a t i o n  of EBID 

of' i o n s  from carbon monoxide and hydrogen adsorbed on molybdenm wi th  

t h e  thermal deso rp t ion  of hydrogen and carbon monox'ide as t h e  temperature 

of t h e  t a r g e t  w a s  increased.  Note t h a t  he i s  a b l e  t o  re la te  t h e  decrease 

i n  t h e  H 

t h e  decrease i n  t h e  0 

-t 
s i g n a l  t o  t h e  desorpt ion of hydrogen a t  about 800°C snd t h a t  

-b 
s i g n a l  occurs a t  about t h e  same temperature as 

t h e  carbon monoxide deso rp t ion  a t  1UO" C. The deso rp t ion  temperatures 

f o r  both hydrogen and carbon monoxide a r e  higher  t han  those  us:nally 

observed, but; t h i s  may be due t o  measuring t h e  t a p e r a t m e  i n  the 

c e n t e r  of t h e  t a r g e t  where it w a s  h o t t e s t .  Figures  8 and 9 i l l u s t r a t e  



Q 80 160 240 
[CV) 

Figure '7. Normalized ion c1xr-i-eat as a func t ion  of e l ec t ron  
energy, V ( e l e c t r o n  v o l t s ) ,  f o r  carbon monoxide adsorbed on tungsten 
a t  300°K. [The sol.id curve i s  f o r  state (1) and t h e  dashed curve i s  f o r  
s t a t e  ( 2 )  t e n t a t i v e l y  i d e n t i f i e d  as v i r g i n  and alpha states, respec t ive ly ,  
by Redhead. 1 [Reprinted from F. A. Redhead, "Electron-Impact, Desorption 
of Carbon Monoxide from ilkmgsten, If Supplemento a1 Nuovo Cimento, 5(2) : 
592, 1967.1 

e 
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Figure 8. 

hydrogen adsorbed on molybdenum with t h e  thermal desorpt ion o f  hydrogen 
and carbon monoxide as the  temperature of t h e  molybdenum ta rge t  w a s  
increased. (Reprinted from David Lichtman, "Adsorption-Desorption of 
Res idua l  Gases i n  High Vacuum," The Journa l  of Vacuum Science and 
Technology, 2 : 7 3 ,  1965. ) 

Cor re l a t ion  of EBLD of ions from carbon moncxide and 

- - - 
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Figure 9. Hydrogen ion  s igna l  due t o  EBID from hydrogen adsorbed 
on molybdenum as a func t ion  of time during a t h e r m 1  excursion t o  1000°C 
i-n an u l t r a h i g h  vacuum system at  5 x torr residual gas pressure.  
(Reprinted from David Lichtman, "Adsoq tion-Desorption of Residual  Gases 
i n  Triigh Vacuum,'' The Journa l  - of Vacuim -11 Science - and Technology, 2 :73 ,  
1945. ) 
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t h e  very u s e f u l  a b i l i t y  of E B I D  techniques t o  fol low without a f f e c t i n g  

adsorpt ion-desorpt ion r e a c t i o n s  as they  occur. F i g w e  9 shows t h e  

desorpt ion and r eadso rp t ion  of hydrogen on a molybdenum -target i n  an 

u l t r a h i g h  vacum system. Figure 10 shows t h e  energy dependence of t h e  

H desorpt ion from t y p e  303 s t a i n l e s s  s t e e l  near t h e  th re sho ld  energy. 

The shape of t h i s  curve i s  l i k e  t h a t  p red ic t ed  by t h e  theo ry  t o  be 

discussed i n  t h e  next sect ion;  however, Figure 11 shows data d t a i n e d  

a t  higher e l e c t r o n  energies,  which does not behave as t h e  b a s i c  theo ry  

would p red ic t .  Data f o r  I B I D  of Ma and C1 do e x h i b i t  behavim t h a t  

i s  c o n s i s t e n t  with t h e  theo ry  i n  t h a t  t h e y  have well-defined tk-iresholds 

i n  t h e  10 t o  20 e l ec t ron -vo l t  range, and t h e  i o n  cu r ren t  rises s t eep ly  

t o  a maximum and t hen  decreases  as t h e  i o n  energy inc reases .36  

has used h i s  apparatus  t o  explore a v a r i e t y  of problem areas a t d  has 

shown t h e  technique t o  be very useful.6j36-41 

EBID o f  0 

from those of Redhead. H i s  t h re sho ld  values  a r e  20 e l e c t r o n  v o l t s  

f o r  both the alpha and b e t a  phases of carbon monoxide, and h i s  i o n  

y i e l d s  are  approximately 30 t i m e s  t h o s e  of Redhead. It i s  riot evident 

why a discrepancy of t h i s  magnitude i n  t h e  r e s u l t s  should ex i s t .  

would seem t o  be o u t s i d e  t h e  range of experimental e r ro r .  

4- 

4- 4- 

Lichtmar! 

H i s  results for t he  

+ from carbon monoxide on molybdenum41 d i f f e r  s u b s t a n t i a l l y  

It 

I n  1964 Menzel and Gomer published t h e  r e s u l t s  of a study of 

E B I D  using t h e  f i e l d  emission microscope (FEM). 9~ 3 4 9  " 

r e s u l t s  f o r  hydrogen, oxygen, carbon monoxide, and barium on a tungsten 

emitter t i p .  The r e s u l t s  fo r  carbon monoxide are i n  f a i r  q u a n t i t a t i v e  

They obtained 
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3 I 5 d!u...L- IO  I5 20 25 30 35 

ELECTRON ENERGY ( e V )  [UNCORRECTED] 
3 

Figure LO. Hydrogen ion current from type 303 s t a i n l e s s  s-tee1 a s  
[The ra t ios  on a function of  e lectron energy nearr the threshold energy. 

t he  ardri-nate are r e l a t ive ,  no t  absolute. Reprinted from David Lichtman 
and K. €3. McQuistan, "Slow Electron In te rac t ion  with Adsorbed Gases, " 
-___ Progress ___ i n  Nuclear Energy Series  TX. 
New York: Pergamon, '1965), p. 117.7- 

Analyt ical  Chemistry (Vol. 4 ,  
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Figure 11. Hydrogen ion  cu r ren t  as a f’unction of e l e c t r o n  energy 
[The r a t i o s  on t h e  o rd ina te  a r e  r e l a -  from 400 t o  6,000 e l e c t r o n  v o l t s .  

t i v e ,  not  absolute .  Reprinted from David L ich tmn  and R. B. MeQuistan, 
“Slow Elec t ron  I n t e r a c t i o n  with Adsorbed Gases,” Progress  I i n  -- Nuclear 
Energy S e r i e s  IX. Ana ly t i ca l  Chemistry (Vol. 4, New York: Pergamon, ‘m p. 113.r 
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agreement wi th  those  of Hedhead. They independently developed a Lheory 

of EB1D t h a t  i s  alrn0s.L t h e  same 3 s  t h a t  proposed by Redhead.; both are  

discussed i n  t h e  next sect ion.  

Recently o the r  invest igat ,ors  have adopted and modified t h e  

bechniques of Redhead, Lich-bman, Gomer, and Menzel. Table I i s  a 

compilation of t h e  r e s u l t s  of some of t h e s e  stud-ies.  

L 

Yates, Madey, and F ~ y n ~ ~  have equipment very s i m i l a r  to Iiedhead's 

and r e p o r t  r e s u l t s  f o r  t h e  EBID of i o n s  from carbon monoxide, n i - t r i c  

oxide, and oxygen on p o l y c r y s t a l l i n e  tungs-Len t h a t  a r e  c o n s i s t e n t  with 

Redhead ' s  r e s u l t s .  Sands t rm,  Leek, and D ~ n a l d s o n ~ ~  hr,vc ail appsi-atus 

which i s  s imi la r  t o  Redhead's except t h a t  a quadrapole mass analyzer i s  

used. i n  p l ace  of t h e  c o l l e c t o r .  They have reported only qual.rit,ative 

r e s u l t s  whl.ch seem t o  be i n  reasonable agreement with Redhead's r e s u l t s .  

CoburnL4 has reported d a t a  from a s imi la r  modif icat ion of Redhead. 's  

technique except t h a t  he uses an e l e c t r o n  beam t o  bombard t h e  t a r g e t  so  

t h a t  his technique also has a resemblance t o  Lichtman's. 

r e s u l t s  a r e  q u a l i t a t i v e l y  s i m i l a r  t o  Redhead ' s bu t  d i f f e r  appreciably 

i n  abso lu te  values.  

Cobum's 

Several- o t h e r  methods of ob ta in ing  EBiD d a t a  have been 

used, 2 7 '*e-  5 1 and t h i s  study and the q u a l i t a t i v e  r e s u l t s  a r e  reported 

i n  Table I .  

A number of  EBID invest igat i .ons have been of an appl ied o r  

52-59 These s t u d i e s  i i t i l i z e  a wicie engineering na tu re .  7~ "9 l3 9 

v a r i e t y  o f  techniques on a v a r i e t y  o f  ma te r i a l s ,  but  i n  general 

they share t h e  following f e a t u r e s  : 
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TABLE I 

SUMMARY OF ELECTRON BOMBARDMEIU I N D U C D  DESORPTION DATA 

Yield of Xeutrals Yield of Ions 
Per Electrona Per Electron Technique Author Reference Date 

CO on Tungsten 

b Menzel 
and Gomer  

Menzel 
and Gomer 

Yates et 81. 

b 

-- 2 x 10-7 C 

1.5 x 10-6 c Redhead 

2 x 10-7 d Coburn 

p 10-5 3 4 1964 

a 3 x 10-4 

0 

cz 3 x 10-4 
p -3 x 10'~ 

a 3 x iow5 

34 I964 

43 

33 

44 
Thi s 
Study 

196'7 

1967 

1968 

e C l a w  i ng 1968 

CO on Molybdenum 

Moore 4 x 10-6 d 

3 x 10-7 C Redhead 

6 x loe6 Degras 
and Lecante c 

1.2  x d Lichtman e t  a l .  

Singata e t  al. -- b 

1 x 10-5 f Singleton 

Degras 
and Lecantte 

c 3.2 X 

Oxygen on Molybdenum 

7 x 10-5 d Moore 

21 

5 

4 5 
46 

41 

51 

48 

196 1 

1964 

196 5 
1966 

1966 

1946 

1967 

2 x 

1.6 x 10-3 

9 x 10-6 
2 x 10-5 

5 x 10-~ 49 1967 

21 

32 
L 

1961 

1363 
1.964 7 x 10-4 1.3 x 10-5 c Redlnead 

Lichtman 
and Kirst 4 x 10'~ d 

Oxygen on Tungsten 

Menz e l  
and Gomer 

Yates e t  al .  

b 

-- C 

Hydrogen on Tungsten 

Menzel 
and Goiner b 

39 1966 

3 x 10-4 

3 x 

3/+ 

4.3 

1964 

1967 

3A 

d Claus i  vig 1966 
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TABLE 1 (Continued) 

Yield of Neutrals Yield of Ions 
Per Electrona Per Electron 

Technique Author Reference Pate 

II ~~ -.-.I_-- 

CO on Nickel 

2 x 10-2 e Peternam 8 196 3 

2 x 10-2 Q 
The od or ou 
and- Love 

50 1967 

H20 on Nickel 

3 x e KI aprer 52 7.967 

8 
Calculated from data  i n  t h e  l i s t e d  reference. 

bFi e ld  emmi s s ion microscope. 

C 
Measurement of ion  current  from t h e  surface. 

%ass spectrometer measurements of s u r f a c e  ions. 

e Mass spectrometer measurements of  neutral^ molecules. 

f h r r e n t  from ion gauge gr id .  

gChemical reaction of re leased CO with a n  alkali metal covered 
photo cathode. 
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1. The p a r t i a l  or t o t a l  system pressures  were used Lo measure 

t h e  e f f e c t s  of EBID. 

2.  The yields a r e  u s u a l l y  higher t han  those  of Table I. They 

t y p i c a l l y  range from 10 or more n e u t r a l  gas  molecules 

r e l eased  per inc ident  e l e c t r o n  down t o  

e lec t ron ,  but  sane r e s u l t s  a f t e r  extensive bombardment 

molecules per 

were as low as a few t l m e s  molecules per e lec t ron .  

3. The y i e l d s  decreased as bombardment time accumulated. 

4. The r e s u l t s  do not f i t  n e a t l y  i n t o  t h e  theory discussed i n  

t h e  next s e c t i o n  because l a r g e  y i e l d s  are found a t  high 

energies  and th re sho lds  a r e  as low as a few e l e c t r o n  v o l t s .  

The desorbed gases  were u s u a l l y  hydrogen and carbon monoxide 

wi th  hydrocarbon fragments i n  scme systems. 

Theore t i ca l  t r ea tmen t s  of B3ID.  Although t h e r e  are s e v e r a l  

poss ib l e  mechanisms f o r  e lec t rons  t o  i n t e r a c t  w i th  adsorbed gases,  

only two mechanisms have been discussed i n  a.ny d e t a i l .  These mechanisms 

provide q u a l i t a t i v e  explanat ions f o r  most o f  t h e  experimental d a t a  from 

simple systems although n e i t h e r  can make q u a n t i t a t i v e  p red ic t ions  of 

gas r e l e a s e  r a t e s .  

I n  1964 both P. A. Redhead32 and Menzel and G o r n e r ’ ~ ~ ~  offered 

t h e o r e t i c a l  t r ea tmen t s  of their data on t h e  desorpt ion of games from 

molybdenum and tungs ten  surfaces .  The t r ea tmen t s  a r e  very similar; 

Menzel and Gomer consider a slightly broader range of interactions. 

Both t h e o r i e s  a r e  based on t h e  assumption t h a t  t h e  desorpt ion i s  the  



resul-i of an e l e c t r o n i c  exci ta- t ion of t h e  adbond* by t h e  incoming 

e l e c t r o n  and t h a t  t h i s  primary e x c i t a t i o n  i s  similar t o  the e l k c t r o n i c  

e x c i t a t i o n  of atoms o r  molecules i n  the gas phase. Both t b e o r i e s  assume 

t h a t  t h e  c ros s  sec t tons  f o r  t h e  excita’iion of t h e  adbond a r e  approximately 

t h e  same as f o r  gas  phase phenomena. The experimental desorpt ion c ros s  

scc t i~ons  are  much smaller t han  t h e  primary e x c i t a t i o n  cross sec t ions .  

This,  t h e y  hypothesize, i s  because of t h e  high p r o b a b i l i t y  of a t i%-ns i -  

trion back t o  t h e  ground s t a t e  through an i n t e r a c t i o n  w i t h  electyons 

from t h e  metal .  Thus, t h e  e s senk ia l  featu.res of t h i s  mechanism z r e :  

(1) an.  e l e c t r o n i c  e x c i t a t i o n  of the  adbond and ( 2 )  e i t h e r  t h e  desorpt ion 

of t h e  adsorbate  or ,  more l i k e l y ,  t h e  de-exci. tation and r ecap tu re  of t h e  

adsorbate  by e l e c t r o n  tunnel ing i n t o  t h e  broken bond. The r ecap tu re  

process i s  i n  most cases  q u i t e  e f f i c i e n t  so  t h a t  t y p i c a l l y  only 

1 i n  lo4  exc i t ed  adsorbate  atoms o r  molecules escapes. 

p r o b a b i l i t y  v a r i e s  widely, however, from nea r ly  u n i t y  t o  l ess  than lom6 

depending upon t h e  p a r t i c u l a r  gas-metal combination and. t h e  p a r t i c u l a r  

surf-?ce s t a t e  of t h e  adsorbate.  

bonding occurs v i a  “nonlocal i ied e l ec t rons ,  f o r  examp3.e as  i n  m e t a l l i c  

bonding, it i s  almost impossible f o r  e l e c t r o n i c  e x c i t a t i o n  processes t o  

cause desorpt ion,  because e l ec t rons  from t h e  metal r e e s t a b l i s h  t h e  bonds 

so rapidly.  Yhey p r e d i c t  v i r t u a l l y  no desorpt ion f o r  e l e c t r o p o s i t i v e  

adsorbates  from metals  and maximum desorpbion f o r  e l ec t ronega t ive  

adsorbates  from i n s u l a t o r s .  

The escape 

According t o  Menzel and G ~ m e r , ~ ~  i f  

Whe term adbond i s  used t o  designate  ‘ihe bond between the 
adsorbate  and t h e  metal .  
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Figure 12 i s  a schematic diagram showing t h e  p o t e n t i a l  energy 

f o r  t h e  i n t e r a c t i o n  of an adsorbate  w i t h  a netal su r face  as a func t ion  

of t h e  d i s t a n c e  between t h e  adsorbate  and t h e  surface. The diagram i s  

similar t o  t h a t  f o r  t h e  var ious s t a t e s  of t h e  hydrogen molecule.60 

zero of p o t e n t i a l  energy i s  a rb i t r a r i l j  chosen to r ep resen t  t h e  energy 

when t h e  e l e c t r i c a l l y  n e u t r a l  adsorbate  i s  removed to i n f i n i t y  and i s  

free of any i n t e r a c t i o n  wi th  t h e  surface. The curve f o r  t h e  f irst  

ionized s ta te  shows a p o t e n t i a l  energy of % f o r  t h e  i o n  a t  i n f i n i t y .  

Redhead uses an % equal  t o  t h e  energy r equ i r ed  t o  produce i o n i z a t i o n  of 

t h e  adsorbate  i f  it were i n  t h e  gas  phase. The i n t e r a c t i o n  of t h e  ion 

wi th  t h e  su r face  can be  considered as t h e  sum of t h e  following fo rces :  

(1) t h e  e lec t r ica l  image fo rce ,  (2)  t h e  r e p u l s i v e  f o r c e  due to t h e  over- 

l a p  o r  i n t e r p e n e t r a t i o n  of t h e  e l e c t r o n  clouds, ( 3 )  t h e  van der Waal.'s 

a t t r a c t i v e  fo rce ,  and ( 4 )  an exchange f o r c e  l i k e  those  which make p o s s i b l e  

covalent bonds. 

t h e  long-range a t t r a c t i v e  coulomb image f o r c e s  toge the r  with the i n t e r -  

mediate range exchange force and t h e  s m a l l  van der Waal's f o r c e  form a 

p o t e n t i a l  w e l l  and t h e  ion can reduce i t s  p o t e n t i a l  energy by moving 

c l o s e r  t o  t h e  s u r f a c e  u n t i l  t h e  short-range r e p u l s i v e  f o r c e  a r i s e s .  

This  f o r c e  i n c r e a s e s  r a p i d l y  as t h e  e l e c t r o n  clouds of t h e  adsorbate  and 

metal  overlap and e l e c t r o n s  are forced i n t o  higher energy l e v e l s  due t o  

t h e  Pau l i  exclusion p r i n c i p l e .  

t i a l  energy curve and detelmines t h e  equi l ibr ium d i s t a n c e  of the i o n  from 

the surface. The i on ized  s ta te  shown here  i s  metastable and will decay 

i n t o  t h e  ground s ta te  i f  s u f f i c i e n t  t i m e  i s  allowed. 

The 

A s  t h e  i o n  i s  posi t ioned c l o s e r  t o  t h e  metal surface, 

A minimum e x i s t s  t h e r e f o r e  i n  the poten- 
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I n  t h e  case  of t h e  ground s ta te  curve f o r  t h e  n e u t r a l  adsorbate  

t h e  image force does not e x i s t  un le s s  t h e  adsorbate  i s  polar ized and 

then  only a t  c l o s e  separat ions.  The basic a t t r a c t i v e  f o r c e s  i n  t h e  

case of chemisorption are due t o  t h e  tendency f o r  t h e  adsorbate  to form 

an ion ic ,  covalent,  o r  m e t a l l i c  bond a t  t h e  metal surface.  These f o r c e s  

have a much s h o r t e r  range than  t h e  a t t r a c t i v e  coulomb image f o r c e  a c t i n g  

on an ion. The r e p u l s i v e  f o r c e s  are  similar to t h o s e  a c t i n g  i n  t h e  case 

of t h e  i o n  and aga in  a minimum exists i n  t h e  p o t e n t i a l  energy curve 

which determines t h e  equi l ibr ium separat ion,  x of t h e  chemisorbed 

adsorbate  ana t h e  su r face .  The depth of t h e  p o t e n t i a l  w e l l  at t h e  

lowest energy l e v e l  i s  Ea, t h e  hea t  of adsorpt ion;  t h i s  i s  t h e  same as 

t h e  a c t i v a t i o n  energy f o r  deso rp t ion  i n  t h i s  case. 

o 

The th re sho ld  energy E f o r  t h e  desorpt ion of an i o n  with no 
t h  

k i n e t i c  energy i s  given by 

Thus, i f  t h e  h e a t  of adsorpt ion and t'ne ion iza t io r ,  energy are known, one 

can c a l c u l a t e  what t h e  th re sho ld  energy f o r  desorpt ion of a n  ion  wi th  

zero k i n e t i c  energy should be. 

A s i g n i f i c a n t  q u s n t i t a t i v e  d i f f e r e n c e  between t h e  t reatment  of 

Menzel and Gomer and t h a t  of Redhead concerns t h e  f a t e  of t h e  e l ec t ron  

r e l eased  from t h e  adbond by t h e  e l e c t r o n  impact. Redhead uses  % as 

t h e  normal gas-phase i o n i z a t i o n  p o t e n t i a l  which implies  t h a t  t h e  e l e c t r o n  

i s  a f r e e  e l ec t ron .  Menzel and Gomer r e q u i r e  t h e  e l e c t r o n  t o  be r a i s e d  

only t o  t h e  Fermi l e v e l  of t h e  raetal; t h u s ,  t h e i r  €$ i s  given by 

s u b t r a c t i n g  t h e  energy r equ i r ed  to overcome t h e  work func t ion  of t h e  
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metal  from the  gas-phase i o n i z a t i o n  energy. 

i s  t h a t  Menzel and Gamer's E i s  lower than Redhead's by the  energy 

r equ i r ed  t o  remove an electr.on from the F e m i  l e v e l  t o  i n f i n i t y .  

