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ABSTRACT

The th in  f o i l  io n ic  beam tech n iq u e  was used  to  produce a  

beam o f  m u ltip ly  io n iz e d  and e x c ite d  oxygen io n s . E x c ite d  le v e ls  

produced by c o l l i s io n s  in  th e  f o i l  were d e te c te d  by w avelength 

measurements o f  th e  e m itte d  s p e c t r a l  l in e s  as reco rd ed  on pho to ­

g rap h ic  p l a t e s .  E x c ita t io n  fu n c tio n s  o f  v a rio u s  le v e l s  were ob­

ta in e d  from th e  s p e c t r a l  l in e s  u s in g  m ic ro d en sito m eter te c h n iq u e s , 

I t  was found t h a t  p o p u la tio n s  ag reed  w ith in  ex p erim en ta l e r r o r  

w ith  t h e o r e t i c a l  l in e  s t r e n g th s .  However, th e  p o p u la tio n s  o f  th e  

e x c ite d  le v e ls  do n o t obey a  Boltzmann d i s t r i b u t io n .  E x c ita t io n  

fu n c tio n s  were found to  re a ch  peaks a t  p a r t i c l e  e n e rg ie s  o f  about

0 .5 0  MeV in  0 I I  and O.63  MeV in  0 I I I .

v i i



I .  INTRODUCTION

The main souarces o f  e x c ite d  p a r t i c l e s  p re v io u s ly  used f o r  

sp e c tro sc o p ic  in v e s t ig a t io n s  o f  atom ic p ro p e r t ie s  have been f la m e s , 

a r c s ,  sp a rk s , d isch a rg e  tu b e s  and p lasm as. B ashkin1 proposed  th a t  

th in  f o i l s  u sed  as t a r g e t s  fo r  io n ic  beams could  be u sed  as & sp ec­

tro s c o p ic  so u rc e . The th in  f o i l  tech n iq u e  has th e  fo llo w in g  advan­

ta g es  :

1 . The s p e c tr a  which r e s u l t  from photon em ission  in  th e  decay o f

th e  e x c ite d  le v e ls  a re  t im e -re s o lv e d .

2 .  The on ly  mode o f  decay i s  spontaneous em ission  o f  a  photon

s in c e  th e  p a r t i c l e  d e n s ity  in  th e  beam and th e  am bient vacuum

a re  s u f f i c i e n t ly  low to  in su re  no in te r a c t io n  between p a r t i ­

c l e s .  F u r th e r ,  recom bination  l in e s  a re  n o t observed  because 

th e  e le c tro n  d e n s ity  in  th e  beam i s  low .

3. S ince an a c c e le r a te d  io n ic  beam i s  th e  sp e c tro sc o p ic  so u rc e , 

th e  common tech n iq u es  o f  e l e c t r o s t a t i c  o r  m agnetic a n a ly s is  o f  

th e  beam in s u re  a  ch em ica lly  pu re  s o u rc e .

4 . Io n iz a tio n s  and e x c i ta t io n s  o f  beam p a r t i c l e s  by th e  f o i l  de­

pend on th e  energy o f  th e  in c id e n t  p a r t i c l e s , and i t  i s  p o s s i­

b le  to  o b ta in  h ig h  io n iz a t io n s  by u s in g  beam e n e rg ie s  o f  a  few 

MeV.

5 . E s s e n t i a l ly  a l l  th e  chem ical e lem ents can be s tu d ie d  under i -  

d e n t ic a l  e x c i ta t io n  c o n d itio n s .

1
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The e x c i ta t io n  fu n c tio n  o f  an e x c ite d  l e v e l  i s  d e fin e d  as 

th e  r e l a t i v e  i n i t i a l  p o p u la tio n  o f  th e  e x c ite d  l e v e l  as a  fu n c tio n  

o f  energy o f  th e  incoming p a r t i c l e s .  For th e rm a l so u rces  such as 

f lam es , a r c s ,  sp ark s  and p lasm as, l e v e l  p o p u la tio n s  a re  p ro p o r tio n  

a l  to  exp ( -  E jj/kT), where %  i s  th e  energy  o f  th e  n ' t h  e x c ite d  l e ­

v e l ,  k i s  B oltzm ann 's c o n s ta n t , and T i s  th e  a b so lu te  tem p era tu re  

o f  th e  s o u rc e .3 A lthough i t  i s  n o t p o s s ib le  to  a s s ig n  a  tem pera­

tu r e  t o  th e  beam p a r t i c l e s ,  i t  i s  o f  i n t e r e s t  to  compare th e  le v e l  

p o p u la tio n s  as fu n c tio n s  o f  beam energy f o r  f o i l - e x c i t e d  p a r t i c l e s  

w ith  th e  l e v e l  p o p u la tio n s  as  fu n c tio n s  o f  tem p era tu re  f o r  o th e r  

te c h n iq u e s .



I I .  EXPERIMENT

A beam o f  s in g ly - io n iz e d ,  d ia tom ic  oxygen m olecu les was ac ­

c e le r a te d  to  th e  d e s ire d  energy u s in g  a  2 MV Van de G ra a ff  a c c e le r ­

a to r .  The beam was p assed  th ro u g h  an an a ly z in g  magnet which d ir e c ­

t e d  th e  p a r t i c l e s  w ith  th e  p ro p e r p /e  r a t i o  in to  th e  t a r g e t  chamber 

and th ro u g h  a  th in  carbon f o i l .  In  th e  above, p i s  th e  momentum o f  

th e  p a r t i c l e s  and e i s  th e  n e t e le c t r o n ic  ch arg e . C o ll is io n s  in  

th e  f o i l  reduced  th e  oxygen m o lecu lar ion  beam to  a  monatomic bean , 

and th e  oxygen p a r t i c l e s  emerged from th e  f o i l  w ith  some d i s t r i b u ­

t io n  o f  io n iz a t io n  and e x c i t a t io n .  The e x c ite d  p a r t i c l e s  decayed 

by spontaneous em ission  o f  a  p h o to n ; th e  photons were d isp e rse d  

w ith  th e  f / 0 .8  s t ig m a tic  M einel sp ec tro g rap h  and were reco rd ed  on 

pho to g rap h ic  p l a t e s .  Kodak 103a-o sp e c tro sc o p ic  p la te s  were u sed . 

