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ABSTRACT

The cross sec tio n s  for simultaneous io n iza tio n  and ex c ita tio n  

of neon by e lec tro n  impact to  the 3p s ta te s  o f  Nell have been measured 

at 150 eV by the o p t ic a l method. Cascade in to  the 3p le v e ls  from the 

4s and 3d le v e ls  was considered to  obtain the lev e l cross sec tio n  o f  

the 3p s t a t e s . Comparison was made between th ese  experimental values 

and those obtained by the sudden perturbation approximation.

The e x c ita tio n  functions were examined from onset to  1000 eV 

and compared to  A ril and the io n iza tio n  e x c ita tio n  fu nction . The Nell 

ex c ita tio n  fu nctions were much broader than expected. In general, the  

doublet curves were broader than the quartet le v e ls  for  the core 

configu ration . The le v e ls  associated  with the and core configura­

tio n s have ex cep tio n a lly  broad e x c ita t io n  functions.

P o la r iza tio n  e f f e c t s  were examined and found to  be very sm all, 

le s s  than 5 per cen t in  most cases.

The spectrum o f  N ell is  qu ite  complex and has several errors 

in l in e  assignm ents. Recent work has corrected  some o f  these errors 

but th e r e su lts  o f  th is  research have suggested more work i s  needed in  

th is  area.



CHAPTER I 

INTRODUCTION

Cross sec tio n s  for the simultaneous io n iza tio n  and ex c ita tio n  

by e lectron  impact o f neon have been measured and are examined in  th is  

work. Neon i s  used frequently  in  high temperature gaseous devices and 

astrophysical ob servation s, and o f la t e ,  ion la ser s ;  c o l l i s io n  informa­

tio n  has been needed, but not been rea d ily  a v a ila b le .

Recent experimental work on N ell includes experiments on lin e  

s t r e n g t h s a n d  l i f e t i m e s . H e r t z h a s  obtained some o f the 

o p tica l e x c ita t io n  functions for simultaneous io n iza tio n  and e x c ita tio n  

of the 3s s ta te s  o f  N ell which l i e  in  the vacuum u lt r a v io le t .  Theore­

t ic a l  work c o n s is t s  o f  life t im e  c a l c u l a t i o n s o f  the 2p*̂ 3p s ta te s  o f  

N e ll, Hartree-Fock r e su lts  for some o f the ex c ited  s t a t e s a n d  e x c i­

ta t io n  cross sec tio n s  for the upper la ser  s ta te s  o f the 2p‘*3p configura-
f7  81t io n  u t i l iz in g  th e method o f sudden approximation. '

This paper contains the absolute cross sec tio n s  for simultaneous 

io n iza tio n  and e x c ita tio n  by electron  c o l l i s io n  to  the 3p s ta te s  o f  N ell 

with cascade contribu tions from the 3d and 4s s ta te s .  Several o f these  

3p s ta te s  have been found as la ser  s ta te s  and are o f  p a rticu la r  in ­

te r e s t .  The o p tica l e x c ita t io n  functions have been obtained from 

threshhold to  1000 e lectron  v o lts  (eV ). P o la riza tio n  e f f e c t s  were ex­

amined as w e ll.

1
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One of the d i f f i c u l t i e s  encountered in  th is  research was the 

obtainment o f an accurate tab le concerning the c la s s i f ic a t io n  o f  spec­

tr a l tr a n s it io n s  for the s in g le  ionized s ta te s  o f  neon. U ntil 1967 

there had been no c la s s if ic a t io n  o f  l in e s  other than those o r ig in a tin g  

from the 3 s , 3p, 3d, 4s and 4 f le v e ls .  Some o f  th e 3d and many o f the 

4 f le v e ls  were o f doubtful assignment. Persson and Minnhagen^^^’ 

have been analyzing the spectrum o f  N ell and have published some of

th e ir  r e s u lt s . The complete an a lysis  o f  Nell by them is  as o f th is
f 121w rittin g  yet to  be published . We have used the published r e su lts  

o f Persson to  c la s s i f y  our tr a n s it io n s . This work s t i l l  questions some 

o f the assignm ents and we have i l lu s tr a te d  how th e  o p tica l e x c ita tio n  

function can be used as a to o l for id e n tify in g  sp ectra .

Also presented in th is  paper i s  a d iscu ssio n  on some resonance 

peaks which have been discovered in  the o p tica l e x c ita t io n  functions o f  

the 3p le v e ls  o f  Nel. These have been a ttr ib u ted  to cascade from the 

negative ion s ta te s  o f  neon.



CHAPTER II

SPECTRA AND TYPES OF COUPLING

Figures 1, 2 and 3 are the energy le v e l disgrams o f  N e ll .

The energy sca le  is  referred to the ground s ta te  o f the ion . The

ground s ta te  o f the ion is  a 2s^2p^ configuration  which g iv es  r is e  to

a 2p term. The excited  N ell configuration  can be expressed as 2s^2p‘*nil 

where 2s^2p‘* represents the core and n£ the configu ration  of the running, 

or e x c ite d , e lec tro n . The 2s^2p'* core con figu ration , based on the IS 

coupling scheme, w il l  contain three d ifferen t terms: ^P, and ^S.

A ssociated with the P̂ core is  a doublet and quartet system. A doublet

system only i s  generated by the and Ŝ core.

In the Jgji scheme, where i s  the total angular momentum quantum 

number for the core and i  is  the orbital angular momentum of the running 

e lec tro n , there would be associated  with the P̂ core three systems de­

signated as P̂̂ , P̂̂  and ^P .̂ For the and core, we would have and 

f 131Garstang calcu lated  the r e la tiv e  lin e  strengths for  l in e s  

o f the 3s—3p and 3p—3d arrays under the assumption of interm ediate  

coupling. In 1964, Koopman's^^  ̂ r e la t iv e  lin e  strengths obtained from 

in ten sity  measurement on th e 3s—3p tra n sitio n s  with an e le c t r ic a l ly  

driven shock tube correlated  b e tter  with the LS coupling scheme 

values than with the interm ediate coupling v a lu es . Koopman's r e su lt s  

on the 3p—3d tr a n s it io n s  were lim ited  but tended to  agree with the

3
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( 2 )interm ediate coupling. The experiment o f  Hodges e t  al.,  using a cw 

neon la ser  discharge as a spectroscop ic source, determined the lin e  

strengths o f  the 3s—3p, 3p—3d and 3p-4s arrays. Their r e su lts  in d i­

cated that many o f  Koopman's values were in error and that Garstang's 

interm ediate coupling c a lcu la tio n s  for the 3s—3p tr a n s it io n s  are b etter  

than previously  thought.

Persson^^^^ has found in h is  work that the 3p le v e ls  are fa ir ly  

good in  LS coupling with the 3p4Sgy2 3p^Dyy2 very pure in  LS coupling

(99-100% p u re). He a lso  has found that the 3d configurations are in te r ­

mediate between LS and coupling.

In coupling the e le c tr o s ta t ic  in tera c tio n  between the outer 

e lectron  and the p** core is  strong compared to  the sp in -o rb it in tera c tio n

o f  the external e lectron  but s t i l l  weak r e la t iv e  to  sp in -o rb it in tera c tio n

o f the core. The o r b ita l angular moment & o f  the running e lectron  i s  

coupled to the to ta l angular moment o f  the core This vector  coupling

forms the quantized r e su lt  t . The to ta l angular moment J  o f the

atom is  then found by th e  coupling of ^ with the sp in  s o f the running 

e lec tro n , J  = K+s. In th is  type o f  coupling r e la t iv e  strong tr a n s it io n s  

would be allowed between quartet and doublet s ta te s  in  F ig . 1. Such 

tra n s itio n s  have been observed in  the 3p—3d array in  th is  research; 

p a rticu la r ly  from the 3d^F and 3d^F s ta te s . Persson has found that 

3d^Fyy2 and Zà?-V-jj2 le v e ls  are mixed about h a lf  and h a lf . This means 

that the LS d esign ation s are in s ig n if ic a n t  for some le v e ls  as far as the  

nature o f the quantum s ta te s  i s  concerned. Persson's study o f those  

tra n sitio n s  from the 2p^nf le v e ls  have revealed almost pure J(.& coupling.
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Throughout th is  paper the LS designations for th e  s ta te s  w ill  

be used even though for  some s ta te s , as the ^Fy/2 ^^7/2 mentioned

above, i t  has no r e la tio n sh ip  whatsoever to  the nature o f the quantum 

s ta te  involved.

Minnhagen's^^^’^̂  ̂ work on A r il ,  which has the same p"*& con­

fig u ra tio n  as N e ll ,  showed the same type o f  coupling, i . e . ,  good LS 

coupling for th e deep ly in g  4p s ta te s  and greater tendency to J^£ 

coupling the higher the le v e ls .  Therefore, i t  w i l l  be o f in te r e s t  to  

compare th is  present work with the e a r lie r  work on A ril by Latimer and 

S t . John^^^).



CHAPTER III 

EXPRESSION FOR THE CROSS SECTION

The experiment c o n s is ts  simply o f subjecting a gas o f  known 

d ensity  to an e lectron  beam which i s  w ell d efin ed , both geom etrica lly  

and en e rg e tic a lly . The impact o f  the e lectron s upon the gas atoms cre­

ate various e f f e c t s .  These can be c la s s i f ie d  in to  three types o f c o l ­

lis io n s :  e la s t i c ,  su p e r e la s t ic  and in e la s t ic .  The e la s t ic  c o l l is io n  

between e lec tro n  and atom involves no exchange o f  energy whereby the  

atom is  l e f t  in some ex c ited  s ta te .  The su p ere la stic  c o l l is io n  i s  

associated  with the phenomena where an e lec tro n  rece iv es  energy from 

an excited  atom upon c o l l i s io n .  The in e la s t ic  c o l l i s io n  brings about 

such conditions as the e x c ita t io n , io n iza tio n  or simultaneous io n iza ­

t io n  and e x c ita tio n  of the atom. The various in e la s t ic  processes can 

be expressed as fo llow s:

A + e->A* + e simple e x c ita t io n

A + e^A * + 2e io n iza tio n

A + e (A^") +(n+l)e n^h degree ion iza tion
and e x c ita tio n

One o f  the main purposes o f th is  paper i s  to  determine a quanti­

ta t iv e  r e s u lt  (commonly ca lled  a cross sec tio n ) r e la tin g  to  the p rob ab ility  

o f sin g ly  ion izin g  and e x c it in g  the neon atom to  the 3p le v e ls  o f  N ell 

by a s in g le  e lec tro n  impact.

9
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To extract such a quantity we begin with an equation expressing  

the rate  by which atoms are excited  to  the i^^ s ta te . I f  N (i) i s  the 

number o f  atoms in the i^^ s ta te  which e x is t  in  the c o l l i s io n  region , 

then

Rate o f  population Rate o f depopulation
= ( o f  s ta te  i  by d i-  ) - ( o f s ta te  i  by spon-) 

rect e lectron  impact taneous em ission .

Rate o f  population o f Rate o f  e x c ita tio n
+ ( s ta te  i  by cascade ) ± ( or d e e x c ita tio n  )

from higher le v e l s .  by atom-atom c o l­
l i s io n  .

The la s t  term can be made n e g lig ib le  by using s u f f ic ie n t ly  low p ressures. 

At equilibrium , = 0 and

Rate o f  Populating Rate of depopulation Rate o f  population
( o f s ta te  i  by d i-  ) = ( o f sta te  i  by spon-) - ( o f s ta te  i  by ) 
rect e lec tro n  impact taneous em ission cascade from higher

le v e ls .

The rate  o f  depopulation by spontaneous em ission w i l l  betray  

i t s e l f  by the em ission o f  rad ia tion  from the le v e l  i  to  a l l  allowed 

lower le v e l s .  I f  the to ta l  photon flu x  from the in ter a c tio n  region be­

tween th e e lec tro n s and atoms due to tra n s it io n s  from th e s ta te  i  is  

measured, then we p ossess a quantity which expresses the number o f atoms 

which must be entering s ta te  i  each second.

Likewise, the cascade contributions can be found by measuring 

the to t a l  flu x  o f the l in e s  term inating on le v e l i  and i t  w il l  y ie ld  

th at number o f  atoms in  s ta te  i  due to  cascade.

The d ifferen ce  in  th ese  photon counts would y ie ld  th a t number 

o f  atoms which are ex c ited  each second to  s ta te  i  by a d ir e c t  e lectron
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impact in the in tera c tio n  region . 

Consider F ig . 4 ,

Monoenergetic 
E lectron  Beam

1— Ax — I

Figure 4. In teraction  region between e lec tro n s  and atoms.

where Ax i s  the length  o f  the e lectron  beam from which radiation  i s

gathered by the d e tec tin g  system and d e fin es  the in teraction  region ,

h erea fter  designated as the c o l l i s io n  chamber. A lso ,

A = cro ss  sec tio n a l area o f  e lec tro n  beam 

N = number o f gas atoms per u n it volume

Ng = number o f e lectron s per u n it volume

V = v e lo c ity  o f e lec tro n s .

Then NgvdA' i s  th e number o f  e lectrons passing through A each second 
A

and NAAx is  the number o f atoms in the c o l l i s io n  chamber. Hence, th e  

fra c tio n a l part o f  A which i s  opaque to e lec tr o n s  because o f in e la s t ic

c o l l i s io n  can be w ritten  as NAAx ^  where Q i s  defined as the to ta l inA
e la s t ic  cross se c t io n  per atom (in  u n its  o f area) and i s  made up o f  a l l  

the before mentioned types o f  in e la s t ic  c o l l i s io n  processes. Therefore, 

NAAx represents th at fra c tio n a l part o f  A which i s  opaque to

e lec tro n s because o f  c o l l i s io n s  which e x c ite  the atom to  s ta te  i .  Q(i)
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is  then defined as the le v e l cross se c t io n  o f  s ta te  i  and i s  depen­

dent on the energy o f the impacting e lec tr o n . The curve representing

Q(i) as a function  o f e lectron  energy i s  c a lle d  the e x c ita t io n  func­

tio n  o f the i^h s ta te .

Then the to ta l number o f  e lec tro n s  which w il l  su ffer  a c o l­

l i s io n  per second in  the c o l l i s io n  chamber with an atom in which that 

atom w ill end up in s ta te  i  is  NgVdA'. S u b stitu tin g , we have

NAxQ(i) ^ where I is  the e lec tro n  beam current and equals e NLvdA' 
A ®

Designating the photon flu x  from the in ter a c tio n  region  due to  a tr a n s i­

tio n  from s ta te  i  to  s ta te  j as Eq. (1) i s  obtained

NAxQ(i) 1 = 1  F ( ij )  - I  F (ki) . (1)
i> j k>i

To obtain the le v e l cross s e c t io n  Q (i) o p t ic a l ly , one must

measure the to ta l  photon flu x  a r is in g  from a l l  tr a n s it io n s  in to  and

out o f s ta te  i .  In general i t  i s  im possib le to com pletely reso lv e  a l l

th ese lin es  and determine each ones cross s ec tio n . In such in sta n ces ,

Eq. (1) can be s im p lified  as fo llo w s.

F ( ij )  = A (ij)  N (i)A 'dx (2)

where A (ij) i s  th e E instein  c o e f f ic ie n t  for spontaneous em ission from 

s ta te  i  to s ta te  j and N(i) is  the number o f  gas atoms per un it volume

which are in  the i^h s ta te . The in teg r a tio n  i s  over th e  observational

length of the e lectron  beam. The to t a l  photon flu x  out o f  s ta te  i  i s

EF(i£) = EACiH) 
£ £

N (i)A 'dx . (3)
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Combining Eqs. (2) and (3) y ie ld s

ZA(i£) 
£______

& A (ij)
EF(i£) =    F ( ij )  (4)

The q u antity  i s  defined as the branching factor  o f  the i-» j
I

tr a n s it io n  and denoted by B ( i j ) .  These branching factors are q u ite  

commonly obtained th e o r e tic a lly  and sometimes are a va ilab le  exp eri­

m entally . Hence, i f  only one tr a n s it io n  is  measured then by use o f  the  

appropriate branching factor the to ta l  flu x  can be obtained. Equa­

tio n  (1) can now be w ritten  as

NAxQW; = F ( i j ) /B ( i j )  - I  F(ki) . C5)
k>i

The cascade flu x  can a lso  be made more complete by use o f branching 

fa c to r s . The expression for the d ir e c t cross sec tio n  i s  then

J E(ij)N4xCI/e) NixCI /e )  '

S ettin g

we have what i s  defined as the op tica l cross sec tio n  o f the sp ectra l 

l in e  due to the i-*-j tr a n s it io n . Equation (6) can now be w ritten

Q(i) = Q(ki) . (8)
k>i

The quantity Q ( ij ) /B ( ij )  is  ca lled  th e apparent cross sec tio n  o f  the  

le v e l i ,  Q '(i). I t  i s  b est i f  branching factors can be avoided in  the
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c a lcu la tio n  and Q'(i) be determined by the actual measured sum o f the 

o p tica l c r o s s -s e c t io n s . This i s  because branching factors are 

sometimes q u ite  s e n s it iv e  to the scheme in  which they were generated.

