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PART I. THE MEASUREMENT O F  HIGH-ENERGY CHARGE 

TRANSFER CROSS SECTIONS FOR INCIDENT PROTONS 

AND ATOMIC HYDROGEN IN VARIOUS GASES 



SECTION A. SINGLE-ELECTRON CAPTURE AND LOSS CROSS SECTIONS 

O F  INCIDENT PROTONS AND ATOMIC HYDROGEN IN THE 

ENERGY RANGE 100 TO 2500 keV 

CHAPTER I 

INTROD UC TI0 N 

During t h e  p a s t  two decades a great  deal of e f f o r t  has been expended 

in t h e  study of charge t r a n s f e r  o r  charge exchange reactions.  lnfornzation on 

th i s  type of collision is useful in t h e  design of radiation de tec to r s ,  in s tudies  

of the  upper atmosphere,  in astrophysics,  in radiation damage s tudies  and 

more recent ly  in t h e  development of controlled thermonuclear fusion devices 

and gas masers. The experimental  determinat ion of charge t r a n s f e r  c ros s  

sect ions is useful in the development of theoret ical  descriptions of a tomic 

and molecular collision processes. 

The accura te  measurement o f  charge t r a n s f e r  c ros s  sect ions has  been 

encouraged by re f inements  in techniques such as the  development of solid 

s ta te  par t ic le  de t ec to r s ,  a reliable capacitance manometer  and ultrahigh 

vacuum Lechniques. 

of very weak neutral  par t ic le  intensi t ies  by counting techniques while the  

capacitance manometer  is capable of accura te  and continuous measurement  of 

gas pressures  as low as 5 x 10 

The solid s t a t e  de t ec to r  makes possible t h e  de termination 

-5 
t o r r .  P re s su re  measurements  made by means 

2 



3 

of t h e  capacitance manometer are also independent of t he  nature  of the gas 

under study, including condensable gases. 

were determined primarily by the  use of McLeod gages which cannot be used 

f o r  continuous p re s su re  monitoring and which are incor rec t  f o r  condensable 

gases. Ultrahigh vacuum s y s t e m s  are necessary t o  reduce charge t r m s f  e r  

between t h e  beam and residual gas molecules. 

The e lec t ron  capture  c ros s  sect ions (IT 

Previously, gas t a r g e t  densi t ies  

) and electron loss c r o s s  

) are measured in th i s  work f o r  incident protons and atomic 

10 

sect ions (IT 

hydrogen on the  t a r g e t  gases H 

C H ,and C4Hl0. 
C2H4’ 2 6 

2500 keV. 

Born and impulse approximations and t h e  impact  pa rame te r  formulation used 

in c ros s  sect ion calculations. 

approaches made in  the  calculation of charge t r a n s f e r  c ros s  sections,  

111 contains descriptions of t h e  apparatus used, the  measurement  technique 

and methods of d a t a  analysis. 

Chapter  IV along w i t h  previous experimental  and theore t ica l  work. 

discussion of the  possible uncertaint ies  and evaluation of these  uncertaint ies  

is given in Chapter  V. 

01 

He, Ar, Kr, NZ, 02, CO, COz, H20, CH4, 2’ 

The incident par t ic le  energies were f r o m  100 t o  

This energy range should lie within t h e  range of validity of t h e  

Chapter  I1 descr ibes  briefly the theore t ica l  

Chapter 

The experimental  r e s u l t s  are presented in 

A 



CHA1TER I1 

THEORY 

A. Introduction 

There have been numerous theoret ical  approaches t o  the  calcula t.ion 

of c ros s  sect ions f o r  e lectron capture  and e lec t ron  loss  by inc.ident proton 

and atomic hydrogen beams. The majori ty  of this  work has been concerned 

with the  calculation of c r o s s  sect ions f o r  e lectron capture  by incident protons 

on atomic hydrogen t a rge t s .  

processes,  is in general a three-body problem with its many computational 

difficult ies.  

Th i s ,  t h e  s imples t  of all charge transfer 

In the  e lec t ron  capture  process the  e lec t ron  jumps f rom the  bound 

s ta te  of t h e  t a r g e t  a t o m  t o  a bound state of t he  project i le  with the  

d i f fe rence  in energy between the  two bound states being absorbed in  the  rela- 

t ive  t ranslat ional  energy of t h e  t w o  heavy particles.  The capture  process is 

cornplicated by the  possibility t h a t  t he  electron may be captured in to  one of 

many bound s ta tes  of t he  projectile. 

is ejected f r o m  a bound s t a t e  of  the  projecti le in to  t h e  continuum. 

ini t ia l  and final states of t h e  charge - t r ans fe r  s y s t e m s  have t h e  same t o t a l  

energy; however, t h e  wave functions represent ing them are n o t  necessarily 

orthogonal. 

In t h e  electron loss process  an  e lec t ron  

The 

This non-orthogonality results f r o m  the  f a c t  t h a t  t h e  

4 



non-interacting ini t ia l  and f ina l  states of the  charge transfer process 

are described by d i f f e ren t  Hamiltonians. 

In this chapter  a brief description of t h e  major theore t ica l  approaches 

t o  high-energy charge t r a n s f e r  wi l l  be given. Detailed reviews of t h e  theore t -  

ical  s tudies  of  t he  charge t r a n s f e r  process may be found in  several  papers, 

f o r  example, re fe rences  1 through 4. 

B. Classical  Calculations 

A theore t ica l  t r e a t m e n t  of  t he  electron capture  phenomenon was 

f i r s t  a t t empted  by Fowler who compared t h e  balance between c a p t w e  

and lo s s  of e lec t rons  by a-par t ic les .  He and He were considered as 

existing in thermodynamic eguilibrium in an e lec t ron  atmosphere with the  

e lec t ron  density comparable t o  t h e  electron density in an  atom. The 

t empera tu re  w a s  selected such t h a t  t h e  average e lec t ron  velocity w a s  equal 

t o  t h e  a -par t ic le  velocity. These considerations w e r e  found t o  yield 

suggestive agreement with the  experimental  resu l t s ;  however, t h i s  method 

is not reliable when t h e  e lec t ron  velocit ies a r e  small  compared t o  incident 

par t ic le  velocities. 

5 

St t 

A detailed classical theory f o r  the  capture  of e lectrons by a-par t ic les  

6 
has  been developed by Thomas. The work of Thomas was based on the  

assumption t h a t  e lectron capture  occurs  as a r e s u l t  of two successive 

close collisions; t he  first between the  incident par t ic le  and the e lec t ron  and 
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the second between the  e lec t ron  and t h e  t a r g e t  nucleus. 

as a result of t h e  f irst  collision, the  e lec t ron  w a s  deflected towards the  

nucleus with speed approximately equal t o  t h a t  of t he  incident par-ticle. In 

t he  second collision t h e  e lec t ron  w a s  def lected wi-th no change i n  speed t o  a 

pa th  parallel  t o  t he  incident particle.  

fixed separat ion r, which is taken t o  be t h e  appropriate Bohr radius. 

these assumptions the  c ros s  sect ion f o r  e lec t ron  capture  f r o m  hydrogen w a s  

found t o  vary as v 

I t  was assumed t h a t ,  

The two sca t t e r ing  events  occur a t  a 

With 

-11 , where v -. is the  velocity of the incident particle.  

The validity of t he  Thomas r e s u l t  has been questioned by Cook, who 

pointed out  t h a t  t he  Thomas p ic ture  fa i l s  a t  all velocities. 

s t a t e m e n t  on t h e  fa i lure  of Thomas 

ships a t  high energy and on the  lack of a veloci-ty dependent cut-off t o  the  

separa-t;ion - r a t  which t h e  sca t t e r ing  events  occur. 

Cook based h is  

results t o  s a t i s f y  uncertainty relation- 

The classical  theory af Thomas has  recent ly  been investigated by Bates  

8 
and Mapleton, 

e lectrons i n  phase space. The capture  c ross  sect ion calculated f o r  incident 

protons has  t h e  f o r m  

who introduce a modification involving t h e  dis t r ibut ion of 

C 
- 1  1/4 A3/4 

o- = E  
10 

where E is the proton energy, X is a paramete r  derived f r o m  the  atomic 

potent ia l  and, as a result of t h e  modification made t o  t h e  Thomas theory, 

C is a function of E/J. 

t a r g e t  atom. 

The juant i ty  J is the  ionization potent ia l  of t he  

A scaling f a c t o r  can be deduced f r o m  Equation (1) which when 
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multiplied by the  experimental  c ros s  sect ion should r e s u l t  i n  a pa rame te r  

t h a t  is independent of t he  t a r g e t  atom. This paramete r  is given by 

Ba tes  and Mapleton plot ted 63 versus E/J f o r  several  d i f f e ren t  t a r g e t  atoms. 

Their  r e su l t s  showed the  experimental  d a t a  t o  f i t  a single curve quite we l l  

f o r  incident proton energies less than 300 keV. 

designed f o r  f a s t  encounters,  t h e  accord with experimental  d a t a  is poor a t  

high energies. 

not  accounting f o r  the  e lec t ron  shell s t r u c t u r e  of t h e  t a r g e t  atom. 

recent ly  Ba te s  and Mapleton have included the e f f e c t s  of e lectron shell 

s t r u c t u r e  in  t h e  calculation of e lec t ron  capture  c ros s  sections f o r  the  t a r g e t  

a t o m s  argon and neon. The inclusion of shell  s t r u c t u r e  in  th i s  calculation 

brings about much b e t t e r  agreement  w i t h  experimental  resu l t s .  

Although the  theory w a s  

This fa i lure  of the  theory a t  high energies is due par t ia l ly  .to 

Most 

9 

10 
Elec t ron  capture  c ros s  sect ions have been es t imated  by Bohr by 

The orb i ta l  e lectrons are subject t o  a simple statistical considerations. 

momentum change due t o  the  passage of a charged particle.  The capture  of an 

e lec t ron  can  result f r o m  any collision in which an energy of t he  order  $m v 

is t r ans fe r r ed  t o  an electron with orb i ta l  velocity comparable t o  the  incident 

par t ic le  velocity - v. The s t a t i s t i c a l  dis t r ibut ion of energy t r ans fe r r ed  in  a 

collision was deduced by mechanical considerations of energy and momentum 

t r a n s f e r  f o r  par t ic les  in te rac t ing  through a fo rce  which is inversely 

2 
e 
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proportional t o  the  square of t h e i r  separation. 

Lions, t h e  probability f o r  t r a n s f e r  of sufficient- energy t o  cause e lec t ron  

capture  was found t o  be proportional t o  v 

capture  also depends on the  f r ac t ion  f of velocity space containing electrons 

of velocity v - and on the  number of e lectrons n [n 

space. 

within the  t a r g e t  a-t-oms. 

sect ion 

By means of these  considera- 

L .  

-4 . The probability of e lectron 

Z 1/3 v ]  in th i s  velocity 

These quantit ies,  f and n, are deduced f r o m  Coulomb field s t r eng ths  

The above considerations r e s u l t  in t he  capture  c ros s  

5 1/3 -6 
cr E Z Z  v 

10 1 2 

where 2; 

of the ta rge t .  

is the  atomic number of the  project i le  and 7, is the  atomic number 
1 2 

10 
The e lec t ron  loss  c ros s  sect ions e s t ima ted  by Bohr 

f r o m  statist ical  considerations of energy and momentum t r ans fe r .  

energy m u s t  be t r ans fe r r ed  during the  collision t o  remove an electron f r o m  

t h e  projecti le atom. For  close encounters with t a r g e t  a toms of low atomic 

number the ionizing effects of t he  atomic par t ic les  within the t a r g e t  act 

nearly independent 0.C each other .  

target-  e lements  were given by Bohr as 

were also deduced 

Sufficient 

The e lec t ron  loss  c ros s  sect ions f o r  l ight 

2 -2 
IT = ( Z  t Z ) V  

01 

where Z is the  atomic number of t he  t a r g e t  and v - is t h e  velocity of t he  

incident par t ic les .  For t a r g e t  a toms  of higher a tomic number t h e  atomic 
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par t ic les  within the  t a r g e t  do not act independently on the projecti le and t h e  

t o t a l  interact ion will more resemble t h a t  of a screened nuclear field. 

e lec t ron  loss  c ros s  sect ions f o r  t a r g e t  a toms  of high atomic number are given 

as 

The 

2/3 v-l 
0- K Z  
01 

The effects of screening on the  e lec t ron  loss  c ros s  sect ions f o r  t a r g e t s  

11 
of low atomic number have been investigated by Dmitriev and Nikolaev 

the  f ree-collision approximation. In t h e  free-collision approximation 

"resonance e f f ec t s " ,  i. e., cases of e lec t ron  loss  in long-range collisions with 

a small  change in  t h e  momenta of t he  colliding par t ic les ,  w e r e  neglected. 

The expression f o r  t he  e lec t ron  loss c ross  sec t ions  obtained in th i s  calculation 

includes Bohr 's  formula as a special case. 

par t ic le  t h e  Cree-collision approximation gives r e s u l t s  identical with those 

obtained in t h e  Born approximation. 

i n  

A t  high velocit ies of t he  incident 

12 
More recently Gryzinski has developed a classical  theory f o r  inelastic 

a tomic collisions which is described by Coulomb-type interact ions between t h e  

par t ic les  and depends on the binding energy and momentum dis t r ibut ion of t he  

electrons.  

independent pair  interact ions of t h e  individual e lements  of- the colliding 

sys tems.  H i s  calculations include ( 1 )  ionization of a toms  and molecules by 

l ight  par t ic les  (electrons),  as well  as by heavy par t ic les  (protons, deuterons), 

including inner-shell ionization and double ionization; (2) exci ta t ion of singlet  

This approximation is based on a binary collision concept, i. e . ,  the 
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and t r i p l e t  lines; ( 3 )  capture  of e lectrons f r o m  a toms  by moving ions; (4) 

slowing down of heavy charged particles,  and (5) inelastic s ca t t e r ing  of e lectrons 

on atoms and nuclei. 

applicable t o  the  present  work. F o r  incident prvtoia energies g r e a t e r  than 

300 keV t h e  c ros s  sect ions calculated f o r  e lectron capture  fro-m hydrogen 

The electron capture  cross sect ion calculations are 

t a r g e t s  decrease with the  inverse s ix th  power of t he  impact  velocity. 

velocity dependence is t o  be compared with t h e  v -lo* 

t h e  p re sen t  work f o r  e lectron capture  f r o m  hydrogen by protons. 

This 

dependence found in  

C. Born Approximation 

When the  velocity of relative rnoti,on o f  t he  colliding s y s t e m s  is high, 

t h e  c ros s  sect ion f o r  a given process may be obtained by the  use of t h e  first 

Born approximation. In t h i s  appxoxirnation it i s  assumed t h a t  the  incident and 

s c a t t e r e d  waves associated wikh the relat ive motion are plafie waves and 

t h a t  all t rans i t ion  m a t r k  elements  are small  conlpared with unity, 

f u r t h e r  assumption which is uszlally made is t h a t  t he re  is no Pauli  Principle 

exchange of elec t-ron-5 between the  systems.  

sect ion f o r  t he  capture  of an e lec t ron  f r o m  a s ta t ionary  a t o m  Z (mass = AM) 

in to  a final s t a t e  f of a projecti le atom Z ’  (mass = A’M) is given by* 

A 

The Born approximation c ross  

with 

T h e  notation is t h a t  of  reference 20. 
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where Y ( r )  is the  ground s t a t e  wave function f o r  t he  electron in  a t o m  Z ;  

Y @') is t h e  wave function f o r  the e lec t ron  in state f of a t o m  2 I ;  3 and g 

are t h e  coordinates of t h e  ini t ia l  ion and electron with r e spec t  t o  t h e  cen te r  of 

mass  of t h e  s ta t ionary  a t o m  Z ;  - R and E' are t h e  corresponding coordinates 

with respec t  t o  the  moving a t o m  2'  following charge t r a n s f e r ;  V is t h e  

in te rac t ion  p o t e n t i d  and k and k' are defined by hk_ = p. v and hk' = pf E', 

respectively. The quantit ies p.. and p are t h e  reduced masses  of the initial 

and f inal  sys t ems ,  respectively; y is t h e  velocity of the  incident par t ic le  

re la t ive  t o  a t o m  Z a t  rest and E' is the  corresponding outgoing velocity of atom 

2 '  re la t ive  t o  t h e  stripped a t o m  Z.  

0 -  

f 

1- - - 

1 f 

Conservation of energy requires  t h a t  

1 / 2 p . v  2 - E =  l /Zp v 2 '  - E  

1 f 

where E ,  E' are the  binding energies of the  electrons in  a toms  2 ,  2 I .  

The d i r e c t  calculation of charge t r a n s f e r  c r o s s  sections is hampered 

by several  difficulties: 

1 )  The interact ion potent ia l  p r ior  t o  the  charge t r a n s f e r  is, in  

general, d i f f e r e n t  f r o m  the  interact ion potent ia l  following the  charge 

t r a n s f e r  and it is not  clear which f o r m  of the  in te rac t ion  is b e s t  t o  use. 

Z / e 2  
2 

v .  = Z 'Ze  - 
I I -  R 1- [m/(AM + m ) ] ~  1 l -  R - [AM/(AM t m ) ] g ~  (9) 



12 

2)  Since the  non-interacting init ial  and f inal  states are  described by 

d i f f e r e n t  ISamiltonians, t h e  init ial  and final s ta te  wave functions are not 

necessarily orthogonal; and 

3 )  The wave functions 'i' and Y are in  many cases not known. 

The f i rs t  a t t e m p t s  t o  calculate the  c ros s  sect ion in the Born 

0 f 

approximation w e r e  f o r  a very simplified version of t he  charge t r a n s f e r  

process. 

e lec t ron  f r o m  a hydrogen atom. 

Oppenheimer, Brinkman and Kramers,  and Massey and Smith who 

considered the  in te rac t ion  potential  t o  be siinply the Coulomb interact ion 

be tween t h e  incoming proton and the  atomic electron. 

support  of this approximation of t he  interact ion potent ia l  w a s  t h a t  a t  proton 

energies g r e a t e r  than  50 keV, where the  Born approximation should be valid, 

it appears legitimate t o  replace t h e  protons by classical cen te r s  of force ;  

thus,  the original t h r e e  body problem can be reduced t o  a one body problem. 

With th i s  replacement,  it can be proved rigorously16 t h a t  t he  electron capture  

cross :;ec Lion is independent of t h e  proton-nucleus interaction. 

argue fro-m a physical point of view t h a t  the  proton-nuclear interact ion should 

cause only a slight def lect ion of the moving proton which would not be 

expected t o  affect  the  probability of e lec t ron  capt-we. 

This simple picture  consisted of an incident proton capturing an  

This s y s t e m  was f i r s t  investigated by 

13 14 15 

The argument  in 

One can  also 

The lack of 
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orthogonality between the  wave functions was ignored in  the  ear ly  calculations; 

however, it was recognized in  the  work of Oppenheimer. 

r e s u l t s  of these  calculations were higher than t h e  ear ly  experimental  results 

of Keene, l7 Ribe, l8 and Whit-tierl9 by a f a c t o r  of 3 t o  4 f o r  proton energies 

near 100 keV. However, t he  velocity dependence, u 

these  authors  is s imilar  t o  experimental  resu l t s .  

13 
The numerical 

- 
Q V  12, derived by 

10 

In order  t o  reduce t h e  discrepancies between theory and experiment, 

20 21 
Jackson ard Schiff and Ba tes  and Dalgarno included the  proton-nucleus 

in te rac t ion  as p a r t  of t he  t o t a l  interact ion potential. Equations (9) and (10) 

are t h e  t o t a l  pr ior  and pos t  interact ion potentials,  respectively,  as given by 

Jackson and Schiff. 

actions;  however the  lack of orthogonality is still not included in the  

calculations of these  authors.  Jackson and Schiff have shown t h a t  t he  

results obtained by means of t h e  pr ior  interact ion and those of the  pos t  

interact ion are identical provided exac t  wave functions are used f o r  the  

initial a d  final s t a t e s .  

-3 
state  of hydrogen is proportional to  n . 
of the  p-p interact ion were found t o  be in very close agreement  with the  experi- 

mental  d a t a  a t  proton energies of approximately 100 keV. The good agreement 

with experimental  results obtained in th i s  calculation implies t h a t  t he  use of 

t h e  whole per turbat ion Hamiltonian in an approximate calculation of t he  

capture  process grea t ly  improves the  convergence of the  approximation scheme ~ 

These potent ia ls  include the  p-p and p-e Coulomb ix te r -  

t h  
They also shaw t h a t  cap ture  into the  n excited 

These r e s u l t s  obtained with inclusion 
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even though i t  can be shown t h a t  some p a r t s  of the  per turbat ion will give rise 

t o  negligible e f f e c t s  in an exact  calculation. 

Due t o  t h e  various arguments f r o m  a physical point of view in  which it 

was pointed out  t h a t  t he  proton-nucleus interact ion should be negligible, and 

because of t he  work of Drisko 

contribution of t he  proton-nucleus in te rac t ion  canceled t h e  first order  

contribution, several  authors  sought t o  improve upon th i s  aspec t  of t h e  

theory. One method a t t empted  was the  use of t he  d is tor ted  wave 

approximation. 

is perfornled by replacing t h e  plane waves in t h e  ma t r ix  e lements  f o r  t he  

collision amplitude by d is tor ted  waves. The d is tor t ion  of t he  incident wave 

is induced by the  Coulomb interaction, This d i s tor t ion  is in e f f e c t  a way of 

obtaining orthogonality between the  initial and f inal  s t a t e  wave functions 

and as a r e s u l t  t h e  matrix element  of t h e  proton-nucleus in te rac t ion  can be 

neglected with an e r r o r  of t he  order  of t he  r a t i o  of e lectron t o  proton masses, 

24 
This result w a s  a lso obtained by Rates  

orthogonality of t he  wave functions by means of an e f f ec t ive  interact ion 

potential. The results of t hese  calculations f o r  protons on hydrogen show 

close agreement  with experimental  values f o r  proton energies in the region 35 

t o  200 keV with discrepancies occurring a t  higher energies. 

22 
which showed t h a t  the second order  Born 

23 
This approximation, as described by Bassel and Gerjuoy, 

who took explicit account of the non- 

The Born approximation has been used by Mapleton in  t h e  

calculation of e lec t ron  capture  c r o s s  sect ions f o r  protons on several  



d i f f e r e n t  t a r g e t  a toms.  His calculations include the  electron capture  c ros s  

sect ions f o r  protons on hydrogen and helium2’ by m e a s  of both the  proton- 

e lectron in te rac t ion  potent ia l  and t h e  more complete proton-elec t r o n  plus 

proton-nucleus interaction. The results of t hese  calculations indicate that the 

r a t i o  of t h e  c ros s  sect ions obtained by means of t he  proton-electron interact ion 

t o  t h e  corresponding value obtained with t h e  more complete interact ion is 

nearly the  same f o r  both hydrogen and helium t a r g e t  a toms.  In view of t h e  

s imi la r i ty  of th i s  r a t i o  f o r  these  two t a r g e t  a toms,  Mapleton 

c r o s s  sect ions which include the  e f f e c t s  of t he  complete interact ion potent ia l  

could be  calculated f o r  any a t o m  by first calculating the c ross  sect ion by means 

of t h e  proton-elec t r o n  interact ion potent ia l  and then  multiplying the  result 

by t h e  r a t i o  T This method, 

which grea t ly  simplifies the  calculations f o r  many-electron a toms  has been 

used by Mapleton in  calculations of t h e  electron capture  c ros s  sections f o r  

protons on nitrogen and oxygen. These calculations included e lec t ron  capture  

of only 2p electrons f r o m  t h e  t a r g e t  a tom;  therefore ,  a t  proton energies high 

enough f o r  e lectron capture  f r o m  inner shells t o  be energetically possible, t he  

calculated r e su l t s  are expected t o  be t o o  small. 

are found t o  be  in good agreement  with experimental  results up t o  approximately 

8 00 keV where inner shell cap ture  becomes energetically possible. 

25 
proposed t h a t  

calculated f o r  helium o r  hydrogen. 
(Pe + P n f P e  

26 

The r e su l t s  of the  calculations 

Mapleton has made severa l  additional calculations which are re f inements  

of t he  work described above. He used t h e  s ix-parameter  helium wave function of 



16 

27 
Hylleras and both pos t  and pr ior  interact ion potent ia ls  

- t ron  cap-t-ure CKOSS see tions f o r  protons on helium. 

w a s  usually less than 1% in t h e  energy range investigated,  40 keV t o  1 MeV. 

These r e su l t s  w e r e  slightly lower than .the earlier values calculated by means of 

a simple helium wave function; however, t he  differences are generally less 

than 20%. 

in evaluating the  elec- 

The post-prior discrepancy 

28 
Mapleton has also re-evaluated t h e  electron cap tu re  c ross  sec ‘iions 

f o r  protons on nitrogen and oxygen. 

orbi ta ls  were used. The earlier values d i f f e r  f ro in  t h e  new resul.lrs by less than 

30%”0. Mapleton’s m o s t  r ecen t  use of t h e  Born approximation2’ ha5 been in t h e  

calculation of c r o s s  sect ions f o r  e lectron capture  by protons f r o m  the  inner 

e lec t ron  shells of nitrogen. 

t h e  measured values by nearly a f a c t o r  of two. 

In th i s  calcula.tion more accura te  a tomic 

The r e s u l t s  of t h i s  calculation are higher than 

A simple g e n e r a k a t i o n  of t h e  Born approxima-t-ion involving only t h e  

30 
proton-electron interact ion has  been used by Nikolaev 

capture  c ros s  sect ions f o r  protons on the  L-arget atoms H Ne,  

Ar, and K r .  The Brinkman-Kramers type calculation was generalized by the  

introduction of external  screening pa rame te r s  and capture  probabilities were 

calculated f o r  each e lec t ron  shell of t he  t a r g e t  atom. 

mental  t o  calculated c ros s  sect ions w a s  represented,  accurate t o  approximately 

25%’ by a single-parameter function t h a t  is valid f o r  all media. 

was used as a scaling f a c t o r  in obtaining the  f inal  results of t he  calculated 

t o  calculate e lec t ron  

He, Li, N 
2’ 2’ 

The ratio of experi- 

This funct ion 



17 

c ross  section values. 

capture  f r o m  inner e lectron shells of the  t a r g e t  a t o m  a t  incident proton 

energies above approximately 800 keV. 

These calculations also show t h e  importance o f  e lectron 

Fur the r  ref inements  i n  the  f i r s t  Born approximation which include a 

description of the  rearrangement  process in t e r m s  of a multi-channel s ca t t e r ing  

process have been reviewed in  detai l  by Dalgarno. 

lack of orthogonality between the  ini t ia l  and f inal  s ta te  wave functions by 

considering t h e  wave functions t o  correspond t o  e las t ic  s ca t t e r ing  into par t icular  

s c a t t e r i n g  channels. The wave functions of the  sys t em are then  wr i t t en  as a 

superposition of the  various sca t t e r ing  channel eigenfunctions with par t icular  

states identified by properly defined projection operators.  

4 
This procedure removes the  

I t  m u s t  be noted t h a t  t he  results of dl t he  theoret ical  calculations 

described above are f o r  atomic t a r g e t s ,  whereas, the  majori ty  of t he  

experimental  results are f o r  molecular t a rge t s .  

t h a t  fo r  high-energy protons (E > 50 keV) a diatomic molecular t a r g e t  appears 

as two independent a toms t o  t h e  incoming proton. 

assumption has  recent ly  been investigated theoretically by Taun and Gerjuoy 

f o r  the  case of protons on hydrogen. 

valid, if it is valid a t  all, only as a result of accidental cancellation of a 

number of molecular e f f e c t s  which have no analog in the atomic reaction. 

They find t h a t  t h e  r a t i o  of the  atomic c ros s  section t o  the  molecular c ros s  

sect ion is very close t o  one half f o r  E < 400 keV, whereas, a t  higher energies 

It has been generally assumed 

The validity of t h i s  

31 

They point o u t  t h a t  t h i s  assumption is 
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th i s  r a t i o  reduces t o  0.42. They arrived a t  these  results by the  application of 

molecular wave functions in t h e  first Born approximation. 

In the e lec t ron  capture  calculations carr ied out  f o r  protons on hydrogen, 

t he  r e su l t s  of t h e  f i r s t  'Born approximation, wl?ich includes t h e  more  complete 

proton-nucleus interact ion potential ,  tend asymptotically a t  high energies t o  

the  value 0.661 (r 

proportional t o  .-I2, where - v is the  incident proton velocity. 

arises presumably f r o m  the  singularity of t he  proton-nuclear interact ion po kan - 

tidm Drisko 

upon a f r e e  par t ic le  Green's function which contained a v 

The quantity (r is the  Brinkinan-Kramers result and is BK' BK 

The f dc tor 0.661 

22 
has reported the  r e su l t s  of a secoizd Born approximation based 

-1 1 
t e r m  arising f r o m  

succeseive sca t te r ings  of t h e  electron by two nuclei. Explicitly he obtained. the 

formula: 

- 1 2 
Brisko showed f u r t h e r  t h a t  t he  third Born approximation would md. i fy  the  v 

t e r m  (u v ) but; leave the  v t e r m  unaltered. This work as w e l l  a s  t h a t  

of Aaron e t  a l .  suggests  t h a t  the  Born series f o r  rearrangerneizt collision di- 

-12 -1 1 
BX 

32 

verges a t  high impact  energies, if no t  f o r  all energies. However, a more recent  

calculation, 
3 3  

which included more t e r m s  in  the  second order  approximation, 

indicates t h a t  t he  Born series wi l l  converge even a t  high energies. 

34-37 
The Born approximation has also been applied by Bates  and co-workers 

t o  t h e  calculation of the probability of excitations and electron loss  f o r  hydrogen 

a toms  incident on t a r g e t  hydrogen and helium atoms. No account was taken 

of e lectron exchange; however, t h e  t o t a l  interact ion potent ia l  was considered. 
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Calculations have been made which include t ransi t ions occurring in  t h e  t a r g e t  

a t o m  simultaneously with the loss  of t h e  electron f r o m  t h e  incident atom. 

The r e s u l t s  are in  agreement  with experimental  values a t  par t ic le  energies of 

approximately 100 keV; however, the  theore t ica l  values fall off more  slowly 

with energy than  t h e  measured values. 

D. Impulse Approximation 

In order  t o  resolve the  many diff icul t ies  associated with t h e  Born 

approximation several  authors  have employed an impulse approximation in 

t h e  s tudy  of the electron capture  process. 

in de ta i l  by Bransden and Cheshire3$ and by McDowell 

Dalgarno. 

This calculation is described 

39 
and in general by 

4 
In t h e  impulse approximation t h e  e f f e c t  of t h e  binding 

energy of t h e  electron in  t h e  initial state is neglected during t h e  collision 

and the  ini t ia l  s ta te  vec tor  q5 

f o r  d i s tor t ion  by t h e  proton-electron in te rac t ion  potential. 

is replaced by a sca t t e red  wave which allows 
i, CY 

The t rans i t ion  

amplitude f o r  t rans i t ions  f rom an ini t ia l  s tate a! t o  a f ina l  state p is given by 

I 

t 
where CLI is a two-body sca t t e r ing  opera tor  and V is t h e  interact ion potential. 

a! 

t 
The function w a .  is evaluated by expanding @I in terms of a complete 

1, CY i, a! 

set of free par t ic le  wave functions. This use of a d k t o r t e d  wave function 
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removes t h e  proton-nuclear interact ion since t h e  initial and f ina l  s t a t e  wave 

funct-ions are orthogonal. In the  high energy l imi t  t he  c ros s  sec t ion  according 

to t h e  impulse approximation has been evaluated by Bransdrn and Cheshire as 

This result, which is f o r  e lectron capture  by protons on t a r g e t  hydrogen, 

d i f f e r s  f r o m  Drisko 's  results [Equation ( l l ) ]  f o r  the  second Born 

approximation by a f a c t o r  of 2 in t he  second term. 

E. Impact Ph rame te r  Formulation 

The impact  pa rame te r  f orrnulation has  been described in  detai l  by 

1 
Bates atid McCarroll. 

of t h e  nuclei which, unless t h e  energy is very low (E < 25 keV), may be taken 

t o  be t h a t  of classical par t ic les  of inf ini te  mass. This method has also had 

considerable success  at- low energies (E < 25 keV) where t h e  relat iue vel.ocity 

is considered as t h e  pertuxbation causing t h e  charge t r a n s f e r ;  t h k  is t h e  

scxa l led  per turbed s ta t ionary  states calculation. A t  higher energies t h e  

Codor& in te rac t ion  is considered as the  per turbat ion which causes the  

charge transfer. 

similar t o  t h e  f i r s t  Born  approximation; namely, t h e  en t i r e  in te rac t ion  

potent ia l  m u s t  be used, proton-nucleus $.us proton-electron, and t h e  lack of 

orthogonality of the init ial  and f inal  state wave functions m u s t  be considered. 

This formulat ion explo.its fully t h e  sirnple behavior 

The impact  pa rame te r  formulat ion involves diff icul t ies  
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The impact  pa rame te r  method has been applied by McCarrol14' to  t h e  

4- -t 
r eae t io3  H f H (1s) +:-I  (1s) f H . 
t r a n s f e r  and non-orthogonality of t h e  wave functions of the  init ial  ard final 

states. This formulat ion is equivalent t o  t h e  d i s to r t ed  wave formulat ion of 

Bassel  and Gerjiioy; however, t he  results of the  impact  pa rame te r  

calculation are l a rge r  a t  low energies of t h e  incident proton than  the 

corresponding values calculated by Bassel and Gerjuoy. The r e s u l t s  of 

McCarroll are 25% higher than  those of Bassel and Gerjuoy a t  2!5 keV, whereas, 

t h e  discrepancy a t  100 keV is approximately 5% and close agreement  is obtained 

a t  proton energies greater than  200 keV. 