Exposure tim es ranged  from  5 m inutes t o  90 m inutes w ith  beam cu r­

r e n ts  o f  about 0 .3  M-amps. Due to  th e  use o f  g la s s  le n se s  in  th e  

o p t ic a l  system  and to  th e  s e n s i t i v i t i e s  o f  th e  ph o to g rap h ic  p l a t e s , 

th e  w avelength re g io n  examined was from 3600 A to  hjOO  A. The ex­

p e rim e n ta l arrangem ent i s  shown in  F ig . 1 .

. S ince  th e  M einel sp ec tro g rap h  i s  a s tig m a tic  in s tru m e n t, 

each s p e c t r a l  l in e  appears as an image o f  th e  s l i t  o f  th e  s p e c tro ­

g raph , w ith  each p o in t o f th e  l in e  co rrespond ing  to  a  p o in t  in  th e  

beam. The l in e s  w i l l  be d a rk e s t a t  th e  f o i l  end and w i l l  d ecrease  

in  i n t e n s i ty  a long t h e i r  le n g th  due to  th e  ex p o n en tia l decay o f  th e  

io n s  and to  th e  s t ig m a tic  p ro p e r ty  o f  th e  sp ec tro g ra p h . Thus
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measurement o f  th e  d e n s ity  o f  a s p e c t r a l  l in e  a t  some d is ta n c e  from 

th e  f o i l  end o f  th e  l in e  corresponds to  a  measurement o f  th e  number 

o f  photons e m itte d  a t  some d is ta n c e  downstream from th e  f o i l .

The r e l a t i v e  p o p u la tio n s  o f  th e  v a rio u s  le v e ls  were o b ta in ­

ed from th e  pho to g rap h ic  p la te s  by d e te rm in in g  th e  r e l a t i v e  powers 

o f  th e  s p e c t r a l  l i n e s . S ince  d e n s ity  r a th e r  th an  e m itte d  power 

must be m easured from  th e  s p e c t r a l  l i n e s ,  i t  was n e ce ssa ry  to  r e ­

l a t e  d e n s ity  to  power u s in g  b lack-body  continuum p la t e s .  A tu n g ­

s te n  f ila m e n t lamp o p e ra ted  a t  1950°K ± 50°K was used  as th e  b la c k -  

body so u rc e , and a  s te p - d e n s i ty  f i l t e r  was used  to  o b ta in  v a rio u s  

d e n s i t i e s .  The exposure tim es o f  th e  b lack-body  p la te s  were th e  

same as th e  exposure tim es o f  th e  co rrespond ing  s p e c t r a l  p l a t e s . 

F ig u re  2 shows a  s p e c t r a l  p la t e  tak en  w ith  an Os* beam a t  1 .0  MeV . 

and th e  co rrespond ing  b lack-body  p l a t e .

To compare s p e c t r a l  p la te s  tak en  w ith  d i f f e r e n t  beam cu r­

r e n ts  and beam e n e rg ie s , i t  was n e ce ssa ry  to  determ ine th e  number 

o f  p a r t i c l e s  p a ss in g  th rough  th e  f o i l  f o r  each ex p o su re . This was 

done by in te g r a t in g  th e  beam c u rre n t c o l le c te d  by a  s h ie ld e d  F a ra ­

day cup , and re c o rd in g  th e  t o t a l  charge fo r  th e  p l a t e .  The t o t a l  

charge cou ld  th e n  be co n v erted  to  th e  t o t a l  number o f  p a r t i c l e s  

p a ss in g  th rough  th e  f o i l  by u s in g  measurements o f  r e l a t i v e  charge 

s t a t e  p o p u la tio n s  in  th e  beam as a  fu n c tio n  o f  beam e n e rg y .3

To a id  in  w avelength  d e te rm in a tio n , an iro n -a rg o n  compari­

son spectrum  was tak en  on each s p e c t r a l  p la te  and on each b la ck - 

body p la te  as shown in  F ig . 2 . The w avelengths o f  th e  s p e c t r a l
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l in e s  were measured to  an accuracy  o f  ± 0 .5  A u s in g  a  G rant Compar­

a to r ,  and th e  t r a n s i t i o n s  g iv in g  th e  s p e c t r a l  l in e s  were th en  de­

term ined  u s in g  ta b le s  o f  p re v io u s ly  observed  t r a n s i t i o n s 4, and 

w avelengths computed from energy l e v e l  t a b l e s .5 In  T ab les 1 , 2 ,  

and 3» th e  observed  s p e c t r a l  l in e s  a re  numbered and w avelengths and 

t r a n s i t i o n s  o f  th e  l in e s  a re  l i s t e d .



