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EXCITATION OF HEUUM ATOMS 

BY ELECTRON IMPACT

CHAPTER I 

INTRODUCnON

If an a tom ic  g a s  i s  bom barded w ith  a c o ll im a ted  beam of mono- 

e n e r g e t ic  e l e c t r o n s ,  some o f  the  a tom s are  e x c i te d  to v a r io u s  h ig h e r  

e n e rg y  s t a t e s . This i s  e v id e n c e d  by the  e m is s io n  of ra d ia t io n  

c h a r a c te r i s t i c  of th o s e  s t a t e s  a s  th ey  undergo t r a n s i t io n s  to  low er s t a t e s .  

The d e s c r ip t io n  of th e  in te ra c t io n  o f  e le c tro n s  w i th  the  atom s c a n  be 

m ade q u a n t i ta t iv e  by m ean s  of the  c o n cep t  of c r o s s  s e c t io n s .  If the  gas  

a t  a  g iv en  p re s su re  i s  e x p o se d  to  th e  a c t io n  of e l e c t r o n s ,  the  r a te  a t  

w h ich  any  p a r t ic u la r  r e a c t io n  (such  a s  a tom ic  e x c i ta t io n )  occu rs  pe r un it 

vo lum e is  p ro p o r t io n a l  to  th e  num ber of e le c t ro n s  per u n i t  a rea  per u n it  

t im e im ping ing  on th e  g a s  t im e s  th e  number of a to m s  p e r  u n it  v o lu m e .

The p ro p o r t io n a l i ty  c o n s ta n t  is  c a l l e d  the  c ro s s  s e c t io n .  In o th e r  w ords 

th e  c ro s s  s e c t io n  for a  s p e c i f ie d  r e a c t io n  is  d e f in e d  a s  th e  a v e rag e  number 

o f  in d iv id u a l  p r o c e s s e s  occu rring  p e r  ta rg e t  atom  with an  in c id e n t  beam 

o f  one e le c t ro n  p e r  u n i t  a r e a .  The c ro s s  s e c t io n  for a g iven  r e a c t io n  is  

a  p roperty  of the  ta rg e t  a to m , of th e  in c id e n t  e le c t ro n ,  and  th e i r  r e la t iv e  

v e lo c i ty .  The p ro b ab il i ty  o f  an  atom being  e x c i t e d  to a  p a r t ic u la r  s ta te

i s  p ro p o r t io n a l  to  the e le c t ro n  e x c i t a t io n  c ro s s  s e c t io n  for th a t  s t a t e .

1
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Such a c ro s s  s e c t io n  e x p r e s s e d  a s  a  func tion  o f  e le c t ro n  energy  i s  c a l led  th e  

e le c t ro n  e x c i ta t io n  fu n c tio n .

A p a r t ic u la r  e x c i te d  s ta t e  ( j th ’s ta te )  of a n  a tom  may be popu la ted  

and  d ep o p u la ted  in  many w a y s .  It may be p o p u la te d  by e lec tro n  im pact 

w ith  a  ground s ta t e  atom  (d irec t  e x c i t a t i o n ) , t r a n s i t io n s  o f  atoms from 

h ig h e r  e x c i te d  s t a t e s  to  th e  j th  s t a t e  (c a sc a d in g ) ,  c o l l i s io n  of an e x c ited  

atom  w ith  a ground s t a t e  atom ( t r a n s fe r  g a in ) ,  e le c t ro n  im pact w ith  an  

e x c i te d  atom (c o l l i s io n  o f  the  s e c o n d  k in d ) ,  c o l l i s io n  of two ex c i ted  

a to m s ,  and  c o l l i s io n  w ith  an  im purity  a tom . D ep o p u la t io n  of an  e x c ited  

s t a t e  may occur by sp o n ta n e o u s  t r a n s i t io n  to  low er e x c i te d  s ta t e s  

( rad ia t iv e  lo s s ) ,  c o l l i s io n  w ith  a  g round  s t a t e  atom ( tran s fe r  l o s s ) ,  

c o l l i s io n  w ith  the  w a l l s  o f  th e  c h a m b e r ,  e le c t ro n  im p ac t  (co ll is io n  of the 

seco n d  k in d ) , c o l l i s io n  w ith  an  e x c i t e d  a to m ,  and c o l l i s io n  w ith  an 

im p u r i ty  a to m .

For th is  ex p er im en t he lium  w a s  s e le c te d  a s  th e  a tom ic  g a s .  The 

a d v a n ta g e s  of he lium  a re  s e v e r a l .  I t i s  re a d i ly  o b ta in a b le  in  a 

r e la t iv e ly  pure form. I t  is  a  m onatom ic  g a s  th e re b y  avo id ing  c o n s id e r -  

t io n s  of m o lecu lar  e n e rg y  l e v e l s .  The che jn ica l  in e r tn e s s  of helium  

a l lo w s  a  h e a te d  f i lam en t to  be u s e d  in  producing  a n  e le c t ro n  beam . The 

r e la t iv e ly  sim ple  a to m ic  s t ru c tu re  r e s u l t s  in th e  d i s c r e te  e m is s io n  

spec trum  being  co m p o sed  o f w a v e le n g th s  s e p a ra te d  su f f ic ie n t ly  th a t  

an  ex trem ely  h igh  d e c r e e  of s p e c t r o s c o p ic  r e s o lu t io n  i s  no t v i t a l .  In
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ad d it io n ,  th e o re t ic a l  c a lc u la t io n s  h a v e  b e en  made of th e  e x c i ta t io n  

func tions  of he lium  so  th a t  ex p er im en ta l  r e s u l t s  c an  be com pared  w ith  

th eo ry .

If the  p u re s t  he lium  o b ta inab le  i s  u s e d  in a c o l l i s io n  cham ber 

th a t  h as  p re v io u s ly  b e en  e v ac u a ted  to  a p r e s s u r e  o f  10“ ® mm of mercury 

or l e s s ,  the  im purity  co n cen tra t io n  w i l l  be  s u f f ic ie n t ly  low  th a t  the  

con tr ib u tio n s  to  both p o p u la t io n  and d e p o p u la t io n  by c o l l i s io n s  w ith  

impurity a tom s are  n e g l ig ib le .  The short l i f e t im e s  of th e  e x c i te d  s t a t e s  

and  the ir  sm a l l  e x c i ta t io n  c ro s s  s e c t io n s  r e s u l t  in  e x c i te d  s ta te  

po p u la tions  th a t  are n e g l ig ib le  com pared to  ground s ta t e  p o p u la t io n s .

As a r e s u l t  th e  c o n tr ib u tio n  of c o l l i s io n s  o f  the  s ec o n d  k in d  and 

c o l l i s io n s  b e tw een  e x c i t e d  atom s to  p o p u la t io n  and  d e p o p u la t io n  are  

n e g l ig ib le .  W ith  the  e x c e p t io n  of th e  m e ta s ta b le  s t a t e s  o f  helium  

(2^S and 2®S), for w h ich  th is  is  the  prim ary  method o f  d e p o p u la t io n ,  

c o l l i s io n s  w ith  the  w a l l s  make a n e g l ig ib le  c o n tr ib u tio n  to  d e p o p u la t io n  

a t  low p r e s s u r e s .

T h u s , th e  s te a d y  s ta te  eq u a t io n  in  w h ich  p o p u la t io n  ra te  per 

un it  volume e q u a ls  d ep o p u la t io n  ra te  per u n i t  volum e may be w r i t te n  as:

D irec t  e x c i t a t io n  ra te  + C asc ad in g  r a te  + T ransfe r  g a in  ra te  =

R ad ia tion  lo s s  ra te  + Transfer lo s s  r a te

One a d d i t io n a l  m ethod of p o p u la t io n  c a n  p lay  an  im portan t r o l e . 

Light em itted  by he lium  a tom s undergo ing  sp o n ta n e o u s  t r a n s i t io n s  from
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s t a t e s  to th e  l^S ground s t a t e  may be a b so rb e d  by o the r ground s ta t e  

a to m s  before  i t  e s c a p e s  from th e  c o l l i s io n  ch am b er .  This phenom enon  

i s  known a s  im prisonm ent of r e s o n a n c e  r a d ia t io n .  I t  h a s  the  o v e ra l l  

e f f e c t  o f  reduc ing  th e  ra te  a t  w h ic h  s t a t e s  a re  d e p o p u la te d .  Im prison ­

m ent phenom ena can  be h a n d led  in  the  a n a ly s i s  of d a ta  e i th e r  by 

m odifying the  t r a n s i t io n  p ro b a b i l i t i e s  per u n i t  tim e  ̂ or by o p e ra t in g  a t  

p r e s s u r e s  be low  w hich  im prisonm en t i s  n e g l ig ib le  (approx im ate ly  

5 X 10“ ^mm).

S ev e ra l  a u th o rs  h a v e  rep o r ted  th e o re t ic a l  and  e x p e r im en ta l  

in v e s t ig a t io n s  of he lium  e x c i t a t io n  fu n c t io n s .  A la ck  o f a g reem en t

b e tw ee n  th e o re t ic a l  and  e x p e r im e n ta l  e x c i t a t io n  fu n c tio n s  and  the  p a u c i ty  

o f  d a ta  a v a i la b le  e v id e n c e s  a  need  for im proved inform ation  abou t th e s e  

fu n c t io n s  and the p r o c e s s e s  in v o lv e d .

In the  p a s t  s e v e r a l  y e a r s  w ork h a s  b e e n  done on e x c i t a t io n  

fu n c t io n s  a t  th e  U n iv e rs i ty  of O klahom a. The ex p e r im en ta l  s y s te m  w h ich  

h a s  been  d ev e lo p ed  to  m e a su re  e x c i t a t io n  fu n c t io n s  c o n s i s t s  o f  th ree  

b a s i c  p a rts :  the c o l l i s io n  c h a m b e r ,  ^ the  d e te c t io n  s y s te m ,  and  th e  d a ta  

p ro c e s s in g  and  reco rd ing  s y s t e m .  ^2 The c o l l i s io n  cham ber is  c o n ta in e d  

in  a 65 mm pyrex c y lin d e r  w hich  is  c o n n e c te d  a t  e a c h  end to  a n  o i l  

d if fu s io n  pump and a  m e c h a n ic a l  fore pum p. The vacuum  sy s te m  c o n ta in s  

a n  io n iz a t io n  gage  and a  M cLeod g age  for m easu r in g  the  p re s su re  in  th e  

s y s te m ,  and  a dos ing  sy s te m  for in tro d u c in g  va ry in g  am ounts  o f  g a s .  The
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fa c t  th a t  th e  c o l l i s io n  cham ber c o n ta in e r  c a n  be e v a c u a ted  a t  e i th e r

en d  f a c i l i t a te s  rem oval of im purit ie s  from the  sy s tem  through a com bina tion

of pumping and f lu sh in g  o u t  w ith  he lium .

The c o l l i s io n  cham ber s e c t io n  c o n s i s t s  o f  a ho llow  c y l in d r ic a l  

c a th o d e  3 mm in  d iam e ter  w ith  one  end made of em itting  m a te r ia l .

E lec tro n s  em itted  from the  c a th o d e  are  a c c e le ra te d  and fo cu sed  by a 

sy s te m  of a c c e le ra t in g  and co ll im a tin g  e le c t ro d e s .  The r e s u l t  is  a 

m o n en erg e tic  beam of e le c t ro n s  (of any  c h o se n  energy b e tw een  0 and  500 eV) 

2 mm in d iam e te r  w hich  p a s s e s  th rough  th e  c o l l i s io n  cham ber proper to  a 

c o l le c t in g  e le c t ro d e .  The c o l l i s io n  cham ber i t s e l f  is a  m eta l  c y lin d e r  

w ith  a h o le  in one end  to  adm it th e  e le c t ro n  beam. The o th e r  end c o n s i s t s  

of a  fine w ire  s c re e n  to  a llow  e le c t ro n s  to  p a s s  through to  th e  c o l le c t in g  

e le c t ro d e .  In one s id e  the re  is  a  sm all  w indow  to perm it v iew ing  of the  

l ig h t  em itted  by e x c i te d  a tom s in  the  pa th  o f  the  e le c t ro n  beam . The 

c o l l i s io n  cham ber c o n s t i tu te s  a Faraday  c a g e .  In th is  f ie ld  free re g io n  

th e  e le c t ro n s  su ffe r  energy  l o s s e s  only through the p ro c e ss  o f  a tom ic  

c o l l i s io n .

The d e te c t io n  sy s te m  c o n s i s t s  b a s ic a l ly  of a  Ja rre l l-A sh  1 /2  m eter 

monochrom ator w ith  Ebert m ounting and a  pho tom ultip lie r  tu b e .  A le n s  

fo c u s e s  a  portion  of the  l ig h t  from a s p e c i f ic  volume o f  the  c o l l i s io n  

cham ber on the e n tra n c e  s l i t  of th e  m onochrom ator. Light from the  e x i t  

s l i t  o f  th e  monochrom ator is  d i re c te d  and focused  on th e  p h o tom ultip lie r



6

ca thode  by a  prism  and  a l e n s .  R eduction of n o ise  and  s t ray  l ig h t  s ig n a ls  

is  a cco m p lish ed  by sq u a re  w ave  m odula tion  e i th e r  by m ech an ica l  chopp ing  

or by apply ing  a sq u are  w ave  p o te n t ia l  to  th e  a c c e le ra t in g  e le c t ro d e .

The d a ta  p ro c e s s in g  and reco rd in g  sy s te m  h a s  been  d e s c r ib e d  in 

d e ta i l  by S t.  John e t  a l .  In th is  sy s te m  a tuned  am plif ie r  co n v er ts  th e  

sq u are  w ave  outpu t of th e  pho to m u lt ip l ie r  tube  in to  a s in u so id a l  s ig n a l  

w h ich  is  then  re c t i f ie d  by a  p h a se  s e n s i t iv e  d e te c to r .  The d c  v o ltag e  

ou tpu t of th is  d e te c to r  is  th e n  fed in to  an  an a lo g  d iv id e r  w here  i t  is  

d iv ided  by a  s ig n a l  p ro p o r t io n a l  to  the  e le c t ro n  beam  c u rre n t .  This 

quo tien t is  a p p lied  to  th e  v e r t i c a l  d e f le c t io n  p la te s  o f  an o s c i l lo s c o p e .

The e lec tro n  a c c e le r a t in g  v o l ta g e  is  a p p l ie d  to  the  h o r iz o n ta l  d e f le c t io n  

p la te s  o f  th e  o s c i l l o s c o p e .  The t ra c e  th u s  p roduced  re p re se n ts  a  p lo t  of 

pho tom ultip lie r  cu rren t  d iv id ed  by c o l l i s io n  cham ber cu rren t vs e le c t ro n  

energy  and is  reco rd ed  p h o to g ra p h ic a l ly .  Following a  p rocedure  in  w h ich  

th e  l ig h t  d e te c t io n  sy s te m  is  c a l ib ra te d  by m eans  o f  a  s tan d a rd  lamp 

a b so lu te  v a lu es  o f  th e  cu rve  a re  o b ta in e d  from d i re c t  rea d in g s  o f the  

pho tom ultip lie r  c u r re n t  and e le c t ro n  beam  cu rren t a t  a  co n v en ien t  

e le c tro n  energy .

The ra t io  of p h o to m u lt ip l ie r  cu rren t to  c o l l i s io n  cham ber cu rren t i s  

p roportional to  a  q u a n t i ty  c a l l e d  a p p a ren t  c ro s s  s e c t io n .  This is  the  

e x c i ta t io n  c ro s s  s e c t io n  o b ta in e d  by a s su m in g  th a t  a tom ic  e x c i te d  s t a t e s  

a re  popu la ted  e x c lu s iv e ly  by d i re c t  e x c i t a t io n  and th a t  th e  l ig h t  em itted
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by  th e s e  a tom s upon undergoing sp o n ta n e o u s  t ra n s i t io n s  to low er s t a t e s  

i s  u n p o la r ized  and  ra d ia ted  i s o t r o p i c a l l y . C o rrec tio n s  w h ich  m ust be 

ap p l ie d  to c o n v er t  the  ap p aren t  c ro s s  s e c t io n s  -to a b s o lu t e .c r o s s  s e c t io n s  

w i l l  be d i s c u s s e d  in  su b se q u e n t  c h a p te r s .

This s y s te m  prov ides  ra p id ,  s e n s i t iv e  p roduction  o f  e x c i ta t io n  

f u n c t io n s . It is  c ap a b le  o f  p roduc ing  a v o l ta g e  p ro p o r t io n a l  to  the a p p a re n t  

e x c i t a t io n  c ro s s  s e c t io n  a s  a c o n tin u o u s  func tion  of e le c t ro n  e n e rg y .  It 

i s  in v a lu ab le  in  d e te rm ina tion  o f  a c tu a l  c ro s s  s e c t io n s  from low p re s su re  

a p p a r e n t  e x c i ta t io n  functions and  o f  t r a n s fe r  c ro s s  s e c t io n s  for t ra n s fe r  

o ccu rr in g  a t  h ig h e r  p re s su re .



CHAPTER II

MEASUREMENT OF APPARENT CROSS SECTIONS 

At p re s s u re s  s u f f ic ie n t ly  low  so  th a t  t r a n s fe r  e f fe c t  are  neg lig ib le  

one  can  de fine  a n  a p p a re n t  c ro s s  s e c t io n ,  Q " ( j ) ,  for a  pa r ticu la r  s ta t e  

(j) by the  equ a tio n

Apparent d i re c t  e x c i ta t io n  ra te  = A pparen t r a d ia t iv e  lo s s  rate 

or Q "( j)N l/e S  = N ’(j)A(j) (1)

In th is  e q u a t io n  N is  th e  d e n s i ty  of ground s t a t e  a to m s ,  I i s  the e le c t ro n  

beam c u rren t ,  S is  th e  c ro s s  s e c t io n a l  a re a  of th e  e le c t ro n  beam, e i s  th e  

e le c t ro n ic  c h a rg e ,  and  A(j) i s  the  to ta l  p ro b a b i l i ty  pe r u n it  time for t r a n s i ­

t io n  from th e  j th  s t a t e  to  a l l  th e  low er s t a t e s .  N' (j) i s  the  apparen t 

d e n s i ty  o f  a tom s in  th e  j th  s t a t e ,  i . e . ,  th e  d e n s i ty  one  w ould e x p e c t  i f  

th e  ra d ia ted  l ig h t  w e re  i s o t ro p ic  and had  th e  sam e in te n s i ty  in a l l  

d i re c t io n s  a s  in  th e  d i re c t io n  of o b s e rv a t io n .

In order to  m e asu re  the  a p p a ren t  c ro s s  s e c t io n ,  the  in te n s i ty  o f 

l ig h t  of the  w a v e le n g th  c h a r a c te r i s t i c  o f  a  t r a n s i t io n  from th e  jth s ta te  

em itted  from a know n volum e of the  c o l l i s io n  cham ber is  m easured . This 

m akes  a d e te rm in a t io n  o f N'(j)A(j) p o s s i b l e .  R es u l ts  o f  th e o re t ic a l  

c a lc u la t io n s  a re  a v i l a b le  for the  va lue  of A(j).  ̂ E lec tron  beam c u r re n t ,

I ,  is e a s i ly  m e a su re d .  E lec tron  beam c r o s s - s e c t i o n a l  a re a  is  read ily  

de term ined  from th e  geom etry  of the  c o l l im a t in g  g r id s  in  the  e lec tro n  g u n .

8



The e lec tro n ic  charge  i s  a know n c o n s ta n t .  The d e n s i ty  of the  ground 

s t a t e  a to m s ,  N , is  d e te rm in ed  by m easuring  the p re s su re  and tem p era tu re  

o f  th e  g a s  in the  c o l l i s io n  cham ber and u s in g  the re la t io n s h p  N = p /k T .  