Fdl  account was  taken of momentum 

23 



CHAPTER 111 

EXPERIMENTAL IVLETESOD 

A. Ap p ax a t us 

In the low-energy range (100-600 keV), protons were provided by a 

conventional gas-discharge ion source a d  accelerated by a 600 krV high- 

voltage supply. 

calibrated t o  - t 2 kev by 

proton beam was momentum analyzed by a 90" bending magnet before  

enter ing the  first collision cell, 

measurements  (800-2500 keV) w e r e  accelerated by meam of the  ORNL 

3-MeV Van de Graaff  generator ,  This accelerator  used a duoplasma- 

t r o n  

ra tes  in the range of 0. 0315 t o  2. 00 MHz. 

reduced t-o ensure t h a t  an  average par t ic le  intensi ty  of less than one 

par t ic le  p e ~  beam pulse s-t-ruck 

were used f o r  b e m i  detection. 

by a magnetic resonance probe in t h e  YO" analyzing magnet a t  the base 

of t h e  Van de Graaff generator.  

calibrated t o  within - t 0.5% against  the 

The voltage supply w a s  extremely s tab le  and had been 

The 
19 

F (p, y )  resonances at: 340 and 483 keV. 

The protons f o r  t he  high-energy 

41 
ion source which was employed in  a pulsed mode with repet i t ion 

The beam in tens i ty  was 

the  de t ec to r  when counting techniques 

The proton energies were determined 

This probe had previously been 

7 
Li(p, n)  threshold. 

22 
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The apparatus cons t ruc ted  f o r  t h e  c ros s  section measurements  is 

shown schematically in  Figure 1 and a photograph of t h e  apparatus is shown i n  

Figure 2. The apparatus consis ts  basically of two differentially pumped gas 

cells,  two sets of e l e c t r o s t a t i c  deflection p l a t e s  f o r  separation of beam 

charge states and d e t e c t o r s  f o r  t h e  determinat ion of t h e  intensi ty  of the neutral  

and charged components of t h e  bearn. 

The circular  ape r tu re s  designed by a, b, c, c I ,  and d in Figure 1 were 

machined with knife edges of d i ame te r  0,010, 0.062, 0.020, 0.020, and 0.062 

inches , respectively. 

t o  minimize s c a t t e r i n g  of t h e  beam. 

possible by t h e  use of bellows sections between apertures.  

The respective d i ame te r s  of t h e  aper tures  w e r e  selected 

Alignment of t h e  s y s t e m  was made 

The length of t h e  first collision cell, defined by aper tures  %IT and flbll, 

was 17.50 - t 0.06 inches. 

second collision cell  which w a s  also 17.50 - t 0.06 inches long. 

Figure 1 indicate a modification of t h e  second cell  made during t h e  experiment. 

The pa th  length of t h e  modified gas cell, defined by aper tures  % 'I1 and !IdTT, uas 

3.00 - f 0.06 inches. Rapid evacuation of t h e s e  collision cells was accomplished 

by means of a vacuum line by-pass. With the  by-pass valve closed a pressure  

d i f f e ren t i a l  of approximately 1500 was obtained between the  in t e r io r  of t he  

collision ceU and t h e  high vacuum region. 

Apertures  % I f  and "dff defined t h e  length of t he  

The dashed lines i n  

The e l e c t r o s t a t i c  deflection p l a t e s  shown in  Figure 1 were 6 inches long 

and w e r e  separa ted  by 1 inch. The insulation between t h e  deflection p l a t e s  

and t h e  chamber walls w a s  su f f i c i en t  t o  withstand voltages g r e a t e r  than  

30 MeV. 
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Fig. 1. A schematic drawing of the chargc t r a n s f e r  apparatus. 
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The en t i r e  vacuum s y s t e m  (excluding t h e  beam de tec t ion  assembly) 

w a s  made f r o m  # 304 stainless steel and assembled using aluminum, copper, 

and gold 'OT1-rings. This construct ion enabled the  s y s t e m  t o  be baked a t  

t empera tu res  of approximately 200°C by means of hea te r  t apes  which w e r e  

wound around t h e  vacuum chambers and insulated with asbestos. The sys t em 

was pumped by three, 1500 l i t e r / sec ,  NRC model HK6-1500 diffusion pumps 

containing DC 705 diffusion pump oil. 

isolated f r o m  t h e  high vacuum s y s t e m  by NRC series HW6 water-cooled 

baffles. 

t r a p  by a Duo Seal Model 1397 f o r e  pump. An u l t ima te  vacuum of 5 x 10 

t o r r  was obtained throughout t h e  s y s t e m  before instal la t ion of the  de tec tors ,  

With the  d e t e c t o r  assembly in place the u l t imate  vacuum in  t h e  de t ec to r  

chamber was approximately 1 x 10 t o r r .  This pressure  was acceptable 

since t h e  pressure  in  th i s  chamber r o s e  t o  approximately 2 x 10 

when gas was introduced into t h e  t a r g e t  chamber a t  pressures  of 5 x 10 

The diffusion pump oil vapors w e r e  

Each diffusion pump was backed through a n  Ultec: #SO-055 foreline 

-9 

-7 

-7 
t o r r  

-4 
to r r .  

A cut-away view of the  d e t e c t o r  assembly is shown in Figure 3. This 

assembly cons is t s  of two movable p la tes  (A and B) maintained vacuum t i g h t  

by sliding on vi ton llO1f-ring seals. Plate A provided f o r  horizontal motion 

and p la te  B, which supported t h e  de tec tors ,  provided f o r  ver t ica l  motion. 

In t h i s  way two dimensional motion of t he  de t ec to r s  with r e spec t  t o  t h e  

beam axis was  obtained. 

centered with r e spec t  t o  the  beam. The d e t e c t o r s  w e r e  positioned such t h a t  

This motion ensures  t h a t  t he  d e t e c t o r s  were 
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Fig. 3. A cut-away drawing of the d e t e c t o r  assembly. 
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a solid state de tec to r  was  on the  neutral  beam axis with a raraday-cup and 

d i d  state d e t e c t o r  on opposite sides. 

o r  l e s s  t h e  solid s ta te  de tec to r s  w e r e  used; t he  neutral  beam going t-o t h e  

c e n t e r  de t ec to r ,  t he  proton beam deflected t o  the  r igh t  t o  the  solid state 

de tec tor .  When proton beam intensi t ies  g r e a t e r  than 10  amperes w e r e  

encountered the  beam was deflected t o  t h e  lef t  and t h e  Faraday-cup w a s  

employed 

Fox beam in tens i t ies  o€ amperes 

-14 

ORTEC silicon-gold ba r r i e r  de t ec to r s  which had a sensi t ive a r e a  of 

2 
approximately 50 mrn and a depletion depth of approximately 330 microns 

(sufYicient- t o  s t o p  20 MeV protons)  were used. The d e t e c t o r s  were covered 

by a stainless steel mask which allowed the  incident par t ic les  t o  strike otdy 

t h e  sensi t ive a rea  of t h e  de tec tors .  The de tec to r  signals w e r e  amplified by 

a n  ORTEC charge sensi t ive preamplifier and ORTEC pos t  bias amplifier,  and 

then  counted by a conventional scaler.  The noise level of t h e  d e t e c t o r  signal 

was approximately 50 keV a t  room temperature .  

A schematic  drawing of t he  Faradayeup and a plot  of t he  output 

cu r ren t  as a function o f  t h e  guard-ring voltage f o r  it are shown in Figure 4. 

The cu r ren t  output of the  Faradaycup was found t o  be independent of t h e  

guard-ring voltage f o x  voltage f o r  voltages g r e a t e r  than  20 volts. A 90 vol t  

potent ia l  was  applied t o  the  guard-ring f o r  all proton cu r ren t  rneasuraments 

in order  t o  ensure t h a t  no loss  of secondary-emission electrons occurred. A 

Keithlcy Model 410 micro-microammeter  was used t o  measure the  cup 
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Fig. 4, A schematic  drawing of t he  Faraday-cup and a plot of 
t h e  output cu r ren t  as a function of guard-ring voltage f o r  it. 
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current .  

241 picoampere cu r ren t  source. The Meitliley 261 has a maximum uncertainty 

on t h e  mos t  sensi t ive scale of 1.5%. The output of the  micro-microammeter 

was displayed on a recorder  in order  t o  average the  cwren t  over a given t i m e  

interval. 

cur ren t  co~,dd be  determined t o  less than 10% uncertainty. 

was cal ibrated t o  within 1% by means of t h e  p r e s e t  t i m e r  and the  40 Hz tes t  

signal b u i l t  in to  t h e  scaler ,  

The Keithley 410 calibration was checked against  a Keithley Model 

The accuracy of t h i s  averaging process is such t h a t  the average 

The time interval  

The t a r g e t  gas w a s  introduced into t h e  collision chamber through a 

Granville-Phillips variable leak valve. The conductance of this valve i s  

continuously variable fro-m 10  cc  pe r  second t o  10 cc per  second. The 

leak r a t e  is cons tan t  a t  a given se t t i ng  (as determined by a counter a t tached 

t o  the dr iver )  such t h a t  t he  different ia l ly  pumped collision cell reaches an 

eqid ibr iurn  pressure  within a few minutes a f t e r  t h e  leak r a t e  is set. For 

t h e  highly condensable gases such as wate r  vapor and butane the  valv- 0 was 

hcated t o  approximately 80°C in order  t o  minimize the  condensation of the  

gas on the  metal. t o  meta l  sealing swfaces. Any condensation on these  

surf aces produces a liquid seal which has only Iron" or %ff properties.  

-10 

An Aero-Vac residual gas analyzer was used t o  spot  check the pur i ty  

of t h e  gases studied. 

with resolution (fwhm) a t  mass  20 of one mass u i t .  Mass  s c a m  w e r e  made 

before  and a f t e r  the introduction of the  t a r g e t  gas iiz order t o  de te rmine  if 

This analyzer hadan akomic mass range of 1 t o  70  
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impur i t ies  were present.  

much as 1% of the t a r g e t  gas a t  the t i m e  d a t a  were taken. 

In no case  did impurit ies appear t o  amount t o  as 

Of u t m o s t  importance in t h e  measurement  of c ros s  sections is the  

accura te  determinat ion o f  t a r g e t  gas densities. This problem has  especially 

hampered t h e  measurement  of charge t r a n s f e r  c r o s s  sections f o r  condensable 

gas t a r g e t s .  The pressure  measuring device used in  t h i s  work was a 

commercially available capacitance manometer. The advantage of this 

ins t rumen t  is t h a t  it provides continuous pressure  monitoring and t h e  

p re s su re  determinat ions are independent of t h e  na ture  of t h e  gas used. 

NlKS bara t ron  p res su re  rreter type  77 and pressure  head type 77H-1 were 

purchased f r o m  MKS Instruments,  Inc. 

thermosta t ica l ly  regulated heating e lements  f o r  operation at a cons tan t  

tempera ture .  These heating elements  can also b e  used t o  bake-out t h e  

p re s su re  head at- t empera tu res  near 150°C. The p res su re  range of t h e  type 

77H-1 ba ra t ron  head is 2 x 10 t o r r  t o  1.0 t o r r .  The in s t rumen t  had been 

f a c t o r y  calibrated t o  1 p a r t  in 10 f o r  t h e  pressure  range 0.1 t o  1.0 t o r r .  

F o r  operation in  the  p re s su re  range 1 x 10 t o r r  t h e  calibration 

of t h e  manometer  w a s  f u r t h e r  checked against  a McLeod gage. The r e su l t s  

of t h i s  comparison, repor ted  in Appendix I, show t h a t  t h e  capacitance 

manometer  is in agreement  with the McLeod gage, which was used as a 

standard,  t o  pres su res  a s  low as 1 x 10 

1 x 

An 

The pressure  head has built4.n 

-5 

4 

-3 -4 
t o  1 x 10 

-4 
t o r r .  A t  gas  pressures  less than 

t o r r  t h e  uncertainty in reading t h e  NlcLeod gage as well as 
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instabil i ty in the capacitance manometer result in r a t h e r  large uncertainties 

i n  the  pressure  readings. In khe pressure  range a t  which t h e  measurements  

-3  -4 
t o  1 x 10 of charge transfer c ross  sections w e r e  made (1 x 10 t o r r )  the  

uncertainties in  pressure measurement  w e r e  approximately 3%. 

B. Mathematical Formulation 

In order  t o  calculate charge t r a n s f e r  c ross  sec::-tlons f r o m  experi- 

mental  d a t a  a mathematical  description of the charge t r a n s f e r  process  m u s t  

be f orrnulated. Such a description has  been presented by Allison 

will  be reviewed here. 

42,43 ad 

Consider t he  charge t r a n s f e r  processes t h a t  hi t ia l ly  

take  place when a proton beam in t e rac t s  with a target  tas: 

0 
These beaim products, H and 13-, may undergo f u r t h e r  charge t r a n s f e r  

collisions such as: 

- f  
1 I O - i - G - H  f G  

f 
- H  + e + e  

H- -F G -H' + G .I- e (18) 

(19) 
+ 

- H  + G f 2 e  

where G designates any t a r g e t  gas molecule. 

processes mathematically by the f ollowh-g set  of d i f fe ren t ia l  equations: 

One may describe these  
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with 

F l t F  S F  
0 -  1 

where F. is t h e  f r ac t ion  of the  t o t a l  beam 
1 

= 1  

in charge state i 

is t h e  probability of charge transfer f r o m  charge state i t o  

charge state f 
uif 

-2 
i-r is t h e  number density of t he  t a r g e t  gas in molecules-cm = 

P is the ta rge t  gas pressure  in  t o r r  

R is t h e  path length through t h e  t a r g e t  gas measured in  cen t ime te r s  

T is the absolute t empera tu re  of t h e  t a r g e t  gas 

N is Avogadro's number 

R is t he  gas cons tan t  (8.31 x 10 ergs-mole -"C ) . 
A 

7 -1 -1 

General solutions t o  these  equations can be  obtained and evaluated f o r  

par t icular  experimental conditions. Allison has presented t h e  solutions t o  

muat ions  (20) through (23) f o r  incident H , H , and H- beams. 

42 

t o  
These 

solutions are complicated by t h e  va r i e ty  of charge t r a n s f e r  processes which 

may occur. The problem of charge t r a n s f e r  is great ly  s implz ied  by 

approximations appropriate t o  t h e  energy range of the p re sen t  work. For 

f 0 
incident H o r  H par t ic les  with energies g r e a t e r  than 50 keV t h e  cross 
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sect ions f o r  t-he fo rma t ion  of negative hydrogen ions, u - and u -, respectively,  

are very small compared t o  the  cross sections,  u 

100 keV t h e  c ros s  sect ion f o r  €1- format ion  in an incident H becarti is less than  

1% of t h a t  f o r  I1 formation;  likewise, f o r  an incident H beam t h e  probability 

of 13- format ion  is less .than 1% of t h a t  f o r  I3 formation.  One inay, there-  

11 01 
and rOl. For  example, a-t 

10 
c 

0 0 

i- 

fore, neglect t h e  negative hydrogen ion component i n  e i the r  proton o r  neutral  

hydrogen beams with less than 1% error when the incident bean energy 

is 100 keV. 

f a ske r  than  the corresponding probabilities f o r  t h e  format ion  of H 

A t  higher energies t h e  probability of H- format ion  decreases  much 

-1- 03; 

and H . 
When the  H'^ beam component is neglected in  t he  above set  of d i f fe ren t ia l  

equations the resul t ing s y s t e m  of equations is 

w i t h  

The symmetry  of t hese  equations should be noted, if t h e  indices 0 and 1 are 

interchanged t h e  result ing equations are identical, 

t h a t  any results obtained f o r  F are applicable f o r  F when all indices are in te r -  
1 0 

changed. The d i f fe ren t ia l  Equations (24)  and (25) may be uncoupled by t h e  use 

of Equation (26) and readily solved by the methods of e lementary differefit ial  

This symmet ry  implies 

*See sect ion B of Chapter  VI11 and re ference  42. 
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equations. The general solutions are 

F. = F. + P(z, i) exp C-.rr(crlo + uol)]  
1 1m 

with i = 0, 1 and 

01 
U 

- - 10 
0- 

F =  
Om O - l o + U o l  F l m  U l 0 + U O l  

where 2: describes t h e  charge state of t h e  initial beam and i describes t h e  

charge state of t h e  beam component under consideration. The quantity F. 

is an equilibrium fract ion,  t h a t  is, t h e  f r a c t i o n  of t h e  t o t a l  beam in charge 

s t a t e  i under equilibrium (multiple collision) conditions. Values of t h e  

pa rame te r  P (Z, i), which depend on experimental conditions, are given in  

Table 1. 

103 

The solutions t o  t h e  two component problem may now be w r i t t e n  as 

they  apply t o  t h e  experimental problem of determining I1high-energylr charge 

transfer c ross  sections: 

0 
f o r  an incident H beam 

{ 1 -  exp[-sr(cr lo+O-o,)ll ; 
01 

1 0- t c r  
10 01 

0- 

F =  

-t 
f o r  a n i n c i d e n t H  beam 

{ 1 - exp[-?r(n lo+O-O1)ll 
1 0  

10 01 

0- 

F =  
0 0- -l-r 

For f t th inf t  t a r g e t  conditions, conditions in which only single collisions QCCUT 

as t h e  beam passes through t h e  t a r g e t ,  the exponent is very  small  

(('10 f0-01) << 1 ( 3 2 )  



36 

VATAUES O F  P ( Z ,  i) FOR THE SOLUTION 
O F  THE TWO COMPONENT EQUATIONS 

- 

P(0 , l )  = -P 
1.. 

All neutral P(0,O) = F 
1.. 

All charged P(1,O) = -F P(1,l) = F 
O W  O m  
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and one may expand the exponential in a power series. If, a f t e r  t h i s  expansion, 

only t h e  first t e r m s  a r e  retained the  two component, l r thinlf  t a r g e t  solutions 

are given by the  f ollowirg : 

f o r  an  incident Ho beam 

F = F  n ; 
1 01 

t 
f o r  an incident H beam 

F = F  7~ 
0 10 

The quantity n can be w r i t t e n  as 

-2 
T = a! P mol-cm 

(33) 

(34) 

(35 1 

where 

-2 -1 . (36) -1 15 
o! = 9.90 A(cm) T (OK) x 10 mol-cm - t o r r  

The quant i t ies  R and T in  Equation (36) a r e  t h e  collision cel l  pa th  length and 

t a r g e t  gas tempera ture ,  respectively, The rr thinr t  t a r g e t  solutions, Equations 

(33) and (34), may now be related d i rec t ly  t o  t h e  experimental  data .  F o r  a 

given collision cell  and room tempera ture ,  Q! is a constant ;  therefore  T is 

orily a function of t h e  t a r g e t  gas pressure.  Data  were obtained f o r  t h e  value of 

Ff, where f is 1 and 0 in  Equations ( 3 3 )  and (34), respectively, f o r  various 

values of t he  t a r g e t  gas pressure.  From t h e  f o r m  of Equations (33) and (34) 

it is noted t h a t  a plot  of F versus  P should r e s u l t  i n  a s t r a igh t  line with t h e  

slope of t h e  line proportional t o  t he  c r o s s  sect ion v 
i f '  

f 

This method of 

measuring charge transfer c r o s s  sect ions depends on t h e  validity of the  t w o  

component and "thin" t a r g e t  approximations i n  giving reliable resul ts .  If 
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-ir(crl0 -1- IT ) is allowed t o  become as high as 0.20, an e r r o r  in  the  measured c ross  
01 

sect ion of approximately 10% wi l l  r e su l t ;  thus, e i the r  t h e  quantity IT(F 

F ) mus t  be kept  very sinall o r  appropriate correct ions mus t  be made. 

Approximate correct ions f o r  large values of TT (u 

4- 
10 

01 

f cr 
10 01 

) a r e  described 111 

section C of th i s  chapter .  

P lo t s  of F versus P f o r  pxotons of various energies in  wa te r  vapor a re  
0 

shown in Figure 5. 

d i f f icu l t  gas t o  handle, a s t r a igh t  line can be drawn through t h e  experimental 

I t  can be  seen t h a t  even f o r  w a t e r  vapor, which is a 

points unambiguously. Where possible, t h e  r a t i o  F = bo/(ko -I- hi-, was not  
0 

allowed t o  become la rger  than 0.05 in  order  t o  ensure t h a t  t he  approximation 

used in obtaining Equations (33) and (34) was valid t o  within 3%. Since the  

power series expansion of Equations (30) and (31) r e s u l t s  in an  a l ternat ing 

harmonic ser ies ,  neglecting t h e  t e r m s  of order  g rea t e r  than n results in  an 

s t  44 
e r r o r  less than the  (n -t 1) t e rm.  

f rom the  slope of each s t r a i g h t  line by the  relationship 

The cross  sect ions were calculated 

- slope 0- - 01 a (37 )  

where a! is given by Equation (36). 

t a r g e t  gases are presented la te r .  

These results and the  r e s u l t s  fo r  o the r  

Equations (28) and (29) may be used a s  a convenient check on t h e  

measured c ross  sections. The quantit ies F and F may be measured 

d i rec t ly  by simply increasing the  gas pressure  until  equilibrium conditions 

(multiple collisions) occur f o r  incident H and H beams, respectively. 

1.. 0" 

0 t 
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0.04 

II 
k- 

0.02 

0.01 

0 

-I Ho+ H,O 

Fig. 5. An example of t h e  growth of t h e  charge-changed component 
in  an initially pure beam with increased t a r g e t  density. 
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These values may then  be compared t o  t h e  measured c ross  sect ions by t h e  

relationship 

CF 
F1a 01 - 

a- 
om 10 
F 

and an es t imat ion  of t he  internal  consistency of t h e  measurements  can be 

determined. 

becomes very nearly equal t o  one (F 

values of t he  equilibrium f rac t ions  are diff icul t  t o  obtain by d i r ec t  measure- 

ment. 

1 
At  energies above a few hundred kilovolts the value of F 

= 1 - F1 and accurate  experimental  
O m  

C. Experimental  Procedure and Da ta  Analysis 

The apparatus used t o  obtain the  d a t a  t o  which Equations (33) and (34) 

w e r e  applied is described in sect ion A of th i s  chapter,  Fo r  measurements  of 

c ros s  sect ions f o r  neutral  beams t h c  incident proton beam underwent charge- 

changing collisions with e i the r  nitrogen or  argon gas introduced into the first 

gas cell a t  a pressure  of approximately one micron. 

beam sca t t e r ing  occurred a t  t h i s  gas pressure  while a neutral  beam component 

of t he  desired intensi ty  was produced. 

charged components were def lected f r o m  the  beam by an e lec t r ic  field leaving 

a pure neutral  beam incident on t h e  t a r g e t  gas cell. Fo r  measurements  where 

a pure proton beam w a s  necessary t h e  first collision cell w a s  evacuated t o  

approximately 2 x 10 

A minimum amount of 

Following the  first collision cell the  

-8 
t o r r  and the  firsl- set of e l ec t ros t a t i c  deflection p la tes  
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was electr ical ly  grounded. A f t e r  having passed through t h e  t a r g e t  chamber the  

beam components were separated by an e l ec t r i c  field and t h e i r  intensi t ies  were 

determined. F rom these  measurements  and a knowledge of the  t a r g e t  gas 

pressure  the  plots  of F (F ) versus P described earlier were made and the  

c r o s s  sec t ions  F (o- ) calculated. 

0 1  

10 01  

For  t h e  measurement  of very  smal l  e lec t ron  capture  c ross  sect ions the  

neut ra l  component i n  the  proton beam due t o  interact ions with residual gas 

molecules in  the beam tube becomes comparable t o  t h e  neut ra l  component 

formed by interact ions with t h e  t a r g e t  molecules. 

neutral  background a sl ight modification was made t o  the  charge t r a n s f e r  

apparatus. A smal l  bend (approximately 1 with r e spec t  t o  the  incident 

beam axis) was introduced af ter  the f i r s t  two apertures .  

could then  be bent  by the f i r s t  set of e l ec t ros t a t i c  deflection p la tes  into 

t h e  0.020 inch d iameter  entrance aper ture  of t h e  t a r g e t  gas cell; whereas t h e  

neutral  beam would continue in  a s t r a i g h t  line unable t o  e n t e r  the t a r g e t  cell. 

Elec t ron  capture  c ros s  sect ions f o r  protons on hydrogen and helium w e r e  

measured by means of the  apparatus containing the  bend f o r  incident proton 

energies g r e a t e r  than  600 keV. With t h e  reduced background the e lec t ron  

capture  c ros s  sect ions f o r  hydrogen and helium t a r g e t s  could be measured t o  

1.75 and 2.00 MeV, respectively, before  t h e  signal-to-noise ratio was too  

small f o r  meaningful r e s u l t s  t o  be obtained. Cross  sect ions f o r  other gas 

t a r g e t s  are much la rger  and could be measured without t he  bend placed .in t he  

apparatus. 

In order  t o  reduce this 

The pro ton  beam 
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Calculation of t h e  charge t r a n s f e r  c ros s  sect ions f rom the  actual 

experimental d a t a  is seen m o s t  clearly when the mathematical  equations 

describing the  process a r e  w r i t t e n  in  the  following form:  

These equations a r e  Equations (33) and (34) r e w r i t t e n  in t e r m s  of the 

measured quantities. I +. and I a r e  the proton and neutral  beam intensi t ies ,  

P is the  t a r g e t  gas pressure  and Q is given by Equation (36). In this sect ion 

khe methods of obtaining the  pa rame te r s  i n  Equations (36 ) ,  (39),ad (40) wi l l  

be described. 

€I H0 

The t empera tu re  r e fe r r ed  t o  in Equation (36) is the  t a r g e t  gas 

temperature  in  degrees Kelvin. Since the  t a r g e t  gas pressures  were qui te  

low ( the mean f r e e  path of a t a r g e t  molecule was g r e a t e r  than t h e  dimensions 

of t he  gas chamber), t h e  gas temperature  was taken t o  be t h a t  of t h e  walls 

of the  collision chamber. The wa l l  t empera tu re  was measured by means of 

a n  iron-constantan thermocouple t o  within .+_ 2°C. Two d i f f e ren t  collision 

cells w e r e  used in  th i s  work which result- in  t w o  d i f f e ren t  values of R i n  

Equation (36 ) .  The first da ta  were obt-ained by means of a collision cell of 
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length R = 17.50 - f 0.06 inches. In order  t o  check t h e  reproducibility of t h e  

measured c r o s s  sections,  a s h o r t e r  collision cell was installed. The s h o r t  

cell  was 3.06 - + 0.06 inches in length. The two d i f f e ren t  cell lengths were 

also used in e s t ima t ing  t h e  e f f ec t ive  increase in  t h e  pa th  length due t o  a 

pressure  gradient outside of t h e  collision cell  ape r tu re s  which results f r o m  

d i f f e ren t i a l  pumping. Since t h e  same size en t rance  and exit aper tures  w e r e  

used f o r  both collision cells the  e f f ec t ive  pa th  length increase should be the 

same; however t h e  percentage increase  in  pa th  length is qui te  different .  

An increase in pa th  length of one c e n t i m e t e r  corresponds t o  an increase of 

13% f o r  t h e  s h o r t  cell  and o d y  2% f o r  t h e  long cell. A comparison of c ros s  

sec t ion  measurements  made with t h e  two collision cells shows t h a t  t h e  c ros s  

sect ion values obtained by means of t h e  s h o r t  cell were approximately 3% 

g r e a t e r  than  those  obtained by means of t he  long cell. This increase of 3% 

is in close agreement  with a simple calculation which gives t h e  e f f ec t ive  

increase i n  cell length t o  be 2.7% f o r  t h e  s h o r t  cell and less than 0.5% f o r  

t h e  long cell  (see Appendix XI). The use of t h e  s h o r t  cell  is advantageous i n  

t h a t  higher gas pressures  could be used before secondary collisions occur. 

The gas  p re s su res  of- less than  3 x 10 

collisions f o r  some t a r g e t  gases when t h e  long cell  was used w e r e  extremely 

d i f f icu l t  t o  measure accurately. 

-4 
t o r r  necessary t o  ensure single 

The measurement  of t a r g e t  gas p re s su res  was made by means of a 

capacitance manometer.  This device has  been described in sec t ion  A of 
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this  chapter  and the accuracy is considered in Appendix I. 

of the  t a r g e t  gas into the  collision chamber, t h e  pressure was found t o  reach 

an equilibrium value in  a few minutes. For the  highly condensable gases such 

a s  wa te r  vapor and butane, it was necessary t o  w a i t  a few -minutes more t o  

reach pressure equilibrium. 

more than a few percent  during a d a t a  collection period. 

d r i f t  was negligible. 

Upon introduction 

A t  no t ime  was the pressure  allowed t o  d r i f t  

In m o s t  cases the  

Precaut ions w e r e  taken t o  ensure t h a t  no impuri t ies  were introduced 

into the  t a r g e t  gas as  it was  t r ans fe r r ed  f r o m  t h e  supply cylinder ( the init ial  

gas puri t ies  discussed in Chapter V )  t o  t h e  collision cell. The copper line 

connecting the  supply t o  t h e  collision cell  was f i r s t  evacua-ted t o  10 

While evacua-ted the line was heated by a torch  f lame in order  t o  remove any 

adsorbed gases. The valve between t h e  line and f o r e  pump w a s  then closed 

a d  gas f r o m  the  supply cyl-inder introduced a t  a pressuxe of approximately 

20 1 b s - h  above atmospheric pressure except f o r  wa te r  vapor which was 

introduced a t  its equilibrium vapor pressure.  

cell  and gas supply was filled with liquid nitrogen f o r  t h e  targe- t  gases H 

and He while a dry  ice s lur ry  was used f o r  all o the r  gases except H 0, C H 

and Kr. The d r y  ice s lur ry  was made by mixing crushed d ry  ice with e i the r  

acetone o r  butyl cellosolve (a mixture  of ethylene glycol and mono-butyl e ther) .  

For butane and krypton the  t r a p  was l e f t  a t  room t empera tu re  sirice they will 

condense a t  dry ice  tempera ture ,  and f o r  wa te r  vapor the  transfer line was 

-3 
t o r r .  

-2 

A cold t r a p  between t h e  collision 

2 

2 4 10’ 
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heated t o  approximately 50°C t o  ensure t h a t  no condensation would occur. 

The valve through which gas was introduced into t h e  collision chamber w a s  

heated a t  all t i m e s  t o  reduce t h e  possibility of gas  condensation on t h e  sealing 

su r f  aces. 

The accuracy of t h e  measured cross sections can be seen  in Equations 

(39) and (40) t o  depend direct ly  on the  accuracy of t h e  beam intensi ty  

determinations.  The e n t i r e  beam which e n t e r s  t h e  collision chamber m u s t  

be de tec ted  in t e r m s  of its charge s ta te  components a t  t h e  de t ec to r s .  

One possible cause of a sys t ema t i c  e r r o r  in  t h e  c r o s s  sec t ion  measurements  

is due t o  s c a t t e r i n g  of t h e  incident pa r t i c l e s  during charge t r a n s f e r  processes. 

If t h e  deflection of t h e  incident par t ic le  is su f f i c i en t  during charge t r a n s f e r ,  

t h e  charge-changed component of t h e  beam may strike t h e  walls of t h e  ex i t  

ape r tu re  and be preferentially removed f r o m  t h e  beam. A rough e s t i m a t e  of 

t h e  maximum s c a t t e r i n g  angle which may occur during charge t r a n s f e r  can be 

obtained f r o m  a classical p ic ture  i n  which an e l ec t ron  is stripped f r o m  t h e  

projectile. 

2m/M where m is t h e  e l ec t ron  m a s s  and M is t h e  proton mass. Sca t te r ing  

a t  t h i s  angle would cause a maximum beam spread a t  t h e  ex i t  ape r tu re  due t o  

single collisions of 0.036 inches f o r  t h e  long cell and 0.006 inches f o r  the  

s h o r t  cell. 

inches in d i ame te r )  re la t ive t o  the en t rance  ape r tu re  (0.020 inches in  

d i ame te r )  t o  ensure t h a t  scatter during t h e  charge t r a n s f e r  process did not 

43 
The maximum s c a t t e r i n g  angle obtained i n  t h i s  e s t i m a t e  is 

In t h e  p re sen t  work t h e  ex i t  ape r tu re  was  large enough (0.062 
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cause the  interact ing beam par t ic les  t o  strike the aper ture  walls. 

A second possible cause of a sys t ema t i c  error in the  determination of 

the r a t i o  of charge s t a t e  components within the beam is separat ion of the  

components of t he  beam by external  electric o r  magnetic fields. If charge 

separat ion occurs, one of the  charge states m a y  be preferentially removed 

f r o m  the  beam by s t r iking the  edge of t h e  ex i t  aperture.  

magnetic field was monitored and a maximum field s t r eng th  of 1.3 Ga i s s  was 

measured. This magnetic field could def lec t  a 100 keV beam of protons 

approximately 0.020 inches with the  deflection decreasing a t  higher energies. 

A deflection a s  high as  0.025 inches could be k-olexated if ex t reme ca re  was 

taken in the  alignment procedure. 

alignment was checked each t ime  t h e  energy was changed, whereas periodic 

alignment checks were made when the long collision cell. w a s  used. 

collision chamber was e lec t ros ta t ica l ly  shielded by the s ta in less  s t e e l  walls so 

that- e l ec t ros t a t i c  deflection Q€ the  beam within t h e  collision cell  was 

minimized. 

d u e  Lo s t r a y  f ie lds  would be more pronounced f o r  t he  long cell than t h e  

s h o r t  cell, the  f a c t  t h a t  the results obtained with both cel ls  w e r e  in close 

agreetnent a t  all energies is quant i ta t ive evidence t h a t  charge separat ion did 

not occur. 

