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ABSTRACT

Measurements and c a lc u la tio n s  have been made o f e la s t i c  s c a t

te r in g  and e lec tro n  detachment in  c o ll is io n s  o f  H~ and D w ith  He and 

Ar a t  c.m. energ ies o f 5-120 eV. The measurements show th a t  o th e r in 

e la s t ic  processes are  r e la t iv e ly  unim portant in  th is  energy range. The 

mechanism responsib le  fo r  e lec tro n  detachment i s  assumed to  be the  

crossing  o f the  H~ bound s ta t e  w ith  th e  continuum o f fre e  s ta t e s ;  the  

bound s ta te  i s  then assigned a complex energy. The measured e la s t ic  

d i f f e r e n t ia l  cross sec tio n s  show no s tru c tu re  except a t  some p a r t ic u la r  

values o f  E© , where th e re  are  reg ions o f  downward curvature in  th e  

graphs o f log vs © . These a re  in te rp re te d  as th e  th re sh o ld  angles

fo r e le c tro n  detachment, and are  d ir e c t ly  r e la te d  to  th e  c ro ssin g  

p o in ts . By em pirica lly  f i t t i n g  the  experim ental d i f f e r e n t ia l  cross 

s e c tio n s , the general fe a tu res  o f the  complex p o te n tia ls  a re  obtained . 

Using the  re s u lt in g  p o te n t ia ls ,  th e  t o t a l  detachment cross sec tio n s  are  

ca lc u la te d  and compared to  the  experim ental r e s u l ts  from o th e r labo ra

to r i e s .  The theory  p re d ic ts  an iso tope  e f fe c t  in  th e  e la s t i c  d i f f e r 

e n t ia l  c ross s e c tio n , and th is  e f fe c t  provides a t e s t  o f  th e  th eo ry . A 

c a re fu l s e r ie s  of experiments on the  H*(D~) -  He systems d isp layed  the  

e f f e c t .  E la s t ic  s c a tte r in g  o f H- (D- ) by th e  o ther in e r t  gases (Ne and 

Xe) has a lso  been measured. In  a d d itio n , p re lim inary  measurements o f 

th e  detached e lec tro n  energy sp ec tra  have been made. These various

vi



aspects o f the p resen t s tu d ie s  in d ic a te  th a t  a t  low energ ies our exper

im ental r e s u l ts  are  in  general com patible (o r a t  le a s t  not incom patible) 

w ith  the  complex p o te n tia l  theory .

In the  energy range in v e s tig a te d , two in e la s t ic :s c a t te r in g  

channels o th e r than  e lec tro n  detachment have been observed, namely, 

double e lec tro n  detachment and e x c ita tio n s  o f ta rg e t  gases. The mech

anisms fo r  these  in e la s t ic  processes a re  in te rp re te d  q u a li ta t iv e ly  

w ith in  th e  e lec tro n  promotion model. Some sem i-q u an tita tiv e  an aly sis  

o f the  e x c ita tio n  process has been attem pted in  terms of a non-crossing 

model re c e n tly  developed by Dinterman and Delos.

vii



I .  INTRODUCTION

Research on negative  ions began in  the  e a r ly  decades o f th is  

century.'*' Since then  i t  has been re a liz e d  th a t  negative ions p lay an 

im portant ro le  in  many branches o f physics and chem istry. In  f a c t ,  

the c re a tio n  and d e s tru c tio n  o f n eg ative  ions—-e lec tro n  attachm ent and 

detachment—are fundamental mechanisms in  various in te re s t in g  proces

ses .
2In  aeronomy, negative  ions have been found to  be im portant. 

S p e c if ic a l ly , in  th e  D -layer, between 70 and 100 km in  a l t i tu d e ,  some 

30%-70% o f the  n eg a tiv e ly  charged species are  negative io n s . The cre

a tio n  and lo ss  o f th ese  negative  ions a re  in  some cases dominated by
3

d is so c ia tiv e  attachm ent o r a sso c ia tiv e  detachment

e "  +  a b  f t "  +  B .

For example, one o f th e  co n trib u tio n s  to  the  d estru c tio n  o f atomic 

oxygen in  the  upper atmosphere i s  the  re a c tio n

0 " *  0  — ♦  Oz  +

I t  i s  be lieved  th a t  the r a t e  o f  lo ss  o f e lec tro n s  in  the  E -layer i s  

dominated by d is so c ia tiv e  recom bination o f e le c tro n s  w ith p o s itiv e  

m olecular io n s . ^

1
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This process i s  r e la te d  to  c o l l is io n a l  detachment

A" + A * B + e“.
The d is so c ia tiv e  recom bination process (w ith AB = N,,, Og, NO, e tc .)  

accounts fo r  th e  lo ss  o f  e lec tro n s  in  th e  E -lay er o f th e  n ig h t time 

ionosphere, w ith  the re s u lt in g  improvement in  long-range communica

tio n s . The process a lso  co n trib u te s  to  th e  re -e stab lish m en t o f eq u il

ibrium  in  a d is tu rb ed  atmosphere.

In high tem perature flam es, negative  ions a re  known to  be 

abundant, but the  p a r t ic u la r  re a c tiv e  p rocesses involving th ese  ions 

a re  not w ell understood.^ I t  i s  b e liev ed  th a t  the  negative  ions 

a sso c ia ted  w ith  flames a re  formed by d is s o c ia tiv e  attachm ent. Examples 

a re

e* ♦ Hoi —* ct” + H ,

er * H ,o  — *• o h "  + H ,

e' + hm — n~ + h ,
where M i s  a m etal-oxide such as MoO ,̂ WO ,̂ CrO^, e t c .  N egative ions 

can then  be destroyed by n e u tra l iz a t io n  w ith a  p o s itiv e  io n ,

A '  + A + B

o r by a sso c ia tiv e  detachment. I t  i s  n o t y e t known which o f  th ese  

mechanisms is  the  dominant process in  flames.*’

The s tru c tu re s  o f  chemical bonding in  some polyatomic mole

cu les  have been s tu d ied  by examining th e  temporary n egative  ion s ta te s



formed in  th e  e lec tro n  s c a tte r in g  by th e  m olecules under in v e s tig a -
6 j , -t io n . ly p ic a l re ac tio n s  sure ^

e* + ft® —* \  + B •

Several processes are q u ite  s im ila r  to  those d iscussed  above

fo r  n egative  io n s . For example, in  cosm ological s tu d ie s , some o f th e  

c o n tro v e rs ia l sp ecu la tions about the  ex is ten ce  o f  an tim a tte r on a la rg e  

sca le  may be reso lved  by an examination of m a tte r-an tim a tte r c o ll is io n s

electro-dynam ics, th e re  i s  considerable  in te r e s t  in  the  X-ray sp e c tra  

o f superheavy atoms, and e sp e c ia lly  in  th e  p o s s ib i l i ty  o f p o s itro n  p ro -
g

duction in  a  c lo se  c o l l is io n  between two heavy atoms. As th e  two 

n u c le i approach c lo se ly , they e f fe c t iv e ly  become a "u n ited  atom" o f 

very high charge. The energy o f an in n e r - s h e ll  e lec tro n  then decreases 

u n t i l  i t  may cross the  negative-energy  D irac "sea" o f  e le c tro n s . A 

hole in  t h i s  bound s ta t e  may become f i l l e d  by an e lec tro n  from the  

"sea" , leav ing  a  fre e  h o le , i . e . ,  an escaping p o s itro n .

through th e  same mechanism; the  c ro ssin g  o r jo in in g  o f a  d is c re te  

s ta te  w ith  a  continuum. This mechanism has been s tu d ied  ex ten siv e ly  in  

e lectron-m olecule s c a tte r in g  experim ents, and a number o f th e o rie s  

dealing  w ith  resonance s c a tte r in g  have been developed in  a ttem pts to

7lead ing  to  rearrangem ent and a n n ih ila tio n :

F in a lly , in  r e l a t i v i s t i c  quantum mechanics and quantum

A ll o f th e  aforem entioned processes are  be lieved  to  occur
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g
exp lain  th ese  o bservations. But such experiments g ive only lim ite d  

inform ation about th e  e lec tro n  detachment process which is  im portant 

in  heavy p a r t i c le  c o ll is io n s  invo lv ing  negative io n s . The core o f the  

resonance theory  is  th e  complex p o te n tia l  d e sc rip tio n  o f th e  c o l l i s 

io n s . W ithin the  complex p o te n tia l  framework the c o l l i s io n a l  detach

ment process may be described  as fo llow s. As the  atomic neg a tiv e  ion 

approaches th e  ta rg e t  atom, the  energy of th e  bound s ta te  o f  th e  e le c 

tro n  r i s e s  u n t i l  i t  crosses or becomes degenerate w ith  the  continuum 

o f s ta te s  rep resen tin g  n e u tra l atoms and a f re e  e le c tro n . At th is  

p o in t, i t  i s  o ften  sa id  th a t  the  energy of th e  incoming s ta t e  acquires 

a w idth, P  (R ), and the  s ta te  decays in  time as detachment occurs.

By making sev e ra l assumptions i t  i s  p o ssib le  to  c a lc u la te  th e  p o ten t

i a l  and th e  w idth ab i n i t i o , ^  and when th is  i s  done, i t  i s  a  sim ple 

m atte r to  derive  th e o re t ic a l  expressions fo r  the  su rv iv a l p ro b a b ility  

o f  the  negative  io n , the  d i f f e r e n t ia l  cross sec tio n  fo r  e la s t i c a l ly  

sc a tte re d  io n s , and th e  energy spectrum o f the  detached e le c tro n s .

In the  p resen t s tu d ie s  we s h a l l  confine ourselves to  th e  

s c a tte r in g  o f atomic negative  ions by atoms. The follow ing re a c tio n s  

a re  p o ssib le^1

A~ + B ■■■“* A-  + B e la s t ic  s c a t te r in g

A + B + e” c o l l is io n a l  detachment

AB + e”  a sso c ia tiv e  detachment

(A~)* + B

^*A + B + e~ c o l l is io n a l  e x c ita tio n  o f

autodetaching le v e ls  

A+ + B + 2e~ double detachment
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A + B charge tr a n s fe r

A + B* e x c ita tio n  of ta rg e t

A-  + B+ + e~ io n iz a tio n  o f ta rg e t .

E x is tin g  experim ental r e s u l ts  have e s ta b lish e d  th a t  s in g le  

e lec tro n  ( c o l l is io n a l  detachment) detachment i s  a c h a ra c te r is t ic  fea

tu re  o f negative  ion s c a t te r in g .  C o llis io n a l detachment has been 

observed to  be im portant a t  energ ies above a  few e le c tro n  v o l ts .  This 

is  to  be expected because the  excess e lec tro n  on the  atom is  only 

lo o se ly  bound. On th e  o th e r hand, experim ental in v e s tig a tio n s  have 

a lso  in d ic a ted  th a t  e la s t ic  s c a tte r in g , besides e lec tro n  detachment, 

co n trib u tes  s ig n if ic a n tly  to  th e  t o t a l  s c a t te r in g  a t  low c o ll is io n  

en e rg ie s . ^

When the  c o l l is io n  energy is  high enough, the  e la s t i c  chan

n e l i s  dep leted  by th e  e le c tro n  detachment channel. The importance o f
12th is  "damping” was no ted  by B ailey , M uschlitz and th e i r  co-workers 

in  a  s e r ie s  o f experiments in  which both th e  t o t a l  e la s t ic  and detach

ment cross sec tio n s  were measured. Their d a ta  were l a t e r  analyzed by
13Mason and V anderslice who were able to  estim ate  the  lo c a tio n  o f  the 

cro ssing  o f th e  d is c re te  s ta t e  w ith the continuum. However, t h i s  l in e  

o f in v e s tig a tio n  has n o t been explored much since  then . Most experi

ments dealing  w ith  c o l l i s io n a l  detachment haVe been performed a t  high 

en e rg ie s , and some experim ents have been c a r r ie d  out to  ob ta in  detach

ment r a te  c o e f f ic ie n ts  in  th e  therm al energy range. Not much can be 

learn ed  about th e  detachment mechanism from these  measurements. Many 

d if fe re n t  th e o re t ic a l  approaches to  the  problem o f e lec tro n  detachment 

have been developed. The most d e ta ile d  trea tm en t has been c a r r ie d  out
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1^ -by Mizuno and Chen, using  H2 as an example. The av a ilab le  th eo rie s  

on the  mechanism fo r  c o l l is io n a l  detachment have not y e t been sub jected  

to  c r i t i c a l  experim ental t e s t s ,  so t h e i r  v a l id i ty  and l im ita tio n s  have 

not been w ell determ ined.

On th e  o th er hand, low-energy d i f f e r e n t ia l  measurements on 

p o sitiv e -io n -a to m  and atom-atom s c a tte r in g  have proved extremely u sefu l 

in  re tr ie v in g  th e  in te rm o lecu lar p o te n tia ls  governing th e  in te r 

a c t i o n s .^  The c o ll is io n  dynamics and mechanisms fo r  the  b a sic  proces

ses involv ing  p o s itiv e  ions and n e u tra l  atoms have been understood 

through the  s tu d ie s  and analyses o f  th e  observed c h a ra c te r is t ic  fea

tu re s  in  th e  d i f f e r e n t ia l  cross s e c t io n s .^  S im ilar approaches have 

no t y e t been developed fo r  n egative  ion c o l l i s io n s ,  p rim arily  because 

o f th e  lack  o f experim ental d a ta  on d i f f e r e n t ia l  s c a t te r in g .

I t  i s  the  purpose of th e  p resen t study to  in v e s t ig a te  c o l l i 

s io n a l detachment by examining th e  e la s t ic  s c a tte r in g  o f negative  ions 

by atoms so th a t  the  v a l id i ty  and a p p lic a b il i ty  o f a complex p o te n tia l  

theo iy  dealing  w ith negative  ion c o ll is io n s  can be te s te d . -

One o f the  sim p lest systems i s  He-H . The closed sh e ll; 

s tru c tu re  of He leads to  n e g lig ib le  a sso c ia tiv e  detachment and charge 

t r a n s fe r  s c a tte r in g . Channels o th e r than e la s t i c  s c a tte r in g  and c o l l i 

s io n a l detachment are  e n e rg e tic a lly  a ccess ib le  only a t  f a i r l y  high col

l i s io n  e n erg ies . I t  i s  th e re fo re  d e s irab le  to  in v e s tig a te  e lec tro n  

detachment in  th e  He-H-  system experim entally  by keeping th e  c o ll is io n  

energy low enough to  exclude those in e la s t ic  p ro cesses , y e t  high enough 

to  d e tec t th e  in fluence  o f e le c tro n  detachment on e la s t ic  s c a tte r in g .

In fa c t  our measurements show th a t  in e la s t ic  processes o th e r  than
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sin g le  e lec tro n  detachment a re  w ith one exception unim portant in  the 

energy range o f  our experim ents; th i s  exception is

H' Ht -*■ H+ ♦ He +



II. APPARATUS DESCRIPTION AND EXPERIMENTAL METHOD

IIA. Apparatus

The purpose o f th i s  work i s  to  in v e s tig a te  th e  low-energy 

c o ll is io n s  o f  negative ions w ith  atoms using  conventional ion beam-gas 

ta rg e t  techn iques. A schematic diagram o f th e  apparatus used in  these 

s tu d ie s  i s  shewn in  F ig . 1. The e s s e n tia l  p a r ts  of th e  apparatus a re : 

an ion gun which produces a  mass analyzed and w ell co llim ated  low- 

energy n egative  ion beam; a  c o l l is io n  reg ion  con ta in ing  s c a tte r in g  gas 

a t  low p ressu re ; and a s c a tte re d  or product ion d e tec tio n  system. The 

complete d e tec tio n  system mass and energy analyzes the  sc a tte re d  ions 

and can be ro ta te d  about the  c o ll is io n  region through an angular range 

o f  - 5 ° ^  ©  £  90° w ith  re sp ec t to  th e  d ire c t io n  o f th e  incoming p r i 

mary beam. The p resen t apparatus i s ,  a f te r  some m od ifica tions, the  one

th a t  has been employed su ccessfu lly  in  previous s tu d ie s  invo lv ing  p o s i-  
17t iv e  io n s . The e s s e n t ia l  p a r ts  o f  th e  apparatus and the  b a s ic  exper

im ental method are  described  n ex t.

Ion Gun

In  th i s  apparatus, an ion source, momentum analyzer and th re e  

s tacks o f  focusing lens elem ents are  used to  ob ta in  a s a t is fa c to ry  p r i 

mary beam. They c o n s ti tu te  the e s s e n t ia l  components o f th e  ion gun. 

F ig . 2 i s  a  schem atic o f the  negative  ion source which i s  s im ila r  to

8
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idthe  duoplasmatron described  by Aberth and P e te rson . A p rec is io n  leak  

valve i s  u t i l iz e d  to  co n tro l the  r a te  o f flow 6 f source gas in to  the 

duoplasmatron where the  negative  ions are  formed. The filam ent i s  made 

o f n ic k e l mesh and i s  covered w ith  RCA filam ent coating  which lowers 

th e  work function  o f th e  filam en t and enhances e le c tro n  em ission. The 

b a sic  mode o f opera tion  o f th e  duoplasmatron i s  to  le ak  gas in to  the 

source a t  a fix ed  r a te ,  s t r ik e  and m aintain  an a rc  in  th e  region be

tween th e  filam en t and anode, and e x tra c t  ions from the  arc  through a 

sm all ho le in  the anode. The Z-element shown in  P ig. 2 i s  shorted  

e le c t r i c a l ly  to  the  anode when the  arc i s  s tru ck  but i s  m aintained a t  

th e  filam en t p o te n t ia l  during normal opera tio n . The arc  i s  th e re fo re  

concen tra ted  in  th e  sm all reg ion  between th e  Z-element and the  anode.

An a x ia l magnetic f i e ld  i s  used to  he lp  contain  the  arc  and keep the 

ions and e lec tro n s  moving p a r a l le l  to  th e  d ire c tio n  o f  e x tra c tio n .

The f ilam e n t, Z-element, and th e  magnetic c o ils  can be moved as a u n it  

so th a t  the  filam ent and the  Z-element can be p laced  o f f -a x is .  This 

adjustm ent makes i t  p o ss ib le  to  s e le c t  th e  p o s itio n  o f th e  plasma from 

which maximum ion cu rren t can be ob ta ined . The p o te n tia l  d iffe ren ce  

ap p lied  between th e  anode and the  f i r s t  lens element serves the  pur-- . 

pose o f  ion e x tra c tio n  and focusing of th e  ion beam.

The duoplasmatron i s  cooled w ith w ater and a i r  and i s  

e l e c t r i c a l ly  is o la te d  from th e  system ground. The anode i s  b iased  w ith  

re sp ec t to  ground so th a t  ions e x tra c te d  from th e  anode can be a cc e le r

a ted  to  the  c o l l is io n  chamber which i s  always m aintained a t  ground po

t e n t i a l .  I f  s in g ly  charged ions formed near th e  anode a re  e x tra c te d , 

th e i r  k in e tic  energy i s  approxim ately equal to  the  vo ltag e  d iffe ren ce
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"between anode and ground. However, fo r  negative ion beams, i t  i s  found 

th a t  the  beam energy i s  approxim ately 30 eV g re a te r  than th e  vo ltage  

between anode and ground. Apparently th e  negative  ions which a re  e f f i 

c ie n tly  e x tra c te d  a re  produced w ell w ith in  th e  i n t e r io r  o f the  arc 

r a th e r  than near th e  anode.

Beams o f H~ and D~ used in  th e  p resen t s tu d ie s  a re  produced 

from Hg and Dg. The filam ent coating  may a lso  be a  supply o f these  

negative io n s . A beam formed from the  coating  depends upon the  temp

o ra l c h a ra c te r is t ic s  o f  the  coating  and hence i s  no t s ta b le . I t  i s  

th e re fo re  im portant to  e s ta b lis h  an arc in  the  source gas which pro

vides the  d esired  negative  io n s .

The ions e x tra c te d  from the  duoplasmatron are  focused and

co llim ated  by th re e  s e ts  o f  e le c t r o s ta t ic  le n se s , whose design i s  based
19upon the  work o f Spangenberg. A ll the  len s  elem ents are  e le c t r i c a l ly  

b iased  w ith re sp ec t to  th e  anode and the  re sp ec tiv e  voltages a re  tun

able in  o rder to  achieve optimum focusing . The f i r s t  two lens s e ts

serve to  draw out and focus the  ions in to  the  magnetic momentum an a ly -
20zer, which emplqys second-order focusing . The momentum analyzer i s  a 

6 inch ra d iu s , 90° sec tio n  of copper re ta n g u la r  tube between th e  pole 

faces o f an electromagnetLwhose f i e ld  i s  perpend icu lar to  the  beam d i

re c tio n . The entrance and e x it  s l i t s  o f th e  analyzer a re  .050 x .500 

inches. Hie energy re so lu tio n  o f  the  an a lyzer i s  determined by th e  

r a t io  o f the  l a t e r a l  dimension o f  the s l i t  to  th e  rad ius o f th e  tu b e , 

v iz . ,  2 &  R/R o r 2% o f th e  energy, W, o f th e  beam tra v e rs in g  th e  anal

y zer. In  g en era l, W i s  kept sm all, about 60 eV, so th a t  the  energy 

re so lu tio n  i s  in  th e  neighborhood of 1 eV FWHM.
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F in a lly , i t  should he noted  th a t  th e  momentum analyzer serves 

as a  mass spectrom eter, which i s  e s s e n t ia l  s ince th e  duoplasmatron 

source produces a  p le th o ra  o f negative  ion species  -

C o llis io n  Chamber

The c o l l is io n  chamber co n sis ts  o f two coax ia l c lo s e - f i t t in g  

v e r t i c a l  cy linders  of rad iu s  0 .U5 inches and heigh t 1 .9  inches. The 

in n e r cy lin d e r i s  fix ed  and the  o u te r one i s  ro ta ta b le  w ith  the  detec

t io n  system about t h e i r  common a x is . Narrow s l i t s  a re  a sso c ia ted  w ith  

the  entrance o f  the  in n e r cy lin d e r and th e  e x it  o f  th e  o u te r one. Two 

90° ex tension  s lo ts  are made on th e  c y lin d e rs . This s l i t - s l o t  combina

tio n  forms (.035" x .125") en trance  and e x i t  s l i t s  fo r  th e  c o ll is io n  

region and makes about a  90° angular range access ib le  fo r  d i f f e r e n t ia l  

measurements. The c o l l is io n  chamber is  sea led  a t  th e  bottom and top 

and the  ta rg e t  gas is  adm itted to  the  chamber v ia  a ho le  in  th e  w all o f 

the  in n e r cy lin d e r. This arrangement allows s u f f ic ie n t ly  high density  

o f s c a tte r in g  cen te rs  in  the  c o ll is io n  re g io n , and sim ultaneously  main

ta in s  a  high vacuum ou tside  the  c o ll is io n  chamber.

Two p la te s ,  lo c a ted  in s id e  th e  c o ll is io n  chamber and e l e c t r i 

c a l ly  is o la te d  from th e  main body o f  the  c o ll is io n  chamber, allow  moni

to r in g  o f the prim ary beam cu rren t a c tu a lly  reaching th e  s c a tte r in g  

reg ion . This i s  accomplished by d e f le c tin g  th e  beam w ith  a  tra n sv e rse  

e le c t r i c  f i e ld  to  one o f th e  p la te s  and read ing  th e  ion c u rren t to  th a t  

p la te  w ith  an e lec tro m ete r. These p la te s  are  e le c t r i c a l ly  connected to  

the  main body o f th e  chamber during a c tu a l s c a t te r in g  experim ents.



D etection System

The c o ll is io n  chamber is  followed by th e  product ion d e te c t

ion system co n sis tin g  o f an energy s e le c to r ,  a  mass analyzer and a 

p a r t ic le  d e te c to r . This u n it  i s  mounted on a p la tfo rm  which can be ro

ta te d  about the  c y lin d r ic a l ax is  o f  the c o ll is io n  chamber from -5 °  to  

90° w ith  re sp ec t to  the  prim ary beam d ire c tio n  (0 ° ) . The s c a tte r in g  

angle i s  accu ra te ly  determined by a po ten tiom eter c i r c u i t  lo ca ted  in 

side  th e  main vacuum system. The w iper of th e  c i r c u i t  i s  mounted on 

the  ro ta ta b le  p la tfo rm  and th e  r e s i s to r  i s  a p iece o f re s is ta n c e  w ire 

supported on and in su la te d  from a c ir c u la r  aluminum form. A fte r c a l i 

b ra tio n  th e  vo ltage  drop between th e  w iper and a  f ix e d  end o f the  w ire 

p rov ides an accura te  measurement o f  the  s c a t te r in g  ang le. C alib ra tion  

o f  th e  c i r c u i t  i s  such th a t  a  change of one degree corresponds to  a 

change o f 0.030 v o l t .  With th i s  arrangement changes o f 1/10 degree can 

be re a d ily  measured.

The 127° e le c t r o s ta t ic  energy s e le c to r  and th e  c o l l is io n  

chamber a re  connected by a 2 .5  inch grounded d r i f t  tube whose end to 

wards the  s e le c to r  i s  covered w ith  95% tran sp a ren t tungstun  g r id . This 

setup sh ie ld s  the  c o l l is io n  reg ion  from s tra y  e le c t r i c  f i e ld s .  The 

energy analyzer is  b a s ic a lly  a 127°  sec tio n  of a c y lin d r ic a l  capaci

to r*^  whose in n e r and o u te r  r a d i i  o f  cu rvatu re  a re  3 and U cm, respec

t iv e ly .  The two c y lin d r ic a l  sec tio n s  are  e le c t r i c a l ly  is o la te d  from 

th e  to p  and bottom p la te s  as w e ll as from the  entrance and e x it  s l i t s  

whose dimensions are .035 x .25 inches. This arrangement allows the 

en trance s l i t  to  be u t i l i z e d  as an a cc e le ra tin g  or d ece le ra tin g  lens so
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th a t  the energy o f the  in c id en t ions may he ad justed  befo re  they  pass 

through th e  analyzer. A rev ersin g  switch fo r  the  vo ltage  d iffe ren ce  

between the  c y lin d r ic a l  sec tio n s  enables th e  analyzer to  pass e i th e r  

p o s itiv e  o r negative io n s . A cceleration  o f the  product ions perm its 

the sc a tte re d  ions to  pass through th e  analyzer a t  the same energy as 

the  prim ary beam. This method o f opera tion  removes the  u n certa in ty  in  

r e la t iv e  in te n s i ty  measurements o f s c a tte re d  ions caused by th e  d if 

fe re n t transm ission  e ff ic ie n cy  o f th e  analyzer fo r  d if f e re n t t r a n s 

m ission en erg ies . The abso lu te  transm ission  e ff ic ie n c y  is  no t known, 

however.