The r e s u l t  of t h i s  d i f f e rence  

t h  

The antibonding s t a t e  may be considered as a s t a t e  wi.th an a n t i -  

symmetrical wave func t ion  f o r  t he  binding e l e c t r o n s  o r  as a s t a t e  i n  

which the binding e l e c t r o n s  have pa,:ral.lel sp ins .  

s t a t e  t ha t  c r e a t e s  n e t  r epu l s ive  fo rces  bekween Lhe adsorbate a.nd the 

s u b s t r a t e .  If the  adsorbate i s  placed i n t o  t h i s  s t a t e  i t  wi1.1. e i t h e r  

be r epe l l ed  from the  surface or an e l e t r o n i c  t r ans i - t i on  wi1.l. occur 

which w i l l  drop -the adsorbate t o  t h e  ground s t a t e .  

It i s  any quamtunl 

Because of t he  Frank-Condon p r i n c i p l e ,  on1.y v e r t i  cal. t r a n s i t i o n s  

occur w i t h  appreciah1.e p r o b a b i l i t y .  Henee, t r a m i t i o n s  from the  lowest 

v i b r a t i o n a l  s t a t e  w i l l  occur t o  exc i t ed  l e v e l s  only wi th in  t h e  shaded 

a r e a  above the ground s t a t e .  The elec.i;roiiic s t akes  w i l l  change, b u t  

nei'iher t he  p o s i t i o n  nor t h e  k i n e t i c  energy of t he  adsorbate will. change 

during the  t r a n s i t i o n .  Only a d i a b a t i c  t r a n s i t i o n s  from t h e  3-onic CUYVE: 

or a repu l s ive  state t o  t he  ground s t a t e  are all-owed. A suTtable energy 

l e v e l  must a l so  e x i s t  i n  t he  ground state.  

interchange of nuclear  and e l e c t r o n i c  energy and no change of t o t a l  

system energy.) 

e l e c t r o n i c  i.n o r i g i n  and i s  r ad ia t ed  oi- given t o  t h e  e l e c t r o n s  i n  the 

metal.. It i s  now poss ib l e  t o  t r a c e  t h e  course of events  t h a t  may occur 

when an e l e c t r o n  i n t e r a c t s  with t h e  adsorbate v i a  an e l ec t ron?  c e x c i t a t i o n .  

(Adfabatic here  means 110 

The enecgy given up i n  a downward t r a n s i t i o n  i s  
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If the  e l e c t r o n  impact causes an upward t r a n s i t i o n  from t h e  ground s ta te  

t o  t h e  rionized curve one of s e v e r a l  t h ings  may occur as shown i n  Figure 13 

by t h e  numbered curves: 

1. An immediate t r a n s i t i o n  back t o  t h e  groumd state may occur 

with t h e  e l e c t r o n i c  energy being d i s s i p a t e d  'oy i n s e r a c t i o n s  

with the  e l e c t r o n s  of t h e  metal or t h e  emission of r a d i a t i o n .  

2. The ion ized  adsorbate  may escape 2s an ion  i f  (a) i t  has 

received energy equa l  t o  o r  g r e a t e r  than E and (b) it 

i s  not n e u t r a l i z e d  as it moves away from t h e  su r face  by 

exchanging i t s  p o t e n t i a l  energy f o r  k i n e t i c  energy. 

t h  

3. A t r a n s i t i o n  back t o  the ground s ta te  may occur a f t e r  the 

i o n  has s t a r t e d  t o  move away from t h e  su r face ,  i n  which 

case t h e  ion will have converted some of i t s  p o t e , i t i a l  

energy in-co k i n e t i c  energy. This k i n e t i c  energy may be 

enough t o  allow t h e  adsorbate  p a r t i c l e  t o  escape as a 

n e u t r a l  p a r t i c l e ,  shown by Curve 3a i n  Figure 13, but  i f  it 

i s  not t h e  adsorbate  w i l l  remain bound to t h e  su r face  arid 

i t s  k i n e t j c  energy w j l l  merely put  it i n t o  a higher 

v i b r a t i o n a l  st,ate, shown by Curve 3b i n  Figure 13. The 

adsorbate  w i l l  subsequently give up t h i s  a d d i t i o n a l  energy 

by r a d i a t i o n  or by i n t e r a c t i o n  with t h e  metal l a t t i c e .  

4 .  The ionized adsorbate  might undergo an e l e c t r o n i c  t r a n s i t i o n  

t o  t h e  r epu l s ive  s t 2 t e  and be desorbed as a r ieutral  p a r t i c l e .  
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5. If t h e  ionized adsorbate  has received l e s s  e n e r a  than  E 
t h  

it cannot be desorbed as an ion but may s t i l l  fol low any of 

t h e  o t h e r  a l t e r n a t i v e s ,  Curve 1, 3a, 3b, or 4.  

The numbered curves i n  Figure 14 show what may happen if  the  

e l e c t r o n  impact causes a t r a n s i t i o n  t o  t h e  antibonding curve: 

1. A s  i n  t h e  case of i o n i z a t i o n ,  t h e  p a r t i c l e  could immediately 

f a l l  back t o  t h e  ground s ta te .  The e l e c t r o n i c  energy would 

be r a d i a t e d  or given to t h e  e l e c t r o n s  i n  t h e  m e t a l .  

2. The adsorbate  may be desorbed by moving away from t h e  surface 

along t h e  antibonding curve, exchanging i t s  p o t e n t i a l  energy 

f o r  k i n e t i c  energy i n  t h e  p rocess .  This process vould 

r e s u l t  i n  e n e r g e t i c  n e u t r a l  p a r t i c l e s  being desorbed. 

3. The adsorbate could move away from the  su r face ,  acquir ing 

k i n e t i c  energy as in Curve 2 but  f a l l  back to t h e  ground 

state before  being completely desorbed. If t h e  atlsorba.te 

has acquired enough k i n e t i c  energy while moving may from 

t h e  su r face  i n  t h e  antibonding s ta te  t h e  p a r t i c l e s  w i l l  be 

desorbed as shown by Curve 3a i n  Figure 14, but il it does 

not have s u f f i c i e n t  k i n e t i c  energy t o  overcome the p o t e n t i a l  

energy requirements t o  escape from t h e  ground sta-;e i i ,  will 

be recaptured i n t o  t h e  chemisorbec! ground state as i n  

Curve 3b. The p a r t i c l e ' s  increased k i n e t i c  energy will p u t  

it i n t o  a higher  v i b r a t i o n a l  energy level  but t h i s  w i l l  soon 

decay back t o  a lower l e v e l  with t h e  emission of qnfrared 

r a d i a t i o n  o r  by i n t e r a c t i o n  w i t h  t h e  m e t a l  l a t t i c e .  
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Both Menzel and Gomerg and Redhead32 have shown t h a t  t h e  

p r e d i c t i o n s  of t h i s  kind of model f i t  t h e  r e s u l t s  observed i n  t h e i r  

experiments. I n  p a r t i c u l a r ,  Menzel and Gomer's d a t a  show t h a t  t he  

p r o b a b i l i t y  f o r  EBID i s  r e l a t i v e l y  high for carbon monoxide, considerably 

lower f o r  hydrogen, and completely undetectable  f o r  barium adsorbed on 

tungsten i n  q u a l i t a t i v e  agreement wi th  t h e i r  p red ic t ions .  They a l s o  

show i n  some de ta i lA2 how t h e  desorpt ion p r o b a b i l i t i e s  f o r  carbon 

monoxi de vary f o r  va r ious  adsorbed states. 

Redhead uses t h e  model t o  e x p l a i n  t h e  desorpt ion of both ions and 

n e u t r a l s  from oxygen on t ~ n g s t e n , ~  

carbon monoxide on tungsten.33 

n e u t r a l  deso-rption rates from t h i s .  He i n t e r p r e t e d  h i s  data i n  terms of 

carbon monoxide on m ~ l y b d e n w n , ~  arid 

He measures the  ion  desorpt ion end infers 

e x c i t a t i o n  t o  the  ionized sta-Le t o  produce t h e  observed ions and Auger 

n e u t r a l i z a t i o n  of t h e  ions  t o  e i t h e r  recapture  t h e  adsorbate o r  produce 

a n e u t r a l  w i th  enough k i n e t i c  energy t o  desorb. He i s  a l s o  ab le ,  ôy 

making some assumptions, t o  f i t  h i s  measurements of desorbed j.on ene rg ie s  

t o  t h e  model and t o  estimate bond s t r e n g t h s ,  n e u t r a l  p a r t i c l e  ene rg ie s ,  

arid even t h e  bonding energy of carbon monoxide, carbon, arid oxygen t o  

t h e  s u b s t r a t e .  

The e l e c t r o n i c  e x c i t a t i o n  mechanism seems t o  account well f o r  most 

of t h e  features of' t h e  data reported f o r  EBID of CO, NO, and. 02 ( r e f e r -  

ences 5, 9, 32, 33, 42, 43) chemisorbed on tungs t en  and molybdenum. No  

d i r e c t  measurement of t he  t o t a l  desorpt ion of n e u t r a l  gas from t h e s e  

systems has been reported although n e u t r a l  desorpt ion rates may be 
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obtalned i n d i r e c t l y  from boih Redhead‘s ion  measurements and Menzel and 

Comer’s f i e l d  emission s t u d i e s .  

The success of t h e  above model does not imply t h a t  o t h e r  important 

ERTD mechanisms do not  e x i s t .  I n  f a c t ,  t h e r e  i s  considerable d a t a  on 

e l e c t r o n  bombardment induced desorpti-on which i s  not, r e a d i l y  explained 

by the above model.7, 8~ 12> l3> 2 2 ,  5 0 ~  5 5 - 5 9  It i s  a l s o  poss ib l e  t h a t  

o t h e r  mechanisms producing n e u t r a l  p a r t i c l e  desorpt ion a r e  ope ra t ing  

on t h e  systeins i-nvestigated by Redhead and by Menzel. and Gomer withou’k 

being obvi.ous from t h e  data recorded. Menzel and Gomer mention t h a t  a 

momentum transfer  mechanism might account f o r  t h e  r ap id  removal of 

physisorbed hydrogen implied from t h e  i n i t i a l .  d a t a  poi-nts i n  one s e r i e s  

of experiments I Mechanisms such as momentum t r a n s f e r  might become 

t h e  dominant mechanism i n  favorable  circumstances. 

Adsorption of Carbon Monoxide on Tungsten __ ___II 

From the work of many i n v e s t i g a t o r s  i t  seems t h a t  ihere  a r e  at 

l e a s t  seven i d e n t i f i a b l e  adsorpt ion s t a t e s %  f o r  carbon monoxide on 

tungsten and perhaps more. I n  a l l  cases tiie adsorpt lon i s  nondissociat ive,  

and thermal desorpt ions t ake  p l ace  by f i - r s t - o r d e r  reackions.  Ehr l i ch  

i d e n t i f i e d  four  states t h a t  form a t  300°K (a ,  p 1  , 8 2 ,  83) by t h e  thermal 

desorpt ion technique. 61 

niques and reported the  exis-Lence of a v i r g i n  s t a t e  tha-t formed on 

Swanson and Gomer6’ used f i e l d  emission t ech -  

*The term adsorpt ion s t a t e  as used i n t h i s  d i s s e r t a i i o n  means any 
adsorbed s ta te  t h a t  i s  i d e n t i f i a b l e  as d. is t inst  from o the r  bound s t a t e s  
by any experimental  method. 
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i n i t i a l  adsorp t ion  a t  20°K and a weak adsorp t ion  on top of t h e  s a t u r a t e d  

v i r g i n  l aye r  a t  20°K. 

on sur faces  a t  4.2"K ( re ference  63). 

adsorpt ion,  and proposed geometries a r e  summarized i n  Table 11. The 

geometries a r e  specula t ive  but  have reasonable  bases. 4 2 >  6 2 ,  64-67  

Some confusion has  a r i s e n  i n  t h e  i d e n t i f i c a t i o n  of t h e  states s ince  t h e  

in t roduc t ion  of D I D  s t u d i e s  of ions.  Information from t h e  thermal 

desorpt ion,  f i e l d  emission, and EBID s t u d i e s  i s  not  completely cons is ten t .  

The €BID techniques i n d i c a t e  t h a t  t h e  v i r g i n  s t a t e  formed a t  9 5 ° K  has  a 

s m a l l  c ross  s e c t i o n  f o r  ion desorpt ion;  b u t  as it i s  warmed up t o  approx- 

imately 2OO0K, it converts  t o  a new state o r  s t a t e s  t h a t  e x h i b i t  l a r g e r  

i on  desorp t ion  c ros s  sec t ions .  43 

observed a t  t h e  conversion temperature.68 

Pure physisorpt ion w a s  repor ted  by Gomer t o  occur 

These s t a t e s ,  t h e i r  hea t s  of 

No s i g n i f i c a n t  thermal  desorp t ion  i s  

The s t a t e  t h a t  formed on 

hea t ing  from 9 5 ° K  t o  above 200°K i s  r e f e r r e d  t o  by Yates, Madcy, and 

P a . ~ n & ~  as alpha. 

f a c e  a t  300'K ( re ferences  33, 4 3 ) ,  but  Redhead33 c a l l s  t h i s  same s t a t e  t h e  

v i r g i n  s t a t e ,  

desorbs thermal ly  between 300 and 370°K. 

thermally o r  converts  t o  another  s t a t e  a t  500°K ( reference  33);,  

680°K ( re ference  4 3 ) ,  or '750°K ( re ference  44)  and has  a l a r g e  i o n  desorp- 

t i o n  y i e l d ,  i s  i d e n t i f i e d  as alpha by Redhead,33 and as 

Madey, and Payn. 43 

Yates e t  a3. and i d e n t i f i e s  t h e s e  s t a t e s  as alpha and r e spec t ive ly ,  

but h i s  thermal  desorp t ion  spectra. shod no desorption at  7 5 0 ° K  when %he 

ton s i g n a l  from ''f3"' diminishes. His thermal  desorp t ion  d a t a  show "p l "  

This  s t a t e  a l s o  forms on adsorpt ion onto a cLean sur- 

This  s t a t e ,  which i s  l i s t e d  i n  Table 11 as a', apparent ly  

A sepa ra t e  s t a t e  tha-i; desorbs 

by Yates, 

Coburn, 4 4  a l s o  using EBID of ions,  agrees  wi th  

-- 
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being desorbed from 800 t o  1000°K. The thermal desorpt ion s p e c t r a  of 

Bell and Gomer68 do show a B1 desorpt ion beginning a t  about 700°K and 

extending up t o  about 1000°K. 

o r  f o u r  s t a t e s  are related a t  t h i s  t i m e .  

It i s  not e n t i r e l y  clear how t h e s e  t h r e e  

The thermal desorpt ion spectra of & e l l  and Comer are shown i n  

Figure 36 i n  Appendix D, page W2. An examination of t h e s e  d a t a ,  

e s p e c i a l l y  Figure 36, 

probably much larger than t h e  e i g h t  given i n  Table 11, page 4 0 ,  and t h a t  

i n d i c a t e  t h a t  t h e  number of adsorbed s t a t e s  i s  

t h e  adsorpt ion ene rg ie s  , i nd ica t ed  by t h e  desorpt ion temperatures,  

change wi th  coverage. It  i s  pointed out  i n  Chapter V ,  page 89, t h a t  t h e  

atomic s t r u c t u r e  of t h e  su r face ,  t h e  carbon monoxide p res su re ,  and t h e  

temperature during and a f t e r  adsorpt ion are a l l  very important i n  d e t e r -  

mining t h e  populat ion of t h e  va r ious  adsorpt ion states, It i s  also w e l l  

known6' t h a t  t h e  adso rp t ion  energy f o r  a given s ta te  u s u a l l y  changes with 

t h e  populat ion because of i n t e r a c t i o n  with previously adsorbed mole- 

cu le s .  One must t h e r e f o r e  consider  t h e  names l i s t e d  i n  Table :TI as 

i d e n t i f y i n g  a group of adsorbed states having adsorpt ion energies  wi th in  

a c e r t a i n  range and perhaps having similar adsorpt ion geometries. One 

must also recognize t h e  d i f f e r e n c e s  i n  t h e  nomenclature used by various 

authors .  

Data on t h e  amount of gas adsorbed according t o  va r ious  authors  

are given i n  Chapter IV, pa,ge 7 4 .  The s c a t t e r  in t h i s  d a t a  i s  a l s o  

discussed "a r i e f ly  i n  Chapter V.  



Method 

The method chosen f o r  -these experiments i s  based on measuring the 

change i n  pressure i n  the  specimen chanber caused by the  i-elease of gas 

associ-ated wit in  t h e  bombardment of the gas covered s i r f a c e  by e l e c t r o n s  

of selec-Led energy. The s t eady- s t a t e  pressure i n  a vacuum chainbei- i s  

determined. by t h e  r e l a - t i on  

Q = P S ,  

where 

Q = influx of gas i n t o  t h e  vacuum ( t o r r  l i t e r s  p e r  second), 

I? = pressure i n  the  system ( t o r r ) ,  

S = volwnetrlc removal rate from the  system ( l i t e r s  per second). 

Assuming t h e  value of S remains constant ,  a s m a l l  change rin Q, A&, 

would produce a s m a l l  change i n  P, LIP, r e l a t e d  by 

AQ ;= @S . ( 3 )  

Thus, AI? can be r e l a t e d  t o  AQ i f  S i s  known. This type of measurement 

i s  the same as t h a t  used i n  thermal desorptlion ( f l a s h  f i l a m e n t )  exper- 

i.menl;s f o r  many years ,  except t h a t  i n  t h e  case of thermal d e s o q t i o n  

measurements t h e  q u a n t i t i e s  of gas are usua l ly  q u i t e  l a r g e ,  l o x 3  t o  

1015 molecules, compared t o  t h e  amounts t o  be measured i n  these  

experiments ( l o 9  t o  1.OX1 molecul.es p e r  pulse) .  There are several 

4 2 
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se r ious  problems i n  measuring these  small amounts of gas.  Perhaps t h e  

most d i f f i c u l t  arises as  t h e  r e s u l t  of t h e  background s i g n a l  due to Q, 

which i s  f r equen t ly  large compared with t h a t  due t o  AQ. 

The background s i g n a l  due t o  t h e  residual gases or i n t e n t i o n a l l y  

added gases i.n t h e  experimental  system w a s  always l a r g e r  and most of t h e  

t i m e  w a s  10 t o  100 times l a r g e r  than t h e  expected s i g n a l  due t o  EBID. 

The source of t h e  background s i g n a l  ( s teady-s ta te  gas pressure)  i s  

usua l ly  qu i t e  cons tan t ,  however, and i n  t h e  worst cases  var ied  only 

slowly with t i m e .  It w a s  poss ib le ,  t he re fo re ,  t o  observe a small 

pe r tu rba t ion  on t h e  l a r g e  s i g n a l  by sub t r ac t ing  8 l a r g e  constant  

s i g n a l  from the  s teady background and observing only t h e  d i f f e rence  

between the  two s igna l s .  If t h e  small pe r tu rba t ion  i s  produced by a 

cont ro l led  pu l s ing  of t h e  e l e c t r o n  bombardxent, a series of corresponding 

pressure  pulses  w i l l  be observed whose amplitude can be accura te ly  

measured i n  s p i t e  of t he  f a c t  t h a t  they  represent  a very small part of 

the t o t a l  signal. From t h i s  AP one can c a l c u l a t e  t h e  A& if  S i s  known 

and thus  determine t h e  rate of r e l ease  of gas due t o  the e l e c t r o 9  

bombardment. 

Apparatus 

Pressure measurement. The pressure measurements can be made 

wi th  an ion iza t ion  gauge o r  a p a r t i a l  pressure analyzer .  The UHV-12 

ion gauge sold by Varian Associates  w a s  used with t h e  Varian 971-0003 

gauge corrtrol .  The i on  gauge, of course,  records only t o t a l  pressure 

and has a minimum de tec t ab le  pressure  of about 2 X t o r r  i n  
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normal operation. 

model magnetic s e c t o r  instrument manufactured by General Elecbric .  

The p a r t i a l  pressure analyzer  used w a s  t h e  22PC110 

Ei the r  i o n  energy or magnetic fi-eld. s t r e n g t h  could be va r i ed  t o  s e l e c t  

mol-ecular mass 
e l e c t r o n  charge 

t h e  (M/e) r a t i o  of i n t e r e s t .  Although t h e  minimum 

d e t e c t a b l e  p re s su re  i s  well below t o r r ,  measurements or p?:cssiires 

below t o r r  were not usu-ally made. 