H e re ,  p i s  the p r e s s u r e ,  k i s  B oltzm ann 's  c o n s ta n t ,  and  T i s  th e  a b s o lu te  

tem p era tu re  o f  th e  g a s .

Figure 1 show s th e  p h y s ic a l  a rrangem en t of th e  o p t ic a l  s e c t io n  

of the  eq u ip m en t.  A p o rtion  o f  the  l ig h t  from the c o l l i s io n  ch am b er  (C) 

is  p a s s e d  through a l e n s  to  th e  e n tra n c e  s l i t  of the m onochrom ator (M). 

From the e x i t  s l i t  of the  m onochrom ator i t  p a s s e s  through  a prism  and 

a n o th e r  le n s  to  a p h o to m u lt ip l ie r  tube  (PM). The m onochrom ator p e rm its  

ex am in a t io n  o f a s in g le  s p e c t r a l  l in e  o f  he lium  w ith  a  re so lu t io n  o f  ± 16 

a n g s t r o m  ü ti i ts ,  w ith  e n t r a n c e  and ex it  s l i t s  s e t  a t w id ths  of 1 m m  e a c h .  

The e n tran ce  w indow  o f  th e  o p t ic a l  sy s te m  d e te rm in e s  the  len g th  o f  th e  

beam  ({) th a t  i s  v ie w e d .  The beam d iam e te r  is  l e s s  th a n  the  e n t ra n c e  

w indow . The so lid  a n g le  (flee) th rough  w h ich  ligh t from the  v ie w ed  po rtion  

of  the  beam  is  c o l le c te d  is  e q u a l  to  the  a r e a  of the  e n tra n ce  p u p il  (A') 

d iv id ed  by the  o p t ic a l  d i s t a n c e  from th e  en tra n ce  p u p il  to  th e  b eam . The 

a r e a  o f  the  e n tran ce  p up il  w a s  m easu red  by in se r t in g  a sm all  a p e r tu re  

s to p  o f  known a re a  (A) in  th e  l ig h t  beam and  m easuring  the ra t io  o f  

p h o to m u lt ip l ie r  cu rren t  to  c o l l i s io n  cham ber current ( Ip i^ / l)  % - Th® ra t io  

o f  ph o to m u ltip lie r  cu rren t  to  c o l l i s io n  cham ber cu rren t  w as  m easu red  w ith  

th e  sm all ap er tu re  rem oved  (Ipi^/i/l)^' The e f fe c t iv e  a re a  of the  e n tra n c e
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FIGHRE 1.-PHYSICAL ARRANSEMENT OF THE ISTECTION SYSTEM
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pup il of th e  o p t ic a l  sy stem  i s  th e n  d e te rm in ed  from th e  eq u a t io n

A' = A --------------
(IPM /I) 1

This m ethod of c a lc u la t in g !^ ^  a v o id s  p o s s ib le  error in tro d u ced  by 

th e  fa c t  th a t  ra y s  from the en d s  of the  ex ten d e d  l ig h t  source  may be 

in c l in e d  to  the  o p t ic  axis of th e  sy s te m  s u f f ic ie n t ly  to  c a u s e  them to  be 

p re v e n te d  by s to p s  in  the m onochrom ator from re a c h in g  th e  pho to m u lt ip l ie r  

t u b e .

If (S = V is  the  v iew ed  volum e of th e  c o l l i s io n  cham ber t r a v e rs e d  

by th e  b eam , e q u a t io n  (1) may be re w r i t te n  a s

Q"(J)NIV/eS = N'(j)A(J)V 

or Q" ( j ) N U /e  = N'(j)A(j)V

I t  is  cu s to m ary  to  in troduce  th e  b ranch ing  r a t io ,  B = A(J)/A(jk), w here  

A(jk) is  th e  t r a n s i t io n  p robab ili ty  p e r  u n i t  tim e from th e  j th  s t a t e  to  th e  

k th  s t a t e .  This i s  done s o  t h a t  A(j) c an  be w r i t te n  a s  A(jk)B, s in c e  th e  

m onochrom ator r e s t r ic t s  in v e s t ig a t i o n  to  a  p a r t ic u la r  t r a n s i t io n  (j to  k ) .  

Thus we h ave

Q" ( j )N I( /e B  = N'(j)A(Jk)V 

The r ig h t  h an d  s id e  o f  th is  e q u a t io n  is  the  a p p a re n t  to ta l  num ber o f  

p h o to n s  of w a v e le n g th  c h a r a c t e r i s t i c  o f  th e  j to  k t r a n s i t io n  e m it ted  from 

th e  volum e V per u n i t  t im e. If th e  r e la t iv e  t r a n s m is s iv i ty  o f  the  mono­

ch rom ato r  and a s s o c i a t e d  o p t ic a l  e le m e n ts  for th a t  w a v e le n g th  i s  q ,  and
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th a t  o f  th e  c o l l i s io n  cham ber w a l l  th e n  w e have

N'(i)A(ik)V(Dcc/4mqTcc = C(X)lpM(cc)

In th is  e q u a t io n  IpM(cc) i s  p h o to m u lt ip l ie r  cu rre n t  a s s o c ia te d  w ith  l ig h t  

from the  c o l l i s io n  cham ber and  C(A) i s  th e  p h o to n  e ff ic iency  of the  tu b e .

S ince

W  (j)A(jk)V = C(A)IpM(cc)4-rr/ja^^qT^^ = Q" (j)NIJ?/eB 

and  N = p /k T

it  fo llow s th a t

4ÏÏkTeB C ( \ ) I p ^ ( c c )
Q "(j) = ---------------------------------------------------------- (2)

-^cc'^'^cc

In o rder to de term ine  C(A), l ig h t  from a s tan d a rd  lamp (SL in  F ig .  1) 

w a s  ex am in ed  w ith  the  sam e  m onochrom ator s e t t i n g .  The lamp w as  a  

tu n g s te n  r ib b o n  f i lam en t pyrom eter su p p l ie d  a n d  s tan d a rd ized  by th e  

G en era l E le c t r ic  C om pany. The lam p w a s  o p e ra te d  a t  three tem p e ra tu re s  

in the  ran g e  from 1400 to  1700 d e g re e s  K elv in  an d  i t s  em iss io n  c a lc u la te d  

w ith in  a sm a l l  w av e len g th  in te rv a l  for th e  w a v e le n g th  of e ach  t r a n s i t io n  

o b s e r v e d .  E m iss iv i ty  t a b le s  for tu n g s te n  d e te rm in ed  by L arrabee^^  w ere  

u s e d .  The s e n s i t iv i ty  o f  the  d e te c t io n  s y s te m  w a s  determ ined w ith  th e  

th ree  lam p te m p e r a tu r e s . The maximum d e v ia t io n  of the s e n s i t iv i ty  from 

the  m ean v a lu e  a t  a  g iv en  w a v e le n g th  w a s  g e n e ra l ly  le s s  than  5%.
D

If 4^>T i s  th e  ra d ia n t  en e rg y  d e n s i ty  of w aveleng th  X em it te d  by a  

b lack  body a t  an  a b so lu te  te m p e ra tu re  T, th e n  for the  w av e len g th s  an d
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f i l a m e n t  t e m p e r a t u r e s  u s e d  in  th is  w o rk ,  a  good  a p p ro x im a t io n  of -p

14i s  g iv e n  by W ie n 's  Law ,

= (8TTch/A^)exp(-ch/AkT)

S ince  w e a r e  in v e s t ig a t in g  w a v e le n g th s  in  the r e g io n  shown in  F ig .  2a , 

we c a n  a p p ro x im a te  as a l in e a r  fu n c t io n  of X f o r  s m a l l  w a v e len g th

i n t e r v a l s  20 a n g s t r o m s  o r  l e s s )  a s  show n in  F ig .  2b. T h en  we have

t Ç t  = '( 'g ,T +  (3)

w h e r e  x  = X - Xg and s i s  the  s lo p e  of the  c u rv e .

The in te n s i ty  of r a d ia t io n  n o r m a l  to the s u r f a c e  of a  f l a t  b la ck  

body (Ij^) i s  g iv e n  by

%  =Yc/2TT

H o w ev e r ,  in  E q . (3) i s  th a t  f o r  a n  i s o t h e r m a l  e n c lo s u r e  fo r  w h ich

y/ i s  tw ice  th a t  in  f r o n t  of a f la t  s u r f a c e .  T h e r e f o r e  the  in te n s i ty  fo r  

a b la c k  body i s  g iv en  by

^XTN = H 'f

and  the  in te n s i ty  of a  n o n -b la c k  body w ith  e m is s iv i t y  f  g iven  by

I^ T N  = I^ T N ^ A T  

If we de fine  r a t e  of e m is s io n  of pho tons f r o m  a

f l a t  n o n -b la c k  body p e r  un it  a r e a  p e r  u n i t  w a v e le n g th  p e r  u n i t  so lid  

a n g le ,  then  w e  have

^A T N  “ ^XTN ~ ^XTN^ x ) /h c  = + x /X o )/h c

S ince  the m o n o c h r o m a to r  w i l l  t r a n s m i t  a l l  w a v e le n g th s  b e tw een  X* - AX 

and X, + 6X a s  show n in  F ig .  3, the r e l a t i v e  t r a n s m i s s i v i t y  of the 

m o n o c h r o m a to r  m u s t  be tak en  in to  a c c o u n t  by  defining

^ 'X T N  = ^ X T N ”̂ r e l  

w h e r e  i s  w r i t t e n  a s  I + x/hX fo r  -/iX6x-0 and a s  I - x / a X fo r

Oix€/lA. T h e n  we h ave
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.Visible Region

A (1 0 -% )

Black body energy density vs wavelength (T ■ l600°K)a

Slope B

b, linear approximation of portion of curve in a.
FIGURE 2.— PLANCK'S LAW AND LINEAR APPROXIMATION
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T e l

1

0

a >1- Xj B Xo-X, ■ W X 16A 
(W “ sllt width in mm)

FIGURE 3.— monochromator RELATIVE TRANSMISSIVITY
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^ ' aTN “ + x /\p)(l ± x / aX)

W h ere  the double  s ig n  (^) i s  in d ic a te d  in  th e  above e q u a t io n ,  (+) 

sh o u ld  be u s e d  w hen x  < 0 an d  (-)  w hen  x  > 0, E xpand ing  and 

in te g ra t in g  At one o b ta in s

A.AV4TTh)(l 4- s AA^/ô H'^Ac)
T h is  r a t h e r  c u m b e r s o m e  e x p r e s s io n  h a s  b e e n  c a lc u la te d  fo r  a  v a r i e ty  

of v a lu e s  of \ , a n d  T on an  IBM 650 c o m p u te r .

L e t t in g  R g ^  the  r a t e  of e m is s io n  of photons w h ic h  p a s s  

th ro u g h  a s lo t  the s iz e  of the  e l e c t r o n  b e a m  (a re a  = A^) a n d  s t r ik e  

th e  p h o to m u l t ip l ie r ,  one f in d s

^ S L  ~ ^Xa-Xi^l^Lp^isL-^o 

In th is  eq u a t io n  is  th e  t r a n s m i s s i v i t y  of the o p t ic a l  e le m e n ts

p e c u l i a r  to the  s t a n d a r d  la m p ,  is  the  a r e a  of the  s t a n d a r d  la m p  

f i l a m e n t  v ie w ed  by the  o p t ic a l  s y s t e m  a n d i l g j ^ i s  the  so l id  ang le  

th ro u g h  w hich  l ig h t  f r o m  Aq i s  c o l l e c te d  by  the o p t i c a l  s y s te m .  F ig u r e  

4 show s the  p h y s ic a l  a r r a n g e m e n t  of the  p o r t io n  of th e  o p t ic a l  s y s t e m  

u s e d  f o r  the  s t a n d a r d  la m p .  A le n s  lo c a te d  a  d is ta n c e  d^ f r o m  th e  

s t a n d a r d  la m p  f i l a m e n t  (SL) f o c u s e s  l ig h t  f ro m  the f i l a m e n t  on a 

m a s k in g  s l i t  (Aj) a  d i s ta n c e  of dj aw ay , A c i r c u l a r  a p e r t u r e  of 

v a r i a b l e  d i a m e te r  (d) lo c a te d  a d i s t a n c e  f ro m  th e  f i l a m e n t  d e te r m in e s  

Clgj^. The a r e a  of the  m a s k in g  s l i t  A^ m a y  be w r i t t e n  a s  Hh  ̂ w h e r e 9 

i s  th e  s a m e  a s  the v ie w e d  len g th  of the  b e a m  in th;- c o l l i s io n  c h a m b e r  

an d  hĵ  i s  the  s a m e  a s  the  b e a m  d i a m e t e r .  F r o m  F i g ,  4 i t  i s  s e e n  th a t

and  th a t

A o  = A^d^/dZ = «h^d2/d?



SL

FIGURE 4.— STANDARD LAMP OPTICAL SYSTEM
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The q u an ti ty  RsL> now be  w r i t t e n  as

& S L  = R A , - x , ' l T L p ( i r d 2 / 4 d > ,2 ) ( J h i d 2 / d 2 )

or as

R s L = C (>)IpM (SL) 

w h e re  Ip j^ (S L )  i s  th e  p h o to m u l t ip l ie r  c u r r e n t  p ro d u c e d  by ligh t f r o m  

the s t a n d a r d  lam p  f o r  a  m o n o c h r o m a to r  s e t t in g  of E qua ting  the 

two e x p r e s s i o n s  fo r  R s L  so lv ing  fo r  C(X) one o b ta in s

C (X) = — --— --------- ---
Ip m (SL)

S u b s ti tu t in g  th is  v a lu e  of C(X) in  Eq, (2) r e s u l t s  in  a n  ab so lu te  va lue  

of a p p a r e n t  c r o s s  s e c t io n ,  Q "(j) ,  w h ich  m a y  be w r i t t e n  as 

Q ii( j)  T ^ p k T e  B d^R j^.x, Ip M (d d )

’ '  - O c c T e c d i ^ ^  Ip m (SL) Ip  

In th is  w o r k  the  fo llow ing  v a lu e s  of th e  v a r io u s  c o n s ta n ts  i n  Eq, (4) 

w e re  u s e d

hĵ  = , 2 cm

d^ = IB, 2 c m

T = 300°K

i l^ c  = 6, 44 X 10"^ s t e r a d i a n s

d^ = 17, 2 c m

dĵ  = 206 cm

The t r a n s m i s s i v i t i e s  Tj_^p and T ^ ^  r e p r e s e n t  those  q u a n t i t ie s  p e c u l i a r  

to th e  s t a n d a r d  lam p  and c o l l i s io n  c h a m b e r  p o r t io n s  of the o p t ic a l  

s y s te m  r e s p e c t iv e ly ,  A 4% lo s s  w a s  a s s u m e d  a t  e a c h  n o n -c o a te d  

a i r - g l a s s  i n t e r f a c e .  S ince  th e r e  w e r e  f o u r  su ch  i n t e r f a c e s  in  the 

s ta n d a r d  la m p  p o r t io n  of the  s y s t e m  and  two in  the  c o l l i s io n  c h a m b e r  

p o r t io n ,  th e  r e s u l t in g  va lue  of T j_ ,p /T gg  i s  , 92, U sin g  the  above



19

v a lu e s ,  E q . (4) m a y  be w r i t t e n  a s

Q "(i)  = 3 .7 0  X c ou I (m m  of m e r c u r y ) B  ■ - ■■ - ....... (5)
■p m 's l ) Ip

If d i s  m e a s u r e d  in  c m , a l l  c u r r e n t s  in  Aa, and  p  in  m m  of m e r c u r y ,  

Q"(i) h a s  u n i ts  of c m ^ .

To d e te r m in e  Q "(j) ,  th e  c o l l i s io n  c h a m b e r  is  f i l le d  v.dth h e l iu m  

at the  d e s i r e d  p r e s s u r e  and  the  m o n o c h r o m a to r  a d ju s te d  fo r  the w a v e ­

leng th  c h a r a c t e r i s t i c  of the  d e s i r e d  j to  k t r a n s i t io n .  The a u to m a tic  

p r o c e s s in g  an d  d a ta  r e c o r d in g  s y s t e m  p ro d u c e s  a  t r a c e  on a  T e k tro n ix  

o s c i l lo s c o p e  a s  th e  e l e c t r o n  e n e r g y  is  v a r i e d  co n tin u o u s ly .  T h is  t r a c e  

i s  p h o to g ra p h e d  w ith  a  T e k t r o n ix  C -1 2  c a m e r a  w ith  a P o la r o i d  b ack .  

The o rd in a te  of th e  c u rv e  i s  p r o p o r t i o n a l  to th e  q u an tity  I p j^ ( c c ) / l  

and th e  a b s c i s s a  to  the  e l e c t r o n  e n e r g y .  The e le c t r o n  e n e r g y  is  th e n  

s e t  to  so m e  co n v en ie n t  v a lu e ,  u s u a l ly  th e  p e ak  of the e x c i ta t io n  

fu n c t io n ,  r e a d in g s  ta k en  on m i c r o a m m e t e r s  of Ip i^ (c c )  and  I, and the  

r a t i o  Ip]vi(cc)/lp  i s  c a lc u la te d .

A  c o a te d  p r i s m  is  n e x t  p la c e d  i n  f r o n t  of the  e n t r a n c e  lens to  

the m o n o c h r o m a to r ,  Ip j^ (S L )  i s  m e a s u r e d  f o r  s e v e r a l  s e t t in g s  of d 

and s t a n d a r d  la m p  f i l a m e n t  t e m p e r a t u r e  (which d e te r m in e s  

and th e  a v e r a g e  v a lue  of d^R ^j_x ,/lp j^(SL) c a lc u la te d .  W ith th e se  

q u a n t i t ie s  and  th e  known b ra n c h in g  r a t i o  B = A (j) /A (jk ) ,  Q"(j) is  

e a s i l y  d e te r m in e d  by u s e  of eq u a t io n  (5) f o r  the  s e le c te d  e le c t r o n  

e n e r g y .  F r o m  the  p h o to g ra p h e d  e x c i t a t io n  fu n c tio n ,  s c a l in g  f a c to r s  

m a y  b e  m e a s u r e d  and  Q ” (j) c a lc u la te d  f o r  any  e l e c t r o n  e n e rg y .

To d i s c o v e r  the  d e p en d en ce  of Q"(j) on p r e s s u r e ,  the  peak  v a lu e  

of Q"(j) i s  c a lc u la te d  a s  d e s c r i b e d  above f o r  s e v e r a l  p r e s s u r e s ,  Q"(j)
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i s  t h e n  p lo t t e d  a g a i n s t  p r e s s u r e  as  shown in  F i g s .  5,  6,  and  7, The  

a p p a r e n t  c r o s s  s e c t i o n s  should  be in d ep en d en t  of p r e s s u r e  u n l e s s  

t r a n s f e r  a n d / o r  i m p r i s o n m e n t  a r e  o c c u r r i n g .  T h e s e  p r e s s u r e  c u r v e s  

a r e  p a r t i c u l a r l y  u s e f u l  in  d e te r m in in g  m a x i m u m  p r e s s u r e s  th a t  m a y

be u s e d  w i thou t  the  a d v e n t  of i m p r i s o n m e n t  o r  t r a n s f e r .  The  s l i g h t
2

d e c r e a s e  of Q"(3  P )  w i th  i n c r e a s e d  p r e s s u r e  w i l l  be  d i s c u s s e d  in  

C h a p t e r  V.