Following energy a n a ly s is , the  ions pass through a rad io  f r e 

quency quadrupole mass spectrom eter whose design and co n stru c tio n  have
22been w ell documented.

The f in a l  element in  the d e tec tio n  u n it  is  a  p a r t ic le  de

te c to r ,  a Bendix 306 e lec tro n  m u ltip l ie r  whose working p r in c ip le  and
23co n stru c tio n  a re  w ell documented in  the  l i t e r a t u r e .  The en trance 

ap ertu re  o f th e  m u ltip l ie r  i s  covered w ith  f in e  tungstun g r id  w hile the  

remaining p a r t  i s  surrounded by sev e ra l lay e rs  o f high magnetic p e r

m eab ility  m a te ria l which p reven ts the  magnetic f i e ld  o f the  m u ltip l ie r  

from se r io u s ly  a ffe c t in g  the  ion  t r a je c to r ie s  befo re  a rr iv in g  a t the  

m u lt ip l ie r .  A schem atic diagram of the  e l e c t r i c a l  arrangement fo r  the  

d e te c to r  i s  shown in  F ig . 3- The sw itch S s e le c ts  the  modes of opera

t io n ,  namely, e lec tro m ete r mode and counting mode (the r e s i s to r  R i s  

removed from th e  c i r c u i t  when ^  i s  in  p o s itio n  A). I t  should be 

no ted  th a t  the  anode o f the m u lt ip l ie r  i s  a t  a h igh vo ltag e  (u su a lly  

2650 v o lts )  on which th e  e lec tro m ete r i s  f lo a tin g . In  th e  e lec trom eter
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mode the  output o f  the  m u lt ip l ie r  i s  measured as cu rren t due to  the  

change o f the  high voltage which i s  induced by th e  prim ary beam in te n 

s i ty  reaching  the  m u lt ip l ie r .  In  th e  counting mode th e  output o f the  

m u ltip l ie r  i s  coupled by an RC c i r c u i t  to  th e  p re a m p lif ie r , th e  f i r s t  

element in  th e  counting u n i t  from which the  high vo ltag e  i s  is o la te d  

by the  cap a c ito r . The output o f the p re am p lifie r i s  fed  in to  a pulse 

shape a m p lif ie r , and is  f in a l ly  d e tec ted  as pulses by a  s in g le  channel 

sc a le r-a n a ly z e r . The count r a te  i s  d isp layed  on th e  scales-tiffief and i s  

a lso  recorded as p r in to u t v ia  a  te le ty p e  system. Under optimum oper

a tin g  conditions the  background count ra te  amounts to  sev e ra l counts 

per te n  seconds.

Vacuum System

The vacuum system co n s is ts  o f a  main chamber and an ion gun 

chamber, which a re  connected by th e  momentum analyzer tube as seen in  

F ig . 1. The main chamber i s  composed of an aluminum cy lin d e r and two 

c irc u la r  aluminum p la te s  and contains th e  th i r d  focusing system , th e  

c o l l is io n  chamberrand th e  d e tec tio n  system. The cy lin d e r i s  2k inches 

high and has an in n er diam eter of 28 inches (29 3/8" ou te r d iam eter). 

The top  and bottom p la te s  a re  1 3 / 8  inch th ic k  and a re  vacuum sea led  

w ith  0 -r in g s . The main chamber i s  evacuated by a  6 inch 260 l i t e r s / s e c  

d iffu s io n  pump. In a d d itio n , condensible gases such as HgO, COg in s id e  

the chamber are "pumped" by a 2 l i t e r  l iq u id  n itro g en  thim ble lo ca ted  

in  the  top  o f the  main chamber. The ion gun chamber contains two fo 

cusing lens systems and i s  evacuated w ith  two 2 -inch  30 l i t e r s / s e c  mer

cury d iffu s io n  pumps. A ll mercury pumps a re  l iq u id  n itro g en  trapped
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and w ater cooled. The p ressu re  in  each chamber i s  m onitored by a 

vacuum ion gauge. I t  normally takes about four to  f iv e  hours fo r  the 

system to  pump down to  a  working p ressu re  o f 10~^ to r r .

IIB . Experim ental Method

For d i f f e r e n t ia l  s c a t te r in g  experiments a q u a lity  prim ary ion 

beam is  c ru c ia l .  High in te n s i ty ,  long-term  s t a b i l i t y  and sm all angular 

and energy spreads are  th e  im portant fa c to rs  th a t  must be re a liz e d . 

These c h a ra c te r is t ic  fe a tu re s  are  dependent upon the opera ting  condi

tio n s  o f th e  ion source and th e  focusing co n d itio n s , as w e ll as on the  

type of negative ions d e s ire d . The f i n i t e  re so lu tio n  o f th e  momentum 

analyzer and the  energy s e le c to r  determ ine the  beam energy spread. 

S uccessfu l opera tion  o f th e  ion source depends s tro n g ly  upon the 

source gas d e n s ity , the  filam ent p o s i t io n , th e  s ize  o f the  anode, the  

degree of o ff -a x is  s e t t in g ,  th e  in te n s i ty  of th e  a x ia l  magnetic f i e ld ,  

and th e  drawout v o ltag e . High in te n s i ty  beams are needed to  make la rg e  

s c a t te r in g  angles access ib le  in  the  in v e s t ig a tio n s . This i s  e sp e c ia lly  

im portant in  negative ion work sin ce  the  process o f e lec tro n  detachment 

ra p id ly  dep le tes  th e  e la s t ic  channel w ith  in c reasin g  s c a tte r in g  angle. 

In a d d itio n , high in te n s i ty  and good s t a b i l i t y  guarantee s a t is fa c to ry  

counting s t a t i s t i c s  and hence improve th e  accuracy o f th e  measurements. 

The smearing of s tru c tu re  in  d i f f e r e n t ia l  cross sec tio n s  can be s ig n 

i f i c a n t ly  reduced w ith  a  beam which i s  sharp in  both  angle and energy.

I t  i s  r e la t iv e ly  easy to  o b ta in  beams w ith  2% energy spreads 

and 1° angular widths a t  energ ies above 15 eV but i t  becomes in c re a s 

ing ly  d i f f i c u l t  a t  lower en erg ies . In our experiments u se fu l negative
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ion beams are ob ta inab le  a t  lab o ra to ry  energ ies as low as 5 eV.

When a  u se fu l primary beam is  ob ta ined , ta g e t gas is  admit

ted  in to  th e  c o ll is io n  chamber. This perm its the re a c tio n  region to  be 

uniform ly f i l l e d  w ith a  p ra c t ic a l ly  s t a t i c  gas ta rg e t  o f r e la t iv e ly  

high d en s ity . To in su re  th a t  only s in g le  s c a tte r in g  i s  occuring in  a

given experim ent, the  ta rg e t  gas p ressu re  i s  m aintained in  the  range of 
-k  -310 -  10 to r r .  In  the p resen t experim ental apparatus th e  p ressu re

is  n o t measured a cc u ra te ly , and ab so lu te  transm ission  fa c to rs  a re  not 

known. Hence only r e la t iv e  d i f f e r e n t ia l  d a ta  are obtained . The p r i 

mary beam can in te ra c t  w ith  the  ta rg e t  atoms along the  complete pa th  

leng th  of th e  beam through the  c o ll is io n  chamber. This p a th , to g e th e r 

w ith the f i n i t e  angular acceptance o f th e  d e tec tio n  system and the 

angular divergence o f  the  prim ary beam, defines the  re a c tio n  volume. In 

our apparatus th e  re a c tio n  volume can be approximated by a re a c tio n  

a rea  shown in  P ig . U. The d e ta i ls  of how th i s  a rea  i s  determ ined as 

w e ll as the  p a r t ic u la r  co rrec tio n s  which must be app lied  to  th e  raw 

s c a tte r in g  da ta  to  recover the  d i f f e r e n t ia l  cross sec tio n s  have been
2kdescribed  elsew here.

In th e  experiments rep o rted  h e re , we have concentrated  on the  

e l a s t i c  and in e la s t i c  s c a tte r in g  o f  H and D by ra re  gases. In  order 

to  c la r i f y  the  experim ental procedures used , a b r i e f  d iscu ssio n  o f th e  

c o ll is io n  kinem atics w i l l  now be given. Consider a b inary—b inary  co l

l i s io n  o f the  type —*  M̂ ~ + M .̂ The su b sc rip ts  1-k r e f e r  to

the  in c id e n t, ta r g e t ,  d e tec ted , and unobserved p a r t i c le s ,  re sp e c tiv e ly . 

I f  E^, and a re  the  k in e tic  energy ( in  th e  lab o ra to ry ) and in te rn a l  

energy o f the  in c id e n t io n , the  conservation  of t o t a l  energy gives
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<a =  ( E t  ♦  - r e , *  e . )

where Q = (U^ + U,,) -  (U^ + U^) is  th e  amount of in te rn a l  energy con

v erted  to  k in e tic  energy in  the  s c a tte r in g  p rocess. I f  some of the 

k in e tic  energy is  converted to  in te rn a l  energy during the  c o l l is io n ,

Q i s  negative and the  process i s  endotherm ic. I f  the  conversion occurs 

in  th e  opposite d ire c t io n , Q i s  p o s itiv e  and the  process i s  exotherm ic. 

F in a lly  i f  the  in te rn a l  energy does not change, Q i s  zero and th e  pro

cess i s  ju s t  e la s t ic  s c a t te r in g  provided th a t  the  d e tec ted  product i s  

the  incoming p r o je c t i le .

Conservation o f l in e a r  momentum and t o t a l  energy can he com

bined to  give

where th e  de tec ted  product w ith  energy E^ i s  s c a tte re d  a t  the  lab o ra 

to ry  angle . Solving Eq. ( i l - l )  fo r  E^ y ie ld s

and E is  the  c o l l is io n  energy in  th e  cen te r o f mass (C.M.) system. The 

q u an tity  y  i s  a  measure o f th e  in e la s t i c i ty  o f the  c o ll is io n  and i s

where

Y  *  f  . - 1 —
\  e  ♦Q .

( I I -3 )
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re la te d  to  th e  lab  -  c.m. s c a tte r in g  angle transfo rm ation  as follow s:

. Slv\ 8
X f l w .  7 C •  4  C o S  8

where & is  th e  c.m. s c a tte r in g  ang le. For e la s t i c  s c a tte r in g  Q = 0, 

and equation ( I I -3 )  reduces to

V -
'  “  K z

For th i s  p a r t ic u la r  p ro cess , ^

o r /

Equation (II-U ) g ives the energy lo ss  o f the  in c id en t p a r t ic le  due to  

i t s  c o ll is io n  w ith th e  ta rg e t .

The procedure fo r  e la s t ic  s c a tte r in g  experiments i s  as f o l 

lows. Once a  desired  negative ion beam i s  achieved, i t s  energy and 

angular spreads are determined and recorded and ta rg e t  gas i s  adm itted 

in to  the  c o ll is io n  chamber. The energy analyzer i s  always s e t  a t  a 

fix ed  vo ltage  corresponding to  th e  prim ary beam lab o ra to ry  energy E^ so 

th a t  th e  transm ission  c o e f f ic ie n t o f the  analyzer remains th e  same dur

ing  the  experim ent. At each s c a t te r in g  angle the  e la s t i c a l ly  sc a tte re d  

ions a re  acce le ra ted  by th e  amount given in  Eq. ( i l - t )  to  compensate 

fo r  th e  momentum tra n s fe r re d  in  th e  c o l l is io n s .  E la s t ic  s c a tte r in g  da ta  

are  u sually  taken a t  angular in te rv a ls  1 /3 ° , 2 /3° o r 1°, depending upon
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th e  s i tu a t io n  and the  o b jec tiv e  o f  th e  experim ent. E la s tic  s c a tte r in g  

da ta  a re  co rrec ted  fo r re a c tio n  path  and transform ed in to  the  cen te r of 

mass frame o f re fe ren ce .

As w i l l  be d iscussed in  d e ta i l  l a t e r ,  considerab le  e f f o r t  has 

been made to  compare the  r e la t iv e  e la s t i c  d i f f e r e n t ia l  cross sec tio n s  

( a t  th e  same C.M. c o ll is io n  energy) fo r  the  two negative io n s , H and 

D~. S p e c if ic a l ly , we have looked fo r  s l ig h t  d iffe ren ces  in  the  slopes 

of the  measured ( r e la t iv e )  d i f f e r e n t ia l  cross se c tio n s . For a l l  o f  the 

experiments rep o rted  h e re , the  prim ary beam in te n s i ty  i s  s tab le  to  

w ith in  5% during the  runs. The c o rrec tio n s  ap p lied  to  the  lab o ra to ry  

da ta  are  perhaps le s s  c e r ta in  than 5% over the  angular range u t i l iz e d .  

However, th e  same system atic  e r ro r  ( i f  any) would be p resen t when 

transform ing lab o ra to ry  in te n s i t ie s  in to  C.M. cross sec tio n s  fo r  both 

iso to p e s , and hence would no t appreciab ly  a l t e r  any d iffe ren ce  in  the  

slopes o f  the  two d i f f e r e n t ia l  cross se c tio n s .

As w i l l  be shown, some in e la s t ic  processes have been observed 

in  th e  c o l l is io n  o f H-  w ith  in e r t  gas atoms. For in e la s t ic  s c a tte r in g  

an energy scan of the  d e sired  ions i s  made a t  various lab o ra to ry  

ang les. The angle is  u su a lly  advanced 1° and th e  energy scan procedure 

is  repeated . In  t h i s  way double d i f f e r e n t ia l  cross sec tio n s  can be 

obtained. The angular d i f f e r e n t ia l  cross sec tio n s  are found by in te 

g ra tin g  the  area  under each curve o f the  energy p ro f i le  fo r  th e  product 

ions.

An e f f o r t  was made to  measure the  k in e tic  energy sp ec tra  of 

the  detached e le c tro n s . For th i s  purpose th e  rad io  frequency mass 

spectrom eter and magnetic p a r t ic le  m u lt ip l ie r  were removed from th e
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system and a Bendix Channeltron p a r t ic le  m u lt ip l ie r  was in s e r te d  a f te r  

th e  127° e le c t r o s ta t ic  analyzer. The c o l l is io n  region was sh ielded  

from th e  magnetic f ie ld s  o f the  primary heam electrom agnet and the 

ea r th  by appropria te  m a te r ia ls . Consequently the  magnetic f i e ld  in  the  

c o ll is io n  region was reduced to  le s s  than 0.15 gauss. Background 

e le c tro n s , presumably re s u lt in g  from detachment on s l i t s ,  were a pro

blem and c o n s ti tu te d  an appreciab le  f ra c tio n  o f the  tru e  detached 

e lec tro n s  d e tec ted  when th e  ta rg e t  gas was adm itted to  th e  c o ll is io n  

chamber. Because o f th e  e la s t ic  s c a t te r in g  o f th e  prim ary beam (when 

the  ta rg e t  gas was ad m itted ), su b trac tio n  o f the  "background" was not 

thought to  be p a r t ic u la r ly  r e l ia b le .  Consequently we are  only able to  

re p o rt on the q u a li ta t iv e  aspects o f th e  detached e lec tro n  energy 

sp ec tra .



I I I .  COLLISIONAL DETACHMENT OF ELECTRONS FROM NEGATIVE IONS

Our cu rren t s tu d ie s  have concentrated  on e lec tro n  detachment 

in  low energy c o ll is io n s  o f H~ and D~ w ith  ra re  gases. The sim plest 

systems are  He-H (D~) and fo r  th ese  systems our experiments show th a t  

in e la s t ic  channels o th e r than  e lec tro n  detachment are  r e la t iv e ly  unim

p o rtan t in  the  5 to  120 eV energy range o f th e  experim ents. In  analyz

ing th e  e la s t ic  d i f f e r e n t ia l  s c a tte r in g  cross sec tio n s  fo r  th ese  sys

tems i t  i s  th e re fo re  reasonable to  assume th a t  c o ll is io n s  o f  H~(D ) 

w ith He proceed only through two channels, e la s t ic  s c a tte r in g  and 

e le c tro n  detachment. In fa c t  the  same assumption i s  gen era lly  v a lid  in  

t r e a t in g  o ther low-energy H_- in e r t  gas system s. However, i t  should be 

noted th a t  two o th er in e la s t ic  channels, namely,

♦  M .  - *  ♦  H «  ♦  2 e -

H 'C jf)  ♦ -*• H '(t> ‘) ♦ A*
are  observed a t  moderate c o l l is io n  en erg ies . The cross sec tio n s  fo r  

th ese  processes a re  observed to  be very sm all compared to  the  e le c tro n  

detachment cross s e c tio n s , and a re  neg lec ted  in  th e  trea tm en t o f  the  

e le c tro n  detachment p rocess . These two channels w il l  be d iscussed  

sep a ra te ly .

F i r s t ,  a  b r i e f  h i s to r i c a l  survey o f e a r l i e r  experim ental and 

th e o re t ic a l  s tu d ie s  o f e le c tro n  detachment i s  p resen ted . The most de

t a i l e d  e x is t in g  theory  o f e le c tro n  detachm ent, th e  complex p o te n t ia l

25
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d e sc rip tio n , i s  p resen ted  h e u r is t ia l ly  and then  in  a more rigorous 

se m i-c la ss ic a l form ulation . E la s t ic  d i f f e r e n t ia l  and t o t a l  detachment 

cross  s e c tio n s , as w ell as the  energy sp e c tra  o f the  detached e lec 

tro n s , a re  tr e a te d  in  a complex p o te n t ia l  model. These th e o re tic a l  

p re d ic tio n s  a re  then compared w ith  our observations and w ith  d a ta  from 

o th e r la b o ra to r ie s . The s im plest systems H~(D~)-He are  tr e a te d  in  

g rea t d e ta i l .  C o llis io n  s tu d ie s  w ith  th e  heav ie r t a r g e t ,  Ar, are  p re

sented  and compared to  the  r e s u l ts  fo r  the  l ig h te r  t a r g e t ,  He. Fin

a l ly ,  experim ental d a ta  fo r  Ne-H~, Xe-H~ are  shown and th e i r  q u a li ta 

t iv e  fea tu re s  are  d iscussed  w ith in  the  framework o f  the  complex p o ten t

i a l  model.

IIIA . H is to r ic a l  Survey

1. Experim ental Aspects

C o llis io n s!  detachment o f e le c tro n s  from negative  ions

A" * B — ► A  ♦ B ♦ e "
25was f i r s t  experim entally  s tu d ied  by D ukelskii and Zandberg and by 

26Hasted. Both s tu d ie s  u t i l i z e d  standard  ion beam s t a t i c  gas ta rg e t  

techn iques. F a ir ly  la rg e  e lec tro n  production  cross sec tio n s  were found 

even a t  c o ll is io n  energ ies as low as 100 eV. The ion beam method has 

since  been used ex ten siv e ly  to  measure various t o t a l  detachment cross 

s e c tio n s , and a few d i f f e r e n t ia l  cross se c tio n s . Two major methods us

ing  beams have been employed fo r  t o t a l  cross sec tio n  measurements, beam 

a tte n u a tio n  and e lec tro n  c o lle c tio n . Shock tube techniques have a lso  

been vised to  ob ta in  th e  detachment r a te  c o e ff ic ie n ts  fo r  many pro
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27cesses . These l a t t e r  techniques a re  va luab le  in  studying the  th re s 

hold  behavior o f  detachment cross s ec tio n s  because ion  beam measure

ments have been lim ite d  to  c o ll is io n  energ ies above a few eV. The sub-
1 28je c t  o f e le c tro n  detachment has been reviewed by Branscomb, Hasted,

29 9 30Bardsley and Mandl, Chen, and R isley  and G eballe. We s h a l l  l im it

the  cu rren t d iscussion  to  the c o l l is io n a l  detachment o f H~(D ) by in e r t

gas atoms. Throughout th e  d iscussion  we s h a ll  denote an unsp ec ified

in e r t  gas atom by th e  symbol X.

The H~-X systems were f i r s t  s tu d ied  experim entally  by
26 —H asted. The t o t a l  detachment cross sec tio n s  fo r  H~ on He, Ne, A r, Kr

and Xe were measured a t  c o ll is io n  energ ies from 100 to  2500 eV. These

in v e s tig a tio n s  were l a t e r  extended up to  hO KeV by S tedeford  and 
31Hasted. Since th e n , o th e r in v e s tig a to rs  have s tu d ied  th ese  systems

from 5 eV up to  70 KeV and the  known experim ental r e s u l ts  fo r  these  

systems are  summarized in  Table I .

Of a l l  th e  experim ental work on negative  ion s c a t te r in g ,  only

th re e  in v e s tig a tio n s  have d e a lt  w ith  d i f f e r e n t ia l  measurements. Angu-
33 -l a r  work was f i r s t  rep o rted  by Keever e t  a l .  on the  c o ll is io n  of H

w ith  He a t  one s c a t te r in g  ang le, 1 .2 °  in  the  KeV reg ion . The hydrogen

charge f ra c tio n s  (th e  f ra c tio n  Pq (n = - 1 ,  0, l )  o f those p a r t ic le s

s c a tte re d  through an angle 0  which have a  charge s ta t e  n) from c o l l i -
3I4.

s ions o f  H w ith  He were l a t e r  measured by McCaughey and Bednar.

Their experiments covered s c a t te r in g  angles from 0 .3 °  to  5° and a  la b 

o ra to ry  energy range o f .U7 to  20 KeV. The H charge f ra c tio n  P^Cn—l )  

was found to  have a  minimum a t  a  value o f E* #  = 1  KeV-deg. A s im ila r  

behavior o f  th e  H~ charge f ra c tio n  was a lso  observed in  t h e i r  l a t e r
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TABLE I

EXPERIMENTAL RESULTS ON THE TOTAL ELECTRON DETACHMENT 

CROSS SECTION OF H-  IN INERT GASES

Energy
(KeV)

Target

.1 -2 .5  He, Ne, Ar, 
Kr and Xe

3-UO He, Ne, A r, 
Kr and Xe

U-70 He, Ne, Ar,

.05-.35  He, Ne, A r,

5-U0 He, Ne, Ar, 
Kr and Xe

.2 -7  He, Ne, Ar,
Kr and Xe

2-50 He, Ne, Ar

U-30 He, Ar

.1-10 He, Ar

Experim ental
Method

E lectron
C ollection

E lectron
C ollection

Beam
A ttenuation

Beam
A ttenuation

P o s itiv e
Charge
C ollection

«*

C ollection  
o f N eutral 
and P o s itiv e  
Sp icies

C ollection  
o f N eutra l 
P a r t ic le s

Beam
A ttenuation

Measurement Reference

n 1Q + OT.li* Hasted
26

(T'-IO + 0T .li S tedeford and
Hastes

^ i o  + <T_n

Ot.10 + Ot.11 

(r - n

0 ^ 1 ,0  

0 T i i  & <TTio

10

i31
3

32(a)S tie r" ’‘" ,“ / and 
B atn e tt

Baxley 
e t  a l .

Fogel’ . 32^  
e t  a l .

32(c)Bydin

W illiams32^

Simpson32^  
and Gilbody

O 7 i0> (T in * * *  Ridley
36

* and 0 * '^  denote s in g le  and double e lec tro n  detachment, respec
t iv e ly .

** no t a v a ilab le

*** 0* io  i ° r  abd D~ p ro je c t i le s
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35experiments w ith  o th e r in e r t  gas ta r g e t s .  NO th e o re t ic a l  explana

t io n  is  a v a ilab le  fo r  the  rep o rted  minima. I t  i s  noted th a t  Pq =^Lm j  
, and th a t  in  t h e i r  high energy experiments the  t r a 

je c to r ie s  o f the  e la s t i c a l ly  s c a tte re d  H~ ions (corresponding to  )

a re  not a ffe c ted  by in e la s t ic  processes such as s in g le  and double e lec 

tro n  detachment because th e  change in  energies i s  r e la t iv e ly  sm all com

pared to  th e  c o ll is io n  energy. As a r e s u l t ,  i t  i s  reasonable to  assume 

th a t  th e  H atoms and the  H ions de tec ted  a t  an single 0  are  from those 

t r a je c to r ie s  o f th e  corresponding e la s t i c a l ly  s c a t te re d  If-  ions a r r iv 

ing  a t  the  same ang le. In  th i s  case the charge f ra c tio n  Pq should re 

p resen t the  p ro b a b ility  th a t  s c a tte r in g  from a given t r a je c to ry  process 

w i l l  le ad  to  the  production o f a charge s ta t e  n o f th e  hydrogen atom, 

proVided th a t  o th e r in e la s t ic  processes a re  unim portant. I f  th e  angu

l a r  d is tr ib u tio n  o f th e  H charge f ra c tio n  i s  indeed due mainly to  the  

e la s t ic  s c a t te r in g , then one would expect a  n o tic a b le  p e rtu rb a tio n  on 

the  e la s t ic  d i f f e r e n t ia l  cross sec tio n s  around E #  = 1 KeV=deg i f  the

E-0 sca lin g  law i s  ap p licab le  a t  a l l .  No such p e rtu rb a tio n  has been
36observed in  our low energy experim ents nor in  R isley  and G eballe 's  

experiments a t  energ ies comparihM to  those o f McCaughy and Bednar.

A s e r ie s  o f negative  ion s c a tte r in g  experiments have re c e n tly  

been completed by R isley  and G eballe. Their measurements included 

abso lu te  detachment cross sec tio n s  fo r  H on He and H on Ar fo r  c o l l i 

sion  energ ies from .1 to  10 KeV, and th e  abso lu te  e la s t i c  d if fe re n tia l ,  

cross sec tio n s  fo r  H~ on He in  th e  energy range 200-1000 eV over the  

angular range 10° -35°• The d i f f e r e n t ia l  cross sec tio n s  have been 

found to  be m onotonically decreasing  w ith  s c a tte r in g  angle and no
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s tru c tu re  has been observed. For the  H -He, H -Ar c o ll is io n s  they  re 

po rted  th a t  no ta rg e t  e x c ita tio n s  were observed, in s te a d  auto-detaching  

s ta te s  o f H~ were found.

In  summary, much work has been done in  ob ta in ing  t o t a l  de

tachment c ro ss  sec tio n s  fo r  the  H ~-inert gas system s, p rim arily  a t  

energies above 200 eV. Not much inform ation can be learn ed  about the 

mechanism o f c o l l is io n a l  detachment from these  high energy measure

ments . Much more inform ation on th e  detachment process can be obtained 

from low-energy d i f f e r e n t ia l  s c a t te r in g  measurements.