The i o n  gauge outputs  w e r e  q u i t e  stable over long t ime per iods 

and r eac t ed  quickly t o  small changes i n  pressure.  The output of t h e  

mass spectrometer, on t h e  o the r  harid, w a s  very noi.sy and unstable .  The 

output s h i f t e d  +-5 pe r  cent  or more i n  a very e r r a t i c  way and could not 

be held. on a peak reading. This i s  not  i nhe ren t  i n  t h e  mass spectrorn- 

e t e r  bu t  was due t o  poorly r egu la t ed  power supp l i e s  and z n  inadequate 

e lectrometer  f o r  t h i s  app l i ca t ion .  One by one r egu la t ed  power supp l i e s  

were s u b s t i t u t e d  f o r  t h e  o r i g i n a l  supp l i e s  aad a b e t t e r  e lectrometer  

was obtained. It i s  now poss ib l e  t o  reproducibly d e t e c t  s i g n a l s  of 

about times t h e  background. This i s  accomplished by bucking out 

(suppressing)  t h e  s teady background. s i g n a l  and using a more s e n s i t i v e  

electrometer  scale t o  read t h e  small v a r i a t i o n s  i n  the t o t a l  s i g n a l  

which a r e  t h e  r e s u l t  of an D I D  pulse.  It i s  possible ,  for example, to 

suppress s i g n a l s  of ampere and by using t h e  10’lo ampere s c a l e  t o  

read reproducibly ampere s igna l s .  Ion gmge  s i g n a l s  from t h e  

standard supply can be read almost this w e l l  i f  appropr i a t e  suppression 

c i r c u i t r y  i s  used. However, primary r e l i a n c e  w a s  placed on the mass 

spectrometer for AP measurements s i n c e  it provided p a r t i a l .  pressure 

Tesdouts and could read smaller p re s su res  than  t h e  ion gauges. 
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The mass spectrometer s e n s i t i v i t y  w a s  determined by comparison 

w i t h  t h e  ion gauge over a wide range o f  p re s su res  o f  carbon monoxide 

(from t h e  system base p re s su re  of about 2 x t o  t o r r ) .  The 

smallest reproducible  LE' f o r  carbon monoxide w a s  about 2 X t o r r  

i n  normal ope ra t ion  with a carbon monoxide background o f  about 

3 x t o r r .  

The o r i g i n a l  a l t e r n a t i n g  cu r ren t  mass spectrometer f i lament  

supply was not used; it w a s  replaced by a wel l - regulated,  constant-  

cu r ren t ,  d i r e c t - c u r r e n t  supply. An emission cu r ren t  of 1 milliampere 

w a s  normally used. The t h o r i a t e d  tungs t en  f i l amen t  was used, w i th  an 

i o n i z i n g  p o t e n t i a l  of 75 v o l t s .  Figure 15  i s  a schematic diagram of 

the mass spectrometer e l e c t r o n i c s  which i d e n t i f i e s  each p i ece  of 

equipment and i t s  func t ion .  

The ion  gauges were operated a t  4 milliamperes emission. The 

g a w e s  and mass spectrometer i o n  source were operated continuously snd 

always d l o w e d  t o  come i n t o  equi l ibr ium wi th  t h c  s y s t e m .  

r a r e l y  outgassed because of t h e  long t i m e  r equ i r ed  t o  come back i n t o  

equi l ibr ium wi th  t h e  system a t  p res su res  below 1 x 10'' t o r r .  

They were 

V?cum system. I n  a study such as t h i s  one where it i s  important 

t o  have a good knowledge and c o n t r o l  of t h e  amount and kind of gas 

adsorbed an 3 m e t a l  surface,  it i s  necessary to use u l t r a h i g h  vdcuin 

techniques.  

one can  compute t h k t  at torr an i n i t i a l l y  c lcan  swrace i s  s t r u c k  

by about 1015 molecules of g a s  per square cent imeter  every 2 seconds. 

From t h e  k i n e t i c  theory of gases  as discussed by DshTnan,'70 
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This i s  enough gas t o  form a complete l a y e r  l m o l e c u l e  deep on a plane 

sur face .  A t  a pressure  of t o r r ,  t h e  same coverage would requi re  

40 minutes. * 
Thus, t o  maintain a sur face  i n  a known condi t ion f o r  a length  of 

time i n  which it i s  reasonable t o  make a s e r i e s  of measurements, 

p ressures  below 1 X t o r r  are requi red .  

I n  order  t o  a t t a i n  and maintain these  pressures  rou t ine ly  it Fs 

necessary t o  keep t h e  i n f l u x  of gas, Q, as s m a l l  as poss ib le  arid t o  use 

gas removal r a t e s ,  S ,  which are t h e  h ighes t  p r a c t i c a l  but s t i l l  consis-  

t e n t  with the  o the r  requirements of t he  experiment. 

increas ing  S decreases  both P of Equation ( 2 ) ,  page 42, and AP of 

Equation (31, page 42, i n  t h e  same r a t i o .  

con t ro l s  t he  minimum de tec t ab le  EBID, one i s  well advised t o  increase  S, 

I n  t h i s  experiment, 

A s  long as t h e  r a t i o  of aP/P 

but when t h e  de t ec t ion  of aP i s  no longer  cont ro l led  by t h e  r a t i o  of 

DP/P but  r a t h e r  by the  absolute  amplitude of 09 (which occurs for t h i s  

equipment a t  about t o r r )  a f u r t h e r  increase  i n  S i s  undesirable ,  

because it requ i r e s  a corresponding increase  i n  AQ t o  provide t h e  minimum 

*This i l l u s t r a t i o n  assumes t h e  molecular weight of t h e  gas i s  28, 
t h e  temperature i s  300°K, and a l l  of t h e  molecules s t r i k i n g  t h e  sur face  
s t i c k  t o  it and are  d i s t r i b u t e d  by surface d i f f u s i o n  t o  form a uniform 
layer. The number of gas molecules, N, s t r i k i n g  a uni t  area pcr u n i t  
time i s  given by 

where 

P = pressure  in .  t o r r ,  
M = molecular weight of gas,  
T = temperature i n  OX. 
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usable s i g n a l .  An inc rease  i n  AQ i.s undesirable ,  because t h l s  gas i s  

suppl.i.ed by EBID from t h e  tungsten surface and thus results i n  changing 

the  surface concentrat ion of gas.  Inc reas ing  AQ a l s o  r equ i r e s  an 

increase i n  e l e c t r o n  cu r ren t ,  which means inc reas ing  t h e  power d i s s i p a t e d  

at the  t a r g e t  thereby making any theniial desorpt ion e f f e c t s  accompanying 

the  EBID l a r g e r .  For  low e l e c t r o n  energies  t h e  thermal e f f e c t s  may not 

be a problem, bu t  space charge e f f e c t s  may l i m i t  t h e  cu r ren t  a,vailable 

a t  t h e  t a r g e t  and thereby l i m i t  t h e  AQ. 

A gas removal rate of 10 l i t e r s  pe r  second f o r  carbon monoxide 

was chosen f o r  t h i s  experiment. This speed w a s  provided by a commercial 

t i t an ium sublimation pump equipped with an o r i f i c e  t o  provide t h e  s e l e c t e d  

speed. The pressure a t t a i n e d  i n  t h e  working vol.ime w a s  normally about 

4- x 10-l' t o r r  t o t a l ,  o r  about 5 X 

o the r  gases w e r e  methane, neon, argon, water vapor, carbon drioxide, and 

hydrogen as shown by t h e  mass spectrometer t r a c e  o€ Figure 16. 

t o r r  carbon monoxi.de. The 

Figure 17 i s  a f low diagram of t h e  experimental  chamber showing 

Note t h a t  &T,, t h e  gas coming i n t o  t h e  system from a t h e  gas handling. 

con t ro l l ed  l e a k ,  and Q t h e  gas coming i n t o  t h e  system via outgassing, 

are s t eady- s t a t e  gas sources,  w h i l e  AQ, t h e  gas desorbed by e l e c t r o n  

bombardment, i s  t h e  only pulsed source; 

of presslire and temperature,  i s  a s soc ia t ed  wi-t'n t h e  presence of a "surface 

phase" of weakly adsoybed gas on t h e  vacuum system w a l l s .  This quan t i ty  

may be p o s i t i v e ,  negat ive,  o r  zero depending on whether o r  not  t he  "sur- 

f a c e  phase" i s  i n  equi l ibr ium with .the gas phase. The importance of 

t h i s  gas soiirce o r  sink i s  discussed i n  Chapter V ,  page 89; 

0' 

which i s  usua l ly  a func t ion  
QS 



Appro x i ma t e 
Gzses Partial Pressure,  t f ) r r  

H2 8 >( l o - l o  
He 2 x lo-Lo 
CH4 1 x 
H20 4 x 10-11 
We 3 x 
co 6 x 
A 1 x 
co2 1 x 

T o t a l  1.5 x l o m 9  

FiLwre 16. I@ss spee tmm of the residual 
(Ion gavet. m n t a l  chamber of the B I D  apparatus. 

gases In the experi- 
reading  8 x I . o - ~ O  torr.) 
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the gas h a n d l i n g  €‘or t h e  E B I D  system. 



51 

it may be  a very im-portarxt term or completely n e g i i g i b l e  depending upon 

the gas being s tudied,  t he  materials, the system configurat ion,  and t h ?  

exper irnental tec'rini que. The r e l a t i o n  

P -k AP -- (% . i  -I- Qo -i- AQ -t Qs)/S (4 1 
t h a t  determines t h e  total pres su re  i n  t h e  climber com'oines mua t ions  (2 ) 

and ( 3 ) ,  page 42 ,  but has t h e  added tern, Q which i s  d i f f i c u l t  to 

tre,zl; and mzy- i n f luence  both t h e  s t e a d y - s t a t e  pressure,  P, and t h e  pulse  

pressure,  Op. The d i scuss ion  in Chapter V argues that  Q does not  have 

an impor-Larrt effect oil LIP f o r  t h e  condi t ions of th i i ;  experiment. 

s7 

S 

Figure 18 shows schematical ly  tile complete vac1mm system, F1g~n-e 19 

is a photograph of the e n t i r e  apparatus,  and Figure 212 i s  a close-us  vie31 

'3f The vacuum system. Aiy or,e of f i v e  gases  may be adrri t ted t o  thc 

s y - s t a  from high-presslire sources tlxrough i rdividiial 1 etik val ves. The 

gzses  are good grades b a t  not spectroscopic  q u a l i t y .  They are supplied 

i n  lecture ' bo t t l e s .  A typica.1 arialysis i s  given ir; Table 111. The 

gases are  suppl ied t o  t h e  l e a k  valve at lC0 t o  150 poixids per  square 

inch. t o  minim-ize contamina-Lion by t h e  unbaked po r t ions  of t h e  gas handli rig 

system. Spectroscopic gases  could have been used. However, as a prac- 

t i c a l  considera-tion, one i s  not us.ually able to utilize the i n i t i a l  high 

pv.rity i;o good advantage because of t h e  background of' residus.1. gases ir: 

the va(:u1m system and t h e  i n t e r a c t i o n s  of t h e  g a s  wi th  the VBCUILII! system 

components, wnich r e s u l t  i n  the release of considerable  quant i t ies  of 

impur i t i e s .  It i s  L r a r e  occasion wnen the impur i t i e s  i n  t h e  7~acuux- 
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Figure 20. Photograph o f  the vacum system. The t e s t  chamber i s  on the lower r i g h t  
s i d e ,  and the gas l e a k  valves a r e  on the l e f t  and l e f t  cen te r .  
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TABLE I11 

TYPICAL AiWLYSIS OF GASES 

Grade 

Carbon Monoxide CP 99.5 Mole 

Nitrogen €?repurified 99.997 Mole 

Hydrogen Prepurif  i ed 99.95 Mole 

Deuterium 99.5 A t D m  

a 
According t o  The Matheson Cmpany, Inc. ,  932 Paterson l3ank 

Road, East Rutherford,  New Jersey 07073. 
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environment a t  pressures  below 5 X l o m 8  t o r r  a r e  measured -to be l e s s  

t han  1 per  cent of t h e  t o t a l  even when t h e  i o n  gauges are o f f  and t h e  

s p u t t e r  ion pumps are valved closed,  

The l e a k  valves were Vari.an Model 951-500. All of t h e  components 

of t h e  vacimm manifold a re  b u i l t  us ing s tandard bak.ab1-e u l t r a h i g h  vacuuii 

(UTIV) components of t h e  type marketed by Varian and Granvi l le-Phi l ips  

and are sealed wi th  c o n f l a t - s t y l e  copper gaskets .  

t o  about lom3 t o r r  with 8 Vacsorb pimp, and then  t h e  system i s  switched 

t o  t h e  15-li-l;ers-per-second, water-cooled. VacIon p u p  number one. This 

pump i s  used for a l l  vacuum processing of t h e  system bu t  i s  f r equen t ly  

t h r o t t l e d  or val.ved off  during a n  experiment because of i t s  effec’i on 

t h e  irnpi.irfty content of t h e  gas ,  Vaclon pump number two w a s  intended t o  

be operated only a t  t h e  end of bakeouts and t o  provide lower base 

pressures  when t h e  gas i n l e t  manifold could be closed o f f .  

however, it w a s  not  used. a t  a l l  duririg t h e  c o l l e c t i o n  of t h e  d a t a  

r epor t ed  rin t h i s  d i s s e r t a t i o n ,  beca1J.se its use  d i d  not appreciably 

improve t h e  condi t ions i n  t h e  working chamber. The presence of t h e  pump 

magnet a l s o  inf luenced t h e  i o n  gauge readings on t h e  Ion Gauge M shown 

i n  Figure 1.8, page 52. The pump magnet w a s  removed, but  t h e  valve t o  

t h e  pump w a s  l e f t  open. 

The vacuuro. r is  brought 

I n  fa.ct, 

The chamber, which can be  seen i n  Figure 20, page 54? i s  3$ inches 

i n  i n s i d e  diameter and 4 inches long. 

around i- ts  diameter f o r  connection t o  t h e  gas manifold, t h e  t i t an ium 

sublim.ation pump, a view por t ,  and a t ubu la t ed  5.on ga.uge. The nude 

soui-ce of t h e  mass spectrometer i n t r u d e s  a’oout 2 inches i n t o  t h e  chamber 

It has f o u r  .7.+--inch connections 



from one end, and t h e  tungs ten  sample and e l ec t ron  bombarchent source 

a r e  mounted on a &inch outside-diameter conf l a t  f lange ,  which closes 

t h e  o ther  end of t h e  chamber. 

t r a n s i t e  t a b l e  t o p  and can be enclosed by a bakeout oven. 

be separa ted  i n t o  two sec t ions  s o  t h a t  d i f f e r e n t  temperatures may be used 

The whole vacuum system r e s t s  011 a 

The oven can 

to bake t h e  gas  handling manifold and t h e  main experimental  a rea .  

usua l  bakeout t reatment  i s  about 16 hours a,t 250°C for t h e  experimental  

a r ea  and 16 hours a t  150°C f o r  t h e  gas  handling manifold and VacIon 

pump number one. A l l  f i laments ,  t h e  tungsten t a r g e t ,  and t h e  Ti tanium 

subl imators  are outgassed a t  t h e  end of t h e  bakeout per iod while  t h e  

system i s  at about Z00"C. 

t h e  low 

seve ra l  hours a-t room temperature  wi th  all filaments operat ing and down 

to mid range after t i t an ium i s  evaporated i n  t h e  sublimation pump. 

The 

The pressure  before  cool down i s  usua l ly  in -  

torr range and drops i n t o  t h e  low t o r r  range a f t e r  

A t  this t i m e ,  t h e  VacIon pump number one becomes more of a liability 

than  an asset and i s  useful only to pump i n e r t  gases  and methane. When 

gas  i s  leaked i n t o  t h e  system, it i s  best to c lose  off t h i s  p u ~ p  e n t i r e l y ,  

because impur i t i e s  re leased  from t h e  pump under t h e  increased pressix-e 

contaminate t h e  gas being introduced. The p r e s s w e  i n  t h e  t i t a n i u m  

subl imat ion pump chamber i s  normally c lose  t o  1 x lo-'' t o r r  when t h e  

pressure  i n  t h e  working chamber i s  o r  l e s s .  This presslire remains 

10 to 100 times lower t han  t h e  pressure  i n  t h e  experimental  chamber when 

any of t h e  gases from t h e  gas  manifold a r e  admitted. Only a snall e r r o r  

i s  introduced by neglec t ing  t h e  pressure  on t h e  downstream s i d e  of t h e  

o r i f i c e  when ca l cu la t iw  t h e  gas removal r a t e s .  A volumetric speed of 
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10 l i t e r s  p e r  second for carbon moiioxide has been used i n  a7.1. of t h e  

c e l c u l a t i o n s .  The speed f o r  hydrogen i s  used 2s A0 l i t e r s  pe-r second. 

Tungsten specimens. Because of t h e  r ap id  contamination of t h e  

specimen su r face  even i n  t h e  r e l a t i v e l y  c l ean  u.l-trahigh vacuu-m system 

and because E B I D  does produce small. changes i n  t h e  su r face  concentrat ion 

of adsorbed. gases, it j.s d e s i r a b l e  t o  be ab le  t o  c l ean  t h e  su r face  and 

cover it with t h e  d e s i r e d  gas r a p i d l y  and reproducibly.  

t o  produce a clean su r face  on tungsten i s  t o  heat  ii; t o  2200 t o  2400°K. 

Assuming t h a t  t h e  tungsteii  i s  of reasonable i n i t i a l  p u r i t y ,  t h e  only 

contaminani not r ap id ly  removed by thi~s t r e a ' i m n t  i s  carbon. Carbon can 

be removed by r e a c t i o n  wi"ih lom5 t o r r  pressure of oxygen a t  

2200°K ( r e fe rence  71). 

The e a s i e s t  way 

Perhaps t h e  e a s i e s t  way t o  heat  t h e  tungs t en  su r face  i s  t o  use a 

specimen i n  t h e  form of  a ribbon t h a t  can be heated by passing a l a r g e  

cu-rrent through it. This zlso allows one t o  use thermal desorpt ion t o  

determine t h e  amount and kind of gas p re sen t  on t he  su r face  a t  t h e  end of 

an experiment. 7 2 9 7 3  This is a l s o  discussed i n  Appendix 13, page 128. The 

i n i t i a l  tungsten specimens w e r e  ribbons 0.3 by 0.0025 by 3 cent imeters  

w i t h  [211] poles  normal t o  t h e  su r face .  

ters  IV and V,  pages 74 and 89, t he  f i n a l  t a r g e t  was 0.5 by 0.025 by 

4 cent imeters  w i t h  [I.OO] poles  normal t o  t h e  su r face .  

decarburized by hea t ing  i n  lom5 t o r r  of oxygen f o r  l$ hours and 

of oxygen f o r  about 20 hours a t  temperatures 'oei;ween 2200 and 2400°K. 

0.025-centimeter-thi ck ribbon r e c y y s t a l l i z e d  t o  t h e  microstructure  as 

For reasons discussed i n  Chap- 

The . t a rge ts  were 

t o r r  

The 



shown i n  Figure 21. 

microsccrpe, no thermal f a c e t s  o r  o t h e r  f e a t u r e s  except g r a i n  bctundaries 

were observed i n  t h e  e l e c t r o n  microscope. 

Although t h e  su r face  appeared uneven i n  the o p t i c a l  

Bombarment c e l l  and mode of ope ra t ion .  The arrangement o f  t h e  

tungsten t a r g e t  and t h c  e l e c t r o n  source i s  shown i n  Figurts 22, 23, and 

2 4 ,  The tungsten t a r g e t  i s  clamped i n t o  the 0.25-inch-diameter copper 

conductors from t h e  high vol tage feedthroughs. It may be heat?d by pass- 

ing  ixp t o  200 amperes through t h e  ribbon. 

vo l t ages  up t o  10,000 v o l t s  p o s i t i v e  with r c spec t  t o  ground. 

i s  provided f o r  t h e  copper rods and t h ?  e x t e r n a l  ends can be maintajned 

near  room t e m p r a t u r e  even when t h e  t a r g e t  i s  pu l sed  t o  2200°K duying a 

The t a r g e t  may be r a i s e d  t o  

A i r  cool ing 

3'3 seconds on-30 seconds o f f  continuous cyc le  f o r  c leaning purposes.  

The tungsten t a r g e t  i s  rnounted so  t h a t  t h e  su r face  t o  be 

bombarded (Q.5 cent imeter  wide and 2 cent imeters  long)  i s  f ac ing  t h e  

ion source and i s  about 3 inches d i r e c t l y  i n  f r o n t  of t h e  ion  :age of  

t h e  mass spectrometer.  This makes it p o s s i b l e  t o  d e t e c t  m d  analysre 

ions as w e l l  as n e u t r a l s  produced by EBID. 

The e l e c t r o n  source i s  a 0 . 0 0 7 5 - c e n t i m e t e r - d i ~ e t e v  tungsten wire 

l o c a t e d  9 mi l l ime te r s  i n  f r o n t  of  t h e  su r face  t o  be bombarded. A tung- 

s t e n  wire  mesh s h i e l d s  t h e  e l e c t r o n  source from t h e  e l e c t r i c a l  f i e l d s  

of t h e  mass spectrometer and is  about 2 mil l ime te r s  i n  f r o n t  of  t h e  

e l e c t r o n  emi t t c r .  

Figure 25 is a schematic diagram of' t he  power supp l i e s  f o r  the  

t a r g e t  hea t ing  and. bombardment c e l l .  The screen i s  normally a t  ground 
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Figure 21. Photomicrograph of the surface or" the tungsten 
target. The specimen was n o t  etched. (a) 75x and (b) 1,OOCx. 
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Figure 21,. Photograph of' the tungsten ta rge t  i n  i t s  sh ic> lded  
mounting. 
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Figure 25. Schematic di.agram of t h e  e l - e c t r i c a l  apparatus 
assoc ia t ed  with t a r g e t  heating and t h e  bombardment c e l l .  

E I ec tro- 
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p o t e n t i a l ,  and the  negat ive end of  t he  emi t t e r  u sua l ly  biased about 

L v o l t s  p o s i t i v e  with respec t  t o  ground. UE, t o  5 0 0  v o l t s  may b e  

apyl ied to  e i t h e r  element. The vol tage  drop across  the  emi t t e r  including 

the  l eads  i s  about 0.6 v o l t .  Thus t h e  cen te r  of t h e  emi t t e r  i s  about 

0.3 v o l t  p o s i t i v e  with r e spec t  t o  the  negat ive te rmina l .  The s m a l l  

p o s i t i v e  bias p o t e n t i a l  p revents  e l ec t rons  with thermal energy from 

s t r i k i n g  gas covered sur faces  01- g e t t i n g  through t h e  screen and being 

d r a m  t o  t h e  mass spectrometer ion source t o  FroduCE spurious s igna l s .  