The external  

For the  d a t a  taken with the  s h o r t  cell  the  

The 

Since the  e f f e c t s  of beam deflection within t h e  collision cell  

Once the  beam had passed through t h e  collision cell, the  cen te r  

de t ec to r  w a s  centered with r e spec t  t o  t h e  beam. In order  to ensure t o t a l  
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beam collection it is impor tan t  t h a t  t h e  d e t e c t o r  a rea  be large relat ive t o  

t h e  beam diameter.  

scanning with t h e  movable de tec tor .  Due t o  uncertainties in  t h e  knowledge 

of t h e  exac t  position of t h e  de t ec to r s ,  only rough e s t i m a t e s  of t h e  beam 

size could be made; however an  upper l imi t  on t h e  beam d iame te r  was  

placed a t  0.050 inches. The beam profile was f la t  on top  with rapidly 

decreasing intensi ty  on e i t h e r  side. Since t h e  sensit ive a rea  of each 

d e t e c t o r  was 0.300 inches in d iameter ,  100% beam detec t ion  could be 

expected when the  beam w a s  properly centered. When t h e  cen te r  d e t e c t o r  

had been centered on t h e  beam with r e s p e c t  t o  both t h e  ve r t i ca l  and 

horizontal directions a potential  was applied t o  t h e  deflection plates  t o  

de f l ec t  t h e  protons t o  the  side de tec tor .  The protons were centered on 

t h e  side d e t e c t o r  by proper deflection potentials,  then  t h e  beams were 

scanned by t h e  d e t e c t o r s  t o  de te rmine  if both beams w e r e  simultaneously 

centered on t h e i r  respective de tec tors .  

each time t h e  energy was changed or t h e  alignment checked. 

The beam dimensions a d  profile were determined by 

This procedure was carr ied out 

For  large c r o s s  sections where t h e  pro ton  and atomic hydrogen 

3 
components of t h e  beam d i f f e r  by a f a c t o r  of approximately 10 t h e  two 

components were de tec ted  on respective solid s ta te  de tec tors .  In th i s  way 

t h e  relat ive intensi t ies  w e r e  determined simultaneously and any f luctuat ions 

in  t h e  incident beam w e r e  automatically compensated. 

s t a r t e d  and stopped by a common switch t o  reduce possible errors in t h i s  

The counters w e r e  
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procedure. Sufficient da t a  were accumulated to ob-Lain counting statistics 

of less than one percent  f o r  t h e  less intense of the two charge s t a t e  

components. Since it is possible t h a t  a malfunction of t h e  electronics  could 

result in a sys t ema t i c  e r r o r  in  t h e  r a t i o  of beam components, t h e  leads 

f r o m  t h e  de t ec to r s  t o  t h e  amplification-scaling sys t ems  were interkhanged 

periodically. The de tec to r s  were also interchanged with r e spec t  t o  t h e  beam 

components a t  various times. These interchanges had no effect  on t h e  value 

of the  c ros s  sect ions determined f r o m  the  data ,  

For small c ros s  sections,  such as t h e  e lec t ron  capture  c ros s  sect ions 

a t  energies of more  than  a f e w  hundred kilovolts, t h e  number of neutral  

par t ic les  produced when the  proton beam imteracted with t h e  targe-t- was 

very small.. 

t h e  proton beam had t o  be quite intense. 

- 13 -1 0 
these  proton beam intensi t ies  which were in t h e  range of 2 x 10 t o  5 x 10 

amperes, Since single par t ic le  counting was still necessary f o r  t h e  neutral  

beam component t he  counts  per  minute neutral  intensi ty  had t o  be converted 

.to equivalent cu r ren t  f o r  comparison to  t h e  proton current .  The conversion 

t o  equivalent cu r ren t  w a s  accomplished by counting neutral  par t ic les  f o r  a 

given period of time while simultaneously recording t h e  proton cu r ren t  on a 

c h a r t  recorder.  

could then  be converted t o  equivalent cu r ren t  a d  compared t o  the average 

proton current .  The unit of counting time was determined by a p r e s e t  timer 

In order  t o  obtain reliable statist ics f o r  t he  rzeutrd component 

A Faraday-cup was used -60 measure 

The neut ra l  par t ic le  intensi ty  in  par t ic les  per  unit- time 
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which was calibrated t o  less than  2% uncertainty by means of a 60 Hz signal 

generator built in to  t h e  scaler. 

F o r  given experimental conditions of pa th  length A ,  t empera tu re  T, 

incident beam H (i = 0 o r  4-) and incident beam energy E, several  d i f f e r e n t  

values of t h e  intensi ty  r a t i o  ki/(k0 + b+) w e r e  obtained f o r  corresponding 

t a r g e t  gas pressures.  A plot of I ./(I 4- I ) versus P results in  a 

s t r a i g h t  line (under "thin" t a r g e t  conditions) and t h e  charge t r a n s f e r  c ros s  

sec t ion  is proportional t o  t h e  slope. The line does not pass  through the  

origin due t o  charge-changed beam components which are independent of t h e  

t a r g e t  gas density and f o r m  a smal l  percentage of t h e  incident beam intensity. 

These background charge components are due primarily t o  charge t r a n s f e r  

between t h e  incident beam and residual gas molecules within t h e  vacuum 

s y s t e m  and charge t r a n s f e r  in  collisions between t h e  beam and t h e  defining 

aper tures .  This background was reduced in several  ways, ( 1 )  t h e  use of ultra- 

high vacuum techniques t o  reduce t h e  residual gas molecule density, (2) t h e  

reduction of pa th  length between t h e  charge analyzing s y s t e m  and t h e  

collision cell, (3) the use of knife-edge apertures,  and (4) ca re fu l  alignment of 

t h e  apertures .  The major  e f f e c t  of a smal l  background component is a 

nonzero in t e rcep t  which will  not a f f e c t  t h e  c r o s s  section determination. 

However, € o r  t a rge t  gases with very  small  c r o s s  sect ions t h e  background 

component may become comparable t o  t h e  charge component produced by 

interact ions between tk beam and t h e  target- gas, in  which case  t h e  ability 

i 

HI Ho H4- 



50 

t o  measwe the  c ross  sections is affected.  The accuracy of the electron 

capture  c ross  sect ions f o r  hydrogen and heljum was l imited by th i s  "signal" 

t o  noise ra t io .  

Equations (39) and (40) were obtained by an approxhnation of a power 

series expansion, 

conditions defined by Equation (32), had the  following form:  

The approximation, which w a s  a result of "thin" target 

As the value of t h e  exponent, otP(crlo f c 

indicated by Equation (41) is no longer valid. 

needed t o  account- Eor the  e r r o r  in  Equation (41) a t  large values of aP(u 

), becomes large, the approximation 
01 

,In es t imat ion  of t h e  correct ion 

t 
10 

cr ) is given by the  r a t io  
01 

A t  incident par t ic le  energies g rea t e r  than  100 keV, w 

aP(cr t u ) z a P u  The quantity a P u  is given approximately by 

Equation (40) t o  be the measured quantity I H + / ( ~ +  f bo) f o r  an incident W 

beam and a given t a r g e t  pressure.  Each f r ac t ion  h+/(JI+ -t- IH0) mus t  be 

multiplied by t h e  correct ion f a c t o r  given by Equation (42) before t h a t  

f r ac t ion  is plotted versus  pressure.  This correct ion allows one t o  apply 

Equation (39) t o  the  plot ted da t a  and obtain a c ros s  sect ion f rom the  slope 

which is effect ively corrected t o  second o r d e r  t e r m s  in t he  power series 

expansion, 

>> F t he re fo re  
01 10; 

10 01 01' 0 1  

0 

This correct ion was applied initially to the  d a t a  f o r  approximately 
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50 c ross  sect ion measurements.  The c ross  sect ions determined f r o m  the  

cor rec ted  d a t a  were then  compared t o  t h e  uncorrected resul ts .  A plot  of t h e  

r a t i o  (IJ corrected)/(cr uncorrected) versus  t h e  maximum value of t he  
01 01 

f r a c t i o n  t k.) allowed in  determining the  slope f r o m  which t h e  c ros s  

sec t ions  w e r e  calculated is shown in Figure 6. From t h i s  graph cor rec t ion  

f a c t o r s  f o r  o the r  c r o s s  sect ions could be determined t o  within - f 2% by a 

knowledge of the  maximum value of the r a t i o  ko/(IHo f k+) used i n  t he  slope 

determination. Due t o  t h e  symmetry  of Equations (39) and (40) t he  same 

correct ion mus t  be made far cr when 

equivalent t a r g e t  gas densi t ies  a r e  used in  t h e  measurement. This is quite 

c l ea r  when the  second order  t e r m s  are observed in  t h e  power series 

expansion a s  is shown in Equations (43) and (44). 

has  been described above f o r  cr 
10 01 

(44) 

The cor rec t ion  t o  the  cross sect ions t o  account f o r  smal l  deviations f rom t h e  

validity of approximation (41) w e r e  made only f o r  t h e  measurements  obtained 

by means of t h e  long pa th  length collision cell. When t h e  s h o r t  path length 

collision ceU was  used the value of aP(u t cr 
10 01 ) was not allowed t o  reach 

a value greater than  0.05. A t  aP(cr 

within 3%. 

t cr 
10 01 

) = 0, OS Equation (41) is accurate  t o  
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,+'I 

0 0.02 0,04 0.06 0,08 0.40 0.12 0.14 0;16 0.1E 

MAXIMUM VALUE OF USED IN THE SL-OPE DETERMINATION 1"o 
I H O  +IH+- 

Fig. 6. The r a t io  of the  electron loss c ross  sect ions which have 
been corrected f o r  secondary collisions t o  the  uncorrected values as a function 
of t h e  inaxisnun value o f  F1 allowed in  determining t h e  slope f rom which the  
c ros s  sect ions were calculated. 



CHAPTER IV 

EXPERIMENTAL RESULTS AND DISCUSSION 

F o r  incident par t ic le  energies g r e a t e r  t han  600 keV t h e  c r o s s  section 

values repor ted  in Table 2, except f o r  t h e  e lec t ron  cap tu re  cross sect ions 

f o r  hydrogen and helium t a r g e t s ,  were measured by means of t h e  collision 

cell  of 17.53 - t 0.06 inches in  length. The e lec t ron  capture  c ros s  sections 

f o r  hydrogen and helium, and s p o t  checks of both e lec t ron  cap tu re  and 

e lec t ron  loss  c r o s s  sections f o r  o the r  targets,  were measured with t h e  s h o r t  

collision cell. A bend was placed in  t h e  apparatus immediately preceding the  

s h o r t  collision cell f o r  e lec t ron  capture  measurements  i n  o rde r  t o  reduce 

t h e  neutral  pa r t i c l e  background. There was some doubt as t o  t h e  precise 

pa th  length of t h e  gas cell dwing  the  measurements  with t h e  s h o r t  cell. 

This uncertainty in the  pa th  length resu l ted  when t h e  end p l a t e  of t h e  

collision cell  slipped and increased t h e  pa th  length by approximately $- inch. 

Since the end plate  is within t h e  vacuum sys t em,  t h e  f a c t  t h a t  it had 

slipped was not discovered until  t he  vacuum s y s t e m  was disassembled following 

t h e  c ros s  sec t ion  measurements.  The pa th  length was measured a f t e r  t h e  

s y s t e m  was disassembled and th i s  length was used in t h e  calculation of t he  

c r o s s  sections f r o m  t-hese data. The c r o s s  sec t ions  determined in  t h i s  way 

w e r e  in agreement  with the  measurements made by means of t h e  long cell  t o  

within approxima tely - -E 10%. 

5 3  
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T A B L E  2 

S I N G L E - E L E C T R O N  CAPTURE AND LOSS CROSS S E C T I O N S  

cro 1 Cross section p e r  mo lecu le  

Eiiergy Tarqe t  gas 
He A r  K r  (keV) H2 

- 16 - 17 - 16 
100 1.09 x l o m l 7  8.52 x l o m l 7  4.59 x l o m l 6  4.22 x 10;;; 
200 7.14 x l o m l 7  5.38 x l o m l 7  3.47 x l o - l 6  3.75 x loe1$ 
300 5.18 x 4.15 x loml7 2.97 x 10-16 3.41 x 

550 3.10 x 10- 17 2.44 x loml7 2.19 x 2.80 x l o m l 6  
400 4.11 x l oml7  3.27 x 2.57 x IOml6 3-25 x 10-16 

8 00 2.31 x l o m l 7  1.82 x I O w l 7  1.70 x 10 -16 2*03  x 10-16 
1000 1.97 x 1.52 x 1.84 x 10-16 1.93 x 1OW16 
1250 1.63 x 1.25 x 1.49 x 10m16 1.71, x l o m l 6  

1750 1.19 x 10 17 9.06 x 1.22 x l o m l 6  1.40 x l o m I 6  
1500 1.34 x 9.99 x 1.24 x 1.64 x 

2000 1.05 x 10- 7.94 x loml8  1.10 x l o w l 7  1.46 x loml6 

2500 8.20 x 6.31 x 10 8.93 x 10 1.32 x 10 
2250 7.20 x l o m l 8  9.98 x l o w l 7  1.31 x i o m l 6  

u l o  
.I - 17 -1 100 2.86 x 2.98 x lom1? 8.54 x loml8 1.02 x loml; 

300 2.42 x 10 -19 8.17 x 10 -” 1.59 x 10 2.01 x l o m l 8  
8.04 x 8.62 x loel8 :::200 

:::4~0 5.96 1 0 ~ ~ 9  1.38 10 
550 1.11 x 6.41 x 8.81, x -2Q 3.50 x l o m l 9  
800 1.56 x 1.17 x 1.52 x 3.76 x 

4.74 x lo,?? 3.87 x 8.99 x 2.34 x 1000 
1250 1.25 x 1.17 x 5.08 x 1.31 x 

5.18 x 5.26 x 3.25 x 7.29 x 1500 
1750 1.69 x 10 2.15 x 1.96 x 4.16 x 
2000 1.17 x 10 1.32 x 2.70 x 
2250 8.02 x 1.70 x 
2500 5.50 x 10 1.13 x 10 

-19 
- 20 

A d  

::Calculated by means o f  measured q u i  l i b r i u m  f r a c t i o n s  and measured 

OO 1 
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TABLE 2 ( c o n t . )  

ro 1 Cross sec t ion  per  molecule 

Energy Ta rge t gas 

(keV) CO c02 

- 16 5.85 x l o m l 6  
200 3 - 5 5  x 10-16 3.89 x l o m l 6  3.60 x 4.69 x 
300 3.00 x 1Om16 3.07 x 3.25 x 4.28 x l o m l 6  

16 
4.60 x - 16 100 3.91 x 101;; 4.47 x i o s l6  

10_16 
400 2.59 x 10-16 2.53 x 2.63 x 3.72 x 10-16 
550 2.28 x 10-,6 2.22 x 2.32 x 3.27 x 10-16 
800 1.74 x 10-16 1 - 7 9  x 10-16 1.63 x 10-16 2 - 4 4  x lo,,(, 

10-16 

1000 1.56 x 10 16 1.57 x 10-16 1.47 x loml6  2.17 x i o m l 6  

1500 1.24 x 1.07 x 10-16 1.10 x 10- lg 1.69 x l oWl6  

l o m l 7  

1250 1.32 x 1.34 x l o m l 6  1.27 x 10-16 1-91  x 10W16 

1750 1.13 x 1.01 x 1.02 x 1.51 x 10-16 
2000 1.01 x l o m l 7  9.16 x 9.10 x 1.33 x 10-16 
2250 8 .94  x 10 17 8.44 x l o m l 7  8.51 x l owl7  1-22 x 10-16 
2500 8.34 x 10- 7.79 x 10 7.94 x 10 1.11 x 10 

r l o  

-16 1.51 x l oml7  
:k200 1.78 x 1.514 x l oml8  1.50 x 2.26 x l oml8  

:::400 

- 17 -16 100 9.80 x l oml7  9.00 x l oml7  1.01 x 

800 1.33 x -19 1.18 x -19 1.25 x 

- 17 

3 00 5.01 x 3.42 x 4.33 x 6.41 x 

- 19 1.93 x 
550 5.50 x 10 4.30 x 10- 4.92 x 10 

1000 6.85 x 5.77 x 6.65 x 8.97 x 
1250 3.18 x 3.20 x 3 .58  x 5.14 x 
1500 1.94 x 1.71 x 1.70 x 2.41 x 
1750 1.07 x 1.02 x 1.05 x 1.53 x 

2250 4.25 x 4.40 x 
lomz1 4.29 x 6.63 x 10-21 

2500 3.5s x 10 2.95 x 10 3.01 x 10 3.62 x 10 

1.56 x lo_,,+, 1.09 x 10 19 1.10 x 2.25 x 

- 19 
7.50 x 10 

2000 6.97 x 6.90 x 5.35 x 9.73 x 

Walcula ted  by means of measured equilibrium f r a c t i o n s  a n d  measured 

wo 1 
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TABLE 2 (cont . )  

Cross sec t ion  per molecule u-o 1 

Energy Target gas 

(keV) ii 2O ''4 '2'4 '2'6 

- 16 100 3. 18 x 10,16 
200 2.70 x 
3 00 2.10 x 10 
400 - 16 550 1.45 x 
800 1.12 x losl7 

1000 9.81 x 
12.50 8.02 x 
1500 6.82 x l o m l 7  
1750 6.07 x 
2000 5.67 x l o m l 7  
2250 5.11 x l o m l 7  
2500 4.91 x 10 

4.22 
3.00 
2.52 
1.90 
1.69 
1.32 
1.05 
8.38 
7.60 
6.67 
5.95 
5.48 
4.96 

5.63 x 6.57 x lo-!! 

3.73 x 10-l6 

- 16 2.54 x l o m l 6  

1.28 x loml6 

2.00 x 
1.68 x 
1.46 x 10-,6 

1.09 x 
l oe l7  9.78 x 
l oml7  8.71 x 
los l7  7.37 x 10 

.- 
- I  ( 100 9.60 x 

::zoo 1.01 x 
300 

: : C ~ O Q  9.70 x 
550 3 .  lS x 
800 6.80 x 

1000 2.81 x 
1250 1.67 x 
1500 9.05 x 
1750 5.21 x 
2000 3.25 x 
22.50 2.15 x 
2500 1.65 x 10 

3.06 x 10 
-19 

- 16 
1.08 x 

l o m l 8  8.00 x loml8 
1.87 x 10 

- 19 2.00 x 
6.11 x 
3.11 x 
1.43 x 
8.07 x 

3.19 x 
1.93 x 
1.16 x 10 

4.47 

5.05 x lomz1 

1.47 x 

2.46 x 

3.45 10-l9 - 19 1.20 x 
5.96 x 
3.60 x 
1.87 x 
1.16 x 
5.96 x 10 
4.04 x 10:;; 
2.73 x 10 

- 16 1.75 x 
1.43 x 10 18 
3.00 x 10- 

3.40 x 10 
1.01 x 
6.01 x 
3.05 x 
1.70 x 10~_21 
9.29 x 
5.93 x 
3.57 x 
2.22 x 10 

6.43 x 10;;; 

- 19 

::Calculated by means of  measured e q u i  l i b r i  urn f r a c t i o n s  and measured 

Fo 1 
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TABLE 2 (cont . )  

Cross sec t i on  per molecule ro 1 

Energy Ta rge t gas 

(keV) 10 

100 9.69 x 
200 
3 00 6.62 x 
400 
550 
800 

1000 
1250 
1500 
1750 
2000 
2250 
2500 

- 16 4.64 x loml6 3.76 x loml6 3.17 x loml6 2.80 x loml6 

1.98 x 

1.60 x 10- 

2.42 x 
2.13 x iowl6 

1.73 x 10 16 

100 
':c200 

300 
*400 

550 
800 

1000 
1250 
1500 
1750 
2000 
2250 
2500 

2.50 x lo-'' 

5.41 x 

-19 6.21 x ioml9 
2.43 x 
1.06 x 
6.05 x 
3.30 x 
1.98 x 
1.23 x 
6.70 x 
5.56 x 10 

W a l c u l a t e d  by  means o f  measured e q u i l i b r i u m  

01 f r a c t i o n s  and measured cr 



For  incident- par t ic le  energies less than  600 keV only t h e  e lec t ron  lo s s  

c r o s s  sect ions were measured by means of t h e  long collision cell. The s h o r t  

cell, 3. 06 inches i n  length, w a s  used t o  measure both the  electron. cap ture  

and electron lo s s  c r o s s  sect ions a t  energies of 100, 300, and 5.50 keV. For  

these  measurements  t he  length of t h e  s h o r t  collision cell was accurately 

known. Where measurements  w e r e  made with both collision cells the  average 

value is given in Table 2. 

of t h e  order  of - 4 6 t o  8%. 

The agreement  between the  two measurements  was 

The uncertaint ies  associated with the  c ros s  sect ion measurements  

are evaluated in Chapter V with t h e  result t h a t  uncertaint ies  of - - I -@$ and - 4-896 

are assigned t o  the  measured values of u and u respectively. These 

uncertaint ies  include possible e r r o r s  in the  absolute values as w e l l  a s  relat ive 

01 10’ 

values. 

The r a t i o  of charge s t a t e  components was also measured under 

multiple collision conditions by siinply increasing the  t a r g e t  gas pressure  

until  an equilibrium condition existed between t h e  neutral  and charged 

components of t h e  beam. A coinparison of t hese  measured equilibrium 

f r ac t ions  and the  corresponding f r ac t ions  calculated f r o m  the  measured 

charge t r a n s f e r  c r o s s  sect ions [see Equations (28) and ( 2 9 ) ]  is a convenient 

check of t h e  internal  consistency of t h e  experimental  results. 

equilibrium f r ac t ions  determined in these  two ways axe compared in  Table 3 .  

There is good agreement  between the equilibriui-n f r ac t ions  measured in  these  

two ways demonstrat ing the  internal  consistency of the  experiment. 

The 



TABLE 3 

COMPARISON OF MEASURED AND CALCULATED E Q U ~  L i BRI UM F R A C T ~  ONS’ 

Proton Target  Gas 
Energy He A r  H2 

F O a  
jkev) 

FOm 
4. :: 

FOW 
-1. .I, *P 

Meas. Ca IC. Meas. Calc. Meas. Ca IC. 

100 1.4 x 10-1 2.1 x l o - ’  2.3 x 10-1 2.6 x 10“ 1.4 x 10” 1.6 x 10-I 

200 2.0 x 5.8 x 2.2 x 

300 4.0 4.7 1.9 x l o m 2  1.9 x 5.3 5.3 

40 0 1.0 8.0 2.3 

550 6.0 3.6 2.6 2.6 1.6 

1000 6.4 4.9 
1250 4.0 3.4 

1500 3.6 2.6 

1750 1.5 1.6 lom4 

800 8.8 x 9.3 x 

‘F and F O m a r e  r e l a t e d  by F l m  + F o m  = 1  
la 

:i: 9 0  Fom (ca l c )  = 
“01 + “10 
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TABLE 3 (cont.) 

Proton T a r g e t  Gas 

c02 H2° 

FOm Fom 

€ne rgy CO 
(keV) 

.L :$ ’t. .I. -2- 

F o m  

Meas. Calc. Meas. Ca IC. Meas. Calc. 

100 1.7 x 10-1 1.8 x lo-’ 2.0 x lo-’ 2.1 x 10-1 1.7 x 10” 2.3 x 10-1 

200 3.6 x 4.6 x lom2 3.6 x 

3 00 1.1 x 1.3 x l om2  1.5 x lom2 1.5 x 10 1.2 x 1.4 x 

400 4.0 6.0 4.0 x lom3 

-2  

550 2.0 2.1 2.2 2.3 1.4 2.2 

800 6.0 7.7 6.2 lom4 7.9 10-4 6.0 6.0 E2 
1000 4.0 4.5 4.0 lom4 4.1 3 .0  2.9 

1250 1.9 2.8 x lom4 2.0 loe4 2.7 2.0 2.1 

1500 1.6 x 1.5 1.3 1.4 1.3 1.3 

1750 1.0 1.0 8.0 8.5 

2000 6.7 x lom5 5.8 x 7.3 x 7.3 5.7 5.7 

4.2 2250 4.8 IO+ 5.0 4.5 5.4 4.4 

2500 3.6 3.7 3.8 3.2 lom5 3.4 3.3 
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The charge t r a n s f e r  c ros s  s e c t i ~ n s  measured in th i s  work are 

compared with existing theoret ical  and experimental resulLs in  Figures 7 

through 16. As described in  Chapter I1 the majori ty  of the  theoret ical  

calculations a re  f o r  hydrogen t a rge t s .  

f o r  e lectron capture  f r o m  hydrogen only a few w e r e  plotted in  Figure 7 f o r  

comparison with the  present  work. The theore t ica l  r e su l t s  selected f o r  

comparison were as  follows: (1) the Born approximation calculations of 

Mapleton 

d i s to r t ed  wave approximation of Bassel and Gerjuoy 

ground s t a t e ;  ( 3 )  t h e  impact  parameter  calculation by McCarrol14' f o r  

capture  f r o m  the  1s s t a t e  of the  target t o  the  Is s t a t e  of t h e  projecti le 

and the  Born approximation of Taun and Gerjuoy 

e r f c c t s  of the  H t a rge t .  

by Bates  and Gr i f f ing .  36 This is a calculation by means of the  Born 

approxima tion which includes t rans i t ions  which may occur in  t h e  t a r g e t  a tom 

simultaneously with t h e  loss  of an electron f r o m  the  projecti le atom. The 

electron loss c ross  sections f o r  atomic hydrogen par t ic les  on hydrogen ha5 

also been calculated by Dmitriev and Nikolaev. Their  calculation is by 

means of a free-zollision approximation and the  r e su l t s  a r e  identical t o  

those of Bates  and Griffing. 

hydrogen t a r g e t s  a r e  multiplied by a f a c t o r  of two f o r  comparison with 

experimental  results, The previously measured c ross  sections which a r e  

Due t o  the  large number of calculations 

25 
i n  which capture  into seven f inal  states was considered; (2) t h e  

f o r  capture  into the  
23 

31 
which includes the  molecular 

The e lec t ron  loss  c ross  section has been calculated 
2 

11 

The theore t ica l  calculations f o r  atomic 
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EN ERG Y (keV 1 
10 I00200 400 800 1500 2500 

* PRESENT WORK 

0 4 8 12 16 20 (x.108) 
V E LO C IT Y ( cm/s e c 1 

Fig. 7. The single-electron capture  and loss c ross  sect ions f o r  
protons and atomic hydrogen, respectively, on hydrogen with previous 
experimental  and theore t ica l  values. The e lec t ron  capture  c ros s  sections 
reported by Williams have been multiplied by a f a c t o r  of two because of 
what appears t o  be an e r r o r  in his paper. Experimental  resu l t s :  (a) see 
reference  45, (b) see reference  47, (c) see reference  46, and (a) see 
reference  48, 
23, ( g )  see reference  40, (h) see reference  25, and (i) see reference  31. 

Theoret ical  results: ( e )  see reference  36, ( f )  see reference 
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The single-electron capture  and loss  c ross  s Aions f o r  
protons and atomic hydrogen, respectively, on helium with previous 
experimental  and theoret ical  values. Experimental results: (a) see reference 
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presented f o r  comparison in  the  energy region corresponding t o  the  results 

of t h e  present  work w e r e  reported by Barne t t  and Reynolds,45 Williams, 

Welsh -’ e t  a1 ’ 47 and Schryber. 

46 

48 

Agreement among the  measured c ross  sect ions is quite good except f o r  

46 
t he  high-energy electron capture  c ross  sections reported by Williams. 

H i s  values decrease more rapidly with energy than do the  o the r  measured 

values. Although the re  is relatively good agreement  between theoret ical  and 

experimental  values at energies of approximately 100 keV, wide discrepancies 

occur a t  higher energies. The calculated e lec t ron  capture  c ross  sections of 

Mapleton however, are in  good agreement with 

t h e  experimental  values t o  energies of 1 MeV. 

25 31 
and of Taun and Gerjuoy, 

Figure 8 is a comparison of experimental  and theoret ical  results f o r  

t h e  t a r g e t  gas helium. Several theore t ica l  calculations of t he  e lec t ron  capture  

c r o s s  sections have been made f o r  helium ta rge ts .  

i n  the drawing only three d i f f e ren t  theoret ical  calculations are plot ted in 

Figure 8. The results of Mapleto:’ were obtained by a Born approximation 

using a simple helium wave function. The r e s u l t s  of Bransden and Cheshire 

In order  t o  avoid confusion 

38 

were  obtained by means of t h e  impulse approximation; whereas t h e  irnpace 

pa rame te r  formulation was used by Eransden and Sin Fa i  Lam. The electron 

loss  c ros s  sections have been calculated by Bates  and The Born 

approximation was used fo r  th i s  calculation which includes the possibility of 

excitation and ioniza-::ion of t h e  residual helium a tom as t h e  e lec t ron  is 



removed f r o m  t h e  incident hydrogen atom. 

have J .so been calculated by Dmitriev and Nikolaev 

The electron loss  c ros s  sect ions 

11 
by means of a free- 

collision approximation. Their r e s u l t s  are  identical  t o  t h e  results of Bates  

and Williams. The previously measured c ross  sect ions presented in Figure 8 

f o r  comparison with the  present  work are t h e  results of Barne t t  arid 

Reynolds, 
45 48 

Williams, 46 Welsh e t  a1 + ,  47 and Schryber. 

There is very good agreement  among the  measured c ross  sect ions 

reported by diff  ererzt authors  over t h e  e n t h e  energy range, The theoret ical  

values are, as was the  case f o r  hydrogen t a r g e t s ,  in  good agreement with 

measured values a t  energies near  100 keV. 

e lec t ron  capture  c r o s s  sect ions of M a p l e t ~ n ~ ~  are in close agreement  with 

A t  higher energies t h e  results of t h e  

measured values; whereas discrepancies as large as 1 OWo occur between t h e  

calculated values of o the r  authors  and t h e  measured values f o r  incident par t ic le  

energies of 1 MeV. The theoret ical  e lec t ron  loss  c ros s  sect ions are found t o  

decrease more slowly with energy than t h e  measured values. The calculated 

values are a f a c t o r  of two la rger  than  the  measured values a t  1 MeV. 

In Figure 9 t h e  present  results are compared with previous measurements  

and theoret ical  predictions f o r  t h e  t a r g e t  a tom argon. Overall t h e r e  is good 

agreement  among t h e  c ros s  sect ions measured by the  d i f f e r e n t  workers. 

T h e m  are, however, discrepancies in t h e  energy range of 500 t o  1000 keV. 

In th i s  energy range t h e  present  work is i n  close agreement  with the  work of 

47 45 
while it is higher than  t h e  work of B a r n e t t  and Reynolds Welsh e t  al. 

and of S ~ h r y b e r ~ ~  by a s  much a s  5%. The theore t ica l  values of  both Ba te s  
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30 
and Mapletong and Nikolaev 

c r o s s  sect ions Gue t o  capture  of e lec t rons  f rom t h e  inner shells of t h e  

t a r g e t  atom. The modified Born calculation of Nikolaev is in close agreement 

with the  measured values, whereas, t h e  semiclassical calculation of Mapleton 

underes t imates  t h e  c r o s s  sections a t  low energies and overes t imates  t h e  

c r o s s  sect ions a t  high energies. 

include contributions t o  t h e  e lec t ron  capture  

The c ross  sect ions f o r  t h e  t a r g e t  gas krypton are shown in  Figure 10. 

30 
The modified Born approximation of Nikolaev 

agreement  with t h e  measured values. 

e l ec t ron  capture  c ros s  sect ions are in  close agreement  with t h e  measured 

values of Schryber;48 however, t h e s e  values are nearly 30% lower than  t h e  

results of t h e  p re sen t  measurements.  

is seen  t o  give approximate 

A t  energies above 1 MeV t h e  theoretical  

Figure 11 contains a comparison of the  c r o s s  sect ions determined in 

t h e  p re sen t  work with previous theoret ical  and experimental values f o r  t h e  

t a r g e t  molecule nitrogen. At energies below 500 keV excellent agreement  is 

obtained among t h e  measured values. A t  energies above 500 keV t h e  p re sen t  

results a r e  in  close agreement  with t h e  r e s u l t s  of Welsh e t  al. ; 

they a r e  15 t o  20% higher than  t h e  values of B a r n e t t  and Reynolds45 and 

Schryber. 48 

which includes only capture  of 2p electrons,  are in close agreement with t h e  

measured values f o r  energies as high as  800 keV. 

sections decrease  more rapidly than  measured values a t  higher energies 

47 
however 

26 
The calculated e lec t ron  cap tu re  c r o s s  sect ions of Mapleton, 

These calculated c ros s  
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because capture  f r o m  inner e lectron shells then becomes energetically 

possible. An es t imat ion  of t he  capture  c r o s s  sect ion f o r  energies g rea t e r  

than  1 MeV which includes inner shell contributions has  been made by 

Mapleton; 2 9  t h i s  calculation overes t imates  the c ross  sections by more  than  a 

f a c t o r  of two. Nickolaev 

sect ions f o r  protons on nitrogen. H i s  calculation, which includes t h e  

possibility of e lectron capture  f r o m  inner e lectron shells of t he  t a r g e t  atom, 

a r e  i n  good agreement with measured values f o r  energies of 100 t o  800 keV. 

Although Nikolaev's results are in  c loser  agreement with measured values a t  

high energy than Mapleton's calculations f o r  the capture  of 21, electrons,  his 

sesults are still nearly a f a c t o r  of two too smal l  a t  energies above 1 MeV. 

