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Abstract 

Progress i s  described on research under Contract AT(l1-1)-3247 

and research s t i l l  t o  be completed in  the period July 1 ,  1973 t o  July 1 ,  

1974. The research objectives defined i n  the original proposal were 

closely followed. The principal accomplishments during the period were 

(a)  The introducti on of a computer control led counting system w i t h  provi s i  on 

fo r  automatic control and operation of the electron spectrometer currently 

i n  use. (b) Electron sca t te r ing  w i t h  excitation of s ing le t - t r ip l e t  t ransi  - 
t ions fo r  heli  um was studied during the year both t o  acquire information 

on col l i s ion  cross sections and t o  t e s t  a general theory of the abnormally 

high cross sections for  forward sca t te r ing  found fo r  certain types of 

t rans i t ions  . A theoreti  cal ly predicted mini mum in the cross section ( a t  

zero sca t te r ing  angle) was found in a study over the range 100-500 eV of 

1 3 the 1 S -+ 2 S t ransi t ion of heli urn. Abnormally h i g h  cross sections for  

s i  ng le t - t r ip l e t  t ransi  t i  ons a t  high kinet ic  energy are predicted when the 

orbi ta l  term symbol i s  unchanged on exci tat ion.  As a t e s t  of the theory 

the xll '  + b32' t rans i t ion  in CO was looked for  and found a t  6 = 0' a t  both 

200 and 300 eV thus confirming the theory. ( c )  New electron scat ter ing 

s tudies  on both CO and C02 are described. (d) A new wthod f o r  the calcula- 

t ion of s ing le t - t r ip l e t  energy di fferences from generalized osci 1 l a to r  

strengths i s  described. 



1. INTRODUCTION 

Progress in the study of electron scat ter ing and generalized 

osc i l l a to r  strengths under contract AT(l1-1)-3247 in  the period July 1 ,  

1973 t o  July 1 ,  1974 i s  described. The program proposed for  th i s  period 

has been generally followed and steady progress has been made. The 

experimental phases of several researches have been completed. Others 

are in progress. 

Extensive instrumental changes, begun in the previous contract 

~ period, have been completed in the present period. These are described 

i n  Secti on 2.1. An important investigation of s ing le t - t r ip l e t  t ransi t ions 

has been carried out during the year and i s  described in Section 2. 

Experimntal phases of th i s  research were done in the present research 

program b u t  an important theoretical contribution was made by Winifred M. 

Huo who i s  supported on an AFOSR Grant ( E .  N .  Lassettre, Principal Investi - 
gator).  Some resul ts  of her investigation are summarized in Section 2.2 

t o  provide background f o r  the experimental studies and t o  indicate the 

significance of the research. Dr. Huo's research was in i t i a t ed  t o  account 

f o r  some immense discrepancies between theory and experiment pointed out 

by Skerbele, Harshbarger and Lassettre in an investi gati on supported by 

AEC and her theory has been tested experimentally by Klump and Lassettre 

as described i n  Section 2.2. Two other studies on s ing le t - t r ip l e t  t rans i -  

I . . -  

t ions are a l so  described i n  Section 2.2. The s ta tus  of experiments on 

H20, C o p  and CO i s  described in Sections 2.3, 2.4 and 2.5, respectively. 

1 Deferred studies are m n t i  oned in Section 2.6. 
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Additional support by the Air Force Office of S c i e n t i f i c  Research 

is mentioned i n  Section 3. A publicat ion l i s t  ( including publicat ions 

sponsored by AFOSR) i s  given i n  Section 4. Personnel a re  l i s t e d  i n  
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2. CURRENT STATUS OF RESEARCH 

2.1 Instrumentation 

In the l a s t  proposal we noted the purchase of an automatic control 

system consisting of a PDP-8L Digital Computer together with stepping 

motors, power supplies,  sca lers ,  timers, amplifiers,  an additional 4K of 

memory f o r  the computer and a l l  other accessories f o r  the measurement of 

scat tered current and beam current. Solid s t a t e  e lectronic  devices are 

employed throughout. T h u s ,  the previous counting system has been replaced 

completely. This equipment was placed i n  service jus t  pr ior  t o  the beginning 

of the present contract period. During the current contract period computer 

programs have been developed for  controlling the electron spectrometer. 

Scan of an electron impact spectrum i s  accomplished with a ten turn 

potenti ometer actuated by a stepping motor. Scattering angle i s  changed 

by means of a gear turned by a stepping motor. 

For the study of a sharp peak in an electron impact spectrum a 

program has been developed for  stepping through the peak then returning t o  

I the peak and collecting a suf f ic ien t  number of counts f o r  a rel iable  

average. A provision f o r  the rejection of e lectronic  noise bursts has been 
I 

made. T h i s  i s  essent ial  because, even though the apparatus and i t s  assoc- 
I ~ 
I 

i ated electronic  devi ces are e l ec t ros t a t i ca l ly  shielded, certain extreme 
I 

types of e lectronic  noise penetrate e i t h e r  through the shielding or via 
. .. .. 

the power l ine.  A t  each point i n  the spectrum several successive count 

~ rates are determined and a running average and standard devi a t i  on automati cal ly 

! calculated. Any count ra te  which departs from the average by more than five 

standard deviations i s  rejected (not stored i n  the memory) and the computer 



waits fo r  the next count. A t  very 1 ow count r a t e s ,  between peaks in a 

spectrum (where accurate quantitative data are less important), t h i s  program 

i s  bypassed so  that  inordinate amounts of time will  not be spent on the 

leas t  important portion of the spectrum. 

