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SUMMARY 

The d i f f e r e n t i a l c ross sec t i on fo r the formation of hydrogen atoms 

i n the metastable 2s s ta te has been measured for e lec t ron capture and 

d i s s o c i a t i o n c o l l i s i o n s . The reac t i ons were s tud ied fo r impact energ ies 

between 4 and 20 keV and s c a t t e r i n g angles between 0.5 and 3 degrees. 

For the e lec t ron .capture r e a c t i o n , the s i n g l e p r o j e c t i l e - t a r g e t combina­

t i on of H + and He was s t u d i e d . For the d i s s o c i a t i o n work, c o l l i s i o n s 

i nvo l v i ng p r o j e c t i l e s of H 2 and H 3 and ta rge ts of H 2 and He were 

s tud ied . 

The e x c e p t i o n a l l y long na tu ra l l i f e t i m e of metastable 2s l e v e l of 

hydrogen permitted atoms formed i n t h i s s ta te to t r a v e l macroscopic d i s ­

tances wi th no apprec iab le l o s s due to na tu ra l decay. F l u x sca t te red by 

an angle 9 l e f t the c o l l i s i o n chamber and proceeded to the H(2s) detectors 

where a t ransverse e l e c t r i c f i e l d mixed the 2s l e v e l wi th the ne ighbor ing 

2p l e v e l s . Th i s had the e f f e c t o f reducing the l i f e t i m e of the s ta te and 

thus caused the atoms to emit a 1216 Angstrom Lyman-alpha photon. A 

f r a c t i o n of these photons was then detected by an open-ended e lec t ron 

m u l t i p l i e r . Absolute va lues were ass igned by normal iz ing a p a r t i c u l a r 

t o t a l c ross sec t i on to a p rev ious l y pub l ished absolute va lue . 

For comparison wi th prev ious t h e o r e t i c a l and exper imental work on 

e lec t ron capture , the d i f f e r e n t i a l c ross sec t ions fo r the formation of 

H + and H° were a l so measured. From the three c ross sec t ions were found 

the p r o b a b i l i t y P« for the formation of H ( 2 s ) , and the p r o b a b i l i t y P , 
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f o r the formation of H ° . The f r a c t i o n a l metastable content of the s c a t ­

tered neu t ra l f l u x , ? 2 s ^ o J w a s a ^ s o e v a l u a t e ( * and compared w i th e x i s t i n g 

theory. S i m i l a r p r o b a b i l i t i e s were formed fo r the d i s s o c i a t i o n processes 

and compared w i th the e lec t ron capture r e s u l t s . 

A l l d i f f e r e n t i a l c ross sec t ions for e lec t ron capture were found to 

be smoothly va ry ing func t ions of s c a t t e r i n g ang le . The data f i t curves 

of the form K9 n where n ranged from 2.5 to 3 . 2 , depending on the energy 

and the p a r t i c u l a r c ross s e c t i o n . The p r o b a b i l i t i e s P 2 g

 a n ( * P Q were found 

to be f a i r l y independent of s c a t t e r i n g angle for angles g rea ter than 0.7 

degree but showed o s c i l l a t o r y s t ruc tu re as the impact energy was v a r i e d . 

The metastable f r a c t i o n a l content of the sca t te red neu t ra l f l u x , P 0 / P , 
Zs o 

was found to r i s e from a smal l va lue at low angles to a h i gh va lue at 

l a rge ang les ; the magnitude of the r i s e depended on the impact energy. 

The d i s s o c i a t i o n data were a l so smoothly va ry ing funct ions of 

ang le . The d i f f e r e n t i a l c ross sec t ions fo r the d i s s o c i a t i o n of H 2

+ demon­

s t ra ted a change i n s lope at s c a t t e r i n g angles that could be co r re la ted 

wi th known po ten t i a l energy curves fo r the H 2

+ molecular ion i f F rank-

Conden e x c i t a t i o n s to ant i -bonding s ta tes are assumed to be the mode of 

d i s s o c i a t i o n . The data showed no such breaks i n the d i f f e r e n t i a l 

c ross s e c t i o n s . 
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CHAPTER I 

INTRODUCTION 

A f te r a per iod of some t h i r t y years of r e l a t i v e i n a c t i v i t y , 

i n t e r e s t i n the f i e l d of atomic c o l l i s i o n s has r ecen t l y undergone a 

phenomenal growth. Th i s i n t e r e s t has been s t imula ted by the growing 

aerospace and space exp lo ra t i on i n d u s t r i e s and the recent l a r g e - s c a l e 

e f f o r t to develop a p r a c t i c a l thermonuclear f us i on reac to r . A knowledge 

of c e r t a i n reac t i on r a t es and c o l l i s i o n c ross sec t ions i s of p r imal 

importance i n understanding and c o n t r o l l i n g the propagat ion of communi­

ca t i on s i g n a l s through the upper reg ions of the e a r t h ' s atmosphere. 

Although the problems of a con t ro l l ed f us ion reac to r have not been so l ved , 

cons iderab le study has been g iven to the heat ing of a magne t i ca l l y con­

f ined plasma by i n j e c t i n g h igh-energy neu t ra l atoms which, once pas t the 

magnetic b a r r i e r , are s t r i pped of one or more e l e c t r o n s , thus becoming 

trapped i n the plasma. The f e a s i b i l i t y of such a process obv ious ly de­

pends on the magnitudes and energy dependence of the va r ious cross s e c ­

t ions fo r i o n i z a t i o n and recombinations between the i n j e c t e d atoms and the 

cons t i tuen ts of the plasma. 

Once experiments were under way for measuring cross sec t ions of 

p r a c t i c a l import, another f ac to r arose which even fur ther increased the 

i n t e r e s t i n atomic c o l l i s i o n s , at l e a s t from an academic po in t of v iew. 

V a r i a t i o n s of c ross sec t ions wi th impact energy and s c a t t e r i n g angle 
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began to show s t ruc tu res where none were thought to be . Systems of 

resonances comparable to those of o p t i c a l spectroscopy emerged, and 

t h e o r i s t s immediately began to develop the t h e o r e t i c a l s t ruc tu re necessary 

fo r understanding the new s t r u c t u r e s . 

One of the most i n t e r e s t i n g s t ruc tu res uncovered was that of the 

energy dependence of the p r o b a b i l i t y (P ) for e lec t ron capture i n v i o l e n t 

l a r g e - s c a l e c o l l i s i o n s between protons and hydrogen atoms. * I n 1962 Lock -

wood and Everhart ' ' ' pub l ished data showing that the p r o b a b i l i t y was an 

o s c i l l a t o r y func t ion of the energy whose peaks were almost evenly spaced 

when p lo t ted versus the time of i n t e r a c t i o n (see Chapter V I ) . Ziemba, 

2 

Lockwood, Morgan, and Everhar t found a s i m i l a r but h i g h l y damped o s c i l l a ­

to ry s t ruc tu re for P q when the hydrogen ta rge t was rep laced wi th hel ium. 

Many attempts have been made to t h e o r e t i c a l l y e x p l a i n t h i s damped o s c i l l a ­

tory s t r u c t u r e , but none have been f u l l y s u c c e s s f u l . S ince the i n t e r ­

ac t ions are known a n a l y t i c a l l y (Coulomb p o t e n t i a l ) , i t might be expected 

that the c o l l i s i o n problem could be so lved e x a c t l y and accurate r e s u l t s 

obta ined. Unfor tunate ly , t h i s i s not the case for h e a v y - p a r t i c l e c o l l i ­

s ions i n the energy range i n which t h i s s t ruc tu re was found (1 to 100 keV) . 

The problem i s one of p r a c t i c a l i t y . Although the i n t e r a c t i o n Hami l ton ian 

i s known, the wave func t ion for the system ( p r o j e c t i l e p lus t a rge t ) i s 

unknown and thus must be represented by an expansion i n some complete 

orthonormal b a s i s s e t . When t h i s i s done, the s o l u t i o n of the Schrodinger 

wave equat ion reduces to the s o l u t i o n of an i n f i n i t e se t of coupled d i f ­

f e r e n t i a l equations for the unknown c o e f f i c i e n t s . Even us ing modern 

computers, the exact so l u t i on of t h i s system of equations i s i m p r a c t i c a l , 
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and the t h e o r i s t o f ten reso r t s to exper imental data fo r guidance i n the 

s e l e c t i o n of an appropr iate f i n i t e b a s i s s e t . 

To prov ide a d d i t i o n a l in format ion to t h e o r i s t s concerning the 

e lec t ron capture process between protons and hel ium as we l l as to provide 

p r a c t i c a l c ross sec t i ons fo r other exper imen ta l i s t s and eng ineers , a 

study of the r eac t i on 

H + + He - H(2s ) + [ H e + ] (1) 

was undertaken. The brackets denote a l a c k of knowledge of the s ta te of 

the p o s t - c o l l i s i o n t a r g e t . T h i s r e a c t i o n i s a subset of the net e lec t ron 

capture reac t i on measured by Everhar t and co-workers and as such prov ides 

a f i n e r t e s t of t h e o r e t i c a l approximat ions. The 2s s ta te was chosen be­

cause i t i s metastable wi th a na tu ra l l i f e t i m e of ~ 0.14 s e c , thus per ­

m i t t i ng f l u x i n t h i s s ta te to t raverse a macroscopic d i s tance i n the 

labora tory before de tec t ion and i n so doing def ine the angle of s c a t t e r i n g . 

Other bound hydrogenic s ta tes have l i f e t i m e s so shor t that they decay i n 

the ta rge t reg ion and thus become a sca t te red neu t ra l i n the ground s t a t e . 

Measuring angular d i s t r i b u t i o n s for e l ec t r on capture in to these s ta tes i s 
3 

p o s s i b l e (a t l e a s t for the 2p s t a te ) us ing co inc idence techn iques. 

S p e c i f i c a l l y , the e f f e c t i v e d i f f e r e n t i a l - i n - a n g l e c ross sec t i on 

for the formation of H(2s) has been measured fo r angles between 0.5 and 2 

degrees and for impact energ ies between 4 .0 and 20.0 keV. 

I n order to make d e t a i l e d comparisons wi th e x i s t i n g theor ies and to 

Here " e f f e c t i v e " means that popula t ion of the 2s l e v e l by cascade 
from h igher l e v e l s cont r ibu tes to the net measured c ross s e c t i o n . 
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compare wi th prev ious exper imental work, seve ra l add i t i ona l c ross sec t i ons 

were measured. D i f f e r e n t i a l c ross sec t ions were measured fo r the forma­

t i on of a l l n e u t r a l s , 

H + + He - H° + [ H e + ] , (2) 

and fo r the q u a s i - e l a s t i c s c a t t e r i n g o f pro tons, 

H + + He - H + + [He] . (3) 

I n a d d i t i o n , t o t a l c ross sec t i ons were measured for reac t i ons 1 and 2 . 

From the measured d i f f e r e n t i a l c ross s e c t i o n s , the p r o b a b i l i t i e s for 

e l ec t ron capture in to the 2s s t a t e , a n c * ^ o r c a P t u r e i - n t o a n Y s t a t e , 

P , were formed and compared wi th e x i s t i n g data and t heo r i es . The t o t a l 

c ross sec t ions were compared wi th prev ious da ta as a check on the opera­

t i on of the sca t te red f l u x de tec to rs . 

Seve ra l s u b s i d i a r y experiments were performed us ing the molecular 

ions H 2

+ and H ^ + as p r o j e c t i l e s and hel ium and hydrogen as t a r g e t s . The 

pr imary reason fo r performing these experiments was to a s c e r t a i n the 

e f f i c i e n c y for product ion of metastable H(2s) f l u x v i a a d i s s o c i a t i o n 

process as compared wi th that of an e lec t ron-cap tu re p rocess . The same 

three d i f f e r e n t i a l c ross sec t i ons were measured, and P n and P were formed. 
' 2s o 

The r e a c t i o n s , 

H 2

+ + He, H 2 - H(2s) + [ H + + He, H 2 ] (4) 

and 

H 3

+ + H 2 - H(2s) + [ H 2

+ + H 2 ] , (5) 
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where the brackets i nd i ca te a l a c k of knowledge of the d e t a i l s of the 

H(2s ) formation p rocess , are completely d i f f e r e n t i n nature from the e l e c ­

t ron capture process and thus shed no l i g h t on the development of the 

charge exchange theory. However, from a p r a c t i c a l po in t of v iew, i t i s 

qu i te i l l u m i n a t i n g to compare H(2s ) y i e l d by the two p rocesses . I n a d d i ­

t i o n , i t i s hoped that these data w i l l a i d i n the development of the 

theory for d i s s o c i a t i v e c o l l i s i o n s . 

Both types of experiments were performed wi th the same apparatus and 

i n the same manner; the on ly d i f f e rence was t h a t , fo r e l ec t ron cap tu re , a 

proton beam was selected from the accelerator and, for dissociation, a 
+ + 

beam of H 2 or H^ was s e l e c t e d . The monoenergetic, w e l l co l l imated ion 

beam was introduced in to a chamber conta in ing the gaseous t a r g e t . F l u x 

sca t te red out of the beam and in to an angular range A6 about 0 was pe r ­

mi t ted to e x i t the chamber through a se t of narrow v e r t i c a l apertures and 

proceed to the de tec t ion r e g i o n . F l u x i n the metastable 2s s ta te was 

detected by apply ing an e l e c t r i c f i e l d which mixed the 2s l e v e l w i th the 

neighbor ing 2p l e v e l s , thus inducing the emiss ion of a Lyman-alpha ( L ^ ) 

photon. A f r a c t i o n of these photons was subsequent ly detected by a con-
4 + o t inuous funneled e lec t ron m u l t i p l i e r . Scat te red H and H were detected 

by moni tor ing the current of secondary e lec t rons generated by bombardment 

of a metal p l a t e . C a l i b r a t i o n of the H(2s ) de tec t ion e f f i c i e n c y was done 

by normal iz ing a measured t o t a l ( i n ang le) c ross s e c t i o n to a p rev i ous l y 

pub l ished absolute va lue (see Appendix B ) . The de tec t ion e f f i c i e n c i e s 

for H + and H° were measured d i r e c t l y , as descr ibed i n Appendix C. Fur ther 

d e t a i l s o f the sca t te red f l u x detectors are presented i n Chapter I V . The 
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opera t iona l d e f i n i t i o n s of a d i f f e r e n t i a l and a t o t a l c ross s e c t i o n are 

presented i n Chapter I I . Prev ious exper imental and t h e o r e t i c a l work are 

d i scussed i n Chapter I I I ; Chapter IV i s a d e s c r i p t i o n of the apparatus. 

An a n a l y s i s o f p o s s i b l e e r ro rs i s presented i n Chapter V . Chapters V I 

and V I I con ta in the exper imental r e s u l t s , i n t e r p r e t a t i o n s , and compari­

sons fo r the e lec t ron-cap tu re and d i s s o c i a t i o n exper iments. 
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CHAPTER I I 

OPERATIONAL DEFINITION OF A DIFFERENTIAL CROSS SECTION 

The terms " c o l l i s i o n " and " c o l l i s i o n c ross s e c t i o n " are used i n 

many f i e l d s of phys i cs and have numerous d e f i n i t i o n s and connotat ions. 

Even i n the s p e c i f i c f i e l d of atomic c o l l i s i o n s , these terms are used 

somewhat l o o s e l y on the assumption that researchers i n the f i e l d know 

from exper ience what i s meant. S ince t h i s p r a c t i c e i s o f ten the source of 

some confus ion to those without cons iderab le exper ience i n the f i e l d , t h i s 

sec t i on i s devoted to c l e a r l y de f i n i ng the terminology used i n t h i s study 

and de r i v i ng the f unc t i ona l r e l a t i o n s h i p between atomic or molecular 

c ross s e c t i o n s , which are mic roscop ic p roper t ies and not d i r e c t l y mea­

su rab le , and macroscopic parameters measurable i n the labora to ry . 

The occurrence of a c o l l i s i o n may be def ined by cons ider ing a 

system composed of a p r o j e c t i l e moving p a r a l l e l to the x a x i s of a r e c ­

tangu lar coordinate system toward a ta rge t s i t ua ted at the o r i g i n . For 

the present , both are considered to have bound exc i t ed s t a t e s . The 

" s t a t e of the system" i s def ined by s p e c i f y i n g the va lue of a l l measur­

able system v a r i a b l e s . Consider a mul t i -d imens iona l space S , each of whose 

axes represents a system v a r i a b l e . The s ta te of the system may be rep re ­

sented by a po int i n t h i s space. A c o l l i s i o n i s s a i d to have occurred i f 

t h i s po in t moves from i t s i n i t i a l p o s i t i o n to some new p o s i t i o n as the 

p r o j e c t i l e passes the v i c i n i t y of the t a r g e t . 
-

The axes i n S space represent ing the coordinates of the p r o j e c t i l e 
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Borrowing from chemical terminology, a c o l l i s i o n may a l so be r e ­

fer red to as a r e a c t i o n where the p r o j e c t i l e s and the ta rge t are the 

r eac tan t s . 

When one cons iders the numerous s t a t e s to which both the p r o j e c ­

t i l e and ta rge t may be exc i t ed as w e l l as angular d e f l e c t i o n and other 

p rocesses , i t becomes c l e a r why few i n v e s t i g a t o r s have s tud ied the t o t a l 

c o l l i s i o n process fo r any g i ven se t of reac tan ts i n a s i n g l e experiment. 

Indeed, fo r impact energ ies of seve ra l k i l o v o l t s and above, when a l l e x ­

c i t e d s ta tes are e n e r g e t i c a l l y a c c e s s i b l e , the task becomes overwhelming. 

What is usually done is to select a certain subset of all p o s s i b l e c o l l i ­

s ions , and the experimental apparatus i s designed to detect these processes 

and ignore a l l o the rs . T h i s i s equ iva lent to sampling only a subregion 

of S space a f t e r the c o l l i s i o n . I t i s of utmost importance fo r e x p e r i ­

mental researchers to c l e a r l y de l inea te what processes were excluded as 

w e l l as which were s t u d i e d . Th i s i s because other researchers must i n ­

c lude or exclude the same reg ions of S space i f s i m i l a r r e s u l t s are to be 

obta ined. I n a d d i t i o n , t h e o r e t i c a l i n v e s t i g a t i o n s of the c o l l i s i o n p ro­

cess must a l so exclude the same reac t i ons i f agreement wi th experiment i s 

to be expected. 

I n order to d i s c u s s the r e l a t i v e p r o b a b i l i t y of va r ious c o l l i s i o n 

p rocesses , the c o l l i s i o n c ross sec t i on i s now in t roduced. For c l a r i t y 

and b r e v i t y the d i s c u s s i o n w i l l be r e s t r i c t e d to processes of d i r e c t 

i n t e r e s t i n t h i s s tudy. The fundamental process i n v e s t i g a t e d was the 

and the ta rge t are excluded from cons ide ra t i on ; a l s o , i t i s assumed that 
the ta rge t i s incapable of captur ing the p r o j e c t i l e . 
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angular d i s t r i b u t i o n o f p o s t - c o l l i s i o n , f a s t hydrogen atoms formed i n the 

metastable 2S s ta te produced by the encounter of a f a s t p r o j e c t i l e wi th a 

s ta t i ona ry t a r g e t . I n a d d i t i o n , the angular d i s t r i b u t i o n s of pos t -

c o l l i s i o n , f a s t protons and hydrogen atoms i n any bound s ta te were mea­

sured i n order to present c e r t a i n p r o b a b i l i t i e s . 

As long as the s p e c i f i c cause of the angular d e f l e c t i o n , which i s 

a matter of i n t e rp re ta t i on (see Chapter I I I ) , i s over looked, the p r o b a b i l ­

i t y and c ross sec t i on fo r both the charge t r a n s f e r and the d i s s o c i a t i o n 

process may be d iscussed i n the same genera l terms. 

Cons ider a r e g i o n of space c e n t e r e d on the o r i g i n o f a r e c t a n g u l a r 

coordinate system where the ta rge t dens i t y i s N f c c m " 3 . The p r o b a b i l i t y 

t ha t , whi le the p r o j e c t i l e moves a d is tance dx i n t h i s r e g i o n , i t w i l l 

undergo a c o l l i s i o n i n which the p o s t - c o l l i s i o n products H ( 2 s ) , H ° , or 

H + are sca t te red in to a d i f f e r e n t i a l s o l i d angle du) centered on the po la r 

angles 9 ,$ i s c l e a r l y p ropor t iona l to N f c and dx. Thus 

d 2 P . ( 9 , $ ) = da . ( 9 ,$ ) N t dx , (6) 

where the p ropo r t i ona l i t y constant do\ i s c a l l e d the d i f f e r e n t i a l s c a t t e r -

th 

ing c ross s e c t i o n for the product ion of the i p o s t - c o l l i s i o n spec ies i n 

the angular range dco. Not ice that do\ has the un i t s of cm i n keeping 

w i th the common concept of a c ross s e c t i o n represent ing an a rea . S ince 

do;, i s r e l a t e d to the p r o b a b i l i t y fo r s c a t t e r i n g in to an i n f i n i t e s i m a l 

s o l i d ang le , a problem a r i s e s when one dec ides to measure i t . No matter 

how smal l the r e s o l u t i o n of the apparatus i s made, the measured c ross 
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section will not approach a limit independent of apparatus resolution. 

This is because the probability for scattering into an angular range dcu 

is, in fact, proportional to du). Thus equation (6 ) may be written 

d 2P i(0,$) = Ii(6,$) du> N dx , (7) 

where 

1 1 

The differential cross section per unit solid angle does not 
i 

depend on duo and may thus be used to measure the probability of the colli­

sion of interest. Although this quantity is not strictly a cross section, 

it is often referred to as such in the literature. This practice, which 

is acceptable so long as the above definition is kept in mind, will be 

followed in this study as a matter of convenience. 

In order to derive the relationship between (^^j > which is a 
i 

microscopic property of two atomic or molecular reactants, and the macro­

scopic variables measured in the laboratory, consider a uniform beam of 

projectiles of volume density cm 3 and speed v incident on the region 

of space containing the targets. Assume for the moment that the experi­

mental apparatus is only capable of detecting post-collision flux scat­

tered into an infinitesimal solid angle du) from an infinitesimal volume 
th 

d 3 T centered on the origin. The count rate (counts/sec) of the i 

species detector will be 
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d4N.(9,$) = (D e). N N tv da) d 3T , (9) 

th 
where (D e)^ is the detection efficiency of the i detector. Thus the 
quantity of interest (̂ ~̂  m a Y D e written 

v d4N.(9,$) 
llD - — — ' <10> 

i (D ) . N N. v du) d 3T e i p t 

This is the basic relationship between measurable parameters (those on 

the right-hand side) and the microscopic collision property • 

In practice, the experimental apparatus accepts flux scattered 

into a small but finite solid angle Act) from a small but finite volume AV. 

The effect of the size of these variables on the measured value of 
' i 

will now be discussed. A finite acceptance angle Au) permits flux origi­

nating from an infinitesimal volume element d 3T but scattered through a 

range of angles to be detected. The net count rate will be the integral 

of equation (9) over the permissible range of angles Au). Thus 

d3N.(9,$) = (D e). N Nfcv d 3T J (^) dcu , (11) 

where d N.(6,$) is the net count rate from d T. Notice that 9 and § are 

no longer precisely defined and have been replaced by effective scatter­

ing angles 9 and $, which are the average of each angle weighted accord­

ing to the value of at each value within Au). If (9,$)^ is the 
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average va lue of ( 9 , $ ) ) over Ad), then equat ion (11) may be wr i t t en 

d 3 N . ( 9 , $ ) = D eN N v ( ~ (1,$)) Ad) d 3 T . (12) 
p i 

I f the apparatus accepts f l u x sca t te red from a f i n i t e volume AV i n the 

ta rge t r e g i o n , the net count ra te w i l l be the i n t e g r a l of equat ion (12) 

over AV. Thus 

N . ( 9 , $ ) = D e N p N t v ^ ( | 2 ( 0 , * ) ) ^ Ad) d 3 T , (13) 

where ^ ( 9 , $ ) i s the net count ra te from AV. Not ice aga in that another 

weighted average of 9 and $ has been ind ica ted by the double bar . I f 

— ( 8 , $ ) ^ represents the weighted average of f ~ ( 9 , $ ) ^ over AV, then 
' i i 

equat ion (13) may be wr i t t en 

N . ( 9 , $ ) = D e N N t v ( 9 , $ ) ) J Ad) d 3 T . (14) 
1 AV 

I n order to wr i te equat ion ( 1 4 ) , i t was i m p l i c i t l y assumed that N^ 

i s independent of p o s i t i o n w i t h i n AV. S t r i c t l y speak ing , t h i s cannot be 

true s ince each s c a t t e r i n g c o l l i s i o n removes a p r o j e c t i l e from the beam. 

However, for sma l l enough ta rge t d e n s i t i e s N t , the f r a c t i o n of p r o j e c t i l e s 

l o s t from the beam becomes smal l and N p may be assumed to be cons tan t . 

The range of ta rge t d e n s i t i e s where t h i s approximation i s v a l i d depends 

on the magnitude of the c o l l i s i o n cross sec t ions and the s i z e o f the 
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ta rge t r eg i on . An opera t iona l t e s t i s u s u a l l y performed to a s c e r t a i n 

t h i s range of d e n s i t i e s . The detector count ra te i s measured as a func 

t i on of ta rge t dens i t y and, i f a l i n e a r r e l a t i o n s h i p i s demonstrated, 

equat ion (14) may be employed. Operat ion w i t h i n t h i s l i n e a r range i s 

of ten re fe r red to as "opera t ion under s i n g l e - c o l l i s i o n c o n d i t i o n s . " 

The d i f f e r e n t i a l c ross sec t i on measured by a p r a c t i c a l apparatus 

wi th a f i n i t e r e s o l u t i o n may be w r i t t en 

U j ( e' $v. ? — - <i5> 
i D N N .v e p t 

AV 

Aou d 3 T 

The accuracy wi th which t h i s quant i ty represents the t rue d i f f e r ­

e n t i a l c ross sec t i on i s a func t ion of how r a p i d l y v a r i e s wi th 0 or 
i 

$ i n r e l a t i o n to the s i z e s of Aa> and AV. I f , fo r i n s tance , the d i f f e r e n ­

t i a l c ross sec t i on were independent of 9 , $ , then the measured c ross s e c -

t i on would be i d e n t i c a l to the true v a l u e . On the other hand, \auv 1 
had many o s c i l l a t i o n s w i t h i n Au), the measured va lue would be an average 

over Aou and would show no s t r u c t u r e . Thus, one c o n t i n u a l l y attempts to 

decrease Au) and AV to improve accuracy ; the l i m i t a t i o n i s u s u a l l y one of 

ob ta in ing a measurable count ra te i n the de tec to r . An eva lua t ion of the 

apparatus func t ion A(U d 3 T and a d i s c u s s i o n of r e s o l u t i o n are loca ted 
AV 

i n Appendix F . For convenience the average bars of equat ion (15) w i l l be 

dropped for the r e s t of the t h e s i s . I t should be kept i n mind, however, 
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that a l l measured f l u x and quan t i t i es der ived from them are i n r e a l i t y 

averaged over Att) and AV. Thus equat ion ( 1 5 ) may be wr i t t en 

/ d a \ N . ( 6 , $ ) 

(to ( 9 ' $ ) ) . = D N N v G ( 9 , $ ) » ( 1 6 ) 

1 e p t N ' 

where 

G ( 9 , § ) = J AO) d 3 T . ( 1 7 ) 
AV 

For the present work, ne i the r the p r o j e c t i l e nor the ta rge t i s 

p o l a r i z e d , and the d i f f e r e n t i a l c ross sec t i on i s not expected to e x h i b i t 

a $ dependence. I t w i l l be assumed that i s independent of §, so 
i 

equat ion ( 1 6 ) may be w r i t t en 

(do \ V 6 ) 

(to ( 9 ) A = (D ) .N N v G(9) * ( 1 8 ) 

i x e i p t 

I n g e n e r a l , the angle no ta t ion w i l l a l so be dropped, and the d i f f e r e n t i a l 

th 

c ross s e c t i o n per un i t s o l i d angle for the i r eac t i on w i l l s imply be 

re fe r red to as (dc/to)^. 

I t w i l l be shown i n Appendix F tha t , fo r the sca t te red f l u x c o l l i -

mation system used i n t h i s experiment, the apparatus func t ion G(9) may, 

wi th n e g l i g i b l e e r r o r , be w r i t t en 

G(9) = A Aou dx , ( 1 9 ) 
L ( 9 ) 

where A i s the c r o s s - s e c t i o n a l area of the p r o j e c t i l e beam and L ( 9 ) i s 
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the por t ion of the x a x i s where AO) i s not ze ro . Using equat ion ( 1 9 ) , 

th 

the opera t iona l d e f i n i t i o n fo r the d i f f e r e n t i a l c ross s e c t i o n fo r the i 

r eac t i on may be w r i t t en 

VdW. i (D ) . N . I e ' i t p Aou dx 
* L (9 ) 

(20) 

where | e | i s the magnitude of the e l e c t r o n i c charge and I i s the current 

of i o n i c p r o j e c t i l e s . Not ice t ha t , s i nce N^(6) has un i t s of sec 1

 t the 

numerator of equat ion (20) has u n i t s of cu r ren t , and the denominator has 

u n i t s of current • S r / cm 2 so that the d i f f e r e n t i a l c ross s e c t i o n has the 

expected un i t s of c m 2 / S r . 