I l l . ANALYSIS

S ince  th e  s p e c t r a l  l in e s  a re  tim e re so lv e d , i t  i s  p o s s ib le  

to  determ ine p o p u la tio n s  o f  th e  le v e ls  soon a f t e r  th e  ions a re  ex­

c i te d  in  th e  f o i l  by m easuring r e l a t i v e  power a t  th e  f o i l  end o f  

th e  s p e c t r a l  l i n e s . Measurements o f  th e  d e n s i t ie s  o f  th e  s p e c t r a l  

l in e s  were made w ith  a  H ilg e r-W atts  d e n s ito m e te r. The s l i t  w idth 

o f  th e  d en sito m e te r corresponded  to  a  d is ta n c e  a long th e  beam o f 

1 .2  mm and th e  measurements were made w ith  th e  c e n te r  o f  th e  s l i t  

a t  a  p o s i t io n  on th e  l i n e  which corresponded  to  a  beam d is ta n c e  o f  

1 .0  mm from th e  f o i l .  A ty p ic a l  d en sito m e te r scan i s  shown in  

F ig . 3- For th e  fo llo w in g  re a so n , no c o r re c t io n  was made fo r  th e  

e r r o r  due to  decay o f  th e  beam in  t h i s  d is ta n c e . S tudy o f  th e  

s p e c t r a l  l in e s  shows t h a t  on s e v e ra l  l in e s  th e  change in  em itted  

power does n o t fo llo w  an ex p o n en tia l decay u n t i l  th e  beam p a r t i c l e s  

a re  as f a r  as 1 .5  mm from th e  f o i l .  C ascading from h ig h e r  le v e ls  

i s  known to  be p re s e n t in  many cases and i s  p robab ly  th e  source  o f  

th e  d i f f i c u l t y .  Much more e x ten s iv e  measurements would be n eces­

s a ry  to  c o r re c t  f o r  t h i s  problem .

The ex p re ss io n  used  to  determ ine r e l a t i v e  p o p u la tio n s  from 

th e  m easured d e n s i t ie s  o f  th e  s p e c t r a l  l in e s  i s  d e r iv e d  below . 

C onsider a s p e c t r a l  p la te  tak en  a t  a  beam energy E and exposed fo r  

a  tim e  t  w ith  in te g r a te d  beam charge Q. A g iven  l e v e l  w ith  i n i t i ­

a l  p o p u la tio n  N can in  g e n e ra l decay to  s e v e ra l  low er le v e ls  w ith

6 •



each decay being  c h a ra c te r iz e d  by i t s  w avelength X and spontaneous 

em ission c o e f f ic ie n t  A. These v a rio u s  decays can f r e q u e n tly  be r e ­

so lv ed  on th e  s p e c t r a l  p l a t e s ,  and th e  p o p u la tio n  o f  th e  upper le v -

h i s  P la n c k 's  c o n s ta n t ,  c i s  th e  speed o f  l i g h t ,  and A i s  th e  spon­

taneous em ission  c o e f f ic ie n t  fo r  th e  t r a n s i t i o n .

s i t i o n  excep t th e  power P . As in d ic a te d  p re v io u s ly , d e n s ity  o f  th e  

s p e c t r a l  l i n e  must be d i r e c t l y  m easured r a th e r  th a n  pow er, and th e  

em itted  power i s  th e n  o b ta in e d  u s in g  th e  b lack-body  continuum 

p la t e s .  This was done as fo llo w s : th e  power o f  th e  l in e  i s  r e l a ­

te d  to  th e  d e n s ity  by

where p i s  th e  d e n s ity  o f  th e  l in e  a t  th e  f o i l ,  t  i s  th e  exposure 

t im e , and H(X, t ,  geom) i s  a fu n c tio n  which in c lu d es  c o r re c tio n s  

fo r  th e  geom etry o f  th e  system  and f o r  p la t e  exposure c h a r a c te r i s ­

t i c s .  On th e  b lack -body  p l a t e s ,  th e  s te p -d e n s i ty  f i l t e r  caused th e  

p la te  to  be exposed in  s t r i p s  o f  d i f f e r e n t  d e n s ity , where each 

s t r i p  covered th e  e n t i r e  w avelength re g io n  o f th e  p l a t e .  The pow­

e r  em itted  by th e  b lack-body  i s  r e l a t e d  to  th e  p la te  d e n s ity  o f a

e l  can be determ ined  from th e  exam ination  o f  a s in g le  s p e c t r a l  

l i n e .  In  such a c a se , th e  p o p u la tio n  N i s  g iven by

( 1 )

where P i s  th e  power o f  th e  l i n e ,  X i s  th e  w avelength o f  th e  l i n e .

In  Eq. ( l ) , a l l  q u a n t i t ie s  a re  c o n s ta n t fo r  a  g iven  t r a n -

P = P H (X ,^ t, geom) (2)
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given  s t r i p  a t  a g iven  w avelength by

P0 (X) ?°iXl  t ,  geom)
« O T T T (3)

where Po(X) i s  th e  power o f  th e  b lack-body  a t  w avelength e0 (X) 

i s  th e  tra n sm is s io n  o f  th e  co rrespond ing  s te p  o f  th e  f i l t e r ,  p0 (X) 

i s  th e  d e n s ity  o f  th e  s t r i p  a t  X, and H i s  th e  same fu n c tio n  as in  

Eg.. ( 2 ) .  From th e  d e n s i t ie s  p0 (X) fo r  d i f f e r e n t  s t r i p s ,  th e re  w i l l  

be an in te r p o la te d  v a lu e  o f  th e  tra n sm is s io n  such t h a t  th e  d e n s ity  

o f  th e  b lack-body  continuum  i s  eq u al to  th e  d e n s ity  o f  th e  s p e c t r a l  

l i n e .  This v a lu e  o f th e  tra n sm iss io n  w i l l  be denoted  by e . Then 

from Eqs. (2) and (3) one o b ta in s

f o i l  v a r ie d  from p la te  to  p l a t e ,  i t  was n ecessa ry  to  n o rm alize  th e  

i n i t i a l  p o p u la tio n s  to  th e  number o f  p a r t i c l e s  p a ss in g  th ro u g h  th e  

f o i l ,  and to  th e  v e lo c i t i e s  o f  th e  p a r t i c l e s .  In  t h i s  experim ent 

th e  number o f  p a r t i c l e s  p a ss in g  th rough  th e  f o i l  was determ ined  in ­

d i r e c t ly  by m easuring th e  number o f  charges c o l le c te d  by th e  F a ra ­

day cup. Let n be th e  number o f  p a r t i c l e s  which p ass  th ro u g h  th e  

f o i l  fo r  one ex p o su re . Let & in d ic a te  th e  charge s t a t e s  o f  th e