For collision cross section studies there i s  usually a minimum angle 

within whi ch data are not col lected because 1 ow angular resol uti on introduces 

such 1arge.errors.  Computer programs have been worked out by which scat ter ing 

measurements can be s ta r ted  a t  a pre-selected large angle and a peak studied 

in the manner described in the preceding paragraph. The angle i s  then 

decreased by a pre-selected amount (usually one degree or a ha1 f degree) and 

the procedure repeated. When the (pre-se lected) minimum angle i s  reached 

the spectral  scan potentiometer automatically adjusts t o  a point in the 

spectrum where the count rate  i s  low ( t o  avoid heavy bombardment of the 

electron mult ipl ier ,  and possible detrimental decomposition of an adsorbed 

film on the f i r s t  dynode, as zero scat ter ing angle i s  passed). The angle 

then automatically changes (througli zero angle) t o  the minimum on the 

opposite s ide.  Measurement i s  then resurred a t  progressively larger negative 

angles t o  some pre-selected maximum. The angle i s  then returned t o  i t s  

s t a r t ing  value ( a f t e r  overshooting and reversing t o  eliminate backlash) and 

the sequence begins again. Several repetit ions are necessary t o  verify 

reproduci bi 1i  ty .  Addi ti onal programs t o  guard against systemati c d r i f t ,  e t c .  , 

have been introduced and the overall program i s  constantly being developed 

and refined. Thus f a r ,  automatic operation has been confined t o  collecting 

the data on peak sca t te r ing  with averages and standard deviations for  complete 

angular runs. These are the most tedious operations. Collision cross 

sections and generalized osci 11 ator  strengths are calculated separately a f t e r  



the data have been inspected and i t s  r e l i a b i l i t y  established. Automatic, 

unattended, operation a t  night and on weekends i s  possible and has been 

successful ly done on numerous occasi ons . Recently, however, we have been 

plagued by electronic  noise which s e t s  in immediately a f t e r  the end of 

the working day and continues throughout the night. I t  stops abruptly a t  

a time almost exactly coincident with the beginning of the new working 

day. As t h i s  i s  written we have not found the source of t h i s  noise. I t  

may be due t o  some energy conservation measure, recently introduced, b u t  

t h i s  i s  only conjectural a t  present. I t  cer tainly i s  odd tha t  even 

e lec t ronic  noise abatement now operates on an eight hour day! 

The computer memory i s  BK, two 4K units. The f i r s t  4K unit  contains 

the Canberra Industries modification of the Di g i  t a l  E q u i p n e n t  Focal Language. 

The second 4K m?moi*y unit i s  used f o r  data storage and cer tain frequently 

used sub-routines entered in Assembly (Machine) Language. Electron impact 

spectra are usually obtained with a count rate  meter and recorder while 

the spectrum i s  scanned by continuously rotat ing a potentiometer w i t h  a 

synchronous motor. This does not use the computer a t  a l l .  However, for  

the determination of areas ,  or  the more accurate def ini t ion of peak shapes, 

provision has been made f o r  the automatic (computer controlled) scan of 

a spectrum (or portion of spectrum) w i t h  a stepping motor. Count rates 

(and standard deviations) are stored in the computer memory and spectra are 

automatically plotted a f t e r  a r u n  i s  completed. This operating mode i s  

employed only when precise quantitative data are needed or when low counting . 

rates make long integration times necessary. 

In introducing computer control led operati on, a1 1 electronic  counting 

equipmnt has also been changed. The only .unchanged component i s  the counter 



tube. Obviously, i t  has been necessary t o  fu l ly  explore the capabi l i t ies  of 

t h i s  apparatus by col l is ion cross section studies and t o  compare with 

previous resu l t s .  Apparently, higher scattered currents can be studied 

without departure from l inear i ty .  However, these so l id  s t a t e  e lectronic  

devices are less rugged than vacuum tube equipmnt. We have had d i  f f i  - 

culty w i t h  damage due t o  accidental exposure t o  high voltages b u t ,  

hopefully, , this  has been eliminated (or  a t  least  minimized). fhe new 

counting system i s  apparently a substantial  improvement, once we have 

learned t o  use i t  properly. 

A new magnetic shield,  covering the en t i r e  spectrometer, has been 

ins ta l led  and tested. I t  has proved t o  be less  sat isfactory than our 

previous method of shielding-each analyzer and using lielmholtz coi 1s. 

-,Hence we have returned t o  th i s  l a t t e r  method, which i s  simpler and equally 

accurate. 

Instead of controll ing emission current we have introduced means 

for  the measurement of beam current actually entering the scat ter ing chamber 

and have programmed the computer t o  divide each scattered current by the 

beam current. In recent experiments, however, the beam current has been 

constant over such long periods tha t  t h i s  s tep has been omitted i n  re la t ive  

measurements such as comparison of ine la s t i c  with e l a s t i c  scat ter ing.  

Except for  fur ther  refinement of computer programs, our instrumental 

changes have been completed. 

. .  . 

2.2 Singlet-Triplet Transitions 

Substanti a1 progress has been made i n  the study of singlet-tri(p1et 
i 

t rans i t ions  a t  high k ine t ic  energy of incident electrons (several hundred 
/ 



e lec t ron  v o l t s ) .  There is  a view, held i n  some quar te r s ,  t h a t  ( a )  s i n g l e t -  

t r i p l e t  t r an s i  t i  ons can only be exci ted  w i t h  si gni f i  cant  probabi 1 i t y  a t  

low. k ine t i c  energies of incident  e lec t rons  and ( b )  even a t  low k ine t i c  

energies the  co l l i s i on  cross sect ion i s  small except a t  large  s ca t t e r i ng  

angles. We have discovered t h a t  a general c lass  of t r an s i t i ons  e x i s t s  

f o r  which both ( a )  and (b )  , above, are  f a l s e .  Moreover, these exceptional 

t r an s i t i ons  a re  more l i k e l y  t o  be found i n  complicated systems of low 

symmetry which a re  often encountered i n  Radi a t i  on Chemistry o r  B i  01 ogy. 

1 3 The r e s u l t  was discovered during the study of the  1 S -+ 2 S t r an s i t i on  i n  

helium and generalized by means of a theore t i ca l  study. The r e s u l t s  a re  

summarized i n  Section 2.21 below. Other aspects  of s i n g l e t - t r i p l e t  t r an -  

s i t i o n s  a re  mentioned i n  Sections 2.22 and 2.23. 

2.21 Large Cross Sections in  Forward Scat ter ing.  Influence of 

1 3 Orbital  Term Symbols. 1 S + 2 S Transi t ion i n  Helium 

Skerbele, Harshbarger and Lasset t re  (No. 11 of the  Pub1 i c a t i  on 

List) s tud ied  the r a t i o  of the  cross sec t ion ,  oT ,  of the  t r an s i t i on  

1 3 1 1 1 S + 2 S t o  t h a t ,  oS,  of the  t r a n s i t i o n  1 S -+ 2 S i n  helium i n  forward 

s c a t t e r i n g  (8  = 0")  with e lec t rons  of i n i t i a l  energy 300, 400, and 500 eV. 