2. T h eo re tica l S itu a tio n

A mechanism fo r  c o l l is io n a l  detachment o f e lec tro n s  from neg-
37a tiv e  ions was f i r s t  proposed by Bates and Massey. They suggested 

th a t  detachment followed th e  form ation o f a  c o l l is io n  complex, which 

then decayed by e lec tro n  em ission. This l in e  of thought was explored
Oft -3Q

la t e r  by Chen and by Herzenberg who form ulated th e  detachment pro

blem w ith in  th e  framework o f a complex p o te n t ia l .  The detachment p ro -
1*0blem has a lso  been in v e s tig a te d  by Demkov and Osherov by considering  

non -ad iabatic  e f f e c t s ,  analogous to  the  tw o-level curve c ro ssin g  pro

blem. Based on th e  lo o se ly  bound n a tu re  o f negative  io n s , a  f re e  e lec 

tro n  model and a £  -fu n c tio n  model have been proposed by Bates and
1*1 1*2 lt3 1*? 1*1* 1*5Walker and by F irso v , * Smirnov * and Demkov, re sp e c tiv e ly .

The fre e  e le c tro n  model describes e le c tro n  detachment in  terms o f the

e la s t i c  c o l l is io n  o f th e  e x tra  e le c tro n  w ith  th e  ta r g e t  atom; the  £  -

function  model t r e a ts  th e  problem by confin ing  th e  motion o f the  e x tra

e le c tro n  to  a  very r e s t r ic te d  reg io n . A lso, c a lc u la tio n s  using  the



k6Born approximation have been u t i l i z e d  to  ob ta in  high energy t o t a l  de

tachment cross sec tio n . F in a lly  a s t a t i s t i c a l  model based upon phase
U7space arguments has been developed by Shui and Keck to  c a lc u la te  de

tachment ra te s  a t  therm al en erg ies . We s h a l l  p resen t b r i e f  o u tlin e s  of 

these  various approaches but d iscu ss  in  considerable  d e ta i l  only the  

complex p o te n tia l  model o f e lec tro n  detachment.

Quasi-Free E lectron  D escrip tion

In th is  model the  lo o se ly  bound e lec tro n  on th e  core o f the  

negative  ion i s  considered as a q u a s i- fre e  p a r t ic le  during th e  c o l l i 

s io n . This assumption is  reasonable a t  high energ ies because the  d is 

to r te d  f i e ld  o f  the  core atom in  most cases holds the e x tra  e le c tro n  

only very weakly and, hence, the  rad ius o f  the  negative  ion i s  much 

la rg e r  than  th e  n e u tra l  atom. The c o l l is io n  o f a negative  ion w ith  i t s  

ta rg e t  i s  viewed as the  e la s t i c  s c a tte r in g  o f  the  e x tra  e lec tro n  from 

the  ta r g e t .  The binding  o f the  e x tra  e lec tro n  to  i t s  core determ ines 

the  momentum d is tr ib u tio n  o f  the  e x tra  e lec tro n  in  the  d is to r te d  f i e ld  

of th e  p a ren t atom. The t o t a l  detachment cross sec tio n  i s  obtained  by 

averaging the  e la s t i c  s c a tte r in g  cross sec tio n s  of th e  e x tra  e lec tro n

a t  a  given momentum over t h i s  momentum d is tr ib u t io n .  C alcu la tions u s-
1*1 _

ing  th i s  model have been c a r r ie d  out by Bates and Walker fo r  H + He.

The th e o re t ic a l  p re d ic tio n s  are  p a r t ly  su ccessfu l in  reproducing the
1*1

high energy experim ental d a ta .

% -  Function Model

A more h e u r is t ic  approach to  the  detachment problem has been
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1*5 1*2 1*3 1*2 1*1*form ulated lay Demkov, F irso v , * Smirnov * and th e i r  co-workers.

The lo o se ly  bound n a tu re  o f th e  e x tra  e lec tro n  i s  a lso  incorpora ted  ex

p l i c i t l y  in to  the  p re sen t model which assumes the  in te ra c t io n  o f the  

e x tra  e lec tro n  w ith  the  ta rg e t  during the  c o l l is io n  i s  r e s t r i c te d  to  a 

lim ited  re g io n . The in te ra c t io n  may be modeled by a simple p o te n tia l  

fo r  which the  tim e-dependent problem i s  so lv ab le  or may be taken in to  

account by sp ec ify ing  th e  boundary cond itions on th e  su rface  of th e  

lim ited  reg ion . The name £ -fu n c tio n  o rig in a te s  from the  sh o rt range 

in te ra c tio n  employed in  th i s  model.
1*5

In  Demkov's i n i t i a l  trea tm en t th e  e x tra  e le c tro n  is  viewed 

as a  free  p a r t ic le  ou tside  a given reg io n , i . e . ,

H  | f »  *  H t ; ,

and considered as a  p a r t ic le  in  some p o te n t ia l  w e ll in  the  region 

r  <  r Q. U nits are  chosen so th a t  h and m sure equal to  one. The r e 

gions are connected by specify ing  th e  logarithm ic d e riv a tiv e  a t the  

boundaiy, v iz .

- L . i ± |  .  4u,.
*  i r \

The Schrodinger equation  can be solved w ith  a c a re fu lly  chosen f ( t )

such th a t  th e  merging o f the  bound s ta te  in to  the  continuum can be

described . Detachment i s  determ ined as th e  lo s s  o f th e  wave packet

when i t  passes through the e f fe c t iv e  p o te n tia l  w e ll determined by f ( t ) .

Another v a r ia tio n  o f the  $  -fu n c tio n  model has been p ro -  
1*2posed by Smirnov and F irsov  w ith in  th e  framework o f time independent 

quantum m echanics. In th e i r  trea tm ent th e  e x tra  e lec tro n  i s  considered
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as a  free  p a r t ic le  ou tside  two sm all reg ions which are  centered  a t  the  

atomic core o f th e  negative  ion and th e  ta rg e t  atom. The in te ra c t io n  

o f th e  e x tra  e lec tro n  w ith  th e  n e u tra l  atoms is  r e s t r i c te d  to  these  two 

sm all reg io n s . The in te ra c t io n  o f  the  two atomic f ie ld s  w ith  the  e le c 

tro n  can he taken in to  account by imposing a  boundary cond ition  on the  

wave function  o f  the  e le c tro n  on the  su rfaces o f the  two atomic co res. 

With some more approximations th e  t o t a l  detachment cross sec tio n  can be 

expressed in  terms o f the  e le c tro n  a f f in i ty  o f th e  core atom of the  

negative  ion and th e  s c a tte r in g  leng th  of th e  low energy e lec tro n  which 

i s  s c a tte re d  by th e  ta rg e t  atom. This model, which i s  v a lid  only fo r  

high energy c o l l is io n s ,  y ie ld s  t o t a l  detachment cross sec tio n s  indepen

dent o f c o l l is io n  energy. The th e o re t ic a l  p red ic tio n s  o f th e  ^  -  

function  model have been compared by Bydin to  th e  experim ental r e 

s u l ts  fo r  H~-H (Hummer e t  a l . ^ )  and H ~-inert gases (B y d in ,^

Hasted * ). N either the  magnitude of th e  t o t a l  c ro ss  sec tio n  nor i t s

dependence on c o l l is io n  energy i s  in  agreement w ith  th e  p re d ic tio n s .

An improved trea tm ent o f  th e  problem has been made by 

Lopantseva and F irsov  in co rp o ra tin g  p e rtu rb a tio n  expansion as w e ll as 

Fermi p o te n tia ls  in  th is  -fu n c tio n  model. F a ir  agreement has been 

achieved w ith  experiments below 50 KeV, b u t the  c a lc u la tio n s  f a i l  to  

describe  th e  r i s e  in  t o t a l  detachment cross sec tio n  (except fo r  H -He) 

a t  h igher en erg ies . I t  should be noted th a t  a t  high c o ll is io n  ener

g ie s ,  p rocesses such as io n iz a tio n  of th e  ta rg e t  atom and double de

tachment o f  the  negative  ions may c o n trib u te  s ig n if ic a n tly  to  the  t o t a l  

detachment cross s e c tio n , and th e re fo re  th e  discrepancy between theo iy  

and experiment may w ell be a t t r ib u te d  to  in e la s t ic  processes o th e r than
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s in g le  e lec tro n  detachment, which occurred in  th e  experiment but were 

not taken in to  account in  the  c a lc u la tio n .

F in a lly , i t  should be noted th a t  th e  k in e tic  energy spectrum 

of the  detached e lec tro n s  can be ca lcu la ted  from the  various ^  -  

function  models, and i t s  dependence on th e  incoming r e la t iv e  v e lo c ity  

is  the  same in  a l l  models.

Phase-Space Theory

This c la s s ic a l  method has been applied  to  th e  detachment p ro -
w  —

blem by Shui and Keck. The c o ll id in g  system A + B is  considered as 

th ree  p a r t ic le s  A + e" + B. The e lec tro n  covers many o rb its  around 

atom A during a s in g le  encounter of th e  heavy p a r t ic le s  A and B, and 

th e  extrem ely la rg e  number o f such o rb its  provides a s t a t i s t i c a l  b asis  

fo r  fu r th e r  co n sid e ra tio n . The e lec tro n  i s  assumed to  be uniform ly 

d is tr ib u te d  over the  a v a ilab le  phase space, and the  momentum tra n s fe r  

to  the  heavy p a r t ic le s  i s  determ ined in  a s t a t i s t i c a l  manner. The mo

tio n  o f th e  th ree  p a r t ic le s  i s  assumed to  be governed by the  super

p o s itio n  of the  pairw ise p o te n t ia ls .  By varying one ad ju stab le  para

m eter in  th e  model th e  theory  gives good agreement w ith  th e  experi

mental d a ta  fo r  the  detachment ra te s  of F + (Ar, N, CO) over the  

energy range 3000-6000° K. I t  should be noted  th a t  the  model i s  ap p li

cable only fo r  slow c o llis io n s  invo lv ing  n egative  ions because in  f a s t  

c o ll is io n s  the  nu c lea r v e lo c ity  i s  comparable to  th e  e le c tro n ic  velo 

c i ty .
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Born Approximation

The Born Approximation was used to  p re d ic t to t a l  detachment 

cross sec tio n s  befo re  the  development o f the  th e o rie s  d iscussed  above. 

I t  i s  w ell known th a t  the  Born Approximation i s  ap p licab le  only a t high 

en erg ies .

Such ca lc u la tio n s  of e lec tro n  detachment cross sec tio n s  were 
1*6f i r s t  done by S ida using  the  Bom Approximation to  ob ta in  the  to t a l  

detachment cross sec tio n  fo r  H~ + He fo r  c o l l is io n  energ ies between 100 

eV and 20 KeV. The a p p lic a b il i ty  o f  the  Born Approximation i s ,  how

ever, no t j u s t i f i e d  in  t h i s  energy range as i s  noted by the  author him

s e l f .  The general shape o f th e  experim ental curve, (E), due to
26 31Hasted e t  a l .  * was su cce ss fu lly  reproduced w hile the  magnitude of 

the  c a lc u la te d  cross sec tio n  was a fa c to r  o f two sm aller than th e  ex

perim ental d a ta . S im ilar c a lc u la tio n s  were performed l a t e r  by McDowell 
U6and Peach to  p re d ic t th e  t o t a l  detachment cross sec tio n  fo r  the  sys

tem (H~ + H) from 3 KeV to  10 MeV. Their r e s u l ts  were found to  be un

s a t is fa c to ry  both in  shape and magnitude when compared to  th e  ex p eri-
1*8mental r e s u l ts  o f Hummer e t  a l . ,  e sp e c ia lly  a t  low en erg ies .

Curve Crossing Framework

Under the  assumption th a t  th e  io n ic  curve A-  + B crosses the 

n e u tra l  continuum A + B + e~, the  detachment problem can be t r e a te d  in  

the  more conventional framework o f  n on -ad iabatic  e f f e c t s ,  analogous to  

th e  tw o -d is c re te -s ta te  cu rve-crossing  problem. In  th e  u n s tab le  reg ion  

each curve in  th e  continuum crosses th e  io n ic  curve and i f  th e  coupling 

between th e  s ta te s  i s  known, the  t r a n s i t io n  p ro b a b ility  can be
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ca lcu la ted  a t  each c ro ssin g . Thus th e  detachment problem may be in v e s t

ig a ted  by the sup erp o sitio n  o f in d iv id u a l detachment p ro b a b il i t ie s  as

the negative  ion covers the  path in  and out o f th e  detachment reg ion .
hOThis approach was proposed by Demkov and Osherov who determined the  

t r a n s i t io n  p ro b a b ility  a t  the  c ro ssin g  p o in ts  by the  Landau-Zener- 

S tueckelberg approxim ation. No p ra c t ic a l  c a lc u la tio n  using  th is  ap

proach has been c a r r ie d  out fo r  a p a r t ic u la r  system.

The Complex P o te n tia l  D escrip tion

th a t  th e  p o te n tia l  curve A** + B crosses the n e u tra l  continuum of A + B 

+ free  e lec tro n  a t  th e  in te rn u c le a r  sep ara tio n  R = R^. An example o f 

the  cro ssing  o f  two such p o te n tia l  curves i s  shown in  F igure 5. I f  the 

c o l l is io n  energy i s  s u f f ic ie n t ly  h igh , the  negative  ion can p en e tra te  

in to  th e  reg ion  R ^  Rx and e lec tro n  detachment becomes e n e rg e tic a lly  

p o ss ib le . In  th i s  case the  u n stab le  s ta te  A-  + B acquires a  width 

which i s  in v e rse ly  p ro p o rtio n a l to  th e  l if e tim e  o f the  s t a t e .  This 

"decaying s ta te "  can then be described  by a complex p o te n t ia l .

the  detachment p ro b a b ility  i s  always u n ity  and th e re fo re  e lec tro n  de

tachment w il l  take p lace  fo r  impact param eters le s s  than  some c r i t i c a l

In t h i s  d e sc rip tio n  o f e le c tro n  detachment, i t  i s  assumed

In a  very simple version  o f th is  model, i t  i s  assumed th a t

value bx> C la s s ic a lly , bx i s  determined from th e  follow ing equation:

I
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I N T E R N U C L E A R  S E P A R A T I O N
Figure 5 Schematic i l l u s t r a t i o n  o f the  p o te n t ia l  curves involved in

th e  e lec tro n  detachment p ro cess . The shaded a rea  rep re sen ts  
the  w idth . f"tR) o f the  HeH~ s ta te  (V i), and th e  dashed l in e  
rep resen ts  one o f the  continuum s ta te s  o f HeH + a f r e e  e lec 
tro n  (w ith k in e t ic  energy = €  ).
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where V^(R) i s  the  re a l  p o te n tia l  curve o f A” + B and E i s  th e  c o l l i 

sion energy. In  t h i s  trea tm ent th e  t o t a l  detachment cross sec tio n  i s  

given by

analyzing the  experim ental t o t a l  e la s t ic  and detachment cross sec tio n s

used to  obtain  th e  p o te n tia l  V^(R), and the  crossing  p o in t Rx was then

located  w ith  the  help  o f th e  a v a ilab le  HeH n e u tra l  p o te n t ia l .  The

crossing  p o in t so obtained was used in  the  above form ula to  c a lc u la te

the t o t a l  detachment cross sec tio n  as a function  o f c o l l is io n  energy.

The agreement between the  experim ental r e s u l ts  and th e  c a lc u la tio n s  was

reasonab le . I t  i s  im portant to  n o te  th a t  th e  e la s t ic  s c a tte r in g  and

e lec tro n  detachment are in tim a te ly  re la te d  in  th e i r  tre a tm e n t, and th a t

any r e a l i s t i c  c rossing  p o in t should be la rg e r  than th a t  derived  by
13Mason and V anderslice. Their va lues fo r th e  c rossing  p o in ts  and po

t e n t i a l  param eters fo r  th e  H~ + X systems a re  l i s t e d  in  Table I I .

TABLE I I

POTENTIAL AND CROSSING POINT OBTAINED BY MASON AND VANDERSLICE13
— oL RSystem Crossing P oin t P o te n tia l  V(R) = Ae

va
This approach was f i r s t  used by Mason and' V anderslice in

fo r H on He measured by B ailey  e t  a l 12 The e la s t i c  cross section , was

R (A) x A (eV)

He -  H 0 .8  -  0 .9 18.1 2.0U

Ne -  H 78 3U.9 2.02
Ar -  H 1 .2 6 60 .1 2.23
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A more d e ta i le d  approach to  th e  problem involves th e  use of a 

complex p o te n tia l  to  describe th e  in te ra c t io n  between th e  in c id en t neg

a tiv e  ion and th e  ta rg e t  atom. The in s t a b i l i t y  o f  th e  negative ion in  

th e  decay region (R <  Rx ) can be accounted fo r  by in troducing  a  f i n i t e  

im aginary p o te n tia l  in  ad d itio n  to  th e  r e a l  one, v i z . ,

W < R >  =  V. ( R \  -  £

where th e  negative  sign  in d ic a te s  th e  lo s s  of negative  ions (absorp

t io n ) .  The p ro b a b ility  th a t  th e  e lec tro n  does n o t detach (the  c e n tra l 

p a r t  o f such a  theory) can be expressed in  terms o f th e  imaginary p a rt 

o f th e  p o te n t ia l ,  f* (R ). Furtherm ore, various methods fo r  r e a l  po

t e n t i a l  sca tte rin g , may be adopted w ithout much m odifica tion  to  solve 

th e  s c a t te r in g  problem. I t  i s  noted th a t  th e  approach used by Mason 

and V anderslice i s  equ ivalen t to  P  = ©O fo r  R <  R^ in  th e  complex 

p o te n t ia l  d e sc r ip tio n .

The o r ig in  o f th e  complex p o te n tia l  formulism can be tra c e d ^ : 

to  the development o f resonance s c a tte r in g  th e o ry , whose ra p id  develop

ment in  atomic and m olecular physics has been due in  p a r t  to  recen t ex

perim ental advances in  th e  s c a tte r in g  o f e lec tro n s  by atoms and mole- 
29 50cu les . * For example, the  iso to p e  e f fe c t  observed in  the  e lec tro n  

s c a tte r in g  from th e  hydrogen molecule and i t s  iso topes s tim u la ted  the  

f i r s t  attem pt to  c a lc u la te  complex p o te n tia ls  fo r  Hg The d is so c ia 

t iv e  attachm ent re a c tio n

e~ ♦ ab —*■ A' ♦ V,

and i t s  re v e rse , a sso c ia tiv e  detachment



1*0

A' + ft — ► AB ♦
have heen s tu d ied  ex tensive ly  "both th e o re t ic a l ly  and experim entally , 

bu t a d e ta i le d  d iscussion  o f these  processes i s  beyond the  scope o f the 

p resen t work. However, i t  should be noted th a t  a sso c ia tiv e  detachment 

i s  in tim a te ly  re la te d  to  c o l l is io n a l  detachment. As th e  negative ion 

A-  and atom B approach each o th e r and reach th e  unstab le  sep a ra tio n , a 

quasi-bound m olecular ion AB~ i s  formed. This c o l l is io n  complex may 

then decay by e lec tro n  em ission in to  some m olecular s ta te  o f th e  neu

t r a l  molecule AB. C o llis io n a l detachment takes p lace  i f  the  m olecular 

s ta te  i s  rep u ls iv e  w hile a sso c ia tiv e  detachment may r e s u l t  i f  th e  f in a l  

m olecular s ta te  i s  a t t r a c t iv e  ( fo r  example H~ + H+ —* + e ) ,  as is

i l lu s t r a t e d  in  F ig . 6.

In  order to  apply th e  complex p o te n tia l  theory  one needs the  

p o te n tia l  i t s e l f .  U nfortunately  ab i n i t i o  c a lc u la tio n s  o f  complex po

te n t i a l s  have been c a r r ie d  out only fo r  H~ + H by B ardsley , Herzenberg 

and Mandl. ^  The p o te n tia l  i s  defined  in  th e  Bom-Cppenheimer sense 

which means th a t  the  slow n u c lea r motion can be described  in  the  aver

age f ie ld  o f  the  f a s t  moving e le c tro n s , and i t  i s  b e liev ed  th a t  the  po

t e n t i a l  might be meaningful only fo r  th e  case o f  a sharp re s o n a n c e .^

I t  i s  now well-known th a t  ab i n i t i o  c a lc u la tio n s  o f complex p o te n tia ls

are very d i f f i c u l t  to  perform . The d i f f i c u l t i e s  encountered have been
29 9discussed  by Bardsley and Mandl, and Chen.

By em p irica lly  f i t t i n g  th e  av a ilab le  e -  H,, (and iso to p es)
52s c a tte r in g  d a ta , Chen and Peacher have obtained  the  complex -
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Figure 6 Schematic i l l u s t r a t io n  o f th e  r e la t io n  between c o l l is io n a l

and a sso c ia tiv e  detachment p ro cesses . The shaded a rea  rep re 
sen ts  th e  w idth, H r ) , o f th e  s ta te  AB~, and the  s o l id  l in e s  
rep re sen t th e  hound and unbound s ta te s  o f AB.
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p o te n tia ls  fo r  H + H. The uniqueness o f  th e  p o te n tia ls  derived in

th is  manner i s  questionab le  as i s  noted by th e  authors them selves. The

ab in i to  and sem i-em pirical complex p o te n tia ls  fo r  H~ + H are  q u ite

markedly d if f e r e n t .  These two se ts  o f complex p o te n tia ls  have been used

to  explain  th e  phenomena observed in  th e  s c a tte r in g  o f e lec tro n s  from

hydrogen molecules and th e i r  iso to p es , namely, th e  iso tope  e f fe c ts  in

d is so c ia tiv e  attachm ent, and the resonance v ib ra tio n a l e x c ita tio n  of

Hg. N either p o te n tia l  i s  su ccessfu l in  exp lain ing  both aspects o f the

experim ental d a ta . The d e ta i l s  o f how and why disagreem ents e x is t  be-
9

tween these  two p o te n tia ls  have been d iscussed  by Chen.

The ex istence  o f e le c tro n  detachment dep le tes  o th e r s c a t te r 

ing  channels and th e re fo re  causes a reduction  in  th e  e la s t ic  and in 

e la s t i c  cross se c tio n s . Such a damping e f f e c t  was f i r s t  th e o re t ic a l ly
53i l l u s t r a t e d  by B ardsley. Ab i n i t i o  complex p o te n tia ls  fo r  H + H

were used to  c a lc u la te  the  t o t a l  charge t r a n s fe r  cross sec tio n  fo r

H~ + H. The re s u l ts  were then compared to  those obtained  by Dalgarno 
5Uand McDowell w ith only the  r e a l  p o te n t ia ls .  As i s  expected, the  

t o t a l  charge tr a n s fe r  cross sec tio n  c a lc u la te d  by Bardsley l i e s  below 

th a t  c a lcu la ted  by Dalgarno and McDowell and gives b e t te r  agreement
U8w ith th e  experiments o f Hummer e t  a l .  T h eo re tica l in v e s tig a tio n s  o f

damping e f fe c ts  on d i f f e r e n t ia l  cross sec tio n s  have been made by Mizuno 
lU -and Chen using  H + H as an example. A th re sh o ld  fo r  e lec tro n  de

tachment was found in  the e la s t ic  d i f f e r e n t ia l  cross sec tio n .

F in a lly  we mention th e  d iffe ren ce  between the  two major ap-
9 38proaches to  th e  form ulation o f th e  complex p o te n tia l  th eo ry . Chen * 

ta ck led  th e  problem by using  Feshbach p ro je c tio n  opera to rs and p ro jec ted



out a l l  channels o ther than e la s t ic  s c a tte r in g  and e lec tro n  detachment. 

He then made an assumption th a t  these  tvo s c a t te r in g  channels were

governed by a  lo c a liz e d , velocity -independen t complex p o te n tia l .
39Herzenberg, on the  o th e r hand, assumed th a t  th e  p o te n tia l  curve fo r  

the c o llid in g  system was r e a l  fo r  R >  Rx and defined  i t  in  th e  usual 

Born-Oppenheimer sense. The p o te n tia l  was supposed to  become complex 

as th e  p o te n tia l  curve moved across the  c ro ssin g  p o in t Rx - The p o ten t

i a l  curve was assumed to  continue in to  th e  unstab le  region a d ia b a ti-  

c a lly . At any r a te  the Born-Oppenheimer meaning o f a  complex p o te n tia l  

is  s t i l l  not c le a r . In  f a c t  no rigorous d e riv a tio n  o f a complex po

t e n t i a l  in  the  Born-Oppenheimer approximation i s  a v a ila b le .

I I I .  B D e ta ils  o f the  Complex P o te n tia l  Model

Let us now consider the ap p lica tio n s  o f a complex p o te n tia l  

model in  some d e ta i l .  In the  c o l l is io n  o f th e  negative  ion w ith a  neu

t r a l  atom i t  w i l l  be assumed th a t  only two channels are  open, namely, 

e la s t i c  s c a tte r in g  and e lec tro n  detachment.

I t  is  assumed th a t  as th e  n egative  ion approaches the  ta rg e t 

atom, th e  energy o f  th e  bound s ta te  o f th e  e le c tro n  r is e s  u n t i l  i t  

c rosses o r becomes degenerate w ith  the  continuum o f s ta te s  rep re sen tin g  

neutral, atoms and a  f re e  e le c tro n . At th i s  p o in t, i t  i s  sa id  th a t  the 

energy acqu ires a w id th , P  (R ), and th e  s ta te  decays in  time as de

tachment occurs. In p r in c ip le ,  i t  i s  p o ssib le  to  c a lc u la te  the  p o ten t

i a l  and the  w idth ab i n i t i o . 1^ and i f  t h i s  could be done in  p ra c t ic e , 

i t  would th en  be a sim ple m atte r to  derive  th e o re t ic a l  expressions fo r  

the  su rv iv a l p ro b a b ility  o f th e  n egative  io n , th e  d i f f e r e n t ia l  cross
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sec tio n  fo r  the  e la s t i c a l ly  s c a tte re d  io n s , and th e  energy spectrum of 

the  detached e le c tro n s .

The detachment process may he viewed as fo llo w s: Consider

the time dependent wave equation fo r  th e  cen te r o f mass n u c lea r mo- 

t i c : 55

t- * (v, - cn*Ol' -  i t H

M ultiply the  above equation by *, and i t s  complex conjugate equation 

by and su b tra c t . The r e s u l t  i s

+ v - f  a -•£ Ci**!