The  a p p a r e n t  c r o s s  s ec t io n ,  Q"(j )  h a s  not t a k e n  in to  a cc o u n t

the p o l a r i z a t i o n  of th e  r a d i a t i o n  f r o m  the c o l l i s i o n  c h a m b e r .  T h e

d e g r e e  of p o l a r i z a t i o n  of the e m i t t e d  l ight v a r i e s  w i th  e l e c t r o n  e n e r g y ,

p r e s s u r e ,  and d i r e c t i o n  of the e m i t t e d  l ight r e l a t i v e  to the  e l e c t r o n

b e a m .  In th i s  w o r k  a l l  l ight e x a m i n e d  w as  e m i t t e d  p e r p e n d i c u l a r  to

the e l e c t r o n  b e a m .  In  a r r i v i n g  at  Eq.  (5), i s o t r o p i c  e m i s s i o n  of

u n p o l a r i z e d  l igh t  w a s  a s s u m e d .  S ince  the  r a d i a t i o n  g e n e r a l l y  i s  not

i s o t r o p i c ,  n o r  u n p o l a r i z e d ,  a p o l a r i z a t i o n  c o r r e c t i o n  f a c t o r ,  £_(» ;) ) ,

i s  i n t r o d u c e d  s o  th a t  IpM(^^)^p(^» i) i s  p r o p o r t i o n a l  to  the  a n g u la r

a v e r a g e  of the  l igh t  i n t e n s i t y  an d  thus  a l lows  the  d e t e r m i n a t i o n  of

the  e n t i r e  l igh t f lux  e m i t t e d  f r o m  the c o l l i s i o n  c h a m b e r .
IS

T h e  p o l a r i z a t i o n  c o r r e c t i o n  f a c t o r  i s

1 3 0 0 -P ( i )
fp  (6» j)  ------- -------------

3 lOO-P(i)cos20

w h e r e  P ( j )  i s  the  p e r c e n t a g e  p o l a r i z a t i o n .  F o r  o u r  v iew ing  ang le  of 

90 d e g r e e s ,  the  p o l a r i z a t i o n  c o r r e c t i o n  f a c t o r  i s

f p ( 9 0 ° , j )  = l - P ( i ) / 3 0 0  

Values  of P ( j )  h a v e  b e e n  m e a s u r e d  by  M c F a r l a n d  a n d  S o l ty s ik ^  f o r  

v a r y in g  p r e s s u r e  a n d  e l e c t r o n  e n e r g y  f o r  s e v e r a l  of the t r a n s i t i o n s
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g



24

o b s e r v e d  in  th i s  w o r k  and  a r e  u s e d  f o r  m a k in g  the  p o la r i z a t i o n  

c o r r e c t i o n s  rep o r ted ,  h e r e .  S ince  the am o u n t  of p o l a r i z a t i o n  c o r r e c t i o n  

i s  g e n e r a l l y  r a t h e r  s m a l l ,  the v a l u e s  of P ( j )  g iv e n  by M c F a r l a n d  and  

S o l ty s ik  w e r e  u sed  w h e n e v e r  a v a i l a b l e  and  e x t r a p o la t i o n s  of th e s e  

v a l u e s  w e r e  u s e d  f o r  the t r a n s i t i o n s  t h a t  w e r e  not r e p o r t e d .

If we def ine  Q’ (j) a s  th e  c r o s s  s e c t i o n  c o r r e c t e d  f o r  p o l a r i z a t io n ,  

i t  c a n  be w r i t t e n  as

Q«(j) = fp(90O,i )Q ' ' ( i)

The  c o r r e c t i o n  f a c t o r  fp (9 0 ° ,  j) a p p l i e d  to Q"( i )  a c tu a l ly  i s  a  c o r r e c t i o n  

to the  a p p a r e n t  dens i ty  of e x c i t e d  a t o m s  N ’(i) a n d  c o n v e r t s  i t  to N(j) , 

the a c t u a l  d e n s i ty  of a to m s  in  the  j th  s t a t e .  T h i s  can  b e s t  be s e e n  

f r o m  E q .  (1 ). Thus ,

N(i) = f p ( 9 0 ° ,  j)N»(i)

The  m a x i m u m  p e r c e n t a g e  b y  w h ic h  Q '  v a r i e d  f r o m  Q ” w a s  0 fo r  

l e v e l s ,  4 to 7% for ^ P  l e v e l s ,  13 to 17% f o r  l e v e l s ,  0 f o r  l e v e l s ,  

5% f o r  the  3 ^ P  leve l ,  and  4  to 5% f o r  the  l e v e l s .  The  h i g h e r  l e v e l s  

s h o w e d  l e s s  p o l a r i z a t i o n  than  the  low l e v e l s  a n d  thus  r e c e i v e d  s m a l l e r  

c o r r e c t i o n s .  This s i t u a t i o n  thus  m i n i m i z e d  th e  e r r o r s  inv o lv ed  in  th e  

e x t r a p o la t i o n  p r o c e d u r e  u s e d  i n  p r o c u r i n g  the Q '( j )  c u r v e  f r o m  the 

Q ” (i) c u r v e .

The  a p p a r en t  e x c i t a t i o n  f u n c t io n s  f o r  the  18 e n e r g y  leve l s  of 

h e l i u m  in v e s t ig a te d  i n  th i s  w o r k  a r e  show n  in F i g .  8. The  m a x i m u m  

o r  p e a k  v a lu e s  of Q' ' ( j)  t o g e t h e r  w i th  the  q u a n t i t i e s  u s e d  to  c a l c u l a t e  

t h e m  a r e  l i s t e d  in T a b l e  I. The  p e r c e n t  p o l a r i z a t i o n  f o r  m a x i m u m  

the  p o l a r i z a t i o n  c o r r e c t i o n  f a c t o r ,  a n d  the p e a k  a p p a r e n t  c r o s s  s e c t i o n s  

c o r r e c t e d  f o r  p o l a r i z a t i o n  a r e  sh o w n  in  T a b le  II.
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TABLE I

L e v e l  X
(A)

P
(m )

PE A K  A P P A R E N T  CROSS SECTIONS

E l e c t r o n  Ip]y[(cc]^Ip d R>,-Xi B
E n e r g y  
(eV)

(mm) (1 0 - -^ cm ^ )

3^S* 7281 21.0 40 0.0054 3950 1.00 49

4^S 5047 1.5 43 1.72 2.25 1.69 24

5^S 4438 5.5 45 4.3 2.74 2. 12 9.2

6^S 4170 5.2 45 1..25 4.38 2 36 4.8

3^P 5016 0.01 100 1.00 2.18 43.6 350

4^P 3965 2.0 100 0.20 5.76 37.3 159

3^D* 6678 3.2 46 0.0085 2140 1.00 42

4^D 4922 1.7 53 1.53 2.27 1.37 17.6

5^D 4388 1.1 53 5.4 2.92 1.54 9.0

6^D 4144 1.5 53 1.67 4.69 1.63 4.7

3^S* 7065 6.5 35 0.015 3125 1.00 107
34 S 4714 2.0 35 2.4 2.32 1.69 35

5^S 4122 6.3 35 3. 1 5.12 2.09j 12.3

3^P 3889 1.5 37 3.85 6.12 1.11 97

3^D 5876 1.0 35 1.27 6.67 1.00 31

4^D 4471 1.7 35 0.96 2.66 1.27 12.0

5^D 4026 0.7 38 0. 18 6.62 1.39 6.2

6^D 3820 1.2 35 0.87 7.59 1.58 3.9 :
* T h e s e  l e v e l s  w e r e  m e a s u r e d  with  a  d i f f e r e n t  p h o to m u l t i p l i e r  tu b e .

In o r d e r  to t a k e  into a c c o u n t  d i f f e r e n c e s  in c a l i b r a t i o n ,  an  a d j u s t m e n t  
f a c t o r  of 0 .6 2  w a s  u s e d .
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TABLE II

P O L A R IZ A T IO N  CORRECTIONS AND C O R R E C T E D  
A P P A R E N T  CROSS SECTIONS

L e v e l p ( j )
%

fp (90° . j )

3^S 49 0 1 49

4^S 24 0 1 24

5^S 9 . 2 0 1 9 . 2

6^S 4 . 8 0 1 4 . 8

3 ^ P 350 13 0 . 9 5 6 337

4 ^ P 159 6 0 . 9 7 9 156

3^D 42 41 0 . 8 6 4 36

4^D 17.6 42 0 . 8 5 9 15.1

5^D 9 . 0 36 0 . 8 7 9 7 .9

6^D 4 . 7 36 0 . 8 7 9 4 .2

3^S 107 0 1 107

4^S 35 0 1 35

' 5^S 12 .3 0 1 12.3

3 ^ P 97 9 . 5 0 . 9 6 8 94

3^D 31 12 .5 0 . 9 5 8 30

12 .0 . 14 0 . 9 5 3 11 .4

,5^D 6 . 2 10 .5 0 . 9 6 5 5 .9

;6^D 3 .9 11.5 0 . 9 6 2 3 . 7



CHAPTER n i

C A L C U L A T IO N  O F A B S O LU T E E X C IT A T IO N  

C RO SS SECTIONS

The ab so lu te  e x c i t a t i o n  c r o s s  s e c t i o n  d e p en d s  s o l e l y  upon  the 

d i r e d t  e x c i t a t io n  of a t o m s  to  the s t a t e  i n  q u e s t io n .  T h e  s t e a d y  s t a t e  

p o p u la t io n  r a t e  equa t ion  f o r  so m e  s t a t e  (j)

D i r e c t  e x c i t a t io n  r a t e  + C a s c a d in g  r a t e  = R ad i a t i v e  lo s s  r a t e  

m a y  be w r i t t e n  as

Q O )N l /e S  + f  N(i)A(i j)  = N(j)A(j)  (6)

In t h i s  equa t ion  Q(]) i s  th e  a b s o l u t e  e x c i t a t io n  c r o s s  s e c t i o n ,  N(i) i s  

the  d e n s i t y  of the i th  s t a t e  a t o m s ,  and  A(ij )  i s  the  t r a n s i t i o n  p ro b a b i l i ty  

p e r  u n i t  t i m e  of a t o m s  f r o m  the i t h  to th e  j th  s t a t e s .

E q u a t io n  (1) upon a p p l i c a t i o n  of the  p o l a r i z a t i o n  c o r r e c t i o n  

f a c t o r  m a y  be w r i t t e n  as

Q * ( i ) N l / eS  = N(j)AO)

F r o m  th i s  equa t ion  i t  i s  s e e n  th a t

N (i) = Q ‘ (i )Nl/A(i )eS 

E q u a t io n  (6) m a y  now be w r i t t e n  a s

Q ( i )N l /eS  + %  Q ‘( i)NIA(ij ) /eSA(i)  = Q«(i )Nl /eS

or
Q ( i )  = Q ' ( i ) - f  Q ' ( i )A ( i i ) /A ( i )

T h u s  w i th  a  knowledge of  th e  a p p a r e n t  e x c i t a t i o n  c r o s s  s e c t i o n s  

c o r r e c t e d  f o r  p o l a r i z a t i o n  a n d  the  t h e o r e t i c a l  t r a n s i t i o n  p ro b a b i l i t i e s  

one  c a n  c a l c u la te  the c o n t r i b u t i o n  of c a s c a d i n g  a n d  a r r i v e  a t  a  v a lue  

of  Q(i ) ,  In s o m e  c a s e s  the  v a lu e s  of Q ' ( i )  a r e  not known. F o r  th e s e

28
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c a s e s  i t  i s  a s s u m e d  th a t  the  shape o f  the  h ig h  n v a lu e  e x c i t a t i o n  

func t ions  w a s  the  s a m e  as  those of the  low n fu n c t io n s  h a v in g  the 

s a m e  o r b i t a l  q u a n tu m  n u m b e r  L, T he  m a g n i t u d e s  of the  h ig h  leve l  

Q'( i)  f u n c t io n s  w e r e  a s s u m e d  to v a r y  a s  n “®* w h e r e i x  i s  a  p a r a m e t e r  

d e t e r m i n e d  f r o m  the  m e a s u r e d  a m p l i t u d e s  of the  lo w er  s t a t e s .  

T h e o r e t i c a l  t r a n s i t i o n  p r o b a b i l i t i e s  have  b e e n  c o m p i l e d  f o r  n ^ 8. ^

An e x t r a p o l a t i o n  p r o c e d u r e  again  w as  u s e d  to f ind  the  v a l u e s  f o r  

h ig h e r  s t a t e s .

The  a c t u a l  p e r c e n t a g e  of c o r r e c t i o n  a p p l i e d  to an  e x c i t a t i o n  

fu nc t ion  f o r  c a s c a d i n g  e f fe c t s  v a r i e d  w i th  e l e c t r o n  e n e r g y  due to 

d i f f e r e n c e s  b e tw e e n  the  sh a p e  of the  e x c i t a t i o n  fu n c t io n  of the  

c a s c a d in g  l e v e l s  and  the shape  of  th e  e x c i t a t i o n  f u n c t io n  be ing  

c o r r e c t e d .  T h e  v a r i a t i o n  in .the c a s c a d i n g  c o r r e c t i o n  w a s  not so 

p r o m i n e n t  f o r  the  t r i p l e t  functions  due to  the s i m i l a r i t y  am o n g  

t r i p l e t  a p p a r e n t  e x c i t a t i o n  fu n c t io n s .  T h e  m a x i m u m  c a s c a d e  

c o n t r ib u t io n  to the  3^S l e v e l  was 15% a n d  o c c u r r e d  a t  a n  e l e c t r o n  

e n e r g y  of 300 eV, C a s c a d e  c o r r e c t i o n s  of a  s i m i l a r  p e r c e n t a g e  w e r e  

o b ta in e d  f o r  the  h i g h e r  l ev e l s .  T h e  3 ^ P  l e v e l  s u s t a i n e d  a  14% 

c o r r e c t i o n  a t  35 eV  and  a  4% c o r r e c t i o n  a t  100 eV.  T h e  4 ^ P  level, 

r e c e i v e d  s o m e w h a t  s m a l l e r  p e r c e n ta g e  c o r r e c t i o n s  and  d i s t i n c t ly  l e s s  

a b so lu t e  c o r r e c t i o n s .  T he   ̂D f u n c t io n s  s u f f e r e d  m a x i m u m  c o r r e c t i o n  

a t  450 eV; t h e f  w e r e  i n  the  range  o f  5 to  8%,

Th e  c a s c a d e  c o r r e c t i o n s  s u s t a i n e d  by  t r i p l e t  f u n c t io n s  w e r e  

n e a r l y  c o n s t a n t  a s  a  fu n c t io n  of vo l tag e .  The  3^S, 4 ^ 8 ,  and  5^S 

fun c t io n s  of Q* w e r e  20 to  30% due to c a s c a d e .  T h e  Q '  c u r v e  of 3^P 

was  30% due to  c a s c a d e .  The c a s c a d e  c o r r e c t i o n  f o r  the  fu n c t io n s
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v a r i e d  f r o m  10 to 19%.

F o r t u n a t e l y ,  the  e r r o r s  w h ic h  m i g h t  be i n t r o d u c e d  by the  

e x t r a p o l a t i o n  p r o c e s s e s  n e c e s s a r i l y  a r e  s m a l l  s i n c e  th e  c a sc ad in g  

f r o m  h igh  s t a t e s  i s  s m a l l .  T h a t  p a r t  of the p o p u la t io n  of a s t a t e  

c o m in g  f r o m  l e v e l s  i n v o lv e d  in  the  e x t r a p o l a t i o n  p r o c e s s e s  w a s  7% 

f o r  the  3^S s t a t e .  The  a m o u n t s  f a l l in g  to o t h e r  low l e v e l  s t a t e s  by 

th i s  p r o c e s s  w e r e  as  fo l lo w s :  3 ^ P ,  1%; 3^D, 4 % ;  3^S, 3%; 3 ^ P ,  4% ; 

3^D, 1%, M e a s u r e m e n t s  o f  the  ^ P  f a m i ly  w e r e  l i m i t e d  to n = 3, The  

fa l l .o f f  of c r o s s  s e c t io n  w i th  n w a s  d e t e r m i n e d  f r o m  the  p a p e r  of 

G a b r i e l  and H e d d le  w h ic h  s u p p l i e d  c r o s s  s e c t i o n  d a t a  f o r  the 3 ,  4 ,  and 

5 s t a t e s .

T h e r e  a r e  a d d i t io n a l  u n c e r t a i n t i e s  a s s o c i a t e d  w i th  the c a s c a d i n g  

f r o m  th e  F  s t a t e s .  T h e s e  w e r e  a p p r o x i m a t e d  by  u s i n g  the  c a l c u l a t e d  

v a lu e s  of Q (4^F )  and Q (4^F )^^  w i th  an  n"^  d e p e n d e n c e  f o r  h ig h e r  F  

s t a t e s .  The  c a s c a d in g  f r o m  the  G to F  s t a t e s  w a s  n e g lec te d  s in c e  the 

p o p u la t i o n s 'o f  the  G s t a t e s  a r e  e x p e c t e d  to be v e r y  s m a l l  on a cc o u n t  

of the  r a p i d  d e c r e a s e  of d i r e c t  e x c i t a t i o n  c r o s s  s e c t i o n  with i n c r e a s i n g  

v a l u e s  of L ,  U nder  t h e s e  a s s u m p t i o n s  we h av e  c a l c u l a t e d  N(nF) and  

found  tha t  the  F  to  D c a s c a d i n g  c o n t r i b u t e s  l e s s  t h a n  1% of ' the  to t a l  

p o pu la t ions  of the  ^D a n d  s t a t e s .  T h i s  r e s u l t  r e m a i n s  e s s e n t i a l l y  

the  s a m e  w h e n  the  s ing l e t - t r i p l e t  m ix in g  of th e  F  s t a t e s  i s  t a k e n  in to  

c o n s i d e r a t i o n ,  ^

The  e x c i t a t i o n  fu n c t io n  o b ta in e d  a t  4 0 2 5 -6 A  r e p r e s e n t s  the  s u m  

of two l ine fu n c t io n s .  T h e s e  a r e  4026A (5^D to  2 ^ P )  a n d  4025A (7^S to 

2 ^ P ) .  One c a n  ob ta in  a n  e x c e l l e n t  a p p r o x i m a t i o n  to  the  e x c i t a t io n  

fu n c t io n  of th e  7^S l e v e l  by  e x t r a p o l a t i o n  f r o m  the  3,  4 ,  5, a n d  6
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le v e l s  of t h a t  f a m i l y .  A pp l ica t io n  of the  a p p r o p r i a t e  b r a n c h in g  r a t i o  

y ie lds  the  fu n c t io n  of the  4025A l ine ,  w i th  a  m a x i m u m  va lue  of 

1, 1 X 10"^®cm ^,  T h i s  w h en  s u b t r a c t e d  f r o m  the  fun c t io n  r e p r e s e n t i n g  

the  s u m  of the  two e x c i t a t i o n  p r o c e s s e s ,  y i e ld s  the  4026A fun c t io n  

w h ich  in  t u r n  y ie ld s  the  5^D a p p a r e n t  e x c i t a t i o n  func t ion .

T a b le  III l i s t s  the  m a x i m u m  v a l u e s  of Q"( i ) ,  Q ’(i)> Q(j)  f o r  

e a c h  s t a t e  e x a m i n e d  t o g e t h e r  w i th  the  e l e c t r o n  e n e r g y  c o r r e s p o n d i n g  

to  the  p e a k  v a l u e s .  T a b l e s  IV t h r o u g h  XXI l i s t  Q"( j ) ,  Q'O)» c a s c a d in g  

c o n t r i b u t i o n s ,  and  Q(j) f o r  v a r i o u s  e l e c t r o n  e n e r g i e s  f o r  t h e s e  s t a t e s .  