30 
has also calculated the  electron capture  c r o s s  

The only o ther  t a r g e t  gas studied f o r  which previous da t a  are available 

f o r  comparison is oxygen, 

present  work, t h e  measured values of S t i e r  and H a m e t t ,  

values of Mapleton. 26 Good agreement is obtained between the present  

measurements  and those of S t i e r  and Barne t t  in t h e  small  energy region of 

overlap. 

calculated electron capture  c ros s  sections of Maplteon 

100 to 800 keV. 

inner levels of oxygen becomes energetically possible, t h e  results of Mapleton 

a r e  expected t o  decrease more rapidly with energy than  the  measured values 

since hi5 r e su l t s  include only t h e  capture  of 2p electrons. 

Figure 12 shows t h e  c ros s  sect ions measured in  the 

S I  
and the  calculated 

Agreement is also obtained between t h e  present  results and the  

27 
i n  t h e  energy range 

For energies above 800 keV, where e lec t ron  capture  f r o m  



Figures 13 through 16 show graphically the r e s u l t s  obtained in the  

present  work f o r  several  o the r  gases. These f igures  along with Figures 7 

through 12 show the  s imi la r  na ture  of both, e lec t ron  capture  and e lec t ron  

loss,  c ros s  sect ions with the  d i f f e ren t  t a r g e t  molecules. 

versus  log E plots  which 
10 r l o  10 

Figure 17 is an  example of t he  log 

were used t o  determine t h e  velocity dependence of t he  electron capture  c ros s  

sections. If t he  c ros s  sect ions are proportional t o  some power of the  

velocity, u 

line is proportional t o  k. 

- 
Of v k, a s t r a i g h t  line will result. The slope of t h e  s t r a i g h t  

An in te res t ing  feature of t h i s  log 

10 

1 0  ('10 

E plot  i s  t h a t  the onset  of inner shell  ionization is more  pronounced 
lo% 0 

than  in  t h e  semilog p lo ts  of Figures 7 through 16. The gases CO, CO and 
2' 

0 are l inear  f o r  energies above about 200 keV, whereas, the o the r  gases 

studied (except H2 and H e  gases which have no inner shells) all show a 

depar ture  f r o m  l inear i ty  a t  energies between 500 and 1000 keV. A small  

contribution t o  e lec t ron  capture  f r o m  the inner shells of nitrogen can be  

seen in  Figure 17, whereas oxygen appears as a s t r a igh t  line f o r  all energies 

f r o m  200 t o  2500 keV. Table 4 presents  the  velocity dependences of the  

c ros s  sections. The velocity dependence of the e lec t ron  capture  c r o s s  

sections f o r  incident proton energies g r e a t e r  than  1 MeV is found t o  be 

approximately v 

with Bohr ' s  prediction of v 

f o r  the e lec t ron  cap tu re  cross sect ions for protons on hydrogen is in close 

2 

-7 
f o r  t he  heavy gases. This is in approximate agreement 

-lo* found The velocity dependence of v 
-6 10 . 
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Fig. 17. The loglo of t he  single-electron capture  cross sect ion v e ~ s u s  
t h e  loglo o f  t he  impact energy f o r  protons on oxygen, nitrogen, carbon 
dioxide, and argon. 



TABLE 4 

VELOCITY DEPENDENCE OF THE SINGLE-ELECTRON CAPTURE 
AND LOSS CROSS SECTIONS 

Target k"' 

9 0  ro 1 Gas 

1000 < E < 2500 keV 300 < E < 2500 keV - - 200 < E < 400 keV 400 < E < 1000 keV - 
HZ 
He 

A r  

10.6 10.6 
- 

10.6 1.70 

9.7 
7.1 

9.7 
4.4 

9.7 
7.1 

1.76 

0.98 

K r  7.0 :%* 7.0 0.98 

7.2 1.52 .b.b .,.-,. 7.2 N2 

O2 6.9 6.9 6.9 1.20 

7.2 7.2 7.2 1.40 H2° 

co 6.6 6.6 6.6 1.38 

6.8 6.8 6.8 1.36 c02 

8.0 6. 3. 8.0 1.64 CH4 
8.0 5.7 8.0 1.52 '2*4 

8.0 5.7 5.7 1.52 

6.8 5.6 6.8 1.46 

C2H6 

C4H 10 
::: -k .. 

>&T a v 
The v a l u e  of  k i s  c o n t i n u a l l y  changing i n  t h i s  energy region. 
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-I I 
hgreement with t h e  v 

Thomas 

dependence yielded by the classical  calculations of 

6 22 
and t h e  second Born approximation of Drisko. 

The velocity dependences f o r  t h e  electron loss c ros s  sections given 

E plots  such a s  those 

The straight- line portion of these  plots  is reached a t  

versus  log 
10 (rol 10 

in Table 4 w e r e  obtained f r o m  log 

shown in Figure 18. 

incident par t ic le  energies of about 300 keV and no d e p a t u r e  f r o m  a s t r a i g h t  

line, within experimental uncertainties,  is noted up t o  energies a s  high a s  

2500 keV. The velocity dependence of the  e lec t ron  loss  c ros s  sections which 

var ies  f r o m  1.76 f o r  helium t o  0.98 f o r  argon and krypton is in  close agree- 

men t  with the  predict ixts  of Bohr. Bohr l s classical  calculations indicate 

t h a t  (r = v fot- heavy gases and F a v f o r  l ight gases. The uncer- 

ta in t ies  in the  velocity dependence measured f o r  each gas are es t imated  t o  

be - k 10%. 

10 

-1 -2 

01 01 

6 
A modification of t he  classical  theory of Thomas has been shown by 

which, when plotted 

(r E11/4 

A 
8 10 

Bates and Mapleton t o  yield a paramete r  6.. 

a s  a function of E/J on a log 

atom, In t h i s  relationship 0- 

section, 

t a r g e t  atoxq and h is a parameter  deduced f r o m  t h e  atomic potential  of t h e  

t a r g e t  atom. 

f o r  incident proton energies l e s s  than  200 keV with excellent agreement 

among several  d i f f e ren t  t a r g e t  atoms. Figure 19  shows the  resu l t s  of 

scale, is independent of the  t a r g e t  
1 0-l0g1 0 

is t h e  measured e lec t ron  capture  c r o s s  
10 

E is the incident proton energy, J is t h e  ionization potential  of t h e  

8 
This relationship has  been t e s t ed  by Bates  and Mapleton 
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Fig. 19. The empirical  pa rame te r  P defined by Bates  and Mapleton 
(see re ference  8 )  versus  t h e  r a t i o  of proton energy and ionization potential .  
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using the  present  results f o r  CT 

f r o m  100 t o  2000 keV. The values f o r  X w e r e  obtained f r o m  Mapleton 

and values f o r  J w e r e  taken  f r o m  reference  5 3 .  As can be seen i n  Figure 19 

t h e r e  is no evidence t h a t  6‘ is s t r i c t l y  a function d E/J a t  energies above 

300 keV (E/J? 20); however t h e  spread of t h e  points in  Figure 19 may be due 

t o  an incomplete knowledge o f  t h e  pa rame te r  J. At energies where e lec t ron  

cap tu re  f r o m  inner shells becomes possible t h e  ionization potential  is no 

longer a constant.  In order  t o  test t h e  dependence of 6’ on E/J explicitly 

t h e  dependence of J on impact  energy w o d d  be necessary. 

in t h e  calculation of 6‘ f o r  proton energies 
10 

52 

With t h e  measured c ross  sect ion values of t h e  various carbon- 

containing compounds, it is possible t o  e s t i m a t e  t h e  charge transfer c ross  

sect ions f o r  carbon by applying an additive rule t o  t h e  c ros s  sections of t he  

cons t i tuents  of each compound. The possibdity of using t h i s  procedure 

is based upon t h e  assumption tha t ,  a t  high velocities of t h e  incident 

particle,  t h e  t a r g e t  molecule appears as an assembly of individual a toms  

such t h a t  molecular f o r c e s  are negligible. In an a t t e m p t  t o  determine the 

carbon c r o s s  sec t ions  a t  a given energy by application of t h e  sum rule t o  

several  carbon-containing compounds, an e s t ima t ion  of t h e  accuracy of t h i s  

rule may be obtained as well as an e s t ima t ion  of t h e  magnitude of t h e  

charge t r a n s f e r  cross sec t ions  f o r  carbon. Table 5 shows t h e  r e s u l t s  of an 

e s t ima t ion  of t h e  carbon c r o s s  sections f o r  e lec t ron  capture  and loss based 

on t h e  sum rule  applied t o  the  gases H 2’ 02’ co, coz, CH4’ cpqr C2H6, 
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TABLE 5 

CHARGE TRANSFER CROSS SECTIONS FOR CARBON CALCULATED BY THE SUM RULE. 
THE VALUES LISTED I N  T H I S  TABLE ARE I N  U N I T S  OF 10-18 CM2 

I--.- ..._.. ^ 

Energy ( k e V )  100 300 550 800 

I._” 

u‘o 1 

265 

194 

20s 

165 

108 

173 

187 + 80 
I 

48 

45 

42 

45 

44 

3 0.’. 
-1- 

44.8 + 2.8 - 

1‘75 118 78 

125 112 30 

148 107 86 

129 94 47 

100 77 65 

135 96 77 

64 + 22 - 101 25 136 - -k 41 ~~. 

1.83 0.23 0.058 

1.40 0.20 0.060 

1.41 0.18 0.059 

1 .oo 0.16 0.058 

1.14 0.15 0.048 

1.08 0.14 0.05‘3 

1.31 2 0 .52  0.18 - i- 0.05 0.056 - i- 0.008 

.b -6’ 

Not inc luded i n  average due t o  l a r g e  d e v i a t i o n  from the  mean. 
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TABLE 5 (cont . )  

Energy (keV) 1500 2000 2500 

uo 1 

Average 

52 41 38 

45 32 28 

49 39 33 

47 35 31 

44 36 30 

51 38 32 

32 + 4 - 45 - + 6 37 2 5 

0.0073 0.00 15 1 0.00124 

0.0046 0.00276 0.00045 

0.0079 

0.0093 

0.0085 0.0030$* 

. oo3 5*::: o, oo 20:k::: 

o, oo300::cJl o, oo 5w 

. oo 696::: 

0 0082 0. ~ 0 2 & ~ ~  o.oo130* 

0.0076 + 0.0030 0.0027 2 0.0012 0.0011 -I- 0.0006 - - 

.b.b .,.<,. 
Hydrogen cross s e c t i o n  considered n e g l i g i b l e .  



88 

arid CqHlO. The quoted uncertainties in the  average values are the  maximum 

variations f r o m  t h e  average value. 

consis tent  value f o r  t h e  e lec t ron  loss  c ros s  sect ion is seen t o  increase 

steadily with increased impact  energy. 

do not show this increased consistency a t  higher energies. Even without 

obtaining a high degree of consistency between the  e lec t ron  cap tu re  cross 

sections,  t h e  individual values do not d i f f e r  f r o m  t h e  mean by more  than  

approximately 50%. 

sect ions a t  t h e  two highest  energies t h e  contribution t o  the  hydrocarbon 

cross  sections f r o m  the  hydrogen cons t i tuents  was neglected. 

troduced a t  t hese  high energies as a result of neglecting the  hydrogen 

cross sect ions is considered negligible since t h e  c ros s  sections f o r  hydrogen 

decrease with increased proton energies much more rapidly than  t h e  hydro- 

carbon c ross  sections. 

The ability of t h e  sum rule  t o  give a 

The e lec t ron  capture  c r o s s  sect ions 

In the calculation of t h e  e lec t ron  capture  c ros s  

The e r r o r  in- 

Except f o r  ce r t a in  random cross  sections,  t h e  values in Table 5 

indicate t h a t  t he  SUM rule may be applied i n  an a t t e m p t  t o  estimate unknown 

charge t r a n s f e r  c ros s  sect ions f o r  incident protons and atomic hydrogen with 

e n e r g i s  f rom 100 t o  2500 keV. 

by means of t h e  sum rule are plotted in  Figure 20. 

t h a t  the s u m  rule is only an e s t i m a t e  and t h a t  effects of molecular forces 

on the measured c r o s s  sect ions are observed f o r  incident par t ic le  energies 

as high a5 2.5 MeV. 

The c ross  sect ions f o r  carbon e s t ima ted  

I t  m u s t  be emphasized 

The c ross  sect ions f o r  e thane and ethylene are compared 
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Fig. 20. The single-electron capture  and loss cross sect ions f o r  
carbon as calculated by the  sum rule. 
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in  Figure 21 in order  t o  show t h e  e f f e c t s  of molecular f o r c e s  on t h e  c ros s  

sections. 

ethylene 3- 2 hydrogen) the  c ros s  sect ions fo r  molecular hydrogen are also 

plot ted f o r  reference.  

f o r  ethane can be obtained by adding t h e  corresponding c ross  sections of 

ethylene and hydrogen; however, t h i s  procedure does not  give cons is ten t  

results f o r  the e lec t ron  capture  CKOSS sections. 

found t o  give accurate results a t  incident proton energies near 100 keV the  

e lec t ron  capture  c ros s  sect ions f o r  ethylene f o r  energies g r e a t e r  than 500 keV 

are l a rger  Lhan those of ethane and t h e  addition of t he  hydrogen cross sect ion 

t o  ethylene only increases the  differences.  

measured values an1 those predicted by t h e  sum rule in t h e  case of ethylene 

and ethane are small, approximately 20%; however, t hese  discrepancies point 

ou t  t h a t  even f o r  incident par t ic le  energies as high as 2.5 MeV a molecule 

cdnnot be precisely described as an assembly of independent a toms.  

Since these  molecules d i f f e r  by two hydrogen a toms  (ethane - 

A close es t imat ion  of t h e  e lec t ron  loss c r o s s  sect ion 

Although t h e  sum r u l e  is 

The discrepancies between t h e  
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Fig. 21. The single-electron capture  and loss cross sect ions f o r  
protons and atomic hydrogen, respectively, in ethane, ethylene, and hydrogen. 



CHAPTER V 

ACCURACY AND VALIDITY OF THE MEASUREMENTS 

The uncertainties in the  measured c r o s s  sect ions r e su l t  primarily 

f r o m  the  following f a c t o r s :  (1) uncertainty in the  e f fec t ive  path length of 

t h e  collision cell; (2) approximate correct ions f o r  small  variations f r o m  

T'thinlT t a r g e t  conditions; ( 3 )  uncertainties i n  the  measurement of t a r g e t  

gas pressures;  (4) s t a t i s t i c a l  and sys temat ic  uncertainties in  the measure- 

ment: of beam intensi t ies ;  (5) impurit ies in t l z  t a r g e t  gases; and (6) 

possible excited s t a t e s  in the  incident atomic hydrogen beam. 

The pa th  lengths of the  collision cells were measured f o r  both t h e  

long and s h o r t  collision cells t o  within _. + 0.06 inches. 

measured path length due t o  gas s t reaming through the  aper tures  a s  a 

result of d i f fe ren t ia l  pumping of the collision cells w a s  es t imated  by a 

coinparison of da t a  obtained by means of the  two collision cells as well as 

the  calculations presented in Appendix IT. This e r r o r  results in  a measured 

c ross  sect ion slightly higher than  the  Tr t rue l l  value. 

length due t o  d i f fe ren t ia l  pumping was es t imated  t o  be  less than 1% f o r  the  

long cell, Both the  simple calculations in Appei-dix I1 and the  comparison of 

d a t a  obtained with the  t w o  collision cells show t h a t  end e f f e c t s  of 

approximately 3% OCCUTS with the  s h o r t  collision cell. 

The increase in  

The increase in path 

92 
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E r r o r s  in t h e  measured c ross  sections due t o  multiple collisions 

result in  the measured value being smaller  t han  t h e  ' t rue1!  value. Corrections 

t o  the d a t a  t o  account f o r  variations f r o m  t(thinlT t a r g e t  conditions were not  

considered necessary f o r  t he  s h o r t  cell due t o  the  small  probability of 

second collisions occurring. The maximum gas density used corresponded t o  

the  r a t i o  k+/(ho f kt) = 0. 05 which resul ted in less than 2.5% e r r o r  i n  t h e  

measured c ross  sections. When the  long path length collision cell was used 

t h e  depar ture  f r o m  rrthinfl target  conditions was more pronounced. Values 

of k+/(ko -1- h+) = 0.20 were encountered when la rge  c ros s  sect ions w e r e  

measured. The e r r o r  in  the  c ros s  sect ion determined a s  a r e s u l t  of 

allowing IH+/(ko t I,+) to approach 0.20 is approximately 10%. The 

cor rec t ion  necessary t o  account f o r  t h i s  sys temat ic  e r r o r  was explained 

in  sect ion C of Chapter 111. The approximate manner of this correction, which 

was applied t o  all c ross  sect ions obtained by means of t he  long collision cell, 

introduced uncertaint ies  of - + 3% i n  t h e  absolute values of t h e  c r o s s  sections. 

The uncertainty in  the absolute pressure  measurement  is approximately 

- f 3% as is described in  Appendix I. Uncertainties in the  measurement  of 

re la t ive  pressures  due t o  m e t e r  f luctuat ions and small  d r i f t s  i n  pressure  

during da ta  accumulation also amount t o  approximately 3%. 

The uncertaint ies  in  the  determination of beam intensi t ies  result 

f rom t w o  major causes, statistical errors i n  single par t ic le  counting 

techniques and errors in  t h e  determinat ion of t h e  average par t ic le  cu r ren t s  
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when the  e lec t rometer  was used. The e l ec t rome te r  calibration was 

accurate  t o  within a f e w  percent. Enough da ta  were accumulated in  a l l  

cases  t o  reduce counting s t a t i s t i c s  t o  less than 1%; however, t h e  cu r ren t  

averaging process may introduce uncertainties as high as 1 W". 

Random uncertainties in the  c ros s  sect ions due t o  the  deterrrcinathn 

of beam intensi t ies  and t a r g e t  gas pressures  can be evaluated b e s t  by t-he 

uncertainties in  obtaining the  slope of a s t r a igh t  line through t h e  points of a 

plot  of t h e  intensi ty  r a t io s  versus  pressure.  This plot  has a tendency t o  

average the  f luctuat ions f o r  individual points when the  cross sect ion is 

evaluated. The slope of each set  o f  points w a s  determined by a least 

squares f i t  calculated by means of an ORNL computer. 

slope of t he  s t r a igh t  line vary f r o m  3 t o  5% depending on the  manner in which 

t h e  intensi t ies  w e r e  measured. 

intensi ty  da t a  obtained by means of t he  Faraday-cup. 

Uncertainties in the  

The larger  uncertainty is associated with 

Since c ros s  sections were determined f r o m  t h e  slope of a s t r a i g h t  

line which resul ted f r o m  plo ts  of the  intensi ty  r a t i o s  versus  pressure,  the 

e f f e c t  of uncertaint ies  in the  knowledge of absolute t a r g e t  gas pressures  

w e r e  minimized. 

pressure  a;  high a s  10% w a s  found t o  cause less than  2% error in  the  measured 

cross section. The uncertainty of - I- 3% in t he  absolute value of t h e  pressure  

which occurred in the  present  work was, theref  ore, negligible when c ross  

sect ions were determined in  th i s  way. 

In t h e  pressure  range used, an e r r o r  i n  the  absolute 
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The combined e f f e c t s  of the  uncertainties discussed above r e s u l t  in  

uncertainties in t h e  measured e lec t ron  capture  and loss  c r o s s  sections of 

8% and 6%, respectively. The l a rge r  uncertainty r e s u l t s  f r o m  t h e  use of 

t h e  Fa.raday-cup f o r  t hese  measurements.  

The t a r g e t  gases, except w a t e r  vapor, were purchased f r o m  

commercial  sources. These gases had less than  0.5% impurit ies except f o r  

CO which w a s  98.5% pure. Wate r  vapor was  obtained f r o m  triply distilled 

w a t e r  which had been pumped by means of a f o r e  pump f o r  eight hours while 

2 

being f rozen  and thawed in order  t o  remove absorbed gases. The impurit ies 

in  t h e  t a r g e t  gases w e r e  e s t ima ted  t o  a f f e c t  t h e  measured c r o s s  sections by 

less than  1%. 

Since t h e  neutral  hydrogen beam is formed by e lec t ron  capture  

t h e  existence of excited states in  the beam m u s t  be considered. The 

majority of t h e  excited states decay in  t h e  24 inch d is tance  between t h e  

f i r s t  a d  second collision cells. F o r  example, t h e  2p s ta te  wi l l  decay t o  

t h e  ground state before a 2.5 MeV pa r t i c l e  has moved more  than  approximately 

1 inch. 

ever, t h i s  state is quenched by a perpendicular electric field greater than  

30 vol ts  pe r  cent imeter .  54 The 2s state is, therefore ,  quenched by the  

deflection voltage used t o  remove all charged par t ic les  f r o m  t h e  neutral  

beam. Other  highly excited states may have lifetimes long enough t o  

The me tas t ab le  2s s ta te  has  a lzetime of a few milliseconds; how- 

reach t h e  second collision chamber; however, since t h e  population of 
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excit-ed s t a t e s  by elect-ron capture  is proportional t o  n - 3  , the  f r ac t ion  of 

neutral  par t ic les  with these  highly excited states is negligible. 



SECTION B. DOUBLE-ELECTRON CAPTURE CROSS SECTIONS FOR 

INCIDENT PROTONS IN THE ENERGY RANGE 75 TO 250 keV 

CHAPTER VI  

INTRODUCTION 

The process of double-electron capture  consis ts  of t h e  simultaneous 

t r a n s f e r  of two electrons f r o m  bound states in  t h e  target  a tom t o  bound 

states in  the  incident particle.  

f o r  incident protons are par t icular ly  in te res t ing  due t o  t h e  simplicity of 

the system. The incident proton and outgoing negative hydrogen ion exist 

only i n  t h e  ground state, thus removing many diff icul t ies  normally 

encountered in theore t ica l  computations. Calculations of the double- 

55 
e lec t ron  capture  c ros s  sect ions (0- 

f o r  protons incident on a molecular hydrogen t a rge t .  G e r a ~ i m e n k o ~ ~  and 

Rosentsveig and G e r a s h e n k o  have calculated cross sect ions f o r  double- 

e lec t ron  capture  f r o m  helium t a rge t s .  The majori ty  of the experimental  

results have been obtained f o r  proton energies less than  65 keV; however, 

Williams46 has measured o- f o r  protons in hydrogen in  the energy range 

of 400 t o  1000 keV and S ~ h r y b e r ~ ~  has measured cr 

argon, and nitrogen at energies of 585 and 750 keV. 

double-electron capture  cross sections are obtained for energies a t  which 

The double-electron capture  c ross  sect ions 

) have been made by Mit t leman 
ii 

57  

ii 

f o r  protons in  helium, 

In the  present  work the  

ii 
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t he  Born approximation is expected t o  be  valid, 

th i s  region is reached f o r  incident proton energies g r e a t e r  than  approximately 

100 keV. '' The results of t h e  measurement  of double-electron capture c ros s  

sections f o r  t h e  t a r g e t  gases H2, He, Ar,  K r ,  NZ, and H 0 f o r  incident 

protons with energies in  t h e  range 75 t o  250 keV a re  presented later in  t h i s  

section. 

For m o s t  pract ical  purposes 

2 



CHAPTER VI1 

THEORY 

Two d i f f e r e n t  theore t ica l  approaches have been made t o  the  calcu- 

la t ion of double-electron capture  c ros s  sections. 

approximation of t he  type applied t o  single-electron capture. This calcu- 

lation has t h e  diff icul ty  of a lack of orthogonality of ini t ia l  and f ina l  

s t a t e s .  The second approach has been t h e  application of t h e  impact  

pa rame te r  formulation. This approach is found t o  give much bet ter  

agreement  with experimental  resul ts .  

The first is a Born 

A. Born Approximation 

The integral  c ros s  sections f o r  simultaneous capture  of two 

electrons by protons f r o m  helium w e r e  calculated in  the  first Born 

approximation by Gerasimenko. 56 Approximate wave functions Y and q5 were 

used f o r  the  ground s t a t e s  of hydrogen and helium, respectively. The wave 

funct ions w e r e  taken t o  be  

where Z = 0.69 and Z ’ = 1.69- r and r are radius vec to r s  of t h e  electrons 

re la t ive  t o  the proton and P and P 

’ -1 -2 

are rzidius vec to r s  of the electrons 
-1 -2 
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re la t ive  t o  the  a-particle.  The sca t t e r ing  amplitudes were reduced t o  a 

f orrn convenient f o r  numerical integration. The r e su l t s  obtained in th i s  

cdcul.ation a r e  nearly a f a c t o r  of 100 la rger  than the  corresponding measured 

value s 

B. Impact -Pa rame te r  Formulation 

The Born approximation used in double-electron capture  calculations 

t o  be seriously i n  e r r o r  because of the  lack 
58 

has been shown by Mitt leman 

of orthogonality of the  non-interacting initial and f inal  s t a t e s .  

overcome th is  non-orthogonality, Mittlemans5 applied a modification of a 

Hartree-Fock approximation which he described In re ference  58. 

approximation had t h e  property tha t  t he  f i r s t  Born approximation vanished 

when the  correlat ion of the  two t r ans fe r r ed  par t ic les  was neglected, This 

expresses t h e  obvious physical e f f e c t  t h a t  it t akes  a t  l e a s t  two perturbing 

interact ions t o  make two uncorrelated par t ic les  change s t a t e ,  so t h a t  .in 

the  f i r s t  approximation t h e  Born r e s u l t  should vanish, 

need t o  go t o  the  second order  Boxn terns  i n  order  t o  get a nonvanishing 

resul t .  

method in  which the  two-particle amplitude is obtained as a product of 

two one-particle exchange amplitudes. This method w a s  applied t o  the  

react ion 

In order  t o  

This 

Therefore  one would 

Rather  than do th i s  Mit t leman employed a simpler, but equivdent,  

4- -l- H t H2 * H- t 2H 
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The correlation of t h e  two e lec t rons  w a s  neglected and simple f o r m s  

of t h e  potential  fo r  e lec t rons  i n  H and H- were used in place of t h e  

Hartree-Fock potentials. With these  approximations and approximate 

ground s ta te  wave functions f o r  1-1 and H- t h e  problem can be reduced t o  

one of calculating single-particle exchange amplitudes. These single- 

par t ic le  exchange amplitudes can be evaluated in  many ways and Mit t leman 

evaluates them in two d i f f e r e n t  ways. 

2 

2 

One method of evaluation is t h e  simple Born approximation 

analogous t o  t h e  Brinkman-Kramers calculation of protons on hydrogen. 

E i the r  t h e  init ial  o r  f inal  perturbation could be used; however, t h e  results 

would not be t h e  same  since t h e  exac t  bound s t a t e  wave functions a r e  not 

used. 

Born amplitude. 

Mi t t leman used the initial per turba t ion  in his evaluation of t h i s  

Another method55 f o r  evaluation of t h e  one-particle exchange 

amplitude is a form of t h e  Born approximation in  which V. is replaced by 

t h e  commuta tor  [V 

states. This has t h e  e f f e c t  of cor rec t ing  f o r  t h e  lack of orthogonality 

of init ial  and f ina l  states. The c ross  sections calculated i n  t h i s  “modified” 

way a r e  smal le r  t han  those of t h e  simple Born approximation and more  nearly 

in  agreement  with experimental  results as is shown i n  t h e  next chapter. 

I t  should be noted t h a t  t he  results of this impact-parameter  formulat ion 

a r e  expected t o  be poor f o r  incident proton energies less than  5 0  keV. 

1 

TI.] where TT. is a projection opera tor  onto t h e  init ial  
i’ 1 1 



CHAPTER VI11 

EXPERIMENTAL METHOD AND RESULTS 

A simple mathematical  description of t h e  double-electron capture  

process is very s imilar  t o  t h a t  previouslydescribed (section B of Chapter 

111) f o r  single-electron capture. The changes in  t h e  charge s t a t e  of an 

initially pure proton beam as  it i n t e r a c t s  with a t a r g e t  gas a r e  given by 

Equations (20, 21, and 22) of Chapter 111. If one considers "thin" t a r g e t  

conditions and the  ini t ia l  conditions F = F- = 0 and F = 1, these  
1 

O 1  

equations can be  reduced to:  

d F  =-E '  ~ - d r - F  B d r  1 10 11 1 

dF  = F cr d r  
0 1 10 (49 1 

The growth by charge t r a n s f e r  of the  negative ion component in t h e  proton 

beam is given by 

dF- 
1 

- F  u - -  . 
d r  1 11 

Equation (51) may be  easily solved t o  give 
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where 

P = t a r g e t  gas pressure  in  t o r r  

R = t a r g e t  cell  path length i n  cen t ime te r s  

T = absolute t empera tu re  of t h e  t a r g e t  gas in 
degrees Kelvin. 

Thus, f o r  "thin" t a r g e t  conditions one can de termine  u - f r o m  the  slope 

of t h e  s t r a i g h t  line which r e s u l t s  f r o m  a plot of F- versus P in  t h e  same  

manner as was described in  sec t ion  C of Chapter  I1 f o r  single-electron 

11 

1 

cap tu re  and 1055. However, if t he  t a r g e t  density becomes high enough fo r  

secondary collisions t o  occur within t h e  collision cell  one m u s t  solve the  

three component equations [Equations (20, 21, and 23) of Chapter  III] f o r  a 

complete description of t h e  process. When one considers t h e  possible 

occurrence of secondary collisions, t h e  solution t o  the complete t h r e e  

component d i f f e ren t i a l  equations can be w r i t t e n  in t h e  f o r m  

2 
F , = u  a P S x P  
1 ii ( 5 3 )  

where x includes t h e  c ros s  sections CT 

evaluated by Fogel. 

recognized by t h e  appearance of a quadratic shape i n  a plot of F, versus  P. 

In Figure 22, t h e  l inear and quadratic regions indicated by Equation (53) 

can be easily seen. The measured values for t h e  double-electron capture 

CT O- u, , and u- , and has been 
10' i i *  o i '  11 10 

Theref ore, t h e  onse t  of multiple collisions can be 

1 

cross sections w e r e  obtained f r o m  t h e  slope of t h e  l inear portion of t he  F- 
1 



104 

0.030 

0.025 

0.010 

0.005 

0 
0 1 2 3 4 

PRESSURE ( to r r )  
5 6 ( X 1 0 - 3 )  

Fig. 22. An example of the increase i n  the r a t i o  b-/I +. w i t h  an 
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increase in  t a r g e t  gas pressure.  



10s 

versus  P plots. Since t h e  slope was determined f r o m  d a t a  taken with 

t a r g e t  gas pressures  less than  6 x 10 

t o  secondary collisions was considered negligible, In each case  enough d a t a  

were plot ted t o  see the  onse t  of t h e  quadratic portion of the  curve; in this 

way we were confident t h a t  t he  s t r a igh t  line portion of t h e  curve, used f o r  

c ros s  sect ion calculations, was well separated f r o m  the quadratic portion. 

-4 
t o r r ,  t he  contribution t o  the  slope due 

The apparatus used f o r  t he  measurement  of F, as a function of 
1 

proton energy and gas densi ty  is t h e  same as w a s  described in  Chapter  111 

and shown schematically in  Figure 1. The s h o r t  path length collision cell  

was used and the  collision cell  wa l l  t empera ture  was  measured by an 

iron-constantan thermocouple taped t o  the  cell wall. The value of a! in  

Equation (52) w a s  calculated t o  be 2.18 x 10 mm --cm . Data were 

obtained by means of two d i f f e ren t  experimental  configurations. The 

f i r s t  set of da t a  w a s  obtained f r o m  the  apparatus arranged such t h a t  t h e  

protons followed a l inear  path f r o m  t h e  bending magnet through the  

collision cells. A second set of d a t a  was  obtained with the  apparatus 

modified by a bend of approximately 1" placed after the  f i r s t  two apertures .  

This s l ight  bend removed the  neutral  background produced by beam in te r -  

actions with residual gas molecules and defining aper tures  between t h e  

analyzing magnet and t h e  entrance t o  the collision cell. 

bent  by t h e  e lec t r ic  f ie ld  produced by the f i r s t  set  of e l ec t ros t a t i c  

def lect ion p la tes  into the  collision chamber. 

$17 -1 -2 

The protons w e r e  

The r e s u l t s  obtained f r o m  
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the  two experimental  configurations were averaged together  and are quoted 

in  Table 6. 

lnrger  c ross  sect ions t o  nearly 207% f o r  t h e  smaller. 

is due primarily t o  small  signal-to-noise r a t io s  .involved in measuring the  

small c ross  sections. 

The uncertainties in  these  values vary f r o m  8% f o r  the  

This large uncertainty 

In Figure 23 the double-electron capt-we c ross  sections f o r  protons 

on hydrogen a r e  compared with previous experimental and theoret ical  

results. 

of the present  work; however t h e  present  r e s u l t s  join smoothly a t  both low 

and high energies with the  r e su l t s  of Williams. 46' 

obtained f o r  impact  energies less than 60 keV by McClure 

e t  al., 

omi t ted  t o  preserve c la r i ty  in  the  drawing. 

M i t t l e n 1 a 2 ~  a r e  in wide disagreement with t h e  experimental  work. 

Although the  "corrected" r e su l t s  of Mit t leman a r e  still much la rger  than 

the  measured values a t  energies above 100 keV, the  correct ion f o r  non- 

orthogonality of init ial  and f ina l  s t a t e  wave functions applied by Mit t leman in 

the  ' 'corrected" calculation is a s t e p  toward agreement with experimental 

x e s  ult s 

There a r e  no previous experimental  r e su l t s  in t h e  energy range 

The rneasured values 

61 
ard Fogel 

which a r e  in close agreement with t h e  da t a  of Williams, w e r e  
62 

The theoret ical  results of 

The cross sections f o r  double-electron capture  by protons on 

helium a r e  shown in  Figure 24. 