The experim ental data w il l  then c o n s is t  o f  as many o p tica l cross 

sec tio n s as p o ss ib le  o f  th ose tr a n s it io n s  or ig in a tin g  from, and 

term inating on, le v e l i .  From Eq. (7 ) , i t  i s  seen that the exp eri­

mental parameter which w ill  be the most d i f f i c u l t  to  measure is  the  

t o t a l  photon f lu x , F [ i j ) .  The d etec tin g  system w il l  gather rad ia tion  

in  a c er ta in  so lid  an g le , ft, from the observation  region. Then

F ( ij )  = ^  F (ij ,ft )  (9)

where F ( ij ,f t )  i s  th at flu x  gathered in  the so lid  angle ft. Equation (9) 

i s  based upon the assumption th a t the em itted rad ia tion  is  iso tr o p ic .  

Such a co n d ition  i s  not true in  general and g iv es  r is e  to  p o la r iza tio n  

o f  the em itted r a d ia tio n . This e f f e c t  and i t s  a f f e c t  on Q(i) w il l  be 

discu ssed  la te r .

The d etec to r  w i l l  then r e g is te r  a s ig n a l which i s  proportional 

to  F ( i j ,f t ) .  The p rop ortion a lly  constant w il l  c o n s is t  o f  the sp ectra l 

s e n s i t iv i t y ,  S(A), o f  the d etec tin g  d evice and th e  transm ission fa c to r s ,

y (X), o f  th e various o p tica l components. This can be expressed as

Ic = Y (A )S(X )F(ij,ftc) , (10)

where Ig i s  the s ig n a l d isp layed  by the d e tec to r .

Equation (7) can be rew ritten  as

4nlc
ftNAx(I/e)Y(X)S(X) •



15

S (A) i s  determined from a known flu x  source. In th is  work a tungsten  

ribbon lamp whose c a lib r a tio n  i s  tra cea b le  to  the National Bureau o f  

Standards in  Washington, D. C. was used.



CHAPTER IV

EXPERIMENT

Apparatus

As was mentioned in  the previous chapter, an e lectron  beam is  

necessary in  which the energy and geometry are w ell defined . Figure 5 

i s  a drawing o f  the e lectron  gun used in  t h is  experiment. I t  was de­

signed and constructed by Sharpton^^^^. The cathode is  3mm in  diameter 

and was in d ir e c t ly  heated; i t  is  o f  the impregnated barium typ e. The 

cathode i s  at a negative p o ten tia l which i s  the acceleratin g  v o lta g e . 

The f i r s t  two grids control the current and focusing p rop erties o f  the 

beam. The th ird  grid  i s  at cathode p o ten tia l and e s s e n t ia l ly  stops a l l  

e lec tro n s  whose energy is  le s s  than the cathode p o te n t ia l . This helps  

the energy reso lu tio n  o f the beam which i s  estim ated to be 0 .4  to  0.5  

eV from the examination of resonant featu res in  e x c ita tio n  fu n ction s. 

The la s t  two grid s are at ground p o ten tia l as i s  the Faraday cage 

which serves as the c o l l i s io n  chamber. The beam upon emerging from the  

la s t  grid  i s  about 3mm in  diam eter. The currents used in  th is  exp eri­

ment were 500 microamperes although the gun i s  capable o f  currents 

around 1 .0  m illiam pere. Secondary e lec tro n s which have been created  

by the primary e lec tro n s h it t in g  the back s id e  o f  the Faraday cup can 

d is to r t  the e x c ita t io n  curves s in ce  they are at much lower energy. To 

help negate th is  e f f e c t  the end o f  the Faraday cup i s  constructed o f

16
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FIGURE 5. Electron Gun
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a wire mesh which is  transparent to the e lectron s but opaque to  ex ter ­

nal f i e ld s .  The cup-shape c o lle c to r  is  operated at a p o s it iv e  voltage  

with respect to  the cage and c o l le c t s  secondary e lectron s before they  

can enter the in tera c tio n  region .

One aspect o f the apparatus which required exten sive  m odifica­

tio n  was the vacuum system. Figure 6(a) is  a recording o f  the impurity 

spectra o f  the c o l l i s io n  chamber before m od ification . The gun was a c t i ­

vated and the system was cut o f f  from th e vacuum pumps for over one 

hour. The spectrum o f  in te r e s t  in th is  paper l i e s  between 3000 % and 

4000 R. The im purities c o n s ist  o f  CO'*’ and N2  ̂ and various other m olecules 

which are due to  im purities in  the system components and th ose contami­

nates vaporized from the hot cathode. Figure 6(b) is  the same spectrum 

under the same conditions but a fter  m od ifica tion s. Only u ltra -h ig h  

vacuum components were used. They were made o f  g lass and type 304 s ta in ­

le s s  s t e e l .  This elim inated much o f  the previous im purities but s t i l l  

those m olecules and ions emitted from the cathode ex isted  in  the chamber. 

To rid  the system of these gases a Norton Sorb-Ac non-evaporable g e tter  

pump was u t i l iz e d .  This operates by a new way o f pumping the active  

g a ses , chem isorption and bulk d iffu s io n  into a zirconium-aluminum a llo y  

g e tte r . This g e tter  a llo y  is  coated by a sp ec ia l process onto a s te e l  

cartrid ge which i s  then p leated  in to  a c ircu la r  configuration  to  give a 

maximum surface area in  a small volume. This g e tter  was then mounted 

next to the c o l l i s io n  chamber for maximum e f f e c t .  Figure 6(c) i s  the  

same region o f  th e  spectrum under th e id en tica l conditions as in  F igs.

6(a) and 6(b) but now with the g e tte r  pump. No im purities were d etected .
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A lso , the s l i t  width o f the monochromator used in  the above te s t s  was 

twenty tim es larger than widths used in  taking e x c ita t io n  data. The 

b iggest advantage o f  th is  g e tte r  pump over other types o f  g e tters  and 

absorption pumps as far as th is  experiment i s  concerned i s  th at it  w ill  

not pump the in ert gases. This was v e r if ie d  w ith th is  p articu lar pump 

for neon by monitoring the neon pressure in  the chamber with respect to  

tim e .

Figure 7 is  a drawing o f  the vacuum system . The area enclosed  

by the dotted  lin e  is  bakeable at 450° C. The gas is  in serted  from 

f la sk s  con ta in in g  sp ectro sco p ica lly  pure gas in to  a small evacuated 

region by the use o f  stockcocks. I t  i s  then fed in to  the u ltra-h igh  

vacuum region  by a bakeable, high vacuum va lu e. The gas tr a v e ls  over 

liq u id  n itrogen  before entering the chamber. Any contamination suffered  

by the gas because o f stopcocks or residual contam inates in  the gas 

b o tt le  which are not condensed out by the liq u id  n itrogen  are pumped 

read ily  by the g e tter  pump. In fa c t , the g e tte r  pump can be used com­

m ercia lly  to  separate out pure neon. Hence, a great degree o f co n fi­

dence i s  present in the p u rity  of the sample and that a l l  l in e s  seen in  

the resu ltin g  spectrum have th e ir  o r ig in  in  the neon atom. No d is to r ­

tio n s  o f  the e x c ita tio n  functions because o f unwanted contaminates should 

e x is t .  One other improvement concerning the vacuum system was in the  

a b i l i t y  to  keep the use o f  the o i l  d iffu s io n  pump to an extreme minimum. 

I ts  only purpose i s  to  pump the sample out o f  the system at the end o f  

the day so th at a 15 l i t e r / s e c  Varian Vac-Ion, model 911-5011, magnetic 

ion pump can take over. This is  necessary s in c e  the ion pump w ill not 

pump in er t gases and i t s  minimum sta r tin g  pressure i s  10"*̂  to rr . The rea­

son for r e s tr ic t in g  the use o f an o i l  d if fu s io n  pump i s  due to backstrearning
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and creeping o f  o i l  in to  the system. Even though th ese  e f f e c t s  are very 

small they can cause high ly  detrim ental r e s u lt s .  S il ic o n  o i l  DC704 i s  

used as the d if fu s io n  pump oil inmost pumps sin ce  i t  has high thermal 

stability, being able to  withstand accidental exposure to air w hile at oper­

a tin g  temperatures without decomposition. Octoil d if fu s io n  pump flu id  i s  

a b e tte r  oil as fa r  as ultimate pressure and backstreandng is  concerned but 

care must be exercised  in that it  does not have high thermal s ta b ility . San- 

tovac 5 diffusion pump oil i s  recommended fo r  use in  ultra high vacuum sy s ­

tems. It's extremely low backstrearaing and creep p rop erties coupled to  

an unusually high therm al,stab ility  made i t  the best choice for the present 

system. Chiisty^^ has found that DC704, when bombarded by e lec tr o n s , is  

transformed in to  a polymer with a high e le c t r ic a l  r e s i s t i v i t y  (greater  

than 1Q14 ohm-cm). The mechanism o f such a process i s  the free  rad ica l 

polym erization by the incid ent electrons o f the o i l  m olecule absorbed on 

the bombarded su rface. Poole^^^^ has found t h is  phenomena to  hold for  

numerous organic compounds. The backstreaming o i l  even tu a lly  forms a 

th in  film  over the grid s o f the gun and th e subsequent e lectron  bombard­

ment turns the gr id s in to  in su la tin g  sh eets  which can accumulate charge 

and create p o ten tia l barriers to  the beam. This phenomenon coupled with 

space charge e f f e c t s  r esu lts  in the e lectron s entering the collision area 

of the Faraday cage with an energy less than th at in d icated  by the vo ltage  

on the cathode. Such a d ifferen ce  in the e f f e c t iv e  acce lera tin g  vo ltage  

and cathode vo ltage  is  termed contact p o ten tia l and must be measured by 

the appearance p o ten tia l of the threshholds o f  known sp ectra l lines. To 

further decrease this effect even for the small time in which th e o il diffusion 

pump i s  used , a water b a ffle  and liq u id  nitrogen chevron cold trap were 

s e t  on top o f  the pump. According to manufacturers sp e c if ic a t io n s .
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th is  e s s e n t ia lly  e lim in a tes  a l l  backstreaming. The e ffe c t iv e n e s s  o f  

the traps and the c lean er  components i l lu s tr a te d  i t s e l f  in  a reduction  

o f the contract p o te n t ia l . Before the system was m odified a contact po­

te n t ia l between 2 .0 -3 .5  eV was common. P resen tly , i t  i s  le s s  than 1 .0  

eV for neon. Another more su b tle  feature o f t h is  film  on the p la tes  i s  

that the in su la tin g  p rop erties  change with the energy o f  the impacting 

e lec tro n s. Poole found th a t at e lectron  en ergies above 300 eV the film  

is  broken down and i s  the source o f some o f the black dep osit found on 

the g r id s . This would cause a change in the contact p o te n tia l o f  the  

beam and produce d is to r t io n s  in the e x c ita tio n  fu n ction .

The pressure o f  the gas i s  monitored continuously  by an MKS 

Baratron type 90 capacitance manometer. This has a range o f 10“  ̂ torr  

to  1 .0  torr  at i% accuracy. The sensor head contains an LC bridge n e t­

work with two cap acitors o f  the bridge formed by a th in  diaphragm and a 

p late  on e ith er  s id e . One c e l l  i s  exposed to  th e  unknown pressure and 

the other to a referen ce pressure. When a change in  th e pressure d i f ­

fe r en tia l occurs each capacitor i s  changed and the bridge becomes un­

balanced. The r e su lt in g  voltage across the bridge is  nu lled  by the con­

tro l un it and the pressure i s  read on decade sw itch es. The sensor head, 

type 90H-1, i s  bakeable to  450° C. Since the e la s t i c i t y  constants o f  

the diaphragm are temperature dependent, i t  i s  best to  keep the head at 

a constant temperature. This was done with the MKS type 1090-1 tempera­

ture control u n it . The temperature can be adjusted from 25° C to  150° C 

and held w ithin 0.1C °. Very l i t t l e  zero d r if t  was n oticed  on th e Bara­

tron when such temperature precautions were taken. The referen ce sid e  

o f the sensor was put d ir e c t ly  above the o i l  d if fu s io n  pump with a 

liq u id  nitrogen chevron b a f f le  between them. This put th e reference
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s id e  in  the 10"® torr  range. Since a l l  the cross se c t io n a l data was 

measured from 10-20 m il l i to r r ,  the decade readings were e s s e n t ia lly  

abso lu te. The pressure sid e  o f  the sensor was connected d ir e c t ly  to  

the chamber.

The advantages o f  the capacitance manometer over a McLeod 

gauge are:

i . The McLeod gauge g ives the gaede e f f e c t  which can amount to  

5-10% error depending upon the gas. The capacitance mano­

meter reading i s  independent o f  the gas. 

i i .  There i s  no mercury contamination or corrosion  of the system  

with the capacitance manometer as there i s  w ith the McLeod, 

i i i .  A h igher degree o f  accuracy and p rec is io n  in  reading i s

ob ta in ab le . The capacitance manometer i s  ca lib ra ted  w ith  

deadweights to  b e tter  than i%. 

iv .  The Baratron can be placed next to  the reg ion  in question  

w hile the McLeod is  u su a lly  farth er  away because o f  i t s  

awkwardness and the n e c ess ity  o f  a liq u id  n itrogen  trap .

V .  Continuous monitoring o f  the pressure i s  p o ss ib le  with the 

capacitance manometer plus a much greater  ease  in  taking a 

measurement.

Utterback and Griffith^^^^ have compared e x te n s iv e ly  the McLeod 

and th e capacitance manometer and found the la t t e r  to  perform b e tter  

even in  th e su b m illito rr  range.

The rad ia tion  was viewed at r ig h t angles to  th e e lec tro n  beam. 

The d etec tin g  portion  o f  the apparatus i s  a half-m eter Jarrell-A sh  

monochromator coupled to a 62S6B EMI photom u ltip lier  tube. This .is an
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S -13 type tube with a sp ectra l response from 1900 R to  6600 X. The 

grating is  1180 groves/nun and blazed at 5000 X. The minimum r eso lu ­

t io n  i s  0.32 X and in  many instances in  the course o f  t h is  work such 

reso lu tion  was required . In general, the s l i t s  were se t  for  1 .0  X r e ­

so lu tio n  in  order to  reso lve  the sought for  l in e s .  The rad ia tion  was 

chopped m echanically before entering the monochromator. This was ac­

complished by a bladed synchronous motor which was driven by the r e ­

ference output s ig n a l o f  a Princeton Applied Research, model 122, lock-

in -a m p lifier . The chopped frequency used in  t h is  work was 85 Hz. The

ph otom u ltip lier tube s ig n a l was then am plified  by the same lock -in -am p li-  

f i e r .  This method o f  d riv in g  the chopping mechanism with th e same am pli­

f i e r  which i s  used to  d e tec t the sign al e lim in a tes  any d i f f i c u l t i e s  en­

countered w ith phasing o f  the reference and measured s ig n a l .

The D.C. output o f  the lo ck -in -a m p lifier  was then fed to the  

v e r t ic a l d e f le c t in g  p la te s  o f  a Tektronic type 561A o s c il lo sc o p e . The 

horizonal sweep was driven by the acceleratin g  vo ltage  o f  the e lec tro n  

beam whose current was kept constant. The r e su lt in g  curve i s  termed 

an op tica l e x c ita t io n  fu nction  and displayed on an oscillogram .

The o p tica l cross sec tio n s  were measured at a predetermined 

fixed  energy. The in te n s ity  o f  the lin e  was recorded on a model V.O.M.

7, Bausch and Lomb time base chart recorder. By comparing th is  in ten ­

s i t y  with th e in te n s ity  measured from a tungsten  filam ent lamp whose 

photon flu x  for  various filam ent temperatures has been standardized, 

the o p tica l cross sec tio n  can be obtained at th a t p a r ticu la r  e lec tro n  

energy. These data in  conjunction with the o p tic a l e x c ita t io n  function  

w ill g ive th e  absolute o p tica l cross sec tio n  a t any energy covered by 

the e x c ita t io n  fu n ction .