F i g u r e s  9 th r o u g h  26 show the  e l e c t r o n  e x c i t a t i o n  fu n c t io n s  Q ' ( j )  and  

Q(i) f o r  t h e s e  s t a t e s .
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TABLE HI

L e v e l

P E A K  A P P A R E N T  AND A C T U A L  CROSS 
SECTIONS AND E L E C T R O N  EN ERG IES

E l e c t r o n Q
(10 cm ^)

3^S 40 49 49 49

4^S 43 <i4 24 23 .7

5^S 45 9 .2 9 . 2 8 . 8

6^S 45 4 . 8 4 . 8 4 . 4

3 ^ P 100 350 337 322

4 ^ P 100 159 156 152

3^D 46 42 36 35

, 4^D 53 17.6 15.1 14.9

5 ‘d 53 9 . 0 7 . 9 7 . 8

6^D 53 4 . 7 4 . 2 4 . 1  ,
3

, 3 S 35 107 107 89

4^S 35 35 35 26

1 5^S 35 12,3 12.3 9 . 5  ,
3

3 P 37 97 94 67
3

, 3 D 35 31 3d 25

4 ^ 0 35 12.0 11 .4 9 . 2

5^D 38 6 .2 5 .9 5.  1

6^D 35 3 .9 3 . 7 3 .1
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TABLE IV

3^S EXCITATION FUNCTION DATA

E lectron
( l O ' ^ ^ c m ^ )  (10~^^cm ^)

C a s c a d e
- 2 0 ,

30 16.64 16.64 1 .09 15.55

35 4 4 .3 8 4 4 .3 8 1.46 42 .92

40 49 .0 0 4 9 .0 0 1.76 4 7 .2 4

50 4 4 .3 8 4 4 .3 8 2 . 4 8 41 .90

60 4 0 .6 8 4 0 .6 8 2 . 9 6 37 .72

80 35 .32 3 5 .3 2 3 .4 8 31 .8 4

100 3 1 .9 0 3 1 .9 0 3 . 6 4 28 .2 6

150 2 5 .8 9 2 5 .8 9 3 .4 6 22 .4 3

200 2 1 .7 3 2 1 .7 3 3 .1 9 18.54

250 19.42 19.42 2 . 9 0 16.52

300 17 .94 17 .94 2 . 6 7 15.27

350 16.64 16 .64 2 .4 2 14.22

400 15.72 15.72 2 .2 3 13.49

450 14.79 14.79 2 .1 0 12.69

Q(j)
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E lectro n

TABLE V

4^S EXCITATION FUNCTION DATA

Q"(j) . Q'ij) Cascade
( lO '^ Q çm ^ )  ( l O ^ ^ c m ^ )  (1 0 "^ °cm ^ )

30 8 .2 0 8 . 2 0 0 .2 7 7 .9 3

35 19.89 19.89 0 .3 6 19 .53

40 2 3 .3 7 2 3 .3 7 0 .4 3 2 2 . 9 4

43 2 4 .2 0 2 4 .2 0 0 .4 8 2 3 .7 2

45 2 2 .7 6 2 2 . 7 6 0 . 5 4 2 2 .2 2

50 2 1 .7 3 2 1 .7 3 0 .6 1 2 1 .1 2

60 19.68 19 .68 0 . 7 3 18 .95

80 17.22 17.22 0 . 8 6 1 6 .3 6

100 15 .58 15 .58 0 . 8 9 1 4 .69

150 12.30 12.30 0 . 8 5 1 1 .4 5

200 10 .25 10 .25 0 . 7 8 9 . 4 7

250 9 .0 2 9 .0 2 0 .7 1 8 .3 1

300 8 .2 0 8 . 2 0 0 . 6 5 7_. 55

350 7 .3 8 7 .3 8 0 . 5 9 6 .7 9

400 6 .5 6 6. 56 0 , 5 5 6 .0 1

450 3 .8 6 5 .8 6 0 . 5 2 5 .3 4
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TABLE VI

5̂ -S EXCITATION FUNCTION DATA

1

le
P(j)

30 3. 19 3 .1 9 0 . 2 1 2 . 9 8

35 6 .5 3 6 .5 3 0 . 2 8 6 .2 5

40 8 .2 8 8 . 2 8 0 . 3 4 7 . 9 4

45 9 . 2 4 9 . 2 4 0 . 4 2 8 .8 2

50 8 .7 6 8 . 7 6 0 . 4 8 8 .2 8

60 7 .9 3 7 .9 3 0 . 5 7 7 .3 6

80 7 .0 1 7 .0 1 0 . 6 7 6 . 3 4

100 6 .3 7 6 .3 7 0 . 7 1 5 .6 6

150 5. 15 5 .1 5 0 . 6 7 4 . 4 8

200 4 . 3 0 4 . 3 0 0 . 6 2 3 .6 8

250 3 .6 6 3 .6 6 0 . 5 6 3. 10

300 3. 19 3 .1 9 0 . 5 2 2 .6 7

350 2 . 7 4 2 . 7 4 0 . 4 7 2 .2 7

400 2 . 3 9 2 . 3 9 0 . 4 3 1 .96

1 450 2 . 0 7 2 . 0 7 0 .4 1 1.66
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TABLE VII

6 Is  EXCITATION FUNCTION DATA

E l e c t r o n  
E n e r g y  (eV)

C as c a d e
(10”^ ° c m ^ )

30 1 .65 1.65 0. 17 1 .48

35 3 .2 2 3 .2 2 0 .2 3 2 .9 9

40 4 . 4 6 4 . 4 6 0 .2 8 4.  18

45 4 . 7 9 4 . 7 9 0 .3 5 4 . 4 4

50 4 . 5 4 4 . 5 4 0 .3 9 4 .  15

60 . . . 4 .  13 0 .4 7 3 .6 6

80 3 . 5 5 3 . 5 5 0 .5 5 3 .0 0

100 3. 14 3 . 1 4 0 .5 8 2 . 5 6
!

150 2 . 4 8 2 . 4 8 0 .5 5 1 .93

200 2 . 0 6 2 . 0 6 0.51 1 .5 5

250 1.82 1 .82 0 .4 6 1.36

300 1 .57 1 .57 0 .4 2 1 .15

350 1 .40 1 .40 0 .3 8 1.02

400 1 .2 4 1 .2 4 0 .3 5 0 .8 9

450 1 .07 1 .07 0 .3 3 0 . 7 4
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E lectro n

T A B L E  VIII 

3^P  EX C IT A T IO N  F U N C T IO N  DATA 

Q"(j) Q '( j)  C a s c a d e  C a s c a d e  Q(j)
r \ “ 2 0 ^ » ^ 2 \  / 1 n " 2 0 ^ ^ 2 \  /  / i n “ 2 0 / ~ r

30 105.6 101 .2 4 . 7 5 5 . 1 4 9 1 .3

35 143.7 134 .8 11.52 7 . 2 4 116. 1

40 182.0 168 .6 13 .54 7 .9 3 147.1

45 217. 1 2 0 1 . 4 13 .19 8 . 3 5 179.9

50 2 4 6 .4 2 2 9 .2 12 .59  ! 8 . 3 8 2 0 8 .2

60 2 9 3 .3 2 7 4 .0 11.41 7 . 4 5 255. 1

80 34 0 .3 3 2 1 .9 9 .9 8 6. 12 3 0 5 .8

100 352 .0 3 3 6 .5 9 .0 3 5 .2 0 3 2 2 .3

120 346. 1 3 3 2 .3 8 . 18 4 . 4 3 3 1 9 .7

150 32 8 .5 3 1 9 .7 7 .1 3 3 . 7 3 3 0 8 .8

200 2 9 9 .2 2 9 5 .3 5 . 9 4 2 . 8 0 2 8 6 .6

250 2 6 9 .9 2 6 8 .5 5 .2 3 2 . 4 0 2 6 0 .9

300 2 4 6 .4 2 4 6 . 4 4 . 7 5 1.99 2 3 9 .7

350 2 2 2 .9 2 2 3 .6 4 .2 8 1 .79 2 1 7 .5

400 2 0 5 .3 2 0 6 .2 3 . 8 0 1 .66 2 0 0 .7

450 193.6 194 .6 3 .4 0 1.52 189 .7
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T A BL E  IX

L4^P EXCITATION FUNCTION- DATA

J ’(j) Q '( i)  C a s c a d e  Ca
E n e r g y  (eV) ( 10~^^cm^) ( ( 10~^^cm^) ( 10~^^cm^)  ( 10~^^cm^)

30 3 2 .9 3 2 . 8 1.01 1 .26 3 0 .5

35 5 6 ,3 5 4 .2 2 .4 5 1 .77 50 .0

40 7 4 .0 71. 1 2 .8 8 1 .9 4 6 6 .2

45 9 0 .0 8 6 . 4 2 .8 0 2 . 0 4 8 1 .6

50 1 0 1 .4 9 7 . 4 2 .6 8 2 . 0 5 9 2 .6

60 120 .6 116 .2 2 .4 2 1.82 111.9

80 145 .3 141 .2 2. 12 1 .50 137 .6

90 156.3 1 52 .5 2 .0 2 1 .38 149. 1

100 159 .0 1 55 .7 1.92 1 .27 152.5

105 159 .0 156 .0 1 .87 1.22 152 .9

120 156. 1 1 53 .8 1 .74 1 .08 150 .9

150 150 .8 1 4 9 .4 1.52 0 .9 1 147.0

200 1 3 8 .4 138 .3 1.26 0 .6 9 1 3 6 .4

250 126. 1 126 .6 1.11 0 .5 9 124.9

300 115. 1 115 .8 1.01 0 .4 9 114.3

350 104.2 104 .9 0 .9 1 0 . 4 4 103 .6

400 9 6 .0 9 6 .7 0 .8 1 0 .4 1 9 5 .5

450 9 0 .5 9 1 .2 0 .7 2 0 .3 7 9 0 .1
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TABLE X

3^D EXCITATION FUNCTION DATA

E lectron 1 P  C a s c a d e  ^F C a s c a d e
. - 2 0 . .-2 0 , P.

30 2 4 .7 1 2 1 .9 9 0 . 2 7 0 .0 2 8 21. 69

40 3 9 . 5 4 3 3 .9 3 0 . 4 4 0 .0 7 7 33. 41

46 4 1 .7 0 3 6 .0 3 0 . 5 5 0 .0 8 6 35. 39

50 4 1 .0 8 3 5 .8 6 0 .6 1 0 .0 8 8 35. 16

60 3 6 .0 8 3 1 .8 6 0 .7 3 0 .0 8 6 31.04

j 70 3 2 .1 2 2 8 .6 8 0 .8 1 0 .0 8 2 27. 79j
i

100 2 4 .0 9 2 2 . 2 4 0 .9 0 0 .0 6 8 21.27
1

150 16 .68 15 .96 0 . 8 6 0 . 0 4 5 15. 05

200 12 .36 11.99 0 .7 9 0 . 0 3 4 11. 17

250 10 .50 10 .26 0 .7 2 0 .0 2 9 9 .5 1

300 8 .6 5 8 .5 2 0 .6 6 0 .0 2 5 7 .8 3

350 7 .7 2 7 .6 7 0 .6 0 0 .0 2 3 7 .0 5

400 7 .1 0 7 .1 0 0 . 5 5 0 .0 2 1 6 .5 3

450 6 . 4 9 6 .4 9 0 .5 2 0 .0 2 1 5 .9 5
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TABLE XI

4^D EXCITATION FUNCTION DATA

E l e c t r o n  
E n e r g y  (eV)

Q"(j)  ,
(10"20cm^)

C a s c a d e
(10-20cmZ)

C asc ad e  Qfj) 
(1 0 "^ °c m ^ )  (10"2^cm 2)

30 1 .84 1 .5 4 0 .0 8 0 0 .0 1 7 1 .44

35 11.32 9 .4 0 0 .1 0 7 0 .0 4 0 9 .2 5

40 15.30 12 .74 0. 129 0 .0 4 6 12.56

45 16.68 14 .06 0 .1 5 9 0 .0 5 2 13.85

50 17 .44 14 .88 0 .1 8 1 0 .0 5 3 14. 65

S3 17.60 15. 12 0.  185 0 .0 5 4 14.88

60 17.29 15.01 0 .2 1 7 0 .0 5 2 14. 74

80 15.61 13 .85 0 .2 5 4 0 .0 4 7 13.55

100 13. 16 11 .88 0 .2 6 6 0 .0 4 1 11.57

150 8 .4 2 7 .8 6 0 .2 5 3 0 .0 2 7 7. 58

200 6. 12 5 .8 6 0 .2 3 3 0 .0 2 0 5 .6 1

250 4 .9 0 4 . 7 7 0 .2 1 2 0 .0 1 8 4 .  54

300 4 .2 8 4 . 2 1 0.  195 0 .0 1 5 4 . 0 0

350 3 .9 8 3 .9 3 0. 177 0 .0 1 4 3 . 7 4

400 3 .6 7 3 . 6 4 0.163 0 .0 1 3 3 .4 6

450 3 .37 3 . 3 4 0 .1 5 4 0 .0 1 2 3.  17
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T A B L E  XII

5^D EX CIT A TIO N  F U N C TIO N  DATA

L

30 0 . 9 4 0 . 8 2 0 . 0 5 4 0.012, 0 .7 5

35 5 .7 9 4 . 9 9  . 0 .0 7 2 0 .028 4 .8 9

40 7 .8 3 6 . 7 9 0 .0 8 7 0.033 6 .6 7

45 8 .5 3 7 .4 2 0 .1 0 7 0 .036 7 .2 8

50 8 .9 2 7 .8 1 0 .  122 0 .037 7 .6 5

53 9 .0 0 7 .9 1 0 .1 2 5 0 .037 7 .7 5

60 8 .8 4 7 . 8 4 0 .1 4 6 0 .036 7 .6 6

80 7 .9 0 7 . 2 4 0 .  171 0 .033 7 .0 4

100 6 .7 3 6 .2 1 0 .1 7 9 0 .028 6 .0 0

150 4 . 3 0 4 . 0 9 0 .  170 0 .019 3 .9 0

200 3.  13 3 .0 0 0 .  157 0 .0 1 4 2 .8 3

250 2 .5 0 2 . 4 4 0 .1 4 3 0 .012 2 .2 8

300 2 .  19 2 .  15 0 .  131 0 .010 2 .0 1

350 2 .0 3 2 .0 0 0 .1 1 9 0 .010 1.87

400 1 .88 1 .8 5 0.  110 0 .0 0 9 1.73

450 1 .72 1 .69 0.  103 0 .008 1.58
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T A B L E  XIII 

6^D EXCITATION FU N C T IO N  DATA 

Q"(i)  Q ' (j )  C a s c a d e  C a s c a d e  Q(j)

1,

30 0 .4 9 0 .4 3 0 .0 1 6 0 .0 0 2 0 .41

35 3 . 0 4 2 .6 2 0 .0 2 1 0 .0 0 2 2 .6 0

40 4 .  10 3 .5 5 0 .0 2 5 0 .0 0 2 3 .5 2

45 4 . 4 7 3 .8 9 0 .031 0 .0 0 2 3 .8 6

50 4 . 6 8 4 .  10 0 .0 3 5 0 .0 0 2 4 .0 6

53 4 .7 2 4 . 1 5 0 .0 3 6 0 . 0 0 2 4 .1 1

60 4 . 6 6 4 .1 2 0 .0 4 2 0 . 0 0 2 4 .0 8

80 4 .  19 3 .8 0 0 .0 5 0 0 .0 0 2 3 .7 5

100 3 .5 3 3 .2 6 0 .0 5 2 0 .0 0 2 3 .21

150 2 .2 6 2 . 15 0 .0 4 9 0 .0 0 2 2. 10

200 1 .64 1 .57 0 .0 4 6 0 .0 0 2 1.52

250 1.31 1 .28 0 .041 0 .0 0 2 1 .24

300 1. 15 1 . 13 0 .0 3 8 0 .0 0 2 1.09

350 1 .07 1 .05 0 .0 3 5 0 .0 0 2 J . O l

400 0 .9 9 0 . 9 7 0 .0 3 2 0 .0 0 2 0 . 9 4

450 0 .9 0 0 . 8 9 0 .0 3 0 0 .0 0 2 0 .8 6
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TA BLE XIV

3 S EXCITATION FUNCTION DATA

E lec tro n
j l O - % , a »  a.' c m

C a s c a d e
/ 1 r ,“ 2 0 _____ 2 .

25 16.05 16.05 2 .9 9 13 .06

30 6 9 .5 5 6 9 .5 5 12 .83 56. 72

35 107.0 107 .0 18 .98 8 8 .9 2

40 87 .38 8 7 .3 8 18 .8 4 68.  54

45 67 .77 6 7 .7 7 16 .81 50. 96

50 55 .28 5 5 .2 8 1 4 .6 4 40.  64

60 32. 10 32. 10 1 0 .56 2 1 . 5 4

70 23.  18 23 .  18 7 .1 1 16.07

80 16.90 16.90 5 .0 1 11 .89

90 13.37 13.37 4 . 0 6 9 .31

100 11.06 11 .06 3 .4 3 7 .63

150 6 .6 0 6 .6 0 1 .60 5 .00

200 5 .3 5 5 .3 5 1.21 4. 14

250 4 .9 9 4 . 9 9 1 .06 3 .9 3

300 4 .8 1 4 .8 1 1.01 3 .8 0

350 4 . 6 4 4 . 6 4 0 . 9 5 3 .6 9

400 4 .4 6 4 . 4 6 0 .8 7 3 .5 9

450 4 .2 8 4 . 2 8 0 .8 1 3 .4 7
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TABLE XV

E lectron

4 S EXCITATION FUNCTION DATA

3i

c m
P  C ascad e  -20. ( l O - A ç L z

25 5 .2 2 5 .22 1.35 3 .8 7

30 2 2 .6 2 22 .6 2 5 . 7 7 16.85

35 3 4 .8 0 34 .80 8 .5 4 2 6 .2 6

40 2 8 .4 2 2 8 .4 2 8 .4 8 19 .94

45 2 2 . 0 4 2 2 .0 4 7 .5 6 14.48

50 17 .98 17.98 6 .5 9 11.39

60 1 0 .4 4 10 .44 4 .7 5 5.69

70 7 . 5 4 7 .5 4 3 .2 0 4 .3 4

80 5. 50 5 .50 2 .2 5 3 .25

90 4. 35 4 .3 5 1.83 2 .52

100 3 .6 0 3 .6 0 1.54 2 .0 6

150 2. 15 2. 15 0 .7 2 1.43

200 1 .7 4 1.74 0 .5 5 1.19

250 1 .62 1.62 0 .4 8 1.14

300 1.57 1.57 0 .4 5 1.12

350 1.51 1.51 0 .4 3 1.08

400 1 .45 1.45 0 .3 9 1.06

450 1 .39 1.39 0 .3 6 1.03
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TABLE XVI

5^S EXCITATION FUNCTION DATA

E lec tro n Q"(J) C a s c a d e
n n ~ 2 0 ^ ^ 2 \

25 1.85 1.85 0 .4 5 1.40

30 8 .0 0 8 .0 0 1.91 6 .0 9

35 12.3 12.3 2 .8 3 9 .4 7

40 10 .05 10 .05 2 .8 1 7 .2 4

45 7 .7 9 7 .7 9 2 .5 0 5 .2 9

50 6 .3 6 6 .3 6 2. 18 4. 18

60 3 .6 9 3 .6 9 1.57 2. 12

70 2 .6 7 2 .6 7 1 .06 1.61

80 1.85 1.85 0 . 7 5 1. 10

90 1 .54 1 .54 0 .6 0 0 .9 4

100 1.27 1.27 0 .5 1 0 .7 6

150 0 .7 6 0 .7 6 0 . 2 4 0 .5 2

200 0 .6 2 0 .6 2 0 . 1 8 0 . 4 4

250 0 .5 7 0 .5 7 0 . 16 0 .4 1

300 0 .5 5 0 .5 5 0. 15 0 .4 0

350 0 .5 3 0 .5 3 0 . 1 4 0 .3 9

400 0 .5 1 0 .5 1 0 . 1 3 0 .3 8

450 0 .4 9 0 .4 9 0 .1 2 0 .3 8

Ml
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TABLE XVII

E lectron

3 P  E X C IT A T IO N  F U N C T IO N  DATA 

Q"Ü) Q'UJ ^D C a s c a d e  C a s c a d e  Q(j)
n f ) “ 2 0 - ^ 2 .  / i r ) - 2 0 „ ^ 2 \  (\Ç)-20^,E n e r g y  (eV) ( 10~ c m  ) ( 10 c m  ) (1 0 ~ ^ ^ cm  ) ( l O ^ ^ c m ^ )  ( 10~20cm )

25 14.52 14.36 0 . 9 6 3 .3 0 10. 10

30 62 .9 2 61 .6 6 4. 12 14.30 4 3 . 2 4

35 9 3 .9 0 91. 18 6. 30 22 .0 1 6 2 .8 7

37 9 6 .8 0 93 .7 0 5 . 9 4 2 0 .5 4 6 7 .2 2

40 9 3 .9 0 9 0 .5 2 5 .3 9 17.98 67. 15

45 8 4 .2 2 8 0 .7 7 4 . 6 2 13 .94 62. 19

50 7 3 .5 7 7 0 .3 3 3 .8 1 11.37 55. 15

60 5 3 . 2 4 5 0 .7 4 2 .4 9 6 .60 4 1 .6 5

70 3 5 .8 2 34. 14 1.80 4 .7 7 2 7 .5 7

80 25. 17 2 4 .0 6 1.46 3 .3 0 19.30

90 2 0 .3 3 19.50 1. 15 2 .7 5 15.60

100 17. 13 16.48 0 . 9 5 2 .2 7 13 .26

150 7 . 8 4 7 .6 6 . 0 .6 9 1.36 5 .61

200 5 .9 0 5 .8 3 0 .6 2 1. 10 4. 11

250 5 .1 3 5 .0 8 0 .  57 1.03 3 .4 8

300 4 . 8 4 4 . 8 4 0. 53 0 .9 9 3 .3 2

350 4 . 5 5 4 .5 6 0 .4 9 0 .9 5 3. 12

400 4 .  16 4. 17 0 .4 6 0 .9 2 2. 79

450 3 .8 7 3 .8 8 0 .4 3 0 .8 8 2. 57
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T A B L E  XVIII 

3^D E X C IT A T IO N  F U N C TIO N  DATA 

E l e c t r o n  Q"Q) Q'( j)  C a s c a d e  C a s c a d e  QH)
   M n “ 2 0 _ ^ 2 \  n n - 2 0 ^ r ^ 2 \  / i n ” 2 0 o r v , 2 \  / 1 n - 2 0 _ _ 2 \  n n ” 2 0 _ .