Seve ra l subs id i a r y experiments were performed for detector c a l i ­

b ra t i on purposes. These experiments measured the " t o t a l " c ross s e c t i o n 

th 
for the i r e a c t i o n . I n t h i s s tudy, " t o t a l c ross s e c t i o n " w i l l mean the 

th 

c ross sec t i on for formation of the i p o s t - c o l l i s i o n spec ies independent 

of i t s angular d e f l e c t i o n . The r e l a t i o n s h i p between measured quan t i t i es 

and the t o t a l c ross s e c t i o n may be der ived i n a fash ion s i m i l a r to that 

used for the d i f f e r e n t i a l c ross s e c t i o n . Consider a s i n g l e p r o j e c t i l e 

i nc iden t on a volume where the ta rge t dens i t y i s aga in N cm 3 . The 
th 

p r o b a b i l i t y that the p r o j e c t i l e undergoes to i r eac t i on (now ignor ing 

angular d e f l e c t i o n ) whi le moving a d i s tance dx i n the volume i s aga in 

propor t iona l to N and dx. Thus 
dP. = a . N„ dx , (21) l i t * N 
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th 
where o\ i s the t o t a l ( a l l ang les ) c ross sec t i on f o r the i r e a c t i o n . 

I f a beam of p r o j e c t i l e s of volume dens i t y N^ cm 3 , speed v , and 

c r o s s - s e c t i o n a l area A i s i nc iden t on t h i s volume of t a r g e t s , the count 

th 

ra te of the i spec ies detector due to c o l l i s i o n s i n dx , dN^ ( coun ts / sec ) 

w i l l be 
dN. = (D ) . N A vdP. - (D ) . [N N_VA] O \ dx . (22) I v e I p I v e I L p t J I 

I f N i s sma l l enough so that the dep le t ion of N may be ignored , equat ion t p 

(22) may be in tegra ted to g i ve 

N. = D N VAN a . L , (23) I e p t I ' 

where L i s the length of the ta rge t r e g i o n . As was the case for d i f f e r e n ­

t i a l c ross s e c t i o n , the v a l i d i t y of t h i s approximation may be checked by 

showing a l i n e a r r e l a t i o n s h i p between N^ and N^. Thus 

N i 
a i = D N vAN L ' ( 2 4 ) 

e p t 

One add i t i ona l t es t must be performed so that equat ion (22) rep re ­

sents the true va lue of a.. I t must be shown that the detector does not 
I 

exclude any apprec iab le f r a c t i o n of the p o s t - c o l l i s i o n f l u x due to angular 

d e f l e c t i o n . Th i s may be done e i t he r by i n c r e a s i n g the s i z e of the s c a t ­

tered f l u x apertures u n t i l there i s no fur ther change i n detector count 

ra te or by measuring the sca t te red f l u x angular d i s t r i b u t i o n and s e t t i n g 

the aperture s i z e acco rd i ng l y . S ince the apparatus was designed fo r t h i s 
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type of measurement, the l a t t e r method was used. 

F i n a l l y , a r e l a t i o n between the t o t a l c ross s e c t i o n fo r product ion 

th 

of the i spec ies and the d i f f e r e n t i a l c ross s e c t i o n (per un i t s o l i d 

th 

angle) fo r the i spec ies may be der ived by cons ider ing equat ions (9) and 

( 2 2 ) . I n t e g r a t i n g equat ion (9) over a l l s c a t t e r i n g angles and over the 

area of the beam, one obta ins the same detector count ra te as presented 

i n equat ion ( 2 2 ) . Thus, 

J J d 4 N i ( 9 , $ ) = D £ N N f cvA ^ (J^ ( 9 , $ ) ) dxodx = D £ N N vAc^dx . (25) 
A 9 ,$ 1 6 P 9 ^ 1 6 P 1 

S o l v i n g fo r o \ , one f i nds 

9 $ 

I f the d i f f e r e n t i a l c ross s e c t i o n can be assumed to be independent of §, 

equat ion (26) may be w r i t t en 

a i • 2 n I ( s ( e ) ) . s i n e d e • < 2 7> 
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CHAPTER I I I 

PREVIOUS WORK - EXPERIMENTAL AND THEORETICAL 

The two c o l l i s i o n processes s tud ied i n t h i s research (e lec t ron 

capture and d i s s o c i a t i o n ) have been the sub jec t of cons iderab le e x p e r i ­

mental and t h e o r e t i c a l r esea rch . The l a rge number and broad scope of 

these i n v e s t i g a t i o n s make i t i m p r a c t i c a l to present a genera l and com­

prehensive review of a l l prev ious work. For t h i s reason, the d i s c u s s i o n 

presented i n t h i s chapter w i l l be l im i t ed to those works which have 

d i r e c t bear ing on e i t he r the presenta t ion or the i n t e rp re ta t i on of the 

data presented i n Chapters V I and V I I . The f i r s t two sec t ions of t h i s 

chapter are reviews of the exper imental and t h e o r e t i c a l work on e lec t ron 

capture ; the l a s t sec t i on deals wi th d i s s o c i a t i o n p rocesses . 

Prev ious Exper imental Work for E lec t ron Capture 

S ince 1952 the t o t a l c ross s e c t i o n , oq, f o r the e lec t ron capture 

•f* o -f* process H + He -» H + [He ] has been measured by seve ra l i n v e s t i g a t o r s 

for impact energ ies between 4 and 20 keV. 

Techniques used to measure t h i s c ross sec t i on are reviewed by 

A l l i s o n et a l . , ^ where add i t i ona l re ferences may be found to work p r i o r 

to 1962. Stedeford and Hasted (1955) measured the absolute va lue of a 
o 

for impact energ ies between 0.10 and 40 keV by monitor ing the net slow 

ion current i n the c o l l i s i o n r e g i o n . A more recent i n v e s t i g a t i o n (1966) 

us ing the same p r i n c i p l e as Stedeford et a l . has been conducted by DeHeer 
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e t a l . ^ fo r impact energ ies between 10 and 140 keV. A t ten t ion was g i ven 

to reduc t ion of sys temat ic e r ro rs due to mercury d i f f u s i o n e f f e c t s i n the 
g 

McLeod pressure gauge. S t i e r and Barnet t (1956) employed two methods to 

measure Oq i n the energy range 4 to 200 keV. The f i r s t method was based 

on monitor ing the decrease i n beam cur rent as ta rge t pressure was i n ­

c reased . Care was exe rc i sed to account for s c a t t e r i n g e f f e c t s . The s e c ­

ond method was to measure the f r a c t i o n of the beam i n each charge s ta te 
(+» °> - ) a f te r pass ing through a " t h i c k " t a r g e t . These f r a c t i o n s were 

then re la ted to the a c ross s e c t i o n . E x c e l l e n t agreement between data 
9 

measured both ways was found. F i n a l l y , Wi l l iams and Dunbar (1966) mea­

sured the energy dependence of c between 2 and 50 keV and normal ized to 

g 

S t i e r et a l . a t 10 keV. These i n v e s t i g a t i o n s were chosen as rep resen ta ­

t i v e of the va r ious methods of measuring O"Q. 

The t o t a l c ross s e c t i o n , o ^ , fo r the reac t i on H + + He -» H(2s) + 

[ H e + ] has been measured by C o l l i et a l . 1 0 (1962) , Jaecks et a l . 1 1 (1965) , 

D o s e 1 2 (1966) , Ryding et a l . 1 3 (1966) , Andreev et a l . 1 4 ( 1 9 6 6 ) , and F i t z -

w i l son et a l . 1 5 (1971) . 

C o l l i et a l . 1 ^ measured the r e l a t i v e va lue of o^q f o r impact ener­

g i es between 7 and 40 keV. Absolute va lues were ass igned by normal iz ing 

the exper imental data to the Born approximation at 40 keV. No mass ana l y ­

s i s was performed on the ion beam which was produced by a Thoneman source . 

A f te r e x i t i n g the ta rge t r e g i o n , H(2s) f l u x was e l e c t r i c f i e l d quenched, 

and the emitted r a d i a t i o n was detected by means of a vacuum u-v photo-

m u l t i p l i e r . 
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Jaecks et a l . measured the absolute va lue of a« fo r impact 
£m S 

energ ies between 1.5 and 23 keV. A mass-analyzed proton beam was i n t r o ­

duced in to a c o l l i s i o n chamber conta in ing the ta rge t g a s . An oxygen-

f i l t e r e d , he l ium- iod ine vapor f i l l e d photon detector viewed the c o l l i s i o n 

reg ion and r e g i s t e r e d photons r e s u l t i n g from H(2p) emiss ion . A s p a t i a l l y 

va ry ing e l e c t r i c f i e i d was then used to induce the H(2s) to decay i n the 

target c e l l . The d i f f e rence i n detected s i g n a l was re la ted to 0" 2 G. Abso­

lu te va lues were ass igned by r e l a t i n g the 2p e lec t ron-cap tu re c ross s e c ­

t i on to the reac t i on e + H 2 "* countable u l t r a v i o l e t , whose magnitude was 

- 16 

based on measurements of the r eac t i on e + H -» Lyraan-alpha. The repro ­

d u c i b i l i t y was ± 5 percent and the est imated p o s s i b l e absolute e r ro r was 

45 percent . Th is est imate of p o s s i b l e absolute e r ro r i s l i k e l y to be too 

low because the b a s i s fo r norma l i za t ion [e + H -» Lyman-alpha] was i n turn 

normal ized to theory and was not confirmed exper imenta l l y ; moreover, there 

i s now known to be some er ro r invo lved i n the use of e + H 2 ~* countable 

u l t r a v i o l e t as a t r a n s f e r s tandard . 

12 

Dose measured o" 2 g on a r e l a t i v e b a s i s for impact energ ies between 

3 and 71 keV. The metastable 2s f l u x was quenched i n the ta rge t reg ion 

by an a x i a l e l e c t r i c f i e l d . Emitted r a d i a t i o n was detected by a he l ium-

iod ine detector s i m i l a r to that used by Jaecks except that the oxygen 

f i l t e r was omitted to e l im inate the p o s s i b i l i t y of s i g n a l reduct ion due 

to Doppler s h i f t i n g the Lyman-alpha photon out of the narrow passband. 
13 

The work of Ryding et a l . was concerned wi th the energy range 

40 to 200 keV, which i s above that used i n the present work; thus , no 

d i r e c t comparison to R y d i n g ' s work i s p o s s i b l e . 
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Andreev et a l . measured the absolute va lue of a 9 for impact 
z s 

energ ies between 10 and 40 keV. Target gases of he l ium, neon, argon, 

k rypton, and xenon were used. S ince a l l of the 2s data presented i n t h i s 

study were normal ized to Andreev 1 s data fo r an argon ta rge t (see Appendix 

B ) , t h i s work w i l l be d i scussed i n some d e t a i l . A beam of monoenergetic, 

mass-analyzed protons was introduced in to a chamber conta in ing the ta rge t 

gas and a p a r a l l e l p la te capac i t a t o r . Target gas pressures were measured 

wi th a McLeod gauge. A vacuum monochromator, which viewed the ta rge t 

reg ion between the capac i t a to r p l a t e s , was used to s e l e c t Lyman-alpha 

r a d i a t i o n and d i r e c t i t to a sodium s a l i c y l a t e coated photomul t ip l ie r fo r 

de tec t i on . The d i f f e rence i n s i g n a l when the quench f i e l d was on and then 

o f f was r e l a t e d to the c ross sec t i on for e lec t ron capture i n to the 2s 

s t a t e . The s i g n a l wi th the quench f i e l d o f f was re l a ted to the a 9 c ross 
z s 

s e c t i o n . The use of & h i gh r e s o l u t i o n monochromator permitted Lyman-alpha 

r a d i a t i o n to be separated from nearby r a d i a t i o n from e x c i t e d ta rge t atoms. 

A two-step procedure was used to a s s i g n absolute va lues to a l l c ross s e c ­

t i o n s . F i r s t , the s i g n a l a r i s i n g from 2p e lec t ron capture was measured 

at 16 keV impact energy for a l l ta rge t g a s e s . Th i s al lowed the absolute 

c a l i b r a t i o n of the de tec t ion system to be done at on ly one energy. The 

monochromator was then removed, and an absolute measurement of the 
•I" r +n 

c ross sec t i on fo r the r e a c t i o n H + Ne -» H(2p) + [Ne J was made at an im­

pact energy of 16 keV. A n i t r i c oxide (NO) pho to - i on i za t i on chamber wi th 
17 

a l i t h i um f l u o r i d e ( L i F ) window was used to monitor the proton f l u x . 

The pho to - i on i za t i on current was a measure of the L ^ i n t e n s i t y only i f 

there was no emiss ion from the ta rge t i n the s p e c t r a l range between the 
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L i F cu to f f (1050 A ) and the pho to - i on i za t i on threshold of the NO molecule 
o 

(1346 A ) . Measurements w i th the monochromator showed tha t , for the r e a c t i o n 

H + + Ne, there were no ta rge t e x c i t a t i o n l i n e s i n t h i s range. The 2s c ross 

sec t ions were then r e l a t ed to t h i s absolute measurement v i a the measured 

r a t i o s a 2 s ^ a 2 p t a ^ e n w i t n a n a " without the quench f i e l d . The est imated 

poss ib l e e r ro r for the absolute magnitude of the 2s data was ± 20 percent 

wi th a ± 5 percent r e p r o d u c i b i l i t y . Add i t i ona l d i s c u s s i o n of Andreev's 

work i s presented i n Appendix B, where the norma l i za t ion procedure used 

i n the present work i s desc r ibed , and i n Chapter V , where e r ro rs are d i s ­

cussed . 

The work of F i t z w i l s o n et a l . ^ i s presented i n i t s e n t i r e t y i n 

Appendix G. I t should be noted that these data were normal ized to a 

s l i g h t l y d i f f e r e n t c ross sec t i on from that used i n t h i s study (see Appen­

d i x B ) . 

The angle and energy dependence of the e lec t ron-cap ture c o l l i s i o n 

process H*" + He -» H° + [ H e + ] was f i r s t i n v e s t i g a t e d by Ziemba, Lockwood, 
2 

Morgan, and Everhar t i n 1960. These measurements were l a t e r extended 
18 

and re f i ned by He lb ig and Everhar t i n 1964. The only other pub l ished 
3 

measurement of t h i s r eac t i on was by J a e c k s , C r a n d a l l , and McKnight i n 
1970. A l l three groups of i n v e s t i g a t o r s presented data i n the form of 

P , the r a t i o of sca t te red neu t ra l f l u x to t o t a l sca t te red f l u x . S ince o 

t h i s r a t i o does not depend on beam i n t e n s i t y or ta rge t gas pressure (as 

long as s i n g l e c o l l i s i o n cond i t ions p r e v a i l ) , the measuring techniques 

fo r these quan t i t i es need not be reviewed. However, i n the case of 
3 

Jaecks et a l . , c e r t a i n unpubl ished absolute c ross sec t i ons w i l l be 
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repor ted i n t h i s s tudy, and a review of the measuring techniques employed 

w i l l be presented. 

2 

The work of Ziemba et a l . presents measurements of P q fo r a f i x e d 

labora tory s c a t t e r i n g angle of f i v e degrees and for impact energ ies between 

1 and 200 keV. When p lo t ted as a func t ion of r e c i p r o c a l impact v e l o c i t y , 

P q exh ib i t ed the s t r o n g l y damped o s c i l l a t o r y s t ruc tu re which has s i nce r e ­

ce ived ex tens ive t h e o r e t i c a l a t t en t i on . The angular r e s o l u t i o n of the 

apparatus (def ined here as the maximum range i n angles acceptable when 

the apparatus was nominal ly se t to f i v e degrees) was approximately 0.8 

d e g r e e . Ziemba used an open-ended e l e c t r o n m u l t i p l i e r t o moni tor the 

sca t te red f l u x of protons and hydrogen atoms. S ince only r a t i o s of f l u x 

were repor ted, absolute c a l i b r a t i o n of the detector was unnecessary. No 

d i r e c t comparison was made of the r e l a t i v e de tec t ion e f f i c i e n c y for ions 

and neu t ra l s al though s e v e r a l i n d i r e c t arguments were presented which 

i nd i ca ted that the e f f i c i e n c y was charge independent. I n 1964 He lb ig et 

18 
a l . extended those measurements to inc lude angle dependence of P q fo r 
angles between 0.5 and 4 degrees. The equipment and procedure used were 

s i m i l a r to those used i n the o r i g i n a l work by Ziemba. The r e s u l t s of H e l -

18 

b ig et a l . are presented i n Chapter V I fo r comparison wi th P q measured 

i n the present work. 
3 19 The work of Jaecks et a l . i s a por t ion of a t h e s i s by C randa l l 

concerning the l a rge s c a t t e r i n g - a n g l e , e lec t ron-cap ture process for p ro­

tons inc iden t on hel ium and argon. A f u l l d e s c r i p t i o n of the apparatus 

and measurement technique i s presented i n that t h e s i s . S ince data from 

C r a n d a l l ' s t h e s i s w i l l be quoted f requent ly i n Chapter V I , the re levan t 
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aspects of h i s experiment w i l l be reviewed here . A beam of mass-analyzed 

protons was introduced in to a reg ion conta in ing the ta rge t gas through 

the 0.10 cm diameter c o l l i m a t i n g aper tu res . Sca t te red f l u x was c o l l i -

mated by a t w o - s l i t arrangement s i m i l a r to that used i n the present work. 

The f i r s t s l i t was 0.0513 cm wide and 1.63 cm from the center of the 

c o l l i s i o n c e l l . The second aperture was 0.1010 cm wide, 0.3727 cm h i g h , 

and 14.29 cm from the c o l l i s i o n chamber. Thus, the r e s o l u t i o n (as p re ­

v i o u s l y def ined) was ~ 0.8 degree. Beam current was monitored by a c u r ­

rent i n teg ra to r whi le da ta were being taken. Target gas pressure was 

monitored w i th an ionization gauge, which was i n tu rn c a l i b r a t e d aga ins t 

a McLeod gauge. Sca t te red ions and neu t ra l s were detected by an open-

ended e lec t ron m u l t i p l i e r . The de tec t ion e f f i c i e n c y fo r neu t ra l s was 

measured i n two ways. F i r s t , a co inc idence technique based on work by 

20 

C h r i s t o f o r i et a l . was used to r e l a t e the emission of a quenched Lyman-

alpha photon wi th the ex i s tence of a p a r t i c u l a r neu t ra l atom. The e f f i ­

c iency was found to vary from 10 percent at 4 keV to 14 percent at 20 

keV. The second technique employed was based on comparing the net s c a t ­

tered f l u x (protons p lus atoms) wi th that p red ic ted by c l a s s i c a l c a l c u l a -

21 

t ions by Dose. The two methods y i e l d e d s i m i l a r r e s u l t s fo r the neu t ra l 

e f f i c i e n c y . No d i r e c t measurement of detector e f f i c i e n c y for protons was 

c a r r i e d out. 
The only previous measurements of the d i f f e r e n t i a l c ross s e c t i o n 

fo r e lec t ron capture in to the 2s s ta te v i a the reac t i on H + + He -* H(2s) + 
+ 22 19* 22 

[He ] are by Dose (1966) and C r a n d a l l . Dose presents the energy 
_ 

Par t of the data contained i n C randa l l s t h e s i s has been pub­
l i s h e d (see re ferences 3 and 2 3 ) . ^ 
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dependence of the p r o b a b i l i t y for e l ec t ron capture in to the 2s s t a t e , 

? 2 S (2s f l u x d iv ided by net sca t te red f l u x ) , fo r the f i x e d s c a t t e r i n g 

angle of 2.2 degrees. Impact energies-between 4 .5 keV and 60 keV were 

used. Few d e t a i l s are a v a i l a b l e concerning the work of Dose. Ne i ther 

the type photon detector used nor the method used to monitor the net 

sca t te red f l u x (which i s necessary to form the p r o b a b i l i t y ^ ^ was 

desc r ibed . Dose s ta tes that the e f f i c i e n c y of the photon detector was 

evaluated by normal iz ing to the work of C o l l i et a l . 1 ^ I t i s now known 

24 

that the work of C o l l i i s i ncons i s ten t wi th recent measurements. For 

t h e s e r e a s o n s , the a b s o l u t e v a l u e of a s P r e s e n t e d by Dose must be con­

s idered suspec t . The v a r i a t i o n of wi th impact energy i s qu i te p o s s i b l y 

accurate and i s presented i n Chapter VI for comparison purposes. 

The work of C randa l l i s more ex tens ive i n that both the angular 

(1 to 7 degrees) and energy (3 to 20 keV) dependence of P 9 was s t u d i e d . 
Zm S 

The photon detector was a s o l a r - b l i n d photomul t ip l ie r f i t t e d wi th an L i F 

window. Detec t ion e f f i c i e n c y was c a l i b r a t e d by norma l i za t ion to a p re ­

v i o u s l y publ ished t o t a l 2s e lec t ron-capture c ross s e c t i o n . 

Prev ious Theo re t i ca l Work for E l ec t r on Capture 

E lec t r on capture i s one of the most d i f f i c u l t atomic c o l l i s i o n 

processes to desc r ibe mathemat ica l ly . Not only does i t e x h i b i t the d i f f i ­

c u l t i e s of the many body problem, but the nature of the process d i s c o u r ­

ages the use of the h i g h l y developed approximations of e lectron-atom 

25 
c o l l i s i o n s and precludes the use of many of the methods employed for 

26 
atom-atom e x c i t a t i o n c o l l i s i o n s . The approximation methods which have 
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proven most s u c c e s s f u l fo r desc r i b i ng the capture process may be c l a s s i ­

f i e d in to three major groups accord ing to the magnitude of the p r o j e c t i l e 

v e l o c i t y . For very f a s t c o l l i s i o n s (proton energy > 100 k e V ) , the Born 

s e r i e s , the impulse approximat ion, and the continuum d i s to r t ed wave method 

have been used wi th cons iderab le success i n exp la i n i ng the energy depend-

ence and magnitude of the t o t a l capture c ross s e c t i o n . S ince these 

methods are app l i cab le to energ ies outs ide the scope of the present work, 

they w i l l not be d i scussed he re . D e t a i l s of these c a l c u l a t i o n s may be 

27 28 29 found i n reviews by Bransden, McDowell, and Ba tes , and papers by 

30 31 S a l i n (continuum d i s t o r t ed wave approximation) and Coleman ( impulse 

approx imat ion) . For intermediate v e l o c i t i e s (proton energy between 5 and 

50 k e V ) , one of the most s u c c e s s f u l approaches has been a coup led -s ta te , 

impact-parameter c a l c u l a t i o n us ing an atomic o r b i t a l expans ion. S ince 

much of the data presented i n Chapter V I w i l l be compared wi th t h e o r e t i ­

c a l p red i c t i ons based on t h i s method, the coup led-s ta te treatment w i l l be 

d i scussed below. For slow c o l l i s i o n s , the system begins to assume the 

c h a r a c t e r i s t i c s of a temporary or quas i -molecu le . Seve ra l treatments 

based on t h i s concept are a v a i l a b l e . Two methods of d i r e c t i n t e r e s t here 

are the coup led-s ta te impact parameter formal ism us ing a molecular o r b i t a l 

expansion and a semi -empi r i ca l method that i s qu i te u s e f u l i n q u a l i t a t i v e 

d i s c u s s i o n of the capture p rocess . 

The essence of the coup led-s ta te impact parameter treatment i s 

that the n u c l e i fo l low c l a s s i c a l o r b i t s throughout the c o l l i s i o n , the 

t r a j e c t o r y being def ined by the in teratomic f o r c e s . To c a l c u l a t e the cap-

There i s s t i l l some quest ion concerning the exact h i gh energy 
dependence of the t o t a l c ross sec t i on (see reference 2 7 ) . 



27 

ture p r o b a b i l i t y , the fu r ther assumption i s u s u a l l y made that the p r o j e c ­

t i l e s u f f e r s no angular d e f l e c t i o n at a l l dur ing the c o l l i s i o n and t r a ­

verses a s t r a i g h t l i n e t r a j e c t o r y . The p r o b a b i l i t y for e l ec t ron capture 

i s then ca l cu l a ted as a func t ion o f impact parameter. The t o t a l c ross 

sec t i on may then be obtained by i n t e g r a t i o n over a l l impact parameters. 

D i f f e r e n t i a l c ross sec t ions requ i re the assessment of a d e f l e c t i o n func­

t i o n v i a c l a s s i c a l s c a t t e r i n g theory. 

A d i s c u s s i o n i s presented below of c l a s s i c a l s c a t t e r i n g theor ies 

that are app l i cab le to the sub jec t of t h i s s tudy ; comments are a l s o made 

on the coup led-s ta te impact parameter method and a l so on the semi -empi r i ca l 

quasi -molecule approach. Add i t i ona l in format ion on the many t h e o r e t i c a l 

methods developed fo r the e lec t ron capture process may be found i n r e f e r ­

ences 28-30, 32, and 33. 

C l a s s i c a l S c a t t e r i n g of Heavy P a r t i c l e s 

34 

Mott and Massey have s p e c i f i e d the c r i t e r i a which must be s a t i s ­

f i e d for c l a s s i c a l s c a t t e r i n g theory to adequately descr ibe the angular 

d e f l e c t i o n of an atomic p r o j e c t i l e . Consider a p r o j e c t i l e of mass m 

and v e l o c i t y v inc iden t on a s c a t t e r i n g p o t e n t i a l of order D and ex ­

tent a . For a c l a s s i c a l treatment to be v a l i d , the fo l low ing two cond i ­

t ions must ho ld : (a ) the deBrog l ie wavelength of the p r o j e c t i l e must be 

smal l compared to a and (b) the d e f l e c t i o n of the p r o j e c t i l e must be 

we l l def ined w i t h i n the l i m i t a t i o n s of the uncer ta in ty p r i n c i p l e . 

The f i r s t cond i t i on requ i res that a » h/mv. Using the screen ing 

length of the screened Coulomb po ten t i a l (d iscussed l a t e r ) fo r a , t h i s 

i n e q u a l i t y may be shown to be v a l i d for a l l impact energ ies used i n the 
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present s tudy . 

The second cond i t i on requ i res t ha t , i f Ap i s the t ransverse momen­

tum t r ans fe r i n the c o l l i s i o n , then aAp » h . D i v i d i n g by the p r o j e c ­

t i l e momentum p and not ing tha t , fo r sma l l s c a t t e r i n g angles 0 ~ Ap/p, 

t h i s c r i t e r i o n may be w r i t t en 0 » h /ap . The r a t i o h/ap i s e s s e n t i a l l y 

the r a t i o of the p r o j e c t i l e deBrog l ie wavelength to the dimensions of the 

s c a t t e r i n g p o t e n t i a l . Again us ing the screen ing length fo r the screened 

Coulomb p o t e n t i a l , the minimum angle of s c a t t e r i n g which may be descr ibed 

c l a s s i c a l l y i s « 0.1 degree for 4 keV protons on he l ium. T h i s angle i s 

smal le r fo r more energe t i c p r o j e c t i l e s . No data are presented i n t h i s 

study for angles smal le r than t h i s l i m i t . 

Thus the angular d e f l e c t i o n of protons by hel ium ta rge ts may be 

descr ibed c l a s s i c a l l y . However, the ac tua l c a l c u l a t i o n of the c l a s s i c a l 

d e f l e c t i o n func t ions i s d i f f i c u l t because of a l a c k of knowledge of the 

exact s c a t t e r i n g p o t e n t i a l . 

I n the center -o f -mass re ference frame, the c l a s s i c a l d e s c r i p t i o n 

of the two-body c o l l i s i o n where only r a d i a l forces are assumed to e x i s t 

may be formulated i n the form of a s i n g l e p r o j e c t i l e of reduced mass 

35-37 

s c a t t e r i n g from a f i x e d center . I n t h i s coordinate system the s c a t ­

t e r i ng angle 0 corresponding to a g i ven impact parameter b i s g i ven by 

(28) 

where E i s the center-of -mass k i n e t i c energy before and a f t e r the c o l l i ­

s i o n (assumption here i s that c o l l i s i o n i s e l a s t i c ) , r i s the d i s tance 
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of closest approach of the colliding atoms (largest positive root of the 

denominator), and V(r) is the interaction potential between the atoms. 

The inelastic effect of the 11- or 21-eV energy defect associated with 

the electron capture processes is unimportant since the relative kinetic 

energy was always greater than 3 keV. For a given energy E and func­

tional form V(r), equation (28) may be thought of as providing a one-to-

one correspondence between impact parameter b and scattering angle. 