2 6

a lcandard Lamp

.
Quartz window

Photom ultiplier
tube

C o llis io n
Chamber

Monochromator

(a)

Horizonal
s l i t

Sapphire
window

(b)

FIGURE 8 . O ptical arrangement for c a lib r a tio n



27

Standardization Procedures

The standard ization  o f the d e tec tio n  system involves the de- 

term inatin o f  the sp ectra l s e n s it iv ity ,  S (X ), o f  th e  photom ultip lier  

tube. Figure 8(a) i s  a drawing o f  the o p t ic s  when the spectrum lin e  

i s  being monitored. In Fig. 8 (a ) , D̂ . i s  th e  diam eter o f  the aperature 

stop when th e beam i s  observed and the s o l id  angle n from which rad ia ­

t io n  i s  gathered is  given by TrD /̂dj. L i s  the len s whose foca l length  

permits dj to  be equal to  d2 and un it m agnification  at the image p o s i­

t io n , i . e . ,  at the entrance s l i t .  Hence th e  s l i t  width w w ill  be the 

length o f th e  observation region. Ax. The various o p tica l elements 

which rad ia tio n  must pass through are the chamber window and the 

focusing len s  with transm ission factors and Yl r e sp e c tiv e ly . The 

r e la t iv e  transm ission  function o f  the monochromator is  given as

X-X.
’' r = '  * —

X - Xi-

for X -̂AX<X<X^
( 1 2 )

, ,  for X<X<X +AX AX 0------ 0

where AX i s  th e  bandpass o f the monochromator and Xq i s  the peak o f  

th e  transm ission  fu nction . Figure 9 is  a p lo t o f  versus X. I t  should

1.0

R

0 .5

X X

Figure 9. R elative transm ission o f  monochromator vs wavelength
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be mentioned that Eq. (12) i s  valid  only i f  the entrance and e x it  s l i t
( 2 2 )widths are equal. S t. Johnr has analyzed th is  s itu a tio n  as w ell as 

the case where the s l i t s  are not equal. Id en tica l s l i t  widths were 

used throughout th is  experiment.

I f  the l in e s  in  question are observed at the wavelength for  

maximum in te n s ity , then Yg i s  unity and Eq. (11) can be w ritten

4d ;ic
Q (ij) = -------- — --------------- . (13)

D2wN(I/e)Y YlS(A)

Now S(X) must be determined by a known flu x  source. A General E lec tr ic  

tungsten ribbon lamp type 30AT24/13, s e r ia l  number 431-P-724, was used.

In order to  e lim in ate  many sources o f  error in the standard­

iz a tio n  p rocess, the monochromator and a sso c ia ted  lens are mounted on 

a movable ta b le . The ta b le  i s  then rotated  and the op tica l d istan ces  

remain th e same for  both the e lectron  beam and standard lamp measurements 

as shown in  Fig. 8 (b ).

I f  Ig i s  the output o f the p h otom u ltip lier  tube when in  the  

standard ization  configu ration  then

Is = S(X)Fs (14)

where Fg i s  the photon flu x  h it t in g  the d e tec to r . Fg can be expressed  

as

RN(%,T)YRdX (15)
Xq-AX

where

Ag = the area o f  tungsten ribbon from which photons are em itted  

and which enter the monochromator.
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Og = the so lid  angle which lig h t  i s  gathered when in  the stand­

ard lamp arrangement.

= the transm ission o f  the standard lamp window.

= the photon radiancy and g iv es  the rate o f em ission o f  photons 

per area per u n it wavelength in terva l in to  a u n it s o lid  angle 

normal to  the surface whose temperature is  T.

%C^»T) can be obtained from black body considerations sin ce

Rn ( X , T )  = eC A ,T )R j ^ (X , T )  ( 1 6 )

g
where e(X,T) i s  the e m iss iv ity  o f tungsten and R^(A,T) is  the photon

f 22)radiancy o f  a black body. S t . John has shown from Planck's black- 

body theory that

= '5 ^ ’ e x p ( c , A T ) - l  •

where c^ = 3.7405x10-16 W-m̂  and C2 = 1.43879x10"^ m-°K.
For wavelengths below the peak o f the black body d en sity  curve, Wien's

law can be used and Eq. (17) becomes

Jobe^^^^ has ca lcu la ted  the in teg ra l

(18)

Rl6(Ao,T)
Xo+lôR

'o

RnC^.T)Y dx (19)
-16A

fo r  temperatures ranging from 1400° K to  3000° K and for X̂  between 

2200 X and 30,000 X. In doing so , the em issiv ity  values o f  de Vos^^^  ̂

were used and, sin ce  e(X,T) is  a slowly varying function o f wavelength i t
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was assumed constant a t  e(X^,T) over the in tegration  in te r v a l. A lso, 

only the lin ea r  terms in  the Taylor expansion of

r|^(^»T) about were in tegrated  over. This introduces n e g lig ib le  

error as long as AA<200X. Hence,

U til iz in g  Eqs. (14) and (15) and Eq. (20) y ie ld s

I f  a horizonal s l i t  o f  width H i s  placed over the entrance  

s l i t  o f the monochromator, then Hw w ill  equal Ag s in c e  L g iv e s  u n it  

m agnification . I f  Dg rep resen ts the diameter of the aperature stop  

for stand ard ization , then irD|/dJ w ill  y ie ld  fig.

Equation (13) becomes with the a id  o f Eq. (21)

4neHAAR (A,T)I D|Y ,
Q ( i j )  = ------------- — --------------------------- . (22)

N I 16 I D̂ Y s e w

Under the assumption th a t th e temperature o f  the gas is  300° K and 

using the id ea l gas law,

N = 3.22%10l3p (23)

where p i s  measured in  mTorr. The chamber window was made o f sapphire 

and the standard lamp window was made o f  quartz. The transm ission  o f  

th ese  windows i s  constant over the wavelength region  examined and

Yw' = 1.05 . (24)



CHAPTER V

EXPERIMENTAL PARAMETERS

From Eq. (22) we see  the various parameters which must be 

measured.

E lectron Beam Current, 2  

A K eith ley , model 160, d ig i ta l  m ultim eter was used to monitor

the beam current w ith an accuracy o f  0.2%. To insure th at no appreci­

able m u ltip le  e x c ita t io n s  occur in  the observation reg ion , the in ten ­

s i t y  o f  the l in e s  was checked as a fu nction  o f  I .  L inearity  was ob­

served in the range o f  currents at which th is  work was done. The beam's

reso lu tio n  was checked by use o f the resonant featu re  on 3^0 lin e  in
(23)helium^ and on th e resonant featu res in  neon d iscussed  in  Chapter IX 

o f t h is  paper. These experiments in d ica ted  an energy reso lu tio n  o f  at 

le a s t  0 .5  eV at 500 yA. Another K eith ley , model 160, d ig i t a l  multimeter 

monitored the e lec tro n  energy.

Gas P ressure, p

This was measured by the prev iou sly  d iscu ssed  MKS Baratron to

0.5%. To insure th a t the gas d en sity  does not become so great th at a

s in g le  e lec tro n  w il l  make m u ltip le  c o l l i s io n s  in  the observation region  

and th at s ig n if ic a n t  atom-atom c o l l i s io n s  w il l  not occur with subsequent 

energy exchange, the in te n s ity  was p lo tte d  versus the pressure; the ex­

periments were subsequently performed in  the lin ea r  reg ion . It was found

31
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that N ell signal was lin e a r  for pressures up to at le a s t  100 mTorr.

This work was done in  th e  10-20 mTorr range.

Aperature Stops, and

Aluminum disks were machined and the aperature openings were 

measured on a tra v e lin g  microscope which could be read to  0 .5  m icrons. 

One must be certa in  that the aperature which i s  used i s  not so large  

that the rad iation  o v e r f i l l s  the grating o f  the monochromator. Cer­

ta in ly  i f  th is  happens, not a l l  the radiation which is  c o lle c te d  in  0 is  

gathered on the cathode o f  th e photom ultiplier tube. To make sure the 

above does not happen a p lo t  i s  made of the in te n s ity  versus D .̂ As 

long as a l l  the energy i s  c o lle c te d  by the grating and cathode t h is  

p lo t w ill  be lin ea r . When the curve begins to depart from th is  lin ea r  

r e la t io n sh ip , th e grating  i s  being o v e r f ille d . This departure from 

l in e a r ity  w il l  occur at d if fe r e n t  for d if fe re n t wavelengths. This 

i s  due to th e fa c t th at the angle which the grating makes with th e  first 

mirror in the monochromator w il l  determine the exposed area o f  the 

grating in which rad iation  w ill  f a l l .  In essen ce, the f-v a lu e  o f  the 

instrument i s  wavelength dependent. In th is  experim ent, an aperature 

diameter was used which f e l l  in  the middle o f the lin e a r  portion  and 

thereby insuring that a l l  energy was co lle c te d .

Electron Beam and Standard Lamp In ten s ity , Ig and Ig 

As mentioned p rev io u sly , th ese in te n s it ie s  are monitored on a 

time base chart recorder. In determining Ig, th e current through the 

standard lamp must be known and held constant. I ts  temperature was main­

tained at 2000® K with a current o f  23.90 amperes. A lso connected with



33

th ese  in te n s ity  measurements are the various gain values associated  

with the a m p lifie r s . This i s  e sp e c ia lly  important sin ce  gen era lly  a 

d iffe re n t gain s e t t in g  is  used for  Ig than the larger Ig . Therefore, 

carefu l measurement o f  the gain vs d ia l s e t t in g s  was a p rereq u is ite  to 

a l l  work. In order to  evaluate the accuracy of these v a lu e s , the 

cross sec tio n  o f a l in e  was determined using various gain  fa c to rs  to  

insure id en tica l r e s u lt s .  Where p o s s ib le , the gain factor  for Ig and 

Is was made the same and compared to  those r esu lts  when th ey  are d i f ­

fe r en t. One f in a l note  concerning Ig. Since the l in e s  o f  N ell f a l l  

mainly between 3000 R and 4000 X and the flu x  from the standard lamp is  

q u ite  low in  th is  reg ion , a s l ig h t  amount of lig h t o f  other wavelengths 

scattered  in  the monochromator w il l  com pletely overwhelm the desired  

f lu x . Hence a band pass f i l t e r  was required which cut out the more in ­

ten se  wavelengths above 4000 S from the standard lamp. When the f i l t e r  

was not used i t  was found that 90 per cen t o f  Ig was made up o f  scattered  

rad ia tion . With the f i l t e r ,  the sca ttered  l ig h t  made an unmeasureable

e f f e c t  on I . The f i l t e r  was l e f t  in  for both I- and I_ measurements s c s

so th a t Yf w ill  cancel out in  Eq. (2 2 ).

Bandpass, AX

This is  determined by scanning th e  sp ectra l l in e  in  question  

and measuring i t s  width at h a lf-h e ig h t. In th is  experim ent, very small 

bandpasses were necessary in order to  reso lv e  the l in e s .  Hence, great 

care was necessary to  insure the l in e a r ity  o f  the monochromator and 

chart recorder d r iv e . A s l ig h t  error in  the bandpass would correspond 

to  a large per cent error due to  the sm allness o f  AA and AAbeamies a sensitive 

parameter in the measurement o f th is  paper's cross s e c t io n s . The s l i t s



34

used in  th is  experiment were of e x ce lle n t q u a lity  and gave triangular  

bandpasses down to  minimum separation o f  the s l i t s .

Id e a lly , one would lik e  to take every l in e  and fo llow  the above 

precedures. But p r a c t ic a lly , and p a r tic u la r ly  in  th is  experiment, th is  

is  not p o ss ib le  and s t i l l  be able to  obtain  good p r e c is io n . Only on 

the strong lin e s  w il l  you s t i l l  re ta in  a n ice  degree o f  in te n s ity  when 

the stop w ith  diameter Dg i s  in serted . A lso , s in ce  most o f  the lin e s  

were done w ith the s l i t s  p r a c tic a lly  c losed  (0 .32  K to  1 .00 R for AA), 

the in te n s ity  suffered  even more. In t h is  experim ent, the cascade le v e ls  

were p a r tic u la r ly  weak and upon c lo sin g  the s l i t s  and stopping down the  

aperature, th e f e a s ib i l i t y  o f a good measurement was poor. Weak lin e s  

a lso  make i t  d i f f i c u l t  to  obtain an accurate value for AA which we have 

previously  mentioned to  be an important parameter in  the ca lcu la tio n  o f

To overcome these d i f f i c u l t i e s ,  l e t  us once again consider Eq.

( 22) ,

4TreAAI (1.05) R ,.(A o ,T )d2

c

The term in  brackets contains those q u a n tit ie s  assoc ia ted  with the 

standardization  procedure. It i s  independent o f  any beam ch aracter is­

t i c s .  I f  a p lo t o f [R jg(A ,T )0 |/Ig] versus A i s  made, a curve is  ob­

tained which is  a composite o f the f i l t e r ,  standard lamp and photom ulti­

p lie r  tube sp ectra l c h a r a c te r is t ic s . Now Ig w i l l  change in  value from 

day to day because o f  d if fe r in g  thermal con d ition s but the shape o f the 

curve [Rj^^(A,T)D^/Ig] w ill  not change and the r a t io  o f  any two points 

on the curve w ill  remain invarian t.
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CHAPTER VI

APPARENT IONIZATION AND EXCITATION OF THE 3p LEVELS

T ran sition s from the 3p le v e ls  o f the ^P, and core con­

figu ra tion s are the stron gest o f  the en tire  N ell spectrum. The experi­

mental r e s u lt s  are segregated in  th is  paper according to  the core con­

fig u ra tio n . To d esign ate  which core i s  being referred  to ,  the follow ing  

notation  is  adopted. The unprimed 2 values for the running electron  are 

those a sso c ia ted  with the core. Those le v e ls  coupled to  the core 

are designated w ith prim es. F in a lly , the le v e ls  in  conjunction with 

the core have double primes. Comparison o f  F igs. 1, 2 and 3 reveals  

th at the core le v e ls  are the most p le n t ifu l and the core the most 

anemic.

E xcita tion  Functions 

P̂ Core

Figure 10 g iv e s  the e x c ita tio n  functions o f  the P̂ doublet le v e ls  

from 0-300 eV. The energy sca le  has been adjusted to  compensate for con­

ta c t p o te n t ia l. F igures 11 and 12 are the e x c ita tio n  functions of the 

P̂ quartet le v e ls  for  th e  same energy range.

These e x c ita t io n  fu nctions are very broad. The quartet functions 

are in general more narrow than the doublets. This i s  not suprising  

sin ce  in  generating a quartet s ta te  a spin " flip "  i s  necessary. This 

comes from the fa c t  th e neon ion s' ground s ta te  i s  a P̂ configu ration .

36
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FIGURE 10. E x c i t a t io n  fu n c t io n s  o f  the ( ’P)3p d o u b le t l e v e l s
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FIGURE 11. E x c ita t io n  fu n c tio n s  o f  th e  (a) 3p'*S and (b) 3p'*P le v e ls
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I f  one o f the 2p e lectron s is  excited  w ithout changing i t s  spin  o r ien ­

ta t io n , a doublet s ta te  r e s u lt s . I f  th e  sp in  o f  th e excited  e lec tro n  

i s  flip p ed  during the impact then a quartet con figu ration  r e s u lt s .

This flip p in g  o f  the sp in  i s  a resonant type phenomenon and hence w il l  

g ive  a sharper e x c ita t io n  fu nction . This has been observed in  numerous 

in v e s tig a tio n s  o f  helium , where the s itu a t io n  in vo lves s in g le ts  and 

t r ip l e t s .  The t r ip le t  le v e ls  are much sharper. This sharpness expresses  

i t s e l f  in helium with a fa s t  r is e  in th e  e x c ita t io n  function  at th resh- 

hold followed by a rapid d ec lin e  at higher e lec tr o n  c o l l i s io n  en erg ies . 

This general type o f behavior is  seen in  F ig s . 10-12.

Sharpton, e t  at .  have examined th e  s in g le t  and t r ip le t  ex ­

c ita t io n  functions o f atomic neon, both experim entally  and th e o r e t ic a lly .  