£  ( > ( * , * >  *  ?  f  ( t . i \

where i s  th e  p ro b a b ility  d en sity  o f  fin d in g  th e  system

A + B a t  R and t ,  and

3  ' t  ]

i s  the  p ro b a b ility  c u rre n t. I f  P  £ 0

W  * * *  “  0
which i s  ju s t  the  equation  o f co n tin u ity  fo r  a  r e a l  p o te n t ia l  V^(R)-.

The a d d itio n a l term  -  i t  in  th is  case in d ic a te s  th a t  the  negative

ions are  being  absorbed a t  th e  r a te  I t  p e r u n it  volume.

In  the  energy range o f our experim ents sem ic la ss ic a l consid

e ra tio n s  a re  v a lid  because o f the  sh o rt wavelength a sso c ia te d  w ith the
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n u c lea r motion. In th is  framework

3  •  ■

For non-zero P  , the  e la s t ic  d en sity  ^  s a t i s f i e s

♦ * 5 *  =
I f  we assume th a t

f «  ■  t - r ,

where P i s  a f a c to r  rep re sen tin g  the  s tirv iv a l p ro b a b ility  o f  th e  nega

tiv e  ion ag a in s t e le c tro n  em ission,then we have

a  .  ® . v P  .  - f P

or

i l  = - i P
< U  *  r

p  -  l ' i  t 4 * ’ I

The e la s t i c  d i f f e r e n t ia l  cross sec tio n  i s  defined  as

thJ a \  A (1 -  P a r t ic le s  sca ttered  in to  d A  per u n it  time 
v \ Q i ® “ in c id en t p a r t ic le  in te n s ity

The number of p a r t ic le s  s c a tte re d  in to  d f l  p e r  u n it  tim e i s  ju s t

, where ds the  a rea  subtended by th e  so lid  angle d ffc , and 

£  i s  the  p ro b a b ility  d en sity  o f  fin d in g  th e  system A + B a t  la rg e  R 

and t .  T herefore,
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and

is  ju s t  the  p ro b a b ility  th a t  the  e lec tro n  does no t detach , i . e .  the 

su rv iv a l p ro b a b ility  o f  the  negative  ion . I t  should be noted  th a t  0J 

i s  determined so le ly  by the  r e a l  p a r t  o f the  complex p o te n tia l .

This form of the  su rv iv a l p ro b a b ility  may be re -w rit te n  as

where Rq i s  th e  c la s s ic a l  tu rn in g  po in t fo r  th e  r e a l  p a r t o f the  com

p lex  p o te n t ia l ,  V ^R ), and i s  the  r a d ia l  v e lo c i ty , and dR/>ypR i s

ju s t  th e  time taken by the  n u c le i to  move th e  d is tan ce  dR. W ithin the 

framework o f t h i s  model, the  e la s t ic  d i f f e r e n t ia l  cross s ec tio n  o f a 

negative ion s c a tte re d  by an atomic ta rg e t  can be expressed as th e  p ro

duct of the  d i f f e r e n t ia l  cross s ec tio n  determined so le ly  by th e  r e a l  

p o te n tia l  V^(R) and a  su rv iv a l p ro b a b ility  determined by th e  imaginary 

p a r t  p  (R).

Previous experim ental s tu d ie s , sem i-em pirical analyses and 

some ab i n i t i o  ca lcu la tions have tended to  in d ic a te  th a t  V^(R) fo r  the  

H ~-inert gas systems are  rep u ls iv e  a t  l e a s t  fo r  R <  5 aQ, which i s  the

* 2 f«l 11**!* * 0o; ft)
a •fs,

Ps s 4xp t- f-00
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region sampled by th e  p resen t experim ent. This i s  no t su rp ris in g  be

cause the  rep u ls iv e  na tu re  o f V^R) stems n a tu ra l ly  from the e lec tro n ic  

s tru c tu re s  o f  th e  c o llid in g  sp ec ies: Both possess c losed  outermost

s h e lls .  Furtherm ore, our experim ental e la s t i c  d i f f e r e n t ia l  cross sec

tio n s  show no in te rfe re n c e  e f fe c ts  and hence suggest th a t  V^(R) i s  re 

p u ls iv e . We s h a ll  th e re fo re  assume V^(R) fo r  H~ + X systems to  be re 

p u ls iv e  fo r  R < 5 aQ. In  o rder to  f a c i l i t a t e  th e  d iscu ss io n , we s h a ll  

denote the  p o te n tia l  fo r  the  system H + X as Vg(R).

The E la s tic  D if fe re n tia l  S c a tte rin g  Cross Section

F ig . 5 shows th e  q u a li ta t iv e  fe a tu re s  o f the  p o te n tia l  curves 

involved in  th e  c o ll is io n  o f H-  w ith a ra re  gas atom (X). I t  should be 

noted th a t  since  the  e x tra  e le c tro n  may have any non-negative energy,

(  , we can regard  th e  t o t a l  e le c tro n ic  energy o f th e  (X + H + free  

e lec tro n ) system as a  continuum of p a r a l le l  curves. At in f in i t e  separ

a tio n , the  io n ic  s ta te  l i e s  .75 eV (e le c tro n  a f f in i ty  of hydrogen atom) 

below th e  n e u tra l  s t a t e .  For sm all sep ara tio n s  the  ion ic  curve i s  be

liev ed  to  l i e  in  the  continuum of XH + free  e lee tro n  so i t  can no long

e r  be regarded as bound, bu t r a th e r  a quasi-bound resonance. Since the  

e lec tro n  has enough energy , i t  w i l l  ev en tu a lly  escape, so the  boundary 

condition  on th e  e le c tro n ic  wave func tion  i s  th a t  i t  be pure ly  outgoing 

a t  la rg e  d is ta n ce s . I t  can th e re fo re  be described  as a decaying s ta te  

w ith a complex energy. HSince V̂ Cr ) i s  monotonic and th e  deBroglie 

wavelength is  sm all w ith  re sp ec t to  th e  range o f  th e  p o te n t ia l ,  we can 

express the  d i f f e r e n t ia l  cross sec tio n  in  th e  absence o f detachment,

0? to), as
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° T l 9 >  *  "  l u i a ?  ( I I M >

where

« (U .  (owl = •»- abT w % ^ a ^ (III-2)

Within the  sem ic la ss ica l approach, the p ro b a b ili ty  th a t  the 

e lec tro n  does no t detach i s  given by

p , < »  *  * k P  ( -  . $ r  j - y g - ) .
R

This q u an tity  depends upon th e  impact param eter b and hence the  s c a t

te r in g  angle Q through th e  dependence on th e  c la s s ic a l  tu rn in g  po in t 

Rq , and the  r a d ia l  v e lo c ity  ITp* which i s  given by

^  ~ 4 f

Accordingly the  detachment p ro b a b ility  can be w ritte n  as

P4 t») *  1  -  P,<e>.

The d i f f e r e n t ia l  c ross sec tio n  fo r  e la s t i c  s c a t te r in g  i s  then  given by

(III-U )



We can immediately v is u a liz e  the  q u a li ta t iv e  behavior o f the

e la s t i c  d i f f e r e n t ia l  cross sec tio n  which i s  shown in  F ig . 7* At la rg e

impact param eters, the  H~ never p en e tra te s  in to  the  detachment reg ion ;

hence e lec tro n  detachment would be c la s s ic a l ly  fo rb idden , so a t  sm all

E . e ,  pn ( e  ) = 1 and th e  cross sec tio n  i s  com pletely e l a s t i c .  At smal- s
l e r  impact param eters, P ( 0  ) < 1 , so a t  la rg e  E .© the  e la s t i c  crosss
sec tio n  i s  le s s  than Qt* . When R = R , we are  a t  the  th resh o ld  fo r9 o x ’
detachment. However, i t  must be recognized th a t  th i s  th re sh o ld  i s  no t 

a  sharp p o in t: For Rq s l ig h t ly  g re a te r  than  R^, detachment can s t i l l

take p lace  through non-ad iabatic  e f f e c t s ,  and fo r  Rq le s s  than Rx , the  

su rv iv a l p ro b a b ility  must decrease smoothly. This means th a t  P (R) 

must decrease smoothly as R increases to  Rx » In a  quantum trea tm en t, 

e lec tro n  detachment s t i l l  occurs fo r  R > Rx< However, we b e liev e  i t  

i s  p o ssib le  to  account fo r  th is  c la s s ic a l ly  forbidden detachment in  a 

non-rigorous way by allow ing p  (R) to  be sm all bu t not zero fo r  

R > Rx » In any case , th e  detachment th re sh o ld  may no t be m anifested  

as a sharp ly  defined  fea tu re  in  the  d i f f e r e n t ia l  cross s e c tio n , bu t 

r a th e r  as a reg ion  whose width depends upon th e  p re c ise  behavior o f 

P (R) n ear Rx « These fe a tu re s  are i l lu s t r a t e d  in  F ig . 7•

The theory  a lso  p re d ic ts  th e  ex istence  o f an iso tope e f fe c t .  

For purely  e la s t i c  s c a t te r in g , Eq. ( H I - l )  and ( I I I -2 )  show th a t  the  

d i f f e r e n t ia l  cross sec tio n  in  the  cen te r o f mass frame does no t depend 

on th e  mass, b u t only on th e  center-of-m ass energy. So in  the  absence 

o f detachm ent, a t  a  given cen te r o f  mass energy, H and D should have 

e x ac tly  the same d i f f e r e n t ia l  cross se c tio n . However, a t  th e  same 

energy, they  sire tra v e lin g  w ith  d if f e r e n t  v e lo c i t ie s ,  and the  -
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C L A S S I C A L

E L A S T I C  W I T H  
D E T A C H M E N T

D E T A C H M E N T ,
T H R E S H O L D

Figure 7 Q u a lita tiv e  "behavior o f d i f f e r e n t ia l  e la s t ic  s c a tte r in g  
cross sec tio n  when accompanied "by e le c tro n  detachment.
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detachment p ro b a b ility  in c reases w ith  the  tim e spent in  th e  region 

R <  R^. Prom Eq. ( I I I - 3 )  we have

P. * ! ( • * ]  (II

where

T ( » ) .  ( A V *  r w  _

and ytL i s  the  reduced mass. As a consequence,

t f c c e )
r  cx

(H I-7)

where (T | , 0J§ are  the  d i f f e r e n t ia l  e la s t i c  cross sec tio n s  fo r  D” and 

H- , re sp e c tiv e ly . Since 1 ( 0 )  in c rease s  as © in c re a s e s ,  i t  follows 

th a t  ( 0 )  should decrease more ra p id ly  than C £ |( 0 )  as 0  in c re a se s , 

as i s  i l l u s t r a t e d  in  F ig . 8. The e f fe c t  i s  no t la rg e , b u t i t  should be 

observable in  a c a re fu l experim ent. The d e tec tio n  o f  the  p red ic ted  

iso tope  e f fe c t  c o n s ti tu te s  an im portant success fo r  th e  complex p o ten t

i a l  theo ry .

Energy Spectrum o f Detached E lectrons

In the  complex p o te n tia l  d e sc r ip tio n , fo r  a  given t r a je c to ry ,  

the  p ro b a b ility  th a t  the  e le c tro n  w i l l  detach between tim e t  and t  + d t
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Figure 8 I l l u s t r a t io n  o f  the  Iso tope  E ffec t fo r  th e  D and 

H~ E la s t ic  D if f e re n tia l  S c a tte rin g  Cross S ection , 
(a) Logarithm o f <TH and as a fu n c tio n  of s c a t
te r in g  ang le , (h) Logarithm o f  ( ^ ’h/^I'd) as a 
function  o f s c a t te r in g  angle.
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is

i

—  d t  a *  a x ?  L“ i  ^  ( m - 8 )At * «. Ov

In the  c la s s ic a l  framework, a t  each tim e th e re  i s  a w ell defined p o s i

t io n ,  R ( t) ,  which determ ines the  energy o f the  escaping e lec tro n  

through

« CR«»i = v, - V, C.R<tO (m-9>

(see F ig . 5 ) . T herefore, fo r  each t r a je c to r y ,  th e  p ro b a b ility  th a t  the 

e le c tro n  w i l l  detach w ith  energy between £  and { + d€ i s

t d F . C t ( » 1  I /

where

-  ~ —  ( V, - V.) a
d R  RsR<€>

and tT-r, i s  the  r a d ia l  v e lo c ity ;  t .  and t  . are  the  two tim es a t  which w R m  out
the  tr a je c to ry  passes through the p o in t R(£ ) ,  which i s  obtained by 

in v e rtin g  Eq. ( I I I - 9 ) .  F in a lly , in te g ra tin g  over a l l  t r a j e c t o r i e s ,  we 

ob ta in  the  d i f f e r e n t ia l  cross s ec tio n  o f th e  detached e lec tro n  energy 

spectrum'**’

( i n - i i )



Two remarks about th e  behavior o f fltj ( € ) a re  e sp e c ia lly  

noteworthy. F i r s t ,  a narrow resonance (sm all P  ) im plies a b ro a d  

energy spectrum , whereas a la rg e  T (broad resonance) imples th a t  most 

o f the  e lec tro n s  w ill  come o ff  w ith a very low energy. In the  p resen t 

case, p  i s  la rg e ,  and most escaping e lec tro n s  have k in e tic  energ ies 

le ss  than .1  eV.

Second, we have a lready  mentioned th e  problem o f th e  behavior 

of P  near Rx , and have argued th a t  P  (R) can be assumed to  remain 

f i n i t e  (but sm all) fo r  R > R^. Although such a treatm ent cannot be 

completely rig o ro u s, i t  i s  in te re s t in g  to  consider i t s  consequences.

I t  i s  easy to  show th a t  i f  p  goes to  zero a t  Rx , then the  detachment 

cross sec tio n  must go to  zero as the  e le c tro n  energy goes to  zero ; how

ever, i f  p  remains f i n i t e  a t  Rx , 0 ^  (fc ) w il l  remain f i n i t e  as

(  6 -»  o )  «— *■ r  f a  - * R O .
I f  p  (R) does vanish a t Rx the  Wigner ru le  would p re d ic t  th a t  p  (R)

j, 50
approaches zero l ik e  (R -  Rx ) as R goes to  Rx » However, th i s  has 

no t been te s te d  by experiments and the  l im its  o f i t s  v a l id i ty  are  not 

y e t known.

II I .C  Formal S em ic lassica l Theory o f Complex P o te n tia l  S c a tte rin g

9 38 1^ 52::~n Chen and h is  co-workers * have developed a complete

formulism fo r  e le c tro n  detachment based upon a  JWKB so lu tio n  to  the  

time independent wave equation fo r  a  complex p o te n tia l  whose form i s  

the  same as th a t  in troduced  in  th e  preceding d iscu ssio n . Their t r e a t 

ment, w ith  ap p ro p ria te  approxim ations, reduces to  the  r e s u l ts  o f  Eqs.
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( I l l - l )  -  ( XII—I*). However, i t  contains refinem ents th a t  may become 

im portant a t  high c o ll is io n  en erg ies .

For the  sake o f completeness and c la r i ty  th e i r  formalism w il l  

be p resen ted  and i t  w il l  be shown how th e i r  r e s u l ts  can be made con

s i s te n t  w ith  the  h e u r is t ic  approach above.

P a r t i a l  Wave Analysis

The complex p o te n tia l  V^(R) -  (R) i s  sp h e rica lly  sym

m e tric , and the  p a r t i a l  wave an a ly s is  can th e re fo re  be app lied  to  the
57tim e-independent n u c lea r wave equation

t -  +  < Vi - i p ) )  u  ■  t  y .
? /*  «  *

I t  is  well-known th a t  the  g enera l so lu tio n  o f th i s  equation can be

w ritte n  as a  sum o f  products of r a d ia l  func tions and Legendre poly

nomials:

U ( M )  * I  ( al ♦ 0

where (R) s a t i s f i e s  th e  equation

|JL  -  "V, * ^ P )Ĵ  J(|(w * 0 (in-12)

and i s  su b jec t to  th e  boundary conditions

a  o

and
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( 0 0 )  -  K s>» ( k f t  -  ^  S * ) .

Here E, yuL and k are th e  reduced energy, mass and wave number, respec

t iv e ly ,  and ^  may be complex. I f  th e  p o te n tia l  were id e n tic a l ly

zero , the so lu tio n  to  the  equation would be

-** <*> «  0 * *  C kR.)

with <1 CfcR) being th e  B essel fu n c tio n ; asym pto tically

- — ► S t*  CfcR -

T herefore, S» i s  the  d iffe ren ce  in  phase between th e  asym ptotic forms 

of th e  r a d ia l  function  fo r  non zero V^(R), ,JCg(R), and J ^ 4 ^  . I t  

should be noted th a t  th e  phase s h if ts  com pletely determ ine the  s c a t

te r in g  and th a t  S t  w i l l  be r e a l  i f  th e  p o te n tia l  i s  r e a l .

The u su al d e riv a tio n  of th e  s c a t te r in g  am plitude f ) in  

terms o f th e  p a r t i a l  wave sum need not be repeated . The re s u l ts  are

and th e  e la s t ic  d i f f e r e n t ia l  cross sec tio n

3B 1*^ ( 0 )  I*

where
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Let

„  '»4' ^  
S i  -  «

V t  *  t *  * * '4 l

then

•f«> - -L I e',J/e“fr- (III'15) 
* ‘k  £ »

I f  is  p o s i t iv e , th e  fa c to r  f  in  equation  (111- 15) in d ic a te s

th a t  th e  J t - t h  p a r t i a l  s c a t te r in g  amplitude i s  damped. In  th e  p resen t

case i s  indeed p o s itiv e  because the  complex p o te n tia l  has a  nega

t iv e  imaginary p a r t .  The t o t a l  absorp tion  (detachment) cross sec tio n  

may be w ritte n  as

=  £  i M + ' H i  -  e " * V  ( I I I - l 6 )

jt'O

I f  P  (R) = 0 , ^  w i l l  be r e a l  and A *  = 0. In  th i s  case

and th e  s c a tte r in g  is  com pletely e l a s t i c .  The fa c to r  ( l  -  e ^  ) in  

Eq. ( I I I - 16 ) determ ines the  detachment p ro b a b ility  fo r  the  j ^ - th  p a r t

i a l  wave, and th e re fo re , the  p ro b a b ility  th a t  the  e lec tro n  does no t de

tach  (the  su rv iv a l p ro b a b ility )  fo r  th e  -th . p a r t i a l  wave i s  ju s t

. - ' ' i t  .
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JWKB Phase S h if ts

The JWKB so lu tio n  fo r  th e  r a d ia l  wave equation , Eq. (111-12) 

fo r  R > Rq may he w ritte n  as

R

3  I t i  'iin { *  *  I  V r ) 4 * ' }  (III-17)

where

f *  f * )  58 (111-18)

and

W * ( n  *  £  - [ V a n *  -  T r ( g > J .a /tR *

The constan t ^  is  to  he determ ined, and Rn s a t i s f i e s  th e  equation

0 .

Expanding w  around R and re ta in in g  only th e  f i r s t  two terms gives

1 -  -  ( I  *
E  k*R ?

Wf(S> S - C (R-R.} (111-19)

where

C  »  -  — I ( i n - 2 0 )
4  ft .
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S u b s titu tio n  o f Eq. (111-19) in to  the  r a d ia l  wave equation (111-12) 

gives

{ i l  + »/* [c (H-M + \  ^(R*̂  | * 0
V ct R

which i s  ju s t  th e  Airy equation

i f  we id e n tify

\  [, c r*-»0 ♦ f  rca)J (111-22)

The so lu tio n  o f (111-21) i s  the  well-known A iry func tion  A i(-z ) ,

A ( i >  *  i t  5  c , i  c  T  +
0

whose asym ptotic form is

( ' } >  J C T  % ) .  t i n - 23 )

In o rder to  determ ine th e  constan t o( in  Eq. (111-17) we need th e  con

nec tio n  form ula a t  Rq . Eqs. ( I I I -1 8 )  and (111-19) give

V * Vsa ( 2 / J p  ( C < t - K . )  + i  r f * J J* (III-2‘,)
Hence, the  phase in te g ra l  is
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?y«o*r = 3 C *A cf^ R -(R ,-  jLrdu5"-[iCaa^}

=  - r  ( i n - 25)

where

c  s i  i  M
and

Si s V.cki ♦ ( £ ± J v t

We s h a l l  take the  p r in c ip a l ro o t of ( i ) ^ ^ ,  namely, q t  ( l - i ) ,  and 

d isca rd  th e  o th er one fo r  reasons th a t  w i l l  be explained l a t e r .  So

J i t  = 4 ,  ■ ,_ 4  '
c *  «  i *  i i £

TTRT * Tt\p- * I :  R,

I f  we define
*  < ws* <sHi-us#if-wwL

( I I I -2 6 )

R«R*

then Eq,. (111-25) can be w ritte n  as
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From Eqs. (111-22) and (III-2 1 0 ,

Using th e  r e s u l ts  above, the  JWKB so lu tio n  fo r  JC X( B) can be w ritte n  

as

-  } ' *  A u  \  i  V 1* *  - c  U flrM  *

which has the  same asym ptotic form as Eq. (111-23) i f

*  *  ?  ~ ^  j f V w

Therefore, the  asym ptotic so lu tio n  i s

R* •

Comparing th is  r e s u l t  w ith  th a t  given by Eq. (111-13), the  JWKB phase 

s h i f t  can be w ritte n  as

I t  i s  no ted  th a t  k i s  th e  asym ptotic wave number o f th e  r e la t iv e  motion 

between th e  negative  ion and the  atom, and th a t  ^ ( R )  reduces to  k as 

R because f* (R) vanishes a t  la rg e  R. I f  ^  s  + i w i t h

and being r e a l ,  we have
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(111- 27)
fco

and

4 #  *  4 " V * , i  ♦  * r  £ « > . ! « .  ^ (™ -««>
&»

where

• c. - * - <q$>}*
and

* < M  *  i r i c c ’ I -

- (  I -  &  -  O t + y t )t \ l Ji  ^ H I - 3 0 )
v c  - 7 ^  /  r  •

-UAs we have noted e a r l i e r ,  th e  f a c to r  e *  i s  re la te d  to  th e  su rv iv a l 

p ro b a b ility  o f the  negative  io n , so i t  cannot exceed u n ity . This im

p l ie s  th a t  th e  imaginary phase i s  always non-negative. This i s  the
3/2reason why th e  p r in c ip a l value o f ( i )  i s  re ta in e d .

if r * °»
J b f ' e * , )  -  o
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y * ( *  1 m o

% < *■>  a  r  i  -  &  -  ( A *  7 *
'  6  * » * *

Hence, / ) ^  = 0

( •

e “4 ^  -  /

which are the  r e s u l ts  fo r  r e a l  p o te n t ia l  s c a t te r in g .

S ta tio n a ry  Phase Approximation

We w il l  approximate the  p a r t i a l  wave summation in  Eq. ( I I I -  

lU) by an in te g ra l  and then apply the  method o f s ta tio n a ry  phase to  

ob ta in  th e  cross sec tio n .

The c lo su re  r e la t io n  fo r  Legendre polynomials s ta te s  th a t

2  '** -  Pt (tCSOi mo it gp 0.
Using th i s  form ula in  th e  p a r t i a l  wave sum we have



6k

f ( « )  =  7 7 *  ?  ( i t *  I )  e ' * *  Pt

At energ ies above a few eV the  number o f p a r t i a l  waves needed to  ev a l

u a te  f  ( 0 )  is  very la rg e  and th e  summation may be rep laced  by in te g ra 

tio n  over the  impact param eter b:

I d t + i )  — • K  \  b  J b  ( i n - 3 2 )

Furtherm ore, L ap lace 's  approximation

p* u n 9 ' S S
J  T r O » n e  *

i s  ap p licab le  fo r  la rg e  A C ji« 0  > . With th e se  approxim ations,

f ( 6  ) can be w ritte n  as

t o  * e  3 i i i 3 k )
o

(+)
where th e  phases, (b ) ,  a re  given by

Y * V »  a  •? \ I V >  £ ( k b 9  *  \ )  < m - 3 5 )

This expression fo r  f  ( 0 )  d i f f e r s  from th a t  fo r  a  r e a l  po

t e n t i a l  by the  presence o f th e  fa c to r  e ^ I f  e ^ ^  ^ ) i s no t a
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very ra p id ly  vary ing  func tion  o f th e  impact param eter, th e  in te g ra l  in  

Eq. (111-3*0 can he evaluated  using the s ta t io n a ry  phase approxim ation. 

For an a c tu a l c o l l is io n  system P  (R) is  b e lieved  to  be a  smoothly 

varying fu n c tio n  o f R and vanishes a t  la rg e  R. For la rg e  impact para

meters th e  ion does n o t p en e tra te  in to  th e  detachment reg io n , and fo r  

th ese  c a se s , the  su rv iv a l p ro b a b ili ty  i s  u n ity . The sm aller the  impact 

param eter, th e  deeper th e  p en e tra tio n  o f th e  negative  ion in to  the  de

tachment reg ion , hence a su rv iv a l p ro b a b ility  le s s  than u n ity  fo r  these  

t r a je c to r ie s  im plies th a t  i s a m onotonically in c reas in g  func

tio n  o f b . On the  o th e r hand, the  phases e- i ^  a re  rap id ly  o s c i l 

la t in g  func tions o f b , so th a t  the  method o f s ta tio n a ry  phase can be 

used to  evalua te  the in te g ra l  in  Eq. (111-3*0. Hence

o = <*rtt>cn | » z i r ,u'
* b r b e  ^

where bQ i s  th e  s ta t io n a ry  p o in t. We now define th e  d e f le c tio n  func

tio n  ©  as

K  A b

and r e la te  Jf to  a t t r a c t iv e  s c a tte r in g  and if  ̂   ̂ to  rep u ls iv e  sc a t

te r in g  as in  th e  case o f r e a l  p o te n tia l  s c a t te r in g  where the  s c a tte r in g  

angle i s  ju s t

e * | © |  •

For a  rep u ls iv e  p o te n t ia l ,  as i t  i s  in  th e  p re sen t case ,

(111-36)
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In analogy to  th e  r e a l  p o te n tia l  s c a tte r in g  th e  r e la t io n  expressed in  

Eq. (H I-3 6 ) may he c a lle d  th e  se m i-c la ss ic a l equivalence r e la t io n ,  

which fu rn ishes an im portant connection between the  quan tal phase 

s h i f t s  and the  d e fle c tio n  fu n c tio n . G enerally  speaking, each p a r t i a l  

wave co n trib u tes  to  f ( 6  ) a t  e v e r y  s c a t te r in g  angle quantum mechani

c a lly  i f  the  p a r t i a l  wave has a  non-zero su rv iv a l p ro b a b ili ty . Physi

c a lly  the  equivalence re la t io n  in d ic a te s  th a t  a t  a s c a tte r in g  angle 

most co n trib u tio n s  cancel except where th e  phase i s  s ta t io n a ry . I t  i s  

noted th a t  ^  (b) i s  determined by V^tE) as w ell as ty  f* (R) and the 

d e fle c tio n  func tion  0  i s  somewhat d if f e r e n t  from the  c la s s ic a l  de

f le c t io n  function  we d iscussed  e a r l i e r ,  which i s  determined only by

V ^R ).