The t a r g e t  i s  normally a t  ground p o t e n t i a l ,  but  when it i s  pu1sr;d to a 

p rese l ec t ed  p o s i t i v e  vol tage  (up t o  ~ G , o O O  v o l t s )  e l ec t rons  a r e  drawn 

from t h e  emi t t e r  t o  bombard t h e  Larget. The cur ren t  i s  regulaterl  by the  

temperature of  t h e  emi t t e r  f i l ament .  The normal range i s  f r o r  5 t o  

109 microamperes and i s  ciecreased a s  the  vol tage  i s  increased t o  limit 

the  hea t ing  c f f e c t  OP t h e  bombardment. The f i lament  temperature i s  not  

changed during t h e  pu l se .  

An a l t e r n a t e  method of pu l s ing  the  e l ec t ron  bombardment, i s  t o  

inc rease  t h e  p o s i t i v e  b i a s  of' t h e  emi t t e r  u n t i l  t he  emission f a l l s  to 

zero.  This has been done i n  cases  where i t  was des i r ab le  t o  check for. 

f i e l d  emission cu r ren t s  t o  the  t a r g e t  o r  t o  check t h e  changes i n  t a r g e t  

temperature during bomnardment. It was usua l ly  more convenient t o  

p u l s e  t h e  acce le ra t ing  vol tage on the  t a r g e t ,  however. 

Target ternperature measurement and con t ro l .  A s  we s h a l l  show i n  

Chapter IV, page 74, s m a l l  changes i n  t h e  target ;  temperature can produce 
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r e l k t i v e l y  I.arge thermal desorp-Lion of some gases.  T'nerefore, it i s  

d-esirable t o  be a b l e  t o  measure t h e  temperature change during e l e c t r o n  

bmbardment and t o  simul-ate it by o the r  means. 

A s e n s i t i v e  i n d l c a t i o n  of t h e  t a r g e t  temperature may be obtained 

by measuring i t s  e l e c t r i c a l  r e s i s t a n c e .  The r e s i s t a n c e  of -the copper 

l e s d s  a r e  less  than  1 per cent  of t h a t  of t h e  fi lament.  I f  t h e  coa tac t  

r e s i s t a n c e  can be assumed neg l ig ib l e ,  t h e  r e s i s t a n c e  of t h e  t a r g e t  can 

be deternined from t h e  potecntial. drop between t h e  copper feedthroughs 

when a knowti cu r ren t  f lows i n  t h e  c i r c u i t .  Since t h e  r e s i s t i v i t y  

c o e f f i c i e n t  changes very 1 - i t t l e  with temperature near room ternperatu.re, 

t h e  r e s i s t a n c e  measurement w i l l  i n d i c a t e  t h e  average temperature of t h e  

fi lament even though tine tempera-ture i s  not uniform over t h e  f i lament  

I.ength. These measurements may be somewhat crude and cannot y i e l d  

accu ra t e  abso lu t e  temperatiires, but  they can easi1.y d e t e c t  changes i n  

t h e  average temperature of t h e  Larget of 0 . 2 " K  and nieasu-re changes of 

2°K t o  within 1.0 per cent  by using a measuring cu r ren t  of 3 amperes. 

This  cu r ren t  produces about a 0.2"K r i s e  i n  t h e  average t a r g e t  temper- 

a t u r e .  The r e s i s t a n c e  of t h e  t a r g e t  i s  about 2.1 x 

t emper a t  u r  e. 

ohms a-b room 

The average Lemperature inc rease  of t h e  t a r g e t  can be  dup l i ca t ed  

by ohmic heating; however, t h e  temperature di stri 'oution w i l l  be d i f f e r e n t ,  

and t h e  peak tewperatui-e w i l l -  be higher w i t h  e l ec t ron  bombardment heat ing 

than w i t h  0hmj.c heating. 

The problem of canpa.ring t h e  e f f e c t s  of thermal desorpt ion from 

t h e  -two heat ing methods i s  discussed rin Appendix C,  page 134. 



Regulated d i r e c t  cur ren t  up t o  6 amperes i s  ava i lab le ,  and 

I f  l a r g e r  currents r e s i s t a n c e  rneasurements can be  made up t o  t h i s  l e v e l .  

a r e  r equ i r ed  afl a l t e r n a t i n g - c u r r e n t  supply i s  used, and t h e  temperature 

changes a r e  ca lcu la ted .  

The vo l t age  drop across  t h e  feedthroughs i s  measured wi th  a 

K e i  t h l y  Model 660A guarded d i f f e r e n t i a l  voltmeter,  which can be  used t o  

read vol tage changes as small as 2 x vo l t s .  The constant  cur ren t  

s u p p l i e s  a r e  Kepeo CK 18-3M u n i t s ,  which a r e  r egu la t ed  t o  b e t t e r  t han  

0.01 per cent .  

operated i n  p a r a l l e l  t o  g ive  6 amperes wi th  s l i g h t l y  reduced r egu la t ions  

( t h a t  i s ,  0.02 per c e n t ) .  

t h e  f i lament  allows curren t  measurement t o  four s i g n i f i c a n t  f i gu res .  

Fkch supply w i l l  produce 3 amperes, and they  can be  

A p rec i s ion  1-oh r e s i s t a n c e  i r i  s e r i e s  w i t h  

No provis ions have been made f o r  d i r e c t  temperature measurements 

during high-temperature heat ing of t h e  t h i c k e r  t a r g e t .  

of temperature mskes such measurements of l i m i t e d  usefulness .  I n  t h e  

temperatuze range above 2000°K where most of t h e  hea t  i s  lost by r s d i a -  

t i o n  and t h e  temperatures a r e  reasonably uniSorm i n  t h e  center  lialf of 

t h e  t a r g e t  ribbon, e lec t ron  emission can be used t o  estimhte t h e  temper- 

a t u r e  to wi th in  about 50°K. No o p t i c a l  ternperslture readings could be 

made on t h e  0.025-centimeter-thick t a r g e t s ,  because t h e  t a r g e t  i s  riot 

v i s i b l e  through t h e  observation port .  

The nonuniformity 

On t h e  t h i n n e r  (0.0025-centimeter-thick) t a r g e t s ,  which were 

mounted somewhat d i f f  ereri t ly,  good agreement w a s  obtained between temper- 

a t u r e s  measured wi th  an o & i c a l  pfJrometer and those  ca l cu la t ed  f r o m  
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e l e c t r o n  emission a t  temperatures above 2000°K (provided t h e r e  w a s  no 

adsorbed gas on t h e  su r face  t o  change i t s  work f u n c t i o n ) .  

tempera.ture measurements, r e s i s t a n c e  neasurements, and temperatures 

dei;ermi.ned from known gas desorpti.on phenomena allowed a good c o r r e l a t i o n  

of t h e  temperature and h e a t i n g  cu r ren t  f o r  t h i s  ribbon. 

Optical  

If accu ra t e  te-mperatwes a r e  r equ i r ed  i n  f u t u r e  work, tungsten 

l eads  could be  welded t o  t h e  ba.ck of t h e  t a r g e i  about 1 cent imeter  from 

each end of t h e  ribbon t o  provide accurate  r e s i s t a n c e  measurements. 

Direct-current  heatring currerits  could be used with a superimposed. small 

regulated high-frequency a l t e r n a i i n g  c u r r e n t .  T'e a l t e rna t ing -cu r ren t  

vol tage ac ross  t h e s e  p o t e n t i a l  t a p s  would then  provide a measurement of 

the temperature.  

Te c h n i que 

Measurement of n e u t r a l  gas produced by EBIQ. The s t e p s  i n  a - 

t m i c a l  experimen-t; : he re  t h e  yield- of carbon monoxide i s  t o  be rn-easured 

as a func t ion  of e l e c t r o n  energy a r e  descr ibed below. It i s  assumed t h a t  

the vacuum system i s  i n  good operation, has been r e c e n t l y  baked a t  25OoC, 

and base p re s su res  i n  t h e  10-l' t o r r  range a r e  ind ica t ed .  

1. The ion  gauges and mass spectrometer are  checked f o r  normal 

operat ion.  

2 .  The r e s i d u a l  gases i n  t h e  system a r e  monitored with t h e  mass 

spectrometer.  Ion energies  of 515 e l e c t r o n  v o l t s  are 

usua l ly  used, and t h e  spectrum i s  scanned by varying t h e  

magnetic f i e l d .  



3 .  The t i t an ium f i lm i n  t h e  t i t an ium sublimation pump i s  

replenished by operat ing t h e  sublimator f o r  a few minutes. 

4. The residual gases  are aga.in monitored as i n  s t e p  tvo. 

5. The mass spectrometer i s  adjusted t o  monitor t h e  M/e = 28 peak 

(which i s  normally due only t o  carbon monoxide i n  t h e s e  

experiments).  The instrument i s  checked u n t i l  t h e  d r i f t  i n  

t h e  magnetic f i e l d  has s t a b i l i z e d ,  and x1o d r i f t  of the peak 

i s  de tec t ab le .  

6. The t a r g e t  i s  cleaned by r a i s i n g  i t s  temperature to 2200 t o  

2400°K and holding for perhaps 10 seconds, cooling, and 

f l a s h i n g  aga in  a t  i n t e r v a l s  of l or 2 minutes u n t i l  t h e  

p re s su re  rise on f l a s h i n g  i s  s m a l l  and does not deerease 

appreciably from pulse t o  pulse.  

only t h r e e  o r  foux pulses .  

Th i s  u s u a l l y  r e q u i r e s  

7. The VacIon pump i s  valved closed. 

IS. The t a r g e t  i s  cooled t o  room temperature,  and carbon monoxide 

i s  adnxitted t o  a predetermined p res su re  between 

5 x and 5 x lo-* t o r r  t o  permit adsorpt ion t o  occur. 

The p res su re  i s  recorded as a. -function of t ime and from 

t h i s  d a t a  and t h e  volumetric pumping speed t h e  amoimt of' 

gas  adsorbed on t h e  target can be ca l cu la t ed .  When adsorp- 

t i o n  i s  judged t o  be complete, t h a t  is, t h e  pressu-e i n  

t he  working chamber no longer i s  inc reas ing  detectably, 

t h e  gas  supply i s  tu rned  of f ,  arid t h e  pressure falls 

mpidly t o  the sca l e .  Both t h e  total- pressujye and 
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t h e  carbon monoxide p a r t i a l  p re s su re  decrease slowly 

below t h i s  pressure.  The EBID can begin immediately; 

however, 5 t o  10 minutes are required be fo re  t h e  pressure 

decrease i s  slow enough for t h e  EBIDto begin t o  produce 

r e s u l t s  t h a t  are easy t o  read and wi.11 be reproducible  

during t h e  next hour o r  so. 

9. S u i t a b l e  pressure ranges and suppression s i g n a l s  a re  s e l e c t e d  

t o  allow good r e s o l u t i o n  of t h e  Ef31D p re s su re  pulses.  

10. The EBlD i s  bcguii by puls ing t h e  t a r g e t  t o  a high vol tage 

and thereby causing it t o  be boinbard.ed with e l ec t rons  

having a p rese l ec t ed  amount of energy, usiual.ly 500 e l e c t r o n  

v o l t s .  A p re se l ec t ed  e l e c t r o n  cu r ren t  i s  obtained by 

a d j u s t i n g  t h e  e l e c t r o n  source teriiperature. 

u sua l ly  i s  10 t o  50 microamperes. 

long and i s  automatical ly  repeated once a minute. 

one t o  t h r e e  pu l ses  will be used before going t o  t h e  liexi; 

voltage,  depending upon t h e  magnitude and r e p r o d u c i b i l i t y  

of t h e  pressure pulse.  The p res su re  pu l ses  from both t h e  

m a s s  spectrometer and one i o n i z a t i o n  gauge are recorded on 

a Sariborn Model. 1.50, dual-channel, high-speed recorder  

w i th  a Model 150-1800 s t a b i l i z e d  d i r e c t - c u r r e n t  preampli- 

f i e r .  The datum point  a t  500 electreon v o l t s  i s  used as a 

c o n t r o l  and i s  p e r i o d i c a l l y  repeated a s  a means of a s su r ing  

t h a t  t h e  condi t ion of t h e  t a r g e t  has not changed appreciably 

during t h e  d a t a  a c q u i s i t i o n  a t  o the r  e l e c t r o n  energies .  

The cu r ren t  

The pulse  i s  8 seconds 

From 



11. The EBID i s  continued using d i f f e r e n t  t a r g e t  vol tages  and 

t h e r e f o r e  d i f f e r e n t  e l e c t r o n  ene rg ie s  u n t i l  enough data 

are obtained t o  produce a c m p l e t e  curve. The e l e c t r o n  

cu r ren t  may be  kept  constant  or var i ed  to produce t h e  b e s t  

balance between thermal e f f e c t s  and t h e  he igh t  of t h e  

p re s su re  pulse.  

During t h e  EBID run, t h e  t a r g e t  may be p u l s e  heated 12. 

r e s i s t i v e l y  t o  produce thermal desorpt ion s i g n a l s  f o r  

comparison w i t h  t h e  EBID s igna l s .  

u s u a l l y  s e l e c t e d  t o  g ive  an inc rease  i n  t h e  average temper- 

a t u r e  of t h e  t a r g e t  approximating t h a t  produced by t h e  

The heat ing pulse i s  

e l e c t r o n  bmbardment used f o r  t h e  EBID c o n t r o l  po in t  and 

lasts for t h e  same d u r a t i o n  as t h e  e l e c t r o n  bombadment. 

Larger heat ing pu l ses  are a l s o  used t o  campare with t h e  

higher  power EBID pu l ses  necessary t o  g e t  d a t a  f o r  high- 

energy e l ec t rons .  

13. A t  t h e  conclusion of the EBID run, a complete thermal 

desorpt ion t o  2400°K i s  made t o  check on t h e  degree of 

contamination of t h e  t a r g e t  by o the r  gaseous impur i t i e s .  

T h i s  a l so  provides a check on t h e  mount of carbon monoxide 

adsorbed on t h e  t a r g e t .  The carbon monoxide -partial 

p res su re  i n c r e a s e  i n t e g r a t e d  over t h e  deso rp t ion  t i m e  and 

m u l t i p l i e d  by t h e  volumetric gas removal r a t e  g ives  t h e  

amount of gas desorbed. This  should agree with the amount 
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adsorbed i n  step e i g h t  un le s s  s u b s t a n t i a l  gas  has been 

removed by t h e  B I D  measurements or by. some o the r  

experimental i r r e g u l a r i t y .  

Measurement of i ons  produced by EBID. Although t h e  equipment i s  

designed t o  make measurements of t he  desorpt ion of gases from t h e  t a r g e t ,  

i t  i s  a l s o  p o s s i b l e  t o  make sane l imited measurements of i ons  produced 

on t h e  t a r g e t  su r f ace  and desorbed i n  the d i r e c t i o n  of t h e  mass spec- 

trometer.  The mass spectrometer i o n  source i s  turned o f f ,  and ions  

d i r e c t l y  from t h e  t a r g e t  are sen t  through t h e  mass analyzer.  The i o n  

accel-erating vo l t age  i s  given by t h e  t a r g e t  vol tage s i n c e  t h e  mass- 

analyzer  s l i t s  a r e  a t  ground p o t e n t i a l .  The spec ie s  of' i o n  desorbed 

can be  i d e n t i f i e d ,  and changes i n  t h e  numbers desorbed as func t ions  of 

temperature and p res su re  can be  determined. it i s  not possible ,  however, 

t o  determine t h e  numbers desorbed as func t ions  of e l e c t r o n  energy because 

of changes i n  coll-ection e f f i c i e n c y  as t h e  t a r g e t  vol tage i s  changed. 

It i s  poss ib l e  t o  g e t  an est imate  of t h e  ri.on energy d i s t r i b u t i o n  by 

measuring t h e  peak shape and displacement. The i o n  energy d i s t r i b u t i o n s  

have been measured much more accura t e ly  by Redhead. 3 3  Some c o r r e l a t i o n s  

of t h e  i o n  desorpt ion with t h e  n e u t r a l  p a r t i c l e  desorpt ion have been 

made bu t  are not reported.  

The s t e p s  i n  making measurements of i o n  desorpt ion a r e  s i m i l a r  

t o  t hose  for measuring n e u t r a l  gas desorpt ion up through s t e p  e igh t ,  

A f t e r  t h e  adsorpt ion i n  s t e p  e i g h t  when E B I D  i s  begun, t h e  m a s s  spec- 

t rometer  i on  source i s  tu rned  off  and i t s  elements brought t o  ground 



p o t e n t i a l .  

CO 

The t a r g e t  vo l tage  i s  then  changed t o  515 v o l t s  so t h a t  

i ons  re leased  from t h e  t a r g e t  wi th  no i n i t i a l  energy w i l l  pass 
-4 

through t h e  mass spectrometer and genera te  a s i g n a l  by s t r i k i r 4  t h e  i o n  

c o l l e c t o r  of t h e  e l ec t ron  m u l t i p l i e r  i n  the same manner as an ion  from 

t h e  mass spectrometer i o n  source. Since t h e r e  i s  no ion  background 

s igna l ,  t h e r e  i s  no need f o r  s i g n a l  suppression o r  using pulsed €BID. 

Varia t ions  i n  t h e  ion  y i e l d  as a func t ion  of t a r g e t  temperature o r  

carbon monoxide pressure  may be observed continuously and r ap id ly ,  

Changing t h e  ion  species monitored t o  0 
+ 

involves  tun ing  t h e  magnetic 

f i e l d  of t h e  m a s s  spectrometer t o  pass t h a t  i on  or changing t k e  t a r g e t  

vol tage,  e i t h e r  of which w i l l  r e s u l t  i n  changes i n  t h e  ion  c o l l e c t i o n  

e f f ic iency .  Changing t h e  t a r g e t  vol tage a l s o  changes t h e  energy of t h e  

bombarding e l ec t rons  s o  t h a t  comparisons between i o n i c  spec ies  and 

between ion  y i e l d s  a t  d i f f e r e n t  e l ec t ron  bombardment energ ies  a r e  not 

s t ra ight forward .  A rough es t imate  of t h e  i o n  energy d i s t r i b u t i o n  can 

be obtained by varying t h e  t a r g e t  energy i n  s m a l l  steps and p lo t t i r ig  

t h e  amplitude of t h e  output of t h e  mass spectrometer as a func t ion  of 

t a r g e t  v o l t  age. 

At t h e  conclusion of an ion  measurement, a complete thermal 

desorpt ion should be made i n  t h e  same manner as i n  s t e p  twelve descr ib ing  

t h e  measurement of n e u t r a l  gas produced by EBID, page 71. 



CHAPTER I V  

EXPERIMENTAL RESULTS 

An important r e s u l t  of  t h i s  i n v e s t i g a t i o n  i s  t h e  development of  

a technique for t h e  measurement of t h e  desorpt ion of n e u t r a l  p a r t i c l e s  

by EBID t h a t  i s  s e n s i t i v e  enough t o  permit  freqiient sampling of  sur- 

f aces  without causing s i g n i f i c a n t  changes i n  t h e  su r face .  The technique 

i s  a b l e  t o  d e f i n i t e l y  sepa ra t e  and minimize t h e  e f f e c t s  due t o  thermal 

desorpt ion from those due t o  EBID p e r  se.  A s l i g h t  modif icat ion of  t h i s  

technique would make i t  compatible with t h e  apparatus required f o r  low 

energy e l e c t r o n  d i f f r a c t i o n  (LEED) s t u d i e s  and a l s o  t h e  measurement of  

t h e  ions and secondary e l ec t rons  produced by e l e c t r o n  bombardment. 

-- 

The EBID of Carbon Monoxide as a Function of E lec t ron  Energy 

Figure 26 shows t h e  n e u t r a l  desorpt ion of  carbon monoxide from 

tungsten caused by EBID as a func t ion  of e l e c t r o n  energy. The sample 

was covered with carbon monoxide a t  1. X lo-' t o r r .  The carbon monoxide 

pa r t i a l  p re s su re  was reduced t o  l e s s  than 10-'.' t o r r ,  and EBID measure- 

ments were made with 30 microamperes o f  bombardment cu r ren t .  O h m i c  

hea t ing  w a s  used t o  simulate t h e  thermal desorpt ion e f f e c t s ,  and t h i s  

c o r r e c t i o n  i s  ind ica t ed .  Under t h e s e  condi t ions thermal desorptj.on i s  

no t  important u n t i l  i;he e l e c t r o n  energy exceeds 1,000 e l e c t r o n  v o l t s .  

Tine sharp inc rease  i n  t h e  y i e l d s  a t  about 5,000 v o l t s  i s  probably due 
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t o  experimental  problems with t h e  high vol tage  in su la t ion ,  bu t  could 

be due t o  an E B D  process.  The e f f e c t  was not  i nves t iga t ed  s u f f i c i e n t l y  

t o  determine i t s  cause s ince  it occurred a t  vo l tages  high enough t o  

cause a new s e t  of experimental  problems. 