They expressed the wave function o f a s ta te  as a lin ea r  combination o f  

the LS-basis fu nctions o f  those s ta te s  with th e same J value as that 

s t a t e .  Their reasoning was that s in ce  the t o t a l  angular momentum i s  a 

constant o f m otion, then J is  the only good quantum number for any type  

o f coupling scheme which might be used. Hence, th e wave function o f  the 

s ta te  under examination can be w ritten  as ai expansion o f  a complete se t  

o f e igen fu n ction s corresponding to  the same J va lu e . The LS-basis 

functions meet th is  requirement. Using th is  method the quantum nature 

o f  a s ta te  would be a mixture o f s in g le t  (or doublet) and t r ip le t  (or 

quartet) components. I f  then th is  mixing was strong for a given t r ip le t  

(or quartet) s t a t e ,  the e x c ita tio n  fu nction  o f  th at t r ip le t  (or quartet) 

s ta te  would be broader than for a t r ip l e t  (or quartet) s ta te  with l i t t l e  

mixing sin ce  th e  t r ip le t  (or quartet) in  the former case takes on a 

s ig n if ic a n t  portion  o f the s in g le t  (or doublet) c h a r a c te r is t ic s .
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I f  one applies th is  approach to  the N ell le v e ls  one would ex­

pect the form o f  the wave function  to  b e , e . g . ,  fo r  the 3p^p^ as

Y (3p4p^) = (3p2g ) +gyLS (3p4p^) +ÇY^  ̂(3p**D^3 , (26)

LSwhere Y represents the LS-basis wave functions and a , 6, Y and Ç are 

th e mixing c o e f f ic ie n ts .  Large values o f  a and g contribute to  large  

mixing and a broadening o f  the 3p'*P  ̂ le v e l .  For a high J value l ik e  

5 / 2 ,  one would expect le s s  broadening s in ce  th ese i s  only one doublet 

le v e l with a value J o f  5 /2 ,  i . e . ,  Sp^D^^g- This agrees with the e x c i­

ta t io n  fu nction  of Sp^Pgyg- * s im ila r  argument could be sta ted  for the 

3p^Dyy2 le v e l .  In th is  ca se , th ere are no other le v e ls  in th e 3p fam ily  

with J = 7 /2  . Again, i t  is  observed th a t has a more pronounced

peaked than the others. Figure 23 d isp la y s  the e x c ita tio n  fu n ction  for  

th e 3d^Fgy2 le v e l .  Very l i t t l e  mixing should e x is t  s in ce  there are no 

other 9 /2  le v e l s .  A ccordingly, th is  le v e l  has th e  most narrow e x c ita ­

t io n  fu n ction  found in  th is  work.

However, the above th ree examples are not narrow compared to  

the e x c ita t io n  functions o f o th er atoms. Consider Latimer and S t . John's 

work on Arll.^^^^ Figure 13 i s  a comparison o f  comparable le v e ls  in  

A ril and Ne l l .

As mentioned in  Chapter I I ,  most in v estig a to rs  b e lie v e  the 3p 

le v e ls  to  fo llow  very c lo s e ly  LS coupling . According to  the above d is ­

cu ssion  and data, i t  would appear that th is  i s  not the case in  that an 

appreciable amount o f  mixing e x is t s .  However, i f  LS coupling i s  very 

poor, we would expect p o ss ib le  strong tr a n s it io n s  between th e  quartet
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FIGURE 13. Comparison of the ex c ita tio n  functions  
between N ell and A r il for (a) doublet 
le v e ls  and (b) quartet l e v e ls .
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and doublet s ta te s .  Such i s  not the case. In fa c t only one tr a n s it io n  

o f th is  nature was observed in  th is  work, and i t  was

very weak (0.02xlQ-20cm2).
f21On th e  other hand, th e a r t ic le  o f Hodges et  al .  did in d ica te

f 131th at some o f  th e ir  r e su lts  im plied that G arstang's interm ediate 

coupling ca lcu la tio n s  for the 3p s ta te s  are not as poor as previously  

thought and th at LS coupling o f these s ta te s  are not as strong as 

Koopman's^^^ experimental r e s u lt s  in d icated .

In any case , the 3p le v e ls  are thought in  general to have good 

LS coupling. In essence then a predicament e x is t s  o f  having broad e x c i-
f 25")

ta t io n  fu nctions which, according to Sharpton, e t  at .  , should imply

heavy mixing and the r e su lts  o f spectra id e n t if ic a t io n  and l in e  stren gth

experiments suggesting l ig h t  mixing.

In an attempt to reso lv e  th ese  contradictory  r e s u lt s , the shape 

o f the s in g le - io n iz a t io n  e x c ita t io n  function  was examined. The low 

cross sec tio n  values for neon and the high cross sec tio n  values o f argon 

in  simultaneous io n iza tio n  and ex c ita tio n  are in  part attributed  to  th e ir  

low and high s in g le - io n iz a t io n  cross sec tio n s  resp ec tiv e ly . Perhaps th e  

shapes o f  th e resu ltin g  e x c ita t io n  functions may be a ttrib uted  in  part 

to  the shape o f  the io n iza t io n  fu n ction s. The io n iza tio n  ex c ita tio n  

function  for  neon as reported by K ieffer and Dunn^^^  ̂ peaks a t 160 eV 

and has the same shape as many o f  the fu nctions given in  th is  work, 

e sp e c ia lly  th e 3p^Pj le v e ls .  This is  the same region  o f energy in  

which the doublets peak. In Fig. 13(a) th e  A ril l in e  o f Latimer and 

S t. John's p o ssesses  two peaks, one around 54 eV and the other at 90 eV.



44

This type o f structure was observed on severa l A ril le v e l s .  The io n iza ­

tio n  cross sec tio n  o f Aril (see  K ieffer and Dunn^^^^) has been found to

possess two peaks - one at 50 eV and the other around 100 eV. Since

the shape o f the neon io n iza tio n  e x c ita tio n  function  i s  q u ite  broad 

(K ieffer  and Dunn) i t  might be expected that i f  there is  a r e la tio n sh ip  

then the ex c ita tio n  functions o f  the 3p le v e ls  could be broadened by 

th is  re la tion sh ip  and not be dependent upon a heavy mixing between 

doublet and quartet s ta te s .  I t  i s  a lso  in te r e st in g  to note that the

threshholds of the A ril e x c ita t io n  functions r is e  much more rapidly  a f te r
f27)onset than those for  N e ll. Von Engel rep orts the slope o f  the io n iza ­

t io n  cross sec tio n  curve for Arl at threshhold to  have a slope o f  71
f 281w hile th a t for Nel was only 5 . 6 .  Bleakney^ * a lso  reports Arl io n iz a ­

t io n  cross sec tio n  to  r is e  much quicker at onset than N e l.

The sudden perturbation approximation o f  ca lcu la tin g  the cross  

sec tio n  for simultaneous io n iza tio n  and e x c ita t io n  o f  the s ta te  j ob­

ta in s  r esu lts  o f  the form

Q ( j )  = K C i i Q i o n i z a t i o .  ( 2 7 )

f7 81where K(j) is  a constant dependent on the s ta te  in  question ’ . The

b a sis  for Eq. (27) i s  the assumption that th e impacting e lectron s are 

" fast" . The high energy t a i l s  o f these 3p e x c ita t io n  functions have 

been in vestiga ted  and presented in  Chapter VIII. A lso , the le v e l cross  

sec tio n s  have been compared to  those th e o r e t ic a lly  ca lcu la ted  by th is  

m e t h o d i n  Chapter VII.

An area needing in v e s tig a tio n  i s  the e x c ita t io n  functions o f  

the 3p le v e ls  o f  Ne l l .  This would require a crossed-beam technique



45

involving an ion beam crossed with an e lec tro n  beam. The comparison 

o f such data with the present r e su lt s  would be o f in te r e s t .

Core

Figure 14 is  the oscillogram  o f  the e x c ita t io n  fu nctions fo r  

the s ix  3p' le v e ls  o f  th is  core. The Sp'^Pj le v e ls  are p a r tic u la r ly  

broad and appear to  be almost f l a t .  The r is e  from threshhold i s  very  

slow with energy. Chapter VIII examines the high energy portion  o f  th ese  

e x c ita tio n  fu n ction s. The ^Dj and ^Fj le v e ls  resemble the doublets in  

the core . The 3p'^Pj le v e ls  gave in te r e s t in g  r e su lts  at high energies  

in th at they f e l l  o f f  as JlnE/E. Bethe's^^^^ th eo r e tic a l c a lcu la tio n s  

o f th e io n iza tio n  cross sec tio n  showed an energy dependence o f JlnE/E.

Core

There are only two 3p" le v e ls  in  th is  core . Their e x c ita t io n  

functions are presented in  F ig . 15. These l e v e l s ,  3p"^P  ̂ and 

are very sim ilar  to  the 3p'^P^ and l e v e l s .  The 3p" le v e ls  f a l l

o f f  as JlnE/E at high energies as w e ll.

Apparent Cross Sections  

P̂ Core

Table I d isp la y s  th e o p tic a l cross sec tio n s  for the various  

3s-3p t r a n s it io n s . The sum o f  th ose  o p tica l tr a n s it io n s  from a c er ta in  

3p le v e l w il l  be the apparent cro ss  sec tio n , Q '. These cross sec tio n s  

are estim ated to  be accurate to 10-15 per cen t. The p rec is io n  o f  the  

measurement depends on the stren gth  o f the l in e  and the corresponding 

s ig n a l-to -n o ise  r a t io . The va lues sta ted  in  Table I are the averages 

o f s ix  measurements o f each o p tic a l cross s e c t io n .
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ELECTRON ENERÜRY(eV)

FIGURE 14. E x c i t a t i o n  f u n c t i o n s  o f  t h e  ( ' D ) i p '  l e v e l s
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FIGURE 15. E xcita tion  functions of the C^S)3p" 
l e v e l s .



Table I . Experimental Cross Sections for the (^P)3p Configurations o f N ell at 150 eV 

(U nits o f  10“^^cm^).

Upper
Level 3p2S^, 3p^P^, 3p2p^^2» ^P^^3/2’ ^P^^S/2’ ^P^^3/2’ 3p4Py 3p4p,/2, 3P^D, 3P'D3/Z Sp'D g/r 3p4D,/2

Lower
Level

3s2p^ 1,6 71.1* 39.7* 18.4

8 .3 11.0 130.0* 5 .5  27 .0

3s**P^ 1.3& 1 .3  5 .7 6.1 5 .2

^^^^3/2 0.2 2.2 7 .0  2 .4 4 .9 1 .0 6 .6*  12.9

3 :'P s /2 2.8 8 .2 15.4 0.4 3 .5  15.7

Q' 9 .9 82.1 169.7 23.9 27.2 6 .3 8 .3  16.3 20.3 7.1 12.2 16.4 15.7

6
00

^Laser tr a n s it io n s  in  N ell laser^^^.
"L r2i
This l in e  could not be reso lved  and experim ental branching r a t io  were used^ .
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The tra n s itio n  could not be reso lved . A

branching r a tio  must be used in such c a se s . Since

Q '( i)  = I QCij) (28)
i>j

then from Eq. (4)

Afik")
where was defined as the branching fa cto r . A lso,

&

Q'(i) = I f f î j f  Q(iJ) • (30)

Equations (29) and (30) y ie ld

A r ̂  If ̂
where i s  defined as the branching r a t io . From Eq. (3 1 ) , i f  the

branching r a tio  between the two lin e s  i s  known as w ell as one o f  the

cross se c t io n s , the op tica l cross sec tio n  of the unknown l in e  can be

c a lcu la te d . In calcu latin g  Q(3p‘*S2^2)3s‘*P^), there are several branching
f 131r a t io s  to  choose from. Garstang^ has ca lcu la ted  the l in e  strengths  

o f  numerous NeXT le v e l s ,  obtaining values for LS and interm ediate  

coupling . The tr a n s it io n  p r o b a b ilit ie s  can then be ca lcu la ted  from 

th ese  l in e  strengths by the standard form ulas. Koozekanani and

Trusty(^) have ca lcu la ted  the tr a n s it io n  p r o b a b ilit ie s  using an in te r ­

m ediate coupling (IC) scheme as w e ll. Koopman^^  ̂ and H o d g e s h a v e  

measured the lin e  strengths exp erim en ta lly . Using those r e s u lt s  which 

compare most favorably with t h i s  work for the desired branching r a tio s
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w il l  g ive  more con sisten cy  with the rest o f the data. A lso , s in ce  no 

previous experim ental work has been done in  the area o f  which th is  paper 

i s  concerned, the branching r a t io s  are the only means o f  comparison.

Table II l i s t s  th ese  comparisons. In th is  ta b le , th e  n o ta tion  such as 

(2s^,2p^) has been used to represent the o p tica l cross se c t io n  o f  the 

3p^S -̂>-3s2p  ̂ tr a n s it io n  or the tra n s itio n  p ro b a b ility  for  th a t tr a n s it io n .

From Table I I ,  the branching r a tio  most favorable to  my r e su lts  

for  tr a n s it io n s  from th e Sp^S^yg le v e l could be e ith e r  Hodges' or 

Koopman's s in ce  they both agree w ell with mine. However, i f  the l in e  

stren gths for the 3p4S2y2^^s^P^ i s  examined, a considerab le d ifferen ce  

e x is t s  between Hodges and Koopman. Koopman's lin e  strength  i s  almost 

tw ice  as large g iv in g  a cross sec tio n  much greater than Hodges. The 

various branching r a t io s  are g iven  in Table I I I .

I t  would appear from Tables II and III  th at Koopman's l in e  strength  

fo r  the 3p4Sgy2^^s4p^ tr a n s it io n  i s  too strong s in ce  th e r a t io  o f  the 

3p^S2y2^^s4pgy2 lin e  to  the 3p‘*S2y2^3s‘'Pgy2 tr a n s it io n  agrees q u ite  w ell 

with the other r e s u lt s .  Therefore, the cross sec tio n  for th e  3029 K 

l in e  i s  obtained using Hodges' d ata . The value o f  1.3xl0~^^cm^ obtained  

compares w ell with th e  experim ental value obtained (in clud in g  a weak ad­

jacent lin e ) o f  1.4xl0"2lcm^.

I t  would be hoped th a t a comparison of the values in  Table II 

might help decide i f  LS coupling i s  good or poor in  d escrib in g  th e s ta te s .  

In gen era l, i t  i s  seen that one cannot r e a lly  make a d e f in it e  statement 

s in ce  the various r e s u lt s  are not in great disagreement when one considers 

the nature o f the c a lcu la tio n s  and experim ents. This fa c t  expresses
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Table I I .  Comparison o f  Branching Ratios for 3p-»3s Arrays.

This Other Experiments T heoretical
Work Hodges^ Koopman^

(=Sj'=P3/2)

(=Pl'=P3/2)

(^^3/2'^^3/2)

(=»3/2'=Pj)

(" S 3/2 .'P 5/2)

(% .'P 3 /2 )

("P 3/2''P l)

("P3/2''P3/2)

('P 3 /2 ''P j)

( \ / 2 ' \ / 2 )

(^^3/2'^P3/2)

^**^3/2’** 5̂/2^

0.19 0 .18 0 .19  0 .5 1 .03 0 .06

6.46 4.41 5 .38  2 .0  0 .96

0.31 0.21 0 .20 0.22 0.31 0.53

3.35 3 .29 4 .54  5 .0  3 .17  1.74

0.79 0 .86 0 .76  0.67 0 .56  0.75

0.19 0 .15 0 .15  0 .20 0 .17 0.14

2.38 2.07 1.61 3.14 2 .42 1.94

0.70 0 .92 0 .52 0.92 1.14 0 .53

0.29 0.44 0 .32  0.29 0 .47 0 .27
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Table I I  (C o n t'd .)

This
Work

Other Experiments 

Hodges2 Koopman1

T heoretical 
Garstang Koozekanani 

LS ■ IC IC

( 'P 5 / 2 ' ' P s / 2 )

0.32 0.47 0.27 0.43 0 .30 0.25

6.10 5.15 6.02 5.05 6 .09 6.60
*̂ *̂̂ 3/2’ ^^3/2^

( ' » 3 / 2 ' ' P l ) 13.0 17.6 6.64 6.39 1 5 .I 19.4
^‘*^3/2’'*̂  5/2^

^‘*^3/2’^^3/2^

^'*°3/2’ **̂ 5/2̂
16.5 24.5 8.42 8.14 15.6 20.2

C » 5 / 2 ' 'P 3 / 2 )

C » 5 / 2 . ' P 5 /2 )

3.70 3.33 2.95 2.33 3 .4 3.5
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Table I I I . Branching Ratio Involving th e S ta te .

('S 3 /2 ''P j)

(" S 3 /2 ''f5 /2 )

Hodges Koopman garstang Koozekanani

0 .57  1.01 0.5 0.43 0 .5 6

0 .49  0.77 0.34 0.25 0 .42
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i t s e l f  in  that in  some cases b etter  agreement i s  obtained with LS 

coupling w hile in  other in stan ces, IC i s  b e t te r . One can look for 

large d iscrep an cies in  such data. These would be much more s ig n if ic a n t .  

Only four r a t io s  show major d iscrepan cies between experiment and theory. 