We now ev a lu a te  the  in te g ra l  in  Eq. (111-3^)- Expanding

(b) to  second order about th e  s ta t io n a ry  impact param eter b

w ith

S u b s ti tu t i
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i.e.

£ (0> = ( i n - 3 7 )
4

«  e

In the  above d e r iv a tio n , th e  constan t A has t a c i t l y  been assumed non

zero. As m atte r of f a c t ,  s in ce  V^(R) i s  rep u ls iv e  and P  (R) is  as

sumed sm all, the  d e fle c tio n  function  Q  given by Eq. (111-36) must be 

m onotonically decreasing  w ith  b ,  and should not have any s ta tio n a ry  

p o in t.

The s c a tte r in g  am plitude can now be w ritte n  as

where the  su b sc rip t c has been d iscarded , and

(111-38)
4 s * i e 4 e

2The d i f f e r e n t ia l  cross sec tio n  ( © ) i s  ju s t  (f(© )( ,

or

w ith

e (I I I -3 9 )

We have recovered th e  same form fo r  th e  d i f f e r e n t ia l  cross sec tio n  

through a more rig o rous se m i-c la ss ic a l tre a tm e n t, although <7J* and P s1.
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are d if fe re n t  from those obtained in  th e  conventional trea tm en t.
lUMizuno and Chen have app lied  th i s  formulism to  the  Hg sys

tem and have found i t  gave extrem ely good agreement w ith those obtained 

by d ire c t  num erical so lu tio n  o f the  quantum problem. This i s  to  be ex

pected since  th is  sem i-c la ss ica l form ulation is  a s tra ig h t  forward gen

e ra l iz a t io n  o f th a t  developed fo r  r e a l  p o te n tia l  s c a t te r in g  whose 

v a l id i ty  has been w ell e s ta b lish e d .

In p r in c ip le  one may f i r s t  c a lc u la te  the  d e fle c tio n  function  

Q  by Eq. (111-36), and the  su rv iv a l p ro b a b ility  from th e  imaginary 

phase s h i f t  w ith  Eq. (H I-2 8 ) . The d i f f e r e n t ia l  cross sec tio n  can

then be obtained  from Eqs. (111-38) and (111-39)• In the  p resen t 

trea tm en t, the  d e fle c tio n  function  ©  obtained i s  determ ined, however, 

no t only by th e  r e a l  b u t a lso  by the  im aginary p o te n tia l .  Such mathe

m atical d e ta i ls  have hidden the  r e la t iv e  s im p lic ity  o f th e  physica l 

p ic tu re  o f  th e  problem. We s h a l l  see th a t  th e  simple and in tu i t iv e  

formulas obtained  p rev iously  can be recovered from Mizuno and Chen's 

approach w ith  fu r th e r  reasonable approxim ations.

F i r s t  consider the  JWKB phase s h i f t  $ j| = ^ g  + 1 ^  in  

Eqs. (H I-2 7 )  and (111-28). The in te g ra l  fo r  ^  can be broken in to  

two p a r ts .
99

I  =  k  5  l j  J R  a  1 *  ♦ I ,
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and

1 t  =  k  ]  -  c i  -  %

The in te g ra l  I_ i s  the  phase in te g ra l  fo r  r e a l  p o te n tia l  s c a tte r in g .X\
T herefore . I  may be considered as a  co rrec tio n  term to  I  due to  the c
presence of th e  imaginary p a r t  o f the  p o te n tia l .  I t  i s  expected to  be

sm all compared to  1^. In o rder to  estim ate  the  magnitude o f I c the

range o f in te g ra tio n  may be d iv ided  in to  th re e  in te rv a ls  (Rq , R ^), (R^,

R2 ) and (R2>°° ) in  which P  (R) i s  much la rg e r  th a n , comparable to ,
2 2and much sm aller than G = (E -  -  Eb /R ) ,  re sp e c tiv e ly . The q uan ti

t i e s  (R1 -  Rq ) and CRg“ are  very sm all because p  i s  sm all and G is  

a  rap id ly  in c reas in g  func tion  of R in  the  neighborhood o f th e  c la s s ic a l  

tu rn in g  p o in t Rq. The co rrec tio n  term  can be w ritte n  as

i c = ^ 5  * » % *  ♦

=  ®  f  F ( « J d R  =  I E  U ,  * 1 .  *  t , )

where
R.

I ,  a  ^  FCMdR ,
Ro

R*
a  ^  F < K U l l  ,

and
R.

0»

R i
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For Rq < R < R. ,̂ G «  P  . One may expand the  in teg rand  and approx

im ate the expansion to  th e  low est order in  G. Thus,

S im ila rly , to  the  low est order in  ( y

-  s r*

and
*» v  <?, h  ,

i *  a  * * 3 *

I t  i s  noted th a t  I ,  i s  sm all because (R, -  R ) i s  sm all and th e  in te -1 1 o
3*

grand i s  a t  most p  which is  i t s e l f  sm all. i s  sm all because the
2 -3 /2in teg rand  i s  p ro p o rtio n a l to  p  and to  G which i s  determ ined by 

the  c o ll is io n  energy E a t  la rg e  R. In c o ll is io n s  s tu d ied  in  th e  p re 

sen t experim ents E i s  la rg e  enough to  make P /E  sm all a t  la rg e  R. 

F in a lly  we note th a t  Ig is  a lso  a sm all q u a n tity . In fa c t

<$ <w p  < R. <

and, th e re fo re

I *  s  r ' < « . - « . )

which i s  a second order term . In s h o r t ,  th e  c o rre c tio n  to  th e  phase

in te g ra l  due to  r e a l  p o te n tia l  s c a t te r in g  o f V^R) i s  p ro p o rtio n a l to  
2I-* and can be neg lec ted  i f  we consider the  problems to  th e  f i r s t

3/2o rder in  P  . A lso, (R) i s  p ro p o rtio n a l to  p  and hence can
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be n eg lec ted . The expression fo r  ^  to  f i r s t  o rder in  f  th e re fo re  

reduces to  the  phase s h i f t  determined by th e  r e a l  p o te n tia l  V^(R).

S im ila r ly , we can connect th e  two su rv iv a l p ro b a b ili ty  ex

p re ss io n s . D ividing the  phase in te g ra l  I  in  Eq.. (111-28) in to  th ree  

p a r t s , under th e  same assumptions as b e fo re ,

X  =  T* ♦  I ,  + T ,

where

and

I t  i s  e a s i ly  shown th a t  1^ and Ig are p ro p o rtio n a l to  f*  and a lso  to  

th e  sm all q u a n tit ie s  -  Rq ) and (Eg -  re sp e c tiv e ly . They are

th e re fo re  sm all. Consider

i ,  « f  f V  *  ( « * ? I 11-  .
Since

<* »  ^  . * > » « ,

We can expand [ l  + ( ^  and r e ta in  terms up to  the  low est o rder

in  r/a* . Thus
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26
i .  i . J L .

*»

m . t  » iL
J T* * 6  / i - V , .* *  i *  * E e - ^ - g y 4

- J_ F r« s JL f JMr . ,.
• ' I  *  n i ^  ^

where the d e f in i t io n  of r a d ia l  v e lo c ity  has been incorpora ted . Now the  

imaginary phase A^(&1V (H I-2 8 ))c an  be w ritte n  as

* .  ■  * ( ! . ♦  i .M
« •  R

2 *  
do

F  r d R

where

c -  I ' - [l, tla+STJ
^ m

The su rv iv a l p ro b a b ility  in  Chen's approach Pc i s  now expres

sed in  terms of P , th e  r e s u l t  o f th e  simple v e rs io n , as s

P  a

= P. e*e .
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I t  i s  no ted  th a t  1^ and Ig as w ell as  ̂ a re  sm all -while th e  im

proper in te g ra l  ' i s  r e la t iv e ly  la rg e r .  One o f the  reasons i s  th a t  

1^' i s  p ro p o rtio n a l to  (Rg “ ifcstead o f  ~ ^ i^  o r ^®i “ ^o^*

This an a ly s is  is  indeed v e r i f ie d  by num erical c a lc u la tio n s . For a.n 

p ra c t ic a l  purpose, C i s  always p o s itiv e  which im plies th a t

Pe ( $ >  *  p, ( t >  .

In  o th e r words, the  e la s t i c  d i f f e r e n t ia l  cross sec tio n  ca lcu la ted  by 

Chen's formulas l i e s  h igher than  th a t  c a lc u la te d  by th e  simple formulas 

(Eqs. ( i I I - l ) - ( l I I - U ) )  in  th e  detachment reg ion . Since C is  dominated 

by I*  which is  p ro p o rtio n a l to  p  , the  d iffe ren c e  between th e  r e s u l ts  

o f the  two c a lc u la tio n s  s tro n g ly  depends upon th e  magnitude o f P  .

We have performed num erical c a lc u la tio n s  fo r  r e a l i s t i c  V^(R) 

and p  (R) ( fo r  example, those fo r  H -He and H -Ar p resen ted  in  IIID .)  

using  both  th e  simple and the  Chen sem ic la ss ica l form ulas. The r e s u l ts  

have in d ic a te d  th a t  the  d iffe ren ce  in  Q  i s  sm all, about 1%, and the 

values fo r  a re  e s s e n t ia l ly  id e n t ic a l .  This i s  expected because

the  in tro d u c tio n  of a  sm all imaginary p o te n tia l  should not s ig n if ic a n t

ly  d i s to r t  th e  c la s s ic a l  t r a je c to r ie s .  On th e  o th er hand, th e  numer

ic a l  e r ro r  r e s u lt in g  in  replacem ent o f the  Mizuno and Chen's formula 

fo r  th e  su rv iv a l p ro b a b ility  in  Eq. ( I I I -3 9 )  by th e  sim ple version  in  

Eq. ( I I I - 3 )  i s  however not n e g lig ib le  i f  P  i s  o f th e  o rder o f 1 eV (as 

i t  i s  in  th e  case o f H~-He). I t  in c reases  slow ly w ith E*$ and can 

amount to  20% o f th e  value in  the  region o f in te r e s t .

We s h a l l  employ both versions o f th e  theory  p resen ted  p re

v io u sly  in  th e  analyses o f th e  experim ental da ta .



IIID . R esu lts : H~~(D̂ ) + He

In the  p resen t s ec tio n  the  experiments and th e  complex po

t e n t i a l  theory developed in  sec tio n  I I  are  compared. In  p a r t ic u la r  the  

e l a s t i c  d i f f e r e n t ia l  s c a tte r in g  and i t s  iso tope  e f fe c t  a re  in v e s tig a te d  

f i r s t .  The energy spectrum o f th e  detached e lec tro n s  i s  then d iscussed .

F in a lly , th e  t o t a l  detachment cross sec tio n  i s  s tu d ie d . A ll analyses
59were performed based on th e  in tu i t iv e  complex p o te n tia l  model.

1. E la s t ic  D if f e re n tia l  Cross Section  fo r  D~

The r e la t iv e  e la s t ic  d i f f e r e n t ia l  cross se c tio n  has been mea

sured over the  energy range U.U £  E 4  128 eV, fo r  both  H and D co l

l id in g  w ith Helium. Examples o f  the  measured r e la t iv e  d i f f e r e n t ia l  

cross sec tio n  fo r  D~ a re  shown in  F ig s. 9-11 . The experim ental mea

surements were performed by u t i l i z in g  a v a r ie ty  of angular g rid s  and 

under no circum stances was any o s c il la to ry  s tru c tu re  observed.

The d i f f e r e n t ia l  cross sec tio n  was ca lc u la te d  by using  Eqs. 

( i l l - l )  and ( I I I - 3 ) .  The inpu ts necessary  to  c a lc u la te  the  d if f e r e n t

i a l  c ross sec tio n  a re : (a) the  r e a l  p a r t  o f the  complex p o te n tia l

V1(R ), and (b) th e  imaginary p o rtio n , P  (R)• Q u a lita tiv e ly , the  two 

are r e la te d  in  th a t  T  (R) decreases to  zero in  th e  reg ion  where V^R) 

crosses th e  r e la t iv e ly  w e ll known p o te n tia l  fo r  H + He, which i s  w ell 

d esc rib ed  by the  func tion

V, = 3 9 .4  ef(-i.sJR)
w ith  V and R in  u n i ts  o f eV and Bohr, r e s p e c t iv e ly .^  Consequently,
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Figure 9 R ela tive  d i f f e r e n t ia l  e la s t i c  s c a t te r in g  cross sec tio n  fo r
D~ + He. The c i r c le s  are  th e  da ta  and the  s o lid  l in e  i s  the  
r e s u l t  o f a  c a lc u la tio n  which used th e  complex p o te n tia l  o f 
F ig . 12; (a) E = k .k  eV, (b) E = 8 eV.
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Figure 10 R ela tiv e  d i f f e r e n t ia l  e la s t i c  s c a t te r in g  cross sec tio n  fo r  
D* + He. The c irc le s  a re  the  d a ta  and the  s o lid  l in e  i s  the  
r e s u l t  o f  a c a lc u la tio n  which used th e  complex p o te n t ia l  of 

• F ig . 12; (a) E = l6  eV, (b) E = 20 eV.
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Figure 11 R ela tiv e  d i f f e r e n t ia l  e la s t i c  s c a tte r in g  cross sec tio n  fo r
D + He. The c i r c le s  a re  the  d a ta  and th e  s o l id  l in e  i s  the  
r e s u l t  o f a  c a lc u la tio n  which used th e  complex p o te n t ia l  o f 
F ig . 12; (a) E = 3U eV, (b) E = 53 eV.



the  f i r s t  estim ates  fo r  both V- (̂R) and P  (R) were guided by an assumed 

crossing  o f th e  two curves in  the  v ic in i ty  o f 3aQ, as suggested by 

Browne and D algam o.^1 I t  was found, however, th a t  i t  was no t p o ssib le  

to  f i t  the  experim ental d a ta  w ith  such a la rg e  crossing  ra d iu s : a

crossing  rad ius o f 3aQ im plies th a t  the  th resh o ld  region fo r  detachment 

occurs a t  a ra th e r  sm all value of E»0 -  le s s  than 100 eV deg. How

ever, in  F ig. 10, i t  can be seen th a t  a reg ion  o f s l ig h t  downward curv

a tu re  in  th e  logarithm  of the  d i f f e r e n t ia l  cross sec tio n  occurs fo r  E 

in  th e  v ic in i ty  o f  200 eV deg. In te rp re tin g  th i s  as the  th re sh o ld  re 

g ion , we conclude th a t  R must be le s s  than 3a .°  * x o
In o rder to  e f fe c t  th i s  change in  R^, a func tion  W(R) was 

f i r s t  f i t t e d  to  the  c a lc u la tio n s  o f Browne and D a lg a m o .^  Subsequent

ly  a  coordinate transfo rm ation  was used to  define  V^(R):

V, r*> at w (  R *

where the  param eter could be v a rie d  to  ad ju s t th e  cro ssing  p o in t,

R . Since W(R) was only av a ilab le  fo r  R ^  3 a  , V..(R) was extended to
3C O -L

sm aller values o f  R by assuming a screened Coulomb form fo r  the  p o ten t

i a l .  The im a g i n a r y  p o rtio n  o f th e  complex p o te n t ia l  was a r b i t r a r i l y  

chosen to  be a  Gaussian fu n c tio n . By varying sev e ra l o f the  param eters 

in  V^(R) and p (R ), th e  ca lcu la ted  and observed d i f f e r e n t ia l  crosss - . 

sec tio n s  could be brought in to  good agreement. The follow ing functions 

were found to  be s a t is fa c to ry :

V,(*> =
■ 3 U i  - W r  +.V]

v J  (III-U 0 -a )

, a n
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rCR) « ».5 t-I.W # (m-Uo-b)

where the p o te n tia l  functions are expressed in  eV and R i s  in  Bohrs.

These functions along w ith the  H + He p o te n t ia l  are  p lo tte d  in  F ig . 12,

where i t  i s  seen th a t  R ■ 2 .1a  . The functions fo r  Vn(R) in  Eq.x o 1
(ill-U O -a ), as w e ll as th e i r  f i r s t  d e r iv a tiv e s , a re  continuous a t  the  

two boundaries so th a t  th e re  a re , in  f a c t ,  only th ree  independent para

meters in  the  expression fo r  V^(R).

The in te g ra tio n  involved in  Eq. ( I l l —3) extends beyond Rx ; 

w ith in  the  framework of th i s  model, detachment occuring in  th is  region 

(R t  R^) can be thought o f  as a  tu nneling  p rocess. The re s u l ts  o f 

ca lcu la tio n s  which use the  above fu n c tio n s  are seen along w ith the  

re lev an t d a ta  in  F ig s. 9-11. The agreement i s  good, and experiments 

w ith  the  l ig h te r  iso tope  a lso  give good agreement.

The question  a r is e s  as to  th e  uniqueness o f V^R) and P  (R) 

when they are  determ ined by th i s  method. I t  i s  c e r ta in ly  p o ssib le  to  

make sm all changes in  th e  param eters o f V^(R) and P  (R) and c a lc u la te  

a d i f f e r e n t ia l  cross sec tio n  which i s  s t i l l  in  good (perhaps b e t te r )  

agreement w ith  th e  experim ental r e s u l t s .  However, both V^(R) and p (R ) 

must be p h y s ica lly  reasonab le  and th is  p laces r a th e r  severe lim ita tio n s  

on th e i r  range. P (R) must go e s s e n t ia l ly  to  zero a t  Rx and i t  should 

not have a maximum o f more than a  few eV. V^(R) cannot be much s o f te r  

or i t  w i l l  no t c ro ss  the  continuum a t  a l l .  The th re sh o ld  reg ion  is  

ra th e r  s e n s it iv e  to  th e  c ro ssing  p o in t, Rx , so i t  cannot be appreciably
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Figure 12 Complex p o te n tia l  ob tained  from f i t t i n g  d a ta  to  model. The

He + H p o te n t ia l  i s  ob tained  from re fe ren ce  59- The an a ly tic  
forms fo r  the  curves a re  given in  th e  t e x t .
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a lte re d . However, th e  experiments do not show whether i t  is  b e t te r  to  

l e t  p  (R) go to  zero a t  the  cro ssing  p o in t or to  l e t  i t  extend some

what beyond R^. In ad d itio n , th e  c a lcu la ted  cross sec tio n  i s  vexy in 

s e n s it iv e  to  changes in  T (R ) fo r  R < 1 , because th e re  i s  l i t t l e  

p en e tra tio n  in to  th i s  reg ion . This leads to  considerable ambiguity 

concerning p (R) in  th is  reg ion : we cannot t e l l  whether p a c tu a lly

has a maximum or i t  i s  m onotonic.. ’

N evertheless, w ith in  the  c rossing  form ulation th a t  has been 

u t i l i z e d ,  i t  i s  f e l t  th a t  any p o te n tia ls  which reproduce the da ta  can

not be markedly d if fe re n t  (except fo r  T (R ) , R <  l )  from those shown 

in  F ig. 12.

2. The Iso tope E ffec t

As d iscussed  e a r l i e r ,  the  complex p o te n tia l  theory  p re d ic ts  

the  iso to p e  e f fe c t  given by Eq. ( i l l -  7 )•  At the  same c.m. energy the 

d i f f e r e n t ia l  cross sec tio n  fo r  the e la s t i c  s c a tte r in g  o f D by Helium 

should be s l ig h t ly  le s s  than th a t  fo r  H by the amount:

<rB («> - = (Jjjl, -foVKtt/Mo
•

In the  p re sen t experim ent, only th e  r e la t iv e  d i f f e r e n t ia l  cross sec

tio n s  a re  measured, bu t since l ( 9  ) in c reases as 0  in c re a se s , the  ex

perim ental r e s u l ts  can be examined fo r  th e  p red ic ted  iso tope  e f fe c t .  

Since l(fc ) i s  slowly varying over th e  angular range th a t  i s  ex p eri

m entally  a c c e ss ib le , and since  we measure only re la t iv e  cross sec tio n s , 

th e  iso tope e f fe c t  i s  d i f f i c u l t  to  observe. We have performed a care

fu l  s e r ie s  o f experiments fo r  both  iso topes fo r a  c.m. c o l l is io n  energy 

o f  20 eV.
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In o rder to  d isp lay  the  iso tope  e f fe c t  th e  follow ing proced

ure was adopted. The r e s u l ts  o f fou r experiments on each iso tope  were

averaged and the  r e la t iv e  cross sec tio n s  A* 0"̂ , ( 8 ) and ( 8 ) wereil D
determ ined. The d iffe re n c e , y (  8 )» where

y  ( » )  a  h j  < r , (»>  -  U )  < e>  *  C
and C i s  an unknown (p o s itiv e  or negative) co n stan t, was then computed 

in  th e  angular range of the  experim ent. In o rder to  e lim inate  the  

e f fe c t  o f the  co n stan t, C, the  d ev ia tion  Y(8  ) *  y ( 9  ) -  y ( 8  ) i s  com

pared to  a s im ila r  qu an tity  computed by means o f the  complex p o te n tia l  

formalism (Eqs. I I I -5  to  I I I - 7 ) .  The re s u l ts  can be seen in  F ig . 13

where both Y ( A ) and Y .. ( 8  ) are p lo tte d  as a function  of 8  . exp calc
The magnitude o f the  observed iso tope  e f fe c t  (as measured in  th is  man

n er) i s  seen to  be q u ite  sm all; no te th a t  the  o rd in a te  sca le  fo r  F ig .

13 is  only one te n th  o f those fo r  F ig s. 9-11. The e r ro r  bars in d ica ted  

in  Ygxp ( 8 )  rep resen t the range of values obtained by comparing in 

d iv id u a l p a irs  of experim ents. In  s p i te  o f th e  ra th e r  la rg e  u n ce rta in 

t i e s  involved , the  agreement between th e  experiment and theory  is  re a 

sonable.

3. P relim inary  Measurement o f the  Detached E lectron  Current

An attem pt was made to  measure the  energy spectrum and th e  

angular d is t r ib u tio n  of the  detached e le c tro n s . However, as we have 

already  m entioned, th e  apparatus i s  no t e sp e c ia lly  well, su ite d  fo r  th is  

type o f measurement: the  re so lu tio n  i s  not s a t i s f a c to r y ,  and a  s ig n i

f ic a n t  f ra c tio n  o f the  e lec tro n  cu rren t r e s u l ts  from the  c o ll is io n s  o f 

the  ions w ith ssu rfaces o f s l i t s .  T herefore , th e  r e s u l ts  have only
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Figure 13 Iso tope e f fe c t  i l lu s t r a te d ,  fo r  D-  and H~ e la s t i c  s c a tte r in g  
fo r  E = 20 eV. The q u an tity  Y (© ) i s  defined  in  th e  te x t .  
The open c irc les- a re  the  experim ental r e s u l ts  and th e  s o lid  
curve i s  th e  p re d ic tio n  o f the  complex p o te n tia l  model. The 
la rg e  u n c e r ta in t ie s  fo r  la rg e  s c a tte r in g  angles a re  due to  
tak in g  d iffe ren ces  o f very  sm all s ig n a ls .

I I I I I I
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q u a li ta t iv e  s ig n ific a n ce .

The th e o re t ic a l  r e s u l t  fo r  E = 15 eV was ca lcu la ted  from Eq. 

(III-IO ) w ith  th e  known HeH p o te n tia l  and V^(R) and p  as determined 

from our e la s t ic  s c a tte r in g  experiments (F ig . lU ). Because f* is  

la rg e , the  e lec tro n  energy d is tr ib u tio n  is  narrow: the  most probable 

e lec tro n  energy is  about 0.0U eV, and very few e lec tro n s  have more than 

0.5 eV. Since f* i s  f i n i t e  a t  Rx> the  th e o re t ic a l  cross sec tio n  i s  

f in i t e  a t €  = 0. Obviously the  theory  i s  no t r e l ia b le  on th i s  p o in t: 

the se m i-c la ss ic a l framework used in  the d e riv a tio n  o f Eq. ( I II-IO ) 

cannot rig o ro u sly  account fo r  c la s s ic a l ly  forbidden detachment occur

rin g  a t  R *  R^.

The p re lim inary  experim ental r e s u l t  a t  a c o ll is io n  energy o f 

15 eV and a la b o ra to ry  s c a tte r in g  angle o f 11° i s  a lso  shown in  F ig. 

lU. I t  has a narrow d is t r ib u t io n .  This e le c tro n  energy spectrum was 

obtained by s e t t in g  th e  energy analyzer bandpass a t 7*2 eV and acce le r

a tin g  the  slow e lec tro n s  to  th is  energy. S im ilar measurements made 

w ith h igher bandpass se tt in g s  have e s ta b lish e d  th a t  the  w idth of the  

measured spectrum is  determined by th e  energy re so lu tio n  of the anal

y zer. T herefore , th e  tru e  width i s  le s s  than th a t  in d ica ted  by th e  

da ta .

The measured spectrum has a maximum in  the  v ic in i ty  o f 0.5 

eV, compared to  the  c a lcu la ted  value o f .0U eV. In these  p re lim inary  

s tu d ies  the re s id u a l magnetic f i e ld  in  th e  c o l l is io n  region o f the  ap

p ara tu s  was approxim ately 0.15 gauss, and the  detached e lec tro n s  d r i f t  

on th e  o rder o f  ^ cm before  being acce le ra ted . T herefore , those e le c 

tro n s  w ith en erg ies  le s s  than  0 .3  eV a re  defocused and th e i r



R
EL

A
TI

VE
 

IN
TE

N
S

IT
Y

85

0 I 2 3
ELECTRON ENERGY (eV)

Figure lit Detached e le c tro n  energy spectrum fo r  a c o l l is io n  energy o f 
15 eV (D~ + He). The shaded a rea  i s  th e  p re d ic tio n  of Eq.
( I I I - IO ) and the  c ir c le s  are th e  experim ental r e s u l t s .