The scale on t h e  absc i s sa  of P i g w e  26 gives  both t h e  number of 

molecules desorbed pe r  e l ec t ron  and t h e  desorpt ion c ross  sec t ion  (based 

011 a sur face  coverage of loi3 molecules per  square cent imeter  i n  t h e  

a lphs  s t a t e ) .  Both Menzel and Gomer3/' and Redhead33 estimated t h e  

c ross  sec t ion  f o r  the  desorpt ion of n e u t r a l s  t o  be about 3 X square 

cent imeters  f o r  100 e l ec t ron  v o l t  e lec t rons .  The exce l len t  agreement 

with tizle present  r e s u l t s  may be f o r t u i t o u s  i n  view of t h e  l a r g e  uncer- 

t a i n t i e s  in t h e  a c t u a l  populat ion of t he  adsorbed alpha-phase l aye r .  

The genera l  shape of t h e  c u m e  below 300 e l e c t r o n  v o l t s  agrees  with 

Redhead's r e s u l t s  for ion desorpt ion although Redhead's da t a  f a l l  some- 

what f a s t e r  below 100 e l ec t ron  v o l t s .  

The n e u t r a l  gas desorpt ion i s  d e f i n i t e l y  a s soc ia t ed  with t h e  

presence of t h e  low-temperature adsorbed forms of carbon monoxide on 

the  t a r g e t ,  s ince  hea t ing  t i e  t a r g e t  t o  an est imated 900°K reduced t h e  

EBID s i g n a l  t o  below t h e  de t ec t ion  l i m i t .  

t he re  a r e  two low-temperature forms of carbon monoxide p resen t  a t  300°K, 

one of which desorbs r a p i d l y  between 300 and 350°K and another  which 

desorbs r a p i d l y  a t  about 4 7 0 ° K .  

reduce t h e  s i g n a l  s l i g h t l y  but  did not  e l imina te  it. 

phase t h a t  desorbs a t  470°K con t r ibu te s  most of t h e  n e u t r a l  EBiD s igna l .  

According t o  Redhead,33 

Heatling t o  i~1? est imated 400°K did 

Apparently t h e  
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Thermal and Pressure  Ef fec t s  on t h e  Desorption S ignal  

Figure 27 shows t h e  e f f e c t  of p re s su re  on t h e  anrplitude of pres -  

su re  pu l ses  produced by EBID and by thermal  pulses .  

EBID desorp t ions  were produced by pulses  o f  equal  power, 

page 134> shows t h a t  t he  average temperature increases  produced by e lec-  

t r o n  bombardment pulses may be as much as 1 . 5  times l a r g e r  than by o h i c  

heating. If we assume t h e  amount of gas desorbed i s  p ropor t iona l  t o  t h e  

The thermal and 

Appendix C, 

change i n  t h e  average temperature (which should be true for small temper- 

a t u r e  changes),  thermal e f f e c t s  w i l l  be more important than EBU) p e r  se 

a t  p ressures  above2  X lo7 t o r r  and EBID measurements a t  pressures  

below 2 X t o r r  would r equ i r e  r e l a t i v e l y  small cor rec t ions .  The 

t r i a n g l e s  r ep resen t  t h e  EBID da ta  co r rec t ed  f o r  thermal  e f f e c t s .  Note 

t h a t  t h e  co r rec t ed  values a r e  n e a r l y  constant  and are not  pressure  sens i -  

t i v e  between 10-l' and amperes ( 5  x 10"" and 5 x t o r r ) .  

Based on t h e  above r e s u l t s  one can expla in  t h e  discrepancy 

between t h e  measurements made a t  10-l' t o r r  on a 0.025-centimeter-thick 

t a r g e t  and those made e a r l i e r  at 5 X t o r r  on a t a r g e t  t e n  times 

th inne r  and thus  t e n  t imes more s e n s i t i v e  t o  thermal  e f f e c t s .  

data shown i n  Figure 28 a r e  ahnost a s t r a i g h t  l i n e  showing t h e  carbon 

The e a r l y  

monoxide y i e l d  t o  be p ropor t iona l  t o  t h e  e l e c t r o n  bombmdment power 

(and the re fo re  changes i n  specimen temperature) over a wide range of 

power. 

measurements using t h e  heavier  t a r g e t  a t  lower pressures .  Thus, v i r t u -  

The y i e l d s  were many times higher  than those  observed i n  t h e  

a l l y  t h e  e n t i r e  desorp t ion  f r o m  t h e  th inne r  specimen a t  higher  pressures  

was due t o  thermal  e f f e c t s .  The thermal con t r ibu t ion  t o  t h e  p re s su re  
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Figure 28. Electron bombardment induced desorpt ion data f o r  
carbon monoxide from tungs ten  taken using t h e  0.0025-centimeter-thick 
t a r g e t  and a carbon monoxide p res su re  of 5 x 
is nearly a l l  due to thermal e f f e c t s .  
p ropor t iona l  t o  t h e  bombardment power (and t h e r e f o r e  t h e  temperature rise 
of t h e  t a r g e t  during the  bombardment p u l s e )  f o r  8 very wide range of power. 
T1-ie bombardment cu r ren t  ranged from 5 t o  20 microamperes p e r  t o r r . ]  

t o r r .  [The desorpt ion 
Note t h a t  t h e  desorption i s  
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pulses  on t h e  heavier  t a r g e t  a w  down by a i"sctor of 300, which i s  

about, what one would expect frnm t h e  p res su re  e f f e c t  shown i n  F i g u - r ~  27, 

page 78, and an inc rease  i n  t h e  hea t  removal from t h e  specimen by a 

factor of 10. 

Mass Spectrometer S e n s i t i v i t y  

Figure 29 compares t h e  mass spectrumeter reading for t h e  carbon- 

monoxide p a r t i a l .  p re s su re  with t h e  i o n  gauge reading of t h e  t o t a l  pres- 

sire.  The p res su re  w a s  r a i s e d  Trom t h e  base p re s su re  of 3.2 x t o r r  

by leaking j.n carbon monoxide. 

3% pressures  above l.Oe9 t o r r  w a s  i.ndeed mostly carbon monoxide and 

provides a p res su re  c a l i b r a t i o n  f o r  t h e  carbon monoxide peak of t h e  

mass spectrometer. The s e n s i t i v i t y  of t h e  mass spectrometer f o r  carbon 

monoxide w a s  0.18 ampere per  t o r r  for t h e  condi t ions of t h i s  experiment, 

i f  t h e  i o n  gauge s e n s i t i v i t y  ?or carbon monoxide i s  assumed t o  be un i ty .  

The m a s s  spectrometer s e n s i t i v i t y  varied,  depending upon t h e  particu1a.r  

condi t ion of the  el-ectron m u l t i p l i e r ,  and i.t, w a s  necessary t o  determine 

i t s  s e n s i t i v i t y  before  each s e r i e s  of measurements. Usually t h i s  was 

accomplished af ter  t h e  adsorpt ion of carbon monoxide on t h e  t a r g e t  a t  a 

p res su re  of t o r r  or  higher.  

The data i n d i c a t e  t h a t  t h e  gas  present; 

Measurement of the Amount of Carbon Monoxide Adsorbed on t h e  Target 

The mount of gas  adsorbed on t h e  t a r g e t  can be measured as 

ind ica t ed  i n  Chapter 111, ?Measurement of Neutral  Gas Produced by EBIL)," 

page 68, s t e p s  e igh t  and t h i r t e e n  and are discussed rin Appendix B, 

page 128- Measurements made in t he  p re sen t  apparatus a r e  cons i s t en t ly  
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ION GAUGE PRESSURE (To r r )  

Figure 29. A t y p i c a l  calibration curve for the mss spectrometer 
output signal as a function of the pressure indicated on the chamber i o n  
gauge. (Carbon monoxide was admitted. to the system to ra i se  the pressure.) 
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lower than t h e  values  reported i n  Table Ti, page 40 , from t h e  l i t e r a t u r e .  

Values between 1 .5  and 1-8 X 1.0'' carbon monoxide moI.ecules p e r  square 

cent imeter  f o r  f u l l  coverage were obtained on adsorpt ion a t  p ressures  

of about 1 X t o r r  and on desorpt ion a f t e r  exposure a t  t h e  system 

base pressure  f o r  about 1 hour. The l i t e r a t u r e  va lues  range from t'nese 

values  t o  9.5 x loi4 molecdes  p e r  square cerrtirneter f o r  p u l l  coverage. 

Most values were obtained a t  pressures  considerably higher  tlnan t h e  

present  measurements. The poss ib l e  reasons .for this discrepancy a r e  

discussed i n  Chapter V, page 89. 

and hydrogen and axe compiled al-ong wfth the  values f o r  carbofi monoxide 

and t h e  range of  l i t e r a t u r e  valu-es f o r  all. t h r e e  gases in T a h l e s  IV and 

V. The values  obtained i n  t h i s  i nves t iga t ion  a r e  lower f o r  a l l  th ree  

gases,  bu t  not  by t h e  same r a t i o .  The values  f o r  hydrogen a i d  n i t rogen  

a r e  i n  b e t t e r  agreement with t h e  l i t e r a t u r e  than t h e  carbon monoxide 

values ,  as might be expected from t'ne d iscuss ion  i n  Chapter V, 

regarding t h e  poss ib l e  e r r o r s  i n  adsorpt ion measurements f o r  carbon 

monoxide. 

Values were a l s o  measured f o r  n i t rogen  

Figure 30 shows q u a l i t a t i v e l y  the  way i n  which t h e  thermal desorp- 

t i o n  spec t r a  can be used as a means of  measuring t h e  kimd and amount, of 

gas present  on t a r g e t  a f t e r  an EBID run. 'The f i g u r e  shows th ree  s e t s  of 

desorpt ion spec t ra .  The mass spectrometer p a r t i a l  p ressure  ind ica t ion  

i s  p l o t t e d  increas ing  upward, and t h e  t o t a l  p re s su re  i s  p l o t t e d  increas ing  

downward so t h a t  they a r e  e a s i l y  compared by t h e i r  symmetry. The first  

case shows deso .q t ion  from a specimen with mostly hydrogen on it. The 
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TABLE rv 

RTLL COVERAGE VALUES FOR CARBOM MONOXIDE ON !TUNGSTEN AT 300°K 

M a x i m u m  Coverage 
(Molecules/cm*) Author Specimen Pressure Reference ( t o r r )  

10 

10 

0 0.5 
B 9.0 

7 .5  

a 2  
B 5  

6.5 

5.3 

Redhead 

66 
POlycryStal 4 1 ~ - 6  Madey e t  al. 

Nasini e t  al.  Sheet 

Wire 

Polycrystal  

P o l y c r y s t a l  10-9 
Wire 

-- 
-- 

67 

75 Anderson (100) crystal 4 x 10-9 and Es t rup  

Ehr l i ch  

Becker 

E i  s inger  

5 S c h l i e r  

NAa 74 

Poly c ry s t a1 
Wire 

(411) Plane 
Ribbon 

(311) Plane 
Ribbon 

Po lyc rys t a l  
Wire 

NA 61 

NA 76 

NA 77 

NA 78 

4 Degras 79 

3.5 

a -1 

0 1.1 
8 3.6 

a -0.1 
f3 -1.8 
a 
B 

0.1 
1.5 

E h r l i c h  
Po lyc rys t a l  
Wire 

NA 80 

NA 4 3  

5 x 10-8 81 

Polyc rys t a l  
Yates e t  al, 

Ribbon 

R i  gby Po lyc rys t a l  

R i  gby 

-- 

Wire 

Wire 
Po lyc rys t a l  b 

81 

C Polyc rys t a l  
Sheet 

Present  
Study Clausing 

Information Not Available a 

bAfter initial exposure a t  5 X torr, the siirface w a s  exposed 
t o  a lower pres su re  < 1 x lo-'* t o r r  f o r  15 hours. 

C In i t i a l  exposure a t  1 X LOL8 followed by approximately one hour 
at co p res su res  < 10-l' t o r r .  



Author 
Maximum Coverage 

( atoms/cm2 ) Pressure Reference (torr) Specimen 

x 1014 

6 o r  7 

very small 
4 . 3  

4 

b -3 

2.5 
1 .5  

a 0.06-0.12 
p 2.5 

B 1.5 

B 1 -  

23 

12 

10 

9 

8.3 

7 

7 

Ni ti-ogen 

Et s inger  Sheet ( 113) 

Delchar ( 110) 
and Ehvlich ( 100) 

Estrup (100) C r y s t a l  
and Anderson 

Redhead 
Po lyc rys t a l  
Wire 

Madey ( 100) 
and Yates ( 1 l O )  

Ehr li. c h 

Rigby 

C 1aus i ng 

Polyc rys t a l  
Wire 

Po lyc rys t a l  
Wire 

Polyc rys t a l  
Sheet 

Hydrogen 

Estrup (LOO) Crystal 
and Anderson 

R i  gby 
Poly cry s t a1 
Wire 

Redhead 

Hickmont 

Po I-y c T r y  s tal 
Wire 

Po lye  ry s tal. 
V i r e  

Po lyc rys t a l  
Ricca e t  al, Sheet -- 
Ei. s i ng e r  ( 113) Crystal 

Ei s inger Po l ye  ry s t al. 
Sheet 

XAa 

NA 

5 x 10-9 

NA 

6 X l o M 8  

NA 

C 

LO-9-10-7 

> 10-8 

5 x 10-9 

1 x 

5 x 

NA 

NA 

77 

82 

83 

85 

86 

81 

Present 
Study 

87 

88 

84 

89 

90 

91 

91 



TABLE V (Continued ) 

Maximum Coverage Pressure  Reference (torr) ( atoms/cm2) Author Specimen 

6 

6 

Rigby 
Polycrystal 
Wire 

Polycrys ta l  
Sheet 

Claus i n g  

d 

e 

88 

Present  
Study 

a 

bThese d a t a  were obtained a t  360°K. 

Information Not Available.  

C 
A sa tu ra t ed  monolayer w a s  adsorbed a t  -2 x 1 O m S  t o r r  and 

desorbed a f t e r  approximately Len minutes exposure a t  a n i t rogen  pressure 
of < 5 x 1 C Y ” O  t o r r .  

dA wi re  wi th  t h e  s a t u r a t i o n  coverage was pumped a t  2 x t o r r  
f o r  t e n  minutes and l o s t  50 per  cent  of i t s  hydrogen. 

e Gas w a s  adsorbed a t  about 2 x lo”* Lorr and then  t h e  pressure 
was reduced t o  4 x 10”O t o r r  of hydrogen. 
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Figure 30. Tnermal desorpt ion spec t r a .  [Three examples are 
&,en showirig desorpt ion from a t a r g e t  covered with (a) mostly hydrogen, 
(b )  mostly carbon monoxide, and ( c )  a mjxture o f  hydrogen and carbon 
monoxide. 1 
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hydrogen comes off  a t  4U0 t o  600°K a s  the t a r g e t  r ibbon i s  heated. 

second case shows mostly carbon monoxide on the  t a rge t .  It, begins t o  

The 

come o f f  r a p i d l y  a t  about 1000°K and is  l a r g e l y  desorbed before  the  

t a r g e t  reaches 1800" K (desorp t ion  of carbon monoxide a t  about 400 t o  500" K 

i s  also observed).  The f i n a l  s p e c t r a  show a case  of  both carbon monoxide 

and hydrogen i n  more n e u l y  equal  amounts. The amplitude and dura t ion  of 

t h e  p re s su re  pu l ses  can be r e l a t e d  t o  t h e  amount of gas on the surface.  

The a c t  of f l a s h i n g  t h e  f i lament  t o  determine i t s  su r face  gases,  of 

course, removes t h e  gases  from the  surface.  

Figure 31 shows a pair  of adsorpt ion-desorpt ion measurements f o r  

Figure 3 l ( a )  shows: (1) t he  admission of  carbon monoxide on tungsten.  

gas s t a r t i n g  a t  t h e  p o i n t  (O), (2)  t h e  r e l a t i v e l y  constant  p re s su re  

during t h e  major p a r t  of t h e  adsorpt ion,  and (3) t h e  increase  1x1 pressure  

and gradual approach t o  a new cons tan t  p re s su re  a s  t h e  s - u f a c e  i s  com- 

p l e t e l y  covered. The f i n a l  system p res su re  i s  determined according t o  

Equation ( 2 ) ,  page 42, by t h e  gas i n f l u x  from t h e  carbon monoxide l e a k  

valve and t h e  volumetric speed of t h e  pumping system. 

t h e  desorpt ion.  

su re  did not  exceed 2 X torr and was not l i n e a r  w i t h  time as shown 

by the approximate temperatures  ind ica t ed  on t h e  chart. 

gas adsorbed by t h e  specimen i n  Figure 31 (a )  i s  shown by t h e  cross-  

hatched region. The quan t i ty  desorbed i n  Figure 31(b) i s  s i m i l a r l y  shown. 

The e q u a l i t y  of t hese  q u a n t i t i e s  of gas ( a reas  on t h e  figures) i s  a neces- 

s a r y  but  no t  s u f f i c i e n t  condi t ion  t o  ensure tha t  t h e  measurerrieiit i s  

accurate .  

Figure 31(b) shows 

The temperature increase  was con t ro l l ed  so t h a t  t h e  pres- 

The quantity of 
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Figure 31. CaTbon monoxide pressure  a s  a func t ion  of t i m e  during 
( a )  adsorp t ion  of t h e  gas onto a c l ean  tungsten t a r g e t  and (b) thermal 
desorption of t h e  gas from t h e  t a r g e t .  [Note the s c a l e  change on ( b ) . ]  
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DISCUSSION OF THE RESULTS 

The E f f e c t  of Electron Energy on t h e  Desorption Cross Sect ion 

The thermal  desorpt ion data of Figure 26, page 7 5 ,  and t h e  d a t a  

of Figure 27, page 78,clearl.y i n d i c a t e  t h a t  thermal  e f f e c t s  accompnying 

t h e  e l e c t r o n  bombardment are not important bel-ow about 5,000 e l e c t r o n  

v o l t s  f o r  t h e  condi t ions under which t h e  data of Figure 26 were obtained. 

The shape of t h e  curve f o r  ene rg ie s  up t o  100 e l e c t r o n  v o l t s  suggests  

t h a t  the  mechanism f o r  deso rp t ion  he re  may be  t h e  one proposed by Menzel 

and Gorier9 o r  Redhead32 and discussed br ief ly  i n  Chapter 11, page 27. 

Addit ional  explanat ions are required for t h e  deso rp t ions  above 100 elec-  

t r o n  v o l t s .  The mechanisms of Redhead, Menzel, and Gomer r e q u i r e  t h e  

i n i t i a l  e x c i t a t i o n  of t h e  adbond i n  t h e  form of an e l e c t r o n i c  t r a n s i t i o n .  

The i n t e r a c t i o n s  are t h u s  b a s i c a l l y  e l ec t ron -e l ec t ron  i n t e r a c t i o n s .  They 

should have c r o s s  s e c t i o n s  t h a t  behave q u a l i t a t i v e l y  i n  t h e  same mwiner 

as s i m i l a r  t r a n s i t i o n s  i n  f r e e  molecules. T h i s  should c e r t a i n l y  be t r u e  

f o r  adbonds t h a t  have l o c a l i z e d  e l ec t rons ,  as Tor example t h o s e  brving a 

predominantly covalent nature.  The common gas-phase t r a n s i t i c n s  have 

c r o s s  sections t h a t  have th re sho lds  between 10 and 20 e l ec t ron  v o l t s ,  

peak a t  100 e l e c t r o n  v o l t s ,  or less, and decrease s l o v l y  as t h e  e l e c t r o n  

energy f u r t h e r  i nc reases .  Figure 5, page 15, i nc ludes  a curve f o r  the 

i o n i z a t i o n  cross s e c t i o n  of atomic oxygen i n  %he gas phase that  shovs the 
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t y p i c a l  energy dependence. 

adsorbed on molybdenum (see Figure 5 )  fol lows t h i s  p a t t e r n  el-osely wi th  

a threshol-d at 17.6 e l e c t r o n  v o l t s  and a maximum a t  100 e l e c t r o n  v o l t s .  

Redhead's data f o r  i o n  desorpt ion from oxygen 

His d a t a  for carbon monoxide on tungsten have -the proper shape below 

100 e l e c t r n n  v o l t s  b u t  continue t o  i nc rease  from 100 e l e c t r o n  v o l t s  i o  

300 e l e c t r o n  v o l t s .  (See Figure 7, page 1.8.) Lichtman and McQuistan's 

d a t a  f o r  t h e  desorpt ion of protons from s t a i n l e s s  s t e e l  show t h e  same 

form a t  low energies  ( see  Figure 10, page 22) - no data a t  intermediate  

energies,  bu t  i nc reas ing  desorp%ion cross s e c t i o n s  from about 400 e l  ect-eon 

v o l t s  t o  above 6,000 e l e c t r o n  v o l t s  ( s ee  Figure 11, page 23) .  Lichtman 

and  McQuistan a l s o  show data f o r  the  desorpt ion of N a  and C1 with 
t + 

t h re sho lds  i n  t h e  desorpt ion c ros s  sec t ions  a t  12 and 20 e l e c t r o n  v o l t s ,  

r e spec t ive ly ,  and peaks a t  20 and 40 e l e c t r o n  v o l t s .  3 6  These c ros s  

sect-i.ons f a l l  quickly with inc reas ing  voltage.  From t h e  above evidence 

it would appear t h a t  t h i s  desorpt ion mechanism with i t s  p red ic t ed  charac- 

t e r i s t i c s  has indeed been experimentally observed, bu t  t h a t  only p a r t  of 

t h e  experimental d a t a  show decreasing c ross  sec t ions  with inc reas ing  

energy above 1.00 el-ectron vo l t s .  It should a l s o  be noted t h a t  t h e  Na  
t 

desorpt ion should have a very I.ow c ross  sec t ion  according t o  Menzel and 

Gomer's discussion,  bu t  experimental d a t a  i n d i c a t e  a r a t h e r  l a r g e  c ros s  

sect ion.  