They are:

( 2 S ^ )

t" ° 3 /2 - '‘‘’P  _

‘̂*°3/2’ '*'’3/2^

'̂*“3/2

The f i r s t  two d e f in it e ly  disagree w ith the IC ca lcu la tio n s  but the  

agreement with LS values is  not much b e tter . The la s t  two r a tio s  are 

somewhat more in ter e st in g  in that th ere is  even a large  d iscrepansive  

between experim ental values. Obviously the l in e  strength  which i s  

causing the trouble in  the LS ca lcu la tio n  i s  (**̂ 3/ 2 '**^5/2  ̂ ' Here the 

IC i s  much b e tter  and agrees quite w e ll with my r e s u lt s .  Hodges' r e ­

s u lts  are a l i t t l e  h igher. I t  i s  curious th at Koopman's value agrees 

very w ell with the LS value but d if fe r s  by more than a factor  o f two 

from Hodges and mine. This r e su lts  from a too high o f  a lin e  strength  

for  the tra n s itio n . Perhaps from th ese several lin e



Table IV. Experimental Cross S ection s for the (^D)3p' Levels a t 150 eV (Units o f  10"^^cm^)

Upper
Level 3 p ' 2 P j / 2  3 P ' " ° 3 / 2  3 P ' " 0 s / 2  3 P ' ' F s / 2  ' P " ' ' 7 / 2

Lower
Level

14.9 17.0 26.016.847 .63/2

35.776.4'5 /2

35.718.616.6 27.947 .6 93.2

cnin

Line was too  weak to  d e te c t  under necessary experim ental cond itions and experim ental 

branching r a t io s  were used^^^.

^Observed la s e r  t r a n s i t i o n .
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Table V. Comparison o f  Branching Ratios fo r  3p' + 3s' T ran sition s,

This Work Hodges Koopman Garstang 
LS IC

^^^3/2’ ^^3/2^ 

^^^3/2’^^5/2^
0.22 0.17 0.11 0.11 0.11

^^'^5/2’ ^°3/2^

^^'^5/2’ ^^5/2
0.094 - 0.071 0.071 0.078

*^^^3/2’^'^3/2^
- - 8.96 8 .96  7 .4

^^^5/2’^^3/2^

^^'^5/2’^^5/2^
- 10.0 14.0 14.0 13.0
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stren gths Koopman f e l t  that the 3p le v e ls  were b e tte r  described in the  

LS coupling scheme rather than the IC.

Core

The op tica l and apparent cross sec tio n s  fo r  l in e s  o r ig in a tin g  

from the 3p' le v e ls  are presented in Table IV. The le v e ls  o f  a given  

doublet are qu ite c lo se  and barely reso lv a b le . However, s in ce  the s l i t s  

are nearly c lo sed , the weaker lin es  o f  the doublets are not d etec ta b le  

and only the stronger l in e s  present them selves fo r  measurement.

Branching r a t io s  are used in  an analogous manner âs for  the core. 

Table V g iv e s  the various branching r a t io s .

Hodges did not g iv e  a complete l i s t in g  o f  th ese l in e  strengths  

and upon examination o f  th ose which he did g ive i t  i s  found there i s  

not much d iffe re n c e  in  the l in e  strengths o f  the experimental and th eore­

t i c a l  o r ig in . Koopman's values are used in  determ ining those cross  

sec tio n s  in  Table IV which were unmeasurable. G arstang's LS and IC l in e  

stren gths are almost id e n t ic a l and they sean to  be q u ite  in s e n s it iv e  to  

which method i s  used to  generate them.

Core

Table VI contains the apparent cross s e c t io n s  o f  the 3p" le v e ls  

o f  the co re . S in ce only a s in g le  3s" le v e l e x i s t s ,  the apparent and 

o p tica l cross sec tio n s  are id e n t ic a l.

Table VI. Experimental Cross S ection s fo r  the (^S)3p" Levels 

at 150 eV (u n its  o f 10“^ ĉra )̂

3p"2p^ 3p"2p3/2

Q' 7.4 13.7
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P ola riza tio n

In the d er iva tion  o f  Eq. (22) i t  was assumed that the flu x  from 

the c o l l i s io n  chamber was iso tr o p ic . This allow s one to w rite

F(ij) = ^  F(ij ,n) . (9)

However, the d ipole rad ia tion  em itted by an atom a fter  an e lec tro n  im­

pact i s  p o lar ized . Figure 16(a) i s  a rectangular reference frame in  

which the Oz a x is  i s  p a r a lle l to  the in c id en t e lectron  beam and 0 i s  

the angle the d etector  makes with the e lectron  beam in  the y-z  plane. 

Then the emitted d ip o le  rad ia tio n  can be thought as being due to  an 

e le c tr ic  d ip o le  in the Oz d irec tio n  and two id en tica l d ip o le s  in  the Ox 

and Oy d irectio n s  as i l lu s t r a t e d  in  F ig . 16(b).

Then
x -d ip o le  y -d ip o le  z -d ip o le

Amplitude o f  E E E
E -vector o f d ip o le   ̂ ^

In te n s ity  a t I aE I oE I oE
Maximum X X  y y z z

C la s s if ic a t io n  to  Oz ^ to  0? | |  to  Oz
o f  E-vector

P o lariza tion  o f  
Light r e la t iv e  i i
to  Og (e lectro n  
beam)

Component o f  Amplitude 
X to  d ir e c t  
observation
X to  d irec tio n  o f  E  ̂ Ê  cos 0 Ê  s in  0

In ten sity  o f  Radiation ^2 .  g t  cos^e a sin ^ s
in  d irectio n  o f  x y z
observer = I^ = ly  cos^0 = Ig sin^O
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(E le c t ro n  Beam)

To
D etec to r

x - d ip o le

(a)

X

y -d ip o le

y

z - d ip o le

y
(b)

FIGURE 16: (a) Rectangular reference frame for or ien ta tio n
of detector  r e la t iv e  to e lectron  beam.

(b) Dipole rad iation  for x , y and z -d ip o le s .
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Therefore,

1(0) = 1% + ly  cos^G + Iz sin^O . (32)

I f  Ix and ly  are labeled  lj_ and 1  ̂ as Ij | ,  then Eq. (32) can be w ritten

1(0) = lj^(l+cos^0)+ I|jSin^G . (33)

1 1 I and Ij^ can be re la ted  to  each other through the p ercen t­

age p o la r iza tio n , P, where

p = 100 (..-LL A  . (34)
^ i r ^ i

The average in te n s ity  over a sphere surrounding the source o f  

rad ia tion  is

I  = (35,
jdn

where

dfi = 2nsin0d0 . (36)

Using Eqs. (36) and (3 5 ),

TT

11 (l+cos^0) 2T T sin 0d0 +
)

Integration  y ie ld s

IT

2tt1| jSin^Gde] . (37)
o * '

1 = 2 /3 (2 I^ + I ||)  . (38)

1(0) can now be w ritten  in  terms o f  Ï and P. Equations (38) and 

(34) give

:JL= ' (39)

and

^^2 '•300-P
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These la s t  two equations along with Eq. (33) y ie ld s

. (41)

I f  the rad ia tion  i s  monitored at r ig h t angles to  the beam, as in  t h is  

experiment, then

) (l-P /300 ) ' (42)

Therefore,

Q = 0^(1-P/300) , (43)

where Q is - t h e  to ta l  photon - e x c ita t io n  cross sec tio n  and bears the 

same re la tio n sh ip  to  Î as (^ , the e x c ita tio n  cross sec tio n  obtained  

at right angles to  th e  beam, does to  1(90*). P in  Eq. (43) is  expressed  

in  percentage and produces s ig n if ic a n t  correction  fa c to rs  only i f  P i s  

over 15 or 20 per cen t.

Something which must be considered in the measurement o f  P i s  

the degree o f  p o la r iza tio n  due to the d ispersin g  portion  o f  the de­

tec tin g  system. U sually the d isp ersin g  element i s  a gra tin g  and the  

e le c tr ic  vectors which are p a r a lle l to  the ru lin gs have a d if fe r e n t  

e f fe c t iv e  r e f le c ta n c e  than those which are perpendicular. The in s tr u ­

mental p o la r iz a tio n  can be q u ite  large  and i f  the atomic tr a n s it io n  i s

po larized , a d is to r t io n  o f the e x c ita tio n  cross s e c t io n  w il l  occur.

The a ffe c t  o f instrum ental p o la r iza tio n  on P can be shown in  the fo llow ing  

manner.

1 1 (observed) = o ^ I^ tru e) (44)

1 1 I(observed) = a , , I , , ( t r u e )  (45)
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where the a 's  are the r e f le c t io n  c o e f f ic ie n ts  o f  th e monochromator for 

the resp ec tiv e  e le c t r ic  v e c to rs . Equation (34) can now be w ritten  as

or as

P = 100

P = 100

Il (obs.) I^ (ob s.)

“ II a L
II (obs.) I, (o b s.)

“ II L

Ij_(obs. )

“ 11 1 11(ob s.)

“JL Ijjo b s .)

“ II ' I | 1lo b s .)

(46)

(47)

Defining

Eq. (47) becomes

k = A .
“ I I

P = 100

Ij_(obs. )

111(obs.)

k + W o b s .)  
I ,I (o b s .)

(48)

(49)

where k i s  a fu nction  of wavelength se tt in g  for the g ra tin g . I t  was 

determined by u t i l iz in g  the standard lamp as a source o f  unpolarized  

l ig h t .  The l ig h t  i s  po larized  p a r a lle l ,  then perpendicu lar, by rotatin g  

a Polaroid film  through 90®. Since the lig h t i s  unpolarized i n i t i a l l y ,  

I^ and 1 11 are id e n tic a l upon entering the monochromator. Hence, 

d iv id in g  Eq. (44) by Eq. (45) g ives k. Figure 17 i s  a p lo t o f  the in ­

strumental p o la r iza tio n  in  terms o f k as a function  o f  wavelength.
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FIGURE 17. Instrum ental p o la r iza tio n  for Jarrell-A sh  ^s-meter monochromator w ith 1180 groves/mm grating .
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There are severa l th eo r e tic a l treatments o f th e  p o la r iza tio n

o f rad iation  by e lec tro n  impact. I t  was f i r s t  treated  by Oppenheimer^^^”^̂
f331and a few years la te r  i t  was fu rther developed and applied  by Penney

f34‘)The most recent and advanced p resen tation  is  by P ercival and Seaton 

It i s  predicted th at th e 4 Î>+2^P l in e  in  helium w ill  have a p o la r iza tio n  

o f 60 per cent at threshhold . To check our procedure and methods we 

have examined th is  tr a n s it io n . Figure 18 compares our r e s u lt s  with 

those o f other experim entors. Our r e su lts  compare e x a c tly  with Clout 

and Heddle^^^) out to  100 eV. From 100 eV, our r e s u lt s  tend to  hold up 

and give a sm aller s lo p e . This i s  sa t is fa c to ry  s in ce  the N ell le v e ls  

should have l i t t l e  p o la r iza tio n  and what l i t t l e  they might have i s  near 

the threshhold reg ion . At higher en erg ies , the cascade becomes more 

s ig n if ic a n t  with a r e su lt in g  d ep olarization  o f  the ra d ia tio n .

In taking p o la r iza tio n  d ata , one must be sure that the gas 

pressure i s  not too large as a d ep o lariza tion  of the le v e l occurs be­

cause o f atom-atom c o l l i s io n .  With the exception o f three tr a n s it io n s ,  

the p o la r iza tio n  was zero for the 3p le v e ls .  Figure 19 i s  a p lo t o f  

the p o la r iza tio n  as a function  o f  th e incid en t e lec tro n  energy for th ese  

three le v e ls .  The error bars are a rough estim ate o f  the p rec is io n  o f  

th is  experiment. Since so l i t t l e  p o la r iza tio n  i s  present and the in ­

te n s ity  o f the l in e  i s  dropped s ig n if ic a n t ly  when on ly  Ij^or I j| i s  moni­

tored, the p rec is io n  o f  the experiment su ffe r s . The le v e ls  given in  

Fig. 19 have 5-10 per cent p o la r iza tio n  and w ill  not a ffe c t  to  any great 

extent the e x c ita t io n  functions or the cross section  values l i s t e d  in  

Tables I ,  IV and VI.
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FIGURE 18. Polarization of the helium 4^D level.
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(a)

H +5-
H

-5-

(b)

100 150

-5-

- 10 -

(c)
ELECTRON ENERGY (eV)

FIGURE 19. P o la r iz a t io n  o f the  N e ll t r a n s i t io n s
(a) 3p^Dvfe -»■ 3s^Pi^, (b) 3p^D ^ -*■ 3s^Pvfe
and (c) 3p‘*D7/2-̂  3s‘*Pv6.



CHAPTER VII

CASCADE ANALYSIS

Until r ec e n tly , the on ly  tr a n s it io n s  which were found that 

terminated on the 3p le v e ls  were those from the 3d and 4s le v e l s .  In 

a paper published in 1969, Persson^^^^ has id e n t if ie d  some 4d and 5s 

le v e ls  which cascade in to  the 3p le v e l s .  These lin es  are very weak, 

however, and could not be d etected  by the present d etection  system .

Hence, l i t t l e  error i s  introduced by considering only those cascade 

l in e s  from the 3d and 4s l e v e l s .  The cascade op tica l cross sec tio n s  

were in  general, one to  two orders o f  magnitude sm aller than th e 3p 

l e v e l s .  The to ta l  cascade contrib u tion  to  a given 3p le v e l amounted 

to  as much as 75 per cent for one extreme and as l i t t l e  as 3 per cent 

at the other extreme. The degree o f  confidence in  the published  

sp ectra l c la s s if ic a t io n s  dim inishes for th e  3d and 4s le v e l s .  This 

research ra ises  some questions on severa l o f  the c la s s i f ic a t io n s .

This w il l  be taken up in  Chapter IX.

3p Core

The cascade l in e s  from a given doublet or quartet were in general 

very weak and c lo se  togeth er . These cond itions made i t  a p rereq u is ite  

that great care be taken in  th e ir  measurement. Many o f  th e cascade 

cross sec tio n s  were at the l im it  o f d e te c ta b il i ty  o f the present system

67
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(10“2^cm^) and the per cent d ev iation  for th ese  extrem ely weak lin es  

can be as high as 50 per cent from the average. E lectron beam currents 

were s t i l l  kept a t 500 yA and pressures ranged between 15 and 19 mTorr. 

Figures 20 and 21 are the e x c ita tio n  functions o f  the doublet 3d and 4s 

cascade s ta te s . As was the case for the doublet 3p l e v e l s ,  the ex c ita ­

t io n  functions are very broad. I t  i s  s t i l l  evident th at as J in creases, 

the peak o f  the fu n ction  narrows. This i s  e sp e c ia lly  evident for the 

3d^F7/2 le v e l .

F igures 22 and 23 are the e x c ita tio n  fu n ction s for  the quartet 

3d and 4s le v e ls .  There are four le v e ls  which are not presented:

3d**P ,̂ 3d^D^, 3d**Fg^2 «̂ nd 4s**P^. The l in e s  from th ese  s ta te s  were ex­

cep tio n a lly  weak and e x c ita t io n  functions were not ob ta in ab le. Those 

le v e ls  marked with an a s te r isk  (*) are le v e ls  where some questions are 

present as to  th e ir  c la s s i f i c a t io n  and w il l  be d iscu ssed  in  Chapter 

IX.'' As in  a l l  previous e x c ita t io n  function  p resen ta tio n s , th e  larger  

J values have a more sharply peaked e x c ita t io n  fu n ctio n . This is  

e sp e c ia lly  pronounced in  the 4 s ‘*P, 3d**D and 3d**F fa m ilie s .

The e x c ita t io n  functions o f the cascade l e v e l s ,  th erefo re , seem 

to  suggest mixing o f  th e s ta te s  i s  occurring in  accordance with the 

scheme put forth by Sharpton e t  a l .  A lso , a l i t t l e  more evidence

supports mixing in  th e  cascade le v e ls  than ex is ted  fo r  the 3p le v e ls .

We find  r e la t iv e ly  strong tr a n s it io n s  between th e  quartet and doublet 

le v e ls .  The experiments o f  Koopman^^  ̂ and H o d g e s a g r e e  w ell with 

Garstang's^^^^ IC c a lc u la t io n s . Persson^^^*^^^, as was mentioned pre­

v io u s ly , labeled th e  3d s ta te s  as fo llow ing an interm ediate coupling be­

tween LS and J^A.
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(a)
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FIGURE 21. Excitation functions of the (a) 3d*D and (b) 3d F levels.
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300 0
,  ̂ ELECTRON ENERGY (eV) ,
(a )  (b)

FIGURE 22. E x c i ta t io n  f u n c t io n s  of th e  (a) 4s^P and (b) 3d“P l e v e l s .
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S

I

I

FIGURE 23.