P = p0 (X) e

S u b s t i tu t in g  f o r  P in  Eq. ( l )  g iv es  th e  r e l a t i v e  p o p u la tio n

(5)

S ince th e  average number o f  p a r t i c l e s  p a ss in g  th ro u g h  th e
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io n s , so & = 0 re p re se n ts  n e u t r a l  p a r t i c l e s ,  4 = 1  re p re s e n ts  s in g ­

ly  io n iz e d  p a r t i c l e s ,  e t c .  For a g iven  energy E, a c e r ta in  f r a c ­

t io n  Fjj o f  th e  beam p a r t i c l e s  w i l l  be in  charge s t a t e  4 , and th e  

number o f  p a r t i c l e s  p a ss in g  th rough  th e  f o i l  and be in g  io n iz e d  in to  

charge s t a t e  4 w i l l  be nF^. The n e t  charge c o l le c te d  w i l l  be

Q = S 4(nFjl) . (6)

Thus,

n -  S T T >  (? )
4

I t  shou ld  be m entioned t h a t  th e  method used  above fo r  de term in ing  

th e  number o f  p a r t i c l e s  i s  n o t th e  most convenien t m ethod. A more 

s tra ig h tfo rw a rd  method would be to  measure th e  in te g r a te d  charge 

w ith  th e  f o i l  o u t o f  th e  beam, and w ith  th e  f o i l  in  th e  beam.

Since th e  in te g r a te d  charge Q w ith  th e  f o i l  ou t i s  r e l a t e d  to  th e  

number o f  p a r t i c l e s  by

Q. = ne , (8)

and s in c e  th e  r a t i o  o f  in te g ra te d  charge w ith  f o i l  o u t to  charge 

w ith  f o i l  in  i s  a  c o n s ta n t fo r  a  g iven  f o i l  and g iven  energy , th e  

average number o f  p a r t i c l e s  p a ss in g  th ro u g h  th e  f o i l  p e r  second i s  

e a s i ly  determ ined  from th e  t o t a l  in te g r a te d  c u rre n t w ith  th e  f o i l  

in  th e  beam.
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The e f f e c t  o f  d i f f e r e n t  beam v e lo c i t i e s  can be seen  from 

th e  fo llo w in g . Assume N p a r t i c l e s  a re  i n i t i a l l y  e x c ite d  in to  a  

g iven l e v e l .  Let th e  l in e  be examined over an i n t e r v a l  dx , where 

dx i s  l e s s  th a n  one te n th  o f  a  mean decay d is ta n c e . I f  th e  v e lo ­

c i ty  o f  th e  beam i s  v x , th e  number o f  atoms o r ions observed  to  de­

cay a t  th e  f o i l  by a  g iven  t r a n s i t i o n  i s

m x .= N A —  (9)

Now co n sid e r a  beam o f  v e lo c i ty  vg b u t assume th e  p a r t i c l e  f lu x  

th rough  th e  f o i l  i s  such th a t  th e re  a re  s t i l l  i n i t i a l l y  N p a r t i c l e s  

e x c ite d  in to  a  g iven  l e v e l . Then th e  number o f  decays observed  

w i l l  be

-y
dNa = N A ^  (10)

Thus,

•Vx dNx = V2 dNg ( l l )

In c lu d in g  th e  n o rm a liz a tio n s  f o r  th e  number o f  p a r t i c l e s  in  

th e  beam, and fo r  th e  v e lo c i ty  o f  th e  p a r t i c l e s ,  one o b ta in s  fo r  

th e  norm alized  power.

G v Z 4 Fa
p* = p -  = P o (X )  q  , (12)

and fo r  th e  no rm alized  r e l a t i v e  p o p u la tio n s
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6 A. v 2 A F» 

r  ■- H 5 “ k M    (13)

Table 4 g iv es  th e  v a lu es  o b ta in e d  from  Eq. (12) f o r  th e  norm alized  

powers 3 and Table 5 g iv es  th e  v a lu es  o f  th e  r e l a t i v e  p o p u la tio n s  

c a lc u la te d  from Eq. (13)• The v a lu es  o f  th e  em ission c o e f f ic ie n ts  

were o b ta in e d  from ta b le s  o f  ex p erim en ta lly -d e te rm in ed  t r a n s i t i o n  

p r o b a b i l i t i e s .6 ,

In  o rd e r to  determ ine th e  e r ro r s  in  th e  m easured v a lu es  o f  

th e  e m itte d  pow ers, two s e p a ra te  exposures made w ith  th e  same beam 

energy were compared. From t h i s  com parison, i t  was found t h a t  th e  

e r ro r s  a re  l e s s  th a n  25%. In  c a lc u la t in g  r e l a t i v e  p o p u la tio n s , th e  

t r a n s i t i o n  p r o b a b i l i t i e s  used  were g iven  as b e in g  c o r r e c t  to  w ith in  

25%. Thus, th e  p o p u la tio n s  shou ld  be c o r re c t  to  w ith in  43%.