The purpose of any impact parameter calculation is to calculate 

the probability P^b) that a collision at an impact parameter between b 

and b + db gives rise to the formation of the state i. The true differ­

ential cross section, da. (defined by equation (6), is simply given by 

Theoretical predictions may be tested by comparing a measurement of dif­

ferential cross section at some angle 9 with the theoretical predictions 

at a corresponding impact parameter b, the relationship between b and 

9 being derived from equation (28). A less sensitive test is to compare 

the measured value of a total cross section, a., with the value calcu-

lated by integrating da. over all impact parameters: 

da. = 2TT P. (b) b d b l I (29) 

a. = 2TT P. (b) b d b . (30) 

Exact specification of the potential function V(r) is somewhat 

difficult for an electron capture collision, since the prior collision 
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i n t e r a c t i o n p o t e n t i a l u s u a l l y d i f f e r s from the p o s t - c o l l i s i o n p o t e n t i a l . 

The r e s u l t of t h i s jump from one p o t e n t i a l curve to another i s that there 

i s no one-to-one correspondence between impact parameter and s c a t t e r i n g 

ang le . Th i s e f f e c t becomes more important as the impact energy i s r e -

18 

duced and prov ides a l i m i t a t i o n on the usefu lness of the c l a s s i c a l 

i n t e rp re ta t i on of d i f f e r e n t i a l s c a t t e r i n g 

An approximation to V ( r ) which i s f requent ly employed i s the 

screened Coulomb p o t e n t i a l , 

V ( r ) e - r / a . (31) 

where eZ x and eZg are the nuc lear charges of the ta rge t and p r o j e c t i l e 

and a i s the parameter which measures the e f fec t i veness of the e l ec t ron 

38 

s c r e e n i n g . Bohr has d i scussed t h i s p o t e n t i a l i n some d e t a i l and has 

suggested the express ion 

a ~ r „ 2/3 „ 2/3 nl/2 ^ 3 2 ^ 

fo r the screen ing l eng th . Here ao i s 0.53 X 10 8 cm, the rad ius of the 

f i r s t o rb i t i n hydrogen. Equat ion (28) has been numer ica l l y ca l cu l a ted 

39 40 for t h i s p o t e n t i a l by Everhar t et a l . and Bingham. 

The screened Coulomb p o t e n t i a l does not al low for any s h e l l s t r u c -

41 

ture i n e i t he r atom. Smith has proposed a modif ied form of equat ion 

(29) i n which the po ten t i a l of the ta rge t atom i s taken to be V ( r ) = 

e XI - r / a 
— — a^e , where = 2 ,8 ,8 for K , L , and M s h e l l s , r e s p e c t i v e l y , and 
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l/2 
a - a ( I u / I ) , I be ing the i o n i z a t i o n p o t e n t i a l of hydrogen and I V O H V v 
the c losed s h e l l i o n i z a t i o n po ten t i a l of the K , L , and M s h e l l of ta rge t 

21 

atom. Dose has app l ied t h i s p o t e n t i a l to the s c a t t e r i n g of protons by 

he l ium. 

F . W. Bingham (p r i va te communication) has recen t l y dev ised a " s t a t i c 

p o t e n t i a l " that takes in to account a l l i n t e r a c t i o n s between e lec t rons and 

n u c l e i at a l l po in ts dur ing the c o l l i s i o n - p r o c e s s . By fo l low ing these 

i n t e r a c t i o n s at a l l i n te rnuc lea r sepa ra t i ons , he c a l c u l a t e s the c ross 

sec t i ons for s c a t t e r i n g the p r o j e c t i l e . 

I f the s c a t t e r i n g angle 0 i s sma l l and i f the impact energy E i s 
42 

much grea te r than the i n t e r a c t i o n p o t e n t i a l V ( r ) , Kennard showed that 

equat ion (28) for the center-of -mass s c a t t e r i n g angle may be approximated 

to a h igh degree of accuracy by 
r°° [ V ( r 0 ) - V ( r ) ] 

0 E ^ r rd r . (33) 
cm cm o J , 2 2N 3 / 2 

r Q ( r * - r 0 ^ ) 

Thus the product 0 E i s func t ion on ly of the d i s tance of c l o s e s t approach 

r . Not ice that the va lue of 0 E w i l l be the same i n the center -o f -mass o 
43 

or labora tory coordinates ( fo r smal l angle s c a t t e r i n g ) . Smith et a l . 

have thoroughly i nves t i ga ted t h i s expansion and have d i scussed i t s a p p l i ­

c a b i l i t y . The use fu lness of t h i s r e s u l t l i e s i n the f a c t that d i f f e r e n ­

t i a l data p resc r ibed fo r a constant 9 E product represent a study of the 

reac t i on at a f i x e d d i s tance of c l o s e s t approach and, to a good approx i ­

mat ion, a f i x e d impact parameter. 

The eva lua t ion of equat ion (33) depends on the p a r t i c u l a r f unc t i ona l 
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form of the interaction potential V(r). Two basic limitations exist on 

the usefulness of equation (33) in addition to the quantum limitation 

discussed earlier. The first is the validity with which V(r) represents 

the two interaction potential, and the second is the problem mentioned 

earlier concerning the fact that, for the electron capture reaction, 

the collision^occurs partly on one potential curve and partly on another. 

In Chapter VI cross sections for scattering projectiles that have 

been calculated using the potentials discussed above will be compared 

with the results of the present experiments. 

Coupled-State Impact Parameter Method 

In the coupled-state impact parameter method, the projectile is 

assumed to move on a classical trajectory, and the total electronic wave 

function, i|r, is expanded in a linear combination of atomic eigenfunctions 

for the target and projectile, IJL. (The molecular expansion follows a 

similar development.) Thus 

1f± = S a.(t) t ±<r) , (34) 

where r represents the several sjrstem coordinates and t = 0 when the pro­

jectile is at its distance of closest approach. The motion of the pro­

jectiles, which is usually assumed to be rectilinear, introduces a time-

dependent perturbation among the various basis states \|N causing transi­

tions to occur. If the total wave function is required to satisfy the 

time-dependent Schrodinger wave equation with the boundary conditions 
ai (-00) - 1 and a. (-co) = 0, a system of coupled differential equations 
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fo r the c o e f f i c i e n t s , a ^ t ) r e s u l t s . The p r o b a b i l i t y fo r e lec t ron capture 

th 
in to the i s t a te i s g iven by 

P . ( b ) = | a . ( t = b ) | 2 . (35) 

The primary d i f f i c u l t y i n us ing the coup led-s ta te method i s i n the 

s e l e c t i o n of a s u f f i c i e n t number of b a s i s funct ions to adequately rep re ­

sent the c o l l i s i o n . S ince the s o l u t i o n of the system of coupled d i f f e r ­

e n t i a l equations becomes qui te tedious as the number of b a s i s func t ions 

i s increased above two or th ree , a j u d i c i o u s choice of b a s i s func t ions 

i s requ i red . I t has been shown that the r e s u l t s of the coup led-s ta te 

impact parameter method i s reasonably i n s e n s i t i v e to the p r e c i s e form 

44-46 

chosen fo r the ta rge t hel ium wave func t i on . The number of hydrogenic 

wave funct ions needed to descr ibe the e lec t ron capture process i s a ques­

t i o n which has not ye t been answered. 
44 

Green et a l . performed a " two-s ta te " c a l c u l a t i o n fo r the r eac t i on + + H + He -» H ( l s ) + He i n which the t o t a l wave func t ion was expanded as a 
l i n e a r combination of the s ta tes [ H + , H e ( l s 2 ) ] and [ H ( l s ) , H e + ( l s ) ] . 

These r e s u l t s are e s s e n t i a l l y the same as those i n a s i m i l a r but more 

comprehensive f ou r - s ta te c a l c u l a t i o n by S i n F a i Lam. 

47 
S i n F a i Lam used a f ou r - s ta te t r a v e l i n g atomic o r b i t a l expansion 

( I s , 2 s , 2p , and 2p ) to a s c e r t a i n the e f f e c t s of a l lowing the n • 2 
X z 

s ta tes to p a r t i c i p a t e i n the capture p rocess . C a l c u l a t i o n s of the fo l l ow­

ing c ross sec t ions were presented: (a ) t o t a l c ross sec t i on fo r e lec t ron 

capture in to the I s , 2 s , and 2p s ta tes and (b) impact parameter and energy 
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dependence of the p r o b a b i l i t y fo r e l ec t ron capture in to the I s , 2 s , and 

2p s t a t e s . T h i s c a l c u l a t i o n i s the only one known to the author which 

presents P 2 g ( b , v ) and thus prov ides the only t h e o r e t i c a l comparison to 

the present d i f f e r e n t i a l 2s da ta . 

46 

Colegrave and Stephens used a two-state molecular o r b i t a l ex ­

pansion (sometimes re fe r red to as the perturbed s ta t i ona ry s ta te method) 

to c a l c u l a t e P-^ g (b) a n c * the t o t a l capture c ross sec t i on for the I s s t a t e . 

The nature of t h e i r c a l c u l a t i o n s was that i t should become a be t te r ap­

proximat ion as the impact energy was reduced below 10 keV. Good agree­

ment was found wi th measured t o t a l capture c ross sec t ions between 1 and 

16 keV. The ca l cu l a t ed P q curve i s compared wi th the r e s u l t s of Ziemba 

2 

et a l . and the present work i n Chapter V I . 

The c a l c u l a t i o n s descr ibed above are d i r e c t e lec t ron capture , i . e . , 

e l ec t ron t r a n s f e r from the hel ium I s 2 s t a t e d i r e c t l y in to the s ta te of 
48 

i n t e r e s t ( I s , 2 s , or 2p ) . Polvektov and Presnyakov have formulated a 

theory which descr ibes capture in to a s ta te v i a an intermediate or v i r ­

t u a l s t a t e . Th i s two-step process i s of most importance when the cross 

sec t i on for d i r e c t capture i s very sma l l wh i le the cross sec t i on for 

capture in to the intermediate s ta te i s l a r g e . I n the case of capture 

in to the 2s s t a t e , t h i s intermediate s ta te was taken to be the I s ground 

s t a t e . I t was found that the cross sec t i on for e lec t ron capture in to the 

exc i t ed s t a t e , a 9 , may be w r i t t en 
CT2s + C l s , l s - 2s (36) 
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Here an = 2rr zs 

.00 
P 2 g b d b and a i s i s -» 2s _ 2 J * l s * l s - 2 s 

' o 
P, _P, _ . n b d b 

where P 2 g i s the p r o b a b i l i t y for d i r e c t capture in to the exc i t ed s t a t e , 

P- i s the p r o b a b i l i t y fo r d i r e c t capture in to the ground s t a t e , and J_ s 

^ l s -* 2s ^ S t * i e P r o^ , a^ >m t y ° f e x c i t a t i o n from the ground to the exc i t ed 

s t a t e . 

The c ross sec t i on fo r e lec t ron capture v i a an intermediate s t a t e , 

48 a., -i o > w a s n o t e x p l i c i t l y evaluated by Polvektov et a l . but i t i s J. S y J. S ZQ 

thought to be p ropor t iona l to the c ross s e c t i o n for capture in to the 

ground s t a t e , o*^ g. 

Molecular Model and Semi -Empi r i ca l Formulae 

The o s c i l l a t o r y nature of the l a rge angle P curves of Lockwood et 

1 18 a l . and He lb ig et a l . suggests a damped resonance s t r u c t u r e . L i c h t e n 

49 50 

' has d i scussed a p a r t i c u l a r molecular model which prov ides a q u a l i ­

t a t i v e p i c tu re of the o r i g i n of these o s c i l l a t i o n s . The o r i g i n a l develop-
49 + ment was for the resonant H + H c o l l i s i o n , but the same p r i n c i p l e has 

been app l ied to the quas i - resonant H + + He c o l l i s i o n . B e f o r e the pro­

j e c t i l e enters the neighborhood of the t a r g e t , the system wave func t ion 

i s c l e a r l y best represented by atomic o r b i t a l s i n which the " a c t i v e " 

e lec t ron i s bound to the t a r g e t . Dur ing the c o l l i s i o n , however, the s y s ­

tem takes on the c h a r a c t e r i s t i c s of a molecule. Two s ta t i ona ry s t a t e s , 

s p l i t by an energy [ V x ( r ) - V 2 ( r ) ] e x i s t fo r the molecular i o n : (1) a 

symmetric sum of the two atomic o r b i t a l s which represent the e lec t ron 

r e s i d i n g on the ta rge t and the p r o j e c t i l e , r e s p e c t i v e l y , and (2) an a n t i -

Here V x ( r ) and V 2 ( r ) are the molecular system energy for s t a t e s 
1 and 2 . 

TT 
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symmetric combination of the two atomic o r b i t a l s . The system wave equa­

t i on i s not a s ta t i ona ry s ta te dur ing the c o l l i s i o n because i t s i n i t i a l 

boundary cond i t ion ( i . e . , the e lec t ron attached to the t a rge t ) was not a 

molecular e igen func t ion . Thus, dur ing the c o l l i s i o n , the t o t a l wave 

func t ion o s c i l l a t e s between the two l i m i t i n g s ta tes (1) and (2) wi th an 

exchange frequency [ V x ( r ) - V g ( r ) ] / h . I f one can a s s i g n a d is tance R q to 

be the in te rnuc lear separa t ion where the system i s best descr ibed as a 

quasi -molecule (R q i s obv ious ly not w e l l d e f i n e d ) , then i t i s c l e a r that 

the time of i n t e r a c t i o n i s a func t ion of r e c i p r o c a l impact v e l o c i t y . The 

number of exchange o s c i l l a t i o n s the system can make depends on the f r e ­

quency [ V x ( r ) - V g ( r ) ] / h and the time of i n t e r a c t i o n . I f the system makes 

1/2, 3 / 2 , e t c . o s c i l l a t i o n s , the e lec t ron w i l l be attached to the p r o j e c ­

t i l e , and e lec t ron capture w i l l have occur red. An i n t e g r a l number of 

o s c i l l a t i o n s would leave the ta rge t i n i t s o r i g i n a l s ta te and the proba­

b i l i t y of e lec t ron capture would be low. 

Lockwood and Everhard'' ' employed the above concepts i n the i n t e r ­

p re ta t ions of the o s c i l l a t i o n s i i i P q fo r the reac t i ons H + + H° -» H° + H + , 

H e + + He -» He + H e + , and H + + He -» H° + H e + . Assuming that the time of 

i n t e r a c t i o n could be represented by 2R Q/V , they der ived the fo l low ing 

exp ress i on : 

h/v = 2R Q [ 1 / v , - l / v 3 ] , (37) 

where v , and v 3 are the impact v e l o c i t i e s corresponding to two adjacent 

v a l l e y s or peaks and V = V, (R) - V g ( R ) . T h i s equation was genera l i zed 

and wr i t ten as 
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< V B > " " < ^ 2 > - ft/V ' ( 3 8 ) 

where the brackets i n d i c a t e an e f f e c t i v e va lue for the product of energy 

and l eng th . Nei ther quant i ty i s w e l l def ined s ince the c o l l i s i o n begins 

and ends g radua l l y and the energy d i f f e rence i s a funct ion of i n t e rnuc lea r 

sepa ra t i on . I t was suggested that the e f f e c t i v e va lue of <VR> might be 

c a l c u l a t e d us ing 

R 
r 0 

<VR> = [ V x ( r ) - V 3 ( r ) ] dr , (39) 

" R o 

where dr i s an element of path length a long the t r a j e c t o r y fo l lowed by 

the p r o j e c t i l e and V 1 ( r ) - V 2 ( r ) i s the energy separat ion between the two 

molecular s ta tes of concern. The above de r i va t i on i s c e r t a i n l y not 

r i g o r o u s , but i t i s qu i te i n t e r e s t i n g that the c a l c u l a t e d va lues of <VR> 

us ing reasonable va lues of R q and ad iaba t i c molecular po ten t i a l curves 

compare qu i te w e l l w i th that evaluated by f i t t i n g equation (38) to the 

experimental d a t a . 1 

Lockwood et a l . 1 suggested that an emp i r i ca l formula which co r ­

r e c t l y f i t s the exper imental data i s 

P o = K . d / v ) + 1 , ( 1 / 0 s i n 8 [ ( ^ ) - p ] (40) 

where ^ and Kg are s lowly v a r y i n g func t ions of r e c i p r o c a l v e l o c i t y . The 

constants <VR> and (3 were determined to be 84.6 ± 1 e V - A and (0.26 ± 

0.02)rr by comparison of equat ions (38) and (40) wi th experiment. 

I t i s c l e a r t ha t , for a molecular i n te rp re ta t i on of a c o l l i s i o n 
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p rocess , knowledge of the molecular energy l e v e l s as a func t ion of i n t e r -

nuc lear separat ion i s necessary . M i c h e l s ^ 1 has performed an a d i a b a t i c 

c a l c u l a t i o n of the lower l e v e l s fo r the HeH + molecu le ; h i s r e s u l t s are 

inc luded i n Chapter V I . 

Prev ious D i s s o c i a t i o n Work — Exper imental and T h e o r e t i c a l 

The review of prev ious d i s s o c i a t i o n work w i l l be qu i te b r i e f i n 

comparison wi th the very ex tens ive work which has been done i n t h i s f i e l d . 

Only exper imental and t h e o r e t i c a l work d i r e c t l y comparable wi th the present 

r e s u l t s w i l l be c i t e d . Add i t i ona l re ferences to previous d i s s o c i a t i o n 

52 53 W O R K W I L L B E F O U N D IN P A P E R S by D U R U P E T A L . A N D G R E E N A N D peek. 

No previous experimental work has been found concerning the mea­

surement of the d i f f e r e n t i a l c ross sec t ion for the formation of meta­

s tab le H(2s) atoms v i a the d i s s o c i a t i o n reac t ions + Hg, + He, or 

H 3 + + H ' 

The only quan t i t a t i ve informat ion publ ished on the angular d i s t r i -

+ 54 55 but ion of d i s s o c i a t i o n fragments i s that of McClure, Sweetman, 

and Gibson et a l . ^ fo r a ta rge t of H^J Damadaran"^ for t a rge ts of 

n2, and argon; Fedorenko et a l . " 5 ^ fo r a ta rge t of a rgon; Barnett et a l . " * ^ 

fo r an H^O t a r g e t ; and Gibson and L o s ^ ° for t a rge ts of and He. 

Only McClure"^ and Gibson and L o s ^ present data i n a form d i r e c t l y 

comparable wi th the present work. Gibson and L o s ^ ^ inc lude a s i n g l e r e l a ­

t i v e angular scan of protons produced by d i s s o c i a t i o n of 1 0 keV h 2 + i n c i -

54 
dent on an ^ t a r g e t . T h i s scan i s normal ized to the work of McClure 

54 

and agrees w e l l i n angular dependence. McClure presents angular scans 

of H + and H° produced >by the d i s s o c i a t i o n of H ^ + i nc iden t on h2. P r o j e c -
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t i l e energ ies between 5 and 80 keV were used. A mass s e n s i t i v e counter 

was used so that sca t te red H° and H 2 could be d i s t i n g u i s h e d . Angular 

r eso lu t i on was s ta ted to va ry l i n e a r l y from 0.18 to 0.31 degree when the 

apparatus was moved from a s c a t t e r i n g angle of 0 to 2.58 degrees. Abso­

lu te va lues were determined by i n t e g r a t i n g the r e l a t i v e d i f f e r e n t i a l c ross 

sec t i ons and f i t t i n g the i n t e g r a l s to the t o t a l d i s s o c i a t i o n c ross s e c -

61 

t i ons presented in a prev ious paper, which were i n turn normal ized v i a 

prev ious measurements of the t o t a l c ross sec t ion for the reac t ion H + + -

H 2 -* H° + [ H 2

+ ] , The est imated absolute accuracy was ± 20 percent wh i le 

r e l a t i v e accuracy (mostly s t a t i s t i c a l count ing e r r o r s ) v a r i e d from 3 per ­

cent at smal l angles to 20 percent at l a rge angles where the count ra te 

was low. 
62 53 Peek and Green and Peek have publ ished c a l c u l a t i o n s of the 

d i s s o c i a t i o n process for ta rge ts of hydrogen atoms, he l ium, and argon. 

The s a l i e n t fea tures of these c a l c u l a t i o n s may best be re la ted by con­

s i d e r i n g the mechanism which i s assumed to produce the d i s s o c i a t i o n . An 

inc iden t ion enters the c o l l i s i o n region i n the l s a s ta te wi th a c e r -
S 

t a i n nuc lear spacing R and wi th an o r i en ta t i on angle $ wi th respect to 

the d i r e c t i o n of motion. The Born approximation i s employed to c a l c u ­

l a t e the p r o b a b i l i t y that the p r o j e c t i l e i s perturbed by the ta rget in to 

making a t r a n s i t i o n to an unbound s ta te such as the 2pc • The t r a n s i t i o n 
u 

i s assumed to occur f a s t enough so that the i n te rnuc lea r separat ion r e -

Standard molecular notat ion w i l l be used ( s e e , for example, 
re ference 6 2 ) , 

The v i b r a t i o n a l and r a t i o n a l per iods are l a rge compared to the 
time of the c o l l i s i o n , thus R and $ may be s p e c i f i e d . 
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mains unchanged dur ing the c o l l i s i o n . A f te r the c o l l i s i o n , the r e p u l s i v e 

po ten t i a l causes the molecule to d i s s o c i a t e in to the p a i r H + + H° (or 

+ * 
H + H i f the p r o j e c t i l e was exc i ted to a h igher s ta te such as the 2PTT 

u 

or 2S<J u s t a t e s . Each fragment rece i ves a k i n e t i c energy equal to Q(R) /2 

where Q(R) i s the change i n the r epu l s i ve po ten t i a l energy curve between 

the po int R where the t r a n s i t i o n occurred and R = » . Acco rd i ng l y , each 

fragment ga ins a v e l o c i t y u i n the r e s t frame of the p r o j e c t i l e where 

|uj = [ Q ( r ) / M ] 1 / 2 and M = proton mass. S ince j u | « | v | where v i s the 

i n i t i a l p r o j e c t i l e v e l o c i t y , the fo l low ing r e l a t i o n ho lds to a good 

approximat ion: 
9 T , = - s i n $ , Lab v 

where 9 ^ ^ i s the laboratory angle a t which the d i s s o c i a t i o n fragments 

appear. The i n t e r e s t i n g f a c t to note i s t h a t , s i nce u and s i n $ have an 

upper l i m i t , there e x i s t s an upper l i m i t on 9 ^ ^ beyond which no d i s s o c i a ­

t ion products may appear. Th i s l i m i t should va ry approximately as the 

inve rse square root of the p r o j e c t i l e energy. 

A de ta i l ed comparison between theory and experiment requ i res the 

f o l l ow ing : an accurate c a l c u l a t i o n of the c ross sec t i ons fo r e x c i t a t i o n 

to the va r i ous r epu l s i ve s ta tes o^(R>$) as a funct ion of i n te rnuc lea r 

separat ion R and o r i en ta t i on angle $; a knowledge of the v i b r a t i o n a l s ta te 

populat ions so that a may be averaged over the v a r i a b l e R wi th the ap­

p ropr ia te weight ing f a c t o r ; an average of a^ (R j§ ) over $ must be per ­

formed; an accurate knowledge of the Q(R) for the va r i ous s t a t e s ; f i n a l l y 

the r e s u l t s must be transformed from the res t frame to the lab frame. 

54 
McClure, assuming a v i b r a t i o n a l populat ion c a l c u l a t e d by McGowan 
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and Kerwin and us ing the c ross sec t i on c a l c u l a t i o n s of Peek (unpub­

l i s h e d ) for e x c i t a t i o n to the 2pa^ s t a t e , performed the c a l c u l a t i o n s out ­

l i n e d above fo r the angular d i s t r i b u t i o n of protons produced by 10 keV 

H 2

+ i nc iden t on H 2» The r e s u l t s were normal ized to experiment at 0.8 

degree and showed good agreement i n angular dependence. 
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CHAPTER I V 

APPARATUS 

An apparatus fo r the study of d i f f e r e n t i a l s c a t t e r i n g must inc lude 

a reg ion for c o l l i m a t i n g the beam, a ta rge t r e g i o n , and f i n a l l y a de tec­

tor fo r moni tor ing p a r t i c l e s sca t te red in to a smal l range of a n g l e s . I t 

i s necessary to provide a h igh degree5 o f co l l ima t i on of the incoming pro­

j e c t i l e beam and a f i ne reso lu t i on of the sca t te red p a r t i c l e s . Conse­

quent ly , the assembly and al ignment of the va r i ous apertures i s ra ther 

c r i t i c a l and has rece ived cons iderab le a t ten t ion i n the des ign of the 

present apparatus. 

The apparatus cons i s ted of two bas i c components: an ion a c c e l e r a ­

tor which provided the p r o j e c t i l e beam and a l a rge vacuum tank housing 

the s c a t t e r i n g apparatus. The acce le ra to r system comprised an ion source , 

a c c e l e r a t o r , focus ing system, and mass ana l yze r ; many of these components 

were obtained commercia l ly . 

The experimental reg ion was housed i n a s i n g l e l a rge vacuum v e s s e l ; 

w i th in t h i s tank were mounted the va r i ous components of the exper imental 

arrangement as w e l l as dev ices for prepar ing the p r o j e c t i l e beam. The 

incoming beam from the acce le ra to r i s prepared by co l l ima t i on and f i n a l 

a l ignment , then d i rec ted through the t a r g e t . A s l i t system s e l e c t s par ­

t i c l e s sca t te red in to a smal l range of a n g l e s , and f i n a l l y the f l u x e s of 

sca t te red p a r t i c l e s are detec ted. Considerable a t ten t ion was d i rec ted 
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toward des ign of the vacuum v e s s e l and the mounting of components w i th in 

i t ; these matters w i l l a l s o be d i scussed i n d e t a i l . The arrangements fo r 

hand l ing of s i g n a l s by the va r i ous e l e c t r o n i c s packages w i l l be d i scussed 

at the end of t h i s chapter . 

Acce le ra to r 

Ions fo r the experiment were provided by a 4 to 30 keV ion a c c e l e r ­

a to r . The ions were ex t rac ted from a convent ional RF d ischarge source , 

acce le ra ted through a gap l e n s , focused, mass ana l yzed , and re focused ; 

the r e s u l t i n g monoenergetic, mass-se lec ted p r o j e c t i l e s were then i n t r o ­

duced i n to the exper imental vacuum chamber. 

The ion source was a convent ional ORTEC type 320 source provided 

wi th an a x i a l magnetic f i e l d for proton current enhancement. The e x t r a c ­

t i on po ten t i a l could be set from 0 to 5 kV. The source area was RF 

sh ie lded to prevent in te r fe rence wi th s e n s i t i v e equipment i n the l abo ra ­

to ry . The va r i ous supp l i es to the source , i n c l u d i n g v o l t a g e s , RF power, 

and gas were a l l provided from a cabinet maintained at h igh p o t e n t i a l ; 

a l t e r a t i o n of operat ing parameters was by mechanical l i nkages through 

i n s u l a t i n g P l e x i g l a s r o d s . 

The a c c e l e r a t i n g p o t e n t i a l ac ross the gap lens was provided by two 

s t a b i l i z e d vo l t age supp l i es operated in s e r i e s . One supply provided the 

ma jo r i t y of the a c c e l e r a t i n g po ten t i a l wh i le the other provided a repro­

duc ib le f i n e con t ro l fo r the p rec i se s e t t i n g and adjustment of the acce le r 

a t i n g p o t e n t i a l . T h i s adjustment was necessary to compensate fo r s m a l l , 

long-term changes i n the beam energy. I t i s thought that these changes, 

which were t y p i c a l l y of magnitude of some tens of v o l t s , were due to 
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changes i n the plasma po ten t i a l w i th in the source. 

A f te r being acce le ra ted to the des i red v e l o c i t y , the ions were 

focused in to a p a r a l l e l beam by an ORTEC type 369B e i n z e l l e n s . T h i s 

un i t was operated i n the d e c e l l - a c c e l l mode and was most e f f e c t i v e for 

beam energ ies below 15 keV. Above 15 keV, maximum beam i n t e n s i t y was 

achieved wi th no focus ing by t h i s l e n s . 

The focused ion beam was then mass analyzed by 60-degree d e f l e c ­

t ion i n a t ransverse magnetic f i e l d . The beam passed between pole faces 

20 .4 cm i n diameter and 3.8 cm apart and was sh ie lded from f r i n g i n g 

fields by soft iron encasings around the beam entrance and exit tubes. 

The current which produced the magnetic f i e l d was provided by a w e l l 

regu la ted Hewlet t -Packard constant current supp ly , type 6296A. 

To compensate fo r smal l misal ignments between the ion source and 

the r e s t of the a c c e l e r a t o r , two se ts of p a r a l l e l p l a tes were p laced 

between the source and the ana l yz i ng magnet. The p la tes were or iented 

to permit h o r i z o n t a l movement of the ion beam before enter ing the mag­

n e t i c f i e l d . 