25 4 .7 1 4 .5 2 0 .0 0 0. 78 3 .7 4

30 2 0 .4 1 19 .57 0 .0 5 3. 33 16. 19

35 3 1 .4 0 3 0 .0 8 0. 10 4. 92 2 5 .0 6

40 2 6 .8 5 2 5 .7 5 0. 10 4 .8 9 2 0 .7 6

45 2 2 .9 2 2 2 .0 0 0. 10 4. 36 17. 54

50 18 .84 18.09 0 .0 9 3. 80 14.20

60 12.25 11.81 0 .0 8 2 .7 4 8 .9 9

70 8 .7 9 8 .5 3 0 .0 8 1. 84 6 .61

80 6 .9 0 6 . 7 4 0 .0 7 1. 30 5 .37

90 5 .56 5 . 4 4 0 .0 7 1 .05 4 .3 2

100 4.  55 4 . 4 7 0 .0 6 0 .8 9 3 .5 2

150 3 .3 0 3 .2 7 0 . 0 4 0 .4 1 2 .8 2

200 2 .9 5 2 . 9 4 0 .0 3 0 .3 1 2 .6 0

250 2 .7 3 2 .7 2 0 .0 3 0 .2 7 2 .4 2

300 2 .5 4 2 .5 3 0 .0 3 0 .2 6 2 .2 4

350 2 .3 2 2 .3 2 0 .0 3 0 . 2 5 2 .0 4

400 2. 17 2 . 1 7 0 .0 2 0 .2 2 1.93

450 2 . 0 4 2 . 0 4 0 .0 2 0 .2 1 1.81
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TABLE XIX

4 D EXCITATION FUNCTION DATA

E lectron Q"
n-2

F  C a s c a d e  P  C ascad e  Q(j)
/ / i n " 2 0 ^ _ 2 .

25 1.80 1 .74 0 .0 0 0 .3 4 1.40

30 7 .8 0 7 .4 9 0 .0 2 1.46 6 .0 1

35 12.00 11 .44 0 .0 4 2. 16 9 .2 4

40 10.26 9 .7 9 0 .0 4 2. 14 7 .6 1

45 8 .7 6 8 .3 9 0 .0 4 1.91 6 .4 4

50 7 .2 0 6 .9 2 0 .0 3 1 .67 5 .2 2

60 4 .6 8 4. 53 0 .0 3 1 .20 3 .3 0

70 3 .3 6 3 .2 7 0 .0 3 0 .8 1 2 .4 3

80 2 .7 0 2 .6 5 0 .0 2 0 .5 7 2 .0 6

90 2 .  12 2 .0 9 0 .0 2 0 .4 6 1.61

100 1 .7 4 1.72 0 .0 2 0 .3 9 1.31

150 1.26 1.25 0 .0 1 0. 18 1 .06

200 1.13 1..13 0 .0 1 0. 14 0 .9 8

250 1 .04 1 .04 0 .0 1 0. 12 0 .9 1

300 0 .9 7 0 .9 7 0 .0 1 0 .1 1 0 .8 5

350 0 .8 9 0 .8 9 0 .0 1 0 .1 1 0 .7 7

400 0 .8 3 0 .8 3 0 .0 1 0. 10 0 .7 2

450 0 .7 8 0 .7 8 0 .0 1 0 .0 9 0 .6 8
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TABLE XX

5^D EX CIT A TIO N  FU N C T IO N  DATA

3 ^  ^  . 3.E l e c t r o n  Q"(j) Q'(B F  C a s c a d e  P  C ascad e  Q(j)
E n e r g y  (eV) ( 10~^^cm ^) ( 10 cm ^) (10 ^^ cm ^ )  (10 ^^cm ^) (10 ^ ccm ^)

25 0 .8 1 0 .7 8 0 0 .  14 0 .6 4

30 3.98 3 .82 0 0 .5 9 3 .2 3

35 6 .0 8 5 .8 5 •0 0 .8 8 4 .9 7

38 6 .1 6 5 .9 4 0 0 .8 7 5 .0 7

40 5 .7 0 5 .50 0 0 .8 7 4 .6 3

45 4 .7 2 4 .5 7 0 0 .7 8 3 .7 9

50 4 .0 4 3.92 0 0 .6 8 3 .2 4

60 2 .8 0 2 .7 4 0 0 .4 9 2 .2 5

70 1 .89 1.86 0 0 .3 4 1. 52

80 1 .2 4 1.22 0 0 .2 4 1 .00

90 1 .0 5 1 .04 0 0. 19 0 .8 5

100 0 .9 2 0 .9 1 0 0 . 16 0 .7 5

150 0 .7 6 0 .7 6 0 0 .0 7 0 . 6 9

200 0 .7 1 0 .7 1 0 0 .0 6 0 .6 5

250 0 .6 7 0 .6 7 0 0 .0 5 0 .6 2

300 0 .6 0 0 .6 0 0 0 .0 5 0. 55

350 0 .5 4 0 .5 4 0 0 .0 4 0. 50

400 0 .4 7 0 .4 7 0 0 .0 4 0 .4 3

450 0 .4 0 0 .4 0 0 0 .0 4 0 .3 6
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TABLE XXI

6 “’d  e x c i t a t i o n  f u n c t i o n  d a t a

 ________ 3

3̂

Q'(j) ,n-20_rv^2\
F  C a sc a d e  ’’P  C a sc a d e  Q{j)
n n - 2 0 ^ _ 2 .  / , « - 2 0 „ _ 2 w i n - 2 C r  2\

25 0 .5 8 0 .5 7 0 0 .0 9 0 .4 8

30 2 .5 1 2 .4 1 0 0 .4 0 2 .01

35 3 .8 6 3 .7 1 0 0 .5 9 3. 12

40 3 .3 0 3 . 18 0 0 .5 9 2 .5 9

45 2. 82 2 .7 3 0 0 .5 2 2 .2 1

50 2 .3 2 2 .2 5 0 0 .4 6 1 .,79

60 1.51 1 .4 8 0 0 .3 3 1. 15

70 1.08 1 .06 0 0 .2 2 0 .8 4

80 0 .8 7 0 .8 6 0 0 . 16 0 .7 0

90 0 .6 8 0 .6 7 0 0 .  13 0 .5 4

100 0. 56 0 .5 6 0 0 .1 1 0 .4 5

150 0 .4 1 0 .4 1 0 0 .0 5 0 .3 6

200 0 .3 6 0 .3 6 0 0 .0 4 0 .3 2

250 0 .3 4 0 .3 4 0 0 .0 3 0 .3 1

300 0 .3 1 0 .3 1 0 0 .0 3 0 .2 8

350 0 .2 9 0 .2 9 0 0 .0 3 0 .2 6

400 0 .2 7 0 .2 7 0 0 .0 3 0 .2 4

450 0 .2 5 0 .2 5 0 0 .0 3 0 .2 2
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CHAPTER IV

TRANSFER OF EXCITATION

Since  the e x c i ta t io n  c r o s s  s e c t io n  of h e l iu m  i s  in d e p en d e n t  of 

p r e s s u r e  fo r  the  p r i m a r y  p r o c e s s  of d i r e c t  e x c i t a t io n ,  one w ould  

e x p e c t  th e  e x c i ta t io n  fu n c t io n s  to  be i d e n t i c a l  a t  a l l  p r e s s u r e s .  T h i s ,  

h o w e v e r ,  i s  not the  c a s e .  T he  n ^ P  e x c i t a t io n  fu n c t io n s  ch an g e  l i t t le  

i n  r e l a t i v e  sh ap e  b u t  do i n c r e a s e  in  m a g n i tu d e  w ith  i n c r e a s e d  p r e s s u r e .  

T h is  c a n  be s u c e s s fu l ly  a c c o u n te d  f o r  by  the  p r e v io u s ly  m e n t io n e d  

p r o c e s s  of im p r i s o n m e n t .  A p lq t  of Q (n^P ) v s  p r e s s u r e  sh o w s  v a r io u s  

re g io n s  of im p r i s o n m e n t ;  none , p a r t i a l  an d  c o m p le te .  See F ig s .  5 

and  6.

T he  n^D e x c i t a t io n  fu n c tio n s  a l s o  show  a ch an g e  w i th  i n c r e a s e d  

p r e s s u r e ,  bo th  in  m a g n i tu d e  and  s h a p e .  See  F ig .  27 . T h e  s i m i l a r i t y  

i n  sh ap e  of the s e c o n d a r y  p e a k  th a t  a p p e a r s  in  n^D  a t  s u f f ic ie n t ly  h ig h  

p r e s s u r e  and  the  n ^ P  e x c i ta t io n  fu n c t io n  le ad s  to  the  b e h e f  th a t  i t  

m ig h t  b e  due to  a t r a n s f e r  of e x c i ta t io n  f r o m  n ^ P  to  n^D  b y  a 

m e c h a n i s m  s i m i l a r  to  the  fo llow ing

H e ( l^ S )  + H e ( h lp )  ----- ^ He(n^D) + H e ( l^ S )

S om e in v e s t i g a to r s  h a v e  a s s u m e d  a  t r a n s f e r  of th is  ty p e ^ ?  e v en  

though th e  W ig n er  sp in  c o n s e r v a t io n  ru le^®  i s  v io la te d .  S t .  J o h n  and  

F o w le r ^  have p r o p o s e d  an  a l t e r n a t iv e  m e c h a n i s m .  N a m e ly ,  th a t  

t r a n s f e r  of e x c i ta t io n  o c c u r s  a t  h igh  n l e v e l s ,  w h e r e  L S  c o u p lin g ,  and  

th e r e f o r e  the  W ig n e r  s p in  r u l e ,  i s  no t so  s t r o n g ,  b y  the  fo llow ing  

p r o c e s s

H e ( l^ S )  + H e(n^P ) ----- > H e(nF ) + H e ( l^ S )

69
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F o r  h igh  n v a lu e s  the n ^ F  a n d  n ^ F  a r e  e x p e c te d  to  be m ix e d .  T h u s ,  

th e  n F  s t a t e s  c a n  c a s c a d e  to  b o th  th e  n^D and  n^D  s t a t e s .  The  l a t t e r  

p r o d u c e s  th e  o b s e r v e d  e x c i t a t io n  fu n c t io n s  fo r  n^D,

St, J o h n  and  F o w le r^  h a v e  show n  th a t  b y  th is  p r o c e s s  the 

p o p u la t io n  of the  t r i p l e t  F  s t a t e s ,  N (n ^ F ) ,  i s  g iv e n  by the e x p r e s s io n

[ Q '( n lp )  + Q '(n 3 F ) ] lN b /e S A (n ^ P )  + Q (n3F )l/Q teS c  
N (n^F) = --------------------------      5------------------------

1 + b A (n 3 F ) /A (n ^ P )  + A(n^F)/NQ(.c

w h e r e  the  sy m b o ls  h ave  the s a m e  m e a n in g  as u s e d  b e fo re  i n  th is  

d i s s e r t a t i o n  w ith  the  ad d i t io n  of b , th e  r a t i o  of th e  s t a t i s t i c a l  w eigh ts  

of th e  n ^ F  and  n ^ P  s t a t e s ;  Q t,  the  c r o s s  s e c t io n  f o r  t r a n s f e r  of 

e x c i ta t io n ;  and  c ,  the m e a n  r e l a t i v e  s p e e d  of th e  h e l iu m  a to m s .

T h e n  Qj. w a s  c a lc u la te d  b y  the  s u b t r a c t io n  of the pop u la t io n  r a t e  

due to  d i r e c t  e x c i ta t io n ,  a v a i la b le  f r o m  low p r e s s u r e  d a ta ,  and  the 

p o p u la t io n  r a t e  due to  c a s c a d in g  f r o m  the  n ^ P  le v e ls  f r o m  the  o b s e r v e d  

n^D  p o p u la t io n  r a t e  a t  h igh  p r e s s u r e  and  a  g iv e n  e le c t r o n  e n e rg y .

T h i s  d i f f e r e n c e  m u s t  be  the p o p u la t io n  r a t e  due  to  c a s c a d in g  f r o m  the  

n ^ F  l e v e l s .  F o r  e x a m p le ,  c o n s id e r

N (3 3 D )A (3 ^ D )-Q (3 ^ D )N l /e S -^ ^ N (n ^ P )A (n 3 p — 3^D )= f ^ N ( n ^ F ) A ( n ^ F — 3^D) 

T h e  le ft  h a n d  s id e  of the  above  e q u a tio n  c o n s i s t s  of e x p e r im e n ta l ly  

d e te r m in a b le  q u a n t i t i e s .  T r i a l  v a lu e s  of Q̂ . a r e  th en  u s e d  to  d e te r m in e  

th e  r ig h t  h a n d  s id e .  T he  v a lu e  of w h ich  b e s t  s a t i s f i e s  th e  e q u a tio n  

i s  fo u n d  b y  a s im p le  b u t  te d io u s  t r i a l  and  e r r o r  m e th o d .

T he  w o rk  of St, Jo h n  a n d  F o w le r  w as  done only f o r  one e l e c t r o n  

e n e r g y ,  100 eV , In o r d e r  to  m o r e  fu l ly  t e s t  th e  th e o ry  i t  w as  d e s i r e d  

to  d e te r m in e  Qj. by  th e  above  m e th o d  f o r  s e v e r a l  e l e c t r o n  e n e r g ie s  

o v e r  the r a n g e  o f the e x c i t a t io n  fu n c t io n .  T a b le  XXII g iv e s  the v a lu e s
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f o r  v a r io u s  e l e c t r o n  e n e r g i e s  of d i r e c t  e x c i ta t io n  r a t e ,  c a sc ad in g  r a t e  

from . n ^ P  s t a t e s ,  c a s c a d in g  r a t e  f r o m  n ^ F  s t a t e s  in c lud ing  t r a n s f e r ,  

to ta l  e x c i ta t io n  r a t e  and  e x p e r im e n ta l ly  o b s e r v e d  to ta l  e x c i ta t io n  r a t e .  

A ll  q u a n t i t ie s  h av e  b e e n  d iv id e d  by  c o l l i s io n  c h a m b e r  c u r r e n t  and 

p r e s s u r e  in  o r d e r  to be ab le  to c o m p a r e  r e s u l t s 'w h ic h  a r e  in d ep en d en t 

of th e s e  q u a n t i t i e s ,

A g r a p h ic a l  c o m p a r i s o n  of e x p e r im e n t a l  and  th e o r e t ic a l  

e x c i ta t io n  r a t e s  i s  show n in  F ig ,  28, A g re e m e n t  i s  e x c e l le n t  in  v iew  

of the  f a c t  th a t  c o n s id e r a b le  e x t r a p o la t io n  w as  in v o lv ed . M ost 

q u e s t io n a b le  i s  the  va lue  of Q (n ^F )  th a t  w as  e x t r a p o la te d  as  in d ic a te d  

p re v io u s ly .

The a s s u m p t io n  of (n^P ) to  (nF) t r a n s f e r  th u s  s u c c e s s fu l ly  

e x p la in s  the 3^D e x c i t a t io n  fu n c t io n  a t  h igh  p r e s s u r e .  In the s a m e  

fa s h io n  the sh if t  of the p e ak  of the  n^D  e x c i t a t io n  func tions  a t  h igh  

p r e s s u r e  to w a rd  h ig h e r  e n e r g i e s  m a y  be  a cc o u n te d  fo r .

T he  f a c t  th a t  the h igh  e n e r g y  (100 eV to 400 eV) r e g io n  of the 

n^D  a p p a re n t  e x c i t a t io n  fu n c t io n s  a t  low p r e s s u r e  i s  h ig h e r  r e la t iv e  

to  th e  p e a k  v a lu e s  th a n  in  th e  o th e r  t r i p l e t  e x c i ta t io n  fu n c tio n s  a s  

show n in  F ig ,  8 m ig h t  in d ic a te  so m e  t r a n s f e r  i s  s t i l l  o c c u r r in g .  