Williams, 

The measured c ross  sect ions reported by 

60 
Fogel e t  al. , 62 and S ~ h r y b e r ~ ~  f o r  impact  energies l e s s  than 
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ENERGY ( k e V I  
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16 ea 
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VELOCITY lcrn/secl 

Fig. 23. The double-electron capture  c ros s  sect ions f o r  protons 
on hydrogen with previous experimental  and theore t ica l  results. Experimental 
resu l t s :  (a) see reference  60  and (b) see reference  46. 
(c) see reference  55. 

Theoretical  results: 
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Fig. 24. The double-electron capture  c ros s  sect ions f o r  protons 
on helium with previous experimental  and theoret ical  results, Experimental 
resu l t s :  (a) see reference  60, (b) see reference 62, and (c) see reference  
48. Theoretical  resu l t s :  (d) see reference  56. 



65 keV are in  close agreement  and join smoothly with t h e  results of t h e  

present  measurements .  If t h e  p re sen t  results are extrapolated t o  higher 

energies the extrapolation would pass in close agreement  wi th  t h e  resdts 

of S ~ h r y b e r ~ ~  a t  proton energies of 585 and 750 keV. The only theoret ical  

predictions i n  t h e  energy range of t h e  present  work are due t o  Gerasimenkcl 

The results of his first Born calculation are more  than  100 t i m e s  greater 

56 

than  t h e  measured values. 

Figure 25 shows t h e  double-electron capture  c r o s s  sections f o r  

protons on argon. This is t h e  only t a r g e t  gas for which previous measure- 

men t s  have been repor ted  in t h e  energy range of t h e  p re sen t  work. The 

63 
agreement  between these  previous measurements  of Afrosimov e t  al. and 

t h e  results of t h e  p re sen t  work is excellent. There is, however, consider- 

able s c a t t e r  among t h e  various measurements  a t  impact  energies less than  

approximately 40 keV. Also, t h e  r e s u l t s  of S ~ h r y b e r ~ ~  f o r  incident proton 

energies of 585 and 750 keV appear t o  be l a r g e r  than  would be suggested by 

an extrapolation of t h e  p re sen t  r e s u l t s  t o  these  energies. 

Figure 26 shows t h e  p re sen t  work obtained f o r  protons on krypton 

in  t h e  energy range of 100 t o  200 keV and previous measurements  fo r  energies 

less than  60 keV. 

energy measurements  of Williams 

The p resen t  measurements  join smoothly with the low- 

60 62 
and Fogel e t  al. 

Schryber4' has measured c ross  sect ions f o r  double-electron capture  

by pro tons  on nitrogen. H i s  measurements  w e r e  f o r  incident proton 
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ENFRGY (keV) 
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Idi8 
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25. The double-electron capture  c ross  sections f o r  protons on - 

argon with previous experinzentd results. Experimental results: (a) see 
re ference  63, (b)  see reference  60, (c) see reference  62, and (d) see 
re ference  48. 
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Fig. 26. The double-electron capture  cross sect ions fo r  protons on 
krypton w i t h  previous experimental  results. Experimental  results: (a) see 
reference 60 and (b) see reference 62. 
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energies of 10 t o  30 keV and 585 and 750 keV. Figure 27 shows t h e  r e su l t s  

of Schryber and the  results of t he  present  measurements.  These two s e t s  

of measurements  join smoothly a t  low energies;  however, an extrapolation 

o f  t h e  present  r e s u l t s  t o  higher energies would suggest  smal le r  values 

than were measured a t  585 and 750 keV by Schryber. 

There have been no previous measurements  reported f o r  double- 

e lectron capture  by protons on wa te r  vapor; theref  ore th i s  da t a  is presented 

orily in  Table 6. The c ross  sect ions f o r  wa te r  vapor are found t o  b e  very 

s imilar  in  value t o  those obtained f o r  nitrogen. 

The velocity dependences of the double-electron capture  cross 

versus  log E as are 
10 O1i 1 0  

sections w e r e  determined f r o m  plots  OC log 

shown in Figure 28. 

t h a t  u- 

f r o m  the  slope of the  line. 

not obtained f o r  all t a r g e t  gases throughout t h e  energy range s t u d i d .  

However, with t h e  exception f o r  hydrogen, t h e  gases studied in th i s  work 

all exhibited a s t r a igh t  line a t  energies g rea t e r  than 100 keV, 

dependences calculated f r o m  the  s t r a i g h t  line portions of these  plots are 

given in  Table 7; t he  velocity dependence €or  hydrogen was es t imated  

f r o m  the  curved line, The double-electron c ross  sections f o r  each t a r g e t  

gas were found t o  vary approximately as v 

studied. 

A s t r a igh t  line resul t ing f r o m  th is  plot  indicates 

-k 
is proportional t o  v where k is a cons tan t  and is determined 

As can be seen in Figure 28, a s t r a i g h t  line is 

1’1 

The velocity 

-12 
f o r  t he  energy range 
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Fig. 27. The double-electron capture  cross sect ions f o r  protons on 
nitrogen with previous experimental  resul ts .  Experimental resul ts :  (a) see 
reference  48. 
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Target  Gas H2 

-15 -12 V e l o c i t y  dependence 3 v 

TABLE 7 

He A r  

-11.8 -12.2 
U V 

VELOCITY DEPENDENCE OF THE 
DOUBLE-ELECTRON CAPTURE CROSS SECTIONS 

Kr 

-14.6 
U 

N2 

2O 

- 12 
V 



CHAPTER IX 

ACCURACY AND VALlDITY O F  THE MEASUREMENTS 

The e r r o r  limits associated with t h e  double-electron capture  cross  

sect ions a r e  a result of t h e  same experimental  uncertaint ies  as w e r e  

described in  Chapter  V f o r  single-electron t r ans fe r .  

i n  t h e  determinat ion of limits of uncertaint-ies For the  double-elec t r o n  

capture  cross sect ions is the  much g rea t e r  statist ical  uncertaint ies  

involved in the determinat ion of beam intensi t ies .  Due t o  t h e  very small 

c ros s  sect ions a t  higher energies, t he  signal-to-noise r a t i o  is qui te  

small, This small signal-to-noise r a t i o  becomes t h e  dominant f e a t u r e  in 

t h e  uncertainties associated with these  cross sections. In several  cases 

t h r e e  o r  f o u r  measurements  of t he  c ros s  sect ions were made. The e r r o r  

limits assigned t o  t h e  c ros s  sect ions are based on t h e  reproducibility of the 

measured values. The e r r o r  limits assigned are f r o m  I 3. 8% f o r  t h e  largest: 

double-electron capture  cross sect ion t o  - t 20% f o r  t h e  smaller c ros s  

sections. These uncertaint ies  include t h e  variations i n  t h e  measured 

values obtained i n  several  scans as well as t h e  instrumental  uncertaint ies  

previously discussed. 

One basic difference 



CHAPTER X 

CONCLUSIONS 

The measured c ross  sect ions f o r  single-electron t r a n s f e r  have been 

compared t o  t h e  existing theore  t ical  and experimental  values. 

work was  found t o  be in close agreement with previous measurements.  

Agreement between t h e  present  work and t h e  Born e s t i m a t e s  of the 

e lec t ron  capture  c ros s  sect ions calculated by Mapleton and by Nikolaev is 

found t o  be qui te  good. However, discrepancies between experimental  

c ros s  sect ions and t he  values calculated by impulse and impact  pa rame te r  

calculations occur a t  energies above a few hundred kilovolts. The pre- 

dictions by Mapleton and by Nikolaev of capture  f r o m  inner e lectron shells 

is found t o  be in  quali tative agreement  with s t r u c t u r e  found in the  

experimental  cap ture  c ros s  sect ions of argon, krypton, and nitrogen. 

s t r u c t u r e  is also noted f o r  t h e  hydrocarbon gases studied as  was seen in  

t h e  variance of t h e  velocity dependence of the  c ross  sections. 

The present  

This 

The asymptotic velocity dependences for single-electron capture  and 

loss  are found t o  be in qual i ta t ive agreement with t h e  predictions of Bohr. 

The v 

by protons f r o m  hydrogen measured in  t h i s  work is similar t o  t h e  v 

dependence calculated by d is tor ted  wave and second order  Born approximations 

-10.6 
dependence found f o r  t he  c ros s  sections f o r  e lectron capture  

-1 1 

11 9 
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as  t he  asymptotic dependence a t  highenergies. I t  was not- expected t h a t  th i s  

asymptotic velocity dependence should be obtained a t  &I e low energies of t h e  

present  measurements.  

An application of the  sum rule  f o r  the determinat ion of molecular 

c ross  sections was found t o  give semi-quantitative agreement f o r  t he  

various carbon-containing molecules studied in  th i s  w o r k  

sm rule may be  used f o r  approximate calculations, the role  of molecular 

fo rces  on the  t o t a l  molecular c ros s  sect ion w a s  demonstrated a t  energies 

as high as 2.5 MeV. 

Although this 

The double-electron capture  c ros s  sect ions measured in  t h i s  work 

a re  found t o  join smoothly with previously measured values a t  lower 

energies. 

helium t a r g e t s ,  a r e  in wide disagreement with t h e  measured values. 

The modification of the  calculation f o r  hydrogen c ross  sections which 

includes correct ions f o r  t he  .non-orthogonality of t he  wave functions is 

found t o  bring the  theoret ical  values closer t o  the  measured values. 

The theoret ical  predictions, which exist only f o r  hydrogen and 



PART II. THE K-, L- AND M-, AUGER, L-COSTER-KRONIG, AND THE 

CONVERSION-ELECTRON SPECTRA O F  PLATINUM IN THE DECAY OF lg5Au 



CHAPTER XI 

INTRODUCTION 

Within t h e  p a s t  f e w  years  t he re  has  been a renewed i n t e r e s t  in t h e  

investigation of t h e  Auger effect  and low-energy e lec t ron  spectroscopy i n  

general. This i n t e r e s t  has  been brought about on the  one hand by develop- 

m e n t s  in the  field of high resolution electron spec t rometers ,  by new 

methods f o r  t he  preparation of "mass-fl-eeff radioactive sources,  and by 

new methods f o r  t h e  detect ion of very-low-energy electrons,  and on t h e  

o the r  hand by r ecen t  progress  in . theoretical  work, 

mental  d a t a  in t h e  a r e a  of 1,-Auger and Coster-Kronig s p e c t r a  has  

prompted the  present  study of the L-Auger and Coster-Kronig s p e c t r a  of 

platinum. I t  is hoped t h a t  this work will help provide incentive f o r  t h e  

laborius calculation of theore t ica l  Auger in tens i t ies  f o r  t h e  region of 

intermediate  a-tomic numbers. 

The sca rc i ty  of experi- 

Much experimental  and theoret ical  work has  been published on t h e  

The application of an intermediate  coupling scheme t o  K- Auger process. 

t h i s  process  has resul ted in the  prediction of satellite lines associated 

wi-th several  K-Auger t ransi t ions,  The satellite l ines have been observed 

f o r  e lements  with atomic numbers near Z = 50; however .these lines have 

not  been reported f o r  atomic numbers as high as Z = 78. The K-Auger 

122  



1 2 3  

s tudies  in t h e  decay of lg5 Au presented in  t h i s  work were recorded a t  high 

resolution in order  t o  compare t h e  experimental r e s u l t s  t o  existing 

theoret ical  predict  ions. 

The decay scheme of "'Au is well  established with r e s p e c t  t o  t h e  

195 
spins and pa r i t i e s  of t h e  excited states of 

publications do not  agree on values f o r  t he  e lec t ron  capture  branching 

rat ios .  In t h i s  work, t h e  branching r a t i o s  a r e  investigated by means of 

t h e  measured conversion-electron s p e c t r a  with t h e  hope of resolving t h e s e  

discrepancies. The conversion-electron line intensi t ies  may also be used t o  

assign multipolarit ies t o  t h e  gamma-ray t r ans i t i ons  i n  "Pt, 

Pt. However, r ecen t  

Considerable interest has developed in  r e c e n t  years  in  t h e  comparison 

of re la t ive in t ens i t i e s  of L-subshell conversion-electrons which have been 

measured t o  those  which have been deduced from theoretically calculated 

conversion coefficients.  Discrepancies have been found not only b e t w  en 

theoret ical  and experimental L-subshell intensi ty  ra t ios ,  bu t  also between 

r a t i o s  deduced f r o m  theoret ical  values of d i f f e r e n t  authors. These 

discrepancies between theoret ical  values a r e  believed t o  be re la ted t o  nuclear 

s t r u c t u r e  e f f e c t s  which are only approximately accounted f o r  in t h e  calcu- 

lations. In t h e  p resen t  work t h e  conversion-electron line intensi t ies  w e r e  

used in t h e  calculation of conversion coefficients,  in t h e  investigation of t h e  

e lec t ron  cap tu re  branching rat ios ,  and in  t h e  comparison of experimental 

L-subshell r a t i o s  t o  those  deduced f rorn theory. 



CHAPTER XI1 

A. The Auger E f f e c t  

When a neut ra l  a tom is ionized in an inner shell  t he  initial vacancy 

is filled by an electron f r o m  one of the higher (less t ight ly  bound) levels in 

a time of 10 - 10 seconds. The a t o m  then  possesses an excess energy 

equal t o  t h e  difference i n  t h e  ionization energy of the  two levels. 

cxcess energy may be carr ied off  e i the r  by t h e  emission of a photon o r  the 

ejection of an electron f r o m  an ou te r  shelle 

t h e  Auger process  and t h e  ejected electron is called an Auger e lec t ron  d t e r  

t h e  French physicist  Pierre Auger who first observed these  electrons,  

Auger first noted th i s  process through paired t r acks  obtained in a Wilson 

expansion chamber which contained i n e r t  gases ionized by a beam of X-rays 

( fo r  a his tor ical  review see reference  64). 

-17 -14 

This 

The l a t t e r  process  is called 

Knowledge of t h e  energies and in tens i t ies  of Auger e lectrons is 

impor tan t  f o r  t h e  evaluation of t he  usefulness of par t icular  a tomic 

coupling schemes used in a tomic calculations. 

satellite lines in t h e  K-Auger process  was evidence of t h e  validity of t h e  

use of intermediate  coupling. 

knowledge of the  energies and in tens i t ies  of Auger e lectrons is necessary 

The observation of 

F rom an experimental  point of  view, 

1 2 4  
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both t o  d i f f e r e n t i a t e  internd-conversion electrons and p-particles f r o m  

Auger e lectrons and t o  de te rmine  t h e  number of ini t ia l  e lec t ron  vacancies 

f r o m  t h e  number of Auger electrons. Knowledge of t h e  number of initial 

vacancies is useful in t h e  investigation of nuclear decay schemes, particu- 

lar ly  those of e lec t ron  cap tu re  isotopes. Auger l ines  can also be used for 

energy calibration in  the  low-energy region where several  line energies are 

4 
known with an accuracy of 5 p a r t s  in 10 . 

Auger t ransi t ions are classified in groups according t o  t h e  e lec t ron  

shell  in which t h e  ini t ia l  vacancy occurs. If t h e  init ial  vacancy is produced 

i n  the  K-shell, the resul t ing t ransi t ion is a K-Auger t r ans i t i on  and initial 

L-shell vacancies result in L-Auger t ransi t ions,  etc. Following the  Auger 

t r ans i t i on  t h e  a tom has  t w o  vacancies in  its electronic s t r u c t u r e .  The 

init ial  vacancy plus t h e  two f inal  vacancies define a par t icular  Auger 

t ransi t ion;  f o r  example t h e  t ransi t ion KL L is a K-Auger t ransi t ion wi th  

f inal  vacancies in  t h e  L and L subshells. Transit ions w r i t t e n  as KL L 
1 2 1 3  

and KL L a r e  considered identical as is required by energy conservation, 

L-Auger e lectrons correspond t o  processes of t h e  type L X Y 

1 2  

3 1  

where the 
0 P 4 

ini t ia l  vacancy is in  t h e  L subshell and f inal  vacancies a r e  i n  t h e  X and Y 
0 P 9 

subshe&, X and Y being any shell  higher than  L and t h e  subscr ipts  0, p, q 

denote  par t icular  subshell. 

as V X Y . In t h i s  notation V and o designate the  electron shell and subshell, 
O P 9  

respectively, in which t h e  initial vacancy occurred. 

An Auger t r ans i t i on  may be described in  general 

The L L X t ransi t ions 
O P 9  
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a r e  a 5pecid type of L-Auger t rans i t ion  called Coster-Kronig transit ions.  

CiJster-Kronig t ransi t ions a re  energetically possible only in a l imited 

region of the  periodic table. 

The above classification of Auger lines is not  completely sa t i s fac tory .  

One might i n t e rp re t  t he  Auger process in llllis w2y 2s ,-n inner ;tomic photo- 

e f f e c t  of X-rays. 

t h a t  K L  radiative t ransi t ions are forbidden by the  selection rule AR = 2 1,  

whereas KL Y Auger t ransi t ions are observed. Furthermore,  according t o  

t h e  V X Y notation, t he re  should be s i x  lines in  the  MCI, group:KTA L 

KL2LZ, KL3L3, KL L , KL1L3, and K L 

MLL lines has been found experimentally t o  be as many as nine. 

diff icul ty  in  designating Auger lines is brought about by the assignment of 

def ini te  values t o  0,  pa and q which implies t h a t  t h e  t o t a l  angular i r ~ o m e n t m  

of the  individual e lectrons in the  X and Y shells is a good quantum number. 

However, th i s  in te rpre ta t ion  m e e t s  with diff icul ty  in 

1 

1 q  

O P 9  1 i9 

however the  ,actual number of 1 2  2 3; 

This 

The t o t a l  angular momentum of the  individual e lectrons is a good quantum 

number only i n  t he  j-j coupling scheme which is valid f o r  heavy elements,  

For  elements of low atomic number the  f ina l  s ta tes  a re  described by L and 

S, where L = R -1- R and S = s t s This description of t h e  L-S or  

Russell-Saunders coupling scheme which results f r o m  s t rong  coupling 

between t h e  2. themselves and between the  5. themselves with weak 

65,66 
coupling between t o t a l  L and S. 

1 2  1 2' 

1 1 
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In order  t o  account f o r  all of t he  Auger lines observed when high 

resolution spectroscopy is applied t o  Auger spec t r a  of e lements  of in te r -  

mediate  a tomic number, an in te rmedia te  coupling scheme m u s t  be 

employed. This coupling scheme allows f o r  states not allowed in pure 

L-S coupling by considering a l inear  combination of  Russell-Saunders 

functions. The additional lines are very weak and the  intermediate  coupling 

states merge smoothly in to  L-S s t a t e s  a t  low Z o r  into j-j coupling s t a t e s  

a t  high 2. 

The energies of K-Auger lines have been calculated by Asaad and 

68 
Burhop67 and more  recent ly  by Hb'rnf eldt. 

coupling theory was applied. Screening was included by a f a c t o r  (I, - 
where Z 

manner in which re la t iv i s t ic  e f f e c t s  w e r e  included. 

included a f a c t o r  (1 - 01z ) while Hb'rnfeldt included the  f a c t o r  (1  - pZ ) 

t o  account f o r  the 2 dependence of the re la t iv i s t ic  e f f ec t s .  The values f o r  01 

and p were selected t o  obtain agreement  with experimental  work a t  a given 

value of Z.  The results of these two authors  d i f f e r  very little; however, 

somewhat b e t t e r  agreement with experiment is obtained by Hijrnfeldt. 

A nonrelativist ic,  intermediate  

is t h e  screening constant.  The 1x0 calculations d i f f e r  i n  the 
S 

Asaad and 'Burhop 

2 3 

When accurate  calculations of Auger energies are not available, 

such as  f o r  energies of L-Auger t ransi t ions,  an approximate method f o r  

calculating the  energies is used, The approximate kinetic, energy of an 

Auger e lec t ron  is given by 
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E(V x Y ) = E(V ) - E(Xp) - E '(YJ " P Y  0 
(54) 

where E(Vo) and E(X 

electrons in  the  neutral  a tom and E '(Y ) r e f e r s  t o  the  binding energy of 

t h e  Y electron in  an a tom ionized in  t h e  X shell. For many pract ical  

purposes E '(Y ) can be obtained f r o m  a linear interpolation between the  

b i d i n g  energy of an e lec t ron  in  t h e  Y shell of t he  neutral  a tom and t h e  

binding energy of an e lec t ron  in  t h e  same shell of an a tom with an atomic 

number one higher. The "effect ive incremental  charge'' OZ depends on the  

Auger group and f inal  vacancy in question. Before the  more accurate  

calculations of K-Auger line energies w e r e  available, Equation (54) was 

used t o  determine K-Auger energies, The values f o r  U were found 

experimentally by Bergstrb'm and Hi l l  

refer t o  the binding energies of the V and X 
P 0 P 

4 

9 P 

4 

4 

69 
t o  be  0.55 f o r  f inal  vacancies i n  

t h e  L and L shells and 0.76 f o r  f inal  vacancies in  t h e  L shell while 1 2 3 

Mladjenovic and Slatis" reported AZ = 0.59, 0.58, and 0.61 f o r  f ina l  

M2, and M shells, respectively. Equation (54) is vacancies in  the  M , 

more commonly used t o  calculate t ransi t ion energies f o r  t h e  I,, M, . . . 
Auger groups, where aZ is taken t o  be one. 

3 1 

71 

An Auger t ransi t ion is caused by t h e  e l ec t ros t a t i c  interact ion 

between t h e  e lec t ron  which is ejected f r o m  a bound s ta te  and the  electron 

which fills the  hole in the transit ion.  

t rans i t ion  t o  OCCUT is given by 

The probability W f o r  the  Auger 
a 
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if 

where 'f.k ) is the  Schroedinger wave function of the first electron in  its 
1 1  

ini t ia l  s ta te  and 'i' ) is its wave funct ion in t h e  f ina l  state. Similarly, 
f 1  

Y . ( r  ) and Y! (r ) are the initial and f ina l  s t a t e  wave functions of the second 
1 -2 f -2 

2 
1 -2 -2 

electron. The in te rac t ion  potent ia l  is V@ - r  ) = e /(rl - r  ). 

Several calculations of KLL Auger t rans i t ion  probabilities have been 

made by Asaad and h is  co-workers. Their  work includes a re la t iv i s t ic  

calculation which reduces t o  j- j  coupling i n  the nonrelativist ic h i t ,  

a re la t iv i s t ic ,  intermediate  coupling calculation, 

72 

73 
and mos t  recent ly  

intermediate  coupling calculations which include configuration inter- 

actions. 74-76 These m o s t  r ecen t  calculations were made in  an a t t e m p t  t o  

resolve discrepancies a t  low atomic number between experimental  and 

theore t ica l  KLL re lat ive intensi t ies  (see reference  77). 

garten71 has also calculated the KLL Auger t rans i t ion  probabilities. His  

calculations d i f f e r  f r o m  Asaad's re la t iv i s t ic  j - j  coupling calculations by 

the manner in  which screening was considered. 

probabilities have been calculated by a nonrelativist ic intermediate  coupling 

scheme by Asaad and Burhop. 

Listen- 

The KLM Auger t rans i t ion  

67 

Very little theoretical work has been done on the L-Auger process. 

78,79 
Rubenstein and Snyder 

coupling t o  the investigation of t h e  L-Auger spec t r a  of t h e  l ighter  elements,  

have applied pure Russell-Saunders (L-S) 
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80 
argon, krypton, and silver, Asaad has derived expressions f o r  t rans i t ion  

probabilities i n  j - j  coupling in t e r m s  of radial  integrals  f o r  init ial  SI, - PI, ._ 

and P vacancies and, using the  t ransi t ion amplitudes of Kubenstein aid 

Snyder, has calculated the  t rans i t ion  probabilities f o r  t he  L-Auger spec t ra  

of argon, krypton, and silver. 

2 2  

3F 

8 1  

Asaad has also calculated t h e  t rans i t ion  probabilities fox several  

Coster-Kronig transit ions.  In re ference  82 he applied intermediate  coupling 

t o  calculate t he  relat ive intensi t ies  of t he  L L M transi t ions f o r  
1 2,3 4,5 

Z = 29-50 and EOK seven o ther  Z values f r o m  74 t o  90. 

coupling scheme t-o calculate t he  relat ive intensi t ies  of t he  L L M and 

He also used the  j-j 

1 3 4  

L L M t rans i t ions  f o r  seven atomic numbers f rom 76 t o  90. 
1 3 5  

In order  t o  calculate the  number of ini t ia l  vacancies in a given shell 

o r  subshell f r o m  a knowledge of the  Auger line intensi t ies  one mus t  know the  

fluorescence yield corresponding t o  t h a t  levels 

defined a5 

The fluorescence yield is 

Number of Y-shell X-rays 
w = '  

y Number of primary Y-shell vacancies 

and is the  f r ac t ion  of t h e  ini t ia l  vacancies in an electron shell which gives 

rise t o  X-rays. The Auger yield is defined in  a s imilar  way as 

Number of Y-shell Auger-electrons 
Number of primary Y-shell vacancies 

a =  
y 

(57) 

For  the simple case, when the  ini t ia l  vacancies are produced in  t h e  K-shell 

a + w  = 1  . (58) K K  
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K 
If t he  K vacancies are produced only by K conversion of gamma rays,  w 

can be determined f r o m  

K - Auger in tens i ty  
w = 1 -  

K K-conversion intensi ty  (59) 

The determination of t he  L-shell f luorescence yields is complicated by 

t h e  possibSity of vacancy t r a n s f e r  between subshells by Coster-Kronig 

t ransi t ions.  The equations f o r  t h e  L-shell f luorescence yield which 

correspond t o  Equation (58) f o r  t h e  K-shell f luorescence yield are 

= 1  
L1 + a  L1 +fL1L2 + f L l L 3  

w f a  = 1  
L3 L3 

where f is the  relat ive probability t h a t  an initial L. vacancy is filled 
LiLj 1 

by an L .  e lec t ron  as a r e s u l t  of a Coster-Kronig transit ion.  
I 

The K-shell f luorescence yield may be calculated by means of a semi- 

83 
empirical  relationship due t o  Burhop 

3 4  
w 

= ( - A t B Z - C Z )  . 
1 - W  

K 
( 4 3 )  

84 
According t o  Hagedoorn and Wapstra  

in Equation (63)  are 

the  numerical values f o r  the  cons tan ts  

2 
10 A = 6.4, 

2 
10 B = 3.40, 

6 10 C = 1. 03. (64)(65)(66) 
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With these  cons tan ts ,  CL: 

of - 3- 0.005 independent of Z. 

is given by Equation (63) with an accuracy 
K 

B. The Internal Conversion Process  

When a nucleus is formed in  an excited s t a t e  f o r  which t h e  excitation 

energy is insufficient f o r  nuclear par t ic le  emission, t he  dominant modes of 

d eexc it ation are electromagnetic transit ions.  The elec troi-nag netic t r a n s  i- 

t ions are of two main types: 

1) Emission of a y r a y ,  of energy k and angular momentum L; where 

k is in uni ts  of m c The angular momentum 

of the  t rans i t ion  may take  on any value cons is ten t  with t h e  

2 
and L in units  of h e  

o 

relationship IJ. - J I 5 L 5 I Ji -t Jf 1, where J. 1 and J f axe t h e  1 E  

angular momenta of t h e  initial and f inal  nuclear states. 

2 )  Internal conversion of an orb i ta l  electron. The energy of -the 

L 
ejected e lec t ron  is k(m c ) - E where E is t h e  e lec t ron  binding 

0 B B 

energy in uni ts  of m c 
2 

and t h e  angular momentum of the  electron 
0 

is j,. The magnitude of- j is given as t h e  r e su l t an t  of j .  and L 
f 1 

where L is defined above and j .  is t h e  t o t a l  angular momentum of 
1 

t h e  ini t ia l  state.  

e 

Y 

N 

N 
The r a t i o  of probabilities f o r  process  ( 2 )  t o  process  (l),  a = -, is called 

t h e  internal  conversion coefficient.  The internal  conversion coeff ic ient  is 

a function of t he  energy and multipolarity of t he  t ransi t ion,  the  par i ty  of 
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t h e  ini t ia l  and f ina l  s t a t e s  of t he  nucleus, and t h e  atomic number of t h e  

nucleus. 

determined conversion coeff ic ients  are useful in assigning spins arid 

par i t ies  t o  nuclear s t a t e s .  The more subt le  effects of t h e  f in i t e  s ize  of 

Because of t h e i r  dependence on nuclear properties,  experimentally 

t h e  nucleus may also be investigated through the  s tudy of in te rna l  conversion 

coefficients.  

A brief description of t h e  theory of the  internal  conversion process 

w i l l  be presented here;  detailed descriptions are given in  references 85 and 

86. 

The internal  conversion process may be described as  an exchange of 

v i r tua l  photons between t h e  nucleus, init ially in  an excited state q, and an 

electron,  initially in a bound s ta te  Y.. After th i s  interchange the  nucleus 

and e lec t ron  are in states \k and Y respectively,  the la t ter  re fer r ing  t o  
f f '  

a continuum state. If one sums over all unobserved pa rame te r s  describing 

t h e  intermediate  state, the  t rans i t ion  probability may b e  shown t o  be 

1 

1 

i p  a n d j ,  i p  a r e  components of t he  nucleon and 
2 

where e = 1/137; 

e lec t ron  f ow-currents .  

implies a sum over all nucleons and E' = r 

The integrat ion symbol over t h e  nucleon space also 

- r. 
n -  

F o r  a Dirac p a r t i c l e i  = 
* Q 

Y a! Y. and p = Y Y where - a! is the  Dirac velocity operator. 
f -  1 f i  
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The evaluation of Equation (67) is carr ied o u t  by expanding t h e  Green ' s  

function in  eigenfunctions of spin and parity. If the  nucleus is considered a5 

a point in space, no physical dimensions, t h a t  p a r t  of the  t ransi t ion mat-rix 

element which contains the  dynamic nucleon cu r ren t  4-vector will cancel out  

e 
in the  ratio a = -. The conversion coeff ic ient  can then be described in 

Y 

N 

N 

t e r m s  of t he  interact ion of the  v i r tua l  photon and the  electron t rans i t ion  

4-cw.rent. The conversion coeff ic ient  f o r  a point nucleus has the  general 

f o r m  

M 
-L 

where B is a vec tor  potential  which describes the  v i r tua l  photon. 

The f a c t  t h a t  t h e  nucleus has a f in i t e  size a f f e c t s  the calculated 

internal  conversion coeff ic ients  in two ways, r e fe r r ed  t o  as the  s t a t i c  and 

dynamic e f f e c t s .  

elac t r o s t a t i c  interact ion by t h e  f in i t e  size of the nuclear charge distribution. 

The s t a t i c  e f f e c t  arises f r o m  a modification of t he  

If one assumes t h a t  t h e  electron does not pene t ra te  the  nucleus (''no- 

penetration" model) then the  modification of the conversion coeff ic ient  

comes €rom the  al tered behavior of the  e lec t ron  wave functions Y. and \Y 
1 f ' 

especially in  t h e  region where g < R. - The static e f f e c t  is incorporated by 

applying a smeared out- charge dis t r ibut ion i n  t h e  calculation which results 

in t h e  reduction of t he  M1 conversion coeff ic ients ;  this reduction is a s  

large as 50% f o r  Z = 60. For o the r  multipoles the  effect  of the  f in i t e  

ex ten t  of the nuclear charge dis t r ibut ion is generally negS.igit>le. 
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The dynamic e f f e c t  of t h e  f in i t e  size of the nucleus r e su l t s  f r o m  

t h e  penetrat ion of t he  nucleus by the  electron. 

ma t r ix  elements - is modified f r o m  Equation (68) t o  t h e  following: 

In th i s  case  t h e  ratio of 

e 

Y 

N 

N 

where h depends on f e a t u r e s  of nuclear dynamics (such as t h e  nucleon cu r ren t  

4-vectors) and requires a nuclear model. The importance of dynamic e f f e c t s  

in  internal  conversion was f irst  emphasized by Church and Weneser. 
87 

The static e f f e c t s  due t o  the finite s ize  of the  nucleus have been 

included in calculations of t h e  internal  conversion coeff ic ients  by Sliv and 

Band 

the assumptions t h a t  the nucleon cu r ren t s  are confined t o  t h e  nuclear 

s u r f  ace 4%) = ~ ( T - R ) .  This assumption removes the  "lpendence on 

nuclear s t r u c t u r e  and t he  results are very s imilar  t o  the  tho-penetration" 

88 . These authors  have also a t tempted  t o  include dynamic effects by 

model. This approximation is assumed quite accura te  i n  t h a t  t h e  dynamic 

e f f e c t s  are expected t o  be impor tan t  only f o r  hindered y-transitions. The 

e f f e c t s  of screening are found t o  be smal l  (approximately 1%) f o r  K-shell 

conversion; however screening e f f e c t s  become cppreciable f o r  conversion in 

higher shells. In order  t o  incorporate the e f f e c t s  of screening, one need 

change only t h e  radial  functions. A Thomas-Fermi-Dirac potential" was 

used t o  account f o r  screening effects. 

Calculations f o r  internal  conversion coeff ic ients  have also been 

90 
made by Rose. His calculations include modifications due t o  t h e  static 
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e f f e c t  of the  f in i t e  s ize  of the nucleus; however, Rose uses a %o- 

penetration" model which assumes t h a t  t h e  e lec t ron  does not pene t ra te  

t he  nucleus. Both the  t r e a t m e n t s  of Rose and of SLiv and Band regard 

the dynamic e f f e c t  as  small; thus the i r  r e su l t s  should d i f f e r  very little. 