A f te r mass a n a l y s i s , the ion beam i s refocused by a second e i n z e l 

l e n s . T h i s lens c o n s i s t s of three b rass r i n g s 3.8 cm i n diameter and 1.9 

cm long . The f i r s t and l a s t r i n g s were grounded whi le a p o s i t i v e poten­

t i a l of up to 6 kV was app l ied to the middle r i n g . The i n c l u s i o n of t h i s 

un i t i n the acce le ra to r increased the maximum usable ion beam i n t e n s i t y 

by a f ac to r of 4 . 

Pumping for the acce le ra to r was provided by an 800 l i t e r s / s e c o i l 

d i f f u s i o n pump trapped wi th a water-cooled b a f f l e . The pressure d i r e c t l y 
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above the pump was 3 x 10" 7 Tor r wi th the source o f f , and 2 x 10~ 6 Tor r 

wi th the acce le ra to r runn ing. 

The source parameters ( i . e . , p ressu re , ex t r ac t i on p o t e n t i a l , and 

a x i a l magnetic f i e l d ) were ad jus ted to produce the maximum current of the 

des i red ion cons i s ten t wi th a s tab le beam. I t was found that an e x t r a c ­

t i on po ten t i a l of 3 to 4 kV was optimum for a l l ion s p e c i e s . Maximum 

proton content of the ex t rac ted ion beam was achieved for pressures j u s t 

+ 
l a rge enough to sus ta i n the d i scha rge . At h igher p r e s s u r e s , the H„ and 

+ 

content was i n c r e a s e d . Under optimum c o n d i t i o n s , the acce le ra to r 

produced seve ra l micro-amperes of mass analyzed beam cu r ren t . However, 

the extreme co l l ima t i on of the experiment reduced t h i s current to ~ 0.1 

p,A before enter ing the ta rge t chamber. 
Vacuum Chamber 

A l l components of the s c a t t e r i n g experiment were contained w i th in 

the l a rge vacuum chamber shown i n F igu re 1. The chamber was a cy l i nde r 

wi th the a x i s v e r t i c a l ; the i n t e r n a l diameter was 102 cm, and the he igh t 

was 46 cm. A l l cons t ruc t ion was i n type 304 s t a i n l e s s s t e e l . The base 

of the chamber forms a f l a t " tab le top" upon which a l l o f the va r i ous 

experimental components and support systems are mounted. E l e c t r i c a l i n ­

s t rumentat ion, ta rge t g a s , and mechanical l i nkages are supp l ied through 

t h i s basep la te . The vacuum pumping s t a t i o n s for the chamber are a l s o 

located beneath the basep la te . A c y l i n d r i c a l r i n g i s p laced around the 

components on the t a b l e , and a f l a t l i d on top completes the vacuum 

chamber. 



-Figure 1 Photograph of the Apparatus. 
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The c y l i n d r i c a l r i n g i s provided wi th two 10.2 cm por ts at opposi te 

ends of a diameter. To one port i s at tached a ga te - va l ve which connects 

the chamber to the a c c e l e r a t o r . A 10.2 cm U l tek window i s at tached to the 

opposi te po r t . F langes welded around the top and bottom of the c y l i n d e r 

ca r r y the vacuum s e a l fo r both the " tab le top" and the top cover p l a t e . 

Each f lange conta ins two concent r i c 0 - r i ng grooves wi th a pump-out groove 

between them; V i ton 0 - r i n g s were used i n the grooves. I t was intended 

that t h i s groove would be evacuated in order to i n h i b i t permeation of 

gases through the 0 - r i n g s in to the chamber; however, use of t h i s f a c i l i t y 

d id not apprec iab ly reduce the background p ressu re , and i t was gene ra l l y 

not employed. 

A l l e l e c t r i c a l leads to the exper imental apparatus are fed through 

vacuum feedthroughs i n the basep la te . Vacuum-sealed c o a x i a l feedthroughs 

are used for low no ise s i g n a l l e a d s , wh i le Var ian 8 - or 20-pin feed­

throughs are used fo r n o n - c r i t i c a l s i g n a l leads and vo l t age s u p p l i e s . A 

t o t a l of 52 e l e c t r i c a l feedthroughs i s p rov ided , 4 of which are l ow- l eve l 

s i g n a l l e a d s . 

The chamber i s evacuated to a base pressure of 10*"7 Tor r by two 

15.2 cm pumping s t a t i o n s . Each s ta t i on c o n s i s t s of a 2400 j&/s NRC VHS-6 

d i f f u s i o n pump trapped wi th an NRC water b a f f l e and a CVC sorbent t r a p . 

A sorbent- t rapped Welch 1397B forepump backs the d i f f u s i o n pumps and roughs 

the chamber. Pressure i n the chamber was monitored by two RG75K Veeco ion 

gauges, wi th the second gauge se rv ing as a check on the c a l i b r a t i o n of 

the f i r s t . 
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Module Support System 

Support of the exper imental modules presents seve ra l cha l l eng ing 

des ign problems. I n any beam c o l l i s i o n experiment, accurate al ignment of 

the beam co l l ima to rs i s necessary ; but i n a d i f f e r e n t i a l s c a t t e r i n g ex ­

periment, e s p e c i a l l y one designed for measurement near the beam edge, 

al ignment of beam and sca t te red f l u x co l l ima to rs i s of paramount concern . 

For example, a misal ignment of on ly 0.0025 cm can cause a ser ious asym­

metry i n the sma l l -ang le sca t te red f l u x p r o f i l e . Thus , the support s y s ­

tem must lend i t s e l f to al ignment procedures which are accurate to 

± 0.0013 cm. I n a d d i t i o n , i t should be p o s s i b l e to move modules a long 

the beam a x i s and even in terchange t h e i r pos i t i on without degrading t h i s 

a l ignment . F i n a l l y , the support system should be v e r s a t i l e enough so 

that many exper imental con f i gu ra t i ons may be employed without major 

m o d i f i c a t i o n s . 

To s a t i s f y these requirements, a module support system s i m i l a r to 

the o p t i c a l bench rou t i ne l y used i n geometric op t i c s has been cons t ruc ted . 

The system c o n s i s t s , of two p r e c i s i o n r a i l s supported by a c e n t r a l hub. 

One r a i l i s f i x e d to the hub and supports the beam-preparation modules, 

wh i le the other i s ro ta tab le »in the h o r i z o n t a l plane and supports the 

sca t te red f l u x c o l l i m a t i n g and detect ion modules. The ta rget c e l l , a 

v e r t i c a l c y l i n d e r , i s p laced c o a x i a l wi th the center of ro ta t i on of the 

movable arm and i s supp l ied wi th ta rge t gas and pressure measuring f a ­

c i l i t i e s through the hub i t s e l f . S ince the en t i r e support system r e s t s 

on the hub, warpage of the basepla te by atmospheric pressure when the 

chamber i s evacuated does not degrade r e l a t i v e module a l ignment . Any 
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r e s u l t i n g misal ignment w i th the acce le ra to r i s cor rec ted by an e l e c t r o ­

s t a t i c beam p o s i t i o n e r . F i gu re 2 i s a c r o s s - s e c t i o n v iew of the u n i t s 

assembled and mounted i n the vacuum chamber and F igu re 3 i s a plane view 

of the s c a t t e r i n g apparatus and the module support system. 

The hub, as i s the en t i r e support system, i s const ructed of s t a i n ­

l e s s s t e e l type 304. I t s l a rge mass i s d i c t a ted by the r i g i d i t y wi th 

which i t must support the heavy r a i l s and modules. A 10.2 cm hole was 

bored through i t s center to a l low the ta rge t gas to f low from the p r e s ­

sure measuring reg ion below the base to the ta rge t c e l l on top of the 

hub. 

The f i x e d r a i l and a l a rge f l a t p la te are at tached to the top of 

the hub. The f ree end of the 56 cm long r a i l i s supported by a rod ex ­

tending from the base of the hub to the t i p of the r a i l ; t h i s rod p re ­

vents warping of the r a i l when heavy modules are pos i t ioned near i t s end. 

The f l a t p la te i s bo l ted to the hub and provides support fo r the ro ta t i ng 

r a i l (see F igu re 3 ) . The hub end of the r a i l i s supported on a s p e c i a l l y 

designed b a l l bear ing race placed c o a x i a l wi th the hub; the f ree end of 

the arm i s supported on a s i n g l e cap t i ve s t e e l b a l l . T h i s mounting of 

the arm permits i t to be ro ta ted about the hub through a t o t a l angle of 

52 degrees (7 degrees to one s ide of the p r o j e c t i l e beam and 45 degrees 

to the o t h e r ) . The arm i s ro ta ted from outs ide the tank by a mechanical 

l i nkage through a vacuum rotary-mot ion feedthrough. A synchronous motor 

outs ide the tank may be coupled to the mechanical d r i ve to permit the arm 

to be au tomat ica l l y scanned through a range of a n g l e s . 

Angle measurement i s s t ra igh t fo rward . A s c a l e , s c r i bed every ten 
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Figure 2 Cross Sectional View of the Apparatus. 
A. Beam Pos i t ioner; B. Beam Apertures; C. Energy Analyzer; D. Target Chamber; 
E. Scattered Flux Coll imator; F. H (2s ) Detector; G. H / H ° Detector; H. Fixed Rai l ; 
I . Support Arm; J. Hub; K. Rotating R a i l Support P la te ; L. Rotating R a i l . 
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Figure 5 Plan View of the Apparatus. 
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minutes of a r c , i s mounted d i r e c t l y to the end of the r o t a t i n g r a i l and 

i s read through the window us ing a te lescope mounted outs ide the vacuum 

tank. The edge of the s c r i b e marks was rese t t ab l e to w i th in ± 1 minute. 

Accuracy of the r e l a t i v e pos i t i on of the marks on the s c a l e i s ± 0.25 

minute. 

Each support r a i l c o n s i s t s of two square r i dges spaced 10.2 cm 

a p a r t , extending the length of a f l a t p l a t e . S ince the r i dges prov ide 

the a c t u a l al ignment of the exper imental modules, cons iderab le care was 

exe rc i sed i n t h e i r machin ing. The r i dges were machined f l a t , s t r a i g h t 

and p a r a l l e l to w i th in ± 0.0013 cm over t h e i r en t i r e l eng th . The center 

l i n e s of the r i dges on both the f i x e d arm and the r o ta t i ng arm i n t e r s e c t 

the v e r t i c a l a x i s of the c o l l i s i o n chamber, and the r o t a t i n g arm scans 

i n a plane p a r a l l e l to the plane def ined by the base of the hub to w i th in 

± 0.0013 cm. These s t r i ngen t machining accu rac ies were necessary to keep 

module al ignment procedures simple and accu ra te . 

I n d i v i d u a l experimental modules are at tached to the support arms 

by a I~l-shaped clamp c a l l e d a module base . One s i de of the base i s pu l l ed 

t i g h t aga ins t one r i dge by a set screw i n the opposi te s ide which presses 

on the opposi te r i d g e . Modules, which are at tached to the f l a t por t ion 

of the base above both r i d g e s , are thus provided a secu re , accu ra te , and 

v e r s a t i l e mount. 

The plane def ined by the base of the support hub was used as a 
convenient re ference plane fo r check ing the scanning accuracy of the 
r o t a t i n g arm. 
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Beam Preparat ion Modules 

A f te r enter ing the vacuum chamber, the ion beam was a l i gned and 

co l l imated by a set of beam preparat ion modules located on the f i x e d arm 

of the r a i l support system. The beam preparat ion modules inc lude an 

e l e c t r o s t a t i c beam p o s i t i o n e r , two beam-col l imat ing assemb l i es , and an 

energy ana l yze r . 

The beam alignment u n i t , which i s the f i r s t module on the f i x e d 

arm, c o n s i s t s of four p a i r s of e l e c t r o s t a t i c de f l ec t i on p l a t e s . T h i s 

un i t provided the f i n a l al ignment of the ion beam from the acce le ra to r 

wi th the s c a t t e r i n g experiment. 

The f i r s t beam-col l imat ing assembly was pos i t ioned immediately 

a f t e r the al ignment module and cons is ted of an aperture and a secondary 

e lec t ron c o l l e c t o r . A second c o l l i m a t o r , of s i m i l a r d e s i g n , was 34 cm 

from the f i r s t and 7.4 cm from the center of the ta rge t c e l l . The c o l l e c ­

t i on of the low-energy e lec t rons produced when the beam was co l l imated 

was necessary to reduce the background cur rents of the sca t te red f l u x de­

tec to rs to reasonable l e v e l s . For example, c o l l e c t i o n of secondary e l e c ­

t rons reduced the metastable detector background by two orders of magni­

tude. The co l l ima t i ng apertures were smal l ho les i n th in sheets o f 

s t a i n l e s s s t e e l . Two se ts of apertures were used dur ing the experiment. 

I n one set the aper tures were c i r c u l a r ho les 0.102 cm i n diameter; i n the 

other set they were rec tang les 0.10 cm h igh by 0.03 cm wide. The ma jo r i t y 

of the charge t r ans fe r data was taken wi th the c i r c u l a r aper tu res , wh i le 

ce r t a i n low-angle charge t r ans fe r data and a l l o f the d i s s o c i a t i o n data 

were taken wi th the rec tangu la r aper tu res . 
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A p rec i s i on e l e c t r o s t a t i c energy ana lyzer was located between the 

beam co l l ima to rs and i s shown i n part C i n F igu re 2. The ana lyze r con­

s i s t s of two concent r i c c y l i n d r i c a l p la tes whose r a d i i were accu ra te l y 

measured. Normal ly , the ion beam passed through an aperture i n the outer 

p la te and was not d e f l e c t e d . When the energy o f the beam was to be mea­

sured , accurate po ten t i a l s were app l ied to the p la tes and the ions were 

de f lec ted through 90 degrees in to a Faraday cup. Knowledge of the ap­

p l i e d vo l tage and p la te curvature permitted the ion energy to be c a l c u ­

l a t e d . A p lo t of Faraday cup current versus app l ied po ten t i a l showed a 

narrow peak wi th a f u l l width at h a l f maximum of 2 percent . S ince t h i s 

represented a combination of the energy spread in the ion beam and the 

f i n i t e r e s o l v i n g power of the ana lyzer (est imated to be ~ 1.5 p e r c e n t ) , 

2 percent was used as an upper l i m i t on the poss ib l e spread i n beam 

energy. Combining the poss ib l e e r ro rs i n the ana lyzer dimensions and the 

po ten t i a l s used, an er ror of ± 2 percent was ass igned to the va lue of 

energy corresponding to the peak i n the d i s t r i b u t i o n . 

Target Chamber and Gas Feed System 

The ta rget gas was conf ined i n a v e r t i c a l c y l i n d e r mounted on top 

of the hol low support hub as shown, i n F igu re 4 . The beam was admitted 

through a smal l c i r c u l a r aperture and sca t te red f l u x ex i t ed v i a a h o r i ­

zon ta l s l o t . A second ro ta tab le c y l i n d e r was f i t t e d over the f i r s t to 

provide a l a r g e r pressure d i f f e r e n t i a l (~ 100) and a convenient coup l ing 

mechanism to the r o t a t i n g r a i l . A l l aper tures i n the ta rge t c e l l were 

l a rge enough to avoid beam i n t e r c e p t i o n . 
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Figure k A. Detail of the Scattered Flux Collimator; 
B. Detail of Target Cell. 
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The outer c y l i n d e r i s 6.03 cm i n diameter and has a 0.318 cm h igh 

h o r i z o n t a l s l o t ac ross the p r o j e c t i l e entrance s ide so that i t may be 

ro tated without i n te rcep t i ng the ion beam. A narrow v e r t i c a l s l i t , which 

i s a c t u a l l y par t of the sca t te red f l u x c o l l i m a t o r , i s located on the oppos­

ing s ide for sca t te red f l u x removal. The inner s h e l l has a 0.178 cm c i r ­

cu l a r aperture for beam admission and a 0.318 cm h igh h o r i z o n t a l s l o t to 

permit p r o j e c t i l e s sca t te red from +45 to -7 degrees to leave the c o l l i s i o n 

chamber. Both c y l i n d e r s are e l e c t r i c a l l y i n su l a ted for b i a s i n g and c u r ­

rent moni tor ing. 

The ta rge t g a s , s ta ted by the manufacturer to be 99.995 percent 

pure , was supp l ied from h igh -p ressu re tanks and pressure- reduc ing regu ­

l a t o r s to a mani fo ld where a s o l i d carbon d iox ide and acetone co ld t rap 

removed condensable i m p u r i t i e s . P r o v i s i o n s for evacuat ing and baking the 

gas feed system were prov ided. The ta rge t gas was then leaked in to a 

cy l i nde r at tached to the basepla te d i r e c t l y below the hol low support hub. 

The pressure i n t h i s chamber was monitored wi th a capac i tance br idge 

manometer (MKS Baratron type 771H). I n a p re l im inary experiment, two 

trapped McLeod gauges us ing hydrogen gas were used to check the s e n s i ­

t i v i t y of the manometer. The manometer was found to be accurate to 

w i th in 5 percent from a pressure of 0.4 to 10 microns. The sensing e l e ­

ment of the manometer was maintained at an e levated temperature as part 

of a s e n s i t i v i t y s t a b i l i z i n g system. Cor rec t ions were always app l ied 

for thermal t r ansp i r a t i on caused by d i f f e rences i n temperature between 

65 
the manometer and the ta rge t r eg ion . 

The ta rge t gas flowed from the pressure-measur ing reg ion through 
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the support hub and in to the ta rge t c e l l . The l a rge conductance of the 

hole i n the hub e f f e c t i v e l y e l iminated any pressure d i f f e r e n t i a l between 

where pressure i s monitored and where the c o l l i s i o n takes p l a c e . 

Scat te red F l u x Co l l ima to r 

P r o j e c t i l e s sca t te red in to a range of ang les A9 centered about 9 

i n the az imuthal plane were se lec ted by two narrow v e r t i c a l s l i t s . As i s 

shown i n F igu re 4 , these s l i t s were mounted on a support assembly which 

i n turn res ted on the r o ta t i ng r a i l . Cons iderab le care was exe rc i sed i n 

the des ign and cons t ruc t ion of these s l i t s and t h e i r support s t ruc tu re 

because any e r ro rs i n the s i z e , p o s i t i o n , or o r i en ta t i on of the c o l l i m a t -

ing s l i t s w i l l be mani fest as a systemat ic e r ro r i n the measured d i f f e r ­

e n t i a l c ross s e c t i o n . S ince s l i t widths were on the order of 0.02 cm, 

al ignment and measurement accu rac ies of 0.001 cm were necessa ry . To 

achieve t h i s accuracy , the s l i t s were mounted on opposing ends of a r i g i d , 

hol low c y l i n d e r , and t he i r r e l a t i v e o r i e n t a t i o n , both l a t e r a l and angu la r , 

was checked wi th an accurate d i a l i n d i c a t o r to w i th in ± 0.0013 cm. Cor ­

rec t l a t e r a l placement of the module on the ro ta t i ng arm was checked by 

the symmetry of the sca t te red f l u x . 

The s l i t s were formed by p a r t i a l l y masking a 0.321 cm hole i n each 

end of the support c y l i n d e r wi th s t a i n l e s s shim s tock . Spacing and a l i g n ­

ment of the masks were provided by two p ins i nse r ted i n each end of the 

c y l i n d e r . F i gu re 4 shows the cons t ruc t ion d e t a i l s o f one s l i t . 

The f i r s t s l i t ( S , ) was 0.0324 cm wide, 0.31 cm h i g h , and 4.17 cm 

from the center of the ta rge t c e l l , wh i le the second s l i t ( S g ) was 0.1085 

cm wide, 0.31 cm h i g h , and 14.33 cm from the center of the ta rge t c e l l . 
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The s l i t widths were measured three ways: f i r s t by a t r a v e l i n g mic ro ­

scope, second by the d i f f r a c t i o n pat tern of a 6330 A l a s e r beam, and 

t h i r d wi th a micrometer. For S g , the d i f f r a c t i o n method proved i n a c c u ­

r a t e . Exc lud ing the d i f f r a c t i o n method for S 2 , a l l measuring techniques 

y i e l ded r e s u l t s which agreed w i th in ± 5 percent . 

I n the c a l c u l a t i o n s presented i n Appendix F fo r the apparatus 

f u n c t i o n , S 2 i s assumed to be rec tangu la r . I n f a c t , S 2 i s not e x a c t l y 

r e c t a n g u l a r , s i nce the top and bottom of the aperture are sec t ions of a 

c i r c l e . The he ight quoted above i s the he ight of a rec tang le whose area 

i s the same as the a c t u a l s l i t and whose width i s the measured s l i t w id th . 

Thus , i f t h i s he igh t i s m u l t i p l i e d by the s l i t w id th , the r e s u l t i n g area 

i s the a c t u a l area of the s l i t . S i n c e , i n the eva lua t ion of the apparatus 

funct ion G ( 0 ) , the s l i t he igh t i s used only i n the c a l c u l a t i o n of the area 

of the aper tu re , the procedure ou t l i ned above in t roduces n e g l i g i b l e e r r o r . 

» 

Scat te red F l u x Detectors 

A f te r t r a v e r s i n g the co l l ima t i on s l i t s , the sca t te red f l u x was 

monitored by one of the two detectors located on the r o ta t i ng r a i l . 

Scat te red neu t ra l s i n the metastable 2s s ta te were detected by app ly ing a 

t raverse e l e c t r i c f i e l d which mixed the 2s and 2p s t a t e s , caus ing the 

emission of a Lyman-alpha photon. A f r a c t i o n of these photons was subse­

quently detected by a funneled e lec t ron m u l t i p l i e r operated in the count­

ing mode. Scat te red neu t ra l s i n any bound s ta te were detected by measur­

ing the current of secondary e lec t rons produced when the atoms were 

al lowed to s t r i k e an i n c l i n e d metal p l a t e . Scat te red ions could be de­

tected by secondary emission i n the same manner as the n e u t r a l s , or the 



59 

ion current could be measured d i r e c t l y by changing connect ions and b iases 

w i th in the module to form a convent ional Faraday cup. 

Metastable Detector 

The metastable f l u x detec t ion module shown i n F i gu re 5 was located 

on the ro ta t i ng r a i l immediately behind the sca t te red f l u x co l l ima to r (see 

F igu re 2 ) . The detector cons is ted, of a set of p a r a l l e l p l a tes which pro­

v ided the t ransverse quenching f i e l d , a funneled e lec t ron m u l t i p l i e r to 

detect the r e s u l t i n g photon, and a prequench un i t fo r removal of meta-

s tab les before reach ing the f i e l d of view of the de tec to r . 

The p a r a l l e l p l a tes were 3.2 cm h igh by 7.6 cm long and spaced 

2.54 cm apar t . Two grounded s h i e l d s were incorporated to reduce the spa ­

t i a l extent of the f r i n g e f i e l d ; the U-shaped s h i e l d s wrapped around the 

f ront of each quench p la te and protruded in to the space between the p la tes 

approximately 2.6 cm, l eav ing 5 cm of the quench p la te exposed (see F i g ­

ure 5 ) . Between the quench p la tes the s h i e l d s were spaced 0.508 cm apart 

and were centered on the a x i s of the sca t te red f l u x c o l l i m a t o r . 

Care was taken to ensure that no apprec iab le f r a c t i o n of the meta-

s tab les was quenched outs ide the de tec to r ' s f i e l d of view by f r i nge f i e l d s 

from the quench p l a t e s . The i n t e n s i t y of the e l e c t r i c f i e l d a long the 

beam a x i s was c a l c u l a t e d to an accuracy of ± 10 percent by the use of a 

mapping f u n c t i o n ^ and was found to r i s e from 0.1 to 90 percent of i t s 

asymptot ic va lue in a d is tance of 1 cm; i t was approximately 50 percent 

a t the edge of the grounded s h i e l d . S ince the detector viewed a region 

extending from 2 cm i n f ront of t h i s edge to 7 cm past t h i s edge, the 

smal l f r a c t i o n o f metastables quenched by the f r i n g e f i e l d cont r ibuted to 



Figure 5 Metastable Flux Detector. 
A. Cross Sectional View; 
B. Detail of the Quench Plates. OA 
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the measured s i g n a l . I t was concluded that there was no s i g n i f i c a n t l o s s 

of s i g n a l due to quenching by f r i n g e f i e l d s . 

I t was demonstrated that the s i g n a l saturated as the quenching 

f i e l d was i n c r e a s e d , and the e f f e c t i v e l i f e t i m e of the 2s s ta te was 

lowered u n t i l e s s e n t i a l l y a l l metastables decayed w i th in v iew of the de­

tec to r (see Appendix B ) . F igu re 6 shows a rep resen ta t i ve sa tu ra t ion curve 

for impact energy of 25.0 keV. The d i f fe rence between the s i g n a l wi th 

the quench f i e l d on and wi th i t o f f should represent the f i e l d - i n d u c e d 

emission from the 2s s t a t e . When the quench f i e l d was removed, there was 

an apprec iab le background s i g n a l . The sources were not completely i d e n t i ­

f i e d , but the s i g n a l inc luded components caused by e x c i t a t i o n of the back­

ground gas and the impact of the beam on s u r f a c e s . There was concern 

t h a t , when the quench f i e l d was turned on , t h i s background might change, 

p a r t i c u l a r l y due to the a l t e r a t i o n i n t r a j ec to r y of the p r o j e c t i l e ions 

and acce le ra t i on of s t r ay e lec t rons onto metal s u r f a c e s . T h i s problem 

was obviated by p l a c i n g before the detect ion reg ion a "prequench" e l e c t r i c 

f i e l d p a r a l l e l to the d i r e c t i o n def ined by the sca t te red f l u x c o l l i m a t o r . 

The prequench f i e l d removed the metastables before they entered the f i e l d 

of v iew of the de tec tor . The prequench sa tu ra t ion curve for H(2s) removal 

fo r an impact energy of 20 keV i s shown i n F igu re 6. The change i n count 

ra te when the quench f i e l d was removed whi le under prequench sa tu ra t ion 

i s a measure of the e f f ec t i veness of the prequench un i t i n removing H ( 2 s ) . 

At 20 keV the un i t was found to remove 98 percent of the H ( 2 s ) , For 

lower e n e r g i e s , t h i s percentage was h i g h e r . Background s i g n a l s observed 

by the photon detector were unaf fected by the presence of the prequench 



Figure 6 Representative Count Rate Saturation Curves showing Count Rate as a Function of 
Quench Field and as a Function of Pre-Quench Voltage. 
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f i e l d . Both the quench f i e l d and the prequench f i e l d were maintained 

s l i g h t l y above the va lue which produced s a t u r a t i o n . The d i f f e rence be­

tween the s i g n a l w i th the prequench o f f and the s i g n a l wi th the prequench 

on was taken as the t rue s i g n a l from the quenching of metas tab les . 

The p o s s i b i l i t y of an energy-dependent detec t ion s e n s i t i v i t y i s 

d iscussed i n Appendix B, and a tes t to a s c e r t a i n the magnitude of t h i s 

e f f ec t i s desc r i bed . The r e s u l t of the t e s t i nd i ca ted that the magnitude 

of the detect ion e f f i c i e n c y v a r i e d by no more than 10 percent over the 

energy range of 4 to 20 keV. T h i s v a r i a t i o n was not cor rec ted i n the 

data and w i l l be considered as a con t r i bu t i ng fac to r i n the accuracy wi th 

which c ross sec t ions were determined. 

Assignment of an absolute va lue to the H(2s) data was done by 

normal iz ing a t o t a l charge t r ans fe r c ross sec t ion to absolute data p re -

14 

v i o u s l y pub l ished by Andreev et a l . ; the t o t a l c ross sec t ion fo r the 

reac t ion H + Ar -• H(2s) + Ar at 20 keV impact energy was taken at 3.0 

± 0 . 6 x 1 0 ~ 1 6 c m 2 . D e t a i l s concerning the normal iza t ion procedure are 

located in Appendix B. A summary of the poss ib l e e r ro rs invo lved i s 

presented i n Chapter V . 

Two funneled e lec t ron m u l t i p l i e r s were used dur ing the course of 

the experiment. A Mul lard type B 419 BL was used for a l l of the t o t a l 

c ross sec t ion work; a Bendix type 4039 was used for most of the d i f f e r e n ­

t i a l work. The detector was changed when the Mul lard un i t developed a 

ra ther h igh background count ra te of one count per second. 

I n order to u t i l i z e the extremely low inherent background of t h i s 

type of detector (0 .03 c o u n t / s e c ) , secondary e lec t rons and u l t r a v i o l e t 
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photons produced a t the beam co l l ima t i on aper tures had to be suppressed. 