IV. RESULTS

From T ables 1 , .2  and 3 , one f in d s  t h a t  80 l in e s  were ob­

serv ed  in  th e  w avelength reg io n  3600 A to  4700 A. The m a jo r ity  o f  

th e se  t r a n s i t i o n s  were observed  in  0 I I ,  w ith  on ly  th re e  m u lt ip le ts  

observed  in  0 I I I ,  and one m u lt ip le t  observed  in  0 IV. There were 

no t r a n s i t i o n s  observed  which cou ld  be d e f in i t e ly  id e n t i f i e d  as 

coming from 0 I  o r 0 V. This was unexpected  fo r  0 I  s in c e  th e  

charge s t a t e  p o p u la tio n  o f  0 I  a t  low en e rg ie s  i s  over 15% o f  th e  

t o t a l  beam.3

From th e  d a ta  i t  does n o t appear t h a t  f o i l  e x c ite d  p a r t i ­

c le s  obey a Boltzmann d i s t r i b u t io n .  T his can be seen  from "non- 

deg en era te"  s t a t e  p o p u la tio n s  o b ta in e d  by d iv id in g  th e  l e v e l  popu­

l a t io n s  by (23 + l ) ( 2 J  + l ) . I f  th e  f o i l  e x c ite d  p a r t i c l e s  had a  

d i s t r ib u t io n  s im i la r  to  a  Boltzmann d i s t r i b u t i o n , one would see  an 

e x p o n e n tia l d ec rease  in  p o p u la tio n s  in  a charge s t a t e ,  and between 

charge s t a t e s .  This d e f in i t e ly  i s  n o t observed  from th e se  d a ta .

In  Table 6 , th e  "non-degenera te" s t a t e  p o p u la tio n s  a re  g iven  fo r  

oxygen p a r t i c l e s  a t  0 .5 0  MeV.

From T ables 1 th rough  4 i t  i s  seen  th a t  in  alm ost a l l  mul­

t i p l e t s ,  th e  most pow erfu l l in e s  observed  a re  th o se  correspond ing  

to  th e  h ig h e r J  t r a n s i t i o n s  w ith  AJ = AL. This ag rees  q u a l i t a t i v e ­

ly  w ith  t h e o r e t i c a l  c a lc u la t io n s  o f  l in e  s t r e n g th s , assum ing LS 

co u p lin g . L ine s tre n g th s  r a th e r  th an  powers a re  g e n e ra l ly  c a lc u la ­

te d  t h e o r e t i c a l l y  s in c e  l in e  s t r e n g th  i s  th e  more fundam ental

12
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q u a n ti ty .  The l in e  s t r e n g th  fo r  a  t r a n s i t i o n  from le v e l  a  to  le v e l  

b i s  d e fin e d  as

S (a , b) .  E [ ( a  |P | P ) ]2 ,
$ j  P

(lU)

where (a  jp[ 9) i s  th e  m a trix  elem ent f o r  a  d ip o le  t r a n s i t i o n  from 

le v e l  a  w ith  quantum numbers ot to  l e v e l  b w ith  quantum numbers 9 .7 

The em itted  power P i s  r e l a t e d  to  th e  l in e  s t r e n g th  S(a> b) by

I t  i s  o f  i n t e r e s t  to  compare powers o f  l in e s  o r ig in a t in g  on th e  

same l e v e l ,  and to  compare p o p u la tio n s  o f  th e  l e v e l  as c a lc u la te d  

from th e se  pow ers. There a re  fo u r p a i r s  o f  l in e s  observed  where 

each p a i r  o r ig in a te s  on a  s in g le  l e v e l ,  and in  Table 7 th e  r a t io s  

o f  th e  powers o f  th e se  l in e s  a re  compared w ith  r a t i o s  o f  l i n e  

s t r e n g th s . T his com parison i s  independent o f  th e  p o p u la tio n  and 

th u s  does n o t in c lu d e  th e  e r ro r s  in tro d u ce d  by th e  t r a n s i t i o n  p rob­

a b i l i t i e s .  From t h i s  t a b le  one sees  t h a t  th e  powers do ag ree  w ith  

th e  r a t i o s  o f  l in e  s tre n g th s  w ith in  ex p erim en ta l e r r o r „ From 

Table 5 , th e  agreem ent between p o p u la tio n s  c a lc u la te d  from  th e  

p a i r s  o f  l in e s  i s  n o t found to  be as good, a lthough  in  two o f  th e  

c a se s , th e y  do ag ree  w ith in  ex p erim en ta l e r r o r .

The dependence o f  th e  p o p u la tio n s  o f  th e  le v e ls  on energy 

can be seen from Table 3- In  p a r t i c u l a r ,  th e  p o p u la tio n s  o f  th e  

le v e ls  in  0 I I  in c re a s e  w ith  energy from  0 .20  MeV p e r p a r t i c l e  to

(2 J  + 1) X4
(15)
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about 0 .5 0  MeV p e r  p a r t i c l e  and th en  d e c re a se , w ith  about a f a c to r  

o f  2 change in  p o p u la tio n . For 0 I I I ,  th e  peak p o p u la tio n s  occur 

a t  about O.63  MeV p e r  p a r t i c l e ,  where th e y  a re  about th r e e  tim es 

th e  p o p u la tio n s  a t  0 .2 0  MeV. In  F ig s . 4 th rough  7 , p o p u la tio n s  ob­

ta in e d  from l in e s  3» 15> 29  and 43 a re  shown as a  fu n c tio n  o f  beam 

energy .



V . CONCLUSION

U sing th e  th in  f o i l  tech n iq u e  f o r  producing  e x c ite d  l e v e l s , 

i t  i s  found t h a t  th e  d i f f e r e n t  J  le v e l s  in  a  m u lt ip le t  a re  popula­

te d  as expected  from th e  c a lc u la te d  l i n e  s t r e n g th s ,  and t h a t  r a t io s  

o f  powers ag ree  w ith in  ex p erim en ta l e r r o r  w ith  r a t i o s  o f  l in e  

s tre n g th s  fo r  t r a n s i t i o n s  from a  s in g le  l e v e l .  However, th e  popu­

la t io n s  o f  th e  le v e ls  do n o t fo llo w  a  Boltzmann d i s t r i b u t io n .