86

transm ission  through the analyzer i s  to t a l ly  u n certa in . I t  i s  l ik e ly ,  

th e re fo re , th a t  the  p resen t experim ental arrangement f a i l s  to  d e te c t 

very low energy e le c tro n s . I t  should a lso  be noted th a t  i f  P  were to  

go to  zero l in e a r ly  a t  Rx » then o) would go to  zero , and the

peak in  th e  e lec tro n  energy spectrum would s h i f t  to  la rg e r  6  , g iving 

b e tte r  agreement w ith the  experim ent.

Measurements o f  the e lec tro n  energy spectrum were made a t 

various s c a tte r in g  an g les . The d a ta  show la rg e  peaks a t  sm all labo ra

to ry  s c a t te r in g  angles ( © ^  6 ° ) , which we a t t r ib u te  to  apparatus e f 

fe c ts ;  o therw ise, the  d is t r ib u t io n  seems to  be e s s e n tia l ly  is o tro p ic .

No d e f in it iv e  conclusions can be drawn from these  re s u l ts  ex

cept th a t  the  e le c tro n  energy and angular d is tr ib u tio n s  are not incom

p a tib le  w ith  the  complex p o te n tia l  theo ry . We hope to  have a  much im

proved s e t  o f measurements in  th e  not too  d is ta n t  fu tu re .

4. T o tal E lectron  Detachment Cross Section

In the  sem ic la ss ica l framework, the  t o t a l  c ross  sec tio n  fo r  

e lec tro n  detachment is  given by
r «

O
(111-41)

o

I f  r* (b ) were to  go l in e a r ly  to  zero a t  Rx» th e  in te g ra l  would vanish 

beyond th e  corresponding value o f impact param eter, bx> In th e  p resen t 

case, however, P allows some " c la s s ic a l ly  forbidden" detachment to  take



87

p lace  so the  b - in te g ra tio n  must extend s l ig h t ly  beyond b^.

The ca lc u la te d  r e s u l t  i s  compared w ith the  experim ental da ta  
12of B ailey , May and M uschlitz in  F ig . 15. The immediately obvious 

conclusion is  th a t  th e  ca lc u la te d  curve does no t account fo r  th e  la rg e  

observed detachment cross sec tio n  fo r  energ ies above 100 eV. In th is

-hrange, the ca lcu la ted  curve is  decreasing approxim ately as E , while 

the experim ental curve g radually  r i s e s .  P a rt o f  th e  discrepancy re 

s u lts  from the  production o f protons by detachment o f both e lec tro n s  

from H ; th i s  i s  not considered in  our c a lc u la tio n . In  a d d itio n , th e re  

i s  a  sm all co n trib u tio n  to  the  experim ental r e s u l t  from au to ion iz ing  

s t a t e s . N ev ertheless , we b e liev e  th a t  even i f  th ese  were taken in to  

account in  the  complex p o te n tia l  framework, the  theory  would s t i l l  not 

account fo r  the  observations.

Fig. 16 shows the  comparison o f th e  c a lc u la tio n  and ex p eri-
12mental r e s u l ts  o f B ailey , May and M uschlitz a t  lab o ra to ry  c o ll is io n  

energy le s s  than 80 eV. I t  i s  observed th a t  th e  d iscrepancies are  not 

too  s ig n if ic a n t expept fo r  c o ll is io n  energies below 15 eV. In  th i s  r e 

gion , the th e o re t ic a l  curve l i e s  much h igher than  the  experim ental re 

s u l t s .  I t  should be noted th a t  the  experim ental d a ta  may have a la rg e r

u n c e rta in ty  a t  lower c o l l is io n  en erg ies . In th e  experiments o f B ailey  
12e t  a l . , the  detachment cross sec tio n  was obtained by tak ing

the  d iffe ren ce  between the  measured to t a l  cross sec tio n  (7jT (due to  

e la s t i c  s c a tte r in g  and e lec tro n  detachment) and th e  e la s t ic  s c a tte r in g  

cross sec tio n  0 ^  » namely,

a .<T"
u u t
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When th e  c o ll is io n  energy i s  low, Oj* becomes la rg e  and i s  only 

s l ig h t ly  d if fe re n t  from . As a r e s u l t , i s  determ ined as

the d iffe ren ce  of two la rg e  numbers, and hence may have a s ig n if ic a n t 

u n c e rta in ty . For example, a t  8 .5  eV,

= 34  «.*

G ? =  3 1 . S  «?

^  = ?. 5 «.* .

I t  i s  observed th a t  amounts to  le s s  than 10% o f f f f  and OJ* .

I f  the  estim ated  e r ro r  in  fl£“ is  about 3% (as was suggested by
12  _B ailey e t  a l .  ) ,  the  u n ce rta in ty  in  wi H  136 approxim ately

2
l a Q , k0% o f i t s  va lue . Furtherm ore, an ex trap o la tio n  scheme which was

employed in  the  measurement could r e s u l t  in  s ig n if ic a n t e r ro r  in

Voltages app lied  to  an element to  c o lle c t  slow e lec tro n s  could c e r ta in 

ly  defocus th e  low-energy n egative  ion beam re su ltin g ; in  the  overestim a

tio n  o f  the  e la s t i c  s c a tte r in g  c u rre n t, thereby  underestim ating e le c 

tron  detachment cross sec tio n . I f  th e re  should be a 10% system atic  e r

ro r  in  fo r  c o ll is io n  energ ies below 15 eV, the  experim ental

values o f detachment cross sec tio n  could be in  e r ro r ;  s p e c if ic a l ly  the  

experim ental values could be too  sm all. N evertheless, th e  complex po

t e n t i a l  theo ry  can account a t  le a s t  q u a l i ta t iv e ly  fo r  the  behavior of 

the  t o t a l  detachment cross sec tio n  a t  low en erg ies .
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I t  should be po in ted  out th a t  i f  were as la rg e  as 3aQ, th e

re s u lt in g  t o t a l  detachment cross sec tion  would be considerably  la rg e r
12than th a t  measured by B ailey  e t  a l .

In summary, the  complex p o te n tia l  d e sc rip tio n  o f th e  c o l l i 

s io n s !  detachment process fo r  the  H~(D~) -  He systems can be f i t t e d  to  

our experim ental observations. In p a r t ic u la r ,  the  ex istence  o f an iso 

tope e f fe c t  on the e la s t ic  d i f f e r e n t ia l  cross sec tio n  i s  encouraging.

II IE . R esu lts: H~(D~) + Ar

The e la s t ic  d i f f e r e n t ia l  cross sec tio n  has been measured over 

the energy range 5 K  E <  150 eV, fo r  both H-  and D p ro je c t i le s  c o l

l id in g  w ith  Ar. Some examples o f th e  experim ental cross sec tions are  

i l lu s t r a t e d  in  P ig s . 17 and 18. For a l l  energ ies s tu d ie d , th e  d i f f e r 

e n t ia l  cross sec tio n s  decrease m onotonically w ith s c a tte r in g  angle, 

and under no circum stances i s  any o s c i l la to ry  s tru c tu re  observed. At 

E = 9-7 eV (F ig . 17) a s l ig h t  change can be seen in  th e  curvature of 

th e  d i f f e r e n t ia l  cross sec tio n  a t  about 0  = 18° ,  in d ic a tin g  th e  de

tachment th re sh o ld .

The e la s t ic  d i f f e r e n t ia l  s c a tte r in g  d a ta  have been analyzed
lUusing  a sem ic la ss ica l form ulation , and th e  procedure i s  very s im ila r  

to  th a t  used fo r  th e  He -  H~ system. A p a r t ic u la r  form i s  assumed fo r  

the  r e a l  and imaginary p a r ts  o f th e  complex p o te n tia l  V^(R) -  \  » Hr) 
and i s  u l t i l i z e d  to  c a lc u la te  th e  d i f f e r e n t ia l  cross sec tio n  fo r  e la s 

t i c  s c a tte r in g . In  the  p resen t case f* (R) i s  chosen to  vanish  fo r  

R Rx (where R^ i s  as befo re  the  c ro ssin g  p o in t o f V^R) w ith  the 

n e u tra l  continuum of H + Ar + free  e le c tro n )  and i s  a l in e a r  fu n c tio n

of R fo r  R ^  R .x
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The p o te n tia l  fo r  the  H -  Ar system i s  ra th e r  u n c e rta in . To 

our knowledge th e re  e x is t  only two experim ental s tu d ie s  on th is  sy s-

ed from these  sep a ra te  experiments a re  q u ite  d if f e re n t  in  both  shape 

and magnitude. However, the  p re lim inary  estim ates fo r  V^(R) and R^

system. The assumed fu n c tio n a l form fo r  V^(R) was a screened Coulomb 

p o te n tia l .  Once V^(R) was chosen, a c la s s ic a l  c a lc u la tio n  of the  d i f 

f e r e n t ia l  cross sec tio n  was performed w ith  Eqs. ( i l l - l )  and ( I I I -2 )  a t 

the  low est c o ll is io n  energy, E = 5 eV, and a f i t  to  the  d a ta  was e a s ily  

obtained by varying th e  p o te n tia l  param eters. A t r i a l  c a lc u la tio n  of 

the  c la s s ic a l  d i f f e r e n t ia l  cross sec tio n  a t  E =9 .7  eV was then made to  

lo ca te  R from the  observed detachment th resh o ld  angle $  . The slopeX X
of P (R ) was then ad justed  to  f i t  the  experim ental d i f f e r e n t ia l  cross 

sec tio n  fo r  E = 10 eV, by using  the  equations o f  Sec. IIIC . These 

param eters were then used to  c a lc u la te  the  d i f f e r e n t ia l  cross sec tio n s  

a t o th e r en erg ies . The follow ing functions are  found to  s a t i s f a c to r i ly  

reproduce th e  experim ental r e s u l ts  fo r  E <  60 eV (with th e  param eters 

l i s t e d  in  Table I I I ) :

tern * in  the  energy range of in te r e s t .  The p o te n tia ls  which r e s u l t -

13
were guided by th e  re s u l ts  obtained by Mason and V anderslice fo r  th i s

R * (  R
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The re s u l ts  o f the  c a lc u la tio n s  w ith the  above complex p o te n tia l  are 

p lo tte d  along w ith  th e  d a ta  fo r  the  D~-Ar system in  Figs. ̂ £7, 18. The

agreement i s  good, and experiments w ith  the  l ig h te r  iso tope H~ a lso

give good agreement.

The e a r l i e r  d iscussion  on th e  problem o f uniqueness o f  the  

p o te n tia l  obtained fo r  the  H -He system a lso  ap p lies  to  the  p re sen t

system. With th e  given forms fo r  V^CR) and P  (R ), we have examined

the p o ssib le  range o f the  p o te n tia l  param eters (A, ,  C* » and Rx )

which s t i l l  gives reasonable f i t s  to  th e  experim ental da ta . The allow

able range fo r  each param eter was determined by hold ing  a l l  o th e r para

meters f ix e d  and varying only one a t  a tim e. I t  was found th a t  most 

param eters cannot be changed by more than 20# i f  th e re  is  to  be a rea

sonable f i t  to  th e  d a ta . The v a r ia tio n s  in  th e  param eters, so ob ta in 

ed are l i s t e d  in  Table I I I .

TABLE I I I

Complex P o te n tia l  Param eters fo r  Ar-H

Parameter* A(eV) * ( ! / % ) J (eV /ao ) R (a ) x 0 * (e V /a o )

Value 167 1.3 . k 2.95 2.1*** .2

V aria tion +32
-27

+ .'05 
- .0 5

+ .05 
-.0 5

+ .1  
- .0 5

+ .1  
- .0 5

* Another param eter (R^) i s  determ ined by th e  c o n tin u ity  o f P  a t  R^.

** R  ̂ i s  f ix ed  in  a l l  c a lc u la tio n s .
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F in a lly , we a lso  examined how sca lin g  the  range of the  po

te n t ia l s  would a f fe c t  th e  c a lc u la tio n s , by making th e  transform ations

f t '  =  e f t

where C is  a p o s itiv e  co n stan t. I t  i s  found th a t  C can d i f f e r  from

u n ity  by no more than 15# and s t i l l  f i t  th e  d a ta . F ig . 19 shows a com

parison  o f the  ca lc u la te d  e la s t ic  d i f f e r e n t ia l  cross sec tio n s  fo r  C ^ 1 

along w ith  the  experim ental d a ta . These r e s u l t s  imply th a t  any complex 

p o te n tia l  of the  form used in  our analy sis  th a t  i s  able to  reproduce 

the  p resen t experim ental r e s u l ts  cannot be s ig n if ic a n tly  d if fe re n t  from 

the one above.

For the  sake o f comparison we have c a lc u la te d , w ith th ese  

same p o te n tia l  param eters, the  d i f f e r e n t ia l  cross sec tio n  from th e  more 

conventional expressions th a t  we employed in  analyzing th e  He-H s c a t

te r in g  da ta  (Eqs. ( I I I - I ) - ( I I I - I O . F ig . 20 shows a comparison o f the 

two c a lc u la te d  d i f f e r e n t ia l  cross sec tio n s  along w ith  th e  experim ental 

re s u l ts  a t  the  c o ll is io n  energy E = 33*3 eV. I t  i s  noted th a t  in  th is  

p a r t ic u la r  case th e  two cross sec tio n s  a re  e s s e n tia l ly  id e n tic a l  u n t i l  

they begin to  diverge s l ig h t ly  around 0  = ^0°. In the  reg ion  0  J  1*0° 

the  cross sec tio n  c a lc u la te d  w ith  the  sem ic la ss ica l formulism o f Mizuno
lliand Chen l i e s  above the  o th e r one and th e  d iffe ren ce  in c reases as 

in c rease s . N evertheless, th e  sep ara tio n  i s  very sm all and does no t ex

ceed 10# of the  corresponding value o f th e  cross sec tio n  a t  a s c a t te r 

ing angle o f 60°. This confirms our e a r l i e r  conclusion th a t  the  two 

approaches y ie ld  e s s e n t ia l ly  the  same r e s u l ts  . i f  I”"* i s  sm all.
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F in a lly , we have ca lc u la te d  the  t o t a l  detachment cross sec

t io n  fo r e lec tro n  detachment from Eq. ( I l l -U l)  w ith the  complex p o ten t

i a l  determ ined above and th e  r e s u l ts  a re  compared w ith  th e  experim ental
12r e s u lts  o f  B ailey , May and M uschlitz in  F ig . 21. I t  i s  observed th a t  

a t  energ ies above 50 eV, the  c a lc u la tio n  l i e s  below the  experim ental 

r e s u l t s .  In th i s  range, the  c a lc u la te d  curve i s  decreasing as E in 

c re ases , w hile the  experim ental curve g radua lly  r i s e s .  Even i f  double 

detachment, production of autodetaching s ta te s  and e x c ita tio n  o f t a r 

ge ts  are taken in to  account, th e  theory would not seem to  p re d ic t the 

high energy behavior o f th e  observed t o t a l  detachment cross sec tio n . 

Besides t h i s ,  the  d iscrepancies a re  no t too  s ig n if ic a n t  in  th e  energy 

range E^ < 60 eV. The th e o re t ic a l  curve seems to  l i e  considerably  

h igher than  the  experim ental r e s u l ts  a t  c o ll is io n  energ ies  around 10 

eV. However, th e re  could be la rg e  u n c e r ta in t ie s  asso c ia ted  w ith  the 

measured cross sec tio n  fo r  th ese  low energ ies  as we d iscussed  previous

ly . I t  i s  b e liev ed  th a t  the  d iscrepancies fo r  th ese  energ ies would be 

considerab ly  sm aller than they  appear to  be.

In summary, th e  complex p o te n t ia l  d e sc rip tio n  o f c o l l is io n a l  

detachment i s  compatible w ith  our experiments in  low energy c o ll is io n s  

o f H'(D“ ) + Ar. At h igher e n e rg ie s , th e re  are  some d iscrep an c ies  be

tween th e  c a lc u la tio n s  and experim ents. In th e  above complex p o ten t

i a l ,  p  (R) must be made la rg e r  in  order to  f i t  th e  d i f f e r e n t ia l  e la s 

t i c  cross sec tio n  measurements a t  h igher en erg ies . This same behavior 

was a lso  found fo r  the  H (D ) -  He system.
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I I IF . R esu lts: H~(D~) + Ne and Xe

The e la s t i c  d i f f e r e n t ia l  cross sec tio n  has "been measured over 

th e  energy range 5 < E £  80 eV, fo r  both  H and D~ c o llid in g  w ith  Ne 

and Xe. Some examples axe shown in  F igs. 2 2 -2k . Again, th e  d if fe re n t

i a l  cross sec tio n s  decrease m onotonically w ith  in c reasin g  s c a tte r in g  

angle b u t no s tru c tu re  has been observed. The e la s t i c  d i f f e r e n t ia l  

cross sec tio n s  fo r  D -Ne are very s im ila r  to  those fo r  D -Ar, w hile the 

cross sec tio n s  fo r  D~-Xe are  s im ila r  to  those fo r  D -He. Any meaning

f u l  an a ly s is  o f th ese  systems w ith in  the  complex p o te n tia l  framework i s  

d i f f i c u l t  because no detachment th resh o ld s  are d e tec tab le  in  the  cross 

se c tio n s . Therefore no d e ta ile d  an aly sis  of th ese  systems has been 

attem pted.



102

-o

m

M

o  u
(M C/1

m  CM r - t

q ju n  AaBj^yqaB  ( 0 ) - 0 #* 901

Fi
gu

re
 

22 
R

el
at

iv
e 

di
ff

er
en

ti
al

 
el

as
ti

c 
sc

at
te

ri
ng

 
cr

os
s 

se
ct

io
n 

fo
r 

D 
fo

r 
co

ll
is

io
n 

en
er

gi
es

 
(a

) 
E 

= 
U.

l 
eV

, 
Ob

) 
E 

= 
l6

.U
 

eV
, 

(c
) 

E 
33

.0 
eV

.



103

7

6

5
0 0 0 0 o 0 O0 Oo

° ° o o o o 0 «
•mm Oo° 0 o

4

3
o o

2

* • • • •
1 - 1

40 503020100
c.m. SCATTERING ANGLE ( deg )

Figiore 23 R ela tiv e  d i f f e r e n t ia l  e la s t ic  s c a tte r in g  cross sec tio n  fo r
the  experiments of H~ + Ne ("black c ir c le s )  and D~ + Ne (open 
c i r c le s )  a t  (a) E = 65 eV, (b) E = 20 eV.
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IV. INELASTIC PROCESSES OTHER THAN ELECTRON 

DETACHMENT IN NEGATIVE ION COLLISIONS

IVA. In troduction

In th e  previous s e c tio n , we have tr e a te d  the  e la s t ic  s c a t te r 

ing  and e lec tro n  detachment in  negative-ion-atom  c o l l i s io n s ,  assuming 

only these two channels are  open. The v a l id i ty  o f such analyses i s  

j u s t i f i e d  i f  o th e r in e la s t ic  processes a re  r e la t iv e ly  unim portant in  

the  energy and angular ranges o f in te r e s t .  I n e la s t ic  processes in  

negative-ion-atom  c o ll is io n s  have been experim entally  s tud ied  only on 

very  few occasions and in  these  h igh energy in v e s tig a tio n s  the  mechan

isms responsib le  fo r  th e  in e la s t ic  s c a tte r in g  phenomena are  e i th e r  un

known or poorly  understood. I t  i s  the  purpose o f the  p resen t sec tio n  

to  examine th e  in e la s t ic  s c a t te r in g  processes observed in  the  low 

energy c o ll is io n s  o f the  negative  ions H (D ) w ith  in e r t  gas atoms.

I t  i s  w e ll known th a t  negative  ions g en era lly  have only one 

bound s ta t e .  Considerable e f f o r t  has been d ire c ted  towards th e  in v e s t

ig a tio n  of th e  doubly e x c ited  s ta te s  o f various negative  io n s . I t  has 

been re a liz e d  th a t  e x c ita tio n  o f negative  ions to  t h e i r  au to ion iz ing  

s ta te s  may be im portant in  high energy c o l l is io n s  w ith atomic and mole- 

c u la r ta r g e ts .  * A utoionizing s ta te s  o f many sp ec ies  o f negative 

ions have been experim entally  s tu d ied  and th e  r e s u l t s  in d ic a te  th a t  the  

e x c ita tio n  cross sec tio n s  to  th ese  le v e ls  become sm all in  low energy

105
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c o l l i s io n s . In  p a r t ic u la r ,  the  cross sec tio n s  fo r  the  reac tio n s

H"Os*> 4 A -----* ♦ A

^  H < *4) 4 «-
where n, n ' are  g re a te r  than  1 decrease w ith c o l l is io n  energy and are

2 36o f the  order o f 0 .1a a t  100 eV. T herefore, the  ex istence  o f theseo *
e x c ita tio n  channels should not a f fe c t  th e  an a ly s is  of e la s t ic  s c a t te r 

ing and e lec tro n  detachment p resen ted  in  previous sec tio n s .

E lec tro n ic  e x c ita tio n  o f ta rg e t  atoms in  low energy c o l l i 

sions invo lv ing  p o s itiv e  ions has been observed and ex ten siv e ly  in v e s t-
614ig a te d  during th e  l a s t  te n  y ea rs . An observation  and study o f such 

e x c ita tio n  in  negative  ion s c a tte r in g  i s  b e liev ed  to  be f i r s t  repo rted  

h e re . By an energy-loss method, we have id e n t i f ie d  the  e x c ita tio n  o f 

Ar(3p^) to  i t s  f i r s t  excited  co n fig u ra tio n  Ar*(3p^Us) in  c o ll is io n s  o f 

H~(D- ) w ith Ar, namely,

H ’ o s M  4 Af O | > S  — 4  ♦ A * « r S4S).

Another in te re s t in g  in e la s t ic  process observed i s  the double 

detachment o f H~(D~) in  low-energy c o ll is io n s  w ith  He, namely,

H~ ♦ H* —* M4 + H« ♦ *e'.
At high energ ies th is  re a c tio n  has been observed by McCaughey and 

B ednar^  and a lso  by R is l e y .^  The angular d is t r ib u t io n  o f  the  r a t io  

o f H+ to  H-  was rep o rted  by the  former in v e s t ig a to r s , and a  peak was 

found in  the  r a t io  H+/H a t about *£ = E*8 = 1 .2  keV-degree. S im ilar
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r e s u l ts  were a lso  rep o rted  fo r  o th e r in e r t  gas ta rg e ts .

I t  i s  w ell known th a t  th e re  is  an approximate correspondence 

between the  impact param eter (and the  c la s s ic a l  tu rn in g  p o in t) and the  

v a riab le  T  = E "9  , c a lle d  th e  reduced a n g le .^  T herefore, a  process 

or phenomenon th a t  i s  r e la te d  to  a p a r t ic u la r  value o f b (and Rq) tends 

to  appear in  th e  d i f f e r e n t ia l  cross sec tio n  a t  the  corresponding fix ed  

value o f E -0  . This i s  known as the  Ed sca lin g  law.
og +

In a recen t experim ent, R isley  measured the r a t io  o f H to  

H-  in  a d if f e r e n t  angular range, bu t a t  s im ila r  values o f E(J . His 

r e s u l t  appears to  be d i f f e r e n t ,  bc tn  in  magnitude and shape, from th a t  

found by McCaughey and Bednar. No peak was observed by R isley  and 

the  r a t io  was found to  be monotonic a l ly  in c reas in g  w ith  in c reas in g  E*®, 

whereas McCaughey and Bednar found a maximum, in  the  r a t io  H+/H of ap- 

proxim ately 10 a t = 1 .2 keV-deg. R isley  noted th a t  the angular 

ranges o f the two experiments d id  not overlap  and he a t t r ib u te d  the 

d iffe ren c e  in  th e  observations to  the  v e lo c ity  dependence of th e  reac

t io n . R is le y 's  observation in d ic a te s  th a t  proton production i s  small 

a t  energ ies below i+00 eV and the  r a t io  amounts only to  about 1% a t  a 

s c a t te r in g  angle o f  10° in  th e  100 eV c o llis io n s  o f H w ith He. 

Furtherm ore, no p e rtu rb a tio n  has been observed on the  e la s t ic  d i f f e r 

e n t ia l  cross sec tio n s  of H_(D~) on He, suggesting  in d ire c t ly  th a t  pro

ton production  cross sec tio n  i s  sm all. I t  i s  th e re fo re  concluded th a t  

the  double detachment process has a  sm all cross sec tio n  a t low energies 

compared to  th e  cross sec tio n  fo r  e la s t ic  s c a tte r in g  and s in g le  e lec 

tro n  detachment. This ju s t i f i e s  our ignoring  th ese  in e la s t ic  channels 

in  the an a ly s is  o f the  e la s t ic  s c a t te r in g  experim ents. However, we now 

wish to  study these  channels more c a re fu lly  by them selves.
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IVB. H~(D~) + Ar

1. Experim ental R esults

(a) In e la s t ic  Energy Loss Spectra

In low-energy c o ll is io n s  (E > 3 5  eV) o f H- (D_ ) w ith  Ar we 

have observed some re la t iv e ly  slow H~(D~) ions (compared to  the  e l a s t i 

c a lly  s c a tte re d  io n s ) , in d ic a tin g  the  presence o f in e la s t ic  channels. 

F ig. 25 shows a ty p ic a l in e la s t ic  energy lo ss  spectrum o f the  D~ ions. 

Using Eq. ( i l - l )  one can express Q in  terms o f th e  lab o ra to ry  energy 

lo ss  o f th e  s c a tte re d  ions. I f  th e  cen tro id  o f th e  spectrum is  taken 

as th e  corresponding energy lo s s ,  the  Q-value fo r  the  in e la s t ic  peak in

Fig. 25 i s  about -11 .6  eV. An endotherm icity  o f th is  magnitude in d i

ca tes  th a t  the  f i r s t  ex c ited  co n fig u ra tio n  o f the  Ar atom, namely,
* sAr’' ( 3p Us) i s  ex c ited . F igure 26 shows a p lo t  o f th e  experim ental Q 

values fo r  the in e la s t ic  process ( in  D~ + Ar) as a function  o f E B • 

These r e s u l ts  to g e th e r w ith o th e r s im ila r  experiments show th a t  the

most probable value o f Q is  about -11.65 -  0.3 eV and i s  independent o f

c o ll is io n  energy and s c a tte r in g  angle w ith in  experim ental e r ro r .  This

range of Q l i e s  w e ll w ith in  th e  energy range o f th e  term  values o f th e
* sAr (3p Us) co n fig u ra tio n , whose energy above th e  ground s ta te  i s  be

tween 11.55 and 11.83 eV. The energy re so lu tio n  of the  p resen t appar

a tu s i s ,  however, no t s u f f ic ie n t  to  re so lv e  the terms w ith in  the  con

f ig u ra tio n . Consequently i t  i s  no t known whether one or more terms 

w ith in  th e  co n fig u ra tio n  a re  e x c ited .