The e lec t rons were c o l l e c t e d by b iased e lec t rodes near each aperture and 
e 

l a rge b a f f l e s coated wi th soot . The re f l ec tance of soot at 1216 A was 

measured us ing a vacuum monochromator to be one percent . The detect ion 

module was completely sh ie lded wi th s t a i n l e s s s t e e l shim s tock coated 

wi th soo t . The presence of soot d id not m a t e r i a l l y a f f e c t the 10" 7 Tor r 

background pressure i n the vacuum chamber. These precaut ions reduced the 

photon detector background from 5 counts /sec to i t s l i m i t of 0.03 count 

per sec wi th the beam on , no ta rge t gas i n the c o l l i s i o n c e l l , and the 

apparatus set to a l a rge s c a t t e r i n g a n g l e . 

Ion and Neut ra l Detector 

Scat te red ions and neu t ra l s were detected by the l a s t module on 

the r o ta t i ng arm (see F igu re 2 ) , Th i s module i s a s p e c i a l l y designed 

Faraday cup which may be operated as a neu t ra l detector by measuring the 

secondary e lec t rons formed when the atoms s t r i k e a p l a te i n the back of 

the cup. F igu re 7 shows the i n t e r n a l cons t ruc t ion of t h i s detector and 

the e l e c t r i c a l connect ions used for the two modes of opera t ion . 

Scat tered f l u x enters the module through an aperture 0.64 cm h igh 

and 6.4 cm wide. The e x t r a width of the aperture i s necessary because 

the ion f l u x i s de f lec ted by the H(2s) detector quench f i e l d and because 

i t i s d e s i r a b l e to be ab le to monitor t h i s current w i th the quench f i e l d 

on. Three i nsu la ted p l a tes (se t at an angle of 60 degrees from normal 

wi th respect to the incoming f l u x ) form the back of the module. The 

center p la te i s 0.65 cm wide, and the l e f t and r i g h t p l a tes are each 2.54 

cm wide. Immediately above the p la tes i s an e lec t rode which may be b iased 
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fo r secondary e lec t ron c o l l e c t i o n . I n s i d e the module i s an e lec t rode 

b iased to suppress secondary e lec t rons and prevent t h e i r escap ing . A l l 

b i a s i n g po ten t i a l s in t h i s un i t demonstrated cur rent sa tu ra t ion thus i n d i ­

ca t i ng co r rec t opera t ion . 

To detect neu t ra l f l u x , the quench f i e l d of the metastable detector 

was used to d e f l e c t the sca t te red ions from the c e n t r a l p l a t e ; secondary 

e lec t rons l eav ing the p la te were then c o l l e c t e d by the e lec t rode located 

overhead. An electrometer was used to measure the apparent p o s i t i v e 

cur rent to the center p la te caused by the l o s s of secondary e l e c t r o n s ; 

t hus , the current to the center p la te was I = v i , where V i s the ' r o To o* o 

average secondary emission c o e f f i c i e n t for neu t ra l atoms and i Q i s the 

e f f e c t i v e neu t ra l " c u r r e n t . " A subs id i a r y experiment was performed to 

measure Y Q (see Appendix C ) . When the quench f i e l d was removed and both 

ions and neu t ra l s were permitted to s t r i k e the center p l a t e , the cur rent 

measured was I _ = [ Y , + l ] i + Y i , where Y , i s the average secondary 1 + + 0 0 + 

emission c o e f f i c i e n t for ions and i + i s the t rue ion cu r ren t . Thus , by 

f i r s t measuring i + us ing the detector i n the Faraday cup mode and then 

measuring 1 ,̂ and I q us ing the secondary emission mode, Y + could be e v a l u ­

ated v i a Y = ( L - I ) / ( Y + 1 ) . During the exper iment, i was measured 

+ 1 o + + 

e i the r by the secondary emission current or d i r e c t l y by us ing the module 

as a Faraday cup; neu t ra l current i was determined from the secondary 

emission current I . 
o 

A v i b r a t i n g reed electrometer (Cary type 31) was used for measuring 

The e f f e c t i v e neu t ra l current i s def ined as je j t imes the neu t ra l 
f l u x . 
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cur rent from the ion/atom de tec to r . The electrometer outputs when us ing 

the v a r i o u s s c a l e s and the three input r e s i s t o r s ( 1 0 1 0 , 1 0 1 1 , and 1 0 1 2 

ohms) were intercompared us ing a constant current source ; smal l c o r r e c ­

t i ons were app l ied fo r d i f f e rences i n response observed when us ing the 

three input r e s i s t o r s . The o v e r a l l abso lu te s e n s i t i v i t y was c a l i b r a t e d 

by the use of a standard current source composed of a standard vo l t age 

source (accurate to 0.01 percent) and a standard r e s i s t o r (accurate to 

1 p e r c e n t ) . 

Data A c q u i s i t i o n 

The apparatus descr ibed i n the preceding sec t i ons was operated 

in s e v e r a l d i f f e ren t modes, depending on the p a r t i c u l a r data to be r e ­

corded. I n t h i s sec t ion these modes of operat ion are desc r i bed , and 

techniques used for data a c q u i s i t i o n are o u t l i n e d . 

I n Chapter I I the opera t iona l d e f i n i t i o n of a d i f f e r e n t i a l c ross 

sec t ion was de r i ved . The v a r i a b l e s which must be measured to permit the 

c a l c u l a t i o n of the c ross sec t ion a r e : (a) angle of s c a t t e r i n g , (b) i n ­

c iden t p r o j e c t i l e cu r ren t , ( c ) ta rge t number d e n s i t y , and (d) pos t -

c o l l i s i o n c u r r e n t s . 

Measurement of the s c a t t e r i n g angle was c a r r i e d out s imply by 

v i s u a l l y observ ing a graduated mechanical s c a l e . 

Two methods for monitor ing the p r o j e c t i l e current were used c o r ­

responding to whether d i f f e r e n t i a l or t o t a l c ross sec t ions were being 

measured. For d i f f e r e n t i a l s c a t t e r i n g da ta , the p r o j e c t i l e current was 

c o l l e c t e d on the outer s h e l l of the c o l l i s i o n chamber a f t e r pass ing 
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through the ta rge t g a s . The inner s h e l l was b iased to suppress secondary 

e lec t rons formed when the beam s t ruck the outer w a l l . For t o t a l c ross 

s e c t i o n s , the ion beam was c o l l e c t e d at the end of the r o t a t i n g arm by 

the ion/atom detector which was operated i n the Faraday cup mode. 

The ta rge t number dens i ty n was evaluated from the measured 

pressure by the i d e a l gas law P = nkT, where k i s Bol tzmann's constant 

and T i s the abso lu te temperature of the ta rge t g a s . As p rev ious l y ou t ­

l i n e d , the pressure was monitored by a capac i tance manometer. 

I n g e n e r a l , both the ta rge t gas pressure and the inc iden t p r o j e c ­

t i l e f l u x were recorded manually from the measuring ins t ruments . 

Data a c q u i s i t i o n for the p o s t - c o l l i s i o n cur ren ts was semi-automatic 

Pu lses from the metastable detector were amp l i f i ed wi th an ORTEC 113 p re ­

amp l i f i e r and a 410 a m p l i f i e r , d i sc r im ina ted by a 421 d i sc r im ina to r and 

then s c a l e d . A vo l tage- to - f requency converter was used to change the 

d i r e c t current from the electrometer measuring I or I to a s e r i e s of 
T O 

pu lses whose frequency was propor t iona l to the magnitude of the s i g n a l . 

These pu lses were then s c a l e d . The contents of the s c a l e r s were p e r i o d i ­

c a l l y p r in ted on a standard te le type un i t and thus recorded. 

F i gu re 8 shows the system f low char ts used for measuring t o t a l and 

d i f f e r e n t i a l c ross s e c t i o n s . Inc luded i n the f i g u r e are desc r i p t i ons o f 

operat ing modes for the measurement of the seve ra l types of p o s t - c o l l i s i o n 

f l u x . 

While measuring the t o t a l neu t ra l cu r ren t , the primary beam could 

not be monitored. The neu t ra l current was read as q u i c k l y as p o s s i b l e and 

the beam current checked before and a f t e r the measurement. The beam was 

s tab le to w i th in one percent , and t h i s technique was considered acceptab le 
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CHAPTER V 

ERROR ANALYSIS 

The r e l a t i o n between the quan t i t i es which are measurable i n the 

laboratory and the mic roscop ic d i f f e r e n t i a l c ross sec t ion fo r the pro­

duct ion of the i*"*1 p o s t - c o l l i s i o n spec ies was der ived i n Chapter I I and 

i s g iven by equation ( 2 0 ) . There i t was shown that the d i f f e r e n t i a l 

c ross sec t ion could be wr i t ten as the r a t i o of the i*"*1 spec ies detector 

cur rent (or count ra te ) N^CG) to the i nc iden t beam current 1^, the t a r ­

get number dens i ty N , the detector s e n s i t i v i t y ( D e ) . , and the angular 

i ng angle 6 , the p r o j e c t i l e energy E , and the pu r i t y of the ta rge t gas and 

p r o j e c t i l e beam must a l s o be determined. 

The fo l l ow ing a n a l y s i s of p o s s i b l e systemat ic and random e r ro rs i n 

the measured d i f f e r e n t i a l c ross sec t ions presented i n Chapters V I and V I I 

w i l l c o n s i s t o f i n v e s t i g a t i n g separa te ly each of the above mentioned 

f a c t o r s . 

The magnetic mass sec t ion and the h igh degree of beam co l l ima t i on 

by the two aper tures located on the f i x e d support arm provided adequate 

i o n i c spec ies separat ion fo r a l l p r o j e c t i l e s used i n t h i s experiment. 

Scans of the p r o j e c t i l e cur rent to the c o l l i s i o n chamber as the magnetic 

f i e l d i n t e n s i t y was v a r i e d showed w e l l reso lved peaks fo r H + , H 9

+ , and 

l 

L ( e ) 
Au)dx. I t i s i m p l i c i t that the s c a t t e r -

P r o j e c t i l e P u r i t y 
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I t i s concluded that there were no chemical impur i t i es i n any of 

the ion beams. However, there was no knowledge of the v i b r a t i o n a l s ta tes 

of e i t he r the H 2

+ or H ^ + p r o j e c t i l e s . 

Target P u r i t y 

As mentioned i n Chapter I V , the ta rge t gas (s ta ted to be 99.995 

percent pure) was supp l ied from commercial h igh -p ressu re tanks and was 

passed through a s o l i d carbon d iox ide and acetone co ld t rap to remove 

condensable i m p u r i t i e s . 

I t was concluded that there was no s i g n i f i c a n t e r ro r due to ta rge t 

impur i t y . 

P r o j e c t i l e Energy 

An e l e c t r o s t a t i c energy ana lyzer was used to measure the beam 

energy at the s t a r t and end of each angular scan . A desc r i p t i on of the 

ana lyzer and i t s operat ion i s g iven i n Chapter I V . There i t i s shown 

that the ana lyzer determined the beam energy to an accuracy of ± 2 percent . 

S c a t t e r i n g Angle 

The angular s e t t i n g of the ro ta t i ng arm was read from the mechani­

c a l s ca l e a t i t s end; the reading accuracy was ± 0.017 degree. 

I t was necessary to determine the s e t t i n g for an e f f e c t i v e angle 

o f zero degrees, because the p rec i se al ignment of the primary beam would 

va ry a smal l amount from one day to the nex t . Two methods were used. I n 

the f i r s t and s imples t approach, the detector was au tomat ica l l y scanned 
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through the primary beam and the center l i n e of the beam d i s t r i b u t i o n 

taken as the reference point fo r zero degrees. T h i s technique was s a t i s ­

fac to ry for the study of d i s s o c i a t i o n where the sca t te red f l u x v a r i e d 

s lowly wi th a n g l e ; however, for charge t r a n s f e r , where the angular d i s t r i 

but ion was very s teep , a more p rec i se method was used. I n t h i s second 

method, the sca t te red H° and H + f l u x was monitored on both s i des of the 

beam. The center l i n e of the sca t te red p a r t i c l e d i s t r i b u t i o n was taken 

as the zero-degree re ference po in t . The d i s t r i b u t i o n s were always qu i te 

symmetric. 

There was a cons iderab le amount of d i f f i c u l t y due to smal l changes 

of beam o r i en ta t i on dur ing data t a k i n g . The evidence for such changes 

was that the f l u x of sca t te red H° and H + would d r i f t down (or up) by 

amounts which could not be co r re la ted wi th changes i n beam i n t e n s i t y . 

I t was decided that changes of up to two percent were t o l e r a b l e ; when the 

change i n f l u x exceeded that v a l u e , the run was abandoned, the beam r e -

centered , and the e f f e c t i v e va lue of the zero-degree s e t t i n g redetermined 

T h i s problem was most severe for the charge t r a n s f e r measurements because 

here the c ross sec t ion v a r i e d very r a p i d l y wi th ang le . 

Tak ing a l l the above po in ts i n to cons ide ra t i on , i t i s est imated 

that the angle 9 was determined to bet ter than ± 0.026 degree for the 

e lec t ron capture experiment and ± 0.045 degree for the d i s s o c i a t i o n ex ­

periment . 

Beam Current 

The p r o j e c t i l e beam current was c o l l e c t e d on the outer s h e l l of 

the c o l l i s i o n c e l l a f t e r pass ing through the ta rge t r eg i on . The inner 
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s h e l l was b iased to suppress secondary e l e c t r o n s . 

Systemat ic e r ro rs i n measuring the beam current may be caused by 

the f o l l ow ing : 

(a) l o s s of cur rent by in te rcep t ion of ta rge t e x i t aper tu re , 

(b) inadequate suppression of secondary e l e c t r o n s , 

( c ) beam n e u t r a l i z a t i o n i n the ta rge t c e l l , or 

(d) C a l i b r a t i o n e r ro r of the electrometer measuring the beam 

cu r ren t . 

The e x i t aperture of the c o l l i s i o n chamber was s u f f i c i e n t l y l a rge 

to pass the beam without i n te rcep t i on . T h i s was checked by moni tor ing the 

current to the inner s h e l l . T h i s current was propor t iona l to ta rge t gas 

dens i t y and was a t t r i b u t a b l e to ta rge t ions formed by the e lec t ron capture 

process (see Appendix C ) . 

The current to the outer s h e l l was measured as a funct ion of the 

b i a s on the inner s h e l l . The current was found to sa tura te for po ten t i a l 

of -10 to -15 v o l t s . Data were taken wi th -30 v o l t s on the inner s h e l l . 

Because of the low ta rge t pressures used ( u s u a l l y l e s s than 0.5 

m ic ron ) , beam n e u t r a l i z a t i o n was u s u a l l y l e s s than 2 percent for the e l e c ­

tron capture study and 5 percent for the d i s s o c i a t i o n s t u d i e s . Co r rec ­

t i ons were made for the d i s s o c i a t i o n work but not fo r the e lec t ron capture 

work. 

The electrometer used to measure the beam current was c a l i b r a t e d 

us ing the same abso lu te standard descr ibed i n Chapter I V . The e lect rom­

eter was found to be accurate to w i th in ± 3 percent over a l l ranges used. 

The only random er ro rs invo lved i n measuring beam current were 



74 

s c a l e reading and zero d r i f t . The sum of these was est imated to be l e s s 

than 2 percent . 

I t i s est imated that the systemat ic e r ro r i n measurement of 1^ d id 

not exceed +3 and -5 percent for e lec t ron capture data and ± 3 percent fo r 

d i s s o c i a t i o n da ta . The random er ro rs were l e s s than ± 2 percent for both 

s t u d i e s . 

Target Densi ty 

The i d e a l gas law was used to r e l a t e the ta rge t pressure to the 

ta rge t number d e n s i t y . The' r e l a t i o n used was 

N t = 3.24 x 1 0 1 3 P , (41) 

where a temperature of 298°K has been assumed. P i s the ta rge t pressure 

in microns and N f c i s the ta rge t number dens i t y ( c m - 3 ) . The ta rge t p r e s ­

sure was monitored wi th a capac i tance manometer. I t was shown that the 

systemat ic e r ror i n t h i s dev ice d i d not exceed ± 5 percent (see Chapter 

I V ) . Random er ro rs due to changes of room temperature, zero d r i f t , and 

pressure f l u c t u a t i o n s caused an uncer ta in ty of l e s s than ± 2 percent . 

Scat te red H + and H° F l u x 

Scat te red H + and H° were detected as c u r r e n t s , e i t he r d i r e c t l y 

wi th the Faraday cup ( fo r H + on ly ) or i n d i r e c t l y , us ing the secondary 

emission technique. The cur rents were measured by a Cary v i b r a t i n g reed 

e lect rometer . The output of t h i s dev ice was d i g i t i z e d and sca led for 

per iods of 10 to 100 seconds. 

The only source of random er ro rs was cable no ise observed for very 
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low-current s c a l e s on the Cary . T h i s was e s s e n t i a l l y removed by the 

method used to record c u r r e n t s . Random e r ro rs a l s o occur due to d r i f t s 

i n p ressu re , primary beam cu r ren t , and beam o r i en ta t i on ( s h i f t i n beam 

center l i n e ) . However, these sources of e r ro r are a l ready inc luded i n 

the d i s c u s s i o n s of the preceding s e c t i o n s . 

+ o 

Systemat ic e r ro rs i n measurements of sca t te red H and H may be 

caused by the f o l l ow ing : 

(a) l o s s of f l u x between point of formation and point of de tec t i on , 

(b) systemat ic e r ro rs i n the measurement of (D ) and (D ) (the 
e + e o 

+ o 
detect ion e f f i c i e n c i e s fo r H and H ) , or 

(c ) systemat ic e r ro r i n the c a l i b r a t i o n of the Cary e lect rometer . 
+ o 

The only mechanism for l o s s of sca t te red H or H i s a second c o l ­

l i s i o n . T h i s p o s s i b i l i t y was e l iminated by operat ing i n a pressure reg ion 

where the detected s i g n a l was l i n e a r wi th ta rge t dens i t y (a second c o l l i -
* 

s ion process would e x h i b i t a square low dependence on ta rge t d e n s i t y ) . 
+ 

As was d i scussed in Chapter I V , sca t te red H was monitored i n one 

of two ways. The ion/atom detector could be operated as a convent ional 

Faraday cup or as a secondary e lec t ron emission de tec to r . When operated 

as a Faraday cup, (D ) was e s s e n t i a l l y u n i t y . The va r i ous suppression 
e 4* 

po ten t i a l s i n the cup ensured that secondary e lec t rons formed could not 

escape, thus g i v i n g an erroneously h igh current read ing . When operated 
4. 

i n the secondary emission mode, (D ) was y + I, where Y , i s the H 
e T T T 

c o e f f i c i e n t fo r e lec t ron emiss ion . The measurement of Y + i s d i scussed 

in Chapter I V and Appendix C . I t i s be l ieved that the absolute va lue of 

For example, see the d i s c u s s i o n i n re ference 67. 
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Y + i s known to w i th in ± 5 percent for a l l impact energ ies 

Scat te red H° was monitored wi th the ion/atom detector operat ing 

in the secondary emission mode. The measurement of the secondary emis­

s ion c o e f f i c i e n t fo r n e u t r a l s , Y Q , ' i s descr ibed in Appendix C . The r a t i o 

Y q / Y + was measured to an accuracy of ± 5 percent and used i n conjunct ion 

wi th measured va lues of Y + to evaluate Y q through the experiment. S ince 

the measurement e r ro rs invo lved i n determining Y ^ / Y + and Y + are independ­

en t , the poss ib l e er ror i n the va lue of Y i s est imated to be the square 
o 

root of the sum of the squares of the two e r r o r s , that i s , approximately 

± 7 percent . 

The c a l i b r a t i o n of the Cary electrometer was d iscussed i n Chapter 

I V . There i t was shown t h a t , a f t e r minor co r rec t i ons were a p p l i e d , the 

systemat ic e r ror i n the c a l i b r a t i o n was l e s s than one percent . 

I t i s therefore concluded that the random e r ro rs are e s s e n t i a l l y 

z e r o , and the systemat ic e r ro rs do not exceed ± 5 percent for H + and ± 7 

percent for H° measurements. 

Scat tered H(2s) F l u x 

The f ie ld-quenched Lyman-alpha photons were counted i n d i v i d u a l l y 

by a continuous e lec t ron m u l t i p l i e r . The detector count ra te was u s u a l l y 

we l l below 100 c / s and never above 500 c / s for a l l d i f f e r e n t i a l da ta ; 

68 

thus no dead-time co r rec t i ons to the count ra te were necessary . 

The s t a t i s t i c a l nature of microscop ic processes was qui te evident 

at these low count r a t e s . I n p r i n c i p l e , these inherent s t a t i s t i c a l f l u c ­

tua t ions may be reduced to a r b i t r a r i l y smal l va lues by count ing for a 

s u f f i c i e n t l y long per iod of t ime. However, i n the case of the e lec t ron 
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capture d a t a , time l i m i t a t i o n s imposed by the tendency for the acce le ra to r 

to become unstab le a f t e r 8 to 10 hours operat ion requi red the acceptance 

of a f i n i t e va lue for these f l u c t u a t i o n s . For smal l and intermediate 

ang les (where the count ra te was h i g h e s t ) , data were u s u a l l y taken at 

each angle u n t i l approximately 1000 s i g n a l counts were accumulated. For 

the l a rge r ang les (greater than one degree) t o t a l s i g n a l counts of 200 to 

400 were u s u a l l y taken wi th a few of the 4 keV l a rge -ang le po in ts c o n s i s t ­

ing of 100 to 200 s i g n a l counts . The background s i g n a l s ( ta rge t gas r e ­

moved from the c o l l i s i o n c e l l ) were 10 to 15 percent of the net s i g n a l for 

the higher impact energies and 20 to 30 percent at 4 keV. The net signal 

was always cor rected fo r t h i s background i n the case of e lec t ron cap tu re . 

The d i s s o c i a t i o n data d id not su f f e r from such low count r a t e s , 

and at l e a s t 1000 s i g n a l counts were u s u a l l y taken at each ang le . I n 

a d d i t i o n , the s i g n a l due to background gas i n the c o l l i s i o n chamber was 

always l e s s than 3 percent of the net s i g n a l . The d i s s o c i a t i o n data were 

not cor rected fo r t h i s background. 

Systemat ic e r ro r i n the measurement of the H(2s) f l u x may be caused 

by the f o l l ow ing : 

(a) eva luat ion of the detect ion s e n s i t i v i t y ( D

e ) 2 s » 

(b) v e l o c i t y dependence of ( D

e ) 2 s > 

(c ) l o s s of H(2s) f l u x by c o l l i s i o n a l d e - e x c i t a t i o n or i o n i z a t i o n , 

(d) l o ss of H(2s) f l u x by e l e c t r i c f i e l d s other than the quench 

or pre-quench f i e l d s , 

(e) l o s s of H(2s) f l u x by the f r i n g i n g of the quench f i e l d , or 

( f ) i n s u f f i c i e n t quench or pre-quench f i e l d s . 
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Most of these p o s s i b i l i t i e s are thoroughly d iscussed i n Appendix B. 

The detect ion e f f i c i e n c y was determined by the normal iza t ion of a 

measured t o t a l ( i n ang le ) e lec t ron capture c ross sec t ion to a p rev ious l y 

publ ished absolute v a l u e . The quoted p o s s i b l e er ror of t h i s c ross sec t ion 

was ± 20 percent . I n c l u d i n g p o s s i b l e p o l a r i z a t i o n e f f e c t s (see Appendix 

B) , t h i s p o s s i b l e er ror becomes +38 percen t , -14 percent . 

A t es t descr ibed i n Appendix B was performed to a s c e r t a i n the 

ex is tence of a v e l o c i t y dependence of ( ^ e ) 2 s * • t t w a s concluded t ha t , to 

an accuracy of ± 10 percent , 0*^) ^s

 w a s v e l o c i t y independent. 

Data were taken only fo r ta rge t pressures where the detected H(2s) 

f l u x was shown to be l i n e a r wi th ta rge t d e n s i t y , thus p rec lud ing H(2s) 

l o s s v i a a second c o l l i s i o n . 

The path from the center of the c o l l i s i o n chamber to the H(2s) 

detector was w e l l sh ie lded from extraneous e l e c t r i c f i e l d s . Tes t s were 

conducted by app ly ing po ten t i a l s to nearby spare e lec t rodes and observ ing 

the count r a t e . No change could be detected fo r p o t e n t i a l s which were 

equal to any used i n the system. However, the 30 -vo l t b i a s on the inner 

s h e l l of the c o l l i s i o n chamber d id cause a smal l f r a c t i o n of the H(2s) 

to decay before reaching the de tec to r . T h i s e f f e c t was measured c a r e f u l l y 

by temporar i ly removing the b i a s and not ing the inc rease i n count r a t e . 

The l o s s v a r i e d from 6.4 percent at 4 keV to 2.5 percent a t 20 keV. A l l 

2s data were cor rec ted for t h i s e f f e c t . 

The l o s s of H(2s) by the. f r i n g i n g of the quench f i e l d i s shown i n 

Appendix B to be n e g l i g i b l e . 

F i n a l l y , the e f f ec t i veness of the pre-quench and quench f i e l d s i n 
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quenching the metastable atom i s d i scussed i n Chapter I V and Appendix B. 

I t was found that the quench f i e l d was e s s e n t i a l l y 100 percent e f f e c t i v e , 

wh i le the pre-quench un i t removed a t l e a s t 97 percent o f a l l H ( 2 s ) . 

Using a 96 percent conf idence l e v e l , the est imated random e r ro rs 

fo r the measurement of the 2s f l u x are as f o l l ows : 

(a) ± 6 percent fo r a l l d i s s o c i a t i o n d a t a , 

(b) ± 6 percent fo r low-angle e lec t ron capture data (8 < 1 deg ree ) , 

( c ) ± 15 percent for most l a rge -ang le e lec t ron capture d a t a , and 

(d) ± 20 percent for l a rge -ang le e lec t ron capture data at 4 keV. 

I t i s est imated that the t o t a l poss i b l e absolu te er ror i n the 

measurement o f the 2s f l u x i s l e s s than +39 percent and -17 percent . 

Geometr ical Factor 

The geometr ica l f ac to r Ali)dx i s evaluated i n Appendix F fo r 
J L ( e ) 

the p a r t i c u l a r geometry employed i n the present experiment. E r ro r s i n 

the c a l c u l a t e d magnitude of the geometr ica l f ac to r are due to uncer ta in ty 

i n the measurements of the dimensions of the c o l l i m a t i n g s l i t s and t he i r 

p o s i t i o n . The e f f ec t of these e r ro rs on the va lue of the geometr ica l 

f ac to r was determined by eva lua t ing the geometr ica l fac to r us ing s l i t 

dimensions which were v a r i e d by the est imated p o s s i b l e e r r o r . The maximum 

change i n Au)dx recorded was ± 6 percent . S ince the e r ro rs fo r each 
J L ( e ) 

s l i t should be independent, 6 percent i s an upper bound on the p o s s i b l e 

e r ro r i n the magnitude geometr ica l f a c t o r . 

A lso d i scussed i n Appendix F i s the f a c t that the f i n i t e acceptance 

angle causes the measured d i f f e r e n t i a l c ross sec t ions to be s y s t e m a t i c a l l y 
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h igher than the t rue c ross s e c t i o n . The magnitude of t h i s s h i f t depends 

on the ra te of change of the c ross sec t ion wi th s c a t t e r i n g angle ( i t i s 

zero for an i s o t r o p i c d i s t r i b u t i o n and inc reases as the ra te of f a l l i n ­

c r e a s e s ) . No attempt has been made to compensate fo r t h i s e f f ec t i n any 

of the data presented i n Chapters V I and V I I . The e f f ec t should be 

smal ler i n the d i s s o c i a t i o n data than i n the e lec t ron capture data and 

should not be important for the p r o b a b i l i t y data s ince these are r a t i o s 

of c ross s e c t i o n s . 

I t i s concluded that the systemat ic e r ro r i n the eva lua t ion of the 

geometr ica l f ac to r i s l e s s than ± 6 percent . The e f f ec t of the f i n i t e 

apparatus reso lu t i on on the measured d i f f e r e n t i a l c ross sec t i ons i s not 

d i r e c t l y a c c e s s i b l e . 

Cascade E f f e c t s 

None of the 2s data presented i n Chapters V I and V I I have been 

cor rec ted for populat ion by cascade from h igher nZ s t a t e s . I t i s not 

p o s s i b l e to make such a co r rec t i on due to the f ac t that no informat ion i s 

a v a i l a b l e on the absolute d i f f e r e n t i a l c ross sec t ion fo r the formation of 

these h igher s t a t e s . 

I n the case of e lec t ron cap tu re , Andreev et a l . ^ ^ show that the 

t o t a l c ross sec t ion fo r formation of the 3p s ta te i s on ly 10 percent of 

that fo r the 2s l e v e l . S ince the branching r a t i o for decay w i l l ensure 

that only 10 percent of the 3p s ta tes w i l l decay to the 2s l e v e l (the 

remainder go to the I s ground s t a t e ) , cascade populat ion of the 2s by the 

3p l e v e l i s approximately one percent . I t can be shown that con t r ibu t ions 

from h igher s ta tes are probably l e s s than one percent . I n the event t h a t , 
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fo r l a rge angle s c a t t e r i n g the r e l a t i v e populat ion of the 2s and 2p 

s ta tes i s s i m i l a r to that for t o t a l s , cascade e f f e c t s may be neg lec ted . 