P o p u la tio n s  o f  th e  le v e ls  show a  dependence on beam energy 

w ith  th e  p o p u la tio n s  in  0 I I  and 0 I I I  reach in g  a  maximum a t  about 

0 .5 0  MeV and O.63  MeV p e r  p a r t i c l e  r e s p e c t iv e ly .  The maximum v a r­

ia t io n s  in  p o p u la tio n s  in  th e  energy range in v e s t ig a te d  a re  about a  

f a c to r  o f  two f o r  6 I I  l in e s  and a  f a c to r  o f  th re e  f o r  0 I I I  l i n e s .

15
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Table 1. Wavelengths and T ran sitions o f Lines Observed in
Io n iza tio n  S ta te  0 I I .

Line
No.

Measured
W avelength

(A)

I d e n t i f i e d
W avelength

(A)
M u lti-
p le t

T ra n s it io n  
F in a l  I n i t i a l

J f  - J ,

79 4650.4 4650.34 1 3s 4P -  3p 4D° 5/2  -  7/2

78 4643.1 4643.01 1 3s 4P -  3p 4d° 3/2 - 5/2

77 4670.3 4670.05 1 3s 4P -  3p 4d° 1/2  -  3/2

80 4662.5 4662.84 1 3s 4P - 3p 4d° 3/2 - 3/2

51 4351.0 4350.66 2 3s 4P -  3p 4P° 5/2  - 5/2

54 4368.4 4368.13 2 3s 4P - 3p V 5/2 -  3/2

50 4366.2 4346 .65 2 3s 4P - 3p 4P° 3/2  -  1/2

12 3750.5 3750.55 3 3s 4P - 3p *s° 5/2 - 3/2

9 3728.1 3728.39 3 3s 4P -  3p 4s° 3/2  - 3/2

5 3713.7 3713.77 3 3s 4P - 3p 4S° 1/2 - 3/2

62 4 4 l6 .2 4 4 i6 .12 5 3s 3P -  3p a D° 3/2 -  5/2

63 44i 8 .5 44i 8 .2 0 5 3s 2P - 3p aD° 5/2  - 7/2

69 4453.3 4453.71 5 3s 2P -  3p aD° 3/2  - 3/2

29 3974.4 3974.39 6 3s 2P -  3p a P° 3/2  - 3/2

27 3955.0 3955.48 6 3s 2P -  3p aP° 1/2  - 1/2

25 3946.0 3946.16 6 3s 2P - 3p a P° 1/2 - 3/2

34 4077.0 4077.02 10 3p V -  3d 4P 7/2  -  9/2

33 4073.3 4073.30 10 3p V -  3d 4F 5/2  - 7 /2

32 4071.1 4071.04 10 3p 4D°- 3d 4f 3/2  - 5/2

32 4071.1 4070.79 10 3p 4D°- 3d 4f 1/2  - 3/2

36 4085.1 4o86.27 10 3p 4D°- 3d 4f 5/2  - 5/2
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Table 1 - -Continued

Line
No.

Measured
W avelength

(A)

I d e n t i f i e d
W avelength

( 1)
M u lti-
p l e t F in a l

T ra n s it io n
I n i t i a l J f .  J ±

35 4079.7 4o80.02 10 3p 4d° - 3d 4f 3/2 - 3/2

22 3908.2 3908.55 11 3p 4d° - 3d 4P 5/2 -  5/2

21 3883.6 3883.54 11 3P V - 3d 4P 3/2 -  3/2

21 3883.6 3883.29 12 3p V - 3d 4d 7/2 -  7/2

20 3849.5 3848.98 12 3p V - 3d 4d 1/2  - 1/2

75 4592.1 4592.46 15 3 s ' aD - 3P1 2f ° 5/2 -  7 /2

76 4597.2 4597.28 15 3 s ' 2d - 3P1 2f° 3/2 -  5/2

76 4597.2 4597.49 15 3 s ' 2d - 3P1 2f° 5/2 -  5/2

52 4352.5 4352.50 16 3 s ' 3d - 3P1 2d° 5/2 -  5/2

52 4352 .5 4352.69 16 3 s ’ SD - 3P1 2du 3/2 - 5/2

23 3912.8 3913.07 17 3 s ' 3D - 3P1 2P° 5/2 - 3/2

2 b 3920.1 3920.37 17 3 s ' 3d - 3P1 2P° 3/2 - 1/2

23 3912.8 3913.22 17 3 s ' 3 d - 3P1 3P° 3/2 -  3/2

41 4155.3 4154.45 19 3P 4P° - 3d 4P 3/2  - 5/2

39 4120.5 4120.38 20 3p 4P° - 3d 4d 5/2 - 7/2

38 4098.1 4098.39 20 3p 4P° - 3d 4d 1/2  - 3/2

60 4397.4 4397.19 26 3p 3d° - 3d 2d 5/2  - 5/2

55 4370.5 4370.53 26 3p 3d° - 3d 2d 3/2 - 3/2

61 4409-6 4407.26 26 3p 3d° - 3d 2d 5/2  -  3/2

53 4361.5 4360.58 26 3p 3 d° - 3d 2d 3/2  -  5/2

68 4449.2 4449.59 35 3 p ' 3f° - 3d1 2f 7/2  - 7/2

43 4191.0 4190.97 36 3p * 3f° - 3d1 2g 7/2  - 9/2
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Table 1—Continued

Line
No.