H o w ev e r ,  a  c a lc u la t io n  of t r a n s f e r  of e x c i ta t io n  to  3^D r e s u l t e d  in  a  

d e c r e a s e  of on ly  10% a t  450 eV w h e r e a s  a  d e c r e a s e  of 90% w as n e e d e d  

to  p ro d u c e  an  a p p a r e n t  e x c i t a t io n  fu n c t io n  of a  shape  s i m i l a r  to  the  

n^S and  n ^ P ,  T he  r e l a t i v e l y  h ig h  v a lu e s  a t  h ig h  e n e rg y  shou ld  no t 

t h e r e f o r e  be a t t r i b u t e d  to  t r a n s f e r  a lo n e .
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TABLE XXII

MEASURED AND CALCULATED 3 D POPULATION RATES

E le c t r o n  
E n e r g y  (eV)

C a lc u la te d  P o p u la t io n  Rate 
1 0 a to m s  

a m p  m m  se c

M e a s u re d  
P o p .  R a te  
10 a to m s

D ir e c t ^ P  C a s c a d e ■̂ F C a s c a d e T o ta l a m p  mm. s e c

30 5 0 .4 2 0 .3 104.0 174.7 2 4 2 .2

33 53 .6 2 1 .5 132 .4 2 0 7 .5 2 5 7 .9

40 4 2 .9 1 9 .0 164. 1 2 2 6 .0 2 5 3 .4

45 3 6 .5 1 6 .3 179.0 2 3 1 .8 2 5 1 .2

50 32 .7 13 .2 2 0 1 .9 2 4 7 .8 2 6 4 .6

60 2 5 .2 9 .4 2 2 5 .0 2 5 9 .6 2 8 9 .3

80 19.8 5 .6 2 5 5 .8 2 8 1 .2 2 9 6 .0

100 17.7 3 .8 2 6 4 .0 2 8 5 .5 305 .0

150 13.9 2 .5 2 4 2 .2 2 5 8 .6 2 8 2 .6

200 12.3 2 .0 2 2 0 .4 234. 7 2 5 3 .4

250 10.7 1 .6 198 .4 2 1 0 .7 2 3 1 .0

300 10.2 1 .5 179.0 190 .7 2 0 8 .6

350 9 .7 1 .3 171 .4 1 8 2 .4 ■ 188.4

400 9. 1 1.1 151.9 162. 1 174.9

450 8 .0 0 .9 138.3 147.2 166.0
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CHAPTER V

SECONDARY PE A K S IN C ER TA IN  EX C IT A T IO N  

FU N C T IO N S AT HIGH PRESSU RE

At p r e s s u r e s  in  e x c e s s  of 200 m i c r o n s ,  a s e c o n d a r y  p eak
a 1 O

a p p e a r s  in  the 3 P ,  4 S, and  4 S e x c i t a t io n  fu n c t io n s  a s  show n by 

F i g s .  29, 30, and  31, In v iew  of the s u c c e s s  of the  St. J o h n ,  F o w le r  

t r a n s f e r  th e o ry  in  e x p la in in g  s e c o n d a r y  peaks  in  the n^D  e x c i ta t io n  

fu n c t io n s  a t  h igh  p r e s s u r e ,  a t t e m p ts  w e re  m ad e  to  f in d  a  s i m i l a r  

t r a n s f e r  m e c h a n i s m  to a c c o u n t  f o r  th e s e  o th e r  s e c o n d a r y  p e ak s .

F i r s t ,  i t  w as  d e te r m in e d  th a t  c a s c a d in g  f r o m  n e ig h b o r in g  le v e ls ,  ev en  

c o n s id e r in g  the  change  in  the s h ap e  of th e i r  e x c i ta t io n  fu n c t io n s  a t  

h ig h  p r e s s u r e ,  cou ld  no t a c c o u n t  f o r  th e  s e c o n d a ry  p e a k  in  the 3^P  

e x c i t a t io n  fu n c tio n .  N ex t,  t r a n s f e r  of e x c i ta t io n  f r o m  to le v e ls  

and  to  ^S le v e ls  w a s  a s s u m e d  w ith o u t s u c c e s s .  In  o r d e r  to  a cco u n t 

f o r  s e c o n d a r y  p e ak s  of su f f ic ie n t  m a g n i tu d e ,  u n r e a s o n a b ly  h igh  v a lu e s  

of t r a n s f e r  c r o s s  s e c t io n  h a d  to  be a s s u m e d .  T he  a s s u m p t io n  of th e s e  

v a lu e s  r e s u l t e d  in  a p r i m a r y  p e a k  in  the  3^P  e x c i ta t io n  fu n c tio n  f a r  

l a r g e r  th a n  th a t  o b s e r v e d .  T h u s ,  t r a n s f e r  m e c h a n i s m s  do not s e e m  

to  e x p la in  the  s e c o n d a r y  p e a k s .

T he  f a c t  th a t  the  e n e r g y  of the  s e c o n d a ry  p e a k  i s  a p p ro x im a te ly  

tw ice  th a t  of the  p r i m a r y  p e a k  s u g g e s t s  the  p o s s ib i l i ty  of m u l t ip le  

c o l l i s io n s  of e l e c t r o n s  in  the  b e a m .  A s tudy  o l  th e  v a r i a t i o n  of 

Ip m (cc) f o r  l igh t f r o m  the  t r a n s i t i o n  f r o m  the 3 ^P  le v e l  w ith  I a t  

v a r io u s  e n e r g ie s  r e v e a l e d  no m a r k e d  n o n - l in e a r i ty .  T h e r e f o r e ,  i t  

c a n  be a s s u m e d  th a t  m u l t ip le  c o l l i s io n s  in  the 2. 9 m m  leng th  of the  

b e a m  th a t  i s  v iew ed  a r e  n e g l ig ib le .
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C o n s id e r a t io n  m u s t  be g iv en  to  the f a c t  th a t  the d is ta n c e  f r o m  

the  c a th o d e  to  the  v ie w ed  p o r t io n  of the b e a m  i s  12. 5 m m .  T h is  m ig h t  

a llow  h ig h  e n e r g y  e l e c t r o n s  to  u n d e rg o  in e l a s t i c  c o l l i s io n s  w ith  h e l iu m  

a to m s ,  th e r e b y  lo s in g  so m e  of th e i r  e n e r g y  p r i o r  to r e a c h in g  the  

v ie w ed  p o r t io n  of th e  b e a m .  T h ey  th en  w ould  h av e  a h ig h e r  p ro b a b i l i ty  

of u n d e rg o in g  s u b se q u e n t  i n e l a s t i c  c o l l i s io n s  in  the  v ie w ed  section, of 

the  c o l l i s io n  c h a m b e r  due to  t h e i r  hav ing  e n e r g ie s  c lo s e r  to those  

c o r r e s p o n d in g  to th e  m a x im u m  of the  e x c i ta t io n  fu n c tio n .  A t low 

p r e s s u r e s  th e  n u m b e r  of s u c h  e v e n ts  w ould  p ro b a b ly  be n e g l ig ib le .  

H o w e v e r ,  at h ig h e r  p r e s s u r e s ,  th is  m ig h t  b e c o m e  an a p p re c ia b le  

e f fe c t .

An a p p ro x im a te  to ta l  m a x im u m  a p p a r e n t  e x c i ta t io n  c r o s s  s e c t io n  

f o r  h e l iu m  c a n  be  e s t i m a t e d  in  the  fo llow ing  w ay . E s t im a te  the v a lu e  

of th e  a p p a r e n t  c r o s s  s e c t io n  f o r  e a c h  e n e r g y  le v e l  by a s s u m in g  th ey

d e c r e a s e  a s  l /n ^  an d  e x t r a p o la t e  f r o m  th e  m e a s u r e d  v a lu e s  hav ing  a

g iv en  o r b i t a l  q u a n tu m  n u m b e r  L , T h is  p r o c e d u r e  r e s u l t s  in  the 

fo llow ing  e s t i m a t e s  f o r  a  p r e s s u r e  of 2, 3 x  10“  ̂ m m  of m e r c u r y :

Q"(n^S) = 1, 4 X 10“ ^ ^ /n ^  cm ^

Q " ( n l p )  = 1 , 1  X I 0 " l ^ / n 3  c m ^

Q "(n^D ) = 1 ,2  X lO " ^ ^ /n ^  c m ^

Q'«(n^S) 5 1,*9 X 10“ ^ ’̂ /n.^ c m ^

Q ” (n^P) = 2, 5 X 10"^ ^ /n ^  c m ^

Q "(n^D ) = 7, 7 X l O '^ ^ / n ^  c m ^

In te g ra t in g  th e s e  q u a n t i t ie s  o v e r  a l l  a l lo w ed  v a lu e s  of n an d  su m m in g  

r e s u l t s  in  the  fo llow ing  a p p ro x im a t io n  f o r  the  t o ta l  a p p a r e n t  m a x im u m  

e x c i t a t io n  c r o s s  s e c t io n  fo r  h e l iu m
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Q " = 2 X 1 0 -^6  cm ^

One c an  th e n  define  a  m e a n  f r e e  p a th  b e tw een  i n e l a s t i c  c o l l i s io n s  

f o r  h e l iu m  by

X % 1 /N Q "

S in ce  N i s  o b ta in ed  f r o m  the  r e l a t io n

p = NkT

i t  fo l lo w s  th a t

X 5 k T /p Q "

S u b s t i tu t in g  the  p r o p e r  v a lu e s  one o b ta in s  fo r  a  p r e s s u r e  of 2. 3 x 10“  ̂

m m

X = 7 m m

In v iew  of the  c r u d e n e s s  of the a p p ro x im a t io n s  in v o lv ed , the 

m o s t  th a t  c an  be  s a id  i s  th a t  th e  m e a n  f r e e  p a th  i s  of the  sam e  o r d e r  

of m a g n i tu d e  as  the  d i s ta n c e  f r o m  the ca th o d e  to the  v ie w ed  p o r t io n  

of th e  b e a m .  It i s  c o n c e iv a b le  then  th a t  a t  th is  p r e s s u r e  an  a p p re c ia b le  

n u m b e r  of h igh  e n e r g y  e l e c t r o n s  w il l  u n d e rg o  an in e l a s t i c  c o l l i s io n  

w i th  a  h e l iu m  a to m  p r i o r  to r e a c h in g  the  v iew ed  p o r t io n  of the b e a m  

and  su b s e q u e n t ly  a n o th e r  c o l l i s io n  in  th a t  p o r t io n .  T h u s ,  a  f r a c t io n  

of th e  ligh t e x a m in e d  w ou ld  h a v e  b een  the r e s u l t  of e x c i t a t io n  c o l l i s io n s  

b e tw een  h e l iu m  a to m s  a n d  e le c t r o n s  w ith  a  s ig n i f ic a n t ly  low er e n e r g y  

th a n  the  a c c e l e r a t i n g  e n e r g y  of the e l e c t r o n  gun.

The f a c t  th a t  s o m e  a p p a r e n t  c r o s s  s e c t io n s  d e c r e a s e  w ith  an  

i n c r e a s e  in  p r e s s u r e ,  n o ta b ly  Q "(3 ^P )  a s  shown in  F ig ,  7, lends 

c r e d e n c e  to  the  above a n a ly s i s .  At s u f f ic ie n t ly  h ig h  p r e s s u r e s  an  

a p p r e c ia b le  n u m b e r  o f e l e c t r o n s  cou ld  be s c a t t e r e d  f r o m  the  b e a m  by 

e l a s t i c  and  in e la s t i c  c o l l i s io n s  r e s u l t in g  in  a  m e a s u r e d  v a lu e  of
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e le c t r o n  b e a m  c u r r e n t ,  I, th a t  i s  too  h ig h  and  a  v a lu e  of a p p a r e n t  

c r o s s  s e c t io n ,  Q " ,  th a t  i s  too  low. T h is  e f fe c t  w ou ld  be n o t ic e a b le  

only  in  e x c i ta t io n  fu n c t io n s  th a t  a r e  no t a f fe c te d  by  im p r i s o n m e n t  o r  

t r a n s f e r  w h ic h  a r e  e f fe c ts  of a  m u c h  g r e a t e r  m a g n i tu d e .

If the abo v e  a n a ly s i s  i s  c o r r e c t ,  one w ould  th e n  e x p e c t  th a t  

a t  s t i l l  h ig h e r  p r e s s u r e s  m o r e  p ro n o u n c e d  i n c r e a s e s  in  a p p a r e n t  

c r o s s  s e c t io n s  and  p o s s ib le  a d d i t io n a l  p e ak s  w ou ld  o c c u r  in  the 

ex c i ta t io n  fu n c t io n s  f o r  h igh  e l e c t r o n  e n e r g i e s .  E x c i ta t io n  func tions  

o b ta in e d  f o r  the  3^P  le v e l  a t  p r e s s u r e s  of .1 9 8  m m  and . 6 m m  a r e  

show n in  F i g ,  32. T hey  ex h ib i t  the  e x p e c te d  c h a r a c t e r i s t i c s .  T h e se  

e f fe c ts  m ig h t  t h e r e f o r e  r e a s o n a b ly  be a t t r ib u te d  to  d e p a r t u r e s  f r o m  

a m o n o e n e r g e t i c  e l e c t r o n  b e a m  a t  r e l a t i v e l y  h ig h  h e l iu m  p r e s s u r e s .
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CHAPTER VI

COM PARISON W ITH O T H E R  E X P E R IM E N T A L  WORK

T he  a p p a r e n t  e l e c t r o n  e x c i t a t io n  fu n c t io n s  of h e l iu m  have  b e e n  

m e a s u r e d  by  L e e s ^ ,  T h ie m e ^ ,  Yakhontova®, M c F a r la n d  and  S o l ty s ik ^ ,  

and  H ed d le  and  L u c a s .  Of th e s e  L e e s ,  T h ie m e ,  and  Y akhon tova  

d e t e r m in e d  ab so lu te  c r o s s  s e c t io n s .  A dd it io n a lly  S te w a r t  and  

G a b a th u le r^ ^  h a v e  d e t e r m in e d  the  p e a k  v a lu e s  of th e  c r o s s  s e c t io n s  

of s e v e r a l  h e l iu m  le v e l s ,  G a b r ie l  an d  H eddle^  d e te r m in e d  the  c r o s s  

s e c t io n s  f o r  108 eV  e l e c t r o n s  f o r  a  n u m b e r  of h e l iu m  le v e l s .

T he  o b s e r v a t io n s  by T h ie m e ,  Y akhon tova, H eddle  and  L u c a s ,  

G a b r ie l  and  H ed d le ,  and  S te w a r t  and  G a b a th u le r  w e r e  a t p r e s s u r e s  

low en o u g h  to g r e a t l y  r e d u c e  t r a n s f e r  e f f e c t s .  Of th e se  T h ie m e  and  

S te w a r t  and  G a b a th u le r ,  h o w e v e r ,  d id  no t w o rk  a t  p r e s s u r e s  low 

enough  to  e l im in a te  i m p r i s o n m e n t  of r e s o n a n c e  r a d ia t io n  and  thus  

t h e i r  a b so lu te  d e te r m in a t io n s  of the  3 ^ P  c r o s s  s e c t io n s  a r e  a b n o rm a l ly  

h igh . A ll  o b s e r v e r s  w o rk e d  a t  p r e s s u r e s  low enough  th a t  l ight 

e m i s s i o n  f r o m  ^S, ^5 , and  ^ P  s t a t e s  w as  l in e a r  w ith  p r e s s u r e .  A ll 

o b s e r v e r s  c i te d ,  in c lu d in g  the  w o rk  r e p o r t e d  in  th is  d i s s e r t a t i o n ,  

o b s e r v e d  the  e x c i t a t io n  c h a m b e r  in  a  d i r e c t io n  n o r m a l  to  th e  e l e c t r o n  

b e a m .  T h u s  a l l  a p p a r e n t  c r o s s  s e c t io n s  d e t e r m in e d  at low p r e s s u r e s  

a r e  s u b je c t  to th e  s a m e  c o r r e c t i o n s  r e q u i r e d  f o r  p o la r i z a t io n  and  

c a s c a d e .

T a b le  XXIII show s the  p e a k  a b so lu te  v a lu e s  of the a p p a r e n t  

c r o s s  s e c t io n s  of h e l iu m  le v e ls  m e a s u r e d  in  th is  w o rk  and  by 

Y akh o n to v a , S t e w a r t  a n d  G a b a th u le r ,  L e e s ,  and  T h ie m e ,  . Som e of

83
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TABLE XXIII

COM PARISON O F E X P E R IM E N T A L  A P P A R E N T  CROSS SECTIONS 

A ll  c r o s s  s e c t io n s  a r e  e x p r e s s e d  in units  of 10 ^ ^ c m ^ .

C r o s s  S ec tio n  
a t  P e a k

C r o s s  S ec tio n  
a t  108 eV

L e v e l T h is
W ork Y akhon tova

S te w a r t
and

G a b a th u le r
L e e s T h iem e

T h is  G a b r ie l  
W ork  and 

H eddle
3^S 49 31 36
4^S 24 20 2 7 .5 28 15 16.5
5^S 9 .2 7 .7 10.0 5 .9 16 .5 6 .1 7 .0
6^S 4 .8 6. 1 2 .8 9 .5 3 .0 4 .0

3^ P 350 4130 4360 3660 350 457

4 ^ P 159 950 1270 1080 158 210
3^D 42 24 25
4^D 17 .6 17 .8 24 15. 1 32 12 12

5^D 9 .0 8 .5 12.2 9 .3 18 .6 6 .2 7 .1
6^D 4 .7 5 .0 6 .9 9 .9 3 .3 3 .0
3^S 107 10.2 15
4^S 35 25 37 36 64 3 .3 4 . 4

5^3 12.3 12.7 17.2 8 .6 40 1. 17 1 .4 4

3^P 97 83 105 80 1890 15.3 11

3^D 31 36 45 42 4 .3 25

4 ^ 0 12.0 12 .4 18 15.2 23 1 .64 4 . 6

5^D 6 .2 8 .5 7. 1 0 .8 9 3 .0
6^D 3 .9 4 .3 0 .5 3 1 .5
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th e s e  e x p e r i m e n t e r s  p u b l is h e d  v a lu e s  f o r  c r o s s  s e c t io n s  f o r  e x c i ta t io n  

of a  g iven  line t r a n s m i t t e d  f r o m  a g iv e n  le v e l .  By u s e  of the b ra n c h in g  

r a t i o  one c an  r e a d i ly  o b ta in  the  c r o s s  s e c t io n  f o r  e x c i ta t io n  to  the 

u p p e r  le v e l  in v o lv e d .  T h e  t r a n s i t i o n  p r o b a b i l i t i e s  of G a b r ie l  and 

H ed d le  w e re  u s e d  fo r  d e te r m in in g  th e  b ra n c h in g  r a t i o s  and  thus  le v e l  

c r o s s  s e c t io n s  w e re  o b ta in e d  a s  d is p la y e d  in  T a b le  XXIII, S te w a r t  

a n d  G a b a th u le r  l i s te d  b o th  line and le v e l  c r o s s  s e c t io n s .  Due to th e  

f a c t  th a t  th ey  u s e d  b ra n c h in g  r a t i o s  d i f fe r in g  f r o m  th o se  p ro d u c e d  

by  the G a b r ie l  and H edd le  t r a n s i t i o n  p r o b a b i l i t i e s ,  t h e i r  le v e l  c r o s s  

s e c t io n s  show  so m e  s l ig h t  v a r i a t i o n  f r o m  th o s e  l i s te d .  T ab le  XXIII 

a l s o  show s th e  v a lu e s  o b ta in e d  in  th is  w o rk  and  th o s e  of G a b r ie l  an d  

H e d d le  a t  an  e l e c t r o n  e n e r g y  of 108 eV,

T h e  m e a s u r e m e n t s  of Y akhon tova  a r e  c o n s i s t e n t  w ith  th o se  r e p o r t e d  

h e r e i n .  T he  r a t i o  of Y a k h o n to v a 's  p e a k  c r o s s  s e c t io n s  to  o u rs  

a v e r a g e s  , 99 and  e a c h  l ie s  w ith in  th e  ra n g e  of , 8 3  to  1 ,1 6  w ith  th e  

e x c e p t io n  of the  4^S and  5^D  c r o s s  s e c t i o n s .  In th o s e  c a s e s  the 

f a c t o r s  w e r e  , 77 and I, 37, T h is  r a t h e r  good a g r e e m e n t  th ro u g h o u t  the
n o

le v e ls  in c lu d in g  D and  D v e r i f i e s  th a t  th e  p r e s s u r e s  u s e d  in  b o th  

i n v e s t ig a t i o n s  w e re  b e lo w  th o s e  w h ic h  c a u s e  t r a n s f e r  e f fe c ts ,  

Y akhon tova  d e te r m in e d  the  a b so lu te  v a lu e  of th e  p e a k  c r o s s  s e c t io n  

of l ines  f r o m  the  3 and  4 ^ P  le v e l s  by  o p e ra t in g  a t a  gas  p r e s s u r e  

h ig h  en o u g h  to  c a u s e  c o m p le te  i m p r i s o n m e n t  (w hich w ould  y ie ld  a  

va lue  n e a r  th a t  of the l e v e l  c r o s s  s e c t io n )  and  th e n  d e te r m in e d  th e  

line  c r o s s  s e c t io n s  (5016A and  3965A) by  d iv id in g  by  the a p p r o p r ia t e  

b ra n c h in g  f a c t o r .  Due to  a  s p r e a d in g  of th e  b e a m  w ith  in c r e a s in g  

i m p r i s o n m e n t  w h ich  i s  c o n c o m m ita n t  w ith  i n c r e a s i n g  p r e s s u r e ,  the
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m e a s u r e d  line  in te n s i ty  w il l  not i n c r e a s e  as m u c h  as th e  b ra n c h in g  

r a t i o  w hen  im p r i s o n m e n t  c h a n g e s  f r o m  n i l  to i t s  fu l l  v a lu e .  T h u s  the  

line  c r o s s  s e c t io n s  g iven  by  Y akhon tova  w e re  no t c o n v e r te d  b a c k  to 

le v e l  c r o s s  s e c t io n s  and h e n c e  a r e  no t t a b u la te d  in  T a b le  XXIII.