No measurements have been made of t o t a l d i s s o c i a t i o n reac t i ons for 

the formation of the 3p or h igher s ta tes for the energy range and ta rge ts 

used i n t h i s s tudy. There fo re , no comparison of cascade e f f e c t s may be 

made. However, i t seems u n l i k e l y that the p r o b a b i l i t y fo r formation of 

the 3p s ta te would be as l a rge as or g reater than that fo r the formation 

of the 2s s t a t e . Even i f i t were equa l , the cascade populat ion o f the 2s 

l e v e l would on ly be a 10 percent e f f e c t . 

Although no quan t i t a t i ve p red i c t i ons of cascade populat ion of the 

2s s ta te for d i f f e r e n t i a l s c a t t e r i n g are p o s s i b l e , i t i s thought that the 

e f f e c t i s s m a l l . 

Summary 

A summary of the preceding e r ro r d i s c u s s i o n s i s now presented i n 

three s e c t i o n s . F i r s t , the p o s s i b l e sys temat ic and random er ro rs i n the 

measurement of s c a t t e r i n g angle are reviewed. Second, the p o s s i b l e s y s ­

tematic e r ro rs i n the d i f f e r e n t i a l c ross sec t i ons are presented; and 

f i n a l l y , the p o s s i b l e random er ro rs i n the c ross sec t ions are d i s c u s s e d . 

A p o s s i b l e sys temat ic e r ro r i n the measurement of s c a t t e r i n g angle 

was i n the l o c a t i o n of the zero mark. For the e lec t ron capture work, 

t h i s mark was located to w i t h i n ± 0.017 degree, thus producing a p o s s i b l e 

sys temat ic e r ro r which va r i ed from 3.4 percent at 0.5 degree to 0.6 per ­

cent at 2.0 degrees. For the d i s s o c i a t i o n work, the zero mark was located 

to w i t h i n ± 0 . 0 3 degree. T h i s produced a p o s s i b l e sys temat ic e r ro r which 

v a r i e d from 6.0 percent at 0.5 degree to 1.0 percent at 3.0 degrees. The 
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random er ro r i n reading each angle was l e s s than 0.017 degree. 

Data were taken as angular scans for a f i x e d impact energy. These 

scans were r e l a t e d for va r ious ene rg ies , and f i n a l l y absolute magnitudes 

were ass igned . Thus, three separate types of poss i b l e sys temat ic e r ro r 

must be cons idered. 

The on ly cons t i tuen ts of the d i f f e r e n t i a l c ross sec t i on which might 

conta in angle-dependent sys temat ic e r ro rs are the geometr ica l f ac to r J(i)dx 

and the de tec t ion e f f i c i e n c y ( D p ) i » The geometr ica l f ac to r was accura te l y 

evaluated as a func t ion of s c a t t e r i n g angle and should not conta in an 

angle-dependent e r ro r . The de tec t ion e f f i c i e n c i e s ( D e ) + and ( D e ) Q were 

measured as a func t ion of s c a t t e r i n g angle and thus should a l so be f ree 

of angle-dependent e r r o r s . F i n a l l y , by i t s nature (D ) 9 does not depend 
e zs 

on s c a t t e r i n g angle and thus should not conta in an angle-dependent e r r o r . 

The on ly const i tuent of the d i f f e r e n t i a l c ross sec t i on which may 

e x h i b i t a dependence on impact energy i s the de tec t ion e f f i c i e n c y ( ° e ) ^ » 

The e x p l i c i t energy dependence of ( D

e ) +

 a n d ^ e ^ Q

 w a s measured to w i t h i n 

± 5 percent for a l l energ ies used. The v a r i a t i o n i n ( D

e ) 2 s

 w i t n impact 

energy was found to be l e s s than 10 percent for energ ies between 4 and 20 

keV. 

The eva lua t ion of each d i f f e r e n t i a l cross sec t i on requ i red the 

m u l t i p l i c a t i o n or d i v i s i o n of a number of terms, each ca r r y i ng a p o s s i b l e 

systemat ic e r ro r i n i t s absolute v a l u e . The l i n e a r add i t i on of these 

poss ib l e e r ro rs g i ves the absolute maximum poss ib l e e r ro r i n the c ross 

s e c t i o n . S ince each p o s s i b l e error i s independent of the r e s t , i t i s of 

i n t e r e s t to c a l c u l a t e the net p o s s i b l e er ror by adding the cons t i tuen ts 
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as orthogonal v e c t o r s . Both r e s u l t s w i l l be quoted below. 

The net p o s s i b l e sys temat ic e r ro r i n the absolute va lue of the 

d i f f e r e n t i a l c ross sec t ions for the formation of H + and H° i s found to be 

± 20 and ± 24 percent , r e s p e c t i v e l y , by l i n e a r add i t i on and ± 11 and ± 12 

percent by orthogonal add i t i on . 

The net p o s s i b l e sys temat ic e r ro r i n the absolute va lue of the 

d i f f e r e n t i a l c ross s e c t i o n fo r the formation of H(2s) i s found to be + 52 

and - 30 percent by l i n e a r add i t i on and + 39 and - 16 percent by orthogo­

n a l add i t i on . 

The net p o s s i b l e random er ror i n the r e l a t i v e d i f f e r e n t i a l c ross 

+ o 

sec t ions fo r the formation of H and H at a s i n g l e energy was evaluated 

to be ± 4 percent by l i n e a r add i t ion (± 3 percent by orthogonal a d d i t i o n ) . 

The net p o s s i b l e random er ror i n the r e l a t i v e d i f f e r e n t i a l c ross 

sec t i on fo r the formation of H(2s) at a s i n g l e energy depends on the spe ­

c i f i c r e a c t i o n , energy, and angle range under cons ide ra t i on . For low-

angle e lec t ron capture da ta , random er ro r was ± 10 percent by l i n e a r 

a d d i t i o n , ± 7 percent by orthogonal add i t i on ; fo r h igh -ang le ( 9 > 1.0 

degree) e lec t ron capture da ta , random er ro r was ± 19 percent l i n e a r , ± 15 

percent or thogonal ; fo r h i g h - a n g l e , 4 keV e lec t ron capture da ta , random 

er ror was ± 24 percent l i n e a r , ± 20 percent or thogonal ; and for a l l d i s ­

s o c i a t i o n da ta , random er ror was ± 10 percent l i n e a r , ± 7 percent o r t h ­

ogonal . I f the uncer ta in ty i n s c a t t e r i n g angle i s i nc luded , the est imated 

p o s s i b l e random er ro rs are i n agreement wi th the s c a t t e r i n the data shown 

i n Chapters V I and V I I . 

As a f i n a l comment, i t should be remembered t ha t , due to the f i n i t e 
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system r e s o l u t i o n , there may e x i s t a systemat ic d i f f e rence between the 

measured d i f f e r e n t i a l c ross sec t ions and the true microscop ic c ross s e c ­

t i o n s . T h i s e f f e c t should not be present i n r a t i o s of c ross sec t ions and 

should be minimal fo r the d i s s o c i a t i o n work. 
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CHAPTER V I 

ELECTRON CAPTURE RESULTS AND DISCUSSION 

The e lec t ron capture r e s u l t s w i l l be d i scussed i n four s e c t i o n s . 

I n the f i r s t s e c t i o n , the d i f f e r e n t i a l c ross sec t ion fo r the formation of 

H + , H ° , and H(2s) w i l l be presented as a func t ion of laboratory s c a t t e r i n g 

angle for impact energ ies between 4 and 20 keV. From these da ta , the to ­

t a l d i f f e r e n t i a l c ross sec t ion w i l l be der ived and d i s c u s s e d . The t h i r d 

sec t ion w i l l present the measured p r o b a b i l i t i e s for e lec t ron capture in to 

a l l s t a t e s , P , and in to the 2s s t a t e , P„ . The l a s t sec t ion w i l l p re -' o ' 2 s * 

sent measurements of the f r a c t i o n a l content of the sca t te red neu t ra l f l u x 

i n the 2s s t a t e . 

Measured D i f f e r e n t i a l Cross Sec t ions 

F igu re 9 shows the measured d i f f e r e n t i a l c ross sec t i ons for the 

formation of H+, H ° , and H(2s) dur ing l a rge -ang le proton-hel ium c o l l i ­

s i o n s . The poss ib le systemat ic and random e r ro rs i n these data were d i s ­

cussed i n Chapter V . 

Data are not presented for ang les l e s s than 0.4 degree for two 

reasons. I n the case of sca t te red H + , the sca t te red cur rent could not be 

d i s t i n g u i s h e d from unscat tered primary beam. I n p r i n c i p l e , e lec t ron cap­

ture c o l l i s i o n s could be s tud ied down to zero degrees. However, fo r a n ­

g l e s l e s s than 0.4 degree, the d e f i n i t i o n of the geometr ica l f ac to r be­

came unc lear (see Appendix F ) , and thus d i f f e r e n t i a l c ross sec t i ons could 
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Figure 9 D i f f e r e n t i a l Cross Sections for the Scattering of H by He. 
A. Formation of H + , B. formation of HP, C. formation of H ( 2 s ) . 
Note broken cross section sca le . 
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not be c a l c u l a t e d from the measured f l u x . However, the r a t i o of the H(2s) 

f l u x to the H° f l u x i s w e l l def ined and was measured for angles down to 

zero degrees. 

As can be seen from F igu re 9 , a l l c ross sec t ions were smoothly 

v a r y i n g func t ions o f the s c a t t e r i n g a n g l e , showing no undulat ions or ex ­

t raord inary behav ior . I n g e n e r a l , most se ts of data f i t curves of the 

form k6T n , w i th n rang ing from 2.5 to 3.2 depending on the energy and 

r e a c t i o n . 

The t o t a l d i f f e r e n t i a l c ross sec t ions and most of the e lec t ron cap­

ture p r o b a b i l i t i e s presented i n the remainder of t h i s chapter were de­

r i v e d from the data presented i n F igu re 9 by e i the r adding or d i v i d i n g 

the appropr iate d i f f e r e n t i a l c ross s e c t i o n s . 

I t i s i n t e r e s t i n g to cons ider the p o s s i b i l i t y of i n t e g r a t i n g the 

d i f f e r e n t i a l c ross sec t ions (da/dcD)Q and (dcr/dcD)2 g wi th respect to s c a t ­

t e r i ng a n g l e , thus ob ta in ing the t o t a l c ross sec t ion fo r e lec t ron capture 

in to the 2s s t a t e , cr , and in to a l l s t a t e s , a . These could then be com-' 2 s J ' o 

pared wi th p rev ious ly measured t o t a l c ross sec t ions (see Appendix E fo r 

a and Appendix G fo r c r ^ ) . T h i s procedure i s ou t l i ned i n Chapter I I 

(see equation 25 ) . Unfor tunate ly , the v a s t ma jo r i t y of the e lec t ron cap­

ture c o l l i s i o n s occurs for impact parameters so la rge that the laboratory 

s c a t t e r i n g angle was l e s s than 0.4 degree. I n f a c t , u s u a l l y l e s s than 

one percent of the t o t a l c ross sec t ion arose from f l u x sca t te red through 

an angle s u f f i c i e n t to be measured i n the present apparatus. 
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T o t a l D i f f e r e n t i a l Gross Sect ion 

The t o t a l d i f f e r e n t i a l c ross s e c t i o n , ( d a / dai)^, , was der ived from 

the data presented i n F igu re 9 (a l so Table 1 of Appendix A) by adding 

(do*/dai) + to (do/dflD) o fo r each energy and ang le . Using t h i s procedure, a 

system of curves s i m i l a r to those i n F igu re 9 was generated. As would be 

expected from the shapes of ( d a / d a i ) + and (da /do ) ) ^ the t o t a l d i f f e r e n t i a l 

c ross sec t ion curves were smoothly va r y i ng func t ions of angle at each im­

pact energy. 

F i gu re 10 shows (do/doo)^, fo r the impact energ ies of 4.0 and 20 keV. 

Included are various theoretical predictions of classical scattering: 

the work of B ingham^ employs a screened Coulomb p o t e n t i a l ; S m i t h ^ uses 

a screened Coulomb po ten t i a l modi f ied to inc lude s h e l l s t r u c t u r e ; and the 

most recent work of Bingham which i s based on a s t a t i c potential ( d i scussed 

i n Chapter I I I ) . I t was found t h a t , fo r a l l impact energ ies and ang les 

s tud ied i n t h i s i n v e s t i g a t i o n , the s t a t i c po ten t i a l r e s u l t s agreed best 

wi th experiment. I t should be noted that no attempt has been made to de­

convolve the exper imental data presented i n F i gu re 10, and any d i r e c t 

comparison of abso lu te va lues wi th t h e o r e t i c a l p red i c t i ons i s sub jec t to 

mod i f i ca t ion by the f i n i t e apparatus r e s o l v i n g power. However, the angu­

l a r dependence of the d i f f e r e n t i a l c ross sec t ion should be l a r g e l y f ree 

of t h i s e f f e c t . The angular dependence of the c ross sec t i ons c a l c u l a t e d 

wi th the s t a t i c p o t e n t i a l of Bingham agreed best wi th the exper imental 

r e s u l t s . 

For a f i x e d energy, the impact parameter and the d is tance of c l o s ­

es t approach va ry as the s c a t t e r i n g angle i s changed. The exact r e l a t i o n -
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sh ip between impact parameter and s c a t t e r i n g angle depends on the form of 

the i n t e rac t i on p o t e n t i a l chosen to represent the c o l l i s i o n . The impact 

parameter s c a l e inc luded i n F igu re 10 and i n other f i g u r e s to be p re ­

sented i n the next sec t i on was evaluated us ing the screened Coulomb po­

t e n t i a l . For re ference purposes, t h i s r e l a t i o n i s shown i n F igu re 11; 

here the product 9E i s p lo t ted ve rsus impact parameter. 

The only prev ious measurements of (da/da))^, fo r impact energ ies and 

19 

s c a t t e r i n g angles i n v e s t i g a t e d i n t h i s study are those of Cranda l l , , 

C r a n d a l l f s data agree w e l l i n energy and angular dependence wi th the p re ­

sent work; however, there i s a systemat ic d i f f e rence of 40 percent i n 

absolute magnitude ( C r a n d a l l ' s data lay above the present d a t a ) . C ran ­

d a l l est imates a p o s s i b l e systemat ic e r ro r of ± 30 percent fo r data near 

one degree. S ince the present data are be l ieved accurate to ± 10 per­

cen t , the two data se ts are comparable. 

E lec t ron Capture P r o b a b i l i t y 

F igu res 12 and 13 present the measurements of the e lec t ron cap­

ture p r o b a b i l i t i e s P q and I ^ s * T * i e P r o D a D : L l l t : L e s were def ined i n Chapter 

I I to be the neu t ra l f r a c t i o n of the sca t te red f l u x (P ) and the f r a c t i o n 
o 

of the sca t te red f l u x i n the 2s s t a te ( P 2 s ^ * 

The data are presented fo r the f i x e d s c a t t e r i n g angle of one degree 

and p lo t ted aga ins t the r e c i p r o c a l of the p r o j e c t i l e impact v e l o c i t y . 

T h i s form of presentat ion lends i t s e l f to comparisons wi th prev ious work 

and i n the i n te rp re ta t i on of the observed o s c i l l a t i o n s . 

Both P and P . were i n i t i a l l y measured as a funct ion of s c a t t e r -o 2s 

i ng a n g l e . L i t t l e v a r i a t i o n wi th ang le was observed fo r s c a t t e r i n g 
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Figure 1 2 Energy Dependence of P 0 . (a) Present Experimental Results 
for a Fixed Scattering Angle of 1 degree, (b) Experimental 
Results of Helbig et. al.w-o) for a Fixed Value of 8 E of 

- 2 0 keV-degrees. (c) Helbig et. al.'1") for a Fixed 
Scattering Angle of 1 . 5 degrees, (d) Helbig et. al.C1^) for 
a Fixed Scattering Angle of 0 . 7 degrees, (e) Theoretical 
Results of Sin Fai Lam(J^). (f) Theoretical Results of 
Colegrave and Stephens\^°/. 



I M P A C T E N E R G Y [ k e V - L A B O R A T O R Y ] 

R E C I P R O C A L V E L O C I T Y , V y , U N I T S O F 1 0 S E C / C M 

F igu re 13 Energy Dependence of . ( a ) present exper imental r esu l t s fo r a f i x e d s c a t t e r i n g angle of 
1 degree, (b) exper imental r e s u l t s of C r a n d a l l 0 - 9 ) for a f i x e d va lue of 9 E of 20 keV-
degrees. ( c ) exper imental r e s u l t s of Dose e t a l . ( 2 2 ) fo r a f i xed s c a t t e r i n g angle of 2.2 
degrees. (d) t h e o r e t i c a l c a l c u l a t i o n by S i n F a i L a m ( ^ ) f o r a f i x e d va lue of 9 E of 20 keV-
degrees. The data of Dose^ ^ have been normal ized to the present work at 20 keV. S i n F a i 
L a m ( ^ ) c a l c u l a t i o n s have been d iv ided by 10. 
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ang les greater than 0,5 degree. T h i s i s i n accordance wi th prev ious mea-

18 19 19 
surements of P ' and P_ , Smooth curves were drawn through these o Zs 

it 
data and were used to eva luate P and P_ at one degree. The s c a t t e r of 

o 2s 

data about these curves was approximately ± 10 percent for P q and ± 20 

percent fo r P 2 g , becoming somewhat l a r g e r fo r low energ ies and l a rge 

s c a t t e r i n g ang les i n the case of I ^ s * 

Inc luded i n F igu re 12 are prev ious measurements of P q by He lb ig 

18 

and Eve rha r t . The present data agree qu i te w e l l both i n absolute mag­

ni tude and i n the loca t ion of the peaks and v a l l e y s of the damped o s c i l -
19 

l a t i o n . Prev ious measurements of P q have a l s o been made by C r a n d a l l 

but have been omitted for c l a r i t y . C r a n d a l l ' s r e s u l t s agree ra ther w e l l 

wi th the present data wi th the except ion of a sma l l d iscrepancy near 10 

keV where the data lay somewhat above both the present r e s u l t s and those 

of He lb ig et a l . 1 8 

The agreement between the data taken at a f i x e d s c a t t e r i n g angle 

where the impact parameter v a r i e s wi th energy and the data taken for a 

f i x e d product of 9E (where the impact parameter i s e s s e n t i a l l y constant ) 

i s i n d i c a t i v e of the f a c t t ha t , for these angle and energy ranges , P q i s 

near l y independent of ang le . 

Two t h e o r e t i c a l p red i c t i ons of the energy dependence of P q fo r 

l a rge -ang le s c a t t e r i n g are inc luded in F igu re 12. The dashed l i n e repre -

Data for 8 , 11, 12, and 13 keV were taken at the f i x e d s c a t t e r i n g 
angle of one degree. S ince only one angle was measured, i t was p o s s i b l e 
to use long count ing per iods i n measuring the 2s f l u x , and the random 
er ro r i s much l e s s than for the i n d i v i d u a l po in ts taken i n the angle scans 
a t other ene rg i es . 
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sents the r e s u l t s of the f ou r - s ta te impact parameter c a l c u l a t i o n by S in 

47 
F a i Lam. S in F a i Lam c a l c u l a t e d P as a funct ion of impact v e l o c i t y 

o 

and impact parameter and then employed the screened Coulomb i n t e r a c t i o n 

p o t e n t i a l to r e l a t e impact parameter to s c a t t e r i n g ang le . The data shown 

were c a l c u l a t e d for a f i x e d product 0E of 20 keV degree which corresponds 

to a d i s tance of c l o s e s t approach of 0.076 A (see F igu re 1 1 ) . 

I t should be noted t ha t , whereas the exper imenta l ly measured P q 

i nc ludes capture in to a l l s ta tes as w e l l as reac t i ons i n v o l v i n g ta rge t 

e x c i t a t i o n and i o n i z a t i o n , the c a l c u l a t e d P q i nc ludes only the I s , 2 s , 

and 2p states and does not allow for changes i n the target structure. 

The f ou r - s t a te c a l c u l a t i o n p red i c t s the l oca t i ons of the peaks and 

v a l l e y s i n the P q curve reasonably w e l l but f a i l s to show the st rong damp­

ing for low ene rg ies . I t i s thought that perhaps the expansion of the 

t o t a l wave funct ion i n atomic o r b i t a l s may f a i l to adequately represent 

the c o l l i s i o n at low v e l o c i t i e s where the system begins to assume the 

c h a r a c t e r i s t i c s of a quas i -molecu le . 

The s o l i d curve represents the c a l c u l a t i o n s of Colegrave and S t e -

46 

phens, who used a two-state molecular o r b i t a l expans ion. These s ta tes 

should represent the system more accu ra te l y as the impact energy i s de­

c reased . The r e s u l t s of the molecular expansion f a i l to accu ra te l y p re ­

d i c t the l oca t i on of the peaks and v a l l e y s , but the damped nature of the 

o s c i l l a t i o n i s c l e a r l y shown. 

I t i s of i n t e r e s t to cons ider how the l a rge angle P data can show 
o 

such i n t e r e s t i n g o s c i l l a t o r y behavior when the t o t a l c ross sec t ion o i s 
o 

a smoothly va r y i ng funct ion of energy (see Appendix D ) . The reason for 
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t h i s i s that only approximately one percent of the e lec t ron capture c ross 

sec t ion i s a t t r i b u t a b l e to these l a rge -ang le c o l l i s i o n s . Thus the energy 

dependence of w i l l be s i m i l a r to that of l a rge impact parameter c o l l i ­

s i ons and not d i r e c t l y r e l a t a b l e to l a rge -ang le c ross s e c t i o n s . 

The measurements of P 9 are presented i n F igu re 13 along wi th the 

22 19 prev ious experimental r e s u l t s of Dose and C r a n d a l l . The data of 

22 

Dose were taken for the f i x e d s c a t t e r i n g angle of 2.2 degrees. Dose 's 

da ta have been normal ized to the present data at 20 keV because the 

technique used to eva luate the absolute de tec t ion e f f i c i e n c y of the 2s 

detector must be considered suspect (see Chapter I I I ) . The data were 

m u l t i p l i e d by a fac to r of 2.5 for t h i s no rma l i za t i on . The energy depend­

ence of agrees w e l l w i th the present work. 

19 
C r a n d a l l presents 2 ^ for a f i x e d QE va lue of 20 keV degrees. 

There i s genera l agreement both i n abso lu te va lue and energy dependence 
19 

wi th the present work. C randa l l a l s o presented data fo r other va lues 

of 0E, but these have been excluded for purposes of c l a r i t y . There was 

l i t t l e systemat ic d i f f e rence between the seve ra l se ts of da ta . 

The s o l i d curve i n F igu re 13 represents the c a l c u l a t i o n s of 

47 

by S in F a i Lam. T h i s i s the only t h e o r e t i c a l p red i c t i on of known 

to the author . I n g e n e r a l , the agreement wi th experiment i s not good. 

F i r s t , the pred ic ted P 0 i s a fac to r of 10 too l a r g e . Second, the p o s i -
2s 

t i ons of the peaks and v a l l e y s are not located p roper l y . T h i r d , the r e l ­

a t i v e spac ing between the peaks does not agree wi th experiment. 
S ince P 0 shows o s c i l l a t o r y s t ruc tu re s i m i l a r to that found i n P , 2s J o 

i t i s of i n t e r e s t to employ the quas i -molecu lar i n t e rp re ta t i on and the 
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semi -empi r i ca l equat ions d i scussed i n Chapter I I I . The spac ing of peaks 

i s approximately 0.30 X 1 0 " 8 sec /cm. Using equation ( 3 7 ) , an e f f e c t i v e 

va lue of the product of the separat ion energy and the i n t e r a c t i o n l eng th , 

<VR>, i s 137 eV Angstroms. T h i s i s cons iderab ly h igher than the 84 eV 

Angstrom va lue for the P q cu rve . T h i s might be expected s ince the sepa­

ra t i on energy fo r the 2s s ta te i s l a r g e r than that fo r the I s s ta te (see 
r 

F igu re 15 ) . Using 137 eV Angstrom for <VR> i n equation (40) and assuming 

a phase fac to r of tt /4, as was found for the P q d a t a , one f i n d s that the 

emp i r i ca l formula p red i c t s peaks at 89, 16, and 6.7 keV and v a l l e y s at 

32 and 10 keV. These p red i c t i ons are i n agreement w i th the a v a i l a b l e 

exper imental da ta . 

I t i s i n t e r e s t i n g to note that the low-energy peak i n P 2 g occurs 

at the same impact energy (6.25 keV) as does the low-energy peak i n P q . 
19 

I t has been suggested that the peak i n the 2s data i s the r e s u l t of a 

two-step process as descr ibed by Po lvektov and P r e s n y a k o v ^ (see equa­

t ion ( 3 6 ) ) . A s i m i l a r e f f e c t may be seen i n the t o t a l c ross sec t ion mea­

surements of o"o (Appendix D) and (Appendix G) . o*2s shows a shoulder 

near 10 keV which has an energy dependence qu i te s i m i l a r to that o f a Q . 

Metastable Content of the Neut ra l F l u x 

The f r a c t i o n a l metastable content of the sca t te red neu t ra l f l u x 

was measured as a funct ion of s c a t t e r i n g angle for seve ra l impact ener­

g i e s . For angles outs ide the p r o j e c t i l e beam t h i s f r a c t i o n was c a l c u l a t e d 

by forming the r a t i o ( d a / d u > ) ' ( d c / d t t ) ) q . For smal le r a n g l e s , where the 

d i f f e r e n t i a l c ross sec t ion was not mean ingfu l , the f r a c t i o n was c a l c u l a t e d 
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from the r a t i o of sca t te red c u r r e n t s . 

F i gu re 14 shows the r e s u l t s of these measurements. The s o l i d 

l i n e s represent l i n e s of best f i t to the data po in ts (which have been 

omitted for c l a r i t y ) . The sca t t e r of data about these l i n e s ranged from 

about ± 10 percent fo r smal l a n g l e s , where the 2s s t a t i s t i c a l f l u c t u a t i o n s 

were low, to ± 30 percent at the l a rge a n g l e s . The dashed l i n e s are the 

r e s u l t s of a t es t which i s descr ibed below. 

As the s c a t t e r i n g angle was reduced, the f r a c t i o n a l content was 

found to decrease by an amount which depended on the impact energy. T h i s 

f ac to r ranged from 12 at 4 keV to 1.25 a t 20 keV. 

The point where t h i s decrease occurred moved toward smal ler ang les 

as the energy was inc reased u n t i l i t co inc ided wi th the edge of the p r i ­

mary beam. I t then ceased to move inward as the impact energy was i n ­

creased fu r the r . T h i s behavior created doubt concerning whether the f a l l 

i n the f r a c t i o n a l metastable content was r e a l or merely an apparatus e f ­

f ec t caused by admission of par t of the primary beam through the sca t te red 

f l u x c o l l i m a t o r s . 

To reso l ve t h i s ques t ion , the beam diameter was reduced from ap­

prox imate ly 0.1 cm to 0.03 cm and the low-angle data repeated. I f the de­

crease were an apparatus e f f e c t , i t should move inward i n angle s ince the 

beam was now narrower. The dashed l i n e s i n F igu re 14 i n d i c a t e the r e s u l t 

of t h i s t e s t . I t was found that the f a l l i n the f r a c t i o n a l content at 4 

keV was not an apparatus e f f e c t . For 6.25 keV and above, the angle at 

which the f a l l occurred changed by an amount c o r r e l a t a b l e wi th the de­

crease i n beam s i z e . 



Figure ik Fract ional Metastable Content of the Scattered Neutral Flux. Angular dependence is shown for 
Impact Energies of ( a ) k keV, ( b ) 6 . 2 5 keV, ( c ) 1 0 keV, ( d ) 1 5 keV and ( e ) 2 0 keV. The 
s o l i d l ines are smooth curves through data taken with the 0 . 1 0 diameter beam. The dashed 
l ines are smooth curves through data taken with a 0 . 0 3 cm wide beam. For k keV impact 
energy, the two curves coincided and are shown as a single s o l i d curve. vo 
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Th i s e f f ec t may be understood by cons ider ing the fo l l ow ing . 

F i r s t , i t may be assumed that i f the f r a c t i o n a l content at l a rge angles 

i s much greater that the r a t i o of the t o t a l c ross sec t ion o~ and a 
2s o 

(which i t i s for energ ies between 4 and 15 k e V ) , then there must be some 

angle at which the f r a c t i o n decreases . I f t h i s were not the c a s e , the 

r a t i o of the t o t a l c ross sec t ions could not be d i f f e r e n t from t h i s f r a c ­

t i o n . Next , assume that the angle for which t h i s break occurs i s s m a l l . 