Measured
W avelength

(&)

I d e n t i f i e d
W avelength

(A)
M u lti­
p le ! F in a l

T ra n s it io n
I n i t i a l J f  '  J i

b2 4 i8 6 .6 4186.62 36 3 p ' V -  3d1 a G 5/2 - 7/2

43 4191.0 4190.76 36 3p ' V - 3d1 2g 7 /2  - 7/2

28 3963.6 3964.18 43 3p ' V -  ltd 2p 5/2 - 3/2

2 6 3949.6 3950.51 43 3 p ' 2d° - 4d 2p 3/2  -  1/2

37 4090.4 4090.44 48 3d 4f - 4 f 4g° 9/2 -  11/2

38 4098.8 4098.43 48 3d 4f -  4 f 4g° 7 /2  -  9/2

31 4o66.0 4o66. 2 2 50 3d 4f -  4 f 4f° 9/2  -  7 /2

4? 4305.0 4305.04 54 3d 4P - 4 f 4d° 5/2  - 7 /2

45 4278.0 4277.90 54 3d 4P - 4 f 4d° 3/2 - 1/2

73 4470.3 4470.50 59 3p' 3P° - 4d 4d 3/2 - 5/2

48 4316.3 4316.48 64 3d 4d - 4 f 4d° 3/2  - 3/2

48 4316.3 4316.67 64 3d 4d - 4 f V 3/2  -  1/2

48 4316.3 4316.77 64 3d 4d - 4 f V 5/2  -  3/2

45 4278.0 4277.97 67 3d 4d - 4 f V 5/2  - 7/2

46 4285.0 4284.16 67 3d 4d - 4 f 4f° 3/2  -  5/2

46 4285.0 4284.33 67 3d 4d - 4 f 4f° 5/2 - 5/2

U6 4285.0 4284.95 • 67 3d 4d - 4 f 4f° 3/2  - 3/2

49 4342.4 4343.23 77 3d aF - 4 f 2g° 7 /2  - 9/2

48 4316.3 4316.57 79 3d 2f - 4 f 2f° 7 /2  - 5/2

30 4 o6 l . 9 4 o6 l . 6 7 97 3 d ' 2f - 4 f1 a G° 7 /2  - 9/2

30 4 o6 l . 9 4062.20 97 3 d ' 2f - 4 r L SG° 5/2 - 7 /2

30 4 o 6 l.9 4 o6 l . 6 7 97 3 d ' 2f - 4 f1 2g° 7 /2  - 7 /2



19

Table l--C ontinued

Line
No.

Measured
W avelength

(A)

I d e n t i f i e d
W avelength

(A)
M u lti-
p le t

T ra n s it io n  
F in a l  I n i t i a l J f  -  J i

44 4255.6 4255.28 101 3 d 1 20 - 4 f1 2h° 7 /2  - 9/2

57 4380.7 4379.96 102 3d* 2D -  4 f1 2F° 5/2  -  7 /2

57 4380.7 4379.56 102 3 d ' 2D - 4 f1 2f° 3/2 - 5/2

57 4380.7 4379.96 102 3d* 2d - k f 1 2 f° 5/2 - 5/2

4o 4 i4 4 . l 4 l4 3 - 106 3p 6 P - 3d 6 D° band
4147

71 4467.2 4467.64 87 3d 2P - 4 f  4D° 3/2  - 3/2

74 4476.3 4477.28 87 3d 2P - 4 f  V 1/2  -  3/2

71 4467.2 4466.72 94 3s 6 S° -  3p 6P 5/2  -  7 /2

72 4469.1 4469.20 94 3s . 6 S° - 3p 6 P 5/2  -  5/2

73 4470.3 4470.65 94 3s 6 S° - 3p 6 P 5/2  - 3/2
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Table 2 . Wavelengths and T ransitions o f Lines Observed in
Io n iza tion  S ta te  0 I I I .

Measured
W avelength

I d e n t i f i e d
WavelengthLine

No.
M u lti-
p l e t

T ra n s it io n
F in a l I n i t i a l

3760.8

3755.73

3792.33

3775.07

3811.7

21
21
21

3721.7 21

3713.3 3713.50 21
3721.5 21

3710.593709.1 21
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Table 3. Wavelengths and T ransitions o f  Lines Observed in
Io n iza tio n  S ta te  0 IV.

Line
No.

Measured
W avelength

(A)

I d e n t i f i e d
W avelength

(A)
M u lti-
p le t

T ra n s it io n  
F in a l  I n i t i a l J f  - J .

11 3737.6 3737.84 6 3p 4D - 3d V 7/2  - 9/2

10 3729.9 3730.09 6 3p 4D - 3d V 5/2 - 7 /2

8 3726.6 3726.88 6 3p 4D - 3d 4F° 3/2 -  5/2

8 3726.6 3726.88 6 3p 4D - 3d 4F° 1/2 -  3/2



51

54

50

12

9

29

27

34

36

39

43

42

49

Normalized R elative  Powers as a Function o f P a r tic le  Energy

T ra n s it io n  
F in a l I n i t i a l

0 I I

3s 4P 

3s 4P 

3s 4P

5/2

5/2

3/2

5/2

3/2

3/2

1/2
3p X / ,

3p 4D°

3s 4P 

3s 4P 

3s 2P

3s 2P

5/2

3p X / 2  

3p'2f5/2
3d 3Fi

- 3p  " p ; / ,

- 3P 4P03 /2 

'  3P 4P0l /2  

* 3P 4S°3/2

-  3P 4S03 /2

-  3P 2 P03 /2

- 3p 'P i /a

- 3<i 4f9/2

- 3d V 5/2

-  3d 4p 7/2

- 3d ' G

- 3 d 'SG,
9/2

7 /2

7 /2 - 4 f 2g°
9/2

P 1 a t  P a r t i c le  Energy

0 .2 0

2 .4

1 .9

4 .3

2 .3  

6.1

4 .1

4 .6

4 .3

0 .4o

3 .9

3.5

6.2

3.2

8.2 

3 .0  

5 .8  

9 .4  

5.2

0.50

12.0
8 .3

11.3

5 .9

8.0

5 .0

13.4  

4 .7

8.1

12.5 

11.2

7 .6

(MeV)