~ From the  known cross s ec t i on ,  oS, a t  500 eV [Skerbele and Lasse t t re ,  J .  Chem. 

Phys. - 45, 1077 (1966)l the  value of oi, 0.0026 atomic units, is  obtained. 

I The most e laborate  p r i o r  computation [ R .  A. Bonham, J .  Chem. Phys. 57, 1604 

(1972)l gives a value of oT 200 fold  smal ler  than the  above observed value. 1 - -  . 

Calculat ions based only on the  f i r s t  Born approximation with exchange give 

even worse agreement w i t h  the  experiment. 



A comprehensive theory of s ing le t - t r ip l e t  excitation has been 

developed by Winifred M. Huo, who i s  supported by AFOSR (see Section 4 ) ,  

including both f i r s t  and second Born terms with exchange. The second 

Born term with exchange involves a  sum over the spectrum. Using a  modi f i -  

cat i  on of the Ochkur-Bonham expressi on for  exchange amp1 i  tudes a t  hi gh 

kinet ic  energy [ V .  I .  Ochkur, Soviet Phys. JETP - 18, 503 (1964)l. She 

obtained the leading term of an expansion in inverse powers of k o ,  where 

ko  is  the wave vector of incident electrons.  That leading term can i n  turn 

be expressed as the Fourier transform of an effect ive potential function 

- where K .., i s  the monientum change of the colliding electron and iiof i s  a  

quantity with the dimensions of energy. Equation (1) i s  now in  a  form 

similar  t o  tha t  obtained by Huo for  d i r ec t  scat ter ing [ W .  M. H U O ,  J .  Chem. 

Phys. - 56, 3468 (1972)l. Note tha t  the Ochkur-Bonham approximation was 

used fo r  this precise purpose, i . e .  t o  obtain f o r  the exchange amplitude 

a  relat ion (valid a t  high kinet ic  energy) which i s  s imilar  in form t o  the 

expression fo r  d i rec t  scat ter ing.  The reasoning previously employed for  

d i rec t  sca t te r ing  can now be employed fo r  exchange scat ter ing namely, 

expand the function Uof in inverse powers of r ;  the f i r s t  non-vanishing 

term will  determine the behavior of the amplitude a t  small values of K. 

(This i s  physically clear  because small K means small molnentum change which 

means i n  t u r n  tha t  the force acting during collision must be small and 

hence a  d i s t an t  col l is ion i s  implied. This physically obvious point can be 

verif ied in more formal mathematical ways direct ly  from equation (1) .  ) 



Huo found (see No. 23 of Publication Lis t )  tha t  the f i r s t  non-vanishing 

4 term of U o f ,  in inverse powers of r ,  varies l ike a /r  where aof may be of 
accurately described as the exchange transi t i  on pol ar i  zabi l i  ty.  Huo showed 

tha t  the exchange t ransi  t i  on polari zabi 1 i t y  vanishes unless - the orbi ta l  

term symbols - in i n i t i a l  and f ina l  s t a t e s  - are - the ---i-L same. Atoms and molecules 

possess symmetry groups whose elements operate only on the positional spin 

ent i  rely.  -The orbi ta l  term symbols desi gnate i rreduci ble representations 

3 of these groups. For example, fo r  the s t a t e  2 S of helium, S i s  the orbi ta l  

term symbol. Skerbele, Harshbarger and Lassettre (No. 11 of Publication 

List)  pointed out the possibi l i ty  of such a selection rule ,  as a conjecture 

based on very l i t t l e  experimental data. I t s  existence i s  now demonstrated 

i n  the l imi t  of h i g h  kinet ic  energy of incidence for  systems of any complexity. 

- Harshbarger, Skerbele and Lassettre (No. 11 of Ptiblication Lis t )  

pointed out tha t  the observed r a t i o  oT/oS exceeds tha t  calculated from the 

f i r s t  Born approximation (with exchange) by a t  leas t  a factor of 500. The 

se l ec t i  on rule described above i s  based on the second Born approxi mati on. 

Obviously, i t  i s  only of value i f  the f i r s t  and second Born approximations, 

with exchange, actually account quantitatively for  the scat ter ing.  Since, 

however, the f i r s t  term of the Born ser ies  i s  too small by five hundred 

fold t o  account for  the col l is ion cross section we cer tainly cannot assume, 

without a numerical demonstration, tha t  the f i r s t  two terms are enough t o  

account quantitatively for  the cross section. The simplest substance which 

exhibi ts  s ing le t - t r ip l e t  t ransi t ions i s  helium and hence in t h i s  case i t  

i s  of extreme importance t o  show by numerical calculation tha t  the f i r s t  

and second Born approximations (with exchange) are capable of accounting for  

the col l i s i  on cross section quanti t a t i  vely. Wini fred Huo has done such 



9 .  

calcul  a t i  ons (No. 23 of Publication List). Her bes t  approxi mati on gives 

0.0040 atomic un i t s  f o r  t he  cross  sect ion oT with i n c i d e n t  e lec t rons  of 
. . . . . . 

k i n e t i c  energy 500 eV. The experimental value i s  0.0026 2 .0006. The 

discrepancy i s  probably a t t r i bu t ab l e  t o  approximations i n  the  theory. A 

s t r i k i n g  fea tu re  of the  theory i s  a pronounced minimum i n  the  co l l i s i on  

cross sec t ion  a t  about 150 eV. The minimum occurs because the co l l i s i on  

amplitude i n  f i r s t  Born approximation i s  r e a l ,  has a d i f f e r en t  energy dependence 

than the  second Born amplitude, and i s  opposite i n  s ign t o  the  real  pa r t  of 

t he  second Born amplitude. The minimum occurs a t  t h a t  energy where the  two 

cancel. Since the imaginary par t  of the  second Born amplitude does not vanish 

the  cross  sect ion does not  vanish. - 

The min imum i n  cross s ec t i on ,  f o r  forward s c a t t e r i n g ,  i s  s u f f i c i e n t l y  

i n t e r e s t i ng  t o  j u s t i f y  an experimental s tudy.  Preliminary r e su l t s  were 

mentioned i n  our previous proposal. However, doubts ( s ince  cleared u p )  

developed about the  app l i c ab i l i t y  of the  approximate theory used a t  t h a t  

time. Hence the experiments were repeated and extended by K. N .  Klump on 

our AEC p ro jec t .  The r a t i o  oT/crS was sys temat ical ly  s tudied near 8 = 0". 