ELECTRON ENERGY (eV)

E x c i t a t i o n  f u n c t i o n s  o f  t h e  (a)  3d‘*D and (b) 3d'*F l e v e l s .
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Tables VII and VIII present th e  o p tica l cross sec tio n s  at 150 eV

fo r  the 3d and 4s s t a t e s .  The doublet cascade i s  not as in f i ltr a te d

w ith branching r a t io s  as the quartet system . This is  because the

quartet le v e ls  were in  general a l i t t l e  weaker than the doublets as

w ell as more d i f f i c u l t  to  reso lve s in ce  the le v e ls  o f  a given quartet
( 2 )are quite c lo se  to each other. Wherever p o s s ib le , Hodges^  ̂ experi­

mental values were used. Otherwise, Garstang’s IC ca lcu la tio n s per­

formed the ta sk . Table IX contains th e  branching r a tio s  o f  the cascade 

le v e ls  that were obtainable in  th is  work compared with those which were 

ca lcu la ted  using  l in e  stren gth s. From Table IX one can consider the  

consistency o f the cross section s in  Table VII and VIII which were 

ca lcu la ted  using  branching r a t io s .  A lso , Table IX might suggest the 

degree in which the 3d and 4s le v e ls  depart from LS coupling. Concerning 

t h is  la t te r  point i t  i s  seen that agreement between experimenters i s  not 

nearly  as good as fo r  the 3p le v e l s .  This i s  because o f  the le sse r  

strength o f the l in e s  and a sm aller degree o f  accuracy i s  present.

One thing which is  very evident i s  th at many lin e s  forbidden by LS 

coupling are present and in  several c a se s , q u ite  strong. Those ra tio s  

designated with an a s te r isk  (*) denote a s itu a t io n  where the LS coupling 

ca lcu la tio n s  are t o t a l ly  in co n sisten t with experiment. The r e su lts  of 

t h is  work agree su rp risin g ly  w ell w ith Garstang's IC values and the  

ca lcu la ted  cro ss  s e c tio n s  using th ese  values should not be greatly  in 

error. A lso , the lack  o f  experimental l in e  strengths betrays the weak­

n ess o f  th ese  cascade l in e s .

Core

The number o f  cascade le v e ls  in  th is  core configuration  i s  much



Table VIT. Cross S ec tio n s  fo r  th e  Doublet 3d and 4s Levels a t  150 eV (U nits  o f  10"^^cm^)

Upper 3d%P 
Level 5 /23/2 3/2 5/2 7 /2 3/2

Lower
Level

0.40 .9

0 . 2

0 . 6 0 . 6 0 .30 .3

(0 . 01) 0.7(0 .03) 0.4

( 0 .01)(0 . 2) (0 .6 )0.8 3.9

0 . 2

0 .4

0 .4

0 .31 .4 3 .6

^Branching r a t io s  from Garstang IC c a l c u l a t i o n s w e r e  used to  obtain  th ese  cross
s e c t io n s .



Table V II I .  Cross S ec tio n s  f o r  th e  Q u a r te t  3d and 4s Levels a t  ISO eV (u n i t s  o f  I0~2^cm^)

Upper
Level 3d**P̂ ^ '^ 3 /2 :4 'P 5 /2 :d '» 3 /2 Sd'D5/2 :d"»7/2 : 4 'f 3 /2 3 4 'F s/2 3d'F7/2 3d4p9/2 4S4P+ 4s^P3/2 4 :'P s /2

Lower
Level

:P 'S3/2 0 . 6 0 .9 2 .7 1 .3

3p“Pj (0 . 2)* (0 . 8)* (0 . 8)* (0 . 2)* (0 . 6)*

S p ''3 /2 (0 .7 )* (O .I)* ( 1 . 0)& 1.5 1.9 (0 .7 )* (0 .3 )* 0 .5

SP'Ps/Z (0 .5 )* (1 . 0)* (0 . 6)* 1 .4 (4 .5 )* 0 .4 (1 .3 )*

3p"0j (0 .0S* (0 . 6)* (0.06)* 2 .0 0 .8

:P '°3 /2 (0.06)'  ̂ I.O (0 . 2)* 0 .3 (0.06)* (0 .7 )* 3 .5 ( I .I ) * (0 .5 )* (0 .4 )*

3p '°5 /2 (0 . 2)* (0 .5 )* (0 . 2)* 0 .7 (0.07)* (0 .01 )* 0 . 6 2.7 1 .2 (0 .3 )*

3P-D7 /2 (0 .9 )* (O .D * 1.7 (0.07)* (0 .3 )* 4 .4 1 .2

3p2Pj 0 .3

:P=»3/2 1 . 0 0 .4

Q' 1 .6 4 .4 7 .3 3.5 4 .2 6 .3 4 .0 4 .6 3.0 4 .4  2 .8 3 .0 3.7

'JIn

^Branching r a t io  from G arstang's IC c a l c u l a t i o n s u s e d .  

^Branching r a t io  from Hodges e t  oLS'^^ experiment used.
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Table IX. Branching R a t io s  fo r  th e  Cascade Levels.

3d -*■ 3p Arrays 

ÎSrk Koopman Hodges SMgtangLS IC

^^^3/2’^^3/2^

(= » 3 /2 ''S l)

(=»3/2'=Pl)

(=D3/2'=Sl)

^^*^3/2’^^3/2^

^^^3/2'^^3/2^

(= D 3/2 ''» i)

(:» 3 /2 '= S l)

^^^3/2’ ^^3/2^

4 .5  2.4 5 .5

3 .0  4 .6  5.1

0 .67  2 .0  0.93

2 .2  0 .20  1.5

0 .44  0 0.32

0 .67  0 0.63

1 .0  0 0.37

1 . 0  •  0 1. 6

1 .5  2 .0  5 .0  2.0
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Table IX (C o n t 'd .)

Tkic 3 d -►Sp Arrays
... _i Garstang
*1°̂  ̂ Koopman Hodges ic

(:Q 3/2'"D i)

^^ 3̂/ 2 »^^3/ 2^

^̂ ”̂5 / 2 ’^^3/ 2^

^^°5/ 2 *^^3/ 2  ̂

^^°5/ 2 ’ '̂̂ 5/ 2  ̂

(^05 / 2 *^33/ 2) 

(̂ 0̂5 / 2 '^^3/2^

(^05 / 2 *^03/ 2) 

(̂ 0̂ 5 /2  * ‘̂’3/ 2) 

(^05 / 2 *^03/ 2) 

(^05 / 2 *^05/ 2)

2. 2  1 . 0  2. 1  1. 2

.044 0 0.52

1 .5  0.41 0.59

("O3 /2  ^0.)
 — :-----  0 .67 0 1 .0
(^0 3 / 2 ’^^3/ 2)

1 .0  0 0.61

2 .6  2 .5  3.1 337.0 2 .6

2 .2  4 .8  1.3

0.11 0 1.2

0 .39  0.27 0 0.20

0.88 0 0.72
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Table IX (C o n t 'd .)

3d ^3p Arrays
  ------------ Garstang

Work Koopman Hodges iq
This

(:»5/2 '**^3/2^

(:»5/2 ’^^ 3̂/2^

(:»5/2

(=Ds/2 ’ ^^3/ 2^

(:»5/2 ’ **^3/2^

(^^5/2

('^5/2 '^^3/ 2)

(^05/2 »^°5/2^

(^^5/2 '^^3/ 2)

(^^5/2 ^»3/2)

(^^5/2
4c •) 
^3/2-'

(^^5/2 '^^3/ 2)

(^^5/2

(^^5/2
2p ■)

^3/2-'

(^^5/2 ^ 53/ 2)

(^^5/2

('"5/2 •'*^3/ 2^

(^^5/2

('P3/2 ’**^3/2^

('P3/2 '^^3/ 2)

0.29

1. 0

0.25

0.88

0.12

3.3

1.3

0.43

0.17

0.90

0.84

0.44

0.32

1.4

0.16

0.72

0.16

1.1 4 .6

0.21

0.62

6.0
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Table  IX. (C on t 'd .)

This 3d + 3p Arrays
WSIÜ Koopman Hodges ^^gGarstang IC

^63/ 2 )

(^^3/2

C P 3/ 2 ' '» 3 /2 )

(^ ^ 5 /2 ' ^^3/2^

^ % / 2 ’ 'S 3/ 2)

(^ ^ 3 /2 ' ^^3/ 2)

(^ ^ 3 /2 ' * * ^ 2^

CO5/ 2 ' ^^3/ 2)

^ \ / 2 ’ ^^5/ 2)

^ \ / 2 ’ ^^3/ 2)

(^ ^ 5 /2 ' '» 5 /2 )

(^ ^ 5 /2 ' 'P 5/ 2)

(^ ^ 5 /2 '

( 'P 3/ 2 ' ^^3/ 2)

^ % / 2 ’

(^ ^ 5 /2 ' '*̂ 5/ 2^

^ % /2 * ^^5/ 2)

f % / 2 * ^°3/2^

f % / 2 » **°3/2^

0.33

0.3

0.37

5.0

1.4

2.7

2. 0

0.65

5.8

0.11

0.28  0

9.0

1.2

4 .3

3.6

3.0

5.5

2.3

4 .9

2 . 1

0.27

1.6

19

5 .3

1. 2

3.2

2.7

0.24

3.9

2.7
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Table IX (C o n t 'd .)

This 3d -*■ 5p Arrays
Work , Garstang

~  Koopman Hodges jj.

(^^5/2' '»5 /2 )

(^^3/2'

(^^3/2'

(^^3/2 ,=S*)

(^^3/2' ^^3/ 2)

(^^3/2

(^^3/2' ^^3/ 2)

(^^3/2 ,=S^)

(^^3/2' '" 5/ 2)

(^^3/2 ■ V

(^^3/2' ^^3/2^

(^^3/2 ,% )

(^^3/2' ^̂ "3/ 2)

(^^3/2/ P P

(^^3/2’ :»5 /2)

(^*3/2' ^^3/2^

(^^3/2' ^°3/2^

0.67 0 10.6

4s 3p Arrays

0.37

0.32 0.17

1.4 1.2

0.18 0.11

0.86

3.8

0.49

4.4  6.9
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Table IX (Contîd)

This
Work

4 s+ 3 p  Arrays 

Koopman Hodges
Garstang 

LS IC

(^^3/2'^^3/2  

^^^3/2’^^5/2
0.56 0.65

0.13 0.10

r4p 4p
*• ^3/2* ^5/2
f4p 4n
'• ^3/2' " s/2

0.33 0.47

( h p  4p
^5/2' ^3/2

f 4p 4n
 ̂ ^5/2' "7 /2

0.42 0.65
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sm aller than in  the core (see  F ig . 2 ) . The e x c ita t io n  functions

are given in  F ig . 24. They a l l  p ossess the same "broadness" as the  

3p' le v e ls .  I t  would be d esirab le  to  look at the le v e l and see

i f  i t  i s  narrower than the others as was the case for the **Fĝ 2 le v e l .  

However, th is  was not p o ss ib le  as no l in e s  from th at le v e l  could be 

d etected .

The cross sec tio n s  at 150 eV are given in  Table X. No branching

(21r a tio s  are a v a ila b le  th e o r e t ic a lly . Hodges e t  a t.  have measured 

some lin e  stren gth s from which the branching r a tio s  can be determined. 

However, th e ir  l in e  assignments are d if fe r e n t from Persson's^^^^ in  

seven o f  the fourteen  lin e s  they measured. One lin e  i s  even in  a d i f ­

feren t core than Persson assigned i t .  Therefore, some doubt e x is t s  as 

to  th e  v a lid ity  o f  any branching r a tio s  used in conjunction w ith my 

data. With th is  in  mind, only one branching r a tio  o f the four a v a ila b le  

from Hodge's data was used, the one for which there was agreement on the  

l in e  assignm ents.

Is Core

No l in e s  were observed th at term inate on the two 3p" le v e ls  o f  

th is  con figu ration .

Level Cross Sections o f  the 3p, 3p' and 3p" Levels

The le v e l cross section  was defined by Eq. (8 ) . By adding the  

values in  the rows o f  Tables VII, VUI and X, the amount o f  cascade is  

obtained in to  th at 3p le v e l which represents that row. Subtracting th is  

quantity from th e apparent cross sec tio n  o f  that p a rticu la r  3p le v e l  

given in  Tables I ,  IV and VI w il l  g iv e  the le v e l cross se c t io n . The
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300
ELECTRON ENERGY (eV)

FIGURE 24. E x c i t a t i o n  f u n c t i o n s  o f  t h e  ( ‘D )4 s ' and  ( ‘D)3d ' l e v e l s .



Table X. Cross Sections of the 3d* and 4s* Levels at 150 eV (units of 10“^^cm^) .

Upper
Level Sd'^Sj 3d-2p^ 3 d '2 p ,/2 34'=»3/2 3d'=»5/2 3d'=p5/2 3d'2P7/2 3d'2G ,/2 4 s '2 D ,/2 4 :'= » 5 /2

Lower
Level

0 .3 0 .2  (0 .2 )*

:P ':P 3 /2 0 .3  1.2 0 .9 3 .3

:P ':0 : /2 0 .2 0 .4 1.8

:P '= °5 /2 1 .7 2 .6 3 .3

:P '=F s/2 0 .5 4 .4 3 .6

:P ':p 7 /2 0 .8 4 .2

Q' 0 .3 0 .7  1.4 0 .4  2 .6 2 .3 3 .4 4 .4 3 .6 10.8

00

^Determined w ith branching r a t io s  obtained by Hodges
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le v e l cross section s are given in  Table XI along with the per cent ca s­

cade in to  that le v e l .  The 3p quartet le v e ls  are q u ite  heavily  weighted 

with cascade and these cascade l in e s  are in  turn dependent upon Garstang's 

th eo re tica l branching r a t io s .  Therefore, in  the cascade contribution we 

would not expect le s s  than 20 or 30 per cent error. The remaining lin e s  

should be much more accurate (10-15 per cent) s in ce  they are r e la t iv e ly  

strong and the cascade was le s s  subjected to  branching r a tio s .

As was denoted in Table XI, the 3p^Sgy2 d ir e c t  cross sec tio n  is  

not included. This i s  because some question e x is t s  on the cascade con­

tr ib u tio n  to  th is  le v e l and w il l  be d iscussed  in Chapter IX.

Comparison with T heoretical Cross Sections

The only th eo re tica l work which has been done on the cross

sec tio n s  for simultaneous io n iza tio n  and e x c ita tio n  o f  neon by e lectron

fSlimpact is  by Koozekanani. He u t i l iz e d  th e sudden perturbation ap­

proximation method. The b asic  assumption o f  th is  method is  that the 

Hamiltonian o f the atom changes in  a very short time compared to  the in ­

volved rela x a tio n  tim e. For our s itu a t io n  i t  means a fa s t electron  

s tr ip s  away one o f the bound valence e lec tro n s o f  the neutral atom in  a 

very short time compared to  the relaxation  o f  the io n .

Koozekanani ca lcu lated  only f iv e  cross s e c t io n s . Comparison o f  

r e su lts  are given in  Table XII.

In general, the r e su lts  d if fe r  by a fa c to r  o f two or th ree , but 

show surprising agreement for  the 3p^Djy2 le v e l .  Further comparison 

with th is  ca lcu la tio n  scheme can be made a t high energies since the 

sudden perturbation theory y ie ld s  a cross sec tio n  which has the same
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Table XI. Level Cross Sections o f  the 3p Levels* 

(U nits o f  a t 150 eV.

Level Cross Section Per cent 
Cascade

6.4 35

3p2p^ 77.2 6

3P^^3/2

3P=»5/2
3p4p^

163.9

18.6

19.2

5.7

3

22

29

31

3p'Ps/2
3p^D^

8 .6

10.6

3 .2

41

48

55

:p '» 3 /2

3 p '0 s/2

:P '»7 /2
3p'2p^

3 .3

9 .9

7 .0

46.9

73

40

55

1

3P'=P3/2

3P'=»3/2

:P ''» 5 /2

3 P ':f5 /2

3P'=f7/2
3p”2p^

77.5

14.2

11.0

19.4

30.7

7.4

7

14

41

30

14

0

:P"=P3/2 13.7 0

*The 3p S jy2 le v e l i s  not included in th is  
ta b le . I t  w i l l  be discussed in Chapter IX.
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Table XII. Comparison o f  Sudden Perturbation C alculated Cross 
Sections and Experimental Level Cross S ections a t 

ISO eV (Units o f  IO"^^cm^)

Level Experimental Sudden Perturbation

3p2Sj 6.4 20.8

3p2Pj 77.2 138.6

3P^^3/2 163.9 311.1

3p '°3 /2 18.6 16.2

3p'»3/2 3.2 0.6
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energy dependence as the s in g le - io n iz a t io n  cross sec tio n . In the above

c a lcu la tio n s , Q̂ ^̂ ĈISO eV) = 0 .7 7 x l0 “ ®̂cm̂  was used. ( 26)



CHAPTER VIII

HIGH ENERGY CONSIDERATIONS

Most ca lcu la tio n  schemes, such as the sudden pertu rb ation , in 

th eo retica l cross sec tio n  work assume the incid en t e lec tro n  i s  f a s t ,

i . e . ,  large energy. When th is  is  done, the ca lcu la tio n s  are most v a lid  

at high energies - say f iv e  or ten times threshhold. T herefore, i t  is  

highly d esirab le  to  determine the energy dependence o f th e  e x c ita tio n  

functions at large en erg ies .