The present  d a t a  i n d i c a t e  a th re sho ld  f o r  EBID of n e u t r a l  molecules 

of carbon monoxide from tiungsten i n  t h e  neighborhood of 20 e l e c t r o n  v o l t s .  

The presence of t h i s  t 'meshold for n e u t r a l  desorpt ion a t  t h e  same energy 

as t h a t  found f o r  t h e  formation of i ons  i s  evidence t h a t  t h e  t h e o r e t i c a l  
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t reatment  i s  app l i cab le  and t h a t  t h e  n e u t r a l s  and i o n s  come from t h e  

sane i n i t i a l  e l e c t r o n i c  processes.  If b e t t e r  measurements could be 

made t o  a c c u r a t e l y  determine t h e  th re sho ld  €or  n e u t r a l  desorpt ion,  it 

would be poss ib l e  t o  determine i f  a l l  n e u t r a l  deso rp t ion  depended upon 

an ionized s ta te  or i f  an antibonding s ta te  may a l s o  be  involved. The 

deso rp t ion  e f f i c i e n c y  r i s e s  r a p i d l y  t o  about 100 e l e c t r o n  v o l t s ,  rises 

only slowly t o  200 e l e c t r o n  vol ts ,and then  more r a p i d l y  t o  4,OC or  

500 e l e c t r o n  v o l t s  as though a second desorpt ion process  w a s  becoming 

important. F i n a l l y ,  it rises aga in  a t  about; 5,1300 e l e c t r o n  v o l t s  due t o  

o the r  e f f e c t s .  F igu re  32 shows how t h e  data of Figure 26, page 75,  

could be obtained by adding t h e  e f f e c t s  of s e v e r a l  s e p a r a t e  desorptiori 

phenomena. 

Curve I i s  due t o  the deso rp t ion  of n e u t r a l s  probably by t h e  

e l e c t r o n  e x c i t a t i o n  process  descr ibed and measured by Redhead. 3 3  

curve i s  r e a l l y  t h e  sum of deso rp t ion  from two s ta tes  according t o  

This 

(I) and I(2). 
Redhead, and they a r e  shown by the do t t ed  curves I 

Curve I c o n t r i b u t e s  90 pe r  c e n t  of  t h e  t o t a l  represented by Curve I 

and i s  probably due t o  desorpt ion from the s t a t e  c a l l e d  the  alpha phase 

(2) 

by Redhead,?' which was descr ibed i n  Chapter 11, page 39. 

i s  cha rac t e r i zed  by i t s  th re sho ld  a t  18 e l e c t r o n  v o l t s  and  t h e  associcted 

T'nis desorpt ion 

4- 
desorpt ion of 0 ions  with an average k i n e t i c  energy of 6 electror i  volts. 

Curve I i s  probably due t o  desorpt ion from the so -ca l l ed  v i rg in  state 

and has a t h re sho ld  a t  about 1 5  e l e c t r o n  v o l t s ,  and Curve TI r e s u l t s  

(1) 

from an hypothesized second mechanism as y e t  undefined. The cha rac t e r -  

i s t i c s  of  t h i s  intermediate  p rocess  would r e q u i r e  a th re sho ld  o f  
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approximately 100 e lec t ron  v o l t s  with a maximum o r  p l a t eau  reached a t  

500 t o  1,000 e l e c t r o n  v o l t s .  

There a r e  s e v e r a l  candidates  f o r  this in te rmedia te  desorpt ion 

process,  and it i s  not poss ib l e  t o  make a d e f i n i t i v e  choice a t  this time. 

One 1ogicaJ  process  t o  consider  would be another  e l ec t ron  e x c i t a t i o n  

process  involving e i t h e r  t h e  a c t i v a t i o n  of higher  exc i ted  s t a t e s  from 

t h e  adsorbed s t a t e s  t h a t  produce t h e  desorp t ion  of' Curve I or  t h e  

e l e c t r o n i c  e x c i t a t i o n  of molecules f rm one o r  nore  of t h e  b e t a  s t a t e s .  

It i s  tempting t o  a s s o c i a t e  this in te rmedia te  process  wi th  t h e  desorp t ion  

of t h e  more s t rong ly  he ld  b e t a  state, however, if t h e  b e t a  s-tnte i s  

charac te r ized  by e i t h e r  t h e  br idge  bond o r  t h e  lying-down mode shown i n  

Table 11, page 40, and i f  a n  i n i t i a l  e l e c t r o n i c  e x c i t a t i o n  process  such 

as Menzel and Gomer's or  Redhead's i s  involved, two bonds would have t o  

be broken by one e x c i t a t i o n  process  t o  l i b e r a t e  t h e  molecule. This may 

be poss ib l e  s ince  t h e  bonding e l ec t rons  i n  t h e  br idge  bond 2nd perhaps 

even i n  t h e  lying-down mode may i n t e r a c t  s t rong ly  enough wi th  each o-ther 

and t h e  e l ec t rons  i n  t h e  molecule t h a t  t h e  whole assembly can be t r e a t e d  

as a s i n g l e  e n t i t y .  There i s  more t h a n  enough energy 8va i l ab le  t o  break 

t h e  b e t a  s t a t e  bonds €rom the same exc i ted  s t a t e  t h a t  produces t h e  

desorp t ion  shown i n  Curve I. 

t h e  more t i g h t l y  bound o r  t h e  c l o s e r  t h e  adsorbate  i s  held t o  the sur face  

the l e s s  l i k e l y  it i s  t o  be desorbed. 

t i o n  following i n i t i a l  e x c i t a t i o n  t o  any energy level.. The essence of 

t h e  a r g m e n t  i s  t h a t  t h e  desorp t ion  p r o b a b i l i t y  i s  propor t iona l  t o  the 

According t o  t h e  paper of Menzel an6 

This  argument a p p l i e s  t o  desorp- 

t ime requi red  f o r  t h e  t r a n s i t i o n  back t o  t h e  ground s t a t e .  This t ime 
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i s  i n  gcrtneral s h o r t e r  t o  Inore t i g h t l y  bound s ta tes  and f o r  c l o s e r  

adsorbate  spacings (all- of t h e  b e t a  s t a t e s  are more t i g h t l y  bound and 

held c l o s e r  t o  t h e  su r face  than  t h e  alpha s t a t e ) .  "he  preceding 

argument would sv.ggest t h a t  C'urve II i s  more l i k e l y  t o  be due t o  

increased desorpt ion from t h e  alpha phase as t h e  :result  of t h e  el-ectron 

impact excita-t ion of an a d d i t i o n a l  i o n i z a t i o n  o r  antibonding e l e c t r o n i c  

s ta te  than t o  desorpt ion from t h e  chemisorbed b e t a  s t a t e .  

however, t h a t  t h e  threshold f o r  such an a d d i t i o n a l  e l e c t r o n i c  e x c i t a t i o n  

would be  as high as ind ica t ed  by Curve I1 or  t h a t  i t s  e x c i t a t i o n  c ros s  

s e c t i o n  would be  l a r g e  enough t o  al.lo1.r it t o  account f o r  t h e  desorpt ion 

indicabed by Curve I1 (based on a comparison wi.th i o n i z a t i o n  and exc i t a -  

t i o n  phenmena i n  t h e  gas phase).  92 

cannot, however, be rul-ed out by present1.y a v a i l a b l e  information. 

It i s  doubtful., 

ThFs kind of desorpt ion process 

A second p0ssj.bl.e: explanat ion concerns t h e  desorpt ion caused by 

secondary and r e f l e c t e d  primary el-ectrons. These e l e c t r o n s  leave t h e  

su-?-face a f t e r  t h e  primary impact, bu t  r e t u r n  t o  t h e  t a r g e t  because of t h e  

e l e c t r i c  Yields near t h e  t a r g e t .  Thus they  have two chances t o  cause 

desorption. The secondary e l e c t r o n  produeti-on i s  energy dependent i n  a 

way t h a t  matches t h e  requirements of Curve 11. The y i e l d  of secondaries 

and r e f l e c t e d  pr imaries  i s  s l i g h t l y  more than u n i t y  f o r  e l e c t r o n s  of 

500 t o  1,000 e l e c t r o n  v o l t s  i n c i d e n t  on tungsten.  9 3 ,  9 4  

of t h e  secondaries have energies  below t h e  th re sho ld  f o r  causing 

desorption, a s i g n i f i c a n t  f r a c t i o n  (30 t o  50 per  c e n t )  of t h e  sum of 

r e f l e c t e d  primaries and secondary e l e c t r o n s  have energies  above 50 elec-  

t r o n  volts. Since t h e s e  e l ec t rons  have two chances t o  cause desorpt ion 

Although most 



t h e y  would nea r ly  double t h e  deso rp t ion  and could account f o r  e11 of t h e  

increased deso rp t ion  f o r  primary e l e c t r o n s  i n c i d e n t  on t h e  s u r f a c e  v i t h  

more than 200 e l e c t r o n  v o l t s  of energy. Although t h e r e  i s  i n s L f f i c i e n t  

d a t a  t o  make a n  accu ra t e  ca l cu la t ion ,  it i s  reasonable t o  assume t h a t  

t h e  inc rease  i n  high energy secondaries and t h e  r e f l e c t e d  primzries a r e  

r e spons ib l e  f o r  t h e  f a c t o r  of 2 i n c r e a s e  i n  y i e l d  observed i n  t he  300 t o  

1,000 e l e c t r o n  v o l t  range. 

A t h i r d  p o s s i b i l i t y ,  which should be discussed, i s  t h a t  a momentum 

t r a n s f e r  process  i s  becoming important i n  th i s  energy range. This  seems 

un l ike ly ,  however, s i n c e  t h e  naximum energy t r a n s f e r r e d  t o  t h e  adsorbed 

molecule i s  given by 

4 x Mass of t h e  e l e c t r o n  
Mass of t h e  CO molecule 

- - % = Eo 

whcr e 

% = energy t r a n s f e r r e d  t o  an e s s e n t i a l l y  

E = t h e  energy of t h e  i n c i d e n t  e l ec t ron .  
0 

EO 

12,850 ' 

f r e e  molecu1.e , 

If E i s  1,000 e l e c t r o n  vol.ts, E;r i s  one - th i r t een th  e l e c t r o n  v o l t ,  which 

i s  about three times t h e  average thermal energy of t h e  molecule a t  3CC"K. 

0 

On t h e  average a molecule r e c e i v e s  t h i s  amount of energy perhaps 

10'' t imes a second due t o  thermal  f l u c t u a t i o n s ,  assuming a frequency 

f a c t o r  of loi3 i n  t h e  Arrhenius r e l a t i o n  

K = v exp(-~/~T) , ( 6 )  

where 

K = t h e  r a t e  of r eac t ion ,  

v = t h e  frequency f a c t o r ,  

E = t h e  energy f o r  a c t i v a t i o n  of t h e  r eac t ion .  



96 

Even i f  v were t o  be  reduced t o  l o3  f o r  carbon monoxide adsorbed on 

tungsten as has been suggested by Pktermann,95 t h e  carbon monoxide 

molecule would r ece ive  one - th i r t een th  e l e c t r o n  v o l t  of energy about 

i h i r t y  t imes a second. 

a c t i o n  i s  given approxirmtely by Evansg6 as 

The c ross  s e c t i o n  (os) f o r  t he  e l e c t r o n  i n t e r -  

where 

Z = atomic number of t h e  atom 

Z* = (z* + 2') f o r  a. d-iatomic molecule. 
1 2 

This l eads  t o  a c ros s  sectioin of abou-t; 3 x sqiiare centime-ters f o r  

a 1,000 e l e c t r o n  volt e l e c t r o n  using Z2 = 162 -I- 1.z2 = 400. 

average carbon monoxide molecule might be gi~ven one - th i r t een th  e l e c t r o n  

v o l t  of energy eveiy 10,000 seconds due t o  e l e c t r o n  bombardment if  t h e  

cu r ren t  i s  ampere pe r  square cent imeter .  Any momentum t r a n s f e r  

e f f e c t  should, t he re fo re ,  be negli .gible a t  t h i s  e l e c t r o n  energy. 

T'us t h e  

O f  t h e  explanat ions offered t o  explain Curve 11, t h e  one involving 

secondary and r e f l e c t e d  e l e c t r o n s  appears t o  be most li.kely, bu t  a new 

e l e c t r o n i c  e x c i t a t i o n  process followed by desorpt ion cannot be completely 

ru l ed  ou t .  A measurement of t h e  secondary and r e f l e c t e d  primary e l ec -  

tron y i e l d s  and energies  should be made t o  r e so lve  t h i s  s i t u a t i o n .  It 

would a l s o  be  h e l p f u l  i f  ion desorpt ion measurements of t h e  kind made 

by Redhead. were a v a i l a b l e  t o  compare with t h e  n e u t r a l  p a r t i c l e  d a t a  i n  

t h i s  energy range. 
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It i s  p o s s i b l e  t h a t  Curve I11 rep resen t s  another  new desorpt ion 

process ,  bu t  it seems more l i k e l y  t h a t  it is  an a r t i f a c t  produced by 

f i e l d  emission i n  t h e  apparatus a t  t h e  high vo l t ages .  

breakdown occurred occas iona l ly  a t  vo l t ages  above 8,000 v o l t s .  

High vol tage 

E lec t ron  Bombardment Induced Desorption as a Function of Pressure 

F igu re  27, page 78, i n d i c a t e s  t h a t  t h e  t o t a l  desorpt ion of 

n e u t r a l  carbon monoxide molecules i s  no t  a very s t rong  func t ion  of 

p re s su re  for 500 e l e c t r o n  v o l t  e l e c t r o n s .  

corrected f o r  thermal e f f e c t s ,  t h e  y i e l d  i s  independent of pressure i n  

t h e  range lo-'' t o  lo-' t o r r .  

If t h e  EBID desorpt ion i s  

If we assume t h a t  Redhead i s  r i g h t  i n  h i s  

a n a l y s i s  and t h a t  90 p e r  cent  of t h e  carbon monoxide comes from t h e  

alpha phase, we can conclude t h a t  t h e  concentrat ion of t h e  alpha phase 

i s  not very p re s su re  s e n s i t i v e  i n  t h e  l om7  t o  lo-'' t o r r  range and/or 

t h a t  desorpt ion proceeds very, very slowly from an a l r eady  formed alpha 

phase a t  300°K. Both t h e s e  conclusions are c o n s i s t e n t  with t h e  

deso rp t ion  energy of 25 k i l o c a l o r i e s  p e r  mole ( o r  1.1 e l e c t r o n  v o l t s  p e r  

molecule) r epor t ed  by Redhead. 

Thermal Desorption as a Function of P res su re  

F igu re  27, page 78, shows t h e  thermal deso rp t ion  of carbon 

monoxide produced by a s m a l l  change i n  t h e  target temperature.  The 

average AT caused by t h e  ohmic hea t ing  i s  about 0.7"K a t  about 300°K. 

Y e t  the thermal desorpt ion from t h e  t a r g e t  was d e t e c t a b l e  down t o  ambient 

p re s su res  of lo-" t o r r .  

however, less than  2 pe r  cen t  of t h e  t o t a l  carbon monoxide p res su re  a t  

The change i n  carbon monoxide p res su re  w a s ,  
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-these p re s su res .  The d a t a  have qui.te a b i t  of uncertainty;  however, it 

seems t h a t  the he igh t  of the desorpt ion pu l se  vari-es approximately as the  

square r o o t  of t h e  pressure,  which implies  t h a t  t h e  concentrat ion of t h e  

adsorbing spec ie s  a l s o  v a r i e s  i n  t h e  same manner. No spec ia l  s i g n i f  icaiice 

i s  placed on the  square r o o t  r e l a t ionsh ip ;  t h e r e  i s  no reason t o  p r e d i c t  

such a dependence, and the d a t a  a t  low pressures  a r e  a t  t h e  l i m i t  of 

s e n s i t i v i t y  of t he  apparatus and are thus  not t o o  accu ra t e .  I t  i s  s igni - f -  

ican’i that, t h e  corrected EBID desorpt ion d id  not change appreciably as 

the  pressure was increased above lo-” t o r r .  This implies  t h a t  t h e  s ta te  

responsible  f o r  t h e  e l e c t r o n  impact desorpt ion i s  not a func t ion  of  p re s -  

su re  i n  t h i s  range and t h e r e f o r e  t h a t  it i s  not t h e  same staLe responsible  

f o r  t h e  thermal s i g n a l  un le s s  t h e  phase has a r e l a t i v e l y  l a r g e  populat ion 

and a considerable range of desorpt ion ene rg ie s .  It i s  poss ib l e ,  f o r  

example, t h a t  -there are a few alpha adsorpt ion s i t e s  wjth low a c t i v a t i o n  

ene rg ie s  of desorpt ion while t h e  mos-i; of t he  s i tes  have somewhat higher 

a ,c t ivat ion energies  f o r  desorpt ion.  The low energy s i t e s  could respond 

t o  pressure changes while t h e  higher  energy si tes remained f i l l e d .  A t  

t h i s  t i m e  it i s  a moot po in t  whether o r  not t o  c a l l  t h e  low energy s i t e s  

a sepa ra t e  state.  The quest ion could be resolved by knowing i f  t h e r e  i s  

a continuous d i s t r i b u t i o n  of a c t i v a t j o n  ene rg ie s  of desorpt ion.  This 

could be determined by making a s e r i e s  of measurements such as those i n  

Figure 27, page 78, as the t a r g e t  temperature w a s  slowly increased.  I n  

t h i s  same manner d i f f e r e n t i a l  h e a t s  of adsorpt ion could a l s o  be obtained. 

Small but measurable q u a n t i t i e s  of gas were adsorbed during the  inc rease  

of t h e  carbon monoxi.de pressure from 6 X One may to 5 X l o m 8  t o r r .  
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not be sure,however, t h a t  t h i s  w a s  all o r  even l a r g e l y  adsorbed on t h e  

t a r g e t .  

adsorp t ion  on vacuum system sur faces  may be appreciable  when t h e  pressure  

i s  changed. This i s  discussed under the  next heading. 

Hobson and Earnshawg7 have observed t h a t  carbon nonoxide 

Quantity of Gas Adsorbed on t h e  Target a t  300°K 

Table I V ,  page 83, shows t h a t  t he  amount of carbon monoxide 

adsorbed on t h e  t a r g e t  i n  t hese  experiments w a s  considerably smaller  

than  t h a t  measured by o the r  i n v e s t i g a t o r s ,  bu t  t h a t  t h e r e  i s  a l s o  qu i t e  

a b i t  of s c a t t e r  i n  t h e  l i t e r a t u r e  values .  There a r e  several f a c t o r s  

t h a t  may con t r ibu te  t o  both the  l o w  values reported here  znd t o  the  

s c a t t e r  i n  t he  l i t e r a t u r e .  

Rigby'' has shown t h a t  t h e  populat ion of both t h e  alpha s t a t e  and 

the  b e t a  s t a t e s  change wi th  t h e  ambient pressure .  A monolayer adsorbed 

a t  5 x lo-' t o r r  of carbon monoxide has i t s  alpha phase reduced by 

90 pe r  cent  i n  j u s t  a few minutes and the  b e t a  phases reduced by about 

20 per  cent  i n  1 hour (and 50 per cent  i n  15 hours) when the  ambient 

pressure  w a s  reduced t o  h i s  system base pressure  of 5 X 10-l' t o r r  

(probably <5 X loyL1 t o r r  CO)  with  h i s  sample a t  3 0 0 ° K .  

Small d i f  fe rences  i n  the  temperature of t he  sample immediately 

before  t h e  thermal desorpt ion could c e r t a i n l y  cause s i g n i f i c a n t  d - i f f e r -  

ences i n  the  populat ion of t h e  alpha state and -perhaps the  be t a  s t a t e s .  

Low energy e l e c t r o n  d i f f r a c t i o n  s tudies '  5 7  9 8  have sliown t h a t  t he re  

i s  a considerable  d i f f e rence  between carbon monoxide adsorpt ion on the 

tungsten (110) sur face  and the  (100) sur face .  It appears t h a t  a lpha 
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and 6, phases are  adsorbed o n  a macroscopic (110) surface and only p2 

and 8 3  s t a t e s  are adsorbed on a macroscopic (100) surface.  Redhead67 

and o the r s  have a l s o  pointed out t h e  obvious iiiiportance of t h e  s t r u c t u r e  

o f  t h e  c r y s t a l  surfaces  t o  adsorption. 

Hobson and E a r n ~ h a w ~ ~  have r e c e n t l y  pointed out t h a t  t h e  use of 

t r a n s i e n t  pressure measurements t o  ob ta in  quant i - ta t ive adsorption- 

desorpt ion d a t a  may cause s u b s t a n t i a l  e r r o r s  due t o  adsorpt ion and 

desorpt ion from t h e  vacuum system i t s e l f .  This problem has been recog- 

nized by others ,  bu t  has usiially been assumed t o  be small  and no a t tempts  

were made t o  include t h e s e  e f f e c t s  i n  t h e i r  q u a l i t a t i v e  r e s u l t s .  Hobson 

and Earnshaw have shown t h a t  i n  t h e i r  system t h e  e r r o r s  were l a r g e  f o r  

carbon monoxide, considerably smaller but  s t i l l  e a s i l y  d e t e c t a b l e  f o r  

hydrogen, and n e g l i g i b l e  f o r  helium, argon, ni t rogen,  and methane a t  

room temperature. I n  t h e i r  apparatus  t h e r e  were, however, l a r g e  surface 

areas, sniall conductances, small  pumping speeds (due only t o  i o n  gauges), 

and r e l a t i v e l y  l a r g e  pressure changes - t h a t  i s ,  two orde r s  of magnitude 

o r  more, a l l  of which inc rease  t h e  e f f e c t  of adsorpt ion on t h e  vacuum 

system walls. 