The background i s  very in tense  under these  conditions , because the  unscattered 

beam (which i s  very in tense )  en t e r s  the  veloci ty  analyzer and i s  sca t t e red  

many times from metal pa r t s .  Some of these e lec t rons  always reach the  

1 3 detector .  Since the  1 S -+ 2 S t r a n s i t i o n  i s  weak and. i s  superimposed on an 

in tense  background (which var ies  w i t h  s c a t t e r i ng  angle)  considerable care 

m u s t  be exercised t o  avoid gross e r r o r .  The r a t i o  oT/oS was determined as 

- -  . a function of angle around 8 = 0" and the  beam focus adjusted un t i l  the  

r a t i o  (corrected for'background) was symmetrical around 8 = 0". This i s  

a s e n s i t i v e  t e s t  f o r  accurate a l i  gnwn t ,  an important consideration near 

8 = 0". Observations were repeated un t i l  a r e l i a b l e  average was obtained 



a t  each angle. Although simple in principle the experimnts were very 

tedious and time consuming because i t  i s  so  d i f f i c u l t  t o  obtain accurate 

beam alignment near 8 = 0". Very s l igh t  changes in magnetic f i e l d ,  or 

even changes in in tens i ty  dis t r ibut ion in the incident electron beam lead 

t o  an apparent change in beam direction and introduce large changes in 

i n't'ensi ty .  Fortunately , the ratito i s  less. sens t t i  ve=  that^ the scattered 

current f o r  e i the r  t r ans i t ion ,  although s t i  11 variable. The f inal  

experimntal resul ts  f o r  oT/oS are shown i n  F i g .  1 together with the 

calculated t r i p l e t  cross section curves of Huo. I t  i s  known from theoretical 

calculations by other investi  gators (checked a t  some energies by experiment) 

t ha t  oS a t  8 = O D  i s  nearly constant over the range 100 t o  500 eV. Hence 

the minimum i n  the experimental curve (which i s  certainly rea l )  i s  due t o  

0,-. Calculat ion I ,  the most accurate, agrees reasonably \/tell with the 

experiment. Calculation 11, using screened hydrogeni c functions , i s  more 

in e r ro r  b u t  s t i  11 possesses a minimum. The existence of a minimum in the 

calculated curve i s  not sensi t ively dependent on the accuracy of the basis 

s e t  used although the magnitude of the cross section i s  strongly dependent 

on t h i s  fac tor .  The data of Fig. 1 re fer  only t o  0 = 0". The variation 

of the r a t i o  with angle was used a cr i ter ion of correct beam alignment (the 

requi remnt  of symmetrical curve around 8 = 0") .  The remaining data are 

not reported because an extensive study has been done by Michael A .  Di llon 

(see Section 4 )  on an AFOSR supported research using a newly developed 

. -  . electron spectrometer of very hi gh aperture. These measurements begin a t  

0 = 7.5" and provide a l l  the data needed on angular trends. In summary, 

there can be l i t t l e  doubt tha t  the f i r s t  and second Born approximations 

(with exchange) can account quanti t a t i  vely for  the col l i s i  on cross section 
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I oT a t  t = O O .  Hence, i t  i s  a f a i r  inference tha t  Winifred Huo's demonstra- 

tion (based on the second Born approximati on) of a limiting selection rule 

a t  high k ine t ic  energy i s  applicable t o  a wide variety of substances. This 

has f a r  reaching implications which are br ief ly  described below. 
1 3 For the t ransi t ion 1 S + 2 S in helium the second Born approximation 

(with exchange) i s  f a r  more important, a t  8'=: 0"" and'hi'gW kin"crti"c:eTiergies, 

than i s  the f i r s t  Born approximati on (with exchange). However, the se lec t i  on 

rule mentioned above implies tha t  the second Born approximation i s  most 

important f o r  tha t  class of t ransi t ions fo r  which the orbi ta l  term symbols 

i n  the ground and excited s t a t e s  are the same. In molecules of low symmetry 

t h i s  s i tua t ion  i s  frequently encountered. Optically acti  ve molecules 

(frequently found in substances of bi 01 ogi cal i n t e re s t )  have no symmetry 

except the ident i ty .  The identical irreducible representation i s  the only 

one f o r  a synimetry group consisting of the ident i ty  operator. Hence a l l  

e lectronic  s t a t e s  belong t o  the same irreducible representation, have the 

same orb i ta l  term symbol, and hence the second Born terms cannot be safely 

neglected fo r  an electroni c t ransi  t i  on. Concl usi ons based on the f i r s t  

Born approximati on (with exchange) cannot be trusted i n  applications involving 

comp 1 i cated sys tems . 
The selection ru le ,  referred t o  above, explains an apparent anomaly 

i n  the electron impact spectrum of N2. In 1966, Meyer and Lassettre [ J .  Chem. 

Phys. - 44, 2535 (1966)l reported a weak t ransi t ion a t  11.86 eV w i t h  incident 

electrons of kinetic energy 400 eV. Although the excitation energy agrees 

well with the assumption tha t  the E s t a t e  of nitrogen ( a  t r i p l e t )  i s  the 

excited s t a t e ,  i t  seems so unusual t o  observe a s ing le t - t r ip l e t  a t  such high 



kinet ic  energy in forward scat ter ing tha t  we suggested tha t  the excited 

s t a t e  was a s ingle t .  The term symbol of the E s t a t e  i s  E ~ L +  and the 
9 

ground s t a t e  of nitrogen i s  X'Z+ Obviously, the or ibtal  term symbol 
9 

i s  the same i n  ground and excited s t a t e  and hence the second Born term 

(with exchange) wi 11 be high. In b r i e f ,  once the correct mechanism i s  
3. +. 

recognized there i s  nothing unusual about the,exci;tation of the E X 
9 

s t a t e  a t  hi gh kineti c energy in forward scat ter ing.  The contradi c t i  on 

i s  completely resolved. 