0.63

4 .3

6 .9

6 .3

6.9
11.7

10.7

8.2

0.75

5 .8

4 .8

6 .5

6.6 

8.0 

6. 0

0.87

6.9



Table 4 Continued

Line
Number

T ra n s it io n  
F in a l I n i t i a l

P1 a t  P a r t i c le  Energy (MeV)
0 .2 0 0.40 0 .5 0 0 .6 3 0.75 0 .87 1.00

0 I I I

15 3s 3P2 - 3p 3d3 4 .3 12.2 1 8 .0 19.9 17.3 12.9 10 .1

13 3s X -  3p 3»2 2 .8 8 .4 1 3 .8 12 .6 13.4 7 .8 6 .3

17 3s X - 3p 3D2 0 .9 3.6 5.2 4.6 4 .3

16 3s

CO

- 3p 3D1 1 .0 3 .9 6 .4 7 .9 6 .2 4.6 3.3

3 3s 6p3 - 3p X 2 .4 7 .8 1 2 .9 12.7 13.4 9 .0 7 .8

2 3s - 3p X 1 .1 4 .4 8 .8 6 .6 7 .8 4.8 3.3

1 3s -  3p X 5 .3 4 .0 2 .7 1 .9

6 3s 6p3 - 3p X 1.2 2 .9 5.6 4 .9 4.6 3.5 2 .0

5 3s 5p2 - 3p X 1 .4 3 .5 6 .7 5.5 6 .5 4 .3 3.0

0 IV

11 3p 4B7/2 - 3d X/2 6 .9 6 .3 9.6 7.6 7 .7

10 3p 4B5/2 - 3d ^ 7 / 2 7 .0 8 .6 6 .2 6.3

roU)
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Table 5. R ela tive  Populations o f  L evels as a Function o f Energy.

 N1 a t P a r t ic le  Energy (MeV)

0 .2 0  0 .4o  0 .5 0  0 .6 3  0.75
Line
No.

I n i t i a l
L evel 0.87 1.00

0  I I

7 .3

6.112

1 .3

1 .4 1.62 . 0 2.2

1 .30 .9 2 . 0

0.8 1.81.1 0 .9 0 .70 .9

4 .0

0.6 0 .9 1.2 1.0 1.0

0.6 1.61 .3 1 .7 1.1

1 .40 .7

0 .9 0 .9
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Table 5 .  Continued.

Line
No.

I n i t i a l
Level

N' a t  P a r t i c l e  Energy (MeV)
0 .20 0 .4 0 0 .50 0 .63 0.75 0.87 1 .00

0 I I I

15 3P 0 .8 2 .2 3.2 3 .6 3 .1 2 .3 1 .8

13 3p % 0 .5 1 .4 2 .3 2 .1 2 .2 1 .3 1 .0

17 3p % 1 .3 5.2 7 .6 , 6 .6 6 .3

16 3p 3D1 0 .9 3 .4 5 .5 6 .8 5 .4 4 .0 2 .9

3 3P 0 .5 1.6 2 .6 2 .6 2 .7 1 .8 1 .6

2 3 P ^ 0 .3 1 .1 2 .2 1 .7 2 .0 1 .2 0 .8

1 3p"D ° 1 .8 1 .4 0 .9 0 .6

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

5 3P 

0 IV

0 .8 2 .0 3 .8 3 .1 3 .7 2 .5 1 .7

11 3d ^9 /2 2 .0 1 .8 2 .8 2 .2 2 .3

10 3d 44 / 2 2 .1 2 .5 1 .8 1 .9
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Table 6 . "N on-degenerate S ta te  P o p u la tio n s"  o f T ra n s it io n s  
Observed With 0 .5 0  MeV P a r t i c l e s .

Line
No. L evel

Energy above 
Ground Level o f 

0 I I  (cm"1)

N' x 10 
(28 + l )  (2 J  + 1)

0 I I

50 3P V l / 2 208,346 6 .9

54 5P 4P°3/2 208,393 4 .6

51 3p V 5/2 208,484 3 .0

12 3P V 3 /2 212,162 3 .8

27 3P 3p0l /2 214,169 5 .0

29 3P SP03/2 214,229 3 .3

36 3d »F5/2 231,350 1 .7

34 3d 4F9 /2 231,350 0 .4 4

39 3d 4D7/2 . 232,754 0.35

43 3d- 2G9 /2 252,608 0 .8 7

42 3d- 2G7 /2 252,609 0 .8 7

49 4 f  % / 2  
0 I I I

255,984 0 .4 3

13 3P % 577,552 1 .5  .

15 3P 577,772 1 .5

1 3p 649,170 0.72

2 3P 649,270 0 .63

3 3P

0 IV

649,347 0 .58

11 '
3d 4f 9/2 1 ,221 ,997 0 .5 0
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Table 7 . Comparison o f  Ratios o f  Line Strengths to  R atios o f
Powers fo r  S e lec ted  L in es.

Line
No.

T ra n s i t io n  
F in a l  I n i t i a l

Line
S tre n g th

( r e la t iv e )

R atio  o f 
Line 

S tren g th s

Average 
R a tio  o f 

Powers

1 3s *P -  3p 19 .4
o .6o 0.67

5 3s %  -  3p 32.4

2 3s *P -  3P 51 .9
2 .0 0 1 .50

6 3s 6P3 -  3p 5D°

13 3s 3P° - 3p \ 53.6
3.00 2.75

17 3s -  3P

9 3s P3/2 “ 3p S3/2 2 0 .0
0.67 0.84

12 3 s % / 2  -  S P ^ 30.0
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F igure  1. Schematic fo r  th e  experim ent.



F ig u re  2 . S p e c tr a l  p l a t e  ta k e n  w ith  1 .0  MeV beam and c o rre sp o n d in g  b lack -b o d y  p l a t e .
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F igure  3. D ensitom eter scan o f  a s p e c t r a l  p la te .
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Figure 5. Excitation function for 0 II, level 3p ^ 3/2 * %
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Figure 6. Excitation function for 0 III, level 3p ^
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