Due t o  t h e  variations of t h e  internal conversion coeff ic ients  with 

angular momentum and par i ty ,  t he  tabulated values may be used f o r  

determination of t h e  charac te r  of electromagnetic t ransi t ions.  

son of measured t o  theoret ical  conversion-electron in tens i ty  r a t io s  can 

also be  used t o  determine the  multipolarity of the  transit ion.  Thc L-sub- 

shell r a t io s  are much more sensit ive t o  multipolarity admixtures than  a r e  

K / L  r a t io s  and, therefore ,  give a more accurate  indication of t he  

charac te r  of t he  radiation. 

of the  t rans i t ions  in  

and Rose 's  tabulated conversion coefficients.  

A compari- 

In Chapter XV of th i s  work the multipolarit ies 

195 
Au are investigated by use of both Sliv and Hand's 



CHAPTER XI11 

EXPERIMENTAL APPARATUS 

A. The Vanderbilt Spec t rometer  

The e lec t ron  spec t r a  reported in  th i s  work w e r e  obtained by means 

of the Vanderbilt iron-free,  double-focusing, beta-ray spec t rometer .  

This spec t romete r  has  a 30 cen t ime te r  radius and is capable of momentum 

resolution (fwhm) b e t t e r  than O.lO'%. A description of the  spec t romete r  

can be found in re ference  91. The magnet cu r ren t  f o r  t h e  low-energy 

s p e c t r a  (E 1 < 10 keV) was supplied by a bank of lead s torage  ba t t e r i e s  

instead of by the  electronically regulated generator. 

supplied cu r ren t  was varied manually by means of series r e s i s t o r s  made up of 

various combinations of 1/8 in. steel dr i l l  rod and r h e o s t a t  res i s tance  wires.  

The ba t te ry-  

5 
In t h i s  way cu r ren t  regulation of 5 p a r t s  in 10 could be obtained; 

whereas t h e  constancy of t h e  generator  is only 1 p a r t  in 10 a t  these low 

energies. 

3 

B. The Low-Energy Elec t ron  Detect ion System 

Electrons having energies less than approximately 50 keV w e r e  

de tec ted  by a post-accelerating, continuous flow, Geiger-Muller counter 

previously described by Mehlhorn and Albridge. 
92 

The counter  is of the  

13 7 
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loop-anode, end-window type and is normally operated a t  4 c m  gas pressure.  

The counter gas is a mixture  of 67% - 33% argon-ethylene. 

is regulated by means of a Car tes ian  manos ta t  placed between the  counter 

and a pump t h a t  is used t o  maintain the  gas flow. 

t o  give a pressure  of approximately 230 microns on the  f o r e  pump side of 

the manos ta t .  

The gas pressure 

The gas flow is regulated 

The de tec to r  is attached t o  the  ex i t  p o r t  o f  t he  spec t romete r  through 

a luci te  insulator. 

potential  with r e spec t  t o  the spec t romete r  wa l l s  which are a t  ground 

potential. 

spec t romete r  are then accelerated by the  counter potential  and axe better 

able t o  penet ra te  the  counter  window. 

and the  anode is supplied through a potent ia l  divider by a John Fluke and Co. 

Model 410 A, 1 t o  10 keV high voltage supply. 

counter  wall  voltage was 5000 vol ts  while t he  anode potent ia l  was about 

1100 volts positive with r e spec t  t o  the counter walls. Between Lhe counter 

and the  spec t romete r  ex i t  a small  negative deceleration voltage (120 V) was 

applied t o  remove very-low-energy secondary electrons. This voltage was 

reduced when electrons which had initial energies of less than 120 eV w e r e  

anal yz ed . 

In th i s  way the  de t ec to r  can be  raised t o  a positive 

The low-energy electrons passing out  o f  t h e  exit slit of the 

The voltage f o r  the  counter wa l l s  

For th i s  work a typical 

The counter windows w e r e  made of very thin f i lms  of Zapon (a  t r a d e  

name fox  Zaponite Q Lacquer of t he  Glidden Paint  Co. ) which w e r e  supported 
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over the  counter  window by a 9% t r ansmi t t i ng  copper screen. The f i lms  

were made by f loat ing t h e  Zapon liquid on a su r face  of water.  Very th in  

windows w e r e  necessary because of t he  d i f f i c d t i e s  which arise when high 

post-acceleration voltages m u s t  be used. "he films used in  th i s  work were 

-2 
less than  40 pg-cm 

enabled t h e  de tec t ion  CE electrons of 0 a d  3 keV energy with 62% and 92% 

transmission, respectively, when a post-acceleration voltage of 5000 vol t s  

was used. 

f i l m s  w e r e  made by comparison with electron t ransmission d a t a  given by 

Lane and Z aff arano. 

in thickness (approximately 3 keV Ifcut-off ( I )  which 

Est imat ions of the thickness and t ransmission of the  Zapon 

93 

The operating charac te r i s t ics  of t h e  post-acceleration counter 

These invest igators  have been investigated by several  authors. 

discovered an e lec t ron  "focusing effect" in the  operation of t h e  counter  

which resul ted in  t h e  enhancement of very-low-energy e lec t ron  lines. 

In re ference  94 it is pointed out  t h a t  proper positioning of t he  counter  

en t rance  slit will el iminate th i s  focusing problem. 

was also found t o  be minimized by the use of a counter  window which is 

wider than  the spec t romete r  exit aperture. 

92, 94,95 

The Tffocusing e f f e c t  

C. The High-Energy Elec t ron  Counter 

The measurements  of several  e lec t ron  lines with energies greater 

than  SO keV w e r e  made using both the  counter  described above and an 



14 0 

end-window, loop-anode, continuous gas flow, Geiger-Mueller counter 

described by Duncan. 

is maintained a t  8 c m  gas pressure  by a Car tes ian  manos ta t  and the gas 

flow is monitored by means of a therinocouple gage in  the  vacuum line 

between the  Cartesian manos ta t  and a f o r e  pump. A flow rate is maintained 

such t h a t  a pressure  of 0.20 t o r r  ex is t s  in th i s  vacuum line, 

96 
The counter gas (67%-33% argon-ethylene mixture)  

A counter 

window of Zapon f i lm  of 

A fi lm of th i s  thickness 

g rea t e r  than 50 keV. 
93 

-2 
approximately 100 pg-cm thickness was used. 

is 100% t r ansmi t t i ng  t o  e lectrons with energies 



CHAPTER XIV 

THE lg5Pt, K-, L-,AND M-AUGER AND L-COSTER-KRONIG 

SPECTRA MEASUREMENTS 

A. Introduction 

Because of the  inherent d i f f icu l t ies  of low-energy e lec t ron  

spectroscopy, f ew papers have been published of experimental  s tudies  of 

L-Auger spec t ra ;  and t h e  major i ty  of this work was  done with photographic 

recording ins t ruments  which give r a t h e r  poor intensi ty  measurements.  

The experimental  techniques used and the  results obtained in  ear ly  (1925 

through 1957) investigations of L-Auger spec t ra ,  which w e r e  confined t o  

t h e  high atomic number elements  lead, bismuth, and thallium, have been 

reviewed by Sujkowski and SlStis. They find general agreement among 

the energies and intensi t ies  of the s t rong  lines, bu t  wide variations 

among those of the  weaker lines of the spectra.  In recent  years  improve- 

men t s  in  t h e  experimental  techniques of e lec t ron  spectroscopy have made 

possible more  accurate  measurements  of low-energy spectra .  Quantitative 

measurements  of the energies and in tens i t ies  of t he  L-Auger lines of 

tellurium, mercury:’ and have been made by means of double- 

focusing spec t romete r s  and spectrographic techniques have been used t o  

101 102 
obtain energy and in tens i ty  measurements  for rhenium, platinum, 

97 

98 

141 
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108 
neptuniu3lo6 and others ,  lo' PB'schke 

103 95,104, 105 
gold, uranium, 

recorded the  L-Auger spec t rum of gold by means of a 180" spec t rometer  

equipped with a GM counter. 

t o  measure t h e  L-Augerlog and M-Auger'" spec t r a  of krypton and magnetic 

lens spec t rometers  w e r e  used t o  record t h e  L-Auger spec t r a  of cesium, 

bismuth, '12 and thallium. 

of platinum has been measured with approximately 1% resolution. This 

E lec t ros t a t i c  spec t rometers  have been used 

111 

In the  present  work the  L-Auger spec t rum 
112 

work is compared with o the r  L-Auger intensi t ies  measured f o r  high atomic 

number ( Z  = 80) and with the  theore t ica l  values of Asaad. 
81 

The e lec t ron  spec t rum was  scanned t o  zero energy in order  t o  

observe the  region containing Coster-Kronig transit ions.  

Kronig t ransi t ions u e  of i n t e r e s t  because a recent  calculation of Asaad 

predicts  these  lines t o  b e  very intense. 

The L-Coster- 

82 

Most of the  L-Coster-Kronig 

l ines of platinum a r e  masked 'uy the M-Auger spectrum; however, it was 

possible t o  obtain a t o t a l  L-Coster-Kronig plus M-Auger intensi ty  and 20 

se t  ten ta t ive  upper l imi t s  on the  intensi t ies  of two of the  L-Coster- 

Kronig t ransi t ions.  

A large amount of work, both theoret ical  and experimental, has 

been published on t h e  KLL Auger spectra.  A comprehensive review of this 

work is given in re ferences  71, 113 and 114. There is good agreement 

among measurements f o r  high Z (Z 2 80) elements;  however, Mehlhorn and 

Albridge" have pointed out discrepancies at low Z between the 
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non-relativistically calculated KLL relat ive intensi t ies  and t h e  experi- 

74 75 
mentally determined values. Recently Asaad, Kb'rber and Mehlhorn, 

and Mehlhorn and A ~ a a d ~ ~  used t h e  configuration interact ion in  an a t t e m p t  

t o  resolve these  discrepancies a t  low and in te rmedia te  Z. A t  high 2 

are in  agreement  with 
n,73 

(2 2 80), Asaad's re la t ivis t ic  calculations 

experimental results. 

Asaad and Burhopb7 have calculated t h e  energies and intensi t ies  of KLL 

By means of t h e  in te rmedia te  coupling scheme, 

and KLM Auger spectra .  In t h e  p re sen t  work, t h e  energies and intensi t ies  

of t h e  KLL and KLM Auger lines of platinum w e r e  analyzed f o r  comparison 

with theory and with t h e  results of o the r  measurements  in t h e  same  Z -  

region. 

B. Source Preparation 

In order  t o  study very-low-energy electrons t h e  source m u s t  be as 

f r e e  of mass  as possible t o  minimize energy loss by t h e  electrons in t h e  

195 
source itself-. The Au act ivi ty  was  supplied in a carrier f r e e  f o r m  f r o m  the  

Nuclear Science and Engineering Corporation, Pit tsburgh, Pennsylvania. 

Electroplating was chosen a s  t h e  method of depositing t h e  cleanest  possible 

source of "'Au with t h e  greatest efficiency. An init ial  source was  

plated onto a 54 mg-cm 

usable due t o  a very high background which was a t t r i bu ted  t o  backscattering 

of e lec t rons  in t h e  platinum backing. 

-2 
platinum backing; however, t h i s  source was not 

In order  t o  reduce t h i s  high background 
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2 
a second source (1  x 25 m m  ) was prepared by electroplating the  act ivi ty  

f r o m  a nearly neutral  solution (pH 6), obtained by neutralizing the  HC1 

with NH OH, onto a 630 pg-cm 

approximately 10 pg-cm 

-2 
mylar f i lm  vacuum coated with 4 

-2 
silver ( the s i lver  thickness was es t imated  f r o m  

light t ransmission curves of re ference  93). 

density and t h e  pH of the  plating solution which w e r e  approximately 12 min, 

100 ma-mm 

in depositing the  act ivi ty  before  the silver backing w a s  dissolved by the  

The plating t ime,  cu r ren t  

-2 
and pH 2 6, respectively, proved t o  be  c r i t i ca l  parameters  

plating solution. 

t h a t  some mass  w a s  deposited since t h e  momentum resolution (fwhm) 

varied f r o m  0.45% a t  9 keV t o  0.91% a t  5 keV while a constant  0.2% 

This source was  visibly clean; however, it was evident 

resolution w a s  obtained f o r  energies above 50  keV. This mass  is assumed 

t o  be inactive gold present  a s  an impurity in the  platinum t a r g e t  t h a t  was 

195 
used t o  obtain Au by (p, n) and (p, 2n) reactions. 

During the  f i r s t  scan of t h e  L-Auger spec t rum the  heating element 

burned out  in t h e  thermostat ical ly  regulated re ference  magnet. This 

malfunction (not immediately discovered) introduced some uncertainties 

into the  energy calibration of the L-Auger d a t a  taken with the  above source. 

By the  time the  malfunction was discovered some diffusion of- t he  act ivi ty  

in the  the  backing had occurred making it necessary t o  prepare another 

source t o  check the  r e su l t s  of the  f i r s t  scan, This source was e lec t ro-  

plated f r o m  0.1 N HC1 onto a 5.4 mg-cm 
- 2  

platinum foil. The resolution 
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w a s  sl ightly b e t t e r  with this source (0.4% a t  9 keV and 0.85% a t  5 keV) 

and more accurate  energy measurements  w e r e  obtained; however the  

background w a s  higher due t o  backscat ter ing of electrons f rom t h e  

platinum source backing. 

C. Experimental  Procedure and Results 

1. The L-Auger Spectrum 

The L-Auger spec t rum recorded f r o m  the mylar  backed source is 

shown in  Figure 29. A post-acceleration voltage of 5000 vol ts  was used 

f o r  t h e s e  measurements  providing approximately 100% transmission f o r  

t h e  lowst-energy electrons (approximately 5 keV) of t h e  spectrum. A 

re ta rd ing  voltage of 120 vol ts  preceded t h e  post-accleration chamber in  

order  t o  reduce t h e  background of low-energy sca t t e red  electrons.  

The L3MZM3 line (one of t h e  m o s t  isolated in  the spectrum) was 

used as a s tandard line shape i n  t h e  analysis of the first set of data.  This 

line shape w a s  adjusted t o  account f o r  t h e  variation of resolution with 

momentum. 

line is made up of a symmetr ic  dis t r ibut ion of e lectrons t h a t  have undergone 

no energy loss  and a dis t r ibut ion of electrons t h a t  have l o s t  energy by 

collisions within the source. The symmetr ic  paxt  of the line was 

determined by "folding overll the high-energy side. The remaining p a r t  of 

the line, after subt rac t ion  of the symmetr ic  pa r t ,  w a s  cor rec ted  f o r  the  

The shape cor rec t ion  w a s  based on the assumption t h a t  t he  
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......................... 

BR (G-cI~I) 

Fig. 29. The L-Auger spec t rum of platinum. For  c lar i ty-of  
reproduction not  all of t h e  experimental  points a r e  plotted. 
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-1 115- 117 
E dependence of e l ec t ron  energy loss. This cor rec ted  energy loss  

spec t rum was added back t o  the  symmetr ic  line and, if necessary, t he  width 

was al tered slightly t o  obtain t h e  m o s t  cons is ten t  f i t  t o  t h e  experimental 

data. The L M M standard line shape was co r rec t ed  in  t h i s  manner a t  

f o u r  d i f f e r e n t  energies within t h e  L-Auger spec t rum in order  t o  account 

for t h e  small variations of shape with energy. 

3 2 3  

In order  t o  resolve t h e  complex spec t rum,  a standard line shape was 

f i t t e d  t o  all lines in t h e  spec t rum,  beginning with t h e  highest  energy one. 

Slight ad jus tments  in line positions and heights were made s o  t h a t  t he  sum 

of t h e  individual lines was  t h e  same  as t h e  experimental spectrum. The 

r e l a t ive  intensi t ies  of t h e  lines were determined by measuring t h e  areas by 

mealzi of a planimeter  and dividing t h e  measured values by BR. 

A d i f f e r e n t  method of obtaining a standard line was used in t h e  

analysis of t h e  d a t a  f r o m  t h e  second source. We investigated t h e  e f f e c t  o f  

t h e  addition of 

line in  t h e  decay of 

5 9  
Co c a r r i e r  mass  on the  shape of t h e  7.3 keV K-conversion 

Figure 30 shows t h e  7 . 3  keV K-conversion line as 
57 

Co. 

57 
recorded f r o m  Co sources  containing d i f f e r e n t  amounts of added 59C0 

carrier. Although a quant i ta t ive analysis of this d a t a  was impossible due t o  

uncertainties in  t h e  knowledge of t he  r a t i o  of active t o  inactive cobalt  

a toms  in t h e  source, t h e  various line shapes a r e  useful in t h e  analysis of 

complex line spectra .  The line recorded from a 57C0 source t h a t  had an 

e s t ima ted  one-to-one r a t i o  of t h e  inactive t o  active cobalt  a toms  f i t t e d  
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2 60 

~~ 

NO MASS ADDED - 

MASS ADDED _ _  

270 280 
B H  ( G - c m )  

290 

Fig. 30. The variation of line shape with carrier mass added t o  the sourcer 
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well t h e  platinum L-Auger lines in the region of 9.5 keV. 

momentum resolution versus  momentum f o r  t h e  L-Auger lines appeared 

t o  be linear over t h e  energy range 5.8 t o  9.5 keV; t h e r e f o r e  t h e  L M M 

L-Auger line of platinum (an isolated line a t  5.8 keV) and t h e  7.3 keV 

internal conversion line of Co were normalized t o  t h e  same peak height 

and plotted,  and t h e  standard line shapes f o r  in te rmedia te  energies were 

then  obtained by l inear interpolation of these line shapes. These standard 

lines were  then  used t o  resolve the  spec t rum as described above. 

A plot of 

3 2 3  

57 

A relatively long period of t i m e  elapsed (-18 months)  between t h e  

f i r s t  d a t a  scan  f r o m  t h e  mylar  backed source and t h e  second d a t a  scan  f r o m  

t h e  platinum backed source. During t h i s  t i m e  the  Itfocusing effect" due t o  

94 95 
t h e  post-acceleration counter  w a s  investigated by Ha l l  and by Zender 

with t h e  la t ter  au thor  devising a method t o  eliminate th i s  e f f e c t .  The 

"focusing effect" is an enhancement of t h e  measured intensi t ies  of t h e  

low-energy e lec t ron  lines r e l a t ive  t o  those  of higher energy lines which is 

caused by application of t h e  post-acceleration voltage. 

more  than  would be expected in  obtaining 100% t ransmiss ion  of t h e  low-energy 

e lec t rons  through t h e  counter window. The investigations of Hall and of 

Zender show t h a t  one can  reduce o r  e l imina te  t h e  llfocusing effect!! by using 

a counter window t h a t  is wider t han  t h e  s p e c t r o m e t e r  ex i t  ape r tu re  o r  by 

positioning t h e  cen te r  of t h e  counter window on t h e  radius of curva ture  of 

t h e  spec t rometer .  During t h e  first scan  of t h e  L-Auger spectrum a 3 mm 

This enhancement is 
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wide counter  window and a 2 mm wide exit ape r tu re  were used. 

counter  aper ture  was wider than  t h e  ex i t  aper ture ,  t h e  !'focusing e f f e c t T 1  

w a s  expected t o  be negligible. Fox t h e  second scan the  counter  window was 

closely centered on t h e  radius of curvature  of the  spec t rometer .  The small  

variations between t h e  intensi t ies  obtained under t h e  two conditions w e r e  

random in  nature.  

eliminate t h e  "focusing effect", t h e  random nature  of t he  d i f fe rences  

between t h e  two scans is f u r t h e r  evidence t h a t  t h e  ' h c u s i n g  effect"  w a s  

negligible during the  first scan, 

Since the  

Since centering the  d e t e c t o r  w a s  shown by Zender t o  

The in tens i t ies  f r o m  t h e  first a d  second scans  w e r e  normalized 

and averaged and the  results are given i n  Table 8. The normalization made 

was by an  average normalization f a c t o r  weighted heavily t o  well resolved 

lines. The quoted uncertaint ies  in intensi t ies  include the  differences in  

t h e  r e su l t s  of t h e  two measurements  as well as t h e  maximum changes in  

intensi t ies  which can  be introduced by variations i n  the  shape and positions 

of t he  standard lines. The measured energies reported were obtained f r o m  

the second scan in  which no energy d r i f t  w a s  noted. 

t hese  energies, due primarily t o  uncertainties in  the  position of t h e  

s tandard lines within t h e  spectrum, are approximately 0.5%. The quot-ed 

uncertaint ies  in t h e  energies and in tens i t ies  correspond t o  approximately 

t w o  s tandard deviations. 

The uncertaint ies  in  
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TABLE 8 

ENERGIES AND RELATIVE INTENSITIES 
OF THE L-AUGER TRANSITIONS OF PLATINUM 

L i n e  Assignment Enerqy (keV) Z = 78 R e l a t i v e  I ntens i t i e s  

AI = 1 2 = 78 2 = 47 

No. 81 Ca lcu la ted  Measured Th is  work Theory 

l a  

l b  

I C  

2 

3a 

3b 

3c 

4a 

4b 

4c 

5a 

5b 

5 C  

5d 

L3M lM 1 

L3M l'2 

L3'2M2 

L3M l'3 

L3M2H3 

L3M l'4 

L3M1M5 

L3M3M3 

L3M2M4 

L3M2M5 

L2M lM 1 

L3M3M4 

L3M3M5 

L2M l'2 

L3M4M4 

L2M2M2 

L3M4M5 

LIMIMl 

4.842 

5.118 

5.389 

5.533 

5.795 

5.976 

6.06 1 

6.176 

6.247 

6.332 

6.554 

6.628 

6.713 

6.827 

7.071 

7.098 

7.156 

7.170 

5.124 

5.442 

5.52 

5.783 

6.014 

6.176 

6.266 

6.313 

6.580 

6 e 623 

6.693 

6.751 

7.057 

7.114 

7.170 

1.5 + 0.8 - 
1.0 - + 0.8 

4.10+ - 0.35 

12.0 - + 0.3 

2.3 I + 1.5 

17.1 + 1.5 

0.7 - + 0.7 

3.7 - + 1.0 

1.0 - + 0.8 

14.9 _+ 1.0 

18.9 & 0.9 

2.2 - + 1.6 

(1.4) 

(11.6) 
13.0 - + 3.0 

34.6 - + 4.0 

0.28 

0.28 

0.09 

5.75 

9.50 

0.65 

0.59 

14.44 

0.81 

9.0 

0.15 

14.10 

23.00 

2.88 

10 . 68:;: 
2-72 

1 2 .4  2::< 

2.78 
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TABLE 8 ( con t . )  

L i ne Ass i gnmen t Energy (keV) Z = 78 Relative l n t e n s i  t i e s  

AZ = 1 z = 78 2 = 47 

No. 81  Ca 1 cu  la t ed Meas u red T h i s  work Theory 

7.233 0.30 
5e L2M lM3 }7.224 }18.4 - + 2.2 

L3'5M5 7.236 12. 14::: 

6a lM lM2 7.446 7.462 1.0 - + 0.7 5.43 

6b L2'2M3 

L3'1N1 

L3M 1 N2 

L2M lM4 

1'2M2 7a 

L3M 1 N3 

L2M l'5 

L3'2N 1 

7.506 9.71 

7.507 0.06 
}7.507 }7.8 -f- 0.6 

7.622 

7.685 

7.717 

7.721 

7.770 

7.778 

~ 7 . 6 5 2  

0.03 

0.10 

0 .03  

0.50  
, 2 . 8  - +. 0.8 

0 . 5 9  

0.03 

7.852 7.833 1.9 - -t 0.3 10.80 

7.885 0 ,28 

L3'2N2 7.893 0.03 

L3M 1 N4 7.921 

7d L3M 1 N5 7.915 

lMIM3 7b 

7c L2'3M3 }7.883 }2.7 f 0.3 

}7.940 1 4.0 - + 0.7 

L2'2M4 7.956 5.37 

7e L2'2M5 8.041 8.030 6.0 - + 0.6 10.00 

8a l'ZM3 8.123 8.124 2.0 - f 0.7 0.53 

L3'2N3 7.992 '7.966 1.0 -a- 0.4 0.81 
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TABLE 8 (cont,) 

L ine  Assignment Energy (keV) Z = 78 Re la  t i ve I ntens i t i  es 

A2 = 1 Z = 78 2 = 47 

No. 8 1  Ca l c u  l a  t e d  Measured Th is  work Theory 

L3'101 

L3M3N 1 

L3M lN6 

L3M lN7 

L3M2N4 

L3'102,3 

L3M2N5 

L3M104, 5 

8b L3M3 N2 

LIM1M4 

L2M3M4 

L3M3N3 

lM lM5 

L2M3M5 

L3M20 1 

L3M2N6 

L3'2N7 

L3M202, 3 

9 1M3M3 

8.157 

8.159 

8.180 

8.184 

8.186 

8.196 

8.204 

8.263 

8.274 

8.304 

8.337 

8.373 

8.389 

8.421 

8.429 

8.451 

8.455 

8.468 

8.504 

8.192 

8.249 1 
8 299 

8.342 

8.370 1 

8 433 

8 535 

0.87 

1.1 1 f 0.6 

2.0 - + 0.7 
1 .o 

4.9 - + 0.5 8.96 

7.7 2 0.5 7.41 

2.76 

13.50 
1.6 - + 0.4 

5.1 - + 1.0 0.10 
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TABLE 8 (cont . )  
I_ 

L i n e  Assignment Energy (keV) Z = 78 R e l a t i v e  l n t e n s i  t i e s  
No. 81  Ca 1 cu  l a  t e d  Meas u r e d  T h i s  work Theory 

A Z  = 1 ___ Z = 78 z = 47 

L3'204, 5 

L3'3N4 

L3'3N5 

I-3%tN 1 

1'2M4 

1'2M5 
1 Oa 

L3'5N 1 

L3"4N2 

C2M4M4 
10b 

'-3'3N6 
1oc 

L3'3N7 

L3'302 3 

L2'4M5 

L3'5N3 

L3'304, 5 

LzM?5 

8.534 

8.566 

8.575 

8.985 

8.602 

8.660 

8.682 

8.722 

8.780 

8.797 

8.809 

8.816 

8.832 

8.836 

8.853 

8.865 

8.896 

8.915 

8.945 

8.9% 

8.593 

8.645 

8.742 

1 

1 8.780 

8 3 5 2  

8.917 

8.957 

I 
0.7 - + 0.2 

1.0 4- 0.3 
I 

9.3 -I- 0 .2  - 

1 

1 5.9 - + 0.8 

15.2 - -t 0.7 

0.20 - + 0.15 

1.7  - + 0.4 

I 
0.31 

0.25 

3.39 

0.155 

0.06 

0.18* 

0.71 

1.30 

8.29k 

2.10 

10.5W 

4.08 1'3M4 
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TABLE 8 (cont . )  

L i n e  Assignment Energy (keV) Z = 78 R e l a t i v e  I n t e n s i t i e s  

A 2  = 1 z = 78 z = 47 

No. 81 Ca lcu la ted  Measured Th is  work Theory 

L3M4N4 

L3M4N5 10d 

1'3M5 

L3'5N4 10e 
L3M5N5 

L2'lNl 

L3M40 1 

L3M4N6 

L3'4N7 

1 l a  L3M402, 3 

L2M lN2 

L3'50 1 

L3M N 5 6  

L3'404, 5 

L3'5N7 

L3M202, 3 

1'4M4 

L2'1N3 

l'4'5 

l'gM5 

1 l b  

1 IC 

9.010 

9.028 

9.041 

9.090 

9.108 

9.216 

9.252 

9.275 

9.279 

9.296 

9.331 

9.333 

9.355 

9.358 

9.359 

9.380 

9.400 

9.430 

9.485 

9.564 

9.002 

9.070 

I 
1 

9.216 

9.336 

9.393 

9.466 

9.573 

6.4 - + 0.5 

11.3 - + 0.4 

0.65+ - 0.60 

2.1 + 1.0 - 1 

3.11 

0.03 

0.23 

1.3 - + 0.4 0.48 

0.03 

6 .9  - + 0.6 19.5 

1.4 - + 0.3 5.55 
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TABLE 8 (cont . )  

__I 

Enerqy (keV) Z = 78 R e l a t i v e  I n t e n s i t i e s  - L i ne Ass i gnmen t 
No. 81  Ca lcu la ted  Measured T h i s  work  Theory 

A Z  = 1 Z = 78 z = 47 

12a 

12b 

12c 

12d 

12e 

13a 

13b 

L2M 1 N4, 5 

L2M2N3 

LZM3N 1 

L2M1N6,7 

L2M2N4, 5 

L2M3N2, 3 

L2M2N6, 7 

l'lN4, 5 

L2M3N4, 5 

L3N1N3 

L2M5N 1,2 

L3N2, 3N3 

L2M4N2, 3 

L3N1N4, 5 

L3N3N4, 5 

L3N4N4, 5 

L3N5N5 

L2'4, gN4, 5 

L3N2, 3N6, 7 

L2'4N6, 7 

9.630 

9.701 

9.867 

9.880 

9.900 

10.030 

10.160 

10.250 

10.280 

10.296 

10.450 

10.450 

10.474 

10.500 

10.700 

10.750 

10.882 

10.900 

10.915 

10.985 

1 9.656 

9.853 

10.010 

i 
10.188 

10.448 

I' 
I 
i 

10.661 1 
10.860 

1.01 2 0.15 1 
1.61 - $. 0.30 

0.61 - + 0.30 

1.56 c_l i- 0.30 

2.97 - t 0.39 

5.8 - I- 0.75 

1.98 - + 0.29 

1.05 

0.05 

0.86 

0.06 

0.65 

0.55 
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TABLE 8 (cont.)  

L i n e  Assignment Energy (keV) 2 = 78 R e l a t i v e  l n t e n s i  t i e s  

AZ = 1 z = 78 2 = 47 
No. 81  Ca 1 cu la ted  Measured Th is  work Theory 

L2'5N6, 7 11.065 

14a L3N4N6 7 11.151 ] 11.07'0 }0.66 - + 0.08 

1'3N6 11.161 

l'4, gN4, 5 11.375 

L3N6, 7N6, 7 11.415 

7 

1.18 - i- 0.12 

0.41 - -+ 0,lO 

11.292 

11.566 

1 4  

11.604 lMqN6 7 14c 

>k z = 36 

The c a l c u l a t e d  energies a r e  based on the  b i n d i n g  energies from 
r e f .  118. The t h e o r e t i c a l  r e l a t i v e  i n t e n s i t i e s  were normal ized 
t o  the exper imenta l  ones as descr ibed i n  the  t e x t .  
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The calculated energies given in Table 8 were obtained f r o m  the  

f o r  mu1 a 

EL.XY = - (EX)z - ( V z  f Az 
1 1 

where E. is t h e  energy of t he  L.XY 1 Auger e lectrons,  (EL>)z and (E X Z  1 
L .XY 
1 1 

the  binding energies of t he  I, and X e lec t ron  shells of element- Z and 
i 

the  binding energy of the  Y-shell of an a t o m  already ionized 
(EY)z -?- LIZ 

in the  X-shell. The value of 42 l i es  in t h e  range 0.7 - -  < I, < 1.3, the  average 

71 118 
taken t o  be one; t he  binding energies a r e  given by Hagst:r&n e t  al. 

Since the  assignments given in  Table 8 w e r e  made by cornparing calculated 

and measured energies, it is not possible t o  discuss in general t he  agree- 

ment  between the  calculations and measurements.  However, t h e  assign- 

men t s  of t he  isolated lines L M M 

and the  f a c t  t h a t  t he  measured and calculated energies f o r  t hese  lines 

L M M and L M M are unambiguous, 
3 1 3 ' 3 2 3  3 3 3  

agree so closely (within 15 eV)  supports  the  choice of AZ = 1. 

81 
Asaad has  calculated Auger probabilities in  j - j  coupling f o r  an 

init ial  L. vacancy for elements  of atomic number 18, 35, and 47. 

compare his work t o  experimentally determined relat ive intensi t ies ,  the 

In order  t o  
1 

number of init ial  L. vacancies p e r  disintegration mus t  be determined since 

this  number depends on the  mode of vacancy production. The L-vacancies 

1 

2 of 1 9 5 ~ t  result f rom (1) L-capture, ( 2 )  L-conversion, ( 3 )  KQ and K O ~  
1 

X-rays, (4) KLL and KLX Auger t ransi t ions,  and (5) L-shell hole t r a n s f e r  
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by Coster-Kronig transit ions.  The dis t r ibut ion of vacancies presented i n  

Table 9 w e r e  calculated f r o m  t h e  decay scheme presented by Harr i s  e t  al., 

t h e  (L1/K)o capture  r a t i o  given by Brysk and Rose, 120 t h e  fluorescence 

yields, Coster-Kronig yields, and (M t N f . . . /L) capture  r a t i o  given by 

119 

121 
Wapstra  e t  al., and t h e  L-subshell e lec t ron  cap tu re  r a t i o s  given by 

The uncertainties quoted i n  Table 9 are based upon 
122 

Konopinski and Rose. 

t h e  uncertainties which were repor ted  f o r  each value used in t h e  calculation 

and which w e r e  propagated as  s tandard  deviations. The theoret ical  re la t ive 

L-Auger intensi t ies  of Asaad 

r e l a t ive  number of initial L-subshell vacancies a s  those  calculated f o r  

lg5Pt. These values w e r e  then normalized t o  the  experimental intensi t ies  

and presented in  Table 8. The normalization f a c t o r  was determined by 

considering only lines with initial L vacancies whose measured intensi t ies  

had less than  20% uncertainty. If t he  e lec t ron  capture  branching r a t i o s  of 

t h e  decay scheme presented by Goedbloed e t  al. 

Chapter  X V )  are used instead of those  of H a r r i s  e t  a1 '19 t h e  numbers 

81 
were modified t o  correspond t o  t h e  same 

3 

123 
o r  t h e  p re sen t  work (see 

-9 , 
of vacancies calculated E o r  each L-subshell will increase by approximately 

8%; however, t he  relat ive number of L-subshell vacancies does not change. 