Now tha t  we know what t o  look for  i t  should be possible t o  detect 

other s ing le t - t r ip l e t  t ransi t ions in forward scat ter ing a t  h i g h  kinet ic  

I energy. With th i s  in mind we have re-examined the spectrum of carbon 

monoxide. A section of the spectrum obtained a t  8 = 0" and electrons of 

k ine t ic  energy 200 eV i s  shown i n  F i g .  2. The peak corresponding t o  

3 + exci tat ion of the b C s t a t e  i s  obvious. The ground s t a t e  term symbol i s  

1 + + X C and hence the orbi ta l  term symbol, C , i s  the same in both ground 
< 

and excited s t a t e s .  The second order Born terms (with exchange) are n o  

doubt dominant as the selection rule suggests. This excitation i s  a l so  

observed with 300 eV incident electrons.  We have not searched w i t h  higher 

kinet ic  energy electron beams. 

I t  i s  now confirmed by both theory and experiment tha t  a class of 

t rans i t ions  ex is t s  whose cross sections in forward scat ter ing are abnormal ly 

h i g h  a t  high kinet ic  energy. I t  i s  predicted tha t  t ransi t ions of t h i s  

type wil l  be commonplace for  complex molecules of low symmetry. 
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2.22 Singlet-Triplet Energy Di fferences 

In the l as t  proposal a formula was given for the difference in 

energy between the singlet ,  ES ,  and the t r i p l e t ,  E T ,  arising from the 

excitation of one electron from a closed shell ground s ta te  

where bJ i s  the excitation energy of the singlet ,  g i s  i t s  degeneracy, and 

fB i s  i t s  generalized oscil lator  strength as a function of momentum change 

K. The subscript B indicates that the formula was derived using the 

formula for f corresponding t o  the Born approximation. I f ,  therefore, 

experimental f ' s  are used they must be obtained a t  high kinetic energy where 
I 

the Born approximati on holds. This research i s  concluded and a paper 

describing the research published d u r i n g  the present contract period. (No. 

13 of Publication List) .  

2.23 Water Triplet 

As reported in our las t  proposal, E q .  ( 2 )  has been used, together 

with measured oscillator strengths a t  small scattering angles, t o  calculate 

ES - ET. An accurate calculation i s  not possible because oscillator 

strengths have not been, measured a t  large momentum changes. However, 

~ bounds can be placed on ES - ET as follows 

~ This represents a band within which ES - ET i s  presumed t o  l i e .  The value 



0.58 does' not represent our estimate of the most probable value b u t  i s  
. . 

m r e l y  the center of the range. The ' true value of ES - ET i s  probably 

less  than 0.58. In any case i t  i s  established tha t  the vertical  excitation 
1 energy of the t ransi t ion Al  .- 3 ~ 1  i s  6.82 i 0.42 eV. The t ransi t ion 

1 k 4.5 eV may be a  part  of the envelope of Al  -+ 3 ~ 1  b u t  i s  certainly not 

the ver t ical  exci'tati'on ener,gy "of"' t ha t  t ransi t ion.  A 'paper descri'bing 

these resu l t s  has been accepted for  publ'<cati'on i n  the' Journal of Chemical 

Physics (No. 14 of Publication L i s t ) .  

There i s  a  controversy concerning the lowest t r i p l e t  s t a t e  of 
3 H 2 0  Theoretical calculations on the B1 s t a t e  by many investigators have 

I 
I led t o  the conclusion tha t  the s t a t e  i s  not bound re la t ive  t o  e i the r  

2   OH('^) + H(  S) or o ( ~ P )  + H~('C:). Hence these studies predict tha t  no 
I excited t r i p l e t  s t a te  can e x i s t ,  a t  any nuclear configuration, which i s  

~ 
I less than 5.07 eV above the ground s t a t e .  Experitrentally, however, several 

d i f fe rent  investigators have found, by ent i rely different  techniques, excita- 

t ion a t  energies down t o  'L -4 eV. This discrepancy i s  of more than academic 

in t e res t  f o r  the following reason. . I f  the lowest energy t r i p l e t  i s  not 
I 

i bound then a l l  non-linear excited t r i p l e t  s ta tes  are certain t o  resu l t  i n  

I I ' dissociation of the molecule. for  the following reason. There are no for- 
I 

bidden electronic  t ransi t ions in  molecules with symmetry groups C2V or CS. 

Hence, i f  a  s table  t r i p l e t  with e i ther  symmetry i s  excited then i t  will  

I cascade (by radiation emission) t o  progressi ve'ly lower. s t a t e s  unti 1  i t  

f ina l ly  reaches the ground s t a t e  where i t  wi 11 dissociate.  ' Hence, the 
I 

t r i p l e t  s t a t e  radiation chemistry of water will be tha t  of atoms and radicals 

since these are the dissociation products. I f ,  on the other hand, the 
I 

lowest t r i p l e t  possesses bound s t a t e s ,  then a  long lived t r i p l e t  must be 



involved t o  sore degree i n  the radiation chemistry of water. A t  present, 

theoretical quantum chemistry, indicates the former whi l e  experiment 

indicates the l a t t e r .  The experiments cannot be arbi t r a r i  ly dismissed 

as incorrect.  They m u s t  be accounted for in some other manner than excita- 

t ion of a t r i p l e t .  Thus f a r  no such explanation ex i s t s .  

2 .3  Generalized Osci l l a t o r  Strengths fo r  H2Q 

Determination of generalized osc i l la tor  strength of 7.4  eV t rans i -  

t ion in H20 out t o  large scatteri,ng.angles a t  several kinet ic  energies i s  
3 .  i 

needed in  order t o  apply equatiokv(2) above t o  water vapor with greater 
#*.,* $, 

accuracy than was possible in pre\ious . . '  research (No. 14 of Publication L i s t ) .  
P, . 

The determinations have been stabtedh b u t  were I ~ t e r r u p t e d '  in order t o  

complete the study of C02 described in the next section. The investigation 

will  be resumed as soon as the C02 experiments are finished. 
& .  