The importance of t h i s  "surinace phase" adsorpt ion on system w a l l s  

i s  not easy t o  a s s e s s  even q u a l i t a t i v e l y  f o r  most of t h e  measurement 

techniques used t o  ob ta in  t h e  d a t a  i n  Ta'oles I V  and V, pages 83 and 84, 

because t h e r e  a re  two opposing e f f e c t s .  For example, a l l  flash f i lament  

techniques involve heat ing t h e  specimen and measuring t h e  pressure rise 
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produces not only thermal desorpt ion from t h e  specimen bu t  a l s o  two 

secondary e f f e c t s :  

The a c t  of f l a s h i n g  t h e  f i lament  

1. The system wa l l s  are heated s l i g h t l y  by r a d i a n t  heat.  

2. The gas p res su re  r i s e s ,  r e s u l t i n g  i n  adsorpt ion onto t h e  

system w a l l s .  

The f i r s t  e f f e c t  would tend t o  cause t h e  measurement of t h e  desorbed gas 

t o  be t o o  l a rge  while t h e  second e f f e c t  would make it t o o  s m a l l .  It i s  

not  p o s s i b l e  t o  determine t h e  magnitude of' e i t h e r  of t h e s e  e f f e c t s  in 

any simple manner. However, most i n v e s t i g a t o r s  were aware of t h e s e  

e f f e c t s  and attempted t o  m i n i m i z e  e r r o r s  due t o  them by design and t h e  

choice of experimental procedures. 

It i s  tempting t o  say t h a t  t h e  disagreement i n  t h e  l i t e r a t u r e  i s  

due t o  r e a l  d i f f e r e n c e s  i n  t h e  samples and measurement condi t ions snd 

t h a t  t h e  e r r o r s  due -to t h e  adsorpt ion and desorpt ion of gases  f r m  t h e  

system w a l l s  were not l a rge .  This  seems l i k e l y  t o  be  t h e  case, bu t  it 

cannot be adequately defended sit ice i n  a l l  cases  t h e  tungsten specimen 

a r e a  w a s  1 per cent  o r  l e s s  of t h e  exposed sur face  area i n  t h e  working 

volume; consequently, small  changes i n  t h e  coverage of r;he system w a l l s  

would produce Large measurement errors. 

It i s  p o s s i b l e  t o  gene ra l i ze  t o  say t h a t  i f  thermal e f f x t s  on 

t h e  gases  adsorbed on t h e  vacuum w a l l s  a r e  most important t h e  values 

r epor t ed  i n  t h e  l i t e r a t u r e  will be t o o  l a rge ,  bu t  t'nat i f  t h e  o ther  e f f e c t  



102 

dominates - t h a t  i s ,  t he  vacuum system w a l l s  a,ct as a source OY s i n k  f o r  

carbon monoxide as t h e  pressure decreases o r  i nc reases ,  t'ne 1ri:terature 

values  w i l l  be t o o  low. 

I n  t h e  p re sen t  experiment t h e  thermal e f f ec . i s  were avoided during 

t h e  adsorpt ion measurements, because t h e  sample was cleaned by f l a s h i n g  

a t  low p res su res ,  and carbon monoxide w a s  suddenly introduced a f te r  t h e  

system had returned t o  ambient temperatures.  

the system w a l l s  due t o  t h e  p re s su re  change could be measured by causing 

the sudden pressure change with t h e  tungsten specimen already covered 

with gas a t  t h e  lower pressure.  The gas adsorbed by t h e  specimen and 

system under these  condi t lons w a s  less t han  5 p e r  cent  of t h e  ad-sorption 

observed with t h e  specimen f l a s h e d  clean before  t h e  gas admission f o r  t h e  

condi t ions inves t iga t ed ,  which approximated those used i n  t h e  coverage 

determinations.  The desorpt ions i n  t h e  reported s e r i e s  of measurements 

were c a r r i e d  ou t  s t a r t i n g  a t  t h e  system base pressure and r a i s i n g  t h e  

specimen temper3ture a t  a r a t e  tha- i  was adjusted t o  keep the  gas pres -  

su re  a t  e i t h e r  5 X lom8 o r  5 x loe9  t o r r .  

l imi t ed ,  but the t i m e  t h e  specimen was hot  w a s  j-ncreased. 'The amounts 

adsorbed usua l ly  agreed wi th in  20 p e r  cent  of t h e  amount desorbed. 

h examination of t h e  experi-mental procedure ou t l ined  above 

The amount of adsorpt ion of 

Hence, t h e  pressure r ise  w a s  

i n d i c a t e s  t h a t  the e r r o r s  i n  the  adsorpt ion measurement due to t h i s  

cause would give numbers l a r g e r  than t h e  t r u e  values  by as much as 

5 p e r  cent  and t h a t  -the e r r o r s  on desorpt ion could be i n  e i t h e r  direct i -on.  

Other e r r o r s  a f f e c t i n g  t h e  coverage measuremeilts are discussed 

b r i e f l y  i.n t he  next s e c t i o n .  ' R e  author  estimates t h a t  t h e  d a t a  f o r  



coverage should be accura te  t o  wi th in  much b e t t e r  than a f a c t o r  of 2 and 

concludes t h a t  t he  discrepancy with t h e  l i t e r a t u r e  i s  due e i t h e r  t o  an 

a c t u a l  d i f f e rence  i n  t h e  specimens and measurement condi t ions,or  t o  

e r r o r s  i n  t h e  l i t e r a t u r e  va lues .  

Me as ureme n t  E r r  o r  s 

The previous s e c t i o n  has discussed t h e  e r r o r s  due t o  "sur face  

phases" i n  d e t a i l  and concluded t h a t  they were not l a r g e  i n  t h e  present  

s tudy.  These e r r o r s  should be less important f o r  the  EBID n e u t r a l  

p a r t i c l e  measurements than for coverage measurements. 

be emphasized f o r  t h i s  case: 

Two p o i n t s  should 

1. There a r e  no s i g n i f i c a n t  thermal e f f e c t s  accompanying the  

EBID measurements a t  l o w  pressures ,  and the  e f f ec5s  a t  high 

pressures  a re  l imi t ed  t o  t h e  specimen i t s e l f  ( t he  specimen 

holders  and o the r  p a r t s  of t he  system experience a completely 

i n s i g n i f i c a n t  temperature change). 

2. The pressure  changes are s h o r t  and a re  quit,e small  ranging 

from 0 .1  t o  20 pe r  cent  of the  ambient pressure  [except f o r  

a few p o i n t s  taken a t  low pressures  (10-l' t o r r )  and high 

vol tages  where pressure  inc reases  were 100 per cent  above 

ambient 3 .  

Other measurement e r r o r s  are discussed b r i e f l y  below and, except 

as noted, apply equal ly  t o  t h e  measurements of coverage and those of 

neutral molecule desorption during EBID. 
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1. The i o n  gauges w e r e  not c a l i b r a t e d .  They a r e  usiially accurate  

t o  +20 p e r  cent  of t h e  t r u e  pressure when corrected f o r  t h e  

gauge s e n s i t i v i t y  f o r  t h e  gas being measured. The t h r e e  

gauges on the  system agreed with each o t h e r  t o  withi-n 

+lo per cen t .  

2.  The pumping speed f o r  gas removal was 10 l i t e r s  p e r  second 

through an o r i f i c e .  The pressure drop ac ross  t h e  o r i f i c e  

w a s  u sua l ly  more than a f a c t o r  of 10 so t h a t  t h i s  number 

should be accurate  to wi th in  1.0 p e r  cent  even with no 

c o r r e c t i o n  for t h e  pa r t i a l .  p re s su re  on -Uie dowrstream s i d e  

of the o r i f i c e  . 
3 .  It i.s poss ib l e  that t h e  ion gauges i n  t h e  system have a s m a l l  

pumping speed f o r  carbon monoxide, but t h i s  should be 

considerably l e s s  than 1 l i t e r  p e r  second (10 pe r  cent  of 

t h e  t o t a l  gas removal ra te)  i n  any case.  

4 .  The sample area could be measured accu ra t e ly ,  but i'i i s  

poss ib l e  t h a t  end e f f e c t s  could decrease t h e  e f f e c t i v e  area 

of the  sample f o r  t h e  thermal desorpt ion-adsorpt ion measure - 

men-ts by 10 t o  20 p e r  cen t .  Thj-s woml.d not produce an 

e r r o r  i n  the EB1D measuremen+,s. 

5 .  Carbon monoxide molecules desorbed i n  e x c i t e d  s t a t e s  o r  with 

s i g n i f i c a n t  k i n e t i c  energy o r  i.ons desorbed by EBID could 

i n t e r a c t  with gases adsorbed on the  vacuum walls and produce 

erroneous measurements e i t h e r  h ighe r  o r  lower than t h e  -Live 



105 

value depending upon t h e  type of w a l l  i n t e r a c t i o n .  No 

assessment of t he  magnitude of t h i s  e r r o r  has been attempted, 

but  it i s  assumed t o  be small. 

No claim i s  made f o r  t h e  absolute  accuracy of t he  data, but t h e  

r e s u l t s  are reproducible  wi th in  525 per  cent  o r  better.  It seems 

unreasonable t o  expect t h a t  t h e  summation of a l l  of t he  e r r o r s  mentioned 

above should produce a f a c t o r  of 2 change from t h e  t r u e  value f o r  t h e  

EBID results. 



CONCLUSIONS AND RECOMMENDATIONS 

Conc1.u~ ions 

A s  t'ne result of t h i s  experimental study, the fol lowing 

conclu-sions may be ma-de: 

1, The technique d-eveloped measures reproducibly t h e  neutxal  

molecules desorbed by e l e c t r o n  impact p e r  se from a metal  

surface and i s  s e n s i t i ~ v e  enough t o  permi'i, f requent  sampling 

o f  a su r face  wi  tbout  pe r tu rb ing  t h e  surface gas-metal 

r e a c t i o n s  t o  any s i g n i f i c a n t  e x t e n t .  

2.  The technique i s  compatib1.e with o the r  rriethods of studying 

gas-metal interac-Lions. A combination of techniques 

I-ncluding thermal desorpt ion,  low energy el-ectron d i f f r a c -  

t i o n ,  secondary e1eci;ron measurements, and e l e c t r o n -  

i.nrhced ion desorpt i.on with the electron-induced n e u t r a l  

desorpt ion s e e m  both f e a s i b l e  aind d e s i r a b l e .  

3. The desorpt ion of n e u t r a l  carbon monoxide molecules from 

tungsten as t h e  r e s u l t  of el-ectron bombardment has been 

measured a t  room 'i emqerature f o r  e l e c t r o n s  with energi-es 

between 25 and 8,000 e l e c t r o n  v o l t s .  Between 3 x and 

6 x lom5 molecules were desorbed pe r  i nc iden t  e l e c t r o n  

depending upoii t h e  e l e c t r o n  energy. 

106 
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4 .  The r e s u l t s  i n  ( 3 )  agree  w i t h  t h e  p r e d i c t i o n s  made by t h e  

i n d i r e c t  measurements of Redhea.d, Menzel and Gomer, nnd 

others and support  t h e  t h e o r e t i c a l  t reatments  of l o w  energy 

e l e c t r o n  deso rp t ion  proposed by Redhead and by Menzel. and 

Gomer  f o r  e l e c t r o n  ene rg ie s  up t o  100 e l e c t r o n  v o l t s .  

5. A new c o n t r i b u t i o n  t o  t h e  deso rp t ton  process i s  indica.ted i n  

t h e  range from 3-00 t o  3,000 e l e c t r o n  vo l t s .  

mechanisms are discussed, and it i s  suggested t h a t  t h e  

r e s u l t s  are due t o  t h e  increased production of r:z€lected 

primary and ene rge t i c  secondary e l ec t rons .  

Several  poss ib l e  

6. Thermal deso rp t ion  i s  not an important desorpt ion in f luence  

( f o r  t h e  p a r t i c u l a r  condi t ions of t h i s  experiment). 

7. It i s  p o s s i b l e  to sepa ra t e  t h e  deso rp t ion  caused by thermal. 

e f f e c t s  Prom t h e  deso rp t ion  due t o  d i r e c t  el.ectron i n t e r -  

a c t i o n s  wi th  t h e  adsorbed l aye r .  This  i s  done by s imulat ing 

t h e  thermal  e f f e c t s  by ohmic hea t ing  of t h e  sample. 

8. The deso rp t ion  of n e u t r s l  molecules by impact of 500 e l e c t r o n  

v o l t  e l e c t r o n s  i s  not very s e n s i t i v e  t o  t h e  ambient carbon 

monoxide p res su re  between and t o r r  a.s long a.s 

thermal e f f e c t s  a r e  accounted for separately.  

9. Very s m a l l  i n c r e a s e s  i n  t h e  sample temperature cause r e l a t i v e l y  

l a r g e  deso rp t ions  of carbon monoxide when t h e  carbon monoxide 

p res su res  are above t o r r .  This  p o i n t s  out a s e r i o u s  

problem i n  t h e  i n t e r p r e t a t i o n  of f l a s h  -filament experiments 

w i th  carbon monoxide at pres su res  above t o r r .  Since 
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10. 

it i s  v i r t u a l l y  impossible t o  e l imina te  t h e  s m a l l  changes i n  

t h e  temperature of the vacuum system that accompany the 

lieatjtig and cooling of t h e  f i lament ,  it i s  d i f f i c u l t  to 

sepa ra t e  desorpt ion arid adsorpt ion on t h e  f i lament  Trom 

accompanying desorpt ions and adsorpt ions on t h e  vacuum 

system w a l l s .  

Thermal desorpt ion increases approximately as the square root 

of t h e  pressure over t h e  pressure r sngc  from t o  

t o r r ,  i n d i c a t i n g  t h d t  s icn , i  f i c a n t  quanti t i  e s  of l oose ly  

bound molecules are adsorbed and desorbed as t h e  r e s u l t  of 

carbon monoxide p res su re  chai-gs. 

Recommendations 

1. The mechanism con t r ibu t ing  -to t h e  intermediate  energy process 

should be inves t iga t ed  f u r t h e r .  Toward t h i s  mil s e v e r a l  

experiments are suggested. Measurements of t h e  energy 

d i s t r i b u t i o n  and number of secondary and r e f l e c t e d  primary 

e l ec t rons  should be  made as a func t ion  of t h e  energy of t h e  

i n c i d e n t  e l ec t ron .  Calculat ions could then  be  made t o  

determine i f  t h e  intermediate  process i s  due entire1.y t o  

t h i s  e€rec-t.  A carrel-ation of the neutral. desorpt ion d a t a  

with i o n  desorpt ion data.  from the sane ta rge- t  during t h e  

same experimental run  should be mad-e t o  determine IP new 

e l e c t r o n i c  e x c i t a t i o n  processes p l ay  any p a r t  i n  t h e  

desorpt ion i n  t h i s  energy range. Measurements should be 
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made wi th  t h e  t a r g e t  temperature s e l e c t e d  so  as t o  e l imina te  

t h e  var ious adsorbed s ta tes  one a t  a t i m e  u n t i l  the  mechanism 

i s  a s soc ia t ed  w i t h  one p a r t i c u l a r  adsorpt ion state. The use 

of si n g l e - c r y s t a l  su r f aces  might a l s o  be valuable  i n  reducing 

t h e  number of adsorbed s t a t e s  present .  

2. Other gases  should be s tudied using combined i o n  and n e u t r a l  

deso rp t ion  techniques.  The prel iminary r e s u l t s  Por n e u t r a l  

deso rp t ion  of hydrogen from tungsten a t  300°K re:?orted i n  

Appendix A, page 123, a r e  a good case  i n  point .  The d a t a  do 

not  d i s p l a y  t h e  same form as t h e  carbon monoxide da t a .  This  

i n d i c a t e s  t h a t  t h e  dominant desorpt ion mechanisms may be 

q u i t e  d i f f e r e n t .  The momentum t r a n s f e r  process should be  

observable i n  t h i s  system 5f it  I s  not overshadowed by 

another  mechani sm. Experiments w i th  t h e  specimen mar l i q u i d  

helium temperatures using physisorbed hydrogen m:i-ght be 

r equ i r ed  . 
3. Because e l e c t r o n  beams can b e  d i r e c t e d  t o  small p re se l ec t ed  

areas o r  scanned over t h e  su r face ,  it should be  p o s s l b l e  

t o  measure t h e  d i f f u s i o n  o€ adsorbates  x r o s s  a su r face  o r  

t h e  manner i n  which su r face  f e a t u r e s  o r  s t r u c t u r e s  in f luence  

t h e  behavior of adsorbates.  Observations of t h e  d i f f u s i o n  

of gas  frm t h e  bulk of t h e  sample t o  t h e  s u r f a c e  might be  

made. Perhaps g r a i n  boundary d i f f u s i o n  could be s tud ied  

by t h e  scanning techniques,  By measuring the r a t e  s t  which 

changes i n  surface concentrat ions occur as a fun:tion of 
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temperature t h e  d i f f u s i o n  of some gases  such as f lour i -ne  

ini-ght be  explored i n  d e t a i l  - t h a t  is, t h e  a c t i v a t i o n  

energies  could. he determined f o r  bulk, g r a i n  boundai-y, and. 

su r f ace  d i f fus ion .  Depending upon t h e  spec ie s  t o  be  

observed, n e u t r a l  p a r t i c l e s ,  5 o m ,  o r  Auger e leclxons might 

be monitored. I f  Auger e l e c t r o n s  were monitored it would 

be p o s s i b l e  t o  study not only gaseous spec ie s  but many 

o the r  elements as wel l .  I n  a p p l i c a t i o n s  using a scanning 

beam, however, t h e  i n t e n s i t y  of -the scanning beam requi-red 

may be  so  high as  t o  serioiis1.y a l t e r  t h e  ad-sorbed s t a t e  

during t h e  observation. This would l e a d  t o  t h e  necess i ty  

t o  reprocess  t h e  sample be fo re  t h e  next observat ion and 

might i n  some cases  complicate t h e  in t e rp re t a - t i on  of the 

r e s u l t s  by converting one adsorbed s ta te  t o  another.  
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APPENDIX A 

EBID OF HYDROGEXT FROM TUNGSTEX AT 300°K 

Figure 33 shows d a t a  f o r  t h e  EBID of hydrogen from tungs ten  a t  

300°K as a func t ion  of e l e c t r o n  energy. 

2.3 x loe8 t o r r  w i th  6 x l oA4  hydrogen atoms per  square cent imeter  and 

s t i l l  had more than  5 x LOL4 hydrogen atoms per  square cent imeter  on t h e  

su r face  a t  t h e  end of t h e  run. The d a t a  are normalized t o  a bombardment 

cu r ren t  of 100 microamperes. The a c t u a l  condi t ions  for t h e  measurements 

a r e  given on Figure 33. Although t h e r e  w a s  cons iderable  s c a t t e r  i n  bo th  

t h e  EBID and thermal  desorp t ion  da ta ,  it i s  apparent  t h a t  arLy reasonable  

c o r r e c t i o n  f o r  thermal  desorp t ion  w i l l  s t i l l  leave  an important desorp t ion  

due t o  e l ec t ron  i n t e r a c t i o n s  wi th  t h e  adsorbate .  The f i g u r e  shows a 

curve through t h e  da t a ,  a curve wi th  a co r rec t ion  based on 1s times t h e  

observed thermal  desorp t ion  (as d iscussed  i n  Appendix C, page 134) and 

an overcorrected curve. The overcorrected curve w a s  drawn t o  show what 

The t a r g e t  w a s  covered a t  

would happen q u a l i t a t i v e l y  i f  t h e  thermal  desorp t ion  w a s  much l a r g e r  

t han  estimated. Note t h a t  n e i t h e r  t h e  co r rec t ed  curve nor t h e  overcor- 

r e c t e d  curve i s  l i k e  t h a t  observed f o r  carbon monoxide. Data from 

Menzel and Gomer9 can be used t o  es t imate  t h a t  t h e i r  n e u t r a l  desorp t ion  

w a s  about 1 X 

which i s  i n  good agreement wi th  t h e  present  da ta .  

molecules per  e l e c t r o n  f o r  100 e l e c t r o n  v o l t  e l ec t rons ,  

12 3 
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Figure 34 shows t h e  D I D  and thermal desorpt ion of hydrogen from 

tungsten i n i t i a l l y  a t  300°K as a func t ion  of hydrogen pressure.  

procedure used was similar t o  t h a t  used for  carbon monoxide and r epor t ed  

i n  Chapter 111, page 68. 

e t e r s  a r e  given on Figure 34. 

t h e  sequence i n  which they  were obtained. The thermal. po in ts  show t h e  

desorpt ion t o  be  approximately p ropor t iona l  t o  t h e  square root  of t h e  

hydrogen pressure.  It w a s  found from t h e  thermal desorpt ion spec t ra  

a t  the end of t h e  run t h a t  t h e  specimen w a s  contaminated wi th  

1 .5  x loL4 carbon monoxide molecules per square centimeter during t h e  

experiment. There i s  reason t o  b e l i e v e  t h a t  nea r ly  a11 of t h e  contam- 

i n a t i o n  occurred a t  t h e  highest  hydrogen p res su re  and t h a t  t'ne carbon 

monoxide d i sp laced  some of t h e  hydrogen. 