S te w a r t  and  G a b a th u le r  do no t quote  d i r e c t ly  the p r e s s u r e s  u s e d  

in  t h e i r  d e te r m in a t io n s  of th e  a p p a r e n t  c r o s s  s e c t io n s ,  b u t  w e re  w e l l  

a w a r e  of th e  p r e s s u r e  e f f e c t s  a s  they  gave  in te n s i ty  v s  p r e s s u r e  

c u r v e s .  Som e of th a t  d a ta  w a s  o b ta in e d  in  the 2 m i c r o n  ra n g e  and  we 

c an  a s s u m e  the  s e n s i t iv i ty  of t h e i r  e q u ip m e n t  a l lo w ed  th e m  to ob ta in

the  m a x im a  of the a p p a re n t  c r o s s  s e c t io n s  a t a b o u t  th a t  p r e s s u r e .

1T h e i r  r e l a t i v e  c o n s is te n c y  w ith  o u r  d a ta  fo r  D and  in d ic a te s  th a t  

th e y  w e re  ab le  to  m in im iz e  the  t r a n s f e r  of e x c i ta t io n  e f f e c t s .  T h e i r  

v a lu e s  f o r  3 ^P  and  4^P  a r e  v e r y  l a r g e  and  in d ic a te  an im p r i s o n m e n t  

e f fe c t  a s  one e x p e c ts  at a  p r e s s u r e  of 2 m i c r o n s .  D is r e g a rd in g  the 

I p  d a ta  the  r a t i o  of th e i r  c r o s s  s e c t io n s  to o u r s  a v e r a g e d  1.26 and  

v a r i e d  w ith in  the  l im its  of 1, 06 to  1 ,5 0 ,

T he  d a ta  of L e e s  i s  i n  s e r i o u s  d i s a g r e e m e n t  w ith  o u r  r e s u l t s  

f o r  the  3 ^ P ,  due to  h is  u s e  of p r e s s u r e s  in  the  40 m i c r o n  r a n g e .  His 

p e a k  a p p a r e n t  c r o s s  s e c t io n s  f o r  the  ^S, ^D, ^S, ^D, and  ^P  le v e ls  

c o m p a r e d  to  o u r  v a lu es  by a  r a t i o  a v e ra g in g  , 86.

T he  d a ta  of T h ie m e  c o m p a r e d  to  o u r s  sh o w s  qu ite  a  v a r i e ty  of 

c r o s s  s e c t io n  r a t i o s ;  h is  e x t r e m e l y  h igh  v a lu e  f o r  e x c i ta t io n  of the  3 ^P  

le v e l  i s  a t  l e a s t  in  p a r t  due to  im p r i s o n m e n t  e f f e c t s .  H is  v e r y  la rg e  

v a lu e  f o r  the 3 ^ P  level d e f ie s  e x p la n a t io n  o th e r  th an  th ro u g h  e r r o n e o u s  

c a l i b r a t io n  p r o c e d u r e s ,  L e e s '  an d  T h i e m e 's  d a ta  w e re  o b ta in ed  by 

p h o to g ra p h ic  te ch n iq u es  a n d  h e n c e  m o r e  s u b je c t  to  e r r o r s  than  the
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p h o to e le c t r ic  d a ta  of the  o th e r  in v e s t i g a to r s  c i te d .  The m a g n itu d e s  

of T h ie m e 's  d a ta  w i l l  be  g iven  no f u r t h e r  c o n s id e ra t io n ,

G a b r ie l  and  H edd le  m e a s u r e d  a b s o lu te  v a lu e s  of the  c r o s s  

s e c t io n s  f o r  17 h e l iu m  le v e ls  a t  p r e s s u r e s  a p p a r e n t ly  low f o r  a ll  

e x ce p t  the  l e v e l s .  T h e  r a t i o s  of t h e i r  a p p a r e n t  c r o s s  sec tions  

to  o u r s  a v e r a g e d  1 ,1 2  f o r  ^8, ^ P ,  ^D, ^S, and  l e v e l s ,  and lay 

w ith in  the r a n g e  o f , 76 to  1, 37, T he  r a t i o  v a r ie d  up to  3, 4 

in d ic a t in g  a  t r a n s f e r  f i l l  i n  fo r  the  c r o s s  s e c t io n s  of G a b r ie l  and 

H ed d le ,

A c o m p a r i s o n  of the sh a p e s  of th e  e x c i ta t io n  fu n c t io n s  is

p r e s e n te d  in  T a b le s  XXIV and  XXV, E a c h  e x c i ta t io n  fu n c tio n  has

b e e n  n o r m a l i z e d  to  u n i ty  f o r  an  e l e c t r o n  e n e r g y  of 100 eV , Included

a r e  the  d a ta  of Y akhon tova , L e e s ,  T h ie m e ,  M c F a r la n d  and  Soltysik ,

H eddle  and L u c a s ,  and th is  p r e s e n t  w o rk .  It c an  be s e e n  th a t  th e re

i s  qu ite  good a g r e e m e n t  b e tw e e n  the  sh a p e  d a ta  p r e s e n t e d  h e re in  and

th a t  of Y akhontova, T h is  i s  the  r e s u l t  of b o th  s e t s  of d a ta  being

1 3ob ta in ed  u n d e r  low p r e s s u r e  c o n d i t io n s .  T he  sh ap es  of th e  D and D 

c u r v e s  of L e e s  a r e  m o d if ie d  by  the  ^ P  f i l l  in  due; to  h is  u s e  of rela-p 

t iv e ly  h igh  g as  p r e s s u r e .  The c u r v e s  of T h ie m e  a r e  qu ite  s i m i l a r  to 

th o se  p r e s e n t e d  h e r e i n ,  a  f a c t  d e r iv e d  f r o m  th e  low h e l iu m  p r e s s u r e s  

u s e d  by h im ,  M c F a r la n d  and S o l ty s ik  o b ta in e d  th e i r  fu n c t io n s  w ith a 

gas  p r e s s u r e  of 1 0 to  20 m i c r o n s  and  th u s  th e i r  c u r v e s  show  so m e  

t r a n s f e r  e f f e c t s .  T he  c u r v e s  of H edd le  and L u c a s ,  w hile  ob ta ined  at 

a  p r e s s u r e  of abou t 1 m i c r o n ,  do no t show  v e r y  good a g re e m e n t  w ith  

the  c u rv e s  of the  o th e r  e x p e r i m e n t e r s .

F r o s t  and  P h e lp s ^ ^  m a d e  d e te r m in a t io n s  of c a s c a d e  co n tr ib u t io n s .



TA BLE XXIV

SHAPE COMPARISON OF EXPERIM ENTAL A PPA R EN T EXCITATION FUNCTIONS

T h is  W ork Y akhontova L e e s
L ev e l P e a k 60 100 200 400 P e a k 60 100 200 P e a k 60 100 200 400

3^S 1.53 1 .28 1 .00 0 .6 8 0 .4 9

4^S 1 .55 1 .26 1 .00 0 .6 6 0 .4 2 1 .33 1 .08 1 .00 0 .7 9

5^S 1 .45 1 .25 1 .00 0 .6 8 0 .3 8 1 .5 4 1 .23 1 .00 0 .7 9 1 .55 1 .29 1 .00 0 .7 3 0 .4 3

6 l s !.. 52 1.31 1 .00 0 .6 6 0 .3 9 1 .38 1 .26 1 .00 0 .5 2
s i p 1 .00 0 .8 3 1 .00 0 .8 5 0 .5 8 1 .00 0 .8 8 1 .0 0 0 .8 5 1 .0 6 0 .8 5 1 .00 0 .8 5 0 .5 8
4 l p 1 .00 0 .7 6 1 .00 0 .8 7 0 .6 0 1 .00 0 .8 6 1 .00 0 .8 4 1 .16 0 .9 4 1 .0 0 0 .8 5 0 . 6 0

3^D 1.73 1 .50 1 .00 0 .5 1 0 ,3 0

4^D 1 .3 4 1.32 1 .00 0 .4 7 0 .2 8 1 .49 1 .37 1 .00 0 .6 0 1 .28 1 .1 3 1 .00 0 .7 0 0 .4 7

5^D 1 .3 4 1.32 1 .0 0 0 .4 7 0 .2 8 1.51 1 .4 0 1 .00 0 .5 6 1 .13 0 .9 6 1 .0 0 0 .7 2 0 .4 7

6^D 1.3 4 1 .3 2 1 .00 0 .4 7 0 .2 8 1 .63 1 .43 1 .00 0 .5 1

3^S 9 .7 2 .9 1 .00 0 .4 8 0 .4 0

4^S 9 .7 2 .9 1 .00 0 .4 8 0 .4 0 10 .6 2 .6 1 .00 0 .6 7 2 0 .8 2 .7 1 .00

5^S 9 .7 2 .9 1 .00 0 .4 8 0 .4 0 12 .2 2 .7 1 .00 0 .5 8 15 .5 3 .2 1 .00

3 ^P 5 .7 3 .1 1 .00 0 .3 4 0 .2 4 8 .0 1 .75 1 .00 0 .5 0 6 .3 2 .4 1 .00 0 .4 0 0 .2 5

3^D 6 .9 2 .7 1 .00 0 .6 5 0 .4 8 4 .0 1 .46 1 .00 0 .6 3

4^D 6 .9 2 .7 1 .00 0 .6 5 0 .4 8 4 .9 1 .8 5 1 .00 0 .6 9 1 .10 1 .0 9 1 .0 0 0 .7 6 0 .5

5^D 6 .7 3 .0 1 .00 0 .7 7 0 .5 0 2 .3 1 .3 5 1 .00 0 .8 2

6^D 6 .9 2 .7 1 .00 0 .6 5 0 .4 8

00
00



TABLE XXV

SHAPE COMPARISON OF EX PER IM ENTA L A PPA R EN T EXCITATION FUNCTIONS
T h ie m e M c F a r la n d  and  

S o lty s ik
H eddle  an d  L u cas

L e v e l P e a k 60 100 200 400 P e a k 60 100 200 P e a k 60 100 200

3^S

4^S 2 .0 2 1 .4 0 1 .0 0 0 .6 6 0 .4 1 1 .6 1 .2 1 .00 0 .7 7

5^S 1.69 1 .35 1 .00 0 .6 1 0 .3 5

2 .5 0 1 .61 1.00 0 .5 1 0 .3 5
s i p 1 .01 0 .8 7 1 .00 0 .8 2 0 .5 3 1.03 0 .9 8 1 .0 0 .5 9 1.1 1.1 1 .00 0 .8 4

4 ^ P 1.01 0 .8 5 1 .0 0 0 .7 9 0 .4 2

3^D 1.08 1 .06 1 .00 0 .6 3

4^D 1.70 1.40 1 .00 0 .5 7 0 .5 5 1 .40 1 .35 1 .00 0 .4 4 1 .75 1 .68 1 .00 0 .5 6

5 'D 1 .5 4 1 .30 1 .00 0 .5 3 0 .3 1 1 .5 5 1 .39 1 .00 0 .4 7

6^D 1.77 1 .42 1 .0 0 0 .5 9 0 .3 4

3^S

4^S 14 .6 2 .6 2 1 .00 0 .  18 0 .1 4 1 4 .9 3 .6 1 .00 0 .2 9 14 .0 2 .0 1 .00 0 .7 7

5^S 1 3 .5 2 .8 2 1 .0 0 0 .2 4 0 .1 4

3^ P 10 .2 3 .0 1 .0 0 0 .2 8 0 .1 2 6 .1 2 .8 1 .00 0 .3 3 12.0 3 .9 1 .00 0 .3 8

3^D 4 .4 2 1 .9 5 1 .00 0 .5 2 0 .3 8 2 .3 8 1 .33 1.00 0 .7 6

4^D 4 .3 0 1 .78 1 .0 0 0 .5 0 .2 8 2 .4 6 1 .50 1.00 0 .5 5 12.0 2 .7 5 1.00 0 .4 7

5^D

6^D

03
sO
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T h ey  e s t i m a te d  tha t no  c o r r e c t i o n  w as  n e c e s s a r y  f o r  the and  ^D 

c u r v e s .  T h ey  o b ta ined  a  10% c o r r e c t i o n  f o r  the 3^P  and 4 ^ P  le v e l s  

a t  100 e V. T he  t r i p le t  c u r v e s ,  a t  the  p e a k  of the e x c i t a t io n  fu n c t io n ,  

w e r e  p o p u la te d  by c a s c a d e  a s  fo l lo w s :  4^S , 4% ; 3 ^ P ,  49% ; 3^D , 4^D , 

5 3 d  a l l  10% .

G a b r ie l  and H ed d le  d e te r m in e d  c a s c a d e  c o r r e c t io n s  f o r  e l e c t r o n  

e n e r g i e s  of 108 eV. T h e  4^S le v e l  p o p u la t io n  was 2% due to  c a s c a d in g .  

H ig h e r  le v e l  p o pu la tions  w e r e  r e g a r d e d  as e n t i r e ly  c a u s e d  by 

e l e c t r o n  im p a c t .  S in g le t  P  p o p u la t io n s  w e re  a s s u m e d  f r e e  of c a s c a d e  

e f f e c t s .  T he  3^D le v e l  w as  found  to  have  4% of i t s  p o p u la t io n  due to  

c a s c a d e ,  bu t h ig h e r  ^D  u n a f fe c te d  by  c a s c a d e .  T he  t r i p l e t s  w e r e  

p o p u la te d  by c a s c a d e  a s  fo l lo w s  : 43g , 23% ; S 3s , 7% ; 3 3 p ,  34% ;

3 ^ 0 ,  4% ; 4 3 d , 17% ; S 3 d , 17%,



CHAPTER VII

COMPARISON W ITH THEORY

The th e o ry  of e x c i ta t io n  of h e l iu m  a to m s  by e l e c t r o n  im p a c t  h a s  

been  t r e a t e d  r a t h e r  e x te n s iv e ly  in  th e  l i t e r a t u r e ,  M a s s e y  and  M o h r^^  

c a lc u la te d  the  e x c i ta t io n  c r o s s  s e c t io n s  fo r  the  2^8, 3^5 , 2 ^ P ,  3 ^ P ,  

4 ^ P ,  5 ^P , 3^D, 4^D , 5^D, and  4 ^ F  s t a t e s  by  the B o rn  a p p ro x im a t io n  

and  f o r  the Z^S, 3 ^ P ,  4 ^ p ,  and  3^D  s t a t e s  u s in g  th e  B o rn -O p p e n h e im e r  

a p p ro x im a t io n  f o r  in c id e n t  e l e c t r o n s  of v a r io u s  e n e r g ie s  (60, 100,

200, and  400 eV). C u rv e s  f o r  the  t h e o r e t i c a l  e x c i ta t io n  fu n c tio n s  fo r  

the  3^8 , 3 ^P , 4 ^ P ,  4^D , 5^D, and  2^5 s t a t e s  w e re  a l s o  in c lu d ed  in  

th is  w o rk .  B a tes  e t .  a l .  ^0 h av e  g iv e n  a c r i t i c a l  a n a ly s i s  of the  B o rn  

and B o rn -O p p e n h e im e r  a p p ro x im a t io n  along with a d d i t io n a l  r e s u l t s  

of c r o s s  s e c t io n s  fo r  so m e  of the  lo w -n  s t a t e s  of h e l iu m .  As an 

im p r o v e m e n t  o v e r  the  B o r n - O p p e n h e im e r  a p p ro x im a t io n ,  c r o s s  

s e c t io n s  fo r  the  l^ S  to  2^8 , l^ S  to  2 ^5 , and l^ S  to  2 ^P  t r a n s i t io n s  

have b een  c a lc u la te d  by M a s s e y  and  M o ise iw itsc h ^ ^  u s in g  the  m e th o d  

of E P W , U n p u b lish ed  c a lc u la t io n s  by  F o x  on the e x c i t a t io n  c r o s s  

s e c t io n s  of s e v e r a l  s t a t e s  w e r e  q u o te d  in  the p a p e r  of G a b r ie l  and  

H eddle^  and  by  S ea ton , In T a b le  XXVI a r e  l i s te d  o b s e r v e d  and 

c a lc u la te d  (M a ssey  and M o h r)  e x c i t a t io n  c r o s s  s e c t io n s  a t  e le c t r o n  

e n e r g i e s  of 60, 100, and  200 eV .

The t h e o r e t i c a l  and  o b s e r v e d  c r o s s  s e c t io n s  of the  3^5 le v e l  

show  good a g r e e m e n t .  T he  c a lc u la te d  c r o s s  s e c t io n s  f o r  the  ^5 ' ta te s  

a r e  s u b je c t  to a  h ig h e r  d e g r e e  of u n c e r t a in ty  than th o s e  of the  o th e r  

s t a t e s , ‘‘b e c a u s e  the w ave  fu n c t io n s  of the  n^S s t a t e s  w e r e  go tten  by

91
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TABLE XXVI

COMPARISON O F OBSERVED AND 
C A L C U L A T E D  CROSS SECTIONS

O b se rv e d  c r o s s  s e c t io n s  a r e  c o r r e c t e d  f o r  p o la r iz a t io n  and c a s ­
c a d in g .  A ll  c r o s s  s e c t io n s  a r e  e x p r e s s e d  in u n i ts  of 10“ ^ ^ c m  .

60 eV 100 eV 200 eV

L e v e l Ob 5. C a l c . O b s . C a lc . O b s . C a l c .

3^S 38 26 28 15 1 8 .5 11

3 ^P 260 340 320 270 290 190

4 ^ P 112 140 152 110 136 76

3 D 31 21 4 .4 11 .1 2 .5

1
4 D 14.7 3 .7 11 .6 2 .5 5 .6 1.3

3^S 2 1 .5 1 .3* 7 .6 0 .6 0 * 4 .  1 0 .1 3 *

3 ^P 42 5 .5 13 .3 1. 1 4 . 1 0 .1 5

3
3 D 9 .0 0. 13 3 .5 0 .0 3 2 .6 0 .0 0 4

3 3* The 3 S c a lc u la te d  v a lu e s  a r e  e x t ra p o la te d  f r o m  2 S c a lc u la t io n s ,
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o r th o g o n a l iz a t io n  of the  S l a t e r - l i k e  o r b i t a l s .  A s m a l l  change  of the 

e f fe c t iv e  n u c l e a r  c h a r g e ,  fo r  in s t a n c e ,  m a y  r e s u l t  in  a  s ig n if ic a n t  

v a r i a t i o n  of the  c r o s s  s e c t io n s .  T h u s ,  M a s s e y  and M o h r gave  

15 X 10“ ^® cm ^ f o r  the  3^5 c r o s s  s e c t io n  a t 100 eV, w hile  th e  s a m e  

c r o s s  s e c t io n ,  a c c o rd in g  to the w o rk  of F o x ,  i s  46 x  10"^® c m ^ .