I t  should be noted th a t  th e  e x c ita tio n  o f th e  & ions to  an 

autodetaching le v e l cannot account fo r  the  observed in e la s t ic
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Ar*(3p 4s)

-12
E, (eV)

-10-1 4
(eV)E

Figure 25 Energy lo ss  spectrum fo r  D on Ar a t  th e  lab o ra to ry  co l- 0  
l i s io n  energy, = 60 eV a t  the  s c a tte r in g  angle $  = 8 . 
The open c i r c le s  rep resen t the  in e la s t ic a l ly  s c a tte re d  D 
io n s . The s o lid  l in e  is  th e  prim ary beam energy p r o f i le .  
The ab c issa  rep resen ts  the  d iffe ren ce  between th e  mean- 
prim ary beam energy (E^) and th e  slow D~ ion energy (E3 ).
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s c a tte r in g . Even though th e  H ions may be excited  to  autodetaching 

s ta te s  in  heavy p a r t ic le  c o l l i s io n s ,  the  cross sec tio n  is  q u ite  sm all

in  low-energy c o ll is io n s . Furtherm ore, the  l if e tim e  o f most au to io n iz -
/ -lU  Xing s ta te s  i s  very sh o r t, (o f  th e  order o f 10 s e c ) . T herefore, even

i f  some autodetaching (H- )* ions are formed in  the  c o l l is io n  reg io n , 

they cannot survive to  reach  th e  p a r t ic le  d e tec to r ( i t  takes about 10  ̂

seconds fo r  100 eV H ions to  t r a v e l  from the  c o ll is io n  region to  the  

d e te c to r ) . On the  o th e r hand, th e re  i s  a th e o re t ic a l ly  p re d ic ted  meta

s ta b le  s ta te  of (H- )* o f energy 10 eV ( th is  s ta t e  has never been obser

ved ex p erim en ta lly ). The energy re so lu tio n  o f  our analyzer i s  s u f f i c i 

ent so we can conclude th a t  th e  observed in e la s t ic  peak does no t cor

respond to  th i s  m etastab le  s t a t e .  Hence i t  i s  concluded th a t  th e  in 

e la s t i c  process i s  indeed:

H '  * A t ( * p ‘ )  —  H ' *  A t* < s j >*4s ')  .

(b) E x c ita tio n  D if f e re n tia l  Cross Sections

The in e la s t ic  d i f f e r e n t ia l  c ro ss  s e c tio n  fo r  a given c o l l i 

sion energy may be obtained  by two conventional methods. The f i r s t  

method c o n sis ts  o f  tak in g  energy scans o f the  in e la s t i c a l ly  s c a tte re d  

ions a t  a fix ed  ang le . D if f e re n tia l  cross sec tio n s  a re  then  obtained 

by determ ining the  a rea  under each energy p r o f i le .  The second method 

to  th a t  used in  o b ta in ing  e la s t i c  d i f f e r e n t ia l  cross se c tio n s . For a 

f ix ed  Q the  k in e tic  energy of th e  product ions are f i r s t  determined fo r  

each angle. An angular scan i s  then taken by acc e le ra tin g  th e  in e la s t 

i c a l ly  s c a tte re d  ions in to  a p resen t resonance energy o f  the  energy 

analyzer. In  th e  p resen t case , sev e ra l term s in  the  Ar*(3p^Us)
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con figu ra tion  may have been ex c ited . The d i f f e r e n t ia l  cross sec tions 

obtained by th e  f i r s t  method would th e re fo re  p o ssib ly  rep resen t th e  

to t a l  d i f f e r e n t ia l  cross sec tio n  fo r  e x c ita tio n  of Ar*(3p^Us) w hile 

th a t  by the  second method would id e a lly  be ju s t  a d i f f e r e n t ia l  cross 

sec tio n  fo r  e x c ita tio n  to  a s in g le  term  in  the  Ar*(3p ^ s )  co n fig u ra tio n . 

However, i t  should be noted th a t  the  energy d iffe ren ce  between the  

s ta te s  in  Ar*(3p^Us) i s  no more than 0 .3  eV and i t  i s  le s s  than the

energy re so lu tio n  o f  th e  analyzer even fo r  a Uo eV beam. Consequently,

the  two methods o f ob ta in ing  d i f f e r e n t ia l  cross sec tio n s  would be ex

pected  to  y ie ld  s im ila r  r e s u l t s ,  and th is  i s  indeed observed to  be the 

case.

F ig . 27 d isp lays some r e la t iv e  d i f f e r e n t ia l  cross sec tio n s  a t 

a fix ed  Q = -11 .6  eV. I t  is  observed th a t  no s ig n if ic a n t s tru c tu re  

appears in  the  d i f f e r e n t ia l  c ro ss  sec tio n s  and the  cross sec tio n s  are 

m onotonically decreasing as th e  s c a tte r in g  angle in c rease s .

(c) R atio  o f  the  E x c ita tio n  to  E la s t ic  Cross Section

The r a t io  o f the  slow D~ ions to  th e  e l a s t i c a l ly  s c a tte re d  D
66ions i s  p lo tte d  v s . ^  = E d  in  F ig . 2 8 (a ). As can be seen , the  

r a t i o  r i s e s  as 9  in c reases  a t  a given energy. At a given th e  r a t io  

in c reases w ith  energy. I t  i s  a lso  no ted  th a t  the  r a t i o  i s  very sm all 

( 10 ) a t  sm all , hu t grows to  as much as 10 a t  la rg e  T  •

F in a lly , we mention th a t  th e  Q values from th e  in e la s t ic  

energy sp e c tra  of H-  and D~ are  the  same w ith in  experim ental u n ce rta in 

t i e s .  The shapes o f th e  e x c ita tio n  cross sec tio n s  fo r  th e  two systems

are  s im ila r  a t  th e  same center-of-m ass energy. There might be s l ig h t  

d iffe ren ces  in  th e  magnitude o f  the  r a t io  fo r  th e  two system s, b u t we
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cannot provide a d e f in it iv e  confirm ation because o f th e  la rg e  uncer

ta in t i e s  in  the da ta . For th e  sake o f comparison, the  r a t io  o f th e  ex

c i ta t io n  to  e la s t ic  s c a tte r in g  cross sec tions fo r  H-  + Ar is  shown in  

Fig. 28(b ) . 66

2. T h eo re tica l Considerations

In low-energy c o l l is io n s ,  curve-crossing  mechanisms fo r  in 

e la s t i c  s c a t te r in g  have been ex tensive ly  in v e s tig a te d  during th e  p a st 
6*7ten  y ea rs . Analyses o f experim ental s tu d ie s  o f e x c ita t io n , charge 

t r a n s fe r  and the p e rtu rb a tio n s  in  e la s t i c  s c a t te r in g  have been perform

ed. Q u an tita tiv e  d esc rip tio n s  o f th e  in e la s t ic  processes can be 

achieved i f  ab i n i t i o  c a lc u la tio n s  o f th e  re sp ec tiv e  p o te n t ia l  curves 

involved a re  a v a ila b le . Such ab i n i t i o  c a lc u la tio n s  o f p o te n tia l  

curves are p ra c t ic a l  only fo r  simple re a c ta n ts , and are im p rac tica l fo r 

com plicated system s. This i s  e sp e c ia lly  tru e  fo r  negative  ion c o l l i 

sions . Phenomenological models a re  necessary  in  order to  understand 

the  observed fea tu re s  o f those in e la s t ic  p rocesses. One o f  th e  most

su ccessfu l models is  the  e lec tro n  promotion model which has recen tly
68been developed fu l ly  by B arat and L ichten. This " c o rre la tio n  d ia

gram" method has been su ccessfu lly  app lied  to  exp lain  h igh energy ex

perim ental r e s u lts  and i t  gives reasonable agreement w ith  low energy 

s c a t te r in g  da ta  in  some c a se s .6®>6^ Although i t s  a p p lic a b i l i ty  to  neg

a tiv e  ion c o ll is io n s  i s  questio n ab le , i t  may serve as a  f i r s t - o r d e r -  

approximation in  some processes when we have no o th e r choice.
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(a) E lectron  Promotion Model o f Lichten and B arat

In th i s  model e lec tro n s  are  supposed to  be w e ll described  by 

o n e -p a rtic le  m olecular o r b i t a l s .  Such a model i s  most r e a l i s t i c  i f  th e  

mutual in te ra c t io n  of th e  e lec tro n s  i s  sm all compared to  th e  e le c tro n -  

nu c lea r in te ra c t io n . Therefore the  model might not be s u ita b le  fo r  v a l

ence s h e ll  e lec tro n s  o r e lec tro n s  in  negative io n s , whose mutual in te r 

ac tion  i s  o f th e  same order o f  magnitude as t h e i r  in te ra c tio n  w ith  the  

nucleus. But s in ce  th e re  is  no o th er general model a v a ila b le , we con

s id e r  the  ap p lic a tio n  o f t h i s  theory  to  the  H -Ar s i tu a t io n .

The o b jec tiv e  is  to  co n stru c t a c o rre la tio n  diagram which 

connects th e  u n ited  atom (UA) s ta te s  (R = 0) and separa ted  atoms (SA) 

s ta te s  (R = OO) through the  use o f m olecular o r b i ta l s .  From th e  so l

u tio n  of the  Schrodinger equation fo r  a one-e lec tron  tw o-nuclei system 

in  the Born-Oppenheimer l im i t  the  wave function  i s  separab le  in  e l l i p 

t i c a l  c o rrd in a te s ,

The number of nodal su rfaces corresponding to  the  ro o ts  of th e  func

tio n s  in  th e  above expression i s  conserved fo r  a l l  in te m u c le a r  d is 

tances . This p ro p erty  i s  then used to  make a connection between the  

l im its  o f UA and SA, and a s e t  o f c o rre la tio n  ru le s  can be e s ta b lish e d . 

The g e n e ra liz a tio n  to  m any-electron systems s t i l l  contains the  same 

b a s ic  ru le s .  Based on these  c o rre la tio n  ru le s  one can co n stru c t a cor

r e la t io n  diagram from th e  o rder of the  energy le v e ls  in  th e  SA and UA 

l im i t s ,  and use the  diagram to  p re d ic t p o ss ib le  re a c tio n  channels (but
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not branching r a t io s )  fo r  the  re a c ta n ts .  One could p re d ic t ,  according 

to  the  c o rre la tio n  diagram, the  mechanism fo r  e le c tro n ic  e x c ita tio n  

which may be a  cu rve-crossing , a non-curve-crossing  coupling , e tc .  

However, even i f  th e  c o rre la tio n  diagram i s  ap p ro p ria te , only an exact 

ab i n i t i o  c a lc u la tio n  o f th e  p o te n t ia l  curves can provide th e  d e ta i ls  

o f th e  mechanism and the  q u a n tita tiv e  d e sc rip tio n  o f the in e la s t ic  pro

cesses under co n sid e ra tio n .

(b) A pplication  of C orre la tion  Diagrams to  the  H -Ar System

A q u a n tita tiv e  an a ly s is  o f  the in e la s t ic  d a ta  fo r  the system 

of H~-Ar is  p ra c t ic a l ly  im possible a t  th is  stage  because of in s u f f ic i 

en t inform ation about the  excited  s ta te s  o f the  system. We are  only 

able to  in te r p r e t  th e  experim ental r e s u l ts  q u a l i ta t iv e ly .

A c o rre la tio n  diagram fo r  H~-Ar has been co n structed  accord-
68ing  to  th e  c o rre la tio n  ru le s  o f Barat and L ichten , and is  shown in

Fig. 29. The s ta te s  in  the  separa ted  atom l im it  (SA) are known, w hile

the  o rder of th e  autodetaching s ta te s  o f the  u n ite d  atom K i s  a specu-
70la t io n  based on th e  o rder of the  con figu ra tions o f the  K atom. The

6 2incoming s ta te  c o r re la te s  to  K (3p 3d ); th e  outgoing e x c ited  s ta te
— 5 2 — 6 2c o rre la te s  to  K~(3p 3d Us). The energy sep a ra tio n  between K (3p 3d )

— 5 2and K (3p 3d Us) appears to  be about 18 eV. This number was estim ated

by e x tra p o la tio n  fo r  K , K , and K, and i t  has a la rg e  u n c e rta in ty .
— 6 2

The f ic t ic io u s  s ta te s  such as Ar (3p Us ) + H have been obtained  by
68applying th e  c o rre la tio n  ru le s  o f B arat and L ichten . They should be 

understood as unstab le  in te rm ed ia te  s ta te  lead ing  to  ra p id  autodetach

ment. Several p o ss ib le  exp lanations of th e  observed e x c ita tio n  are
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Figure 29 C o rre la tio n  diagram fo r  th e  ArH system. Channels th a t  
a re  underlined  are  the  ones th a t  have "been observed in  
the  p re sen t experim ent.
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immediately apparent from th e  c o rre la tio n  diagram.

(1) Non-Crossing Coupling Between th e  Incoming and Outgoing Channels.

G enerally , in  slow atomic c o ll is io n s  e x c ita tio n s  occur only 

i f  the p o te n tia l  curves involved e i th e r  c ro ss  or a t  le a s t  come very

close to  each o th e r. According to  the  c o rre la tio n  diagram, the incom-
^ 6 2  5 2ing and outgoing s ta te s  K (3p 3d ) and K**(3p 3d Us) apparen tly  do not

c ro ss . T ran sitio n s  between them are s t i l l  p o ssib le  i f  th e  energy sepa

ra tio n  is  s u f f ic ie n t ly  sm all, perhaps o f order 1 eV. But i f  th e  energy 

d iffe ren ce  i s  indeed around 18 eV, t r a n s i t io n s  between them are -unlike

ly .

(2) Two Two-Electron Jumps by Curve Crossing

The e x c ita tio n  may be accomplished by a  p a ir  o f tw o-electron

tra n s i t io n s  a t  cu rv e-cro ss in g s . The incoming s ta t e  crosses th e  s ta te  
^ _ 6 2

o f  H + Ar ( 3p Us ) which in  turn crosses the outgoing s ta te ,  symboli

ca lly

H"(  * A* C*f H*

— ♦  Pir  (* ?* 4 S ) * H '0 5 a)

*4* "“ 6 2I t  i s  noted th a t  th e  s ta t e  H + Ar (3p Us ) a lso  c rosses many 

curves th a t  would co n trib u te  to  in e la s t ic  s c a tte r in g  such as excita-*- 

tio n s  o f  autodetaching le v e ls  o f H” . I f  mechanism (2) i s  app rop ria te  

fo r  the  e x c ita tio n  o f Ar, one would ex p ec t, based on th e  c o rre la tio n  

diagram, a l l  those in e la s t ic  processes based on cu rve-crossings would
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be p o ss ib le . In f a c t ,  mechanisms s im ila r  to  (2) could account fo r
— 2R is le y 's  observation  o f the  e x c ita tio n  o f H ( i s  ) to  th e  au todetach-

- * /  Xing  s ta te s  o f H (n = 2) and th e  charge tr a n s fe r  e x c ita tio n  of the
•• 5 2autodetaching s ta t e  Ar (3p ) a t  h igher c o ll is io n  energ ies (above 200

eV). However, o th e r p red ic ted  in e la s t ic  processes such as e x c ita tio n s  

of h igher autodetaching le v e ls  o f H have no t been observed.

An a d d itio n a l mechanism fo r  e x c ita tio n  could go as fo llow s:

The incoming s ta t e  makes a t r a n s i t io n  a t  the  cro ssing  (where R i s
6 — 6sm all) to  th e  s ta te  H(2p) + Ar~(3p b s )  (c o rre la tin g  to  K (3p 3dUs),

which may make a t r a n s i t io n  a t  the  c rossing  a t  la rg e  R to  th e  c lose ly

ly in g  outgoing ex c ited  s ta te .  Sym bolically,

l - T o s v)  +  A t O p ^  — ► A r  C V f S s )  -  H  W

—*  + H o * * ;

F in a lly , we mention th a t  th e  c o rre la tio n  diagram in d ic a te s  no 

d ire c t  c ro ssing  o f the  incoming s ta te  w ith the n e u tra l continuum o f 

H (ls) + Ar(3p^) + e . However, t h e i r  separa tions in  both th e  SA and UA 

lim its  are sm all. As a r e s u l t ,  th e re  is  th e  p o s s ib i l i ty  o f tra n s i t io n s  

lead ing  to  s in g le  e lec tro n  detachment. However, th is  does no t appear 

to  be the  mechanism th a t  i s  resp o n sib le  fo r  s in g le  e lec tro n  detachment. 

The ra th e r  sharp th re sh o ld  in  th e  e la s t i c  d i f f e r e n t ia l  cross sec tio n  a t

9 .7  eV suggests th e  presence o f a c ro ss in g . This would be p o ss ib le  i f
6 — 6 2the  o rder o f th e  s ta te s  K(3p 3d) and K (3p 3d ) i s  reversed . In th is

case , the  c o rre la tio n  diagram in d ic a te s  a c ro ssin g . Another p o s s ib il

i ty  is  as follow s: The incoming s ta t e  in  the  c o rre la tio n  diagram
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(F ig . 29) crosses the continuum of H+ + Ar” (3 p ^ s )  b u t the  H (ls) comes 

out by an avoided crossing  between the s ta te s  H (ls) + Ar(3p^) and H+ + 

Ar” (3p^Us). An a lte rn a t iv e  conclusion i s  th a t  the  c o rre la tio n  diagram 

cannot be applied  to  the  p re sen t system.

As we have po in ted  o u t, th e  e x c ita tio n  d i f f e r e n t ia l  cross 

sec tio n s  possess no s tru c tu re  and they  decrease as th e  s c a tte r in g  angle 

in c re ase s . This would suggest th a t  th e  mechanism resp onsib le  fo r  exci

ta t io n  o f Ar is  not a s in g le  cu rv e-cro ss in g , because s in g le  crossings 

u su a lly  le ad  to  o s c i l la t io n s  in  the d i f f e r e n t ia l  cross se c tio n . I t  is  

p o ssib le  th a t  th e  o s c i l la to r y  s tru c tu re  which might be due to  a  s in g le  

c ro ssing  is  washed out because o f successive c rossings and e lec tro n  de

tachm ent. The m ulti-curve c ro ssin g  mechanism (2) could th e re fo re  be 

compatible w ith our experim ents.

(c ) Delos-Dinterman Model fo r  Non-Crossing E x c ita tio n

We w i l l  assume th a t  th e re  i s  no curve crossing  involved in  

th i s  e x c ita tio n  and the  one e lec tro n  process ( l )  i s  the  resp o n sib le  

mechanism. I f  th is  i s  tru e  one may attem pt to  exp lain  the  observed
71phenomena q u a n tita tiv e ly  by means o f th e  model of Delos and Dinterman.

6*7The DD model i s  based on th e  formalism Thorson and Delos 

developed to  study e le c tro n ic  e x c ita tio n s  by the  curve c rossing  mechan

ism. The d e ta i ls  of the  model are p resen ted  in  th e  th e s is  by Dinterman
71and the paper by Delos and Dinterman. S ta r tin g  w ith  only two coupled 

s ta t e s ,  we may expand the  wave function  o f the  quasi-m olecule (during 

c o ll is io n )  as
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' i  (  r , / , =  S  4  (* >  § c  < r ,
4**1

where i s  the  wave function  fo r  s ta te  x , and | (X i( t '7 ' f ‘ i s  the

p ro b a b ility  o f fin d in g  the  system in  s t a t e  i  a t  tim e t .  S u b s titu tin g  

the  above in to  th e  Schrodinger equation and tak in g  the  in n er p roduct,

< IHI %  > » we have

^ 7 /  =  <IV' 1)

where

v L  =  <  # „ /  H / 4 . > .

For a 2 - s ta te  problem, Eq. ( iV -l)  can be s im p lif ie d  by making a  su b s ti

tu tio n
t  

*  C*. Ct)  9Kf> ( - £  f  Vm„ * * ' )
n 0  •

The r e s u l ts  are  a u se fu l form of the  c la s s ic a l  t r a je c to ry  equ atio n s,

H  7 ?  *  v «

** 77  ‘ v*t c. «/- f  i  f  - *•)<*;]

where 1C; I* i s  the  p ro b a b ility  o f fin d in g  the  system in  s ta t e  i .  

These equations can be fu r th e r  s im p lif ie d  by the  transform ation
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t
S ( t )  ss J- j  

6
or

a  V i
* *  t

Thus,

idfe s  cz
e

i i S f -  S  C, * * P ( - Z i  t
AS -

o r in  th e  form of 2nd order d i f f e r e n t ia l  equ atio n s,

4 -S i -  + C'  =  o  (lV -2-a)
d  s l  * s

and

*  *< 2 * ^ 7 7  + *1 *  o  (IV-2-b)
o* s ‘ * *  *

where

J) =  Vi f o  ~  Vl.<S) ' . (;v-3 )
« t i * * )

The m otivation  fo r  th e  transfo rm ations is  now obvious. The t r a n s i t io n  

p ro b a b ility  depends only on th e  behav ior o f  one function

T(s) whose v a ria b le  i s  a measure o f  the  s tre n g th  o f the  coupling o f the
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two s ta te s  involved.

One observes th ree  p ro p e rtie s  o f T (s):

(1) g f = o  a t the  c la s s ic a l  tu rn in g  p o in t (s = 0 )

(2 ) a t  some f in i t e  s = s^g

(3) ?<S> does not change sign  i f  th e re  is  no c ro ssin g .

In  the  p re sen t s tudy , we are dealing  w ith  e x c ita tio n s  th a t  occur v ia  

non-crossing  coupling. T herefore , th e  choice of T(s) should be lim ited  

to  those o f th e  same sig n . One o f the  forms o f T (s) having th e  above 

p ro p e rtie s  i s

as ------ !---------  (IV-U)
o ( CoS jS s

As discussed by Dinterman and D elos, fo r  such a T(s) th e  c la s s ic a l  

t r a je c to ry  equations are a n a ly t ic a lly  so lv ab le . By s u b s ti tu tio n  of 

th is  expression fo r T (s ) , one so lves Eqs. (IV-2) and obtains the  tra n s 

i t io n  p ro b a b ility

p  =  .
(IV-5)

In a p ra c t ic a l  ap p lica tio n  the param eters *  and are  determined by 

the p o te n t ia l  param eters as w ell as o th e r re le v a n t q u a n ti t ie s .

(d) A pplication  of Delos-Dinterman Model to  the  H -Ar System

We assume the  coupling i s  exponential in  R, namely,

Vn (ft> =  /\ *xp<-
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— 2 5and the p o te n tia l  Vq_(R) o f  th e  ex c ited  s ta te  H ( is  ) + Ar*(3p Us) is22 '

■ ■ 2  6r e la te d  to  Vn l (R) fo r  th e  incoming s ta t e  H~(ls ) + Ar(3p ) by

sa Vt l c a >  ♦  A < K )  '

For a given tra je c to x y  (defined  "by th e  impact param eter b) one fin d s  a 

c la s s ic a l  tu rn in g  p o in t, Rq, as the  so lu tio n  of the equation

1 -  ¥il£*21 -  J t!  «  o
t  R*

where E i s  the  c o l l is io n  energy. We s h d ll  evaluate  th e  param eters 

and ^ by matching T(s) and M U *  a t  s = 0 from th e  two expres

s io n s , in  Eqs. (IV-3) and (IV-U). At s = 0 , R = Rq and

*2 v ;a r f t . )

Since

—  Ia s  l 4s
=  0

a

we have to  go to  the  second d e riv a tiv e  o f T (s) . Making use o f th e  pro

p e r tie s  o f  T (s) we have from Eq. (IV-3)

i l l |  _  / X ,? ( ~ t $  \  <*(«»>/« v.a 
a s* \ M  ^ ; V"7T /  aR

and from Eq. ( IV-U)



We have no inform ation on th e  exact behavior o f A  (R) over th e  whole 

range o f in te m u c le a r  sep a ra tio n s . However we must suppose th a t  A(R) 

decreases as R becomes sm aller. In  o rder to  sim p lify  the  c a lc u la tio n  

we assume A (R ) = A  , a constan t which should approximate th e  tru e  

A  (R) a t  sm all R. I t  must be assumed th a t  A  i s  no t very la rg e , o r 

e lse  t r a n s i t io n s  w i l l  be u n lik e ly . With th is  assum ption, th e  matching 

o f a t  s = 0 gives

I t  follows th a t  and £ ,  and hence th e  t r a n s i t io n  p ro b a b ility  P , are 

determ ined by the  p o te n tia l  V11 (R) (which we determ ined in  Section I I I )  

as w ell as by the  param eters ft , Pt and A; th ese  param eters w il l  be de

term ined by f i t t i n g  th e  experim ental da ta .

The incoming and outgoing s ta te s  are  u n stab le  towards e le c 

tro n  detachment. T herefore, a t  each in te rn u c le a r  d is tan ce  along a 

given t r a je c to r y ,  the  su rv iv a l p ro b a b ility  fu r th e r  com plicates the  pro

blem. I t  can be taken in to  account by considering  the  follow ing physi

c a l  p ic tu re  o f  the  c o l l is io n  p rocess: The system comes in  along a cer

ta in  t r a je c to ry  of s ta te  1 , w ith  p o te n tia l  ; i t  ge ts n ear the  c la s s 

i c a l  tu rn in g  p o in t, w ithout e lec tro n  detachment (su rv iv a l p ro b a b ility

P . ) ;  i t  then makes a  t r a n s i t io n  to  s ta te  2 , (p ro b a b ility  P ) ,  and then  1
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goes out along some tr a je c to ry  of v22, again su rv iv ing  e lec tro n  detach

ment (su rv iv a l p ro b a b ility  P2 )« The d i f f e r e n t ia l  cross sec tio n  fo r  ex

c i ta t io n  ( g )  , i s  equal to  th e  product o f the c la s s ic a l  cross

se c tio n , CGb , (which i s  determined by th e  t r a je c to ry  on 1 and

V22) and th e  corresponding p r o b a b i l i t ie s ,  namely,

0J <*> f r e e ) '  P, P  Pt
Let us consider th e  r a t io  o f in e la s t ic  to  e la s t i c  cross se c tio n s ,

_ < K (» >  P - P r *

(»> < *:< •>

In o rder to  c a lc u la te  P2 one needs th e  d e ta i ls  o f V22 and i t s  w idth. 