Now as the s c a t t e r i n g angle i s reduced and a por t ion of the primary beam 

i s admitted through the c o l l i m a t o r s , some f l u x which has been sca t te red 

through the angles between zero and the break angle w i l l be admit ted. 

S ince the d i f f e r e n t i a l c ross sec t ion fo r s c a t t e r i n g i s a very r a p i d l y 

i n c r e a s i n g funct ion of ang le , t h i s f l u x overwhelms that which has been 

sca t te red at the angle set on the r o ta t i ng arm. Thus as soon as a por t ion 

of the beam i s admit ted, the f r a c t i o n a l content qu i ck l y assumes the char ­

a c t e r i s t i c s of the s t ra igh t -ahead or zero-degree p o s i t i o n . 

One i n te rp re ta t i on of the f a l l as measured for 4 keV i s based on 

the molecular energy l e v e l s for the HeH + molecule as c a l c u l a t e d by H. H. 

M iche ls . These curves are presented in F igu re 15. 

For l a rge impact parameters (and thus smal l s c a t t e r i n g ang les ) the 
2 + + energy d i f f e rence between the H e ( I s ) + H curve and the He ( I s ) + H(2s) 

2 + 

curve (A) i s approximately twice that between the H e ( I s ) + H curve and 

the H e + ( l s ) + H ( l s ) curve ( B ) . I t would be expected that e lec t ron cap­

ture in to the I s s ta te would predominate for sma l l -ang le c o l l i s i o n s . 

However, as the impact parameter i s reduced, the energy d i f fe rence between 

the curves A and B decreases . For l a rge -ang le s c a t t e r i n g , the energy 
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Figure 1 5 Potent ia l Energy Curves for the He H Molecular Ion. These 
curves were drawn from the calculat ions of H. H. M i c h e l s . ( 5 1 ) 



102 

d i f f e rence i s s u f f i c i e n t l y smal l that i t might be expected that the cap­

ture p r o b a b i l i t y for the 2s s ta te would become comparable to that fo r the 

I s s t a t e . The data presented i n F igu re 14 i n d i c a t e that the f r a c t i o n a l 

content o f metastables i nc reases wi th a reduct ion i n impact parameter, to 

as much as 10 percent of the neu t ra l f l u x . 

An impact parameter s c a l e has been inc luded on the 4-keV graph of 

F i g u r e 14. Although the break i n the curve i s not very w e l l de f ined , i t 

appears to occur for the range of impact parameter between 0 .3 and 0.35 A 

From F igu re 15 i t i s seen that the d i f f e rence between the curves A and 

B becomes small in this same region. 
47 

The c a l c u l a t i o n s of S in F a i Lam were presented i n such a manner 

that the impact parameter dependence of the r a t i o P « / ( P - + P 9 + P 9 ) 
ZS J-s z s 

could be evaluated fo r the impact energy of 6.25 keV. F igu re 11 was then 

used to a s s i g n a s c a t t e r i n g angle to each impact parameter v a l u e . F i gu re 

16 shows the r e s u l t s of t h i s c a l c u l a t i o n compared to the present da ta . 

Here the sma l l - ang le data were taken wi th the narrow beam. The narrow 

sp ike i n the t h e o r e t i c a l curve would not be observable i n the exper imental 

da ta due to the f i n i t e apparatus r e s o l u t i o n . 

The agreement wi th experiment i n both shape and magnitude i s some­

what s t r i k i n g and unexpected s ince ne i the r P q nor P 2 g i n d i v i d u a l l y agrees 

wi th experiment at t h i s energy. 
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Figure l 6 Metastable Fractional Content of Scattered Neutral Flux for 6 . 2 5 keV Impact Energy. ( 
Present Data. (b) Calculation by Sin Fai Lam(^T). Theoretical Calculation Represents 
the Ratio P 2 s / ( P l s + P 2 s + P 2 p ) . 
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CHAPTER V I I 

DISSOCIATION RESULTS AND DISCUSSION 

The r e s u l t s of the d i s s o c i a t i o n experiment are presented i n F i g ­

ures 17, 18, and 19. F i gu re 17 presents the angle and energy dependence 

of the d i f f e r e n t i a l c ross sec t i ons for the formation of H + , H ° , and H(2s) 

v i a a c o l l i s i o n between and He. F igu res 18 and 19 present s i m i l a r 

c ross sec t i ons fo r the s i n g l e energy of 10 keV for c o l l i s i o n s between H ^ + 

and H 2 (F igu re 18) and H 3

+ and H 2 (F igu re 19 ) . 

Although the i d e n t i f i c a t i o n of the sca t te red H(2s) f l u x was unam-

+ 

b iguous , the i d e n t i f i c a t i o n of the sca t te red ion f l u x as H and the s c a t ­

tered neu t ra l f l u x as H° i s based on p rev ious l y pub l ished r e s u l t s . Us ing 

m a s s - s e n s i t i v e de tec to rs , the angular dependence of sca t te red H 2

+ and H 2 

has been measured by McClure"^ (H^) and Fedorenko et a l . " ^ (**2+^ * • ^ i e s e 

s tud ies i n d i c a t e that the sca t te red H 2

+ f l u x and the H 2 f l u x are conf ined 

to ang les of l e s s than approximately 0.1 degree. F l u x sca t te red by ang les 

greater than t h i s cons is ted e n t i r e l y of protons, and hydrogen atoms. 

+ 
No s i m i l a r s tud ies of the angular d i s t r i b u t i o n of sca t te red H 2 , 

and H ^ + fo r H ^ + p r o j e c t i l e s have been performed for smal l s c a t t e r i n g 

* 2 
angles . Ziemba et a l . found t h a t , at 5 degrees , the sca t te red f l u x was 

+ o 
composed e n t i r e l y of H and H . I n the a n a l y s i s of the data presented i n 

* 61 
There i s no evidence for the ex is tence of H^« 



SCATTERING ANGLE 6 [DEGREES - LABORATORY] 

Figure 17 D i f f e r e n t i a l Cross Sections for the Scattering of H 2 * by He. A. formation of H + , B. 
formation of H ° , C. formation of H ( 2 s ) . (Note broken cross section s c a l e ) . 

H 
o 



0 1.0 2.0 
SCATTERING ANGLE 6 [DEGREES - LABORATORY] 

Figure 1 8 D i f f e r e n t i a l Cross Sections for the Scattering of H 2 by H 2 . ( a ) present resul ts for 
the formation of H ( x l O ) , ( b ) present resul ts for the formation of H + , ( c ) present resul ts 
f o r the formation of H ( 2 s ) , ( d ) resul t s of M c C l u r e ^ ) f o r the formation of H ( x l O ) . ( e ) 

suits of McClure ( 5 *0 for the formation of ( f ) theoret ica l resul t s of McClure 15*0 re 
for the formation of H + . 

o 
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0 1.0 2.0 

SCATTERING ANGLE 0 [DEGREES - LABORATORY] 

Figure 1 9 D i f f e r e n t i a l Cross Sections for the Scattering of "by He. 
( a ) formation of H ° , ( b ) formation of H , ( c ) formation 
of H ( 2 s ) . 
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F i g u r e 19, i t has been assumed that t h i s r e s u l t i s true for ang les down 

to 0.4 degree. I f t h i s assumption i s i n v a l i d , the (do7du))+ and (do7du))Q 

data would have to be re -eva lua ted a c c o r d i n g l y . However, as was the case 

for H £ + p r o j e c t i l e s , the i d e n t i f i c a t i o n of the sca t te red H(2s) f l u x i s 

unambiguous. 

I n the eva lua t ion of the sca t te red H + and H° c u r r e n t s , the second­

ary emission c o e f f i c i e n t appropr ia te to the energy of the sca t te red par ­

t i c l e was employed. Th i s meant that f l u x sca t te red from a 10-keV 

beam was analyzed us ing the va lues of Y_^ and Y q corresponding to an impact 

energy of 5 keV. S i m i l a r l y , fo r a 10-keV H ^ + beam, va lues of a n d Y Q 

corresponding to an impact energy of 3.33 keV were used. 

The fo l low ing d i s c u s s i o n of the data w i l l be based on the d i s ­

soc i a t i on i n te rp re ta t i on d i scussed in Chapter I I I . There i t was pointed 

54 + out that McClure has suggested t ha t , when the ^ ion passes the ta rge t 

atom (or mo lecu le ) , i t i s exc i t ed to an ant i -bonding s t a t e , and the two 

n u c l e i move apart wi th a ce r t a i n r e l a t i v e v e l o c i t y . The magnitude of t h i s 

v e l o c i t y depends on (a) the p a r t i c u l a r ant i -bonding s ta te invo lved and 

(b) the i n te rnuc lea r separat ion a t the time of e x c i t a t i o n . 

I t was a l so pointed out i n Chapter I I I that one r e s u l t of t h i s d i s ­

soc i a t i on i n te rp re ta t i on i s the f ac t that the d i s s o c i a t i o n products cannot 

appear at s c a t t e r i n g ang les l a rge r than ^ q / E , where Q i s the energy gained 

by each nucleus due to the d i s s o c i a t i o n and E i s the energy. However, 

the d i f f e r e n t i a l c ross sec t ion need not show a marked change at one par ­

t i c u l a r angle for four reasons. F i r s t , seve ra l ant i -bonding s ta tes may 

p a r t i c i p a t e , each wi th i t s own maximum ang le . T h i s would tend to smear 
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out any sharp break i n the da ta . Second, the c ross sec t ion fo r e x c i t a ­

t i on may be severe ly peaked i n the forward d i r e c t i o n . T h i r d , other c o l ­

l i s i o n processes may have comparable d i f f e r e n t i a l c ross sec t ions ( f o r 

example, q u a s i - e l a s t i c or e lec t ron capture s c a t t e r i n g ) . Four th , the ex ­

i s t ence of an apprec iab le f r a c t i o n of v i b r a t i d n a l l y exc i t ed primary pro­

j e c t i l e s would y i e l d a d i s t r i b u t i o n of Q v a l u e s . 

To a i d i n i n t e rp re t i ng the data presented i n t h i s chapter , the po­

t e n t i a l energy c u r v e s ' ^ and c o r r e l a t i o n d i a g r a m ^ for R ^ * are presented 

i n F igu re 20. 

The data of F igu re 17 i n d i c a t e t ha t , fo r c o l l i s i o n s between R ^ * 

and He, a l l three d i f f e r e n t i a l c ross sec t i ons demonstrate a change i n 

s lope which may be in te rp re ted as the cu t - o f f angle above which d i s s o c ­

i a t i o n products cannot appear. 

The data presented i n the prev ious chapter showed that the q u a s i -

e l a s t i c and charge t r a n s f e r d i f f e r e n t i a l c ross sec t i ons are to two orders 

of magnitude below these da ta ; thus these reac t i ons should not i n t e r f e r e 

wi th the i n te rp re ta t i on of the d i s s o c i a t i o n da ta . 

The break i n the 2s data i s bet ter def ined than i n the H + and H° 

da ta . T h i s may be due to a d i f f e rence i n the dependence of the c ross 

sec t ions on the H 2

+ o r i en ta t i on angle $. I t could a l so be due to the f a c t 

that there are only two ant i -bonding s ta tes lead ing to the 2s s ta te (2s O 

and 3p CJ^), wh i le there are many ant i -bond ing s ta tes which lead to the 

+ o product ion of H or H . 

The arrows shown i n the 2s graph of F igu re 17 i n d i c a t e the pos i t i on 

of the c a l c u l a t e d break ang le for the 2s O and 3p O s t a t e s . I n order 
° g u 
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to eva luate Q, i t was assumed that the t r a n s i t i o n occurred for the i n t e r -

nuc lear separat ion which corresponded to the minimum i n the H 9

+ I s a 

cu rve . The break i n the 2s data i s seen to move toward smal le r s c a t t e r ­

ing angles approximately as l / / E . 

The data shown i n F i gu res 18 and 19 have been inc luded p r ima r i l y 

fo r the purpose of comparison to the Yi^ + He data and to the only other 

publ ished angular scans of d i s s o c i a t i o n products . 

+ o 
The agreement i n absolute va lue wi th the H and H data of Mc-

54 

C lu re i s reasonable cons ide r ing the very d i f f e ren t means of detector 

c a l i b r a t i o n employed. The agreement i n angular dependence i s a l so good, 

wi th some d i f f e rence i n the low-angle H + da ta . S ince a t h e o r e t i c a l p re ­

d i c t i o n of a d i s s o c i a t i o n c ross sec t ion requ i res the knowledge of the 

populat ion of the v i b r a t i o n a l s ta tes and t h i s d i s t r i b u t i o n was unknown for 

the present da ta , the t h e o r e t i c a l curve presented i n F igu re 18 must be 

considered as q u a l i t a t i v e . T h i s curve was i n f ac t normal ized to the data 

54 
of McClure at 0.8 degree. 

For the H ^ + + ^ da ta , i t i s seen that the H° d i f f e r e n t i a l c ross 
+ 

sec t ion e x h i b i t s l i t t l e or no break; the H c ross sec t ion shows some 

break; wh i le the H(2s) data are qu i te s i m i l a r both i n magnitude and i n the 

loca t ion of a w e l l def ined break to the H(2s) data of F igu re 17. 

From F igu re 19 i t i s seen t ha t , al though the magnitudes of the 
+ + 

three c ross sec t ions are s i m i l a r to the H + H da ta , none of the H^ 
data show a we l l def ined break. Th i s may be due to a d i s s o c i a t i o n process 

that i s d i f f e ren t from that descr ibed for the i o n . 

The p r o b a b i l i t i e s P , P„ , and P 0 / P were formed for the data r o 2s 2s o 
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shown i n F i gu res 17, 18, and 19. 

P° was found to be f a i r l y independent o f angle and had the va lue 

0.5 fo r H 2

+ + He, 0.75 for H 2

+ + H 2 , and 0.8 fo r H 3

+ + P 2 g and P 2 g / 

P inc reased as the s c a t t e r i n g angle was i nc reased . P 0 / p v a r i e d from o 2s' o 

1 to 5 percent , wh i le P was between 1 and 3 percent . Although the d i s -
zs 

s o c i a t i o n d i f f e r e n t i a l c ross sec t ion fo r product ion of H(2s) was much 

l a r g e r than that fo r e lec t ron cap tu re , the metastable f r a c t i o n a l constant 

was not as l a r g e . 
60 

Gibson and Los d i s c u s s the problem of which ant i -bonding s ta tes 
p a r t i c i p a t e i n the d i s s o c i a t i o n p rocess . They point out that the assump-

54 t i on made by McClure that the number of e x c i t a t i o n s to the 2p a s ta te u 

overshadows the number to a l l h igher s ta tes may not be c o r r e c t . Measure­

ments of the t o t a l c ross sec t ion (us ing an He ta rge t ) fo r e x c i t a t i o n to 

the s i x s ta tes lead ing to the product ion of L^ r ad ia t i on by Van Z y l et 

a l . ^ i nd i ca te t ha t , at 10 keV, these h igher s t a tes may account fo r 30 
84 

percent of the t o t a l d i s s o c i a t i o n c ross s e c t i o n . 

The present r e s u l t s are a d i r e c t measurement of the importance of 

the two l e v e l s lead ing to the 2s s t a t e . The metastable f r a c t i o n of the 

neu t ra l f l u x produced i n the d i s s o c i a t i o n of 10 keV H 2

+ by an He ta rge t 

was found to va ry from 3 percent at 0„5 degree to a maximum of 5 percent 

at 1.6 degrees. For l a r g e r ang les the f r a c t i o n decreased. 

S ince the 2s s ta te represents only one t h i r d of the p o s s i b l e n = 2 

l e v e l s and there are 12 n = 3 l e v e l s , i t i s qu i te p o s s i b l e that a n t i -

bonding s t a t e s other than 2p <j p lay an important par t i n the H 2

+ d i s s o c ­

i a t i o n p rocess . 
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APPENDIX A 

DATA TABLES 
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Data Table 1. D i f f e r e n t i a l Cross Sec t ions for Formation 

of H + , H ° , and H(2s) by Charge T rans fe r 

P r o j e c t i l e : H + 

Targe t : He 

9 : 

V D V + 
DA\ 
DU)A 

(*>) . 
V D W + ' 

VDW 
o 

(*>) : 
2s 

(§3) 

Angle i n Degrees (Laboratory) 

Cross Sec t i on fo r H + Product ion 
i n cm 2 / s t e rad ian 

Cross Sec t i on fo r H° Product ion 
i n cm 2 / s t e rad ian 

Cross Sec t i on for H(2s ) Product ion 
i n cm 2 / s t e rad ian 

6 (§£) 
\ D W + 

( 1 0 ' 1 3 ) ( 1 0 ~ 1 3 ) ( i o - 1 5 ) ( 1 0 ' 1 3 ) ( I O " 1 3 ) ( 1 0 ~ 1 5 ) 

E = 4.00 keV 

0 . 417 0.564 0.077 0.114 0. 817 0.127 0.00453 

0. 456 0.513 0.0579 0.0927 0. 833 0.115 0.00443 

0. 500 0.334 0.0309 0.0737 0. 850 0.108 0.00365 0.0178 

0. 517 0.304 0.0257 0. 917 0.083 0.00350 0.0144 

0. 533 0.326 0.0269 0.0641 1. 00 0.0731 0.00223 

0. 583 0.233 0.0152 0.0466 1. 01 0.0697 0.00200 0.0115 

0. 617 0.232 0.0121 0.0457 1. 08 0.0595 0.00186 0.00973 

0. 65 0.223 0.0105 1. 15 0.0510 0.00121 

0. 667 0.183 0.00882 0.0263 1. 16 0.0510 0.00122 

0. 683 0.166 0.00711 0.0304 1. 18 0.0493 0.00640 

0. 75 0.143 0.00586 0.0269 1. 25 0.0435 0.00123 0.00641 

continued i n next column continued on next page 
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9 (*2\ (*2\ \dW. VdW 
2s 

9 ( o f ) + ( d f ) \dV 2s 

( l O - 1 3 ) ( l O " 1 3 ) ( 1 0 - 1 6 ) ( l O " 1 3 ) ( 1 0 - 1 3 ) ( 1 0 ' 1 B 

1.41 0.0308 0.000760 0.00604 0.450 0.424 0.0748 0.264 

1.58 0.0222 0.000640 0.00224 0.467 0.320 0.0664 0.231 

1.75 0.0179 __- 0.517 0.0455 0.181 

2.08 0.0119 --- 0.533 0.264 0.0417 0.176 

E = 5 .00 keV 0.550 0.209 0.0336 0.138 

0.450 0.451 0.0856 0.213 0.600 0.186 0.0306 0.115 

0.483 0.416 0.0647 0.163 0.617 0.174 0.0249 0.109 

0.567 0.263 0.0328 0.115 0.633 0.151 0.0237 0.100 

0.583 0.225 0.0273 0.717 0.110 0.0174 0.0795 

0.650 0.178 0.0197 0.0688 0.767 0.0958 0.0140 0.0568 

0.700 0.157 0.0172 0.0595 0.783 0.0938 0.0139 

0.750 0.130 0.0132 0.800 0.0861 0.0125 0.0540 

0.817 0.109 0.0105 0.0319 0.883 0.0702 0.0112 0.0365 

0.867 0.0867 0.00944 0.0244 0.933 0.0587 0.00906 0.0344 

0.917 0.0789 0.00779 0.950 0.0573 0.00908 

0.983 0.0654 0.00642 0.0217 0.967 0.0511 0.00793 0.0289 

1.03 0.0563 0.00535 0.0134 1.05 0.0421 0.00676 

1.08 0.0522 0.00467 1.10 0.0362 0.00570 0.0220 

1.20 0.0357 0.00323 0.00930 1.11 0.0350 0.00574 

E = 6. 25 keV 1.13 0.0365 0.00557 0.0160 

0.433 0.433 0.0898 0.303 1.21 0.0262 0.00430 

continued i n next column continued on next page 
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9 ( I ) , ( i ) © . e 

1.26 

1.28 

1.30 

1.38 

1.43 

1.45 

1.46 

1 . 60 

1.61 

1.63 

1.78 

1.80 

1.96 

2.30 

+ 
( 1 0 ~ 1 3 ) ( l O " 1 3 ) 

0.0238 0.00387 

0.0233 

0.0222 

0.0191 

0.0154 

0.0165 

0.0166 

0 .0113 

0.0119 

0.0118 

0.00381 

0.00307 

0.00305 

0.00255 

0.00277 

0.00253 

0 .00199 

0.00198 

0.00183 

0.00918 0.00142 

0.00902 0.00136 

0.00694 0.00106 

0.00428 0.000620 

2s 

( l O " 1 5 ) 

0.0203 

E = 8.00 keV 

1.00 0.0384 0.00470 

E = 10.0 keV 

0.450 0.303 0.0197 

0.467 0.258 0.0140 

0.533 0.195 0.00777 

0.542 0.171 0.00791 

continued i n next column 

+ 
-13 

(do) (do) 
\dW \dW 

( 1 0 - 1 3 ) 

0.550 0.171 

0.567 0.124 

0.0147 0.608 0.123 

0.617 0.112 

0.00824 0.633 

0.675 0.103 

0.708 0.0845 

0 .00703 0 .717 0 .793 

0.733 0.0665 

0.775 0.0621 

0.800 0.0674 

0.842 0.0620 

0.867 0.0507 

0.883 0.0440 

0.900 

0.0196 0.950 0.0378 

0.967 0.0352 

0.161 1.03 0.0282 

0.114 1.06 0.0262 

0.0761 1.10 0.0220 

0.9578 1.13 0.0221 

continued on 

o 

( 1 0 - 1 3 ) 

0.00796 

0.00583 

0.00512 

0.00571 

0.00381 

0.00360 

0.00358 

0.00350 

0.00243 

0.00258 

0.00252 

0.00200 

0.00168 

0.00162 

0.00131 

2s 

( l O " 1 5 ) 

0.0605 

0.0428 

0.0504 

0.0369 

0.0217 

0.0285 

0.0277 

0.0179 

0.0146 

0.0121 

0.0137 

0.0111 

0.00105 

0.00113 0.00943 

next page 
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(da\ (do\ A (da\ (da\ (da\ 
o 2s + o 2s 

( i o - 1 3 ) ( 1 0 ~ 1 3 ) ( I O " 1 5 ) ( 1 0 ~ 1 3 ) ( I O " 1 3 ) <1 (T 1 B ) 

1.20 0.0187 0.000892 0.950 0.0210 0.0124 

1.23 0.00581 0.967 0.0207 0.00287 0.0125 

1.30 0.0148 0.000760 0.00545 0.983 0.0202 0.00285 0.0128 

1.36 0.0122 0.000625 1.05 0.0150 0.00220 0.00959 

1.40 0.00514 1.11 0.0127 

1.46 0.00969 0.000558 1.13 0.0127 0.00169 0.00659 

1.63 0.00676 0.000388 1.15 0.0111 0.00164 0.00806 

1 . 8 0 0 . 0 0 4 8 7 0 . 0 0 0 3 1 7 — 1 . 2 0 0 . 0 1 0 3 0 . 0 0 1 3 9 0 . 0 0 5 3 8 

1.96 0.00360 0.000227 1.28 0.00849 

E = 11 .0 keV 1.31 0.00747 0.000977 0.00360 

1.00 0.0285 0.00113 0.00670 1.36 0.00756 0.000986 0.00396 

E = 12.0 keV 1.46 0.00522 0.000667 0.00336 

1.00 0.0276 0.00111 0.00630 1.61 0.00379 — 
E = 13.0 keV 1.80 0.00248 0.000305 0.000536 

1.00 0.0239 0.00151 0.00845 1.95 0.00205 

E = 15 .0 keV E = 20.0 keV 

0.450 0.198 0.0460 0.220 0.475 0.0758 0.0533 

0.617 0.0730 0.0119 0.0520 0.500 0.0887 0.0430 

0.767 0.0363 0.00540 0.0226 0.600 0.0514 0.0247 0.0386 

0.783 0.0362 0.00467 0.642 0.0351 0.0222 

0.917 0.0226 0.00289 0.0137 0.650 0.0363 0.0185 0.0296 

continued i n next column continued on next page 



e VdW 
+ 

( i o - 1 3 ) 

0.667 0.0347 

0.683 0.0355 

0.767 0.0233 

0.808 0.0214 

0.933 0.0120 

0.975 0.0110 

0.983 0.00962 

1.01 0.00854 

1.10 0.00606 

1.16 0.00558 

1.26 0.00419 

1.33 0.00361 

1.43 0.00254 

1.60 0.00197 

1.66 0.00176 

\dW \dW 0 o 2s 

( I O - 1 3 ) (10 " " 1 B ) 

0.0157 

0.0170 0.0267 

0.0131 0.0180 

0.0117 

0.00521 0.00601 

0.00870 

0.00482 0.00728 

0.00396 0.00678 

0.00293 0.00582 

0.00226 

0.00179 0.00292 

0.00148 

0.00107 0.00161 

0.000785 0.00143 

0.000746 
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Data Table 2. D i f f e r e n t i a l Cross Sec t ions for Formation 
•4* o 

of H , H , and H(2s) by D i s s o c i a t i o n 

4. 
P r o j e c t i l e : 9 : Angle i n Degrees (Laboratory) 

Ta rge t : He (zuD : Cross Sec t i on for H + Product ion 

+ i n cm 2 / s t e rad ian 
VDCU/ Cross Sec t i on for H° Product ion 

i n cm 2 / s t e rad ian 

(-7—J : Cross Sec t i on fo r H(2s) Produc-
2s t i o n i n cm / s t e r a d i a n 

e (2sS (*sS A ( * s \ (isS (*sS 
\DU)/L VDU)/ VDTOA \DU)/, \DU)/ \DCU/0 + o 2s + o 2s 

( l O " 1 3 ) ( 1 0 ~ 1 3 ) ( 1 0 " 1 B ) ( l O " 1 3 ) ( 1 0 " 1 3 ) ( 1 0 " 1 B ) 

E = 4 . 00 keV 1.58 0.291 0.379 1.22 

0.417 1.54 4 . 63 1.75 0.233 0.301 1.04 

0.583 0.914 0.694 1. 37 1.92 0.215 0.266 0.999 

0.750 0.640 0.636 1. 31 2.08 0.161 0.208 0.822 

0.833 1. 22 2.25 0.140 0.161 0.638 

0.917 0.501 0.568 1. 2.1 2.42 0.0969 0.124 0.506 

1.08 0.469 0.556 1. 25 2.58 0.0703 0.0840 0.361 

1.25 0.414 0.500 1. 2.3 2.75 0.0515 0.0601 0.233 

1.33 0.363 0.453 1. 28 2.92 0.0347 0.0400 0.199 

1.42 0.334 0.421 1. 25 E = 5 keV 

continued i n next column continued on next page 
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9 {&) (ID 
+ o 

( 1 0 - 1 3 ) ( 1 0 ~ 1 3 

0.417 1.294 0.694 

0.500 0.823 0.662 

0.583 0.683 0.650 

0.750 0.572 0.628 

0.917 0.622 0.675 

1.08 0.428 0.525 

1.25 

1.58 0.319 0.404 

1.91 0.206 0.254 

2.25 0.113 0.133 

2.58 0.0521 0.0645 

2.91 0.0246 0.0230 

3.25 0.0112 0.0108 

E = 8. 00 keV 

0.417 1.367 0.971 

0.583 1.006 1.027 

0.750 0.807 0.889 

0.917 0.850 0.755 

1.08 0.590 0.667 

1.25 0.476 0.496 

1.41 0.387 0.396 

1.58 0.307 0.284 

continued i n next column 

fi (*£\ (*2S \dW 0 \dW, \dW \dW 
2s + o 

( 1 0 - 1 5 ) ( 1 0 - 1 3 ) ( 1 0 " 1 3 ) ( 1 0 " 1 B 

1.564 1.75 0.212 0.206 0.927 

1.597 1.91 0.165 0.138 0.598 

1.564 2.08 0.113 0.0830 0.384 

1.474 2.25 0.0650 0.0446 0.201 

1.620 2.58 0.0222 0.0138 0.0588 

1.541 E = 10.0 keV 

1.508 0.583 1.138 1.148 3.688 

1.307 0.750 0.858 0.889 3.259 

0.937 0.917 0.806 0.828 3.248 

0.552 1.08 0.701 0.627 2.874 

0.216 1.25 0.523 0.492 2.389 

0.101 1.41 0.382 0.378 1.751 

0.0386 1.58 0.304 0.235 1.299 

1.75 0.189 0.135 0.651 

2.689 1.91 0.128 0.0717 0.374 

2.555 2.08 0.0717 0.0382 0.183 

2.366 2.25 0.0382 0.0220 0.0830 

2.411 E = 12.0 keV 

2.178 0.500 1.211 1.305 4.450 

2.000 0.667 1.011 1.065 4.033 

1.600 0.750 0.938 0.990 4.011 

1.355 0.917 0.743 0.794 3.606 

continued on next page 
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9 (do)) (da)) (d«u) 0 + o Zs 