This measurement has been done for the 3p, 3p' and 3p" le v e ls  

o f N ell from 300 eV to 1000 eV. The output o f  the lo ck -in -a m p lifie r  

was fed in to  a tim e-base chart recorder. The vo ltage  drive was 

e lectron ic  and lin ea r . Since the scan started  at 300 eV and the o s c i l ­

lograms are from 0-300 eV, one can determine th e  cross sec tio n  at high 

energies by normalizing the two at 300 eV.

Core

Figures 25 and 26 are the op tica l ex c ita tio n  fu nctions o f  the  

doublet and quartet 3p le v e l s ,  r esp ec tiv e ly . The data was then analyzed 

by p lo ttin g  £n Q' versus &nE. This i s  done in  F igs. 27 and 28. The 

cascade portion o f  the t a i l  must then be measured to  determine the le v e l  

ex c ita tio n  fu nction .

89
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FIGURE 25. High energy portion  of the 3p doublet e x c ita t io n  fu n ction s.

VOo
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FIGURE 26. High energy p o r t io n  of th e  3p q u a r t e t  e x c i t a t i o n  fu n c t io n s .



92

Slope—0.85Slope— 0.88

S lop e= -0 .81
M

Slope*=-1.02
M

3p'D,a

Slope=-0.98M

0 . 2 0.3 0.4 0 .5 0 .6  0 .7  0 .8  0 .9  1 .0
ELECTRON ENERGRY (keV)

FIGURE 27. î,nQ' v s . inE fo r  the 3p doublet le v e l s .



93

-
Slope=-0.89

Slope—0.93

S lo p e = - l .07

Slope*=-0.86M

3P Pyk
Slope=-0.89 

_  3p“P ^  
S lope=-0.95

H 3p'D%%
Slope=-0.92

3p 0^2 
Slope=-0.89

CO

0.60.4
ELECTRON ENERGY (keV)

0 .5

FIGURE 28. &nQ* v s .  £nE fo r  th e  3p q u a r t e t  l e v e l s .



94

Figures 29 and 30 are the cascade curves. These curves were 

much more d i f f i c u l t  to  monitor s in ce  Q decreases with energy and the 

l in e s  were not strong even at low en erg ies. Those le v e l s ,  e .g . ,

3d‘*p9/2 and Sd^D^yg» which f e l l  rap id ly  with energy became very d i f ­

f ic u l t  to  measure. Figure 31 i s  the &n Q v s . £n E graph o f  those 3p 

le v e ls  whose slop e changed when cascade was subtracted out. I t i s  

evident th a t the cascade lin e s  have a shape sim ilar  to  the 3p le v e ls  

and thereby do not change the slope to any great degree.

Four o f  the o p tica l ex c ita tio n  functions f a l l  o f f  as E 'l-O . 

Others have found dependence for simultaneous io n iza tio n  and e x c i­

ta tio n  o f Ar^^^  ̂ and The remaining le v e ls  vary in the range of

E to  . The gi’aph has an unusual upturn at the t a i l  o f

the p lo t . The 3p^p^ has a sim ilar  but sm aller e f f e c t .  S ince none of  

the other l in e s  possess such a e f fe c t  i t  must be a c h a r a c te r is t ic  o f the 

le v e ls  and not due to some process such as e x c ita t io n  by slower second­

ary e le c tr o n s .

The sudden perturbation scheme of ca lcu la tio n  has been d is ­

cussed prev iou sly  and from i t

Q ( j , E )  = K(j)QTon(E) , (27)

where

Qfj,E) = the lev e l cross section  o f s ta te  j o f the ion 

at energy e.

K(j) = a constant dependent on the s ta te  in  question .

Q^on(^^ = the cross sec tio n  at energy E for s in g le - io n iz a ­

tio n  without add itional e x c ita t io n .
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Therefore, the cross section  should f a l l  with energy in  the same manner

as the s in g le - io n iz a t io n  cross se c t io n . Figure 32 is  a graph o f  £n Q

versus in  E fo r  the to ta l  io n iza t io n  cross s e c t i o n . B l e a k n e y ^ ^ ^ ^
+ TOTALhas shown th a t = 0 .9  a fte r  200 eV. So for p r a c tic a l purposes.

F ig. 32 i s  th e p lo t for sing l e - io n iza tio n . I t ' s  slope is  - 0 . 74 .  This 

p lo t  begins to  d ev ia te  from i t s  l in e a r ity  between 500-600 eV - s im ila r  

to  many &n Q versus in  E graphs o f the 3p le v e ls .

The s im ila r  slopes o f  the 3p ex c ita tio n  functions at high energies  

and the io n iza tio n  cross sec tio n , as w ell as the broadness o f  the 3p 

o p tica l e x c ita tio n  functions which are generally  accepted as LS coupled, 

tend to  persuade th is  author that io n iza tio n  cross sec tio n  a f f e c t s  to  

some extent the energy dependence o f th e simultaneous io n iz a t io n  and ex­

c ita t io n  cross sec tio n .

Core

A procedure id e n tic a l t o  th a t carried  out for the core lin e s

was followed for  th e (^D)3p* le v e ls .  The amount o f  cascade was much le s s

in  these ca se s . Figures 33 and 34 are the 3p' curves and cascade le v e l s ,

r esp e c tiv e ly . It was found th at the 3p'2p^ and Zip'^P^yg curves had a

£nE/E energy dependence. The 3p'^D^y2 f e l l  o f f  as E when cascade

was removed. Cascade for th e  oth er s ta te s  a ffected  th e s lo p es  very l i t t l e .

The remaining curves had s l ig h t ly  sm aller slopes than the 3p le v e ls .

Figure 35 i s  the &n E versus (Q'E) and F ig . 36 represents An Q' versus

An E. When cascade was removed, th e slopes remained unchanged.
f 291The two (An E)/E r e s u lt s  are very in te r e st in g . Bethe found 

a An E/E energy dependence fo r  the io n iza tio n  cross sec tio n  from th eo re tica l
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con sid eration s. I t  would be in tere stin g  to  compare some sudden per­

turbation c a lcu la tio n s  for these two le v e ls  with th ese  measured cross 

s e c t io n s .

Core

Since no cascade appears for the 3p" le v e ls ,  the le v e l and ap­

parent cross sec tio n s  are id e n t ic a l. Figure 37 shows the high energy 

t a i l s  o f the two le v e ls  o f th is  configuration . Figure 38 shows they 

follow  a Jin E/E energy dependence up to around 800-900 eV.
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CHAPTER IX

CASCADE INTO AND RELATED TOPICS

As was mentioned e a r lie r , the cascade a n a ly s is  o f  Sp^S^yg has 

been l e f t  u n til  now. The reason for th is  d elay  can be rea d ily  d eter­

mined from Fig. 39. S ix  cascade tr a n s it io n s  have been measured and 

th e ir  to ta l  contribu tion  to  the cross sec tio n  at 150 eV i s  6 .7 x l0 ”^^cm .̂ 

The apparent cross sec tio n  o f  the Sp^S^yg le v e l  c o n s is t s  o f three o p ti­

ca l tr a n s it io n s  which to ta l  6.3x10“^^cm .̂ This y ie ld s  a negative lev e l 

cross sec tio n  - a p h y sic a lly  im possible con d ition . The p o s s ib i l i t ie s  

for such a r e su lt  can be l is te d  as fo llow s :

( i )  Error in  the measurement o f  the o p t ic a l cross sec tio n s  in ­

volved; th is  may involve in correct data c o lle c te d  from the

c o l l i s io n  chamber or from th e standard lamp.

( i i )  M isc la s s if ic a t io n  o f tr a n s it io n s  involved .

( i i i )  Other channels o f  decay from the 3p^Sgy2 le v e l  which were 

not observed.

The f i r s t  p o s s ib i l i t y  can be checked by c a r e fu lly  repeated mea­

surements. A lso , i t  can be in v estig a ted  by measuring cross sec tio n s in

the same wavelength region for other atoms and then comparing w ith the
f231 f2Slo r ig in a l authors. This was done w ith helium and neon^ . The 

agreement was very favorable. As another check on the standardization  

proceedure, the in te n s ity  as a function o f  wavelength o f  the standard

107
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FIGURE 39. Levels involved in  the ca lcu la tio n  of the apparent 
and le v e l  cross sec tio n  of The energy of
the le v e ls  i s  not to  sc a le . Cross sec tio n s  are at 
150 eV and in  u n its  of 10” ^̂  cm^.
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lamp which was used throughout th is  research was compared with a newly 

acquired standard lamp. Id en tica l r e su lts  were obtained.

The second p o s s ib i l i t y  i s  believed  to  be the strongest contender

for th e source o f the problem. As was mentioned at the f i r s t  o f  th is

paper, the an alysis  o f  th e N ell spectra i s  very early  in  i t s  development.,

Persson's newly acquired r e s u l t s h a v e  shown various m is c la s s if i -

ca tion s in  the 3d s ta te s ;  in  p a r ticu la r ,’ the prev iously  designated

'F 5 /2 .7 /2  " F 5/2 .7 /2  should he and u e s p a c t iv e ly .

Other experimenters use d if fe r e n t newly acquired l in e  id e n t if ic a t io n s .

f 21This i s  very evident in  Hodges e t  a t .  work which was ju st published  

and which we have used e x te n s iv e ly . They used d if fe r e n t  3d^F and 3d**F 

c la s s if ic a t io n s  and h a lf  o f th e ir  assignments for l in e s  orig in atin g  from 

the 3d' le v e ls  were d if fe r e n t than P ersson 's. As further evidence in  

the confusion in  the sp ectra l assignments l e t  us consider the sp ectra l 

l in e  2866 8. Striganov and Sventitskii^^^^ have designated i t  as un­

c la s s i f i e d ,  being e ith er  o f N e lll  or NelV. Denis e t  in  th e ir

recen tly  published paper on the mean l iv e s  o f  m ultip ly  ionized neon have 

quoted the unpublished r e su lts  o f  S. Lindeberg for 2866 X. He c la s s i f i e s  

i t  as a N e lll l in e  coming from the tra n s itio n  3p^F->-3s^D. We have ob­

served th is  l in e  as w ell and F ig. 40(a) i s  the e x c ita t io n  function  from 

0 to  500 eV. The onset vo ltage o f the 2866 % l in e  has been examined 

ca re fu lly  by running the e lectron  beam a cce lera tion  vo ltage drive very 

slow ly and d isp lay ing  the sign a l on a tim e-base chart recorder. A lso, 

an operational am p lifier -in v erter  was constructed in  order to b ia s  the 

voltage  on the horizontal sweep o f  the o sc illo sc o p e  so that the l e f t  

hand s id e  of the oscillogram  can be zeroed at higher v o lta g es . Figure
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40(b) i s  such a scan from 93.5  eV to  123.5 eV. The gain  was q u ite  high  

and th is  was coupled t o  th e above a m p lifier , which had a l i t t l e  o s c i l ­

la t io n  in  i t  s in c e  th e b ias on the operational am p lifier  was pushed 

above i t s  normal value in order to  obtain  the appropriate s c a le  s e t t in g s .  

L inearity o f  th e  am p lifier  operation  remained, however. The r e su lt in g  

oscillogram  rev ea ls  an onset o f  about 106-107 eV. The chart recordings  

a lso  showed an onset a t  107 eV. The energy o f  a photon o f wavelength 

2866 X is  4 .33  eV. T herefore, from Ref. 40 the l in e  is  d e f in it e ly  a N e lll. 

l in e  whose term inal le v e l  i s  e ith e r  3 s o r  3s^S.

The above d iscu ssio n  i l lu s t r a t e s  how the o p tica l e x c ita t io n  function  

can be used as a to o l in sp ectra l c la s s i f i c a t io n .  Another example o f  

the use o f  o p t ic a l e x c ita t io n  functions as aids in  l in e  id e n t if ic a t io n  

concerns some r e s u lt s  obtained for  l in e s  o r ig in a tin g  out o f  th e 3d**F 

le v e ls .  Reference 40 had the l in e s  3388.46 X and 3561.23 X o r ig in a tin g  

from the 3d**Fg^2 le v e l s .  Therefore, th e o p tica l e x c ita t io n  fu nctions o f  

th ese  two lin e s  should be id e n t ic a l .  A nalysis  o f  th ese  functions re ­

vealed that they were not th e same. The 3388.46 X e x c ita t io n  fu nction  

f e l l  o f f  le s s  rapidly  - a d if feren ce  o f  7 per cent in  th e r a t io  o f  the  

in te n s ity  at 150 eV to  the in te n s ity  at 300 eV for th e two l in e s .  I t was 

th is  r e su lt  th a t caused a search for other l in e  id e n t if ic a t io n s .  The 

a r t ic le  o f  Persson e t  al.  was obtained and i t  was found and they had 

discovered a new l in e  at 3388.95 X from th e  tr a n s it io n  3d '^S -̂»-3p' .  

Therefore, th e o p tic a l e x c ita t io n  fu nction  o f  the lin e  at 3388 X I was 

observing was not f u l ly  reso lved  from t h i s  newly found core l in e .  We have 

seen that the core e x c ita tio n  fu nctions are very broad; th e new l in e
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was holding the composite e x c ita t io n  function  up at higher en erg ies.

By narrowing the s l i t s  and ex erc isin g  great care, I was able to  re­

solve th ese two lin e s  at 3388 %. Taking the e x c ita t io n  function o f  

the resolved  lin e  at 3388.42 R gave agreement with the 3d‘*F^y2

lin e  at 3561 R. Persson a lso  suggested th ese upper s ta te s  were ^F, 

not **F. Even though the e x c ita t io n  function  did not id e n tify  any l in e s ,  

i t  c er ta in ly  revealed th at something was wrong in  th e spectra . Persson  

has found numerous other cases where two lin e s  res id e  in  a spectral 

region prev iously  thought to be occupied by but one l in e .

A s im ilar  s itu a tio n  was found concerning the 3d**D ŷ2 le v e l .  The 

lin e  3329 8 has been id e n t if ie d  as belonging to  the tr a n s it io n  

Sd^Dyyg^Sp^D^yg- Tho tr a n s it io n  3d^Dyy2^^p^Pgy2 has been assigned  

to 3034.46 8. Figure 41 i s  the e x c ita t io n  function  o f  3329 8 . I t ap­

pears qu ite broad and 3034.46 8 should have the same energy dependence. 

Unfortunately, 3034.46 8 l in e  l i e s  only 0.12 8 away from a weaker l in e  

(Persson^^^^ in d ica tes  the weak l in e  i s  h a lf  as s tr o n g ). Since th is  i s  

below the minimum reso lu tio n  o f  the present monochromator, i t  cannot be 

fu l ly  reso lved . However, by s e t t in g  to  the s id e  o f  the 3034.46 8 l in e ,  

we can get an in ten s ity  which i s  free  from the adjacent l in e .  This 

allows an e x c ita t io n  function  to  be determined even though i t s  cross  

sec tio n  can not. Figure 23(a) contains the 3d‘*D^y2 le v e l due to the 

3034,46 8 tr a n s it io n . C learly , i t  i s  not broad but happens to  be one 

o f the most narrow functions obtained. The two l in e s  cannot be from 

the same upper s ta te . As evidence from Fig. 2 3 (a ) , the lin e  giving  

the narrow e x c ita tio n  fu nction  was choosen as the true e x c ita tio n  function  

o f 3d^Dyy2. The choice was based upon the experimental trend that as J
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increased for a given L fam ily, the ex c ita tio n  function  becomes more 

peaked. From F ig . 23(a) i t  can be observed that the 3034 8 l in e  f i t s  

th is  trend qu ite w ell while the 3329 8 l in e  would be an anomalous con­

d itio n  to  previous r e s u lt s . Examination o f  F ig . 41 reveals a peaking 

at about 100 eV, followed by a s l ig h t  dip and then a much broader peak.

I t  i s  noticed th at the 3034 8 lin e  peaks at 100 eV as w ell. A p o ss ib le  

explanation for  the discrepancy between 3d**D̂ 2̂ e x c ita tio n  function  in  

Fig. 41 and th at contained in Fig. 23(a) i s  that there are two lin e s  

at 3329 8 which are as yet unresolvable, with almost id en tica l wavelengths. 

Then we would see  the resu ltan t o f  the two l in e s .  The Zid̂ D̂ yg being the 

sharp component, g iv ing  r is e  to  the f i r s t  peak, and the other component 

con sistin g  o f some l in e  which i s  very broad.