' T  

-1 ,;, 
2.4 Electron Scattering by C02 ; 

3. ', ' 

In the l a s t  proposal i t  $2 stated tha t  "the experiwntal phase of 

these determinations has been completed, b u t  the resul ts  have not been 

fu l ly  interpreted".  When we f ina l ly  began- t o  in te rpre t  the data,  while 

preparing a paper on C02 f o r  inclusion i n  the R. L. Platzman Memorial Issue 

of the International Journal of Radi a t i  on Chemistry and Physics , we found 

tha t  additional experiments on the 11.08 eV transi t ion were needed. These 

experiments, a t  500 eV and 300 eV, are in progress. A manuscript wi 11 be 

prepared as soon as these determinations are completed. 



Some additional experiments have also been done on the 7-10 eV 

portion of the C02 spectrum. To explain the reason i t  i s  necessary t o  

review the background in sonle detai 1. Extensive quantum mechanical calcu- 

la t ions ,  involving superposition of up t o  1400 configurations, were done 

by Winter, Bender and Goddard [Chem. Phys. Lett. - 20, 489 (1973)l. Only 

the energies of exci.ted el  ect'r-oni c s t a t e s  were calcul'ated. By comparing 

the calculated excitation energies w i t h  peak positions in ul t raviolet  and 

electron impact spectra term symbols were assigned t o  each excited s t a t e .  

Winter, Bender and Goddard referred t o  these as "definit ive" assignments. 

1 + TWO s t a t e s ,  'A a t  8.38 eV and 2 a t  9.23 eV, had excitation energies 
U 9 

nearly matching the two observed peaks a t  8.52 eV and 9.30 eV found in both 

u l t rav io le t  spectra and electron impact spectra a t  high kinet ic  energy and 

.0 = 0". This i s  contrary t o  the--assignxnt  of Lassettre and Shiloff 

[J .  Chem. Phys. - 43, 560 (1965)l. Despite the good agreement between exci- 

ta t ion  energies,  there are strong arguments against t h i s  assignment. These 

have been described in  a recent review (No. 24 of Publication Lis t ) .  The 

principal ob ject i  on i s  t ha t  the Franck-Condon Principle was incorrectly 

applied. In an electron impact spectrum, the intensi ty  dis t r ibut ion for  a 

forbidden electron t ransi t ion in a/ polyatomic molecule may change with 

angle; even the number of peaks may change. This can. best be seen by 

expanding the col l is ion cross section i n  a power ser ies  a t  h i g h  enough 

energies so  tha t  the Born approximation holds. I f  we are dealing with a 

... - t ransi t ion which i s  forbidden in the sense that  a vertical  t ransi t ion from 

the equi 1i bri um ground s t a t e  confi gurati on has a vanishing transi t i  on moment 

then i t  may s t i l l  appear weak because an expansion of the t ransi t ion moment 

i n  a power ser ies  i n  the ground s t a t e  normal (displacement) coordinates will  



have l inear  (o r  higher order) terms which are non-vanishing. In the 

expansion of the cross section a i n  powers of the momentum change, K, 

the f i r s t  term i s  proportional t o  the square of the e l e c t r i c  dipole moment 

2 2 and i s  proportional t o  1/K . A t  8 = 0" and high kinet ic  energy K i s  
2 sniall and 1/K large. Hence the f i r s t  term dominates the se r i e s .  The 

in tens i ty  distribution among vibrational levels i s  determined, for  ver t ica l ly  

forbidden t ransi t ions with non-vanishing l inear  terms, by integrals  l ike 

where qi  i s  the i th  normal coordinate (ground electronic  s t a t e )  and @o,$n 

are vibrational functions in the ground and excited electronic  s t a t e s ,  

respectively. The integration i s  over a1 1 normal coordinates. The quantity 

qi ar ises  from the l inear  terms in the t ransi t ion moment expansion men- 

tioned above. For a  ver t ica l ly  allowed t ransi t ion we obtain instead of 

(4 )  a  normal Franck-Condon integral 

In a  normal Franck-Condon integral l ike ( 5 )  i t  i s  well known that  $o i s  

strongly peaked around the equi l i  bri um ground s t a t e  confi gurati on, q i  = 0. 

The integral ( 5 )  has i t s  maximum value f o r  excitation s t a t e s ,  n ,  for  which 

gn i s  a l so  peaked around qi = 0. This leads t o  the familiar construction 

i n  which a  ver t ical  l ine i s  extended upward from the minimum of the ground 

s t a t e  potential  function t o  the intersection with the excited s t a t e  

potential function. The nearest energy s t a t e  i s  t ha t  of greate'st intensi ty .  . . 



In ( 4 ) ,  however, we must consider the maximum of qiOo ra ther  than aO. 
This wi 11 have a maximum a t  some value q t o )  different  from zero. Hence, 

t o  locate the s t a t e  of maximum intensi ty  we must extend a l ine  upward 

from cii('). In the case of ~0~ qi may be a bending coordinate. In which 

case a t  q{O) the molecule i s  no longer l inear .  Hence doubly degenerate 

1 1 1 s t a t e s  l ike Au and II s p l i t  i n to  two components. For the s t a t e  A u  
9 

a l l  the l i nea r  terms in the expansion of t ransi t ion monent vanish b u t  f o r  

'II the l inear  terms do not a l l  vanish and one of the non-vanishing 
9 

components is  tha t  which bends C02 away from the col l inear  configuration. 

I t  follows tha t  ver t ical  excitation i s  allowed t o  both of the s p l i t  

1 components of II and we obtain two peaks. The next term in the expansion 
g 

of o in powers of K involves K O ,  i .e. i s  independent of K y  and Franck-Condon 

integrals  l ike  ( 5 )  are involved. kt €I.= 0" the f i r s t  term dominates. 

2 because K i s  so small and the intensi ty  dis t r ibut ion contains two peaks. 

2 A t  large angles 1/K beconles very small and the f i r s t  term becomes 

negligible. The second term in the ser ies  then dominates. B u t  a normal 

Franck-Condon fac tor ,  l ike ( 5 ) ,  determines the intensi ty  dis t r ibut ion in 

tha t  case; only one peak i s  expected. Lassettre and Shiloff showed tha t  

the in tens i ty  dis t r ibut ion a t  0 = 0" does contain two peaks while tha t  

a t  8 = 3.9" contains only one. Moreover, they also showed tha t  a1 1 terms 

l inear  in  the q i 8 s  vanish fo r  t ransi t ion t o  'nu and hence they concluded 

1 tha t  Au could be the excited s t a t e  term symbol for  e i t h e r  peak. 