The 

The bmbardment and thermal desorpt ion param- 

The d a t a  p o i n t s  a r e  numbered t o  i n d i c a t e  

The € B I D  d a t a  e x h i b i t  l e s s  p re s su re  dependence i f  only t h e  

uncontaminated poin ts  2, 3, and 4 a r e  considered. If a c o r r e c t i o n  for 

thermal e f f e c t s  i s  made, t h e  desorp t ion  due t o  d i r e c t  e l e c t r o n i c  in- ter-  

a c t i o n  with t h e  adsorbate  i s  v i r t u a l l y  independent of p re s su re  as it 

was i n  t h e  case of carbon monoxide ( see  Figure 27, page 7%) .  

i n a t i o n  of t h e  specimen wi th  carbon monoxide causes t h e  EBID oj? hydrogen 

t o  i n c r e a s e  whereas t h e  thermal y i e l d s  decreased. I f  t h e  t1ierrnai.l 

desorpt ion y i e l d s  a r e  sub t r ac t ed  from t h e  EBID y i e l d s  f o r  t h e  contam- 

i n a t e d  specimen t'ne e l e c t r o n i c  i n t e r a c t i o n s  again seem t o  be nca r ly  

independent of pressure,  but  t hey  a r e  roughly t h r e e  t imes higher thail 

f o r  t h e  uncontaminated hydrogen. T h i s  seems t o  i n d i c a t e  t h a t  Lhe 

The contam- 
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remaining hydrogen (approximately 3 X atoms per square cent imeter )  

i s  now i n  a state which i s  much more vulnerable  to desorpt ion by e lec t ron  

impact. 

f 
EXectron bombardment induced desorpt ion of hydrogen ions  (H ) has 

s i g n a l  decayed 
+ 

been observed from t h i s  t a r g e t .  It w a s  noted t h a t  t h e  H 

as the hydrogen w a s  desorbed by r a i s i n g  t h e  t a r g e t  to 500 or  600°K, but  

no other  s i g n i f i c a n t  d a t a  were obtained. Figures 8, 9, 10, and 11, 

pages 19, 20, 22, and 23, show some d a t a  from t'ne l i t e r a t u r e  f a r  E,BID of 

H from molybdenum and type 303 s t a i n l e s s  s t e e l .  
-I- 



APPrnIX B 

THERMAL DESOKPTI ON 

When a gas  i s  adsorbed on 3 surface,  i t s  r a t e  of evaporation i s  

gri.ven by an Arrhenius equation 

(73-1) 

where 

n = t h e  su r face  concentrati.on per square cen-tiraeter, 

C. - t i m e  3.n seconds, 

x = order  of t h e  dzsorpt ion reacti.on (I OT 2), 

I -  

v = frequency f a c t o r  u s u a l l y  approximated as 1013 per  second, 

E = a c t i v a t i o n  energy f o r  desorpt ion,  hea t  of adsorption, plus  

X 

t h e  a c t i v a t i o n  energy- of adsorption, 

R = gas constant  = 8.7 x 

T = absolute temperature, O K .  

e l e c t r o n  v o l t  per  atom per OK, 

If v i s  approximately it i s  easy Lo v e r i f y  t h a t  ga.ses wi th  E less 

than  5 electron v o l t s  (approxirnately 1.20 k i l o c a l o r i e s  per  mole) w i l l  be 

desorbed a t  24.00"K wi th  h a l f - l i v e s  of much less  than  a second. T h i s  

Ineans t h a t  a l l  of t h e  comnon gases  are quickly desorbed from a Liingsten 

surfa.ce a t  t h a t  temperature. 

t h e  .tungsten i s  r a i s e d  slowly, gases w i t h  a small  a c t i v a t i o n  energy of 

desorpt ion w i l l  come off  f i r s t  and t h a t  gases w i t h  p a r t i c u l a r  activa-Lion 

W e  can a l s o  see t h a t  as t h e  temperature of 

12 8 
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energy for deso rp t ion  w i l l  cme off rapidly i n  a fairPf narrow temperature 

:i.arige. Thesf? -facts can be used in t h e  study of? the i n . t e r ac t ioas  of' gases 

wi.th surfaces to grea t  advantage. 

system a d  mo-nj.tori.ng t h e  pressure, w e  ca.n dete-rmine the yuari-t.i.ty 07 

gas t h a t  was on t h e  zu r fzc r .  By observing t h c  temperature st which t h e  

&?sorption occurred, we cam estimate t h e  activation energy Yor desorpt ion.  

TIi:is provides a 'very powerhl .  experi.irienta1 -Lec:h-nique. F3.rrLich7 and 

Redhead73 have s-nalyzed the  therrml. desorpt ion process i r s  d e t a i l ,  ,?.rid 

many i n v e s t i g a t o r s  h3.vi-i used it t o  study gas-metal iE terac t ions .  Severa.1 

adsorpt ion rat.r;s snd eq i i i l i b r iun  concen t r a t ion  of gases on surfaces under 

known condi t ions.  They simply allowed adsorpt ion to oc'cul' f o r  2. gL?ren 

time in a specil'ied en-vlrotmiert and then f'l.nshed the  gas off to measure 

L bhe q u s n t i t y  adsorbed by t h e  pressure r i s e  i n  the system. 

ZIirLich nonitoi-ed the  pressure as zi  f unc t ion  of t h e  r?l.bl:,on 

teniperatiire during h e a t i  tig and calculated E values .  A typical. curve Tor 

t he  desorptior? oP carbon monoxide i ' rom tungsten is show? in Figure 35 ( E ) .  

This curve rnay be d i f f e r e n t i a t e d  t o  obts.in t h e  deso rp t ion  rate;; as 8. 

f'i.mction of t m p e r s t u r e .  

Redhead used. a n  experimental system th9t had a large known pumping 

speed From t h -  desorption chnrrher. He obtarined the  desorption :rste 

d i y e c t l y  since t h e  pressure i n  t h e  chamber under these coiidit ions i s  
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Figure 35. Typical thermal desorpi ion de ta  f o r  carbon monoxide 
from tungsten.  ( a )  Ustng E h r l i c h ' s  technique,  [Adsorption a t  336°K. 
T ime  s c a l e  of desorpt ion:  N i s  propoi*ttonal t o  t h e  t o t a l  number of 
desorbed molecules; t i s  t h e  btnie (I d i v i s i o n  equals 0 .1  second.). Sur- 
f ace  concentrat ions:  
meter, p 1  equ~a1.s 202 x IO'', and 8 2  equals 62 X lo1*. Reprinted from 
G. Ehrl-ich, "Kinet,i.c and Experlimental Bas is  of Flash Desorption, ' I  

Journal - of Applied Physics,  32 (1 ) :4 ,  1961.1 
nigue. [Desorption s p e c t r a  f o r  var ious adsorpt ton t i -mes ,  t a t  a 
tempersLure of 300"K, heatTng r a t e  eqi1al.s 3 5 ° K  p e r  second. The zero 
I.evels of the curves have been s h i f t e d  t o  prevent overlap.  Repr-1 nted 
from PI A. Redhead, "Chemisorpti~on on Pol.ycrystall ine Tungsten, I t  

T'ransactions -_I of the Faraday Society,  57:646,  1961.1 

~1 e u a l s  206 x I -o ' -~ molecules p e r  square c e n t i -  

(b) Using Redhead's tech-  

c' 
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propor t iona l  to t h e  rate of g a s  deso rp t ion  r a t h e r  

m o u n t  desorbed as it i s  i n  E h r l i c h ' s  experiment. 

some of Redhead's data. The temperature at which 

peak a r e  easy t o  observe, b u t  t h e  t o t a l  amount of 

obtained by i n t e g r a t i n g  t h e  r a t e  of desorpt ion as 

than  t o  t h e  t o t a l  

Figure 35 (b) shows 

t h e  desorpt ion r a t e s  

gas desorbed must be 

a func t ion  of t i m e .  

Redhead has worked out s e v e r a l  r e l a t i o n s h i p s  for h i s  system t h a t  avoid 

t e d i o u s  c a l c u l a t i o n s  a-nd d i r e c t l y  re la te  the peak p res su re  t o  t h e  ncti- 

va t ion  energy f o r  desorpt ion provided c e r t a i n  prescr ibed hea t ing  ra tes  

are followed. 

If t h e  temperature, t h e  deso rp t ion  rate, t h e  frequency f a c t o r ,  

and t h e  concentrat ion a r e  knowri, one can determine E by a sirnFle calcu- 

l a t i o n  using Equation (B-1). If Rn -11" dn i s  p l o t t e d  aga ins t  - the c o r r e c t  

value of x w i l l  g i v e  a s t r a i g h t  l i n e  from which one can determine E 

1 
d t  RT 

without knowing the frequency f a c t o r .  He may then  go back arid r i n d  it, 

assuming t h a t  it i s  not  a func t ion  of temperature i n  t h e  range of t h e  

p l o t .  

dn 
With t h e  i d e a  t h a t  w e  need to know - 

d t  ' T, and r i  to d e t e d n e  E and 

subsequenkbj v, still another  technique i s  suggested - t h a t  is, inc reas ing  

t h e  temperature i n  s t e p s  r a t h e r  than. contbnuously. Bell. and Goner68 did 

t h i s ,  and some of' t h e i r  d a t a  f o r  carbon monoxide on tungs ten  i s  shown 

i n  Figure 36. Their  system w a s  pmpcd continuously so t h a t  t h e  p l o t  

dn 
a t  shows - as a fullction of temperature,  and t h e  SUM of thc IcrigLtllc; of a l l  

of t h e  colLunns at temperatures below t h e  one being considered i s  propor- 

t i o n a l  t o  t h e  amount of gas desor'oed up t o  t h a t  temperature. 'The sum 

of t h e  l eng ths  of a l l  of t h e  coIunr1s i n d i c a t e s  the t o t a l  quan t i ty  of 
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Figure 36. T'nermal desorpt ion of carbon monoxide from tungsten 
usi~ng t h e  technique of B e l l  and Gomer. 
desorpt ion spectrum, obtained by hea t ing  a f u l l  20°K l a y e r  t o  600°K f o r  
60 seconds, and then redosing with an excess of carbon monoxide. 
desorpt ion below l.00"K corresponds t o  physisorbate .  Heatikg t i m e  p e r  
s t e p  w a s  10 seconds.)  
20°K l a y e r s  [n r e f e r s  t o  t h e  number of doses deposi ted ai; 2 0 ° K  on t h e  
ribbon before  a desorpt ion sequence (n  equals 15 c o n s t i t u t e s  a f u l l  
l a y e r ) .  Note t h e  absence of f31 (700 t o  900°K desorpt ion)  f o r  n < 4 .  
Only t h e  spectrum envelopes are shown, f o r  ea se  o f  p re sen ta t ion .  
Reprinted from A. A. B e l l  and R .  Gomer, "Adsorption o f  Carbon Monoxide 
on Tungsten Abundances, Dipole Moments, and S t i ck ing  Coef f i c i en t s ,  " 
- The Joiirnal .__ of Chemical Physics, 4 4 ( 3 )  :1075-76, 19%. 1 

(a )  Alpha (and b e t a )  s t ep -  

(The 

(b) Step-desorption s p e c t r a  of f u l l  and par t ia l .  
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gas adsorbed or, t h e  specimen a t  t h e  beginning of t h e  series of desorpt ion 

s t eps .  

complex; not only are there many adsorpt ion s t a t e s ,  but it; would appear 

t h a t  t h e  a c t i v a t i o n  energy for desorpt ion changes w j t h  t h e  a.mount 

adsorbed i n  a t  least  some o f  t h e  states. If t h e  var ious adsorbed s t a t e s  

overlap i n  %heir desorpt ion temperatures a.nd if E i s  not constant,  t h e  

a n a l y s i s  becomes much more d i f f i c u l t .  

Note on Figure 3 6 ( b j  t h a t  t h e  deso rp t ion  s p e c t r a  can be very 

I n  summary, thermal  deso rp t ion  techniques make it possibl-e to 

determine t h e  amount of gas on t h e  surface, the ac - t iva t ion  energy f o r  

desorption, and t h e  frequency f a c t o r .  Using t h i s  i.nfo:maticr Ire can 

study r e a c t i o n  rates a t  metal suryaees and t h e  popu.la.tions of various 

s t a t e s  as funct ions of o the r  var iab1.e~ such as t h e  p re s su re  and. t h e  

s t r u c t u r e  of t h e  surface.  



TEPILDmtPIITURE DISTKlBUTION IN THE TARGlGT 

DURING EBID AND OHMIC HEATING 

I n  order t o  ob ta in  a measure of t h e  thermal con t r ibu t ion  t o  t h e  

EBID pulses  so t h a t  purely e l e c t r o n i c  i n t e r a c t i o n s  could be  examined, it 

w a s  found. u s e f u l  t o  simulate t h e  heat ing effec.L of e l e c t r o n  bombardment 

by ohmic heat ing.  

i n  t h e  two cases,  an exact s imulat ion i s  not possible .  

t h a t  if t h e  change i n  t a r g e t  temperature w a s  smal.1 it would be acceptable  

t o  assume t h a t  t h e  arrtount; of desorpt ion i s  p ropor t iona l  t o  t h e  average 

temperature of t h e  ribbon and t h a t  it would t h e r e f o r e  be s u i t a b l e  t o  

reproduce t h e  average temperature change by ohmic heat ing.  This assump- 

"ion i s  given experimental. support by d a t a  such as t h a t  shown i n  Figure 28, 

page 78, where t h e  major p a r t  of t h e  desorpt ion i s  due t o  thermal e f f e c t s ,  

and t h e  desorpt ion i s  p ropor t iona l  .Lo t h e  energy oi" t h e  bombarding e l ec -  

t r o n s  and hence, t h e  power inpu t  and f i n a l l y  t h e  average AT of t h e  t a r g e t  

during the pulse.  I n  t h e  case of Figure 28, page 78, t h e  average LC w a s  

much g r e a t e r  t han  i n  any of t h e  o the r  d a t a  r epor t ed  i n  t h i s  d i s s e r t a t i o n .  

Although t h e  temperature changes could be measured t o  0.2'K, t h e  

Since t h e  temperature d i s t r i b u t l o n  i s  not t h e  same 

it was decided 

inc rease  i n  average temperature w a s  l ess  than 1 ° K  for most of t h e  carbon 

monoxide work so an analytical approach ' F T ~ S  needed t o  decide how much 

ohmic heat ing w a s  required t o  s imulate  t h e  e l e c t r o n  'oombardment heat ing.  
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Since t h e  temperature changes a r e  s m a l l  and the  hea t  depos i t ion  

from e lec t ron  bombardment i s  probably f a i r l y  uniform over the  :portion 

( t h e  cen te r  h a l f )  of t h e  sur face  bombarded, a one-dimensional heat-  

t r a n s f e r  model was used, and seve ra l  cases  were examined. For a l l  cases  

it w a s  assumed t h a t  t h e  only hea t  loss from the  ribbon was from i t s  ends 

by conduction t o  a h e a t  s ink  a t  constant  temperature. 

t h e  ribbon i s  s tudied  s ince  it i s  symrfietrical. 

Only one end of  

The b a s i c  hea t  t r a n s f e r  r e l a t i o n s h i p  we w i l l  use i s  given by 

where 

dT - = t he  temperature grad ien t ,  
dx 

T = tersperature, 

x = d i s t ance  from t h e  h e a t  sink, 

q = t he  hea t  flux, 

K = t h e  thermal conduct iv i ty  of  t he  sample, 

A = t h e  c ros s - sec t iona l  a r ea  of t h e  sample. 

For t h e  sake of s i m p l i c i t y  we w i l l  choose t o  compare t h e  var ious 

cases  on the  b a s i s  of equal power d i s s i p a t i o n  i n  t h e  target,which means 

t h a t  t he  y a t  t h e  hea t  s ink  i s  t h e  same i n  a l l  cases. For convenience 

we w i l l  choose our u n i t s  such t h a t  t h e  right-hand s i d e  of t he  equation 

i s  u n i t y  a t  t h e  hea t  si&, and KA i s  u n i t y  s o  t h a t  q i s  u n i t y  a t  x = 9. 

The d i s t ance  x .is chosen zero a t  t h e  hea t  s ink  and un i ty  a t  tke  cen te r  

of t h e  ribbon. 
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Case I Uniform Heat Generation i n  .the Ribbon - Ohmic Heati.n.g 

The hea t  flux, q(x) ,  i s  u n i t y  a t  x = 0 and decreases  I - inear ly  

t o  zero at x = 1. Therefore q(x)  = 1 - x and dT/dx = 1 - x. Solving 

Then 

The average temperature change (AT)av = 0.333 and t h e  maximum tempcratare 

change (AT)max = 0.500. 

Case I1 Source Only a t  Center of Strip - An Extreme Case f o r  Electron 

Bomb a r diue nt He at i ng 

The heat  flux is u n i t y  along the whole specimen. Therefore 

q ( x )  == 1 and dT/dx = 1. Solving 

T = T  + x .  
0 

Then 

= T -t- 0.500 . 
0 

Thus the average temperature 

temperature change (AT)max = 

change (m)av = 0.500 and t h e  maximurn 

1.00. 
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Case I11 

t h e  Elec t ron  Bombardment S i t u a t i o n  

Center H a l f  of Ribbon Uniformly Heated - A n  I d e a l i z a t i o n  of 

The heat flux, q(x), is given by q(x)  = 1 for 0 < x < 3; and 

q(x) = 1 - 2x f o r  3 < x c 1. 

Cases I and I1 we find t h e  average temperature change (AT) = 0.415 

and t h e  maximum temperature change (AT) = 0.750. 

BY c a l c u l a t i o n s  similar t o  those  of 

av 

max 

Case IV 

t h e  Expected Elec t ron  Bombardment S i t u a t i o n  

Center Third of Ribbon Heated Uniformly - An Approximation t o  

The hea t  f l u x ,  q(x) , is  given by q = 1 for 0 < x < $ and 

q = 1 - 3x f o r  3 < x .f 1. By c a l c u l a t i o n s  s j m i l a r  t o  those  above we 

f i n d  t h e  average temperature  change (AT) 

temperature  change (m) = 0.833. 

= 0.480 and t'ne maximum 
av 

IE3.X 

Figure 37 shows t h e  ca l cu la t ed  temperature d i s t r i b u t i o n s  for t h e  

cases  above. Curve V shows t h e  temperature  d i s t r i b u t i o n  for ohmic 

hea t ing  which would be  produced by increas ing  t h e  hea t ing  power by a 

f a c t o r  of 1.5 t o  ob ta in  t h e  s a m e  average temperature  as given by Cu-me 11. 

This g ives  t h e  same (m) a s  Curve 111, t h e  idea l i zed  e l e c t r o n  bombard- 

ment hea t ing  case,  and g ives  a s l i g h t l y  lower (AT)may b u t  s l i g h t l y  h igher  

(AT)av than  t h e  s l i g h t l y  more r e a l i s t i c  approximat-ion given by Curve IV. 

pax 

Following t h i s  a n a l y s i s , i t  vas decided t o  make t h e  power' used i n  

t h e  ohmic hea t ing  e i t h e r  l$ t imes t h e  power i n  t h e  e l e c t r o n  bonbardrnent 

pu l se s  o r  t o  mul t ip ly  the  ohmic desorp t ion  values  by l* i f  pu l se s  of' 

t h e  same power w e r e  used. 
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D I STA N C E 
Fi.gure 37. Temperature d i s t r i b u t i o n s  i n  a one drimensional model 

of t h e  tungsten t a rge f ;  (I),  ohmic hea t ing  (II) ,  e l e c t r o n  bombardment 
only at; t he  midpoint of t h e  t a r g e t  (III), elec-tron bombardment of t h e  
c e n t e r  ha.lf of t h e  t a r g e t  ( m ) ,  e l e c t r o n  bombardment of t h e  c e n t e r  t h i r d  
of t h e  t a r g e t  ( V ) ,  and ohmic hea t ing  with 150 pe r  cent  of the power 
inpilt of Curves I, IT, 111, and TV. 



13 9 

ORNL- 731-23 07 

I N ' I % R N f i  DISTRIBUTION 

1-2. 
3-4. 

5-15. 
16. 
17. 
18. 
19. 
20. 
21. 
2.2. 
23. 

24-53. 
54.  
55. 
56. 
57 . 
58. 
59. 
60. 
61. 
62. 

87. 
88. 
89. 

C e n t r a l  Research L i b r a r y  
ORNL - Y-12 Technical Library 

Document Reference Sect ion 
Laboratory Records 
Laboratory Records, R . C .  
ORNL Pa ten t  Of f i ce  
I. Alexeff 
G. M. Adamson, Jr. 
C. F. Ba rne t t  
B. S. Borie  
G.  E .  Boyd 
J. V. Cathca r t  
R .  E. Clausing 
J. E .  Cunningham 
R.  A. Dandl 
J. H. DeVan 
J. L .  Dunlap 
D.  S. Easton 
A. C .  England 
J. H Frye, Jr. 
W. F. Gauster 
G.  E.  Guest 

6 3 .  
64-66. 

67. 
68.  
69. 
70. 
71. 
72. 
'73 . 
'74. 
75. 
76. 
77. 
78. 
79. 
80. 
81. 
82.  
83. 
84. 
85. 
86. 

G.  
M. 
H. 
W. 
G. 
N .  
C.  
J. 
0 .  
R. 
P. 
R. 
H. 
D. 
E .  
w. 
R. 
R.  
D .  
R .  
E.  
0. 

R.  Haste 
R. Hill. 
Inouye 
D Jones 
G. Kelley 
H. Lazar 
J. McHazgue 
H. McNally 
B.  Morgan, Jr. 
V. Neidigh 
P a t r i a r  ca 
E. Pawel 
Po s t m a  
M.  Richardson 
D. Shipley 
L.  S t i r l i n g  
F. S t r a t t o n  
A. Strehlow 
A. Sundberg 
L. Wagner 
R .  Wells 
C .  Yonts 

EXTERNAL DISTRIBUTION 

D. F. Cope, RDT, SSR, AEC, O a k  Ridge Nat ional  Laboratory 
D .  K. Stevens, AEC, Washington 
Laboratory and Un ive r s i ty  Division, AEC, Oak Ridge Operations 

90-104.. Division o f  Technical Information Extension 