T he  v a lu e  a t  100 eV  i s  ob ta in ed  by a s s u m in g  the c r o s s  s e c t io n  to  be 

i n v e r s e l y  p r o p o r t io n a l  to  the  e n e r g y  of the co ll id in g  e l e c t r o n  o v e r  

th is  s m a l l  r a n g e  of e n e r g y .  In the  l igh t of t h i s ,  the  e x p e r im e n ta l  

c r o s s  s e c t io n  m a y  be c o n s id e r e d  to  lie  w ith in  the  l im i t s  of th e  

t h e o r e t i c a l  c a lc u la t io n s .  F ig u r e  33 show s th e  c o m p a r i s o n  of the 

t h e o r e t i c a l  and  e x p e r im e n ta l  e x c i t a t io n  fu n c t io n s  of 3^S.

F ig u r e  34 show s the  c o m p a r i s o n  b e tw e e n  the t h e o r e t i c a l  and 

e x p e r i m e n t a l  e x c i ta t io n  fu n c tio n s  of 3 ^ P  and  4 ^ P ,  T he  d i s c r e p a n c y  

of v o ltag e  be low  100 eV  i s  to  be e x p e c te d  s in c e  the t h e o r e t i c a l  v a lu e s  

w e r e  c a lc u la te d  by the  u s e  of the  B o rn  a p p ro x im a t io n .  A n a ly se s  by 

A l t s h u le r ^ ^  and  by M i l l e r  and P l a t z m a n ^ ^  in d ic a te  th a t  the u s e  of 

a p p r o x im a te  h e l iu m  w ave  fu n c t io n s  m a y  le a d  to  an e r r o r  in  the  c r o s s  

s e c t io n  a s  l a r g e  a s  a  f a c to r  of two o r  so .  T h u s  the  o v e r a l l  a g r e e m e n t  

b e tw e e n  th e  o b s e r v e d  and  c a lc u la te d  e x c i t a t io n  c r o s s  s e c t io n s  fo r  3^P  

an d  4 ^ P  sh o u ld  be c o n s id e r e d  s a t i s f a c to r y .

T he  e v a lu a t io n  of the  a b so lu te  c r o s s  s e c t io n s  f r o m  the  

e x p e r i m e n t a l  d a ta  fo r  the  ^D s t a t e s  is  so m ew h a t  c o m p l ic a te d  by  the  

f a c t  th a t  the  am o u n t of c a s c a d in g  f r o m  the  ̂F  to  ̂D s t a t e s  i s  not known 

s in c e  no e x c i t a t io n  m e a s u r e m e n t s  a r e  a v a i la b le  fo r  the  ^F  s t a t e s .  

A p p ro x im a t io n s  a r e  th e n  c a r r i e d  out a s  d e s c r ib e d  in  C h a p te r  III, T he  

a b s o lu te  c r o s s  s e c t io n s  so  e v a lu a te d  f o r  3, 4 , 5, an d  6^D s t a t e s  a r e
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about fo u r  t im e s  l a r g e r  than  the  t h e o r e t i c a l  v a lu e s .  At f i r s t ,  one 

m ig h t  a s c r i b e  th is  d i s c r e p a n c y  to  the  in a c c u r a c y  of our e s t i m a t e d  

p o pu la tions  of the  F  s t a t e s .  If we w e r e  to  a s s u m e  th a t  F  to  ̂D 

c a s c a d in g  i s  e n t i r e ly  r e s p o n s ib le  f o r  the d e v ia t io n  of the o b s e r v e d  Q 

f r o m  the t h e o r e t i c a l  v a lu e s ,  i t  w ou ld  be n e c e s s a r y  to  in c r e a s e  the  

c o n c e n t r a t io n  of a to m s  in  the F  s t a t e s .  T h is  in  t u r n  would r e q u i r e  

c r o s s  s e c t io n s  f o r  e l e c t r o n  e x c i t a t io n  of the  ^ F  s t a t e s  to be 200 to 

300 t im e s  as  la rg e  as  the t h e o r e t i c a l  v a lu e s .  T he  value of Q (4 ^ F ) ,  

fo r  e x a m p le ,  w ould  have  to  be  a b o u t 12 x  10"^® c m ^ ,  a  s e e m in g ly  

u n r e a s o n a b le  v a lu e .  O ur e x p e r im e n t a l  r e s u l t s  f o r  the  e x c i ta t io n  

c r o s s  s e c t io n s  of the ^D s t a t e s  t h e r e f o r e ,  cou ld  no t be b ro u g h t  in to  

c o m p le te  a g r e e m e n t  w ith  th e o r y  in  a  c o n s i s t e n t  m a n n e r .

C a lc u la t io n  by F o x  a s  q u o ted  by S ea ton^^  g iv e s  Q(3^D) =

7 X 10”20 cm 2  a t  108 eV a s  c o m p a r e d  to  4 x 10“ ^^ cm ^ a s  c a lc u la te d  

by  M a s s e y  an d  M o h r^ ^  a t 100 eV , The d i f f e r e n c e  b e tw een  th e s e  two 

v a lu e s  can  b e  ta k e n  a s  an  in d ic a t io n  of the  d e g re e  of v a r ia t io n  o f  the  

th e o r e t i c a l  c r o s s  s e c t io n  (B orn  A p p ro x im a t io n )  w h ich  c a n  be  e x p e c te d  

f r o m  the  u s e  of d i f f e r e n t  a p p ro x im a te  h e l iu m  w ave  fu n c t io n s ,  S ea ton  

h a s  p o in ted  ou t the c a lc u la t io n s  by  a  B o rn  II a p p ro x im a t io n  sh o w  th a t  

the  coupling  b e tw een  3^D and 3 ^P  i s  not im p o r t a n t  f o r  th e  c r o s s  

s e c t io n  of the  3^D s ta t e .  I t i s  v e r y  u n l ik e ly ,  th e n ,  that the  i m p e r ­

fe c t io n  of th e  th e o ry  cou ld  a cco u n t  fo r  the  d i s a g r e e m e n t  b e tw e e n  the  

o b s e r v e d  and  c a lc u la te d  c r o s s  s e c t io n s  f o r  3^D and  4^D, N or i s  i t  

c o n c e iv a b le  th a t  e r r o r s  in  the  e x p e r im e n t a l  p r o c e d u r e  c o u ld  have 

c a u s e d  the  o b s e r v e d  v a lu e s  to  sh o w  th is  m i s m a t c h  with the  c a lc u la te d  

c r o s s  s e c t io n s .  The m e a s u r e d  a p p a r e n t  c r o s s  sec t io n s  a r e  p r o p o r ­

t io n a l  to the  output c u r r e n t  of the  p h o to m u l t ip l ie r  tube; th u s  the
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r e l a t i v e  v a lu e s  of the  a p p a r e n t  e x c i ta t io n  c r o s s  s e c t io n s  sh o u ld  be 

q u i te  a c c u r a t e .  Of c o u r s e ,  the ab so lu te  e x p e r im e n t a l  c r o s s  s e c t io n s  

a r e  s u b je c t  to the  e r r o r s  of the  ligh t in t e n s i ty  c a l ib r a t io n  as  w e l l  a s  

the c a s c a d e  c o r r e c t i o n s .  T he  am o u n t of c a s c a d in g  p o p u la t io n s  in  the  

a n d  a r e  q u ite  s m a l l ,  i .  e ,  , l e s s  th a n  14% of the  to ta l  p o p u la t io n s .  

E r r o r s  in  the  c a l i b r a t i o n  of the p h o to m u l t ip l ie r  ou tpu t sh o u ld  a f fe c t  

a l l  th e  c r o s s  s e c t io n s  by  a c o n s ta n t  f a c to r .  T h is  le a d s  to  the 

c o n c lu s io n  th a t  one c a n n o t  have  s im u l ta n e o u s  a g r e e m e n t  b e tw ee n  

th e o r y  and  e x p e r im e n t  fo r  the  3 ^ P ,  4 ^ P ,  3^D, and  4 ^D  s t a t e s .

F o r  the  3 ^P  and  3^D  s ta t e s  the  c a lc u la te d  c r o s s  s e c t io n s  a r e  

c o n s i s te n t ly  s m a l l e r  th a n  the o b s e r v e d  v a lu e s .  In f a c t ,  the  d i s c r e p ­

a n c y  i s  too  l a r g e  to  be a s c r i b e d  to  the e r r o r s  in  the  th e o r y  o r  e x p e r ­

i m e n t  o r  a  c o m b in a t io n  of bo th . In  the  c a s e  of the  s t a t e s  one i s  

ag a in  f a c e d  w ith  the  p r o b le m  of hav ing  to e s t i m a te  the  F  to 

c a s c a d in g .  If we a g a in  a s s u m e  th a t  the  p o p u la t io n  of the  F  s t a t e s  i s  

due to d i r e c t  e x c i t a t io n ,  c a lc u la t io n s  show  th a t  the  c o n t r ib u t io n s  of 

F  to  c a s c a d in g  to th e  p o p u la t io n  of the  n^D  s ta t e s  a r e  l e s s  th a n  

1% , io e ,  , c o m p le te ly  n e g l ig ib le .

F in a l ly  f o r  th e  s e r i e s ,  d i r e c t  c o m p a r i s o n  b e tw e e n  th e o r y  

and  e x p e r im e n t  i s  m o r e  d if f icu l t  s in c e  t h e o r e t i c a l  c r o s s  s e c t io n s  a r e  

a v a i la b le  only  f o r  2^S w h ile  o u r  e x p e r im e n t a l  r e s u l t s  c o v e r  3^S, 4^S, 

and  5^S, In o r d e r  to  m a k e  any c o m p a r i s o n  i t  i s  n e c e s s a r y  to 

e x t r a p o la te  th e  e x p e r im e n t a l  d a ta  w ith  th e  a s s u m p t io n s  th a t  (i) the 

sh ap e  of e x c i t a t io n  fu n c t io n s  f o r  a l l  the  n^S s t a t e s  i s  id e n t i c a l ,  and  

(ii) the  p e a k  v a lu e s  of th e s e  fu n c tio n s  fo l lo w  the  r e l a t i o n  n"®^or (n*)"^ 

as w as  a s s u m e d  by  P h e lp s  and  F r o s t^  9 an d  by  G a b r ie l  and H ed d le ,  ^
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H e r e ,  i s  th e  e f fe c t iv e  q u a n tu m  n u m b e r  su ch  th a t  the  e n e r g y  of the  

s t a t e  i s  e q u a l  to  a  n e g a t iv e  c o n s ta n t  d iv ided  by (n*)^. T h e  e x t r a p o ­

la t io n  p r o c e d u r e  y ie ld e d  e x p e r im e n t a l  v a lu e s  of Q(2^S) e q u a l  to 180,

6 9 , and  39  X 1 0 “ ^0 c m ^  a t  60 , 100, and 200 eV r e s p e c t iv e ly  f o r  the 

n ”®*- r e l a t i o n s ,  w h e re  oC = 4 , 0, V alues  of 140, 51, and  30 x 1 0 "^^  cm ^ 

w e r e  o b ta in e d  f o r  the  (n*)“ ^ r e l a t io n s h ip  w h e re  n* = n  - . 3 0 ,  T h e s e  

a r e  to be c o m p a r e d  w ith  th e  t h e o r e t i c a l  v a lu es  of 5 , 2 . 4 ,  and . 5 x 

10” ^® c m  ^ c a lc u la te d  by  the  B o rn -O p p e n h e im e r  a p p ro x im a t io n .  

M a s s e y  and  M o ise iw i ts c h ^ ^  h av e  show n th a t  when the  d i s to r t io n  of 

the  p lan e  w ave  i s  t a k e n  in to  c o n s id e r a t io n ,  the  c a lc u la te d  c r o s s  

s e c t io n s  b e c o m e  m u c h  s m a l l e r  a t  low v o l ta g e s .  T h u s  i t  is  s e e n  th a t  

the  e x p e r im e n t a l  c r o s s  s e c t io n s  fo r  the  s e r i e s  a r e  abou t 30 t im e s  

the  t h e o r e t i c a l  v a lu e s .  A c o m p a r i s o n  of the  m i s m a t c h  o f  th e o r y  and 

e x p e r im e n t  of th e  f a m i ly  w ith  th a t  of the  and  c a n  b e s t  be 

m a d e  a t  th e  n = 3 le v e l .  S in ce  no t h e o r e t i c a l  c r o s s  s e c t io n s  a r e  

a v a i la b le  f o r  th e  3^8 s ta t e  th e y  w e r e  e x t r a p o la te d  f r o m  n  = 2 to  n = 3 

by u s e  of the  (n*)"^ r e l a t io n s h ip .  T h e s e  f ig u r e s  a r e  to be found  in  

T a b le  XXVI. T h e y  a r e  u s e d  on ly  to  p ro v id e  an e s t i m a te  of the 

t h e o r e t i c a l  v a lu e s  and  to  d ra w  c o n c lu s io n s  of a  q u a l i ta t iv e  n a tu re .

An e x a m in a t io n  of T a b le  XXVI r e v e a l s  th a t  th e  f r a c t i o n  of the  

o b s e r v e d  c r o s s  s e c t io n  a c c o u n te d  f o r  by  t h e o r y  i s  m u c h  s m a l l e r  f o r  

th e  3^D s t a t e  th a n  f o r  the  3^S and  3 ^ P  s t a t e s .  H o w e v e r ,  a  m o r e  

im p o r t a n t  c o n s id e r a t i o n  w ou ld  s e e m  to  be th a t  of the  m a g n i tu d e  of the  

u n a c c o u n te d  f o r  c r o s s  s e c t io n s ,  i ,  e .  , Q (obs. ) - Q ( th e o ry ) .  T h is  

v a lu e  i s  of th e  s a m e  o r d e r  of m a g n i tu d e  a t  a  g iven  e l e c t r o n  e n e r g y  f o r  

th e  t h r e e  t r i p l e t  s t a t e s  u n d e r  c o m p a r i s o n .  T h u s ,  the  m e c h a n i s m
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p ro d u c in g  the e x c e s s iv e  p o p u la t io n  in  the  t r i p l e t  s t a t e s  does  not 

p r e f e r e n t i a l ly  p o p u la te  any one s ta t e  m o r e  th a n  the  o th e r s .



CHAPTER VIII

CONCLUSIONS

The e le c t r o n  excitatic>n c r o s s  s e c t io n s  f o r  18 e x c i t e d  s t a t e s  of 

h e l iu m  have b e e n  d e te r m in e d  by m e a s u r in g  the  in te n s i t i e s  of the 

r a d ia t io n  o r ig in a te d  f r o m  th e s e  e x c i te d  s t a t e s  a t  Low p r e s s u r e .  

C o r r e c t io n s  have  been  m a d e  to  a llow  fo r  th e  c a s c a d in g  and  p o l a r i ­

z a t io n  e f f e c t s .  T he  a g r e e m e n t  b e tw een  the  o b s e r v e d  and  t h e o r e t i c a l  

c r o s s  s e c t io n s  f o r  th e  3 ^ P ,  4 ^ P ,  and  3^S s t a t e s  i s  s a t i s f a c to r y .

The e x p e r im e n ta l  c r o s s  s e c t io n s  fo r  3^D and  4^D  a r e  abou t fo u r  

t im e s  l a r g e r  th a n  the  t h e o r e t i c a l  v a lu e s .  F o r  the ^S, ^ P ,  and  

s t a t e s  the e x p e r im e n ta l  r e s u l t s  f a r  e x c e e d  (by a f a c to r  of ten  o r  

m o r e )  the c a lc u la te d  c r o s s  s e c t io n s .

The d i s c r e p a n c y  i n  the  c r o s s  s e c t io n s  of the  t r i p l e t  s e r i e s  w ith  

the c a lc u la te d  v a lu e s  i s  f a r  too  la rg e  to be e x p la in ed  b y  e x p e r im e n t a l  

u n c e r ta in ty .  N or can  one r e a s o n a b ly  e x p e c t  the  B o rn -O p p e n h e im e r  

a p p ro x im a t io n  to p ro d u c e  c r o s s  s e c t io n s  w h ic h  a re  t e n  to a  h u n d re d  

t im e s  too s m a l l  a t  e l e c t r o n  e n e r g ie s  above 60 o r  100 eV, T h is  i s  

p a r t i c u l a r l y  t r u e  in  v ie w  of th e  fa c t  th a t  the  ^ P  and c r o s s  s e c t io n s  

c a lc u la te d  by  the B o rn  a p p ro x im a t io n  do a g r e e  w ith  th e  e x p e r im e n t a l  

v a lu e s .  F u r t h e r m o r e ,  c a lc u la t io n s  by  M a s s e y  and M o ise iw itsc h ^ ^  

show th a t  the  e x c i ta t io n  c r o s s  s e c t io n s  o b ta in e d  f r o m  the  B o rn -  

O p p e n h e im e r  a p p ro jd m a t io n  and  f r o m  th e  E P W  m e th o d  a p p ro a c h  e a c h  

o th e r  a t  e l e c t r o n  e n e r g i e s  above 50 eV , One does  no t e x p e c t  th e  u s e  

of m o r e  r e f in e d  m e th o d s  of c a lc u la t io n  w i l l  change  th e  t h e o r e t i c a l  

c r o s s  s e c t io n s  (above 50 eV) s ig n if ic a n t ly .  In  the  c a s e  of 3^D and

100
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4^D, a l th o u g h  the d i s a g r e e m e n t  b e tw ee n  th e o ry  and  e x p e r im e n t  i s  

l e s s  s e v e r e ,  i t  i s  v e r y  u n l ik e ly  th a t  the c u m u la t iv e  e r r o r s  of the 

t h e o r e t i c a l  c a lc u la t io n  and  the  e x p e r im e n t a l  w o rk ,  in c lu d in g  the 

a s s o c i a t e d  a n a ly s is  of the  e x c i ta t io n  d a ta ,  cou ld  a c c o u n t  f o r  the  

d ev ia t io n  of a  f a c to r  of f o u r .

The e x p la n a t io n  w h ic h  s e e m s  m o s t  p la u s ib le  i s  th a t  the o b s e r v e d  

p o p u la t io n  of the  t r i p l e t  s t a t e s  (and p o s s ib ly ,  to  s o m e  e x te n t ,  of the 

^D s t a t e s )  i s  p ro d u c e d  m a in ly  by p r o c e s s e s  o th e r  th a n  d i r e c t  e x c i t ­

a tion , R e s u l t s  of the  m e a s u r e m e n t s  of th e  l i f e - t im e  of the  t r i p l e t  

s t a t e s  by H o ltzb er . le in  and  F o w le r^ ^  a l s o  p o in t to w a r d  th e  s a m e  

c o n c lu s io n .  Of c o u r s e ,  th e  m e c h a n i s m  o r  m e c h a n i s m s  w ith  w h ich  the  

t r i p l e t  s t a t e s  a r e  p o p u la te d  m u s t  have the  c o r r e c t  l i n e a r  b e h a v io r  

w ith  r e s p e c t  to  p r e s s u r e  and  e l e c t r o n  b e a m  c u r r e n t .

C hanges  in  the  m a g n i tu d e  of the  e x c i ta t io n  c r o s s  s e c t io n  f o r  n ^ P  

s t a t e s  as p r e s s u r e  i n c r e a s e s  c a n  be a c c o u n te d  f o r  b y  im p r i s o n m e n t  of 

r e s o n a n c e  ra d ia t io n .  C h an g e s  in  the sh ap e  and  m a g n i tu d e  of the   ̂D 

and  e x c i ta t io n  fu n c t io n s  a r e  s u c e s s f u l ly  a c c o u n te d  f o r  by t r a n s f e r  

of e x c i t a t io n  a c c o rd in g  to the  St. Jo h n ,  F o w le r  th e o r y .  ^ The s e c o n d ­

a r y  p e a k s  a p p e a r in g  in  the  n^S, n^S, and  n ^ P  e x c i t a t io n  fu n c t io n s  a t 

h igh  p r e s s u r e  s e e m  to  be e x p la in e d  by  d e p a r t u r e s  f r o m  th e  m o n o -  

e n e r g e t ic  c h a r a c t e r  of the  e l e c t r o n  b e a m  a t  th e s e  p r e s s u r e s .
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