Since t h e  calculated Auger probabilities are expected t o  depend 

strongly on Z (see reference  81), one cannot expect good agreement  between 

the calculated ( Z  = 41) and experimental ( Z  = 78) values; however, since 

Asaad ' s  calculation of re la t ive intensities is the only one available f o r  
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individual L-Auger lines, t h e  comparison was made. 

re la t ive L-vacancies l is ted will be useful f o r  normalizing t h e  results of 

f u t u r e  theoret ical  calculations f o r  higher Z.  

discrepancies between t h e  measured intensi t ies  f o r  platinum and t h e  

theoret ical  values f o r  Z = 47; however, in a number of cases  intense (or 

weak) lines in  t h e  measured spec t rum were also intense (or weak) in t h e  

calculated one. A theoret ical  calculation of intensi t ies  f o r  the  L-Auger 

s p e c t r a  of e lements  of high atomic number is needed. 

Furthermore,  t h e  

There are numerous large 

Table 10 shows a comparison of the  L-Auger intensi t ies  of this 

work with t h e  experimental r e s u l t s  f o r  a tomic numbers 79, 80, 81, 83, 

and 92 and t h e  theoreticdl results of Asaad” f o r  Z = 47. The intensi t ies  

are compared f o r  t h e  same  initial L-subshell vacancy since t h e  relat ive 

number of init ial  L-subshell vacancies is d i f f e r e n t  f o r  each isotope. 

Where complex lines involving individual lines which originated f r o m  

d i f f e r e n t  in i t ia l  L-subshell vacancies w e r e  not resolvable t h e  calculations 

of Asaad was used as a guide t o  the in t ens i ty  distribution between t he  lines. 

Since Asaad’s calculations may not accurately relate t o  e lements  with 

atomic numbers as high as Z = 78, th i s  procedure may introduce discrepancies 

i n  t h e  comparison of results; however, t h i s  procedure should be a t  least as 

accura te  as the previous prac t ice  of using t h e  L-S coupling calculations of 

Rubenstein and Snyder as a guide. The r e s u l t s  w e r e  all normalized t o  the  

present  da t a ,  again employing an average normalization f a c t o r  weighted 



TABLE 10 A 

THEORETICAL AND EXPERIMENTAL L-AUGER lNTENSlTlES FOR ATOMIC NilMBERS NEAR Z = 78 

- 

Relative 1 n t e n s  i t i e s  
L i n e  T h e o r y  E x p e r i m e n t  

L3M lM2 

L3M2M2 

50 + 26 - 9 

33 + 18 - 3 

213 -t- 50 - 183 135 - + 12 345 144 232 - + 49 180 L3M lM3 

307 396 - + 10 403 384 336 - + 19 354 L3M2M3 

L3M lM4 21 } 7 6  5 50 
L3M IM5 19 

L3M3M3 

L3M2M5 - 
C3M3M4 

465 555 - + 50 

23 + 23 - 26 L3'2M4 

299 122 + 33 

453 490 - + 33 

288 

345 

345 

6 90 

} 620 

73 

538 

(371 

(78) 

650 (L3M3M3) 150 - + 52 

600 - + 80 5 95 

5-75 640 - + 90 74i 625 - -t- 30 6 90 5 47 t3M3M5 

L3M4H4 36 1 45) --- (130j  230 202 --- 



TABLE 10 A {cont.)  

R e l a t i v e  l n t e n s i  t i e s  
L i n e  Theory Expe r i men t 

L3M4M5 

L3M5M5 

L3M1N1 

L3M1N2 

L3M 1 N3 

L3M2N 1 

L3M2N2 

L3M 1 N4 

L3M 1 N5 

L3'2N3 

L3M3N 1 

L3M2N4 

L3M2N5 

L3M3N 

40 7 

3 92 

2 

1 

16 

1 

1 

--- 
--- 

26 

28 

--- 
e-- 

32 

1056 

8 26 

} 153 

57 



TABLE 10 A ( c o n t . )  

R e l a t i v e  I E t e n s i t i e s  
L ine  Theory Experiment 

L3'3N3 

L3M3N4 

L3M3N5 

L3'4N 1 

L3M5N 1 

L3'4N2 

L3M51d2 

L3'4N3 

L3M3N6, 7 

L3M5N3 

( 3  5) 

8 + 5  - 

3 45 

} 288 

163 

) 434 

38 

245 -!- 50 - 

j 270 

--e 

24 

I 

( ) i n d i c a t e s  t h e  use o f  theory as a g i r i d e l i n e  i n  the  assessment O F  t h e  i n . t e n s i t y  
d i s t r i b u t i o n  o f  a complex l i n e .  
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TABLE 10 6 

THEORETICAL AND EXPERIMENTAL L-AUGER INTENSITIES 
FOR ATOMIC NUMBERS NEAR Z = 78 

Re l a  t i ve I ntens i t i  es 
L i n e  Theory Experiment 

L2M lM 1 

L2M l'2 

L2M2M2 

L2M l'3 

L2M2M3 

L2M lM4 

L2M IM5 

L2M3M3 

L2M2M4 

L2M2M5 

L2M3M4 

L2M3M5 

L2M4M4 

L2M4M5 

L2M5M5 

LZMINl  

L2M 1 N2 

L2M 1 N3 

9 

176 

166 

18 

592 

6 

36 

17 

328 

610 

45 2 

61 

11 

506 

643 

2 

14 

2 

( ) i n d i c a t e s  the  use o f  theory  as a g u i d e l i n e  i n  the assessment 
of  the  i n t e n s i t y  d i s t r i b u t i o n  o f  a complex l i n e .  
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TABLE 10 C 

THEORETICAL AND EXPERIMENTAL L-AUGER INTENSITIES 
FOR ATOMIC NUMBERS NEAR Z = 78 

R e l a t i v e  l n t e n s i  t i e s  
L i n e  Theory Expe r i men t 

2 = 78 Z = 80 (99) Z = 81  (100) 
Present  work 

(81) z = 47 
_I 

LI'IMl 

lM l'2 

lMZM2 

lM lM3 

l'2"3 

lM lM4 

lM IM5 

IM3M3 

IMZM4 

lMZM5 

1M3M4 

1M3M5 

1'4M4 

1'4M5 

lMgM5 

116 

226 

1 

45 1 

22 

376 

564 

13 

6 

141 

170 

129 

20 

811 

23 1 

-'m_ 

--- 
m.." - 
300 

--- 
40 0 

4-00 

sl- 

200 

200 

} 500 

620 

8 10 

200 

( ) i n d i c a t e s  the  u s e  of t heo ry  a s  a g u i d e l i n e  i n  the  assessment 
o f  the i n t e n s i t y  d i s t r i b u t i o n  o f  a complex l i n e .  
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heavily toward well resolved lines. 

made f o r  only the L subshell due t o  the  uncertaint ies  in  obtaining 

in tens i t ies  f o r  unresolved lines arising f r o m  d i f f e r e n t  initial L-subshell 

vacancies. 

The comparison f o r  Z = 82 and 92 was 

3 

D. The M-Auger and L-Coster-Kronig Spectrum 

An a t t e m p t  was made t o  measure the  intensi ty  of t h e  L-Coster- 

Kronig t rans i t ions  re la t ive  t o  t h e  L-Auger lines in  order  t o  compare these  

values with the  r ecen t  values calculated by Asaad. This  measurement is 

extremely d i f f icu l t  due t o  the  low energy of the electrons.  

are easily absorbed by mass  deposited with the  source act ivi ty  and they a r e  

These electrons 

d i f f icu l t  t o  d e t e c t  since they  are easily absorbed by counter windows. 

The amount of source mass  is d i f f icu l t  t o  assess. The act ive 19’Au 

-5 -2 
deposited contr ibutes  a negligible (approximately 10 pg-cm ) amount of 

mass;  however, w e  e s t i m a t e  t h a t  t he  unknown solids in the  original lg5Au 

solution (quoted by the  suppliers as 0.1 mg-ml ) could contr ibute  as much 

as 1 pg-cm 

-1 

-2 
t o  t he  source thickness. 

A second method can be used t o  e s t i m a t e  t h e  amount of mass  on 

As  previously noted (see Section A of th i s  chapter)  t h e  the  source. 

resolution a t  low energies is a function of momehtum; thus one can e s t i m a t e  

the maximum energy loss f r o m  the change in  momentum resolution. 

energy loss can then  be compared with stopping power values f o r  e lectrons 

This 
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of corresponding energies and t h e  e f f ec t ive  thickness of mass t raversed 

can be determined. The e lec t ron  stopping powers were es t imated  by 

considering the  stopping power of e lectrons and protons t o  be identical  f o r  

equal velocities and using t h e  proton stopping powers published by 

The source thickness e s t ima ted  in  th i s  maruler is approximately 
124 

Whaling. 

-2 .- 2 
which is i n  reasonablz agreement with t h e  value, 1 pg-cm , 2 pg-cm 

es t ima ted  f rom the  ine r t  solids in the  solution. 

The M-Auger and L-Coster-Kronig spec t r a  a r e  shown in Figure 31; 

Figure 32 shows t h e  remaining low-energy e lec t ron  spec t rm t o  zero  

energy. In order  t o  d e t e c t  e lectrons with energies less than  120 eV, the 

retarding potent ia l  w a s  removed from t h e  post-accelerat  ion counter. A 

post-acceleration potent ia l  of 5 000 vol t s  enabled detect ion of t hese  low- 

energy electrons with 62% transmission a t  0.0 keV and 92% a t  3.25 keV 

e lec t ron  energy. The d a t a  shown in f igures  31 and 32 are raw d a t a  and 

have not been cor rec ted  f o r  transmission. 

Due t o  t h e  complexity of t he  superimposed LLN Coster-Kronr;g 

and M-Auger t rans i t ions  no detailed analysis was possible. The t o t a l  

intensi ty  of t h i s  group of l ines was e s t ima ted  by measuring the  a rea  

defined by t h e  line group. 

divided by RR in order  t o  compare it t o  t h e  L-Auger spectrum. The 

calculated energies of t he  L L M and I, L M t rans i t ions  place these  

lines by themselves belaw t h e  energy of t h e  M-Auger and L L N  Coster-Kronig 

The a rea  was cor rec ted  for t ransmission a d  

1 3 4  1 3 5  
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Fig. 31. The M-Auger and L-Coster-Kronig spec t r a  of platinum. 
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groups. 

32. 

t he  L L M and L L M Coster-Kronig lines. The measured in tens i ty  

r a t io s  L L M /L 1M M and L L M /L  M M a r e  < 1 each; whereas the  1 3 4  3 2 3  1 3 5  3 2 3  - 
r a t io s  deduced f r o m  Asaad's re la t ive intensi t ies  

tively. 

lines is approximately 150 times t h a t  of t he  L M M Auger lincs. 

intensi ty  r a t io s  are te rmed t en ta t ive  since it cannot be determined conclu- 

sively what a f f e c t  t h e  source mass has  on these  low-energy lines. Since 

the  calculated energies of t h e  I, L M and L T M electrons are only 37 

and 122 eV, respcct-ively, and since the stopping power in gold f o r  elec'croi-ts 

of 37 eV and 122 eV is approximately 95 and 118 eV-yg -cm , respectively,  

t hese  electrons would be strongly absorbed in  t h e  s o w c e  i f  the  sauce 

thickness is approximately 1 pg-cm 

The calculated positions of t hese  l ines are shown in Figures 31 and 

I t  w a s  possible only t o  set t en ta t ive  uppcr l imits on t h e  intensi t ies  of 

1 3 4  1 3 5  

82 
are 19 and 23, respec- 

The sum of t h e  intensi t ies  of the  TA-Coster-Kronig and M-Auger 

These 
3 2 3  

1 3 4  l " 3  5 

-1 2 

-2 
as est imated.  

Because of t h e  uncertainties in source thickness, no def in i te  

conclusions regarding the intensi t ies  of t he  L L RI 

be reached. 

a t  t h e  low-energy side of t h e  lines observed at- approximately 140 BR (Figure 

and L L M lines can  

I t  should also be noted t h a t  t he  g r a d d  decrease in  intensi ty  

1 3 4  1 3 5  

31) could be a r e su l t  of source absorption. 

of t;he M-Auger and LLN Coster-Kronig l ines would be a lower limit. 

If so, t he  measured intensi ty  

The two lines shown in Figure 32 a t  approximately 8 and 10 eV, 

respectively, might at f i rs t  be thought t o  b e  a t t r ibu ted  t o  Coster-Kronig 
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Fig. 32. The very-low-energy electron spectrum of platinum. 
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t ransi t ions o r  o ther  low-energy Auger processes;  however, it has been 

demonstrated t h a t  t hese  l ines do not come d i rec t ly  f r o m  t h e  

These lines were still observed when t h e  s o m c e  was covered by a Zapon film 

of suf f ic ien t  thickness t o  s t o p  electrons of energies less than  approxi- 

mate ly  3 keV. 

sources (see reference  95). When the e lec t ron  intensi t ies  are corrected 

fox  BR and these  lines are plot ted as an energy dis t r ibut ion (see Figure 

33)  they have approximately the  same shape as an electron line a t  10 eV 

found by IIubbell e t  al. The low-energy e lec t ron  l i n e  found by IIubbel l  

e t  al. is normalized t o  t h e  intensi ty  of t he  present  measurements  and 

plot ted in  Figure 33. 

electrons sca t t e red  f r o m  the  aluminum source holder and spec t romete r  

walls a i d  t o  secondary emission electrons f r o m  t h e  source. 

come d i rec t ly  f r o m  low energy t rans i t ions  within the source i t se l f .  

195 
Au source. 

These l ines w e r e  also observed f o r  o the r  radioactive 

1 25 

These low-energy lines have been a t t r ibu ted  t o  

They do not 

E. The K-Auger Spectrum 

'The K-Auger spec t rum was  recorded a t  0.2% resolution (fwhm) 

from the  mylar backed source. The energy of t h e  K-Auger e lectrons 

(E 2 50 keV) was suf f ic ien t  t o  ensure lo(% transmission through the  

de t ec to r  window without t h e  aid of post-acceleration. 

spec t r a  of platinum are shown i n  Figure 34, 

t h e  KL L line shape was used a f t e r  t he  low-energy tail was adjusted t o  

The KILL and MLX 

To resolve overlapping lines, 

2 3  
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5000 

0 
0 10 20 30 40 50 60 70 80 90 100 

ENERGY ( e V )  

Fig. 33. The very-low-energy spec t rum of platinum plotted as an 
energy dis t r ibut ion and compared t o  previous similar data. (a) see reference  
125. 
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Fig. 34. The KLL and KLX Auger spectra of platinum. 
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give t h e  m o s t  cons is ten t  l ine fit throughout t h e  spectrum. Although the  

K L  L line appears isolated, it would not be used as a standard because its 

3 
shape is d i s to r t ed  on t h e  low-energy side by t h e  KL L ( P ) satellite 

113 3 
By means of a standard line shape, t h e  K L  L ( Po) line was line, 

graphically resolved (see Figure 35) and t h e  energy and intensi ty  measured. 

The energies and intensi t ies  of t h e  KLL Auger lines are given in  Table 11 

and those of t h e  KLX lines are given in Table 12. 

3 3  

3 3  0 

3 3  

The theoret ical  energies presented in Table 11 are based on the 

67 
equations of Asaad and Burhop 

One set  is calculated by flb'rnfeld, 

sets d i f f e r  in  t h e  manner in  which approximate relat ivis t ic  corrections 

were  introduced. 

used t h e  f a c t o r  (1 - pZ ), a! and p being adjustable parameters .  The 

agreement  between the  theoret ical  and experimental values is within t h e  

- -t- 0.2'76 uncertainties assigned t o  t h e  measured energies. In Table 11, t h e  

p re sen t  work is compared t o  various experimental  and theoret ical  re la t ive 

intensi t ies  f o r  KLL lines of e lements  of a tomic number near 78. The 

theoret ical  values presented in Table 11 a r e  based on t h e  following 

calculations: 

72 
Asaad 

obtained numerically on electronic computers. Line 12 gives the  

values of line 11 adjusted by Asaad 

in the in te rmedia te  coupling approximation. 

68 71 
t h e  o the r  by Listengarten. The two 

2 
Lis tengar ten  applied a t e r m  (1 - a!Z ) while Hb'rnfeldt 

3 

Line 11 shows t h e  results of t h e  re la t iv i s t ic  calculations of 

in  j-j coupling f o r  a tomic  number 80, using wave functions 

73 
in  an approximate manner t o  include 
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Fig. 35. The KL3L3 Auger line showing the gaplnical resolut ion of t-he 
3P satellite line. 
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TABLE 11 

ENERGIES AND RELATIVE INTENSITIES OF THE KLL AUGER TRANSITIONS OF PLATINUM 

Energies 

1. Present work (2=78):: 50.32+0.10 - 50.97+0.10 - 52.67-tO.11 - 51.55+0.10 - 53.27t-0.10 - 55.04+0.11 - 54.87-tO.11 - 
2. C a l ~ u l a t e d ~ ~ ( Z = 7 8 )  50.388 51.005 52.679 51.566 53.289 55.020 54.956 

3. Ca l c u l a  ted7' (Z=78) 50.372 51.003 52.676 51.541 53.260 54.983 

Rela t i ve i ntens i t i e s  

Experimental 

4. Present Work (Z=78) 
126 5. Her r lander  (Z=80) 

6. J ~ n g ' ~ ~ ( Z = 8 0 )  
68 7. HErn fe ld t  (Z=80) 

93 8. N a l l  (Z=80) 

9. Ewans { Z=78) 128,129,a 

1 0. wo 1 f son ( 2=7 9) 

Theore t i ca l  

11. A ~ a a d ~ ~ (  Z=80) 

12. A ~ a a d ~ ~  (Z=80) 

13. Asaad (2=80) 

14. L i s tenga r tena  (Z=79) 

15. Asaad6' (.Z=80) 

74 

1.0 

1 .o 
1 .o 
1.0 

1 .o 
1.0 

1 .o 

1.0 

1.0 

1.0 

1.0 

1 .o 

1.42-1-0.18 - 0.890.12 - 0.19-1-0.10 - 1.69+0.22 - 0.5e0.09 0.062-tO.013 

1.68+0.13 - 0.890.10 - 0.14-1-0.07 - 1.840.15 - 0.76 - + 0.08 2 
4 

1.48-tO.11 - 0.79+0.08 - O.lPrO.10 - 1.6pt0.16 - 0.69 - + 0.07 

1.70 0.90 0.20 1.60 0.80 

1.32-tO.10 - 0.85t0.06 - 0.4cH0.03 - I .  27+0.08 - 0.76 - -k 0.05 

1.4Ot0.25 U. 903-0.10 - 0.20+0.10 - 1.4Ot0.25 - 0.80 - + 0.20 

0.75 + 0.07 1.544-0.11 - 0.9Pr0.09 - 0.11+0.03 - 1.83+0.13 - - 

1.44 0.82 0.09 1.46 0.66 

1.51 0.67 0.095 1.49 0.54 0.091 

1.17 2.09 0.195 3.48 1.66 0.30 

1.67 0.95 0.07 1.38 0.60 

1.20 2.27 0.15 4.32 2.12 0.28 

':The e r r o r  l i m i t s  o f  the measured energies a r e  - + 0 . q  
a quoted i n  re fe rence 114 
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e f f  ec tis of intermedia&:e coupling. 'This adjustment was based on the  maimer 

in  which intermediate  coupling a f f ec t ed  nonrelativistic j-j calculations. 

The m o s t  recent  theoret ical  t r e a t m e n t  of the  KLL Auger spec t ra  (shown in 

74 
line 13) is a calculation of Asaad based on the  intermediate  coupling and 

configuration interaction. This calculation was made in an a t t e m p t  t o  

resolve discrepancies between t h e  theoretical  and experimental XLL 

relat ive intensi t ies  a t  low Z .  The values of Lis tengarten given in line 14 

a r e  the  values extrapolated t o  atomic number 79 as quoted by Wolfson 

and Baerg. Lis tengarten 's  r e su l t s  a r e  relativist icc,  but  d i f f e r  f rom 
114 

Asaad's values (line 11) in the  manner in which screening was considered. 

Line 15 is a nonxelativistic, , intermediate  coupling calculation by Aaaad 

and Burhop. 
67 

There is general agreement among t h e  experimental. in tensi t ies  

l is ted in Table 11 except f o r  t he  K L  L, and K L  L values given by Nal l  
2 2  2 3  

99 
e t  al. Agreement between the  experimental  values and the  theoretical  

72 
r e su l t s  of Asaad is qui te  good except t h a t  t h e  theoret ical  value f o r  the  

74 
KL L line is too small. Asaad's l a t e s t  results which include the  

2 2  

configmation interaction, give agreement with the  measured KL L /KL L 
2 2  1 1  

3c, KLZL3, and KL L ratio; however, his theoret ical  K L  L intensities are 
3 3  

more than twice a s  large as the  experimental ones. 

3 
( P ) satellite line (Table 11 1 The meas wed intensi ty  of the K L  L 

3 3  0 

3 
+ P;! 3 0  

is the f i r s t  t o  be reported in  th i s  Z-region. The r a t io  K 4 1 3 t P F % L  
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is found t o  be 0.095 - + 0.024. This v a h e  is not i n  agreement with the value 

of 0.15 deduced f r o m  Asaad's theoret ical  intensi t ies  which include t h e  

configuration interaction. Fur thermore ,  Asaad's intensi t ies  (relative t o  

3 3 
t h e  KLILl line) f o r  t he  KL3L3( Po) and KL3L3( P ) components are 

l a rge r  than t h e  experimental intensi t ies  by a f a c t o r  greater than  2. The 

original theory of Asaad and Burhop6' gives f o r  t he  r a t i o  KL3i3(  Po)/ 

K L  L ( P + P2) a value of 0.12 a t  2 = 80; this value agrees with our 

experimental value j u s t  within t h e  limits of e r r o r .  

2 

3 

3 3 
3 3  0 

Again, however, t h e  

individual theoret ical  intensi t ies  are much l a rge r  than t h e  experimental 

ones. 

Table 12 is a comparison of t h e  KLX energies and relative intensi t ies  

measured in t h e  p re sen t  work with values of o the r  workers and with 

theory. The theoret ical  re la t ive intensi t ies  are f r o m  a nonrelativistic 

in te rmedia te  coupling calculation of Asaad and Burhop. 
67 

The t r ans i t i on  

energies were calculated using hz = 1 and t h e  binding energies of I Iagstrom 

e t  al. '18 The intensi t ies  repor ted  here  agree wel l  with t h e  earlier 

experimental work of Etvan 128s 129 but not with t h e  theoret ical  values of 

Asaad and Burhop nor with t h e  experimental values of N a l l  e t  al. 99 The 

value of KLX/KLL as determined by t h e  p re sen t  work (Z = 78) is 

0.548 - + 0.044. This value is i n  approximate agreement  with t h e  values 

0.53 found by Passe l  e t  al. 

e t  al. 99 f o r  Z = 80, 0.71 - t 0.15 found by 33royles e t  al. 13' f o r  Z = 80 and 

130 
f o r  2 = 80, 0.496 - f 0.015 found by N a l l  





CHAPTER 2W 

THE CONVERSION-ELECTRON SPECTRUM IN THE ELECTRON 

CAPTURE DECAY OF lg5Au 

A. Introduction 

Previous investigations of t he  internal  conversion spec t rum in t h e  

195 133-136 and 
decay of 

lens 137 spec t romete r s  with only approximate intensi ty  measurements  being 

obtained. 

resolve many of t h e  e lec t ron  lines; thus,  only rough es t imat ions  of t h e  

t rans i t ion  mult ipolar i t ies  could be made based on relat ive intensi ty  r a t io s  of 

groups of conversion lines. In the  p re sen t  work, t h e  e lec t ron  spec t rum was  

recorded a t  high resolution by means of t h e  Vanderbilt double-f ocusing 

spec t rometer ,  and accura te  energy and intensi ty  measurements  w e r e  

obtained. The resolution was suf f ic ien t  t o  resolve t h e  L-subshell 

conversion-electron lines of t he  th ree  major gamma-rays so  t h a t  L-subshell 

conversion r a t io s  could be used t o  de te rmine  t rans i t ion  multipolarit ies.  The 

L-subshell intensi ty  r a t i o s  were compared t o  t h e  theoret ical  values f o r  a 

dual purpose: 

L-subshell ratios. 

Au w e r e  executed by means of permanent magnet 

The resolution obtained in  these  ear ly  s tud ies  was not suf f ic ien t  t o  

1) t o  determine multipolarit ies and 2) t o  look f o r  anomalous 

18 3 
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Although the  spins, pa r i t i e s  and approximate energies of t h e  ground 

and exited s t a t e s  of lg5Pt a r e  well established, the  population of these 

1 95 
s t a t e s  by electron capture  i n  the  decay of 

capture  r a t io s  t o  the  excited s t a t e s  of 

Au is l e s s  cer ta in .  The relat ive 

195 Pt can be de-ternained by means of 

published gamma-ray intensi t ies  and the  conversion-electron intensi t ies  of 

th i s  work. 

determined with the  aid of the  measured K-Auger intensi t ies  and published 

L/K and L / (M t N + . . . ) capture  ratios.  The electron capture  branching r a t io s  

a re  calculated fox t h e  decay of 

values e 

Furthermore the  ground s t a t e  capture  probability can be 

19s 
.4u and cornpaxed t o  previously reporbed 

Published gamma-ray intensi t ies  were normalized t o  the relat ive 

electron intensi t ies  reported here and conversion coeff ic ients  calculated, 

This calculation is useful since wide variations occur ar-n.org conversion 

coeff ic ients  previously reported.  

of t he  210 keV t rans i t ion  proves the  existence of the  previously reported 

210 keV transit ion.  Previously, t he re  had been no e lec t ron  line detected 

The observation of t he  K-conversion h e  

f o r  th i s  transit ion.  

B. Source Preparat ion 

195 
Two 

e lec t ron  spectrum. The f i r s t  source w a s  previously described in sect ion B 

of Chapter XIV. 

Ru sources were used in  the  measurement  of t he  conversion- 

I t  was prepared by electroplating the  act ivi ty  f r o m  a 

http://ar-n.org
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nearly neutral  solution (pH * 6) onto a silver coated mylar backing. For high 

resolution s tudies  t h e  spec t romete r  t ransmission is necessarily low; thus a 

more  intense source was needed. The source prepared f o r  th i s  purpose was  

approximately eight t i m e s  more intense than  previous sources and had a 

narrow prof de (0.5 x 20 min ) t o  enhance resolution. This source was electro-  

plated f r o m  a 0.1 N HC1 solution onto a 54 mg-cm 

2 

-2 
platinum foil. 

C. Experimental  Method and Resul ts  

The measurements  were made by means of t h e  double-focusing 

spec t romete r  described in  Chapter  XIII. An initial scan  of the  spec t rum a t  

0.2% resolution (fwhm), shown in Figure 36, was made using the  low-energy 

counter  with no pos t  acceleration; t he  counter  wal ls  and deceleration plate  

were electrically grounded. Fu r the r  scans a t  higher resolution w e r e  made on 

t h e  conversion lines of the  129.8 keV t rans i t ion  (0, 17%) using t h e  low-energy 

counter  and on t h e  conversion l ines of t h e  98.8 keV t rans i t ion  (0.13%) using 

the  high-energy counter. The s p e c t r a  obtained a t  high resolution are shown 

in  F iyure  37. The K-conversion line of the  210 keV transi t ion,  shown in 

Figure 38, was observed only by means of t h e  high-energy de tec tor .  The 

counter  windows w e r e  suff ic ient ly  thin t o  ensure 100% transmission f o r  all 

conversion-electrons. While t h e  K- and L-subshell lines w e r e  wel l  resolved, 

the conversion lines of outer  shells were graphically resolved in  t h e  manner 

previously described f o r  t h e  Auger lines (see sec t ion  C of Chapter XN). The 

s tandard lines used f o r  t h i s  work w e r e  resolved L-shell conversion lines. 



186 

30.8 keV 

e o 0 0  

3000 

440  460 560 600 

Ll I 98.8 k e V  

1020 1085 

'770 790 1200 1240 1270 1290 
BR ( G -  c m )  

Fig. 36. The init ial  scan of the conversion-electron spectrum w i t h  
0.2% resolution (fwhm). 
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Fig. 37. L-conversion lines of the 98.8 and 129.8 keV t ransi t ions 
recorded with high resolution. 



188 

1290 

Fig. 38. The K-conversion line of the  210 keV transit ion,  
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The areas  of t h e  conversion-electron lines w e r e  measured by means of 

a planimeter  and divided by BR t o  obtain the  intensi t ies  repor ted  in Table 

13. The e r r o r  limits assigned t o  t h e  intensi t ies  are t o  b e  i n t e rp re t ed  a s  

standard deviations and include t h e  uncertainties in a r e a  measurements  as 

wel l  a5 s t a t i s t i c a l  uncertainties in  t h e  raw data. For each raw d a t a  point 

on a curve these  s t a t i s t i c a l  uncertainties were less than  3% except f o r  t he  

K-conversion line of t h e  210 keV transi t ion f o r  which t h e  s t a t i s t i c s  were 

approximately 15%. The d a t a  taken f r o m  t h e  more  intense source were 

normalized t o  t h e  o t h e r  d a t a  by means of t h e  intensi ty  of t h e  L line of t he  

129.8 keV transit ion.  The e r r o r  l i m i t s  quoted in Table 13 include an 

e s t ima t ion  of the uncertainty in  t h e  normalization procedure. 

3 

The selected energies of the t h r e e  major  gamma r a y s  reported i n  

Table 13 are weighted averages of t h e  energies calculated f r o m  each 

conversion line. The binding energies of Hagstrom e t  al .  

The t r ans i t i on  energies 129.83 - f 0.26, 98.84 - f 0.24 and 30.80 - f 0.06 keV 

obtained i n  this work are t o  b e  compared with the  values 129.4, 98.5, and 

30.8 keV given by Cressman and Wilkinson 

have previously repor ted  a t r ans i t i on  a t  210 keV in  t h e  gamma spec t rum of 

lg5€'t excited by Coulomb excitation. No  e lec t ron  line f r o m  t h i s  t r ans i t i on  

has been repor ted  previously. We observed the K-conversion line of this 

t r ans i t i on  and deduced a t r ans i t i on  energy of 209.6 2 0.4 keV. The measured 

energies have been assigned an  e s t ima ted  uncertainty of 0.2%. This 

118 
were used. 

138 
McGowan and Stelson 

133 
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TABLE 13 

CONVERSIBN-ELECTRON DATA I N  THE DECAY OF 195AU 

Conve rs  i o n  E l e c t r o n  T r a n s i t i o n  Rela t i ve 
She1 1 E ne rgy Energy"' L i n e  

(keV) (keV) l n t e n s i  t y  
~ ~- ~~ 

25.25 f 0,75 

17.54 30.82 1.98 - f 0.06 

19.25 30.81 0.34 - t- 0.07 

27.49 30.79 5.06 - f 0.20 

27.76 30.80 0.61 I 3. 0.07 

30.07 30.77 1.37 - + 0.10 

0 30.68 30. '78 0.22 - C 0.07 

L1 16.94 30.82 - 

L2 

L3 

M1 

M2 

N1 

Selected t r a n s i t i o n  energy: 30.80 - t- 0.06 

K 

5 
L2 

L3 

M3 

19.2 
M 

N 

0 

20.51 

84.93 

85.56 

87.24 

95.031 

95.742 

97.73 

98.45 

98.70 

98.82 

98.83 

98.80 

98.33 

98.77 

98.45 

98.51 

90.10 2 1.48 

12.0 I + 0.25 

1.15 - -+ 0.05 

0.35 - f 0.04 

2.79 - C 0.12 

0.17 - + 0.03 

0.75 - C 0.05 

0.11 - t- 0.04 

Selected t r a n s i t i o n  energy: 98.84 _+ 0.20 

.L .I, 

The t r a n s i t i o n  energ ies were c a l c u l a t e d  f r o m  the  measured 
e l e c t r o n  energ ies and the b i n d i n g  energ ies g iven by 
Hagstrijm e t  al.118 
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TABLE 13 (cont.)  

Convers i on E l e c t r o n  Trans i t ign Re l a  t i ve 
She1 1 Energy Energy L i n e  

(keV) (keV) I ntens i t y  

K 51.32 129.72 0.49 - + 0.08 

115.92 129.81 0.033 - -I- 0.010 L1 

L3 

M1 

M2 

M3 

L2 116.61 129.88 0.45 - + 0.04 

118.33 129.90 0.33 - + 0.03 

0.23 - + 0.04 

0.07 - + 0.02 

126.27 129.57 

126.39 129.42 

126.71 129.36 

N 128.77 129.49 

Selected t r a n s i t i o n  energy: 129.83 - + 0.26 

K 131.20 209.6 - + 0.4 0.004 - + 0.002 

Selected t r a n s i t i o n  energy: 209.6 - + 0.4 

4. -4- 

The t r a n s i t i o n  energies were  c a l c u l a t e d  f r o m  the measured 
e l e c t r o n  energies and the b i n d i n g  energies g iven by 
Hagstrzm e t . a l .  118 
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uncertainty includes possible sys t ema t i c  e r r o r s  i n  calibration as well as 

random deviations in the  measurements.  The uncertaint ies  are conservatively 

assigned and may be smaller than  indicated. The sum 98.84 + 30.80 = 129.64 

is within 0.15% of t h e  measured value of 129.83 keV. 