These are  no t a v a ila b le . To a f i r s t  o rder approximation we assume

P # &  P£  ( IV~6)

i . e .  th e  su rv iv a l p ro b a b ility  a sso c ia ted  w ith  s ta t e  1 i s  approxim ately 

the same as th a t  a sso c ia ted  w ith  s ta te  2. Also, as a f i r s t  approxima

t io n s ,  we note th a t

07 C6)  3  0 7  ( 0 ) (IV-7)

i . e .  th e  c la s s ic a l  d i f f e r e n t i a l  cross sec tio n s  a re  not too d i f f e r e n t .  

I t  then follow s from th ese  approximations (IV-6 ) and (IV-7) th a t

* * < •>  a  p

05 c m
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i . e .  the  r a t io  of th e  in e la s t ic  to  e la s t ic  cross sec tio n  is  approxi* 

mately equal to  the  t r a n s i t io n  p ro b a b ility  from th e  ground s ta te  to  th e  

ex c ited  s ta t e .

We have t r i e d  to  f i t  th e  experim ental d a ta  on th e  r a t io  o f 

the  e x c ita tio n  cross sec tio n  to  th e  e la s t i c  cross s e c tio n s , and have 

found a  s e t  o f  param eters o f  A  > ^  , A which gives f a i r  agreement w ith 

th e  d a ta  a t E * 57 eV, namely, A  = -05, /I = 5*8, and A = 100 (in  

atomic u n i t s ) .  The same s e t  o f param eters can a lso  account fo r  the  

general shape o f th e  experim ental r a t io  and i t s  r i s in g  behavior a t in 

c reasing  E, b u t i t  f a i l s  to  reproduce the  magnitudes o f the  d a ta . Some 

examples o f the  c a lc u la te d  r e s u l ts  along w ith  th e  corresponding experi

mental da ta  a re  shown in  F ig . 30. I t  i s  observed th a t  the  th e o re t ic a l  

curve i s  much h igher than th e  experim ental curve a t  E = 100 eV, and the 

discrepancy i s  la rg e r  a t  la rg e r  E9 . The exponen tia l coupling might 

be too  strong  fo r  th e  p re sen t case . Moreover, the  A  found from th is  

c a lc u la tio n  (1 .3  eV) i s  much sm aller than the  estim ated  separa tion  

(about 18 eV) between two s ta te s  in  th e  u n ited  atom l im i t .

(e) Summary

The c o rre la tio n  diagram has suggested some mechanisms fo r  th e  

observed e x c ita tio n  o f Ar. However, i t  i s  no t known from th e  c o rre la 

tio n  diagram which mechanism i s  most im portan t. The c o rre la tio n  d ia 

gram suggests th a t  many o th e r in e la s t ic  channels should appear bu t no 

q u a n tita tiv e  p red ic tio n s  of branching r a t io s  can be made w ithout addi

t io n a l  inform ation .

We have assumed th a t  th e  incoming and outgoing s ta te s  c lo se ly  

approach each o th e r , and we have t r e a te d  the  e x c ita tio n  in  the
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71non-crossing  model o f Delos and Dinterman. The th e o re t ic a l  p red ic 

tio n  in  general i s  in  f a i r  agreement w ith  the  experim ental o b serv a tio n s . 

However, th e  sep ara tio n  between th e  p o te n t ia l  curves fo r  the incoming 

and outgoing s ta te s  a t  sm all d is tances obtained  in  the  DD model (1 .3  eV) 

i s  smuch sm aller than tha^, estim ated  by e x tra p o la tio n  (l8  eV).

Some fu r th e r  s tu d ie s  can reso lv e  th e  am biguities due to  in 

s u f f ic ie n t  inform ation in  th e  above treatm ent o f t h i s  in e la s t ic  pro

cess . F i r s t ,  o p tic a l spectroscopy may be ab le  to  determine which 

s in g le t  s ta te s  of the  co n figu ra tion  A r* (3 p ^s) are  e x c ite d , or the  

branching r a t io  o f  the  s in g le t  s ta te s .  Second, a good ab i n i t i o  c a l

c u la tio n  o f the  s ta te s  involved can reduce the  u n c e r ta in t ie s  in  the 

shape o f the  p o te n tia l  curves and la y  th e  ground work fo r  a d e ta i le d  

d e sc rip tio n  o f the  e x c ita tio n  p rocess . F in a lly , the  autodetaching 

s ta te s  o f K and K~ can be s tu d ied  by e lec tron-atom , negative-ion-atom  

c o l l is io n s .  This may provide more inform ation  on th e  ordering of terms 

and the  energy sep a ra tio n s  in  the  u n ited  atom l im i t .

TVC. H~(D~) + He

1. Experim ental R esults

(a) Energy Spectra  o f H+(D+ )

Another in e la s t ic  s c a tte r in g  channel has a lso  been observed 

in  our low-energy experim ents. I t  i s  a double detachment p rocess,

H'(O') ♦ He -*  H+(t>*) ♦ H e * 2*

This re a c tio n  i s  observable a t  c o l l is io n  energ ies  above 60 eV, and we
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have s tu d ied  i t  up to  180 eV. At a l l  energ ies in v e s tig a te d , the  H+ 

energy p ro f i le  e x h ib its  a s in g le ,  s tru c tu re le s s  maximum which l i e s  a t 

an energy below th a t  o f the  prim ary beam. F ig . 31 shows ty p ic a l  energy 

sp ec tra  o f  th e  primary io n s , H~, and the  p ro tons.

Since the e lec tro n  a f f in i t y  o f H i s  0.75 eV, th e  above reac

t io n  i s  endothermic by a t  l e a s t  lU.35 eV. I f  one n eg lec ts  th e  momentum 

of the  two e lec tro n s  compared to  th a t  of the  heavy p r o je c t i l e s ,  then 

(-Q = l i t . 35) eV (where Q i s  determined by Eq. ( i l - l ) )  i s  the  sum of the  

k in e tic  energ ies o f the  detached e le c tro n s . The endotherm icity  of th is  

in e la s t ic  process i s  found to  increase  w ith  the  s c a tte r in g  angle o f  the  

H+ (o r D+ ) io n s .

An in te re s t in g  fe a tu re  of th e  double detachment process is  

the iso tope  e f fe c t  on the  k in e tic  energy o f the  detached e le c tro n s .

Fig. 32 is  an en ergy  lo s s  spectrum of th e  ions o f both iso topes a t  a 

s c a tte r in g  angle o f  0° and th e  same c.m. c o l l is io n  energy. I t  i s  ob

served th a t  the  D+ ions are more en erg e tic  than th e  H+ ions which im

p lie s  th a t  th e  e lec tro n s  detached from H+ have, on the  average, more 

k in e tic  energy than those from D+ .

(b) D if f e re n tia l  Cross Sections

Using th e  f i r s t  method described  p rev iously  ( in te g ra tio n  over 

energy o f th e  double d i f f e r e n t ia l  cross sec tio n ) we have obtained r e la 

t iv e  d i f f e r e n t ia l  c ro ss  sec tio n s  fo r  production of protons in  th is  

re a c tio n . A ty p ic a l  d i f f e r e n t ia l  cross sec tio n  i s  shown in  F ig . 33*

I t  decreases w ith  in c reas in g  s c a t te r in g  angle and has no f in e  s tru c 

tu re .  Since th e  gain o f th e  p a r t ic le  m u ltip l ie r  in  th e  p resen t
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experiment i s  d if f e r e n t  fo r  p o s itiv e  and negative io n s , we can rep o rt 

only the  p o s itiv e  ion and negative  ion c ross sec tio n s  sep a ra te ly : the

tru e  r a t io  H+/H~ has not been obtained .

2. D iscussion

Fig . 3^ shows a c o rre la tio n  diagram fo r  the  system of H -He
68co n structed  from th e  c o rre la tio n  ru le s  o f  B arat and L ichten . Most

autodetaching s ta te s  o f Li” are  sp ecu la tions w hile some s ta te s  are
72av a ilab le  from ab i n i t i o  c a lc u la tio n s . I t  i s  seen th a t  the  incoming

— 2 2s ta te  c o rre la te s  to  Li ( i s  2p ).

Appreciable production o f protons might be explained by the  

c o rre la tio n  diagram through sev e ra l mechanisms.

(a) Simultaneous Two E lectron  Detachment

The incoming s ta te  r o ta t io n a l ly  couples ( O ’  -  V  ) to  th e
p p ^

s ta te  o f He*(ls 2p ) + H which in  tu rn  decays by g iving o f f  two e lec 

tro n s , sym bolically

H e(«‘> ♦ H 'd*') —* H«*

-*  H* ♦ H4 .
Another p o ss ib le  mechanism o f simultaneous detachment o f two

e lec tro n s  might be described  as fo llow s. The incoming s ta t e  makes a
— 2 2  +t r a n s i t io n  a t  the  c ro ssin g  p o in t to  th e  s ta te  He ( i s  2s ) + H (or

p +
H ( i s  2s2p) + H ) which a t  la rg e  d is tan ces  i s  h igh ly  u n s ta b le , and de-

2  +  —cays, g iv ing  H e(is ) + H + 2e . S im ilar mechanisms could occur fo r
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— L i ( I s  )

L i " ( l s 2lff2 ) 
— L i“ ( l s 23 p l|f)

_ L l “ ( l s 23p2 )

-  I i " ( l s 22p2 )

L i ( l s 22p)

L i " ( l e 22s2p)

l i ( l8  2e)

L l i " ( l B 22 s2 ) 

UNITED ATOM

/ H e a ( l s 22p 2 )  ♦ H*

/  H * " ( l s 2 2 s 2 p )  ♦ H4 

Hs“ ( l 8 2 2 e 2 )  ♦ H4 

^  H « " ( la 2 2 p )  ♦ H+ 
Ho" ( 1 8 2 2 b ) + H4 J  

He(le2) ♦ H4

X H e (ls2) ♦ H"(2p2 ) 
•'» He ( I s 2 ) * H "(2s2p)

\  H e(le2 ) ♦ H "(2s2 )

HeCle2 ) ♦ H ~(le2) 

SEPARATED ATOMS

12

10

Figure 3U C orre la tion  diagram fo r  th e  HeH~ system.
Channels th a t  a re  underlined  a re  th e  ones 
th a t  have been observed in  the  p resen t exper
iment.
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e x c ita tio n s  to  autodetaching s ta te s  mentioned above.

(b) Two S ingle Detachment Processes

The incoming s ta te  f i r s t  decays by em ission o f  an e lec tro n
2

and the  re s u lt in g  s ta te  H e(is ) -  H (ls) then ro ta t io n a l ly  couples
— 2 +( to  th e  s ta t e  He ( i s  2p) + H which then  emits another e lec 

t ro n ,  sym bolically

H e ( i s ^  + K*«s*> —* cis*>-Hci» -v e*

4
H e O s 'a f )  + H *

4
♦  w f  ♦ « \

—  2 2I f  the  energy sep ara tio n  between the  s ta te  Li ( i s  2p ) and
+ 2Li ( i s  ) in  th e  UA l im it  i s  indeed about 3 eV as i s  shown in  th e  co r-

— 2r e la tio n  diagram, d ire c t  t r a n s i t io n s  from th e  incoming s ta te  H ( is  )
2 + p _

+ H e(is ) to  the  s ta t e  H + H e(is ) + 2e a re  no t very l ik e ly .  How

e v e r , i f  th i s  sep ara tio n  is  sm alle r, t r a n s i t io n s  are p o ss ib le  due to  

the  c lo se  approach o f th e  two s ta te s  a t  sm all in te m u c le a r  d is ta n ce s .

I f  th i s  i s  t r u e ,  we could explain  why the  production o f p ro tons is  only 

observed fo r  the  H e-ta rget but not fo r  the  o th e r H - r a re  gas c o l l i 

s io n s . F i r s t ,  i t  should be noted th a t  th e  p o te n tia l  energy curves fo r  

the  ground s ta t e  o f H+- r a re  gas systems a re  qu ite  s im ila r  in  shape, a l l  

possessing  a  p o te n tia l  w e ll o f sev e ra l eV. The p o s itio n  o f th e  w ell 

fo r  H+-He is  sm aller in  in te m u c le a r  d is tan ce  than  th a t  fo r  H+-Ne which
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+ 73i s  in  tu rn  sm aller than th a t  fo r  H -Ar and so on. For example, the

p o te n tia l  w ell is  a t  B * 1 .5  a  fo r  H -He and a t  R = 2 .5  aQ fo r  H -A r,
72a d iffe ren ce  o f about l a Q. According to  our experiments and the

13analyses o f  Mason and V anderslice , the p o te n tia l  curves fo r  H -He and 

H+-He are  r e la t iv e ly  c lo se r  to  each o th e r (possib ly  cro ssing ) than 

those fo r  the  Ar ta r g e t .  This would imply th a t  the  coupling between 

th ese  two s ta te s  i s  s tro n g er fo r  He than fo r  Ar, and hence a  la rg e r  

cross sec tio n  fo r  the  production o f  protons would be expected. This i s  

o f course not conclusive because o th er im portant f a c to r s , such as the  

w idth o f the incoming s t a t e ,  are neg lec ted . E x trapo la tions o f the po

te n t ia l s  fo r  H- -He and H~-Ar, which have been derived  from our e la s t i c  

s c a t te r in g  d a ta , do not cross t h e i r  corresponding p o s it iv e - io n -n e u tra l  

p o te n tia l  curves, b u t the  sep ara tio n  between th e  curves fo r  th e  He t a r 

get i s  sm aller than th a t  fo r  Ar.

The observed iso tope  e f f e c t  on th e  k in e tic  energy of the  de

tached e lec tro n s  can be explained as fo llow s. At the  same c e n te r-o f-  

mass c o l l is io n  energy, th e  H~ ion i s  tra v e lin g  f a s te r  than the  D ion . 

I f  the incoming s ta te  H~ + He crosses the  continuum o f H+ + He + 2e , 

th e  f a s te r  moving ion H-  would t r a v e l  f a r th e r  than th e  slower D ion 

before  detachment takes p lace . So the  t r a n s i t io n  to  th e  continuum 

(H+ + He + 2e- ) would be expected to  occur a t  a sm aller in te rn u c le a r  

sep a ra tio n  than  the  corresponding t r a n s i t io n  invo lv ing  the D iso to p e . 

As a r e s u l t ,  such a  t r a n s i t io n  fo r  H would le ad  to  a h ig h e r-ly in g  

s ta te  in  the  continuum, g iv ing  o f f  more en erg e tic  e lec tro n s  than those 

from the  D .



1^0

F in a lly , we note th a t  according to  the  c o rre la tio n  diagram,

one would expect detachment of the  e x tra  e lec tro n  as the  incoming s ta te
2 —crosses the  n e u tra l  continuum of (H (ls) + H e(ls ) + e ) . This i s  con

s is te n t  w ith th e  experim ental r e s u l t s . The c o rre la tio n  diagram also  

p re d ic ts  some production o f the autodetaching s ta te s  o f H- . For ex

ample, the  incoming s ta te  couples ro ta t io n a l ly  a t  small R to  the  s ta te
= 2 2 + 2 * 2  He ( i s  2p ) + H which in  tu rn  crosses the s ta te s  H e(is ) + H (2s ),

2 — 2 — 2 H e(ls ) + H (2 s2p), and H e(ls ) + H (2p ) . These mechanisms could lead

to  e x c ita tio n s  o f  the  s ta te s  o f H~*(n = 2 ) . Sym bolically,

-V VJfOS*) -  t t *

—* H e *  \s*> 4 \*4“ Cy»aO

I t  should be noted  th a t  many tra n s i t io n s  o f e lec tro n s  a re  involved in  

such mechanisms. The n e t p ro b a b ility  th a t  an autodetaching le v e l  H i s  

ex c ited  would be sm all. This i s  co n s is ten t w ith  our experim ental re 

s u l ts  .

In summary, one can p re d ic t the  mechanisms fo r double e le c 

tro n  detachment from H~(D- ) from the  c o rre la tio n  diagram. However, the 

diagram cannot provide a  d e f in i te  answer &s to  which of th e  mechanisms 

dominates. Moreover, some of th e  mechanisms might not be r e a l i s t i c .

I f  one abandons the f i c t i t i o u s  s ta te s  used in  th e  previous d iscussion  

and assumes avoided crossing  o f the  s ta te s  o f  th e  same symmetry one 

could co n stru c t a c o rre la tio n  diagram, say , fo r  H -He which would be 

su b s ta n tia lly  d if f e r e n t  from th a t  used in  our e a r l i e r  d iscu ss io n . This 

would make the  c o rre la tio n s  even more ambiguous.
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The p resen t c o rre la tio n  diagram o f He-H p re d ic ts  th a t  th e  

incoming s ta te  and th e  outgoing continuum o f (He + H+ + 2e ) are s ig n i-  

f ic e n tly  separa ted  so th a t  d ire c t  t r a n s i t io n s  are  u n lik e ly . On th e  

o th er hand, the  r e s u l ts  o f th e  p resen t study and previous in v e s tig a 

tio n s  on c o l l is io n a l  detachment in d ic a te  th a t  th e  He-H-  curve and the  

continuum might he c lo se  enough fo r  a t r a n s i t io n  to  occur. This close 

approach (and p o ss ib le  cro ssing ) could account fo r  our observations of 

the iso tope  e f fe c t  on th e  k in e tic  energy o f the  detached e lec tro n s  and 

the  lik e lih o o d  of proton production fo r  the  He ta rg e t  only . There 

s t i l l  remain many problems unresolved by th e  p resen t in v e s t ig a tio n . In 

o rder to  thoroughly understand the  double detachment p ro cess , one needs 

the  d e f in i t iv e  p o te n tia l  curves fo r  the  He-H and He-H+ system s, as 

v e i l  as the  w idth of He-H-  in  th e  reg ion  o f in te r e s t .



V. SUMMARY AND CONCLUSIONS

The p resen t study o f  c o l l is io n a l  detachment leads to  sev era l 

conclusions. F i r s t ,  fo r  the  H (D )-He and H (D )-Ar system s, the ex

perim ental r e s u l t s  a t energ ies below 80 eV a re  g en era lly  compatible 

w ith th e  complex p o te n tia l  theo ry . In  p a r t ic u la r ,  th e  experim ental 

e la s t i c  s c a t te r in g  d i f f e r e n t ia l  cross sec tions are in  good agreement 

w ith  c a lc u la tio n s . Of cou rse , th is  by i t s e l f  i s  no t conclusive , since  

some of those experiments were used to  determ ine V^(R) and p  (R). 

P relim inary  measurements of th e  e le c tro n  energy and angular d is tr ib u 

tio n s  give r e s u l ts  th a t  are  no t incom patible w ith  the theo ry . The 

s tro n g e s t argument in fav o r o f  th e  complex p o te n tia l  theo ry  i s  the ex

perim ental observation  o f th e  th e o re t ic a l ly  p red ic ted  iso tope  e f f e c t .  

Any a l te rn a t iv e  theory  o f  e le c tro n  detachment th a t  might be proposed 

might probably give a d if f e r e n t  v e lo c ity  dependence to  the  detachment 

p ro b a b il i ty ,  and hence a  d if f e re n t  iso tope  e f f e c t .

The method o f d a ta  a n a ly s is  employed in  the  p re sen t in v e s t i 

g a tions is  p rim arily  an ex ten tion  o f th ose  methods th a t  a re  w ell e s ta 

b lish e d  in  th e  s tu d ie s  o f p o sitiv e -io n -a to m  and atom-atom c o ll is io n s .

In p a r t ic u la r ,  th e  experim entally  observed detachment th re sh o ld  in  low-

energy e l a s t i c  d i f f e r e n t ia l  cross sec tio n s  has proven to  be a  key to
7l|.

the  study o f  c o l l i s io n a l  detachment. I t  i s  be lieved  th a t  the  

approach to  th e  detachment problem developed here i s  re lev an t to  under

lie
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standing o f negative-ion-atom  c o l l is io n s .

For th ese  system s, th e  ca lc u la tio n s  f a i l  to  describe  e lec tro n

detachment processes i f  th e  in c id en t ion energy is  above 80 eV. This

fa c t i s  m anifested most c le a r ly  in  th e  behavior of the  t o t a l  detachment
-hcross sec tio n : the th e o re t ic a l  curve f a l l s  o f f  approxim ately as E ,

w hile the  experim ental curve is  g rad u a lly  r is in g .  Furtherm ore, th e  

complex p o te n t ia l  obtained from f i t t i n g  our low energy e la s t ic  d i f f e r 

e n t ia l  s c a t te r in g  da ta  does no t s a t i s f a c to r i ly  p re d ic t the  d i f f e r e n t ia l  

s c a t te r in g  d a ta  fo r  c o ll is io n  energ ies above approximately 80 eV. 

S p e c if ic a l ly , i t  i s  observed th a t  a la rg e r  p  i s  necessaiy  to  f i t  the 

high energy measurements. The need fo r  a la rg e r  P  to  f i t  h igher 

energy e la s t i c  d i f f e r e n t ia l  cross sec tio n s  would seem to  support 

Chen * and h is  c o lla b o ra to rs ' * view th a t  the complex p o te n tia l  i s  

energy dependent.

These high energy d iscrepancies a re  not su rp ris in g : The com

p lex  p o te n tia l  theory  would be expected to  apply only to  n ea rly  ad ia 

b a t ic  c o l l is io n s .  A f a s t  c o ll is io n  involv ing  a negative ion having a 

lo o se ly  bound e lec tro n  would have to  be described  by some s o r t  o f d i

re c t  impact th eo ry , o r b in a ry  encounter approxim ation. A lso, th e  c a l

cu la tio n s  o f  e lec tro n  detachment and e la s t i c  s c a tte r in g  have neg lec ted  

the  e f fe c ts  o f d is c re te  au to ion iz ing  s t a t e s ,  the  p o s s ib i l i ty  o f  proton 

production through detachment o f both  of th e  H e le c tro n s , and th e  ex

c i ta t io n  o f ta rg e t  atoms and a l l  o th e r p o ssib le  in e la s t ic  p ro cesses . 

These processes become s ig n if ic a n t  a t  h igher energ ies and are  b e liev ed  

to  amount to  more than 1$ o f th e  e l a s t i c  s c a t te r in g  secion even a t  100 

eV.
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There are a number o f questions concerning th e  complex po

t e n t i a l  theo ry , n o t a l l  o f which have been answered by th e  p resen t 

study. F i r s t ,  i t  i s  no t obvious th a t  the  He-H*’ curve n e ce ssa rily

crosses the. continuum, though the  c a lc u la tio n s  o f Browne and D algarno^
75and p re lim inary  re s u l ts  o f Junker in d ic a te  a crossing  between the 

HeH-  and HeH curves a t  about 3aQ. There i s  no theory  y e t  av a ilab le  to  

describe  the  s i tu a t io n  i f  th e  curves do no t c ro ss .

Even i f  the  curves do c ro ss , th e re  remain many questions 

about the  a p p lic a b il i ty  of the complex p o te n tia l  theo ry . For the X-H 

system s, we have no reason to  expect a long l iv e d  s t a t e ,  s ince  th e re  is  

no obvious p o te n tia l  b a r r ie r  preven ting  e lec tro n s  from escaping and 

th e re  i s  no e x c ited  s ta te  of XH nearby th a t  would give r is e  to  a 

Feshbach resonance. Furtherm ore, i f  the  w idth o f the  resonance i s  com

parab le  to  th e  energy sep ara tio n  between n e u tra l and negative  ion 

cu rves, the  complex p o te n tia l  theory  may be m eaningless.

Two s tep s  can be taken to  le ad  to  a  more d e f in it iv e  t e s t  o f 

the  th e o ry . F i r s t ,  the p o te n tia l  V., (R) and P  (R) can be c a lc u la te d  ab 

in i t i o  fo r the  sim plest system He-H and compared w ith the  experim ental 

r e s u l t s .  The complex p o te n tia ls  determ ined by f i t t i n g  the  r e la t iv e  

e la s t ic  d i f f e r e n t ia l  d a ta  are no t unique. In  f a c t  th e re  i s  a  range of 

th e  param eters o f the  complex p o te n tia ls  which can f i t  the  experim ents. 

An accura te  ab i n i t i o  c a lc u la tio n  can unequivocally  lo c a te  a crossing  

p o in t, i f  one e x is t s .  Second, improved measurements o f  the angular and 

energy d is tr ib u tio n s  o f  the  detached e lec tro n s  can provide a d d itio n a l 

inform ation on th e  p rec ise  behavior o f P  n e a r Rx » In  ad d itio n  to  the 

p re sen t s tudy , th ey  can provide a d e f in i t iv e  t e s t  of th e  complex po

t e n t i a l  theo ry .



Some in e la s t ic  processes o th e r than e lec tro n  detachment have 

been observed in  th e  p re sen t low energy experim ents. The e x c ita tio n  o f 

the  ta rg e t  atoms in  the  c o ll is io n s  o f Ar w ith  H~ and D-  i s  b e lieved  to  

be th e  f i r s t  observation  o f such processes in  low energy negative  ion 

s c a tte r in g . An iso tope  e f fe c t  on the  k in e tic  energ ies o f  the  e lec tro n s  

detached in  the  production o f H+ and D+ haS been found in  the c o l l i 

sions of He w ith H~ and D- . This in te re s t in g  phenomenon i s  expected to  

be im portant in  th e  fu tu re  understanding o f th e  double detachment pro

cess in  negative-ion-atom  c o l l is io n s .

The mechanisms fo r  double detachment and e x c ita tio n s  o f t a r 

get atoms have been in te rp re te d  q u a l i ta t iv e ly  w ith in  the  e lec tro n  pro -
68motion model o f L ichten and B arat. I t  i s  found th a t  th e  d esc rip tio n

o f  these  in e la s t ic  phenomena in  terms o f c o rre la tio n  diagrams i s  ra th e r

ambiguous. Some sem i-q u an tita tiv e  s tu d ie s  of th e  e x c ita tio n  process

have been attem pted w ith in  the  model fo r non-crossing  e x c ita tio n  re -
71cen tly  developed by Dinterman and Delos. I t  i s  found th a t  th e  theory  

i s  able to  describe some c h a ra c te r is t ic  fe a tu re s  of th e  experim ental 

observations but f a i l s  to  account fo r  th e  magnitudes o f the  e x c ita tio n s . 

More inform ation on the s ta te s  involved i s  needed fo r  a  q u a n tita tiv e  

understanding o f th is  in e la s t ic  p rocess.
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