A sim ilar  cond ition  could be present in some o f the cascade l in e s  

into 3p'+S2y2> thereby giving too large a cross se c t io n , p a r ticu la r ly  for 

those coming from the 3d‘*Pgy2 ‘̂̂ ** 3̂/2

One f in a l statement may be made concerning th e  uncertainty o f  the 

spectra. A l in e  was found at 3626 8 o f which no previous mention has 

been made in the lite r a tu r e . The c lo s e s t  lin e  to i t  i s  a N ell l in e  at 

3628 8 , whose e x c ita t io n  function i s  given in  Fig. 20(b) for the Sd^P^yg 

le v e l . Figure 42 i s  the ex c ita tio n  function for the 3626 8 l in e .  I t ' s  

threshhold is  around 60 eV which would put i t s  energy in the v ic in i t y  o f  

the 3d' le v e l s ,  probably a or ^F configuration  or some higher P̂ core 

le v e l ,  say 4p or 5p. I t cer ta in ly  has the broad shape o f a core 

lev e l with the slow r is e  a fter  on set.

The fourth p o s s ib i l i t y  for  a negative cascade i s  that the 3p‘*Sjy2 

lev e l may have other channels o f depopulation - such as atom-atom
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c o l l i s io n  or m ultiple e x c ita t io n  by e lectron  c o l l i s io n .  These p rocesses  

do not seem very l ik e ly  s in ce  they would betray them selves in  a non- 

l in e a r ity  o f  the l in e  in te n s ity  when the pressure or current is  a lte r ed . 

Such was not the case .

Persson^^^) has made a v a ila b le  a l i s t  o f  a l l  h is  measured t r a n s i­

tio n s  in to  and out o f  the le v e l  Sp^S^yg- in  e ssen ce , our experim ental 

conditions are very sim ila r  in  that he used a hollow  cathode to produce 

h is  excited  atoms and ions. He supplied r e la t iv e  in te n s ity  measurements 

with h is data. These in t e n s it ie s  are rough estim ates in  that no ac­

count was made for th e  sp ectra l s e n s i t iv i t y  o f the detecting-system . In 

any case , the combined in te n s ity  o f  tr a n s it io n s  in to  the Sp^S^yg le v e l  

equals 133 u n its . The to ta l in te n s ity  out o f  the le v e l i s  only 42.

Even i f  he overestim ated the in te n s ity  o f each cascade lin e  by a fa c to r  

o f three, i t  would leave no room for  d ir e c t e x c ita t io n  o f  the Sp^S^yg 

l e v e l .

It i s  then the fe e lin g  o f  th is  author that the sp ectra l id e n t i f ic a ­

t io n  of the 3d le v e ls  is  not yet complete and accu rate, thereby g iv in g  

r is e  to a negative c r o ss -se c t io n  for the 3p‘*Sjy2 le v e l .



CHAPTER X

RESONANT FEATURES IN ATOMIC NEON

In 1963, Schulz^^^^ observed sharp anomalies at 19.3  eV in  the  

electron  to ta l e la s t ic - s c a t te r in g  cross sec t io n s  in helium . The ob­

servation  o f  s im ila r  sharp anom alies, h erea fter  c a lled  resonances, were

found around 16 eV in  neon by S c h u l z a n d  S i m p s o n . S i m p s o n  

f 431and Fano ' a ttr ib u ted  th ese  resonances in helium and neon to  the fo r ­

mation o f n egative  ion s t a t e s .  They p ictured the negative ion  as re­

su ltin g  from the in se r t io n  o f  the impacting e lec tro n  to  the low est e x c i­

ted configu ration  o f the atom with a binding energy around 10 eV. Addi­

tio n  o f an e lec tro n  to  h igher configurations i s  a lso  p o ss ib le  but would 

be more d i f f i c u l t  to  observe.

Kuyatt e t  a l .  have observed s im ila r  resonances in  a number o f

gases (Ar, Kr, Xe, Hg, He and Ne) in  e la s t ic  sca tter in g  o f e lec tro n s . 

Several o f  these resonances in  He, Ne and Hg are a ssoc ia ted  with higher  

excited  configu ration s than the low est ex c ited  configu ration  o f  the  

atom. They have a lso  examined the in e la s t ic  components o f th e  e lectron  

to ta l-s c a tte r in g  cross se c t io n  and found th ese  resonances in  He, Ne and 

Xe.

This chapter d ea ls w ith the observation o f  some resonant e f fe c t s  

in  the o p tica l e x c ita t io n  cross sec tio n s  of atomic neon. These resonances 

have been in terp reted  as r e su lt in g  from th ese  short liv e d  Ne" s ta te s .
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The beam current and gas pressure were kept constant at 100 yA and 

10 mTorr, r e sp e c t iv e ly . The apparatus i s  th e  same as previously  d is ­

cussed except for th e monochromator and p h otom u ltip lier  tube. A i-m eter  

Jarrell-A sh  monochromator was used in  th ese  experiments with a grating  

blazed at 6000%. Since the p rev iou sly  used EMI 6256B photom ultiplier  

tu b e's sp ectra l lim it  i s  6500% and severa l o f  the neon lin e s  observed 

were above th is  l im it ,  an EMI 9558 tube was employed. This tube possesses  

an S-20 sp ectra l response.

The o p tica l ex c ita tio n  fu nctions o f  the ten  2P le v e ls  o f  neon were 

determined from 16.62 eV to  20.62 eV. Paschen notation  is  used for these  

le v e ls  and a 2P le v e l  would correspond to  a 3p e lec tro n  coupled to  e ith er  

the and ZPgyg core. These o p tica l e x c ita t io n  functions are pre­

sented in  F ig . 43. Fine stru ctu re  was observed for the 2Pj, 2P^, 2P^,

2Pg, 2Pg and 2P^g fu nctions. The 2P^g resonance has been observed pre­

v io u s ly  by Sharpton^^®^ and F eltsan  e t  a t .

Since the 2P^g resonant featu re  i s  so stron g , i t  was associated

with the strong #6 resonance stru ctu re  found by K u y a t t a t  18.56±0.03

eV. C alibrating the 2Pjg resonance at 18.56 eV led to con sisten t values
f471for the onset energ ies published by the N ational Bureau of Standards 

for the 2P e x c ita t io n  fu nctions.

The resonances on the 2Pg and 2Pg e x c ita t io n  functions have id e n t i­

cal energies o f  18.70 eV. L ikew ise, the 2Pg, 2P  ̂ and 2P  ̂ resonances 

f a l l  at 18.82 eV. From Fig. 44, i t  i s  seen that th is  would put one o f  

the resonant le v e l s  in  the v ic in it y  o f  th e 2P  ̂ le v e l and the other be­

tween the 2Pj and 2P2 le v e ls .  The short dashed l in e s  on the l e f t  s id e
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RESONANCE
PEAK

18.82 eV

18.70 eV

2P^qI 18.56 eV

16.62 20.62

2P,

2P,

2P,

2P,

16.62 20 .62
ELECTRON ENERGY (cV)

FIGURE 43. Resonant peaks observed In the e x c ita tio n  functions of the 2P le v e ls  of atomic neon.
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FIGURE 44. Energy le v e l  diagram (not to s c a le )  o f the 2P le v e ls  of atomic neon and the 
a sso c ia ted  n egative  ion s ta te s .
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o f  F ig . 44 are some o f the resonant le v e ls  found by K u y a t t T h e  

long dashed lin e s  on the righ t are th ose resonant le v e ls  we have ob­

served.

I t  i s  believed  th ese resonant featu res on the o p tica l e x c ita tio n  

functions are due to caacading from the compound s ta te  o f an electron  

and a neon atom, commonly ca lle d  Ne” . Therefore, th e basic  process we 

are considering i s  thus given by th e equation

ë + Ne->- (Ne”) ->e” + Ne (50)

where in  general the f in a l atomic s ta te  i s  not the same as the in i t ia l
it

s ta te .  In our s itu a t io n . Ne would be one o f  the 2P le v e ls .  I f  the 

rea ctio n  in  Eq. (50) was very large i t  would be a large source o f popu­

la tin g  th ese 2P le v e ls  and g iv e  r i s e  to  the anomalies in  F ig . 43. The
* f451s ta te  designation s for (Ne") i s  a l i t t l e  more d i f f i c u l t .  Kuyatt

b e liev es  h is  resonances given in  F ig . 44 are formed by the addition  o f

a 3p or 3d e lectron  to  the 2p^3p s ta te s  o f  neon. The two new s ta te s

are probably associated  with the 2p^3p le v e ls  as w e ll .  In support o f

th is  i s  the in terestin g  observation concerning the spacing o f  these

upper Ne" le v e l s .  K u y a t t f o u n d  h is  resonances at 16.0 and 16.1 eV,

18.2  and 18.3  eV and 18.46 and 18.56 eV. That i s ,  th e  resonances occur

in  pairs separated by about 0 .1  eV. The two new s ta te s  reported here

a t 18.70 and 18.82 eV a lso  occur as a p a ir  separated by approximately

0 .1  eV. I t i s  im possible that th ese sharp anom alies are due to cascade

from higher neutral neon le v e ls  s in ce  the resonances occur a t energies

lower than the threshholds o f th ese  higher atomic le v e l s .
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We expected to  see  s im ilar  peaks in  a l l  the e x c ita t io n  functions 

except for perhaps 2P^. Consider the 2Pg and 2Pg fea tu res  in  F ig . 43. 

From the figu re i t  can be seen th at each o f  th ese  could e a s i ly  be two 

peaks at 18.70 eV and 18.82 eV which are not reso lved . The lack o f re­

so lu tio n  i s  expected sin ce  the d iffe re n c e  between th ese  two resonant 

le v e ls  i s  only 0.12 eV while our r eso lu tio n  o f  the e lec tro n  energy is  

only 0.4 eV. In th e  2P^g case, i t  was always observed that shoulders 

ex isted  on both s id e s  o f  the peak. The shoulder on the h igh energy sid e  

has about the same heigh t as the 18.70 eV resonance and i s  located  at 

that energy. The o p tic a l cross sec tio n  fo r  the 2P̂ Q fea tu re  i s  much 

greater than the o th er two resonances. The low energy shoulder l ie s  

approximately 0.1 eV below the peak, and hence can be a sso c ia ted  with 

the #5 structure o f  Kuyatt. From Fig. 43 i t  i s  evident th a t no fin e  

structure was obtained in  the 2P^, 2P2 , 2P  ̂ and 2Py fu n ctio n s. However, 

by d isp laying the s ig n a l on a tim e base chart recorder where th e  energy 

sca le  could be expanded much more, s l ig h t  "humps" were observed in the 

2Pg and 2Py e x c ita t io n  functions in  th e energy region  o f  the 18.70 and 

18.82 eV resonances. A lso, i f  one examines F ig. 7 in  K uyatt's paper, 

one can perceive o f  s l ig h t  indentions in  th e  transm itted e lec tro n  cur­

rent at the same en erg ies o f  the two new resonant le v e ls  reported here.

One can u t i l i z e  the strong and sharp 2P^g resonance as a c a l i ­

bration point for th e  electron  beam energy as w ell as an estim ate o f 

the energy reso lu tio n .

F in a lly , Pichanick and S i m p s o n h a v e  observed severa l reson­

ant structures in  th e to ta l m etastable cross sec tio n s  o f  neon in  the
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v ic in it y  o f  1 8 .7 -1 9 .0  eV. It i s  q u ite  p o ss ib le  th a t the Ne~ s ta te s  

are feed ing in to  the m etastable s ta te s  o f  neon.



CHAPTER XI

SUMMARY

The simultaneous io n iza t io n  and ex c ita tio n  cross sec tio n  by 

e lec tro n  impact for the 3p, 3d and 4s le v e ls  in  neon of th e ^P, and 

cores have been examined. U ltra-h igh  vacuum techniques were em­

ployed and the system was extrem ely free  o f im purities. The e x c ita t io n  

fu n ction s were quite broad; some o f  the 3p* and 3p" were p r a c t ic a lly  

f l a t .  In a l l ,  over 100 o p t ic a l cross sec tio n s  have been measured and 

over 50 ex c ita tio n  functions from threshhold to  1000 eV were obtained.

The o p tica l cross sec tio n  va lu es represent an average o f f iv e  or s ix  

measurements. The r e p e a ta b ility  was b e tter  than 1 or 2 per cent for  

the strong 3p l in e s . The cascade lin e s  from the 3d and 4s le v e ls  o f  

the various cores are very weak - some were ju st at the lim it  o f  d e te c t­

a b i l i t y .  The error o f  th ese  cascade cross sec tio n s  w ill range from 10 

to  50 per cen t. The d irect e x c ita t io n  cross sec tio n s were obtained for  

the 3p, 3p' and 3" le v e l s .  P o la r iza tio n  e f fe c t s  were examined and only  

three le v e ls  exhib ited  any polarization and t h is  was le s s  than 10 per cent, 

There are no previous experimental r e su lt s  for d ir e c t  comparison. 

The branching r a tio s  can be compared, however, and our r e s u lt s  were in  

general agreement with Koopman^and Hodges e t  al .  From th ese  

branching r a tio s  and th e ir  comparison with LS and interm ediate coupling
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c a lc u la tio n s , the lack o f  strong lin e s  between doublet and quartet 

le v e ls  and the general tendency o f  the quartet e x c ita t io n  functions  

to  be more peaked than the d ou b lets , leads one to  accept th e  (^P)3p 

le v e ls  as being w e ll designated by LS coupling. In conjunction with 

th is  and th e  ex cep tion a lly  broad ex c ita tio n  fu nctions, i t  appears that 

the io n iza tio n  cross sec tio n  in fluen ces the energy dependence o f the  

simultaneous io n iza tio n  and e x c ita tio n  cross se c t io n . The high energy 

portion  o f  the e x c ita t io n  functions tended to bear th is  out as w e ll.

The sudden perturbation approximation has been applied to  severa l o f  

the 3p l e v e l s a n d  even though i t  g ives an io n iza tio n  cross sec tio n  

energy dependence, i t s  numerical values fo r  the cross sec tio n s  were two 

or three tim es greater  than the experimental values o f  th ose  le v e ls  for  

which i t  was app lied . This i s  not unexpected considering th e  assumptions 

which were made in  th is  approximation. It is  my opinion th a t more 

th e o r e tic a l work i s  needed in  the sudden perturbation or some other 

theory which w il l  y ie ld  an energy dependence sim ila r  to  the io n iza tio n  

cross se c t io n .

Some questions were ra ised  concerning the accuracy o f  lin e  

id e n t if ic a t io n  in the N ell spectrum sin ce some o f the e x c ita t io n  functions 

for the a lleg ed  same le v e l were ra d ica lly  d if fe r e n t . A lso , a negative  

cross se c tio n  o f  th e  3p4Sgy2 le v e l was obtained and th e  source o f  such 

a cond ition  was a ttrib u ted  to  improper lin e  c la s s i f i c a t io n .  Several 

new le v e ls  were examined and il lu s tr a te d  the use o f  the o p tica l e x c ita ­

t io n  fu n ction  as an aid in  l in e  id e n t if ic a t io n .

New resonant featu res were discovered in the 3p le v e ls  o f  atomic 

neon and were a ttrib u ted  to cascade from Ne" s t a t e s .



ADDENDUM

Dr. W illy Persson of th e  Lund I n s t itu te  o f  Technology, Lund, 

Sweden, has n o t if ie d  me concerning more o f  h is  recent work on the lin e  

assignments for N e ll.

On p. 114 of th is  report I mentioned observing an u n id en tified  

l in e  at 3626 8 . I t s  ex c ita tio n  fu nction  v e r if ie d  the o r ig in  as N ell 

and i t  has an o p tica l cross sec tio n  o f  lxl0~21cm^ at 150 eV. Dr. Persson 

has id e n t if ie d  th is  l in e  as (^P)3d‘*Pg^2~C^P)5p^P2^2’ Th^ onset o f  the 

e x c ita t io n  function  hinted that i t  should be from a high le v e l o f  the 

3p core .

Dr. Persson has also made a v a ila b le  the LS p u rity  o f  some o f the  

l e v e l s .  From F igs. 22 and 23 i t  is  noted th at the Zd^p^^g and 3d**Pĝ 2 

le v e ls  are broader than the other quartet le v e l s .  In fa c t  they resemble 

very c lo s e ly  th e doublet le v e ls . This would imply a large degree o f  

m ixing. Dr. Persson's work supports such a conclusion . He fin d s these  

two le v e ls  are only 50 per cent pure in  LS coupling. He a lso  mentions 

the 3d^Dj le v e ls  are about 95 per cent pure. From F ig s. 22 and 23 we 

see th at th e 3d^Dj le v e ls  are r e la t iv e ly  narrow. The 3d^Dy/2 le v e l i s  

96 per cent pure and th is  tends to  enhance the conclusion  th at the 3034 8 

is  the true 3d‘*D̂ 2̂ ex c ita tio n  function  rather than the 3329 8 l in e .
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