Winter, Bender and Goddard ignored t h i s  argument and made an incorrect 

assignment. Hall, Trajmar and Chutji an [ J .  Phys. B 6, 1264 (1973)l have 

studied the electron impact spectrum a t  very low electron energies, % 12 eV, 
1 and excited a s t a t e  which they ident i f ied as Au. Even i f  t h i s  i s  correct ,  

/ 



~ and i t  i s  not proven, i t  i s  not relevant t o  e i the r  the u l t rav io le t  adsorp- 

t ion spectrum of the high energy electron impact spectrum because a t  low 

energies the Born approximation f a i l s  and there i s  no adequate theory of 

in tens i t ies .  

Vincent McKoy and his collaborators have been developing the 

equations of motion wthod as a means of calculating both excitation 

energies and in tens i t ies .  Recently, C. W. McCurdy and V.  McKoy have 

applied t h i s  method t o  C02 and have provided us with a preprint.  Carrying 

out t h e i r  calculations with a l inear  molecule they obtained resul ts  in 

agreement w i t h  Lassettre and Shiloff b u t  since the calculations took no 

account of deviation from l inear i ty  they did not obtain two peaks a t  8 = 0". 

Otherwise, however, the agreement with Lassettre and Shiloff was good. 

They calculated generalized osci 1 l a to r  strengths for  the exci t a t i  on of 

1 1 2 both n and A u .  A t  small K , 2 

flA 
i s  negligible b u t  a t  K - 1.1, an 

9 
U 

a t  l eas t  according t o  t h e i r  calculations.  An experimental study of the 

envelope shape of the 7-10 eV region should reveal the development of the 

t ransi t ion '1' .- 'au. I f  t h i s  occurs in accord with the calculations 
9 

of McCurdy and McKoy then the assignment would be defini t ively established. 

Hence an experimental study was undertaken with resul ts  shown in Fig. 3 

which shows the 7-10 eV region of C02 a t  several different  scat ter ing angles 

w i t h  incident electrons of 400 eV energy. A t  8 = 0" and 5" the envelopes 

were obtained i n  the usual way with a count rate  meter and recorder. A t  

larger angles i t  was necessary t o  t e s t  for  multiple col l is ions by varying 

the pressure over a tenfold range. The count,rates were so .low that  the 
/ 



Energy L'oss (eV  
Figure 3 

.- . 



I spec t ra  were scanned automatically i n  the  computer control led mode. 

Long counting times were employed, to obtain enough counts f o r  s t a t i s t i c a l l y  

1 s i g n i f i c a n t  r e su l t s .  Count ra tes  were s tored i n  the memory and enough 

repe t i t ions  were done t o  prove reproducibi l i ty .  A t  the  time t h i s  was done, 

the  noise level  a t  n ight  was low and hence autoniatic operation over long 

time periods was possible.  The data of Fig. 3 a r e  f r ee  of e r r o r  due t o  

mu1 t i  ple col l i s i  ons and the  curve shapes are re1 i able and reproducible. 

1 The two peaks, due t o  s p l i t  TI a t  8 = 0" are  obvious. A t  5" only one 
g ' 

peak i s  found. The peak posit ion agrees well with t h a t  ca lcula ted by 

Winter, Bender and Goddard f o r  'TI as i t  should. A t  10" (K2 = 0.887) 
g ' 

-8 

the  envelope shape has changed i n  j u s t  the  way expected i f  'nu were beginning 

2 t o  a f f e c t  the  exc i ta t ion  spectrum. A t  12.5" (K = 1.494) a fu r ther  change 
1 

'has occurred wtiich i s  e n t i r e l y  consist-ent w i t h  t h e  yroytti of a peak a t  

s 8.5 eV, j u s t  a t  the place expected f o r  'au and w i t h  approximately the 

1 i n t e n s i t y ,  r e l a t i ve  t o  JI , expected from the calcula t ions  of McCurdy and 
g 

McKoy. However, a t  15" another peak has developed a t  IL 9.0 eV. Apparently 
t 

a t h i r d  t r ans i t i on  i s  appearing but we cannot iden t i fy  i t .  This new peak 

a l so  appears i n  spectra  obtained a t  larger  angles but we have not reported 

these r e s u l t s  s ince  'the data are l ess  r e l i ab l e  and reproducible. As f a r  

1 as the  Au s t a t e  i s  concerned we think t ha t  we have found i t  a t  high energies 

and large  angles and have confirmed the calcula t ions  of McCurdy and McKoy. 

An add i t iona l ,  unidentif ied s t a t e  i s  a l so  indicated.  For the  present we 

see no reason fo r  f u r the r  experiments. Except f o r  the study of the  11.08 eV 

t r a n s i t i o n ,  mentioned above, the C02 invest igat ion i s  f inished.  The 

assignment of Lassettre and Shi l o f f  i s  confi rnled. 



1 + 2.5 The xlZ+-+ B Z Transit ion of C O ,  

Generalized o s c i l l a t o r  s t rengths  f o r  the  t r a n s i t i o n  X'E' -+ B I Z +  

were determined i n  1971 by Skerbele and Lassettre [J .  Chem. Phys. 55, 

424 (1971)l while t e s t i n g  a new se lec t ion  ru le .  The o s c i l l a t o r  s t r eng th ,  

as a function of K', drops s teeply  t o  a;.minimum and then r i ses ,  t o  a broad 

maximum, the  Born approxi mati on being obviously vi-olated a t  the  l a rger  
2 = 0.5 au) .  McKoy and h i s  col laborators  have a l s o  values of K . (Kmax  

ca lcu la ted ,  recent ly ,  the  osci 1 l a t o r  s t rength  f o r  t h i s  t r a n s i t i o n .  Although 

the i  r cal cu l a t i  ons gi ve good agreement with observation f o r  the  fourth 

pos i t ive  bands the agreewnt  f o r  the  t r an s i t i on  X'X+ -+ BIZ+ i s  poor not 

only in  t h a t  the o s c i l l a t o r  s t rength  curve has no min imum b u t  the opt ica l  ~ 
i 