195 
The e lec t ron  capture  branching r a t i o s  in the  decay of Au can  be 

calculated by means of t h e  following equations, 

N529.8 ' d 2 9 . 8  -1- 'y 129.8 'i 'e30.8 'y30.8 

- - Np9€i,8= 'e98. 8 + I  y98.8 'e30. 8 ' ~ 3 0 .  8 473 1 

' 0  [ k  - Auger - - 
'e209, 6K 'e98. $K 

N P  =--- 
K 

a 

(74) 
0 

'K 

- - 
129.8 98. 8 

Ie129.8K 

where 

195 
N = number of 

factor)  

Au disintegrations pe r  u n i t  time (a  normalizatian 

P = f r ac t ion  6 t o t a l  e lec t ron  cap tu re  t o  energy level E 
E 

= f r ac t ion  of e lec t ron  capture  t o  energy level E t h a t  is K electron PEK 
capture 
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= conversion-electron intensi ty  associated with t h e  t ransi t ion of 
'e K 

energy E 

= K-conversion-electron intensi ty  associated with t h e  t r ans i t i on  
IeEK 

of energy E 

I = gamma-ray intensi ty  associated with t h e  t ransi t ion of energy E 
YE 

= K-Auger e lec t ron  intensi ty  k- Auger 

a = K-Auger yield f o r  Z = 78 . 
K 

In order  t o  evaluate t h e  above equations t h e  r e l a t ive  gamma-ray intensi t ies  

m u s t  be known and properly normalized t o  t h e  e lec t ron  intensi t ies  measured 

in  t h i s  work. The relat ive gamma-ray intensi t ies  used were mean averages 

of intensi t ies  repor ted  by Harr i s  e t  al. '19 and Goedbloed et al. 123 The 

l a t t e r  authors r e p o r t  no e r r o r  l imi t s ;  therefore ,  e r r o r  limits of - + 1% 

were assigned t o  t h e i r  work f o r  t h e  purpose of computing t h e  standard 

deviation of t h e  mean value. The mean gamma-ray intensi t ies  were normalized 

t o  t h e  e lec t ron  intensi t ies  of t h e  p re sen t  work by means of the  K-conversion 

coeff ic ient  of the 129.8 keV transit ion.  This t r ans i t i on  has  previously 119,133-137 

been assigned as pure E2 which agrees with t h e  present  assignment discussed 

later in  this chapter. The theoret ical  E2 K-conversion coefficient 

a12' = 0.46 interpolated f r o m  t h e  tables  of both Rose* and Sliv and Band** 
K 

* The conversion coeff ic ients  w e r e  interpolated f r o m  log a versus E plots 
f r o m  Rose ' s tables. 43 

88 
**The interpolation of Sliv and Band's table  of conversion coef f icents  w a s  

obtained by means of a computer. These values w e r e  furnished by t h e  
Nuclear Da ta  Group a t  Oak Ridge National Laboratory. 
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was used f o r  t h e  normalization. 

f r o m  the  relationship 

The normalization f a c t o r  5 was determined 

Ie129.8K- ' = 129.8 
K 'y 129.8 

a! 
(75 ) 

The normalized gamma-ray intensi t ies  a r e  presented in  Table 14. 

The K/ t o t a l  e lectron capture  r a t io s  f o r  each t ransi t ion were obtained 

f ro in  published P /P r a t io s  and the  r a t i o  P /(P t P t . . . ) = 3.79 given 

by Wapstxa e t  al. 

all t ransi t ions in 

L K  L M N  

Whereas the  r a t i o  P /(B f P f . . . ) is t h e  same f o r  
12 1 

195 
L M N  

Pt  [the t ransi t ion energies a r e  large compxed -to t h e  L 

binding energy (see reference 120)], the  r a t i o  P. /P. depends s t rongly on the  

t rans i t ion  energy. The r a t i o  P 

e t  al, 

L K  

has been reported by Harr i s  

and Bisi  e t  al. 13' t o  be 5.1 - f 0.2 and 5 . 5  - t 0. 9, respectively. An 

/p L129.8 K129.8 
119 

average value P /P 

Equation (74). The r a t i o  P 

= 5 . 3  - f 0.5 was used in the  evaluation of 

/P L98.8 K98.8 

L129.8 K129.8 

= 1.12 - f 0.3 reported by Harr i s  - e t  

120 
al. and t h e  theoret ical  r a t io  of Brysk and Rose P /P = 0.71 w e r e  also 

Lo KO 
__ 

used. 

83 
The semi-empirical relationship due t o  Burhop with the  numerical 

84 
constants  given by Hagedoorn and Wapstra  was used t o  calculate a value 

f o r  the  fluorescence yield of platinum. This relationship should b e  

accurate  t o  within - t 0.005. The Auger yield deduced f r o m  t h i s  r e su l t  

= 1 - w ) is a = 0.049 $. 0.005. - (aK K K 
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TABLE 14 

PHOTON RELATIVE INTENSITIES REPORTED BY PREVIOUS WORKERS 

Photon R e l a t i v e  l n t e n s i t y  

t Energy .1. 

(keV) Reference 119 Reference 123 Mea; Norma 1 i zed 

10.8 + 2.0 1.43 - + 0.41 

13.3 + 2 . 9  

1.06 + 0.27 

30.8 13.3 5 1.8 9.31 - 
98.8 100 100 100 - 

129.8 7.7 - + 0.8 8.38 8.0 - + 1.1 - 
2 10 0.25 - + 0.03 0.24 0.25 - + 0.04 0.033 - + 0.009 

‘“A lC$ u n c e r t a i n t y  was a r b i t r a r i l y  assigned to  the values of 
re fe rence 123 i n  order  t o  compute the u n c e r t a i n t i e s  i n  the 
averages. 

‘Normalized t o  e l e c t r o n  i n t e n s i t i e s  o f  Table 13, see t e x t  f o r  
deta i Is. 
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Since only the  K-conversion line of t he  209.6 keV t rans i t ion  was 

measured, t h e  t o t a l  e lectron intensi ty  f o r  t h i s  t rans i t ion  had t o  be 

estima-bed. 

Sliv and Rand 

The r a t i o  of L/K conversion coeff ic ients  as calculated by 

88 
were used in  the  es t imat ion  of t h e  209.6 keV L-conversion 

electron intensity.  The K-Auger in tens i t ies  were obtained by normalization 

of the  intensi t ies  of Tables 11 and 12 t o  t h e  conversion-electron intensit ies,  

An average normalization f a c t o r  was obtained by comparison of t h e  in tens i t ies  

of t h e  K-conversion line of t h e  129.8 keV t rans i t ion  with the  KL L aid 
1 1  

KL L line intensit ies.  A small  correct ion was made f o r  t h e  KXY intensi t ies  
3 3  

which were not  observed in  the  present  work. With the  above information, t he  

normalized gamma-ray intensi t ies  and t h e  measu-red conversion-el.ec kron 

intensi t ies ,  Equations (71) through (74) were used t o  calculate t h e  following 

branching ra t ios :  

Pg8. = (68 2 3)%, and P 5%. A r a t h e r  large uncertainty ex i s t s  in t h e  

calculation of t he  probability of capture  t o  the  ground state.  The calculated 

branching r a t i o  is very sensi t ive t o  t h e  K-Auger e lec t ron  intensi ty  which has  

been normalized t o  the  conversion-electr on intensit ies.  

r a t i o  resul ted when Equation (74) was solved; however, the  uncertainty in  

= (0.035 I_ f 0.010)%, = (32 1)%, '209.6 

0 

A negative branching 

t h e  K-Auger in tens i ty  due t-o t h e  uncertainty in t h e  normalization f a c t o r  

(approximately 10%) would allow an upper limit f o r  t he  ground s t a t e  branching 

r a t i o  of approximately 5%. 

strongly indicative of a zero  branching r a t i o  t o  t h e  ground state.  

The solution t o  Equation (74) is, therefore ,  

The 
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uncertainty in  the ground state branching r a t i o  does not e f f e c t  t h e  relat ive 

values of t h e  branching r a t i o s  t o  t h e  excited states. 

The branching r a t i o s  calculated above are i n  relatively good agreement with 

HOW- 
137 

eaxly values of P = 35% a d  Pg8 = 65% repor ted  by DeShalit e t  al. 
129 

ever,  severe  discrepancies occur between t h e  present  r e s u l t s  and t h e  r ecen t  

11 9 
r e s u l t s  of H a r r i s  e t  al. [P,,, < 0.496, PlZ9 = (40 2 6)%, Pgg = (47 6)%, and 

123 
P = (13 - f IO)%] and of Goedbloed e t  al. 

and P 

CP,x,( 0.5%, Plz9 = 41%, Pg8 = 5 w ~  
0 

0 

The e lec t ron  capture  branching r a t i o s  and t r ans i t i on  energies obtained in 

195 
this work w e r e  used t o  modify t h e  

F i g w e  39. This decay scheme is cons is ten t  with the conversion coeff ic ients  

Au decay scheme t o  t h a t  presented in  

and admixtures determined later i n  t h i s  report .  

The internal  conversion coeff ic ients  f o r  t h e  t ransi t ions in lg5 Pt  can 

be determined f r o m  t h e  electron intensi t ies  of Table 13 and t h e  normalized 

gamma-ray intensi t ies  given in Table 14. The conversion coeff icients 

calculated using these  normalized gamma-ray intensi t ies  are given i n  Table 

15 along with theoret ical  values. 

measured was f o r  K-conversion of t h e  98.8 keV t r a n s i t i o n  

98.8 
K 

determined i n  t h i s  work, Q 

experimental uncertainties with previous values of 5.9 5 0.7 (ref. 1191, 

5.8 - 3. 1.5 (ref. 138), 6.01 I + 0.15 (ref. 123), 7.4-2. ' 8 * 2  (ref. 137), and 

8.4 - f 0.5 (ref. 136). The r a t h e r  large uncertainty in t h e  p re sen t  value is 

The only conversion coefficient previously 

The value 

= 6.8 f 1.5, is in agreement  t o  within - 

due t o  t h e  uncertainty in the  normalization f a c t o r  f o r  t h e  gamma-ray 
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Q 228 keV 

E ( k e V )  

Ig5Pt 
78 147 

19s Fig. 39, The decay scheme Of Au. 
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TABLE 15 

MEASURED AND THEORETICAL CONVERSION COEFFICIENTS 

Trans i t i on Convers i on Conversion C o e f f i c i e n t  Values 
b)  S l i v  and Band a) Rose 

M1 E2 M1 E2 

Energy C o e f f i c i e n t  This work 

30.8 keV CY 
L1  

942 

c”r 
% 98.8 keV 

9 
% 129.8 keV 

5 2  

(yL3 

OT 

QK 210 keV 

17.5+4.5 - 

1.374-0.63 - 
0.24 +0,08 

3.521.4 

0.42-tO.24 - 
24.437.0 - 
6 . ~ 1 . 5  - 
0.90-tO. - 20 

0.086-tO.017 - 

0.026+0.006 I 

8. 14-1.8 

0.46” 

0.0314-0.010 - 

0.42-t-0.11 - 

- 

0.3 1+0.06 - 
1.5 1+Q - .4 
0.12+0.06 - 

27.3 

2.68 

0 306 

- 
- 
I 

5.74 

0.878 

0.0888 

0.0087 1 

- 
50.8 (M3) 

28.3 ( M3) 

4.96(M3) 

27.7 (M3) 

- 
0.678 

8.82 

45 5 

532 

- 
- 
- 
0.695 

0.103 

1.82 

1.55 

- 
0.461 

0.057 

0.520 

0.402 

- 
0.150 

21.5 

2.15 

0.30 

11.5 

1.2 

- 
5.8 

0.81 

0.076 

0.0085 

- 
55(M3) 

34(M3) 

5.1(M3) 

28(M3) 

- 
0.70 

8.4 

48 0 

640 

3.35 

220 

- 
0.71 

0.10 

1.72 

1.44 

- 
0.46 

0.06 

0.53 

0.48 

- 
0.15 

a) Computer i n t e r p o l a t e d  values f r o m  re ference 88 
b) G r a p h i c a l l y  i n t e r p o l a t e d  values f r o m  re fe rence 90. * Normalized a t  t h i s  value. 
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intensit ies.  

e lectron intensi ty  and the  gamma-ray intensi ty  of t h e  line used f o r  

norinaliza tion. 

There are approximately 10% e r r o r  limits on both the  

In many cases t h e  calculated conversion coef f ic ien ts  d i f f e r  great ly  

f xom Lhe theoret ical  values f o r  pure multipoles; however, no multipole 

admixtures will bring about- a more consis tent  agreement.  Comparisons 

between theoret ical  and experimental  conversion coeff ic ients  indicate t h e  

following multipolarit ies;  30.8 keV transi t ion,  pure M1; 98.8 keV 

transit ion,  pure MI; 129. 8 keV transi t ion,  piire E <  and 203. 6 keV 

transi t ion,  pure E2. 

A second method of assigning multipolarit ies k t o  compare K/L  

and L-subshell conversion-electron intensi ty  ratios deduced f rom measured 

electron intensi t ies  with r a t i o s  deduced f r o m  theory. 

intensi ty  r a t io s  are much more sensit ive t o  m u l t i p o l a i t y  changes than K / L  

rat ios  and are applied whenever t h e  resolution is suf f ic ien t  t o  obtain 

individual L-subshell re la t ive intensit ies.  

conversion-electrons f o r  mixed Ml-E2 t rans i t ions  are related t o  t h e  

conversion c oe f f ic ie n t s  by 

The L-subshell 

The intensi ty  ra t ios  for  T,-subshell 

Ml E2 
AaL.  -@L. 1 

Lf Lf Lf 

1 - i 
IL 
-- 

A a M 1 t B a  E2 

where A is the  f r ac t ion  of magnetic dipole cha rac t e r  and E3 is t h e  f r ac t ion  of 
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MI E2 
and CY 

L. L. 
e lec t r ic  quadrapole cha rac t e r  of t h e  radiation; CY a r e  t h e  M1 and 

1 1 

E2 internal  conversion coeff ic ients  for t h e  L. subshell. I and I are 

L-subshell re la t ive e lec t ron  intensit ies.  The above relationship can  be  

1 'i Lf 

rearranged t o  give an expression f o r  t h e  Ml/E2 admixture r a t i o  

IL 
O1 E 2  -(<)q 

i 
L 

M1 -- 
E2 - I, 

. (77 1 
MI 

L. 

CYMl(f)- a! 1;. 1 
f 4 ,  

L 
L 

195 
The admixtures f o r  t h e  t h r e e  major gamma-ray t ransi t ions in  P t  were 

calculated by means of Equation (77) along with t h e  e lec t ron  intensi t ies  of 

Table 13 and t h e  theoret ical  conversion coeff ic ients  of Table 15. In principle 

t h e  same admixture should be obtained f o r  each of t h e  t h r e e  L-subshell 

r a t i o s  (only two of which are independent); however, t h i s  is not always 

The admixtures 
139 

t r u e  as has been pointed o u t  by N Q V ~ ~ O V  and Hollander. 

obtained in  this way have been found t o  d i f f e r  between d i f f e r e n t  L-subshell 

r a t io s  by as much as 50%. For pure rnultipoles t h e  L-subshell r a t i o s  may 

d i f f e r  by more than 10% f r o m  t h e  theoret icdl  values. The L-subshell 

intensi ty  r a t i o s  obtained f o r  t h e  t h r e e  major t ransi t ions ( the I,-subshell 

conversion line intensi t ies  associated with t h e  209.6 keV t r ans i t i on  were 

too  weak t o  be observed) a r e  compared t o  theoret ical  pure multipole values 

in Table 16. The uncertainties assigned t o  t h e  L-subshell intensity ratios 

are based on uncertainties of less than  3% in t h e  relative intensi t ies  of t h e  
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L-subshell lines. 

much smal le r  than  t h e  corresponding uncertainties quoted i n  Table 13 which 

The uncertainties in t h e  relat ive L-subshell intensit ies are 

include uncertainties in  t h e  normalization f ac to r s .  

Table 16 were derived f r o m  values interpolated f r o m  log a versus  k plots of 

t h e  tabulated conversion coeff ic ients  of Rose 

by a computer  f r o m  t h e  tabulated conversion coeff ic ients  of Sliv and B z d  

' ihe  values derived f r o m  Rose 's  work may include uncertainties of up t o  10% 

due t o  t h e  interpolation procedure, while t he  computer  interpolated values of 

Sliv and Band should be accu ra t e  t o  approximately 3%. 

The theoret ical  values in  

90 
and f r o m  values interpolated 

88 

A summary of t h e  admixtures calculated by means of conversion 

coeff ic ient  and by means of Equation (77) is presented here  f o r  each of t h e  

195 
t r ans i t i ons  populated in t h e  e lec t ron  capture  decay of Au. 

The 30.8 keV Transition. 

The conversion coeff ic ients  of t h e  30.8 keV transit ion,  although 

differ ing f r o m  t h e  theoret ical  values, are nearly in  agreement  within t h e  

experimental  uncertainties. No E2 admixture would bring about closer agree- 

ment. The L-subshell r a t i o s  f o r  t h i s  t r ans i t i on  show wide variation f r o m  

r a t i o s  f o r  an Ml t ransi t ion as deduced f r o m  theory; however, again no E2 

admixture (< 0.05% E2) would bring about b e t t e r  agreement. The experimental 

L-subshell r a t i o s  a r e  in c loses t  agreement  with t h e  values deduced f r o m  t h e  

theoret ical  conversion coeff ic ients  of Rose while t h e  experimental values 

d i f f e r  f r o m  t h e  r a t i o s  deduced f r o m  t h e  conversion coeff ic ients  of Sliv by as 

much as 20%. 
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The 98.8 keV Transition. 

The 98.8 keV t rans i t ion  is found t o  have a small  E2  admixture. A 

comparison of L-conversion coeff ic ients  shows approximately a 1% E2 

admixture4 whereas the  K-conversion coeff ic ient  indicates pure M1. With the  

interpolated conversion coeff ic ients  of Hose we calculate multipolarit ies of: 

(99.89 - t 0.30)% MI, (98.96 - t 0.03)% M1, and (98.43 - t 0. ll)% Ml f o r  t he  

L1/L2, Ll/T.d3, and L /L ra t ios ,  respectively. Using the theoret ical  
2 3  

conversion coeff ic ients  of Sliv and Band we obtain: (99.78 - -t 0.22)% Ml, 

(98.90 - t 0. lo)% Ml, and (98.30 - t 0.10% Ml, respectively. 

polarity assignment of (99 - + 1)% Ml f o r  the  98.8 keV t ransi t ion is an average 

The f ina l  multi-  

of t he  values calculated above, The uncertainty in th i s  value w a s  

assigned large enough t u  include the  ex t r emes  of t h e  individual admixtuxes 

included i n  t h e  average. The (99 - t l)% Ml admixture f o r  th i s  t rans i t ion  is 

134, 135,137,138 
in  close agreement with the  previous assignments of pure M1 

133 
OK smal l  (1.42%) E2  admixtures. 

The 129.8 keV Transition. 

No comparison t o  theory is possible f o r  t h e  129.8 keV K-conversion 

l i n e  since it was used f o r  normalization; however, the  calculated L-subshell 

conversion coefficients appear t o  be about 30% lower than the  theoret ical  

E 2  values. The angular momentum of the  init ial  and f ina l  s t a t e s  f o r  t h i s  

t rans i t ion  rules out  a possible M1 admixture; however an M3 admixture is 

possible. A comparison of measured L-subshell intensi ty  r a t io s  with those  
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deduced f r o m  theory show t h a t  no M3 admixture w i l l  bring closer agreement 

f o r  t h e  L-subshell ra t ios .  If t h e  measured L1 line intensi ty  was 30% la rge r  

and t h e  L line intensi ty  30% smal le r  close agreement  would be obtained among 

t h e  L-subshell ra t ios .  Variations of t h e  measured intensi t ies  of this 

magnitude are ,  however, outside t h e  l i m i t s  of e r r o r  of t h i s  work, especially 

2 

f o r  t h e  L line intensity. 2 

The 209.6 keV Transition. 

The K-conversion coef icient of t h e  209.6 keV t r ans i t i on  is indicative 

of a pure E2 t r ans i t i on  in c o n t r a s t  t o  the angular correlation r e s u l t s  of 

McGowan and S t e l s 0 2 ~ ~  which gave 88% M1. 



APPENDIX I 

IJWES'I'IGATION OF THE ACCURACY OF THE 

CAPACITANCE MANOMETER CALIBRATION 

The c ross  sect ion measurements  of t h i s  work were made with t a r g e t  

-4 -3 
t o  1 x 10 gas pressures  i n  t h e  region f r o m  1 x 10 

of t h e  capacitance manometer  used t o  measure the  gas pressure had only been 

checked by the  manufac turer  f o r  the pressure  range f r o m  0.1 t o  1.0 t o r r ,  

it w a s  necessary t o  invest igate  the  accuracy of t he  calibration a t  lower 

pressures .  

readings of t h e  capacitance manometer  with those of a McLeod gage. 

McT,eod gage with a voluine of 2192 cc  and a capillary d iameter  of 0.534 m m  

(Consolidated Vacuum Corporation, Model GM-110) was used t o  obtain a 

measure of t h e  re ference  pressure.  

gdge was obtained f r o m  t h e  equation* 

to r r .  Since t h e  calibration 

This investigation w a s  carr ied ou t  by a comparison of t h e  pressure 

A 

The pressure  measured by t h e  McLeod 

P ( t o r r )  = 1.023 x (ho- h )(h -h ) 
1 2 1  

where the  quantit ies h 11 and h.  are defined i n  Figure 40 and w e r e  measured 
0' 1' 2 

expe:cimentally by means of a cathetometer .  

proper considerations f o r  sys t ema t i c  McLeod gage e r ro r s ,  an accuracy 

of 1 t o  3% can be obtained f o r  pressure  measurements  as low as 1 x 10 

With care in reading aid 

-4 
t o r r .  

*See re ference  140. 

2 06 
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CLOSED 
C A P I L L A R Y  

REFERENCE LINE 

Fig. 40. The schematic representat ion of the  McLeod gage which 

2' 
defines the quant i t ies  h hlS and h 

0' 
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The t’nree major causes of sys temat ic  e r r o r s  in  t h e  use of a McLeod 

141 -146 
gage have been investigated by several  aut-hors. These e r r o r s  a r i se  

f r o m  (1) deviations f r o m  Boyle’s Wp ( 2 , )  d i f f e ren t  capillary depressions i n  

t he  capillarieg and ( 3 )  mercury vapor s t reaming f r o m  the  McLeod gage t o  the  

cold t r a p  which is used t o  isolate  the  McLeod gage f r o m  the  r e s t  of the  

vacuum system. Ext reme care  mus t  be taken t o  reduce o r  eliminate these  

sys temat ic  e r r o r s  since any one of them may cause an e r r o r  of 1% or more 

in  the  pressure readings obtained. 

Deviations f r o m  Royle’s Law or t he  pe r fec t  gas low include t h e  

following: (1) t he  e f f e c t  of gases which condense during compression, (2) %he 

e f f e c t  of adsorption and desorption of gases on the  wa l l s  of t h e  gage, and 

( 3 )  t h e  f a c t  t h a t  a r ea l  gas obeys a non-ideal gas l aw such a s  t h a t  expressed 

by the  Van der  Waal equation. 

eliminated by using non-condensable gases such a s  hydrogen, helium, nitrogen, 

argon, e t c ,  and by thoroughly outgassing the  McLeod gage system. 

present  work only hydrogen and nitrogen gases w e r e  used and the  syst:em was 

heated while under vacuum in order  t o  remove adsorbed gases. 

The e r r o r s  due t o  these  propert ies  a r e  

In the  

The mercury s t reaming e r r o r  r e su l t s  f roi-n mercury vapor s t reaming 

f r o m  the  McLeod gage into the  cold t r a p  which isolates  the  NIcLeod gage 

mercury f r o m  the  gage being calibrated. 

o ther  gas molecules and exerts the same pumping ac t ion  as occurs in  a 

diffusion pump. 

The mercury vapor sweeps along 

This process may introduce an e r r o r  of- as  much as  25% f o r  
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Since t h e  mercury vapor pressure  is a s t rong  
141,143 

N2 and 35% f o r  Xe. 

function of tempera ture ,  1.9 x 10 t o r r  a t  0°C and 18.0 x 10 t o r r  a t  

25°C (see reference  142), t h e  s t r eaming  e r r o r  may be  reduced by cooling 

t h e  McLeod gage mercury. In the  p re sen t  calibration work t h e  mercury  

was cooled t o  approximately -15°C by placing t h e  McLeod gage inside of a 

household f r e e z e r  as shown in Figure 41, Cooling t h e  McLeod gage t o  a 

t empera tu re  lower than  t h e  t empera tu re  of t h e  gas chamber in which the  

pressure  is t o  be measured introduces a p re s su re  d i f f e ren t i a l  due t o  t h e  

t empera tu re  gradient. A correc t ion  f o r  t h i s  pressure  d i f f e ren t i a l  caused 

-4 -4 

l. 

by the rma l  t ranspirat ion is given by the  r a t i o  (T /T 

t empera tu re  of t h e  gas in  t h e  gas cell  and T 

tempera ture .  

was  multiplied by t h i s  r a t i o  before comparison t o  t h e  corresponding pressure  

measured by t h e  capacitance manometer.  

)T where T is t h e  
g m  g 

is t h e  McLeod gage 
m 

The gas p re s su re  measured by t h e  cooled McLeod gage 
147 

When mercury is raised in  a McLeod gage which has been pumped t o  a 

high vacuum, t h e  level of t h e  mercury in each of t h e  capiUaries of equal 

c r o s s  sect ion should be identical. However, t h e  mercury in t h e  capillary above 

t h e  mercury  reservoi r  may be uniformly depressed with r e spec t  t o  t h e  side 

capillary. 

reading when gas has  been introduced. One m u s t  determine t h e  e x t e n t  of t h i s  

depression and c o r r e c t  f o r  it. The magnitude of t h e  capillary depression is 

determined by stopping t h e  mercury a t  successive heights in t h e  capillaries 

This uniform depression will r e s u l t  in  an e r r o r  in the  pressure  
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ION GAGE 
TUBE 

/ 

HI-VAC 

I I  
I I  

TO FORE PIJMP 
T O  FORE PUMP 

DRY NE 
GAS 

DIFFUSION 
PUMP 

Fig. 41. A schematic drawing of t h e  apparatus used t o  check t h e  
calibration of t h e  capacitance manometer a t  low gas pressures.  
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( 7 9 )  

2 
and plott ing Ah versus  l /H  (Ah = h2 - h l  and H = h - h , where h 

0 1  0’ 

are defined in  Figure 40), t h e  result ing s t r a i g h t  line wi l l  i n t e rcep t  t h e  Ah 

axis a t  -Ah where Ah is t h e  capillary depression. The t r u e  pressure  can 

then  be determined f r o m  the  following equation 

hl ,  and h 

d a 

P = K ( b  -I- h d ) ( H  t a) 

where K is t h e  numerical cons tan t  given i n  Equation (78). The sorption 

cons t an t  a is negligible f o r  t he  gases, nitrogen (a c m )  and 

hydrogen (a 

depression Ahd can be reduced o r  eliminated by proper cleaning of t h e  

capillaries, t h i s  cleaning includes thorough outgassing, and by using very clean 

mercury. In t h e  p re sen t  work t h e  capillaries were heated with a to rch  f l a m e  

while t h e  s y s t e m  was evacuated t o  approximately 2 x 10 

remove adsorbed gases and only t r ip le  distilled mercury wa5 used in t h e  

McLeod gage, 

present  work, t h e  mercury was  stopped a t  successive heights in  the  Tapillaries 

and values of h , h l ,  and h measured. 

are represented as  a plot of &I versus  1/13 in  Figure 42. The Ah i n t e rcep t  in 

Figure 42 indicates t h a t  Ah is negligible t o  within an uncertainty o f  

approximately 1.0 mm. 

t h e  calculated McLeod gage pressure  of approximately 3% a t  1 x 10 

and less than 2% a t  5 x 10 

-6 = 1 x 10 
N2 

-8 = 5 x 10 cm), used in t h i s  work. The magnitude of t he  capillary 
1-I 2 

-7 
t o r r  in order  t o  

In order  t o  de te rmine  t h e  e x t e n t  of capillary depression in t h e  

The results of t hese  measurements  
0 2 

a 
This uncertainty in Ah resdts i n  an uncertainty in 

-4 
d 

t o r r  

-4 
t o r r .  
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2 .o 

1.5 

,- 

v 6 1,o 
-c 
a 

0.5 

0 

I--- + 
0 0.1 0,2 0.3 0.4 0,5 06 0.7 0,8 0.9 

I / H  (cm-1) 

Fig. 42. The quant i ty  Ah plot ted versus  1/H. The Ah in te rcept  is 
t h e  value of t h e  capillary depression, LQI , f o r  t h e  McLeod gage used i n  this 
w ark* a 
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By carefu l  consideration of the sys temat ic  McLeod gage e r ro r s ,  t he  

re ference  pressure  can be obtained with an accuracy of approximately 3% over 

t h e  pressure  range f r o m  1 x 10 t o  5 x 10 t o r r .  Figure 43 shows the close 

agreement between the  capacitance manometer and McLeod gage pressure 

readings. The agreement is we l l  within the  experimental  uncertaint ies  

associated with each point. 

-4 -3 
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PRESSURE AS INDICATED BY BARATRON GAGE (torr) 

Fig. 43. A comparison of the gas pressures  measured with the 
capacitance manometer and with the McLeod gage. 



APPENDIX I1 

CALCULATION O F  ADDITIONAL LENGTH OF THE COLLISION 

CELL DUE TO DIFFERENTIAL PUMPING 

An e s t i m a t e  of t h e  additional length of the  collision cell due t o  gas 

s t reaming out  of t h e  aper tures  can be made with t h e  aid of two assumptions. 

The f i r s t  assumption is t h a t  t h e  gas exhibits molecular flow in passing out  

of t h e  aperture .  The conditions of molecular flow are given by 

aP < 5 *  v 
where 

a = cha rac t e r i s t i c  dimensions in c m  

-3 
P = gas pressure  in microns (1 micron = 10 t o r r )  

v 
For this calculation t h e  cha rac t e r i s t i c  dimension is taken t o  be the  d i ame te r  

of t h e  aperture .  Since t h e  d iameter  of t h e  aper tures  is less than 0.062 inches 

(0.157 cen t ime te r s )  t h e  assumption of molecular flow is valid a t  gas pressures  

less than  10 microns. In the  present  work t h e  pressure was less than  1 micron 

on both s ides  of the  apertures f o r  all  c ros s  section measurements.  

The second assumption made in  th i s  calculation is t h a t  t h e  flow out  of 

t h e  aper ture  is isotropic. 

radially outside of t h e  collision cell  aper ture  as l/r 

t h e  aper ture  radius. 

This would indicate that  t h e  pressure  would decrease 

2 
a t  dis tances  g r e a t e r  than  

Figure 44 is a sketch of t h e  conditions assumed. 

*See re ference  140. 
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COLLISION C E L L  I HIGH VACUUM C H A M B E R  

Fig. 44. A sketch of t h e  conditions assumed in  calculating the  
e f f ec t ive  increase i n  the  collision cell  path length due t o  d i f fe ren t ia l  
pumping of t h e  cell. 
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Under t h e  conditions of isotropic molecular flow t h e  pressure  a t  a 

point a where a is t h e  radius of t he  aperture,  along r is t h e  same a s  t h e  

p re s su re  within t h e  gas cell. 

is given by 

0’ 0 

The p res su re  a t  a given distance r where r > a 
0 

k 

r 
p =  - 

2 -  

The cons tan t  k is evaluated by t h e  condition t h a t  a t  r = a P = P 
0’ 0’ 

t he re fo re  

(82)  
2 

k = Poao 

where P is t h e  measured gas pressure  within t h e  collision chamber. 
0 

The a f f e c t s  on t h e  measured c ross  sect ions caused by gas flowing 

o u t  of t h e  aper tures  a r e  due t o  t h e  increased value of t h e  product PI, 

r e l a t ive  t o  t h e  product of t h e  measured pressure  P inside the  collision 

chamber and t h e  measured length of t h e  collision chamber A . T h e  t o t a l  

“effect ive 11 value P I, is given by 

0 

0 

00 a3 

2 
PR = P R + P o  (ao + a  ) t k / r 2 d r  f k / r  d r  

1 O 2  a a 
O 1  

0 0  

2 
0 

where 

P = e f fec t ive  pressure  

R = e f fec t ive  pa th  length 

P = pressure  within t h e  gas cell  

R = measured cell  pa th  length 

0 

0 
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a = entrance aper ture  radius 
1 

0 

a = exi t  aper ture  radius 
2 

k = constant- determined f r o m  Equation (81) . 
-4 

The value of PQ was evaluated f o r  P = 5 x 10 

0 

as th i s  pressure  
0 

w a s  near t h e  cen te r  of t h e  range of pressures  used in  t h e  cross sect ion 

measurements.  Since P and A individually cannot be calculated, the  r e su l t s  

are m o s t  conveniently represented in te rms  of the percent  addition t o  t h e  

number density P Q . This percent  increase is given by 
0 0  

(PA - P e ) x 100 
0 0  = % end effects . 

P Q  
0 0  

The increase in P Q due t o  end e f f e c t s  may be considered a5 an e f f ec t ive  

increase in t h e  length R where t h e  pressure is taken t o  be  t h e  measured 

value P . 
inches and a - 

0 0  

0 

For  t h e  short cell (1, = 3.06 $. 0.06 inches), which had a = 0.020 
1 

= 0.062 inches, t he  percent  e f f ec t ive  increase i n  k was found 

0 - 
0 0 

O 2  
t o  be 2.7%. Since: the aper tures  were of the  same 

cell  as f o r  t he  s h o r t  cell t he  additional length due 

0 

dimensions f o r  t h e  long 

t o  d i f fe ren t ia l  pumping is 

also the  same;  however, t h e  percent  increase i n  t h e  long cell ( A  = 17.5 

inches) will be less. The e f f ec t ive  increase in t h e  length of t h e  long cell w a s  

found t o  be  less than 0.5% based upon th i s  approximate calculation. 

0. Ob 
0 
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