2 o s c i l l a t o r  s t rength  (K = 0 )  i s  i n  poor agreement with experiment ( i t  i s  

too  high) .  McKoy suggested t h a t  breakdown of the  Born-Oppenheimer approxi- 

mation might be responsible f o r  t h i s .  T h i s  point can be t e s t ed  experimentally 

by determining the s ca t t e r ed  current  r a t i o  f o r  the  two vibra t ional  peaks 

v '  = 0 and v l  = 1 of the  t r a n s i t i o n  X'E+ -+ BIZ+. (Predissoci  at ion s e t s  i n  
I 

a t  v = 2.)  The r a t i o  as a function of angle a t  f ive  d i f f e r e n t  incident  

energies i s  shown i n  Fig. 4. A t  400 eV, f o r  example, the  r a t i o  changes by 

a f a c t o r  of ten  i n  going from 0 = 0" t o  0 = 20". This i s  i n  marked contras t  

t o  the  case where the  Born-Oppenheimer approximation holds. Extensive t e s t s  

' have been done on many such t r an s i t i ons  and the r e l a t i v e  i n t e n s i t i e s  of 

v ibra t ional  progressions have been found t o  be constant ,  o r  nearly s o ,  i n  
. .  - 

a l l  cases.  T h i s  point  i s  i l l u s t r a t e d  in  Fig. 5 which shows two carbon 

monoxide spec t ra  a t  0 = 0" and 0 = 15". The r e l a t i v e  i n t e n s i t i e s  of the 
1 1 

fourth pos i t ive  bands are  the  same a t  the  two but the  v = 0 and v = 1 



O e o 4 4  0.00, 5 10 15 20 

SCATTERING ANGLE (DEGREES) 
/ 

/' 
Figure 4 



9.0 ' 10.0 
Energy Loss ,  eV 

- - - - - -- -. - - . - . - -  - - .. 
Figure 5 



re la t ive  in tens i t ies  of x 1 Z + +  9'2' are greatly d i f fe rent .  McKoyls 

suggesti on of a breakdown of the Born-Oppenhei nier approxi mati on seems 

t o  be confirmed. A manuscript describing these resu l t s  i s  in press 

(No. 16 of the Publication Lis t ) .  

2.6 Other Investigations 

1 1 In previous proposals an angular study of the 1 S + 2 P and 

1 1 1 S + 2 S t ransi t ions in helium has been mentioned. The investigation of 

Michael A. Dillon, supported by AFOSR (see Section 4 ) ,  has been so successful 

and i s  so  complete tha t  no additional research seems jus t i f ied .  Hence, 

t h i s  project has been abandoned. 

An osc i l la tor  strength study of benzene has bee'n proposed. This 

is being postponed, probably unti 1 the new contract period. 

A study of the x l Z +  -+ E ~ Z '  t ransi t ion in N p  was proposed for  
g g 

the present contract period. This has been delayed unt i l  the studies on 

H20 and C o p  are completed. I f  necessary the study wi.11 be carried over 

in to  the new contract period. 

Studies a t  low kinet ic  energy have been postponed b u t  are very 

much worthwhile and wi 11 be done eventually. 



3. STATUS OF AFOSR SUPPORTED RESEARCH 
h 

A program of research on ine la s t i c  electron scat ter ing by atmo- 

spheric gases i s  supported by the Air Force Office of Sc ient i f ic  Research. 

Financial support amounting to' $49,903 has been provided for  1974. 

Currently employed are Dr. Winifred M. Huo ( f u l l  t ime) ,  Dr. Michael A. 

Dillon ( f u l l  time) and Dr. E .  N .  Lassettre (35% time). A new electron 

spectrometer i s  being developed for  the study of ionization continua using 

coincidence counting techniques. The instrument can also be employed for  

conventional scat ter ing experiments. Dr. Di 1 lon has determined, among 
1 3 1 1 1 1 others,  col l is ion cross sections for  the 1 S + 2 S ,  1 S + 2 S ,  1 S -> 2 P 

t rans i t ions  i n  helium with an accuracy of 5% over the kinet ic  energy range 

200-700 eV. Winifred Huo has completed hev t h e o ~ y ~ o f  single-t-?trip.let 

excitations . This research, which is  important in the AEC sponsored program, 

has been summarized in an accompanying progress report and compared with 

experimental observati on. 

The electron spectrometer has been s uccessf u1 ly used in coincidence. 

I t s  development has reached an advanced stage. I t  i s  now in use for  the 

study of ionization processes.. Plans are i n  progress for  the incorporation 

of radiative lifetime determinations in such fashion as t o  eliminate (or 

minimize) cascading. I t  i s  probable tha t  resul ts  obtained with th i s  instru-  

ment will  be of increasing in t e res t  in radiation chemistry in the future. 

The ins t rumnt  wi 11 be available for  occasional use in the AEC sponsored 

program. 
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All publicat ions sponsored by AEC s ince  the  beginning of the  p ro jec t  

are l i s t e d .  Those sponsored by AFOSR over the same period are  a l so  l i s t e d .  

Those papers e i t h e r  submitted o r  published i n  the  period July  1 ,  1973 t o  

Ju ly  1 ,  1974 are marked w i t h  an a s t e r i sk .  
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Forbidden Transitions in Helium by Electron Impact a t  Kinetic 
Energies of 300-500 eV. Singlet-Triplet Transi t i  ons. a t  High 
Kinetic Energies ," Journal of Chemi cal Physi cs 58-," 4285 (1973). 

12) Skerbele, A. and E .  N .  Lassettre,  "Generalized Osci 1 l a to r  Strengths 
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Personnel involved in  t h i s  p ro jec t  were Dr. Kirby. N. Klump ( f u l l  

time) and Dr. Edwin N .  Lasse t t re ,  Principal  Inves t iga to r  (50% from July  l ' ,  

1973 t o  December 31, 1973; 65% from January 1  ,. 19-74 t.0 Ju-ly 1, 1974). 

Dr. Lasset t re  is  employed on research f o r  100% of his time. That portion 

not devoted t o  the AEC proj.ect i s  devoted t o  the AFOSR p ro jec t  mentioned 

i n  Secti  on 3. 