( 1 0 ~ 1 3 ) ( l O " 1 3 ) ( 1 0 " 1 B ) 

1.08 0.609 0.591 3.014 

1.25 0.508 0.423 2.378 

1.41 0.419 0.285 1.666 

1.58 0.275 0.177 0.920 

1.75 0.168 0.0866 0.436 

1.91 0.0860 0.0398 0.217 

2.08 0.0425 0.0192 0.0865 

2.25 0.0212 0.0103 0.0336 
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Data Table 3. D i f f e r e n t i a l Cross Sec t ions for Formation 
+ o 

of H , : H , and H(2s) by D i s s o c i a t i o n 

P r o j e c t i l e : H + 6: Angle i n Degrees [ l abo ra to ry ] 

T a r g e t : 

Energy: 

H, 

10.0 keV 

j i . Cross Sec t i on fo r H Product ion 
d U ) / + i n cm 3 / s t e rad ian 

Cross Sec t i on fo r H Product ion 
i n cm 2 / s t e rad ian 

(is) (da) (do) e 

da\ 
dcu/ * + 

(is) . 
o 

(ato) : ^ r o s s Sec t i on for H(2s ) Produc-
2s t i on i n cm 2 / s t e rad ian 

\du)/ \6iiiJ 

( l O " 1 3 ) ( 1 0 ~ 1 3 ) ( 1 0 ™ 1 5 ) ( 1 0 - 1 3 ) ( l O " 1 3 ) ( l O " 1 5 

0.417 2.056 5.261 6.331 1. 75 6 0.110 0.140 0.543 

0.500 1.503 4.509 5.252 1. 91 0.0630 0.0680 0.302 

0.583 1.263 3.883 4.536 2. 08 0.0342 0.0331 0.149 

0.667 3.831 2. 25 0.0163 0.0146 0.0787 

0.750 1.042 2.850 3.523 

0.917 0.701 1.722 2.797 

1.08 0.564 1.148 2.422 

1.25 0.407 0.657 1.916 

1.41 0.285 0.423 1.618 

1.58 0.171 0.237 0.909 

continued i n next column 

file:///6iiiJ
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Data Table 4 . D i f f e r e n t i a l Cross Sec t ions for Formation 

of H + , H ° , and H(2s) by D i s s o c i a t i o n 

P r o j e c t i l e : H, 

Ta rge t : 

Energy: 

H, 

10.0 keV 

e 

1.25 

1.41 

1.58 

1.75 

( I O " 1 3 ) ( 1 0 - 1 3 ) 

0.417 2.108 7.380 

0.500 1.649 

0.583 

0.750 0.883 

0.917 0.651 

1.08 0.408 

0.260 

0.187 

0.127 

0.0916 

6.472 

4.979 

3.518 

2.555 

1.607 

1.002 

0.709 

0.454 

0.312 

m : \do)/ 

(to) . VdW * 

9 : Angle i n Degrees (Laboratory) 

Cross Sec t i on for H + Product ion 
i n cm 2 / s t e rad ian 

da \ 
da)/ 2s 

Cross Sec t ion fo r H Product ion 
i n cm 2 / s t e rad ian 

Cross Sec t i on for H(2s) Produc­
t i o n i n cm 2 / s t e rad ian 

(to) (to) 
\dW \diW 

2s 

( I O " 1 5 ) 

6.400 

4.349 

4.114 

3.668 

3.022 

2.364 

2.141 

1.706 

1.035 

0.828 

(to) 
VdW 

o 
W 2 s 

( 1 0 - 1 3 ) ( 1 0 - 1 3 ) ( i o - 1 5 ) 

1.91 0.0713 0.200 0.552 

2.08 0.0562 0.136 0.410 

2.255 0.0386 0.0850 0.246 

continued i n next column 
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Data Table 5. F r a c t i o n a l Content of Scat te red Neut ra l F l u x 
That I s i n the 2s S ta te (Charge T rans fe r 
React ion) 

T h i s tab le inc ludes only data at low s c a t t e r i n g angles where i t was im­
p o s s i b l e to ca r r y out meaningful measurements of d i f f e r e n t i a l c ross sec 
t i o n s . The f r a c t i o n a l metastable content for h igher angles may be ob­
ta ined by tak ing the r a t i o s of ( ^~) a*id from the tab les of d i f ­
f e r e n t i a l s c a t t e r i n g c ross 2s o s e c t i o n s . 

Inc luded here are data fo r two d i f f e r e n t s i z e s of the primary beam; the 
ob jec t i ve was to study in f l uence of beam s i z e on the data at low angles 

P r o j e c t i l e : H 

T a r g e t : He 

B x : Data for a primary beam 
co l l imated by a c i r c u l a r 
aperture of 0.040" d i a . 

B 3 : Data for a pr imary beam 
co l l imated by a rec tangu­
l a r aperture 0.040" h igh 
and 0 .012" wide. 

6 P / P 
2s o 

B x Bs 

E = 4.00 keV 

0.000 - - - 0.417 

0.067 0.435 

0.083 - - - 0.444 

0.100 0.466 0.475 

6: Angle i n Degrees (Labo ra to ry ) . 

2s 
-—: F r a c t i o n a l content of sca t te red 
o neu t ra l s that are i n the 2s 

s ta te (%). 

E : Energy i n keV. 

0.234 

0.250 

0.333 

0.400 

P 0 / P 2s o 

Bs 

0.476 

0.585 

0.915 

1.11 

continued i n next column continued on next page 
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P 2 s / P o 
P 2 s / P o 

Bi B8 Bi 

0.566 2.72 0.050 0.832 

E = 5 keV 0.117 

0.050 0.532 0.133 0.780 

0.116 0.434 0.200 0.750 

0.300 1.02 0.283 0.911 

E = 6.25 keV 0.300 0.988 

0.033 0.742 0.645 0.367 1.11 

0.067 0.622 0.467 5.68 

0.283 1.13 0.633 8.81 

0.300 0.858 1.50 0.783 7.17 

0.384 1.35 2.34 E = 15 keV 

0.466 2.84 0.050 0.627 

0.517 3.94 0.117 0.660 

0.636 3.95 0.283 0.724 

0.800 4.29 0.450 4.58 

0.966 3.63 0.617 4.37 

1.13 2.88 0.783 4.19 

1.30 4.80 — E = 20 keV 

E = 10.0 keV 0.067 1.10 

0.017 0.850 0.100 1.22 

0.033 0.979 0.267 1.16 

0.350 1.32 

B 2 

0.791 

0.723 

0.692 

0.790 

1.30 

6.21 

continued i n next column 
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Data Table 6. T o t a l Cross Sec t ions for Formation 
of H(2s) 

P r o j e c t i l e : H 

Ta rge t : He 

Impact 
Energy 
keV 

Cross Sec t i on 

1 0 " 1 8 cm2 

B 

P r o j e c t i l e : H + 

Targe t : Ar 

Impact 
Energy 
keV 

Cross Sec t i on 

l O " 1 7 cm2 

3.92 0.070 4 .2 .590 
5.80 0.330 4.4 .549 
8.60 0.703 4.48 .498 
8.70 0.650 5.66 .500 

10.3 0.907 8.72 1.20 
10.7 0.922 8.88 .993 
12.2 1.03 10.00 1.32 
12.8 1.05 12.00 1.89 
14.6 1.13 12.7 2.08 
14.9 1.08 16.7 2.76 
16.7 1.29 20.0 2.90 
17.9 1.47 21.6 2.90 
18.6 1.58 25.0 2.90 
19.1 1.80 25.6 2.87 
20.0 2.08 25.8 2.88 
22.2 3.12 
23.9 3.83 
26.2 4.89 
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P r o j e c t i l e 

Ta rge t : 

P r o j e c t i l e 

Ta rge t : 

Impact Cross Sec t i on Impact Cross Sec t i on 
Energy 

1 0 " 1 7 cma 
Energy 

I O ' 1 7 cm2 keV 1 0 " 1 7 cma keV I O ' 1 7 cm2 

4.48 0.953 4.48 1.17 
4.80 1.07 6.84 2.19 
8.60 1.78 10.5 2.69 

12.00 2.08 12.7 2.55 
12.7 2.16 13.7 2.61 
15.0 2.45 18.6 2.66 
18.0 3.02 20.0 2.78 
20.0 3.21 22.2 2.69 
21.8 3.38 25.8 2.66 
24.5 3.44 
25.8 3.32 



128 

Data Table 7. T o t a l Cross Sec t i on for Formation of H 

P r o j e c t i l e : H 

Ta rge t : He 

Impact 
Energy 
keV 

Cross Sec t i on 

l O " 1 6 cm2 

4.00 0.177 

6.25 0.410 

10.0 0.940 

15.0 1.50 

20.0 1.70 

25.0 1.73 
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APPENDIX B 

METASTABLE FLUX DETECTION EFFICIENCY 

The purpose of the experiments descr ibed i n t h i s study was to . 

measure r e l a t i v e va lues of H(2s) product ion c ross s e c t i o n ; no d i r e c t 

measurement of an absolute c ross s e c t i o n was c a r r i e d out . I n order to 

ensure that the r e l a t i v e va lues be v a l i d , i t i s necessary to prove that 

the de tec t ion e f f i c i e n c y i s i n v a r i a n t w i th p r o j e c t i l e energy and constant 

i n t ime. I t i s a l so d e s i r a b l e that some absolute magnitude be ass igned 

to the data to f a c i l i t a t e t h e i r use i n p r a c t i c a l a p p l i c a t i o n s . To t h i s 

end, a technique was developed for normal iz ing a l l c ross sec t ions to p re ­

v ious measurements of t o t a l c ross sec t ions by other research groups. 

The next sec t i on conta ins a d e t a i l e d d i s c u s s i o n of the parameters 

that in f luence the de tec t ion e f f i c i e n c y . There fo l lows a d e s c r i p t i o n of 

the method by which the absolute e f f i c i e n c y was es tab l i shed and how the 

v a r i a t i o n i n time of that e f f i c i e n c y was monitored. F i n a l l y , t e s t s are 

descr ibed that ensure that the detec t ion e f f i c i e n c y i s independent of im­

pact energy and independent of quenching f i e l d s . 

D e f i n i t i o n of Metastable Detect ion E f f i c i e n c y 

The de tec t ion e f f i c i e n c y of the metastable atom detec tor , D e , i s 

def ined as the r a t i o of the detector count ra te N (coun ts /sec ) to the f l u x 

The subsc r i p t 2s w i l l be dropped fo r the remainder of t h i s ap­
pend ix . 
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o f H(2s) atoms leav ing the c o l l i s i o n reg ion R ( 0 ) . 

To eva luate the detector count ra te i n terms of R ( 0 ) , cons ider a 

rec tangu la r coordinate system f i xed to the center of the c o l l i s i o n chamber 

wi th the x a x i s extending through the center of the metastable de tec tor . 

The count ra te r e g i s t e r e d by the photon detector due to decay of H(2s) 

atoms emi t t ing i n a reg ion dx at x i s g i ven by 

dN = H(x ) e (x ) dR(x) (42) 

where H (x ) i s the p r o b a b i l i t y that a photon emitted at x w i l l reach the 

cathode of the photon de tec to r , e ( x ) i s the p r o b a b i l i t y that a photon 

that reaches the cathode w i l l be detected, and dR(x) i s the change i n the 

f l u x of H(2s) whi le t r a v e l i n g a d is tance dx . 

The change i n metastable f l u x whi le t r a v e r s i n g a d is tance dx i s 

dependent on the f l u x at that po in t , R ( x ) , the t r a n s i t i o n p r o b a b i l i t y 

W(x ) , and the speed v . I t i s g i ven by 

d R ( x ) . ExlROO d x ^ ( 4 3 ) 

Thus 
,x 

R ( x ) = R(0 ) exp [~- - [ W(x ' ) d x ' l . (44) L v J Q J 

S u b s t i t u t i n g equat ions (43) and (44) in to (42) and i n t e g r a t i n g , 

the net count r a t e , N ( c o u n t s / s e c ) , of the metastable detector i s found to 

be 

N =* \ H (x ) e ( x ) W(x) exp j ~ - - f W(x ' ) d x ' l . (45) 
v « J « L v J rt J 
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Thus the de tec t ion e f f i c i e n c y i s g i ven by 

D e = i J H (x ) e ( x ) W(x) exp [ - ± j W(x ' ) d x ' ] . (46) 

Considerable s i m p l i f i c a t i o n i n equat ion (46) may be had by the 

a p p l i c a t i o n of the r e s u l t s of s e v e r a l t e s t s descr ibed l a t e r i n t h i s 

appendix. 

The t r a n s i t i o n p r o b a b i l i t y W(x) i s composed of con t r ibu t ions from 

na tu ra l decay, c o l l i s i o n - i n d u c e d decay, and e l e c t r i c f i e l d quenching. 

Na tu ra l decay may be ignored because, for the v e l o c i t i e s and d is tances 

7 2 

used i n t h i s experiment, the na tu ra l p r o b a b i l i t y of 7 s e c " 1 w i l l not 

m a t e r i a l l y deplete the H(2s) f l u x before i t reaches the de tec to r . C o l l i -

s i o n a l decay may be ignored because t e s t s showed a l i n e a r r e l a t i o n s h i p 

between H(2s ) s i g n a l and ta rge t p ressu re . I t fo l lows that the decay 
72 

p r o b a b i l i t y i s equal to that induced by e l e c t r i c f i e l d s . Luders has 

ca l cu l a t ed the f i e l d dependence of the induced t r a n s i t i o n p r o b a b i l i t y W 

and found i t to vary from 7 s e c " 1 fo r zero f i e l d s to 6.25 X 10 s s e c " 1 for 

e l e c t r i c f i e l d s greater than 1000 v /cm. For t h i s experiment, the s c a t ­

tered H(2s) f l u x was w e l l sh ie lded from a l l e l e c t r i c f i e l d s except fo r 

the reg ion of length L between the quench f i e l d p la tes of the H(2s) 

detec tor . I n t h i s r e g i o n , the e l e c t r i c f i e l d was approximately uniform 

and of s u f f i c i e n t magnitude to ensure s i g n a l s a t u r a t i o n . Using the ap­

proximat ion that W i s zero outs ide the quench f i e l d reg ion and constant 

w i t h i n i t , equat ion (46) may be wr i t t en 



132 

D = -
e v 

2 r»L 
H(x ) e (x ) exp [ - W ( x ) / v ] dx , (47) 

0 

where the o r i g i n has been s h i f t e d from the center of the c o l l i s i o n chamber 

to the lead ing edge o f the exposed por t ion of the quench f i e l d p l a t e s . 

The p r o b a b i l i t y H (x ) that a photon emitted at x w i l l reach the 

detector may be w r i t t en 

H(x ) = ^ f i ( x ) Tj. T 8 T 3 ( x ) P ( x ) . (48) 

Here 0 ( x ) i s the s o l i d angle subtended by the cathode of the de tec tor . 

Ti and are the transmission of the wire grids i n front of the MgF^ 

window and the detector cathode, r e s p e c t i v e l y . T 3 ( x ) i s the t ransmiss ion 

of the MgF 2 window. P ( x ) i s a co r rec t i on fac to r necessary to account fo r 

an i so t r op i c photon emiss ion when the r a d i a t i o n i s p o l a r i z e d . 

I f the x dependence of H and e are temporar i ly neg lec ted , D £ 

assumes the ra ther simple form 

D e = He [1 - exp ( - (WL) / v ) ] , (49) 

which reduces to 

D = He (50) e 

to w i t h i n 0.1 percent fo r e l e c t r i c f i e l d s and speeds used i n t h i s apparatus, 

The v a l i d i t y of neg lec t i ng the x dependence of the product He may 

be a l luded to by cons ider ing the fo l low ing two t e s t s . F i r s t , fo r low and 

intermediate f i e l d s , equat ion (49) qu i te accu ra te l y represents the measured 

f i e l d dependence of the H(2s) s i g n a l . Second, fo r sa tu ra t i on f i e l d s , the 
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de tec t i on e f f i c i e n c y was found to be independent of the atom energy to 

w i t h i n ± 10 percent ; s i nce changing the energy must i n v a r i a b l y change the 

d i s t r i b u t i o n of the emi t ters beneath the de tec to r , independence of e f f i ­

c i ency from energy i n d i c a t e s that He i s independent of x . I t was con­

cluded that the x dependence of He may be neg lec ted . 

C a l i b r a t i o n of the H(2s) Detect ion E f f i c i e n c y 

An absolute va lue was ass igned to a l l 2s c ross sec t ions by normal­

i z i n g a measured t o t a l e lec t ron-cap tu re c ross s e c t i o n to p rev i ous l y pub­

l i s h e d measurements. Three independent and reasonably accurate absolute 

measurements of e lec t ron-capture in to the 2s s ta te have been made by 

XX X A* 73 Jaecks et a l . , Andreev et a l „ , and B a y f i e l d . I t was decided to 

use the H + Ar c o l l i s i o n at 20 keV fo r a standard because a l l three 

measurements are i n good agreement as to both magnitude and energy depend-

14 

ence. Normal iza t ion was made to the work of Andreev et a l . because 

t h i s has the sma l les t est imated p o s s i b l e e r ro r (± 20 percent) and i s the 

on ly d i r e c t measurement of c ross s e c t i o n . For the photon de tec tor , An­

dreev used a pho to - i on i za t i on chamber whose e f f i c i e n c y i s known qui te 

accu ra te l y from fundamental measurements. A fur ther reason for choosing 

Andreev 's da ta i s that the quenching f i e l d was uniform and unambiguously 

de f ined ; consequent ly , i t i s p o s s i b l e to est imate an er ror l i m i t caused 

by neg lec t o f p o l a r i z a t i o n e f f e c t s . 

S p e c i f i c a l l y , the 2s data of t h i s study were normal ized to the 
-f. 

t o t a l H(2s) formation c ross sec t i on for H + Ar at 20 keV impact energy. 
14 16 2 

Andreev et a l . measured t h i s c ross s e c t i o n to be 3.0 ± 0.6 X 10" cm . 

The norma l i za t ion was c a r r i e d out as f o l l ows . The sca t te red f l u x 
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apertures were removed and the r o t a t i n g arm set to zero degrees s c a t t e r ­

ing ang le . Argon gas was introduced in to the c o l l i s i o n chamber and the 

H(2s) f l u x produced by c o l l i s i o n s between 20 keV protons and the ta rge t 

argon atoms was measured by the detec tor . Using the opera t iona l d e f i n i ­

t i o n of a t o t a l c ross s e c t i o n as g iven by equat ion ( 2 4 ) , the va lue of the 

product D £ L was eva lua ted . The opera t iona l d e f i n i t i o n of a d i f f e r e n t i a l 

c ross s e c t i o n (see equat ion (20 ) ) requ i res the knowledge of D g a lone. 

The e f f e c t i v e va lue of L was expected to be somewhat l a r g e r than the 

geometr ica l d i s tance between the entrance and e x i t apertures due to p r e s ­

sure g rad ien ts near the apertures and due to background gas i n the vacuum 

chamber. H(2s) s i g n a l due to e lec t ron capture on the background gas was 

subt racted from the net s i g n a l , and the pressure g rad ien ts were accounted 

for by adding the sum of the two aperture diameters to the geometr ica l 

74 

l eng th . The c a l c u l a t e d length of the gas c e l l was 5;8 ± 0.3 cm. 

Once the de tec t ion e f f i c i e n c y had been e s t a b l i s h e d , the monitor ing 

technique descr ibed i n the next s e c t i o n was used to i n t e r r e l a t e and a s ­

s i g n absolute va lues to a l l H(2s) da ta . 

There i s one aspect of the work of Andreev and co-workers that i s 

sub jec t to unce r ta in t y . The i r de tec t ion e f f i c i e n c y was evaluated on the 

assumption that f ie ld-quenched Lyman-alpha r a d i a t i o n was unpo lar ized and 
75 19 

therefore i s o t r o p i c . Recent ly i t has been shown t h e o r e t i c a l l y ' and 

experimental l y ^ that t h i s i s i n c o r r e c t . The t h e o r e t i c a l p red i c t i ons by 

S e l l i n ^ are based on the assumptions that the metastable atom enters the 

quenching f i e l d s lowly ( i . e . , a d i a b a t i c a l l y ) , wh i le the p red i c t i ons by 

19 
Cranda l l are based on a zero time of f i e l d en t ry . I n Andreev 1 s work, 
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the H(2s) atoms were created i n the quenching f i e l d . I t fo l lows that 

S e l l i n ' s p red i c t i ons are inappropr ia te fo r t h i s case and the work of Cran­

d a l l i s more l i k e l y to g i ve a co r rec t va lue of p o l a r i z a t i o n . No attempt 

w i l l be made to co r rec t the data of Andreev for p o l a r i z a t i o n e f f e c t s , but 

ra ther the l i m i t i n g p red i c t i ons of p o l a r i z a t i o n by S e l l i n and Cranda l l 

w i l l be used to c a l c u l a t e a maximum p o s s i b l e e r ro r due to the neg lec t of 

p o l a r i z a t i o n . 

When p o l a r i z e d r a d i a t i o n i s sampled only over a narrow angular 

range at an angle 9 wi th respec t to the de f i n ing a x i s ( i n t h i s c a s e , the 

76 

e l e c t r i c f i e l d ) , i t i s we l l known that the true c ross sec t i on i s r e l a ted 

to the measured cross sec t i on by 

o\ = • 3 " n

 9 — a . , (51) 
t r u e 3(1 - TT c o s 2 9 ) measured 

where TT i s the p o l a r i z a t i o n f r a c t i o n of the emitted r a d i a t i o n and i s de­

f ined to be ( I - I ) / ( I + I ) . I and I are the i n t e n s i t y of r a d i a ­

t i on p o l a r i z e d p a r a l l e l and perpendicu lar to the d i r e c t i o n of the e l e c t r i c 
o 

f i e l d , r e s p e c t i v e l y , when 9 = 90 . Using the p r e d i c t i o n of S e l l i n , the 

t rue c ross s e c t i o n would be 18 percent h igher than that measured. Using 

C r a n d a l l ' s p r e d i c t i o n , the t rue c ross sec t i on would be 6 percent h i ghe r . 

Thus i t i s concluded that the data of Andreev are co r rec t to w i t h i n +38 

percent and -14 percent when both exper imental accurac ies and neg lec t of 

p o l a r i z a t i o n are taken in to account. These are the absolute e r ro r l i m i t s 

that must be ass igned to a l l measured 2s c ross sec t ions g i ven i n t h i s 

s tudy. Chapter V conta ins a complete a n a l y s i s of p o s s i b l e e r ro rs i n a l l 

2s c ross sec t i on measurements. 
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Rout ine Monitor of E f f i c i e n c y 

There i s ample evidence that the de tec t ion e f f i c i e n c y of the e l e c ­

t ron m u l t i p l i e r D g changes as a func t ion of t ime, presumably due to changes 

i n the sur face cond i t i on of the photoemissive cathode. To take these 

changes in to account , the fo l low ing method i s used. 

The absolute e f f i c i e n c y was f i r s t evaluated as descr ibed p rev i ous l y 

wi th the co l l ima t i ng s l i t s removed. Then the quench and pre-quench f i e l d s 

were removed and the ta rge t chamber evacuated. The remaining count ra te 

o f the funneled e lec t ron m u l t i p l i e r was p r i m a r i l y due to countable u l t r a ­

v i o l e t r a d i a t i o n produced by the impact of the 20 keV protons on the back­

ground gas i n the vacuum chamber. The beam current to the Faraday cup 

and the pressure i n the chamber (5 X 10~ 7 Tor r ) were recorded. Argon 

gas was then leaked in to the l a rge chamber u n t i l a pressure of between 1 

and 3 . 1 0 - 6 Torr was recorded by an i o n i z a t i o n gauge attached to the base ­

p l a t e ; at t h i s p ressu re , l e s s than 3 percent of the primary beam was neu­

t r a l i z e d . The increase i n count ra te was a t t r i bu tab le to countable u l t r a ­

v i o l e t r a d i a t i o n produced by proton-argon c o l l i s i o n s occur r ing i n the 

f i e l d of view of the m u l t i p l i e r . The count ra te per u n i t beam i n t e n s i t y 

per un i t argon dens i t y , Kj_ , was a" measure of the e f f i c i e n c y of the de tec to r . 

Dur ing operat ion of the experiment fo r d i f f e r e n t i a l c ross sec t i on 

measurements, the c o l l i m a t i n g s l i t s were rep laced . I n order to check the 

de tec t ion e f f i c i e n c y , the whole apparatus was aga in f i l l e d wi th argon and 

the countable u l t r a v i o l e t s i g n a l per un i t beam current to the Faraday cup 

per un i t p ressu re , K g , was measured. T h i s quan t i t y , Kg , i s aga in a mea­

sure of e f f i c i e n c y and should be the same as K x measured by the same 
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method wi th the s l i t s removed. I n the event that K x and Kg are not equa l , 

then a change of e f f i c i e n c y i s i n d i c a t e d , and a co r rec t i on can be made 

s imply by the r a t i o of these q u a n t i t i e s . 

Th i s technique for monitor ing changes of de tec t ion e f f i c i e n c y was 

used throughout the da ta - tak ing program. Changes of up to 60 percent were 

recorded over long per iods of t ime. Changes dur ing the course of a s i n g l e 

d a y ' s operat ion were n e g l i g i b l e . Tes ts showed that the MgF 2 window t r a n s ­

m iss ion d id not change wi th t ime; i t fo l lows that v a r i a t i o n s of e f f i c i e n c y 

must be ass igned to the changes i n the secondary emi t t ing p roper t ies of 

the Lyman-alpha de tec to r . 

Energy Dependence of the Detec t ion E f f i c i e n c y 

Under h igh quenching f i e l d s s u f f i c i e n t to ensure complete mix ing 

of the 2s and 2p l e v e l s , the e f f e c t i v e l i f e t i m e of the metastable s ta te 

9 41 

i s ~ 1.6 X 10" s e c . The decay length (product of impact v e l o c i t y and 

l i f e t i m e ) i n the quenching e l e c t r i c f i e l d i s comparable wi th the f i e l d of 

v iew of the detec tor . Consequent ly, as the v e l o c i t y changes, the d i s t r i ­

but ion of emi t ters i n the quench reg ion w i l l a l so be a l t e r e d . I n the 

event that e i t he r e or H as p rev i ous l y def ined va ry s i g n i f i c a n t l y wi th 

the angle of inc idence of the photon, then the detector s e n s i t i v i t y D £ 

might e x h i b i t a dependence of impact v e l o c i t y . Tes ts were requ i red to 

assess the magnitude of t h i s e f f e c t . The l i f e t i m e of the H(2s) s ta te i s 

dependent on the s t reng th of the quenching e l e c t r i c f i e l d and may be p re -
41 

d ie ted t h e o r e t i c a l l y . I t would be p o s s i b l e to guarantee v e l o c i t y i nde ­

pendent de tec t ion e f f i c i e n c y by va ry ing the quenching f i e l d wi th v e l o c i t y 

to mainta in a constant decay l eng th . T h i s does have the d isadvantage, 
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however, that quenching f i e l d s w i l l be l e s s than for an optimum e f f i c i e n c y , 

and therefore s i g n a l - t o - n o i s e r a t i o s would be degraded. Data fo r t h i s 

study were taken us ing h igh sa tu ra t i on f i e l d s , and thus optimum de tec t ion 

e f f i c i e n c y was ach ieved. 

A t es t of the v e l o c i t y dependence of the e f f i c i e n c y was c a r r i e d 

out by measuring the r a t i o of s i g n a l at a low f i e l d where decay length 

was kept constant to the s i g n a l under optimum quench f i e l d ; the v a r i a t i o n 

o f t h i s r a t i o wi th impact v e l o c i t y r e f l e c t s changes i n de tec t ion s e n s i ­

t i v i t y . Th i s t es t i nd i ca ted that D g va r i ed by no more than 10 percent 

over the impact energy range of 4 to 20 keV. 
44 

I t has been shown that the f i e l d - i nduced Lyman-alpha emiss ion 

w i l l be p o l a r i z e d by an amount which v a r i e s wi th f i e l d s t r eng th . As 

mentioned above, p o l a r i z a t i o n i s r e l a t ed to an isot ropy of emiss ion . An 

experiment which detects photons emitted in to a l im i ted s o l i d angle w i l l 

therefore exper ience a change i n e f f e c t i v e detec t ion s e n s i t i v i t y wi th 

e l e c t r i c f i e l d , and t h i s fac to r i s inc luded i n the d e f i n i t i o n of H. The 

t es t descr ibed above depends upon the de tec t ion e f f i c i e n c y at a s e r i e s 

of se lec ted low f i e l d s being independent of atom v e l o c i t y . Using e i t h e r 
44 

the t h e o r e t i c a l p r e d i c t i o n of p o l a r i z a t i o n by S e l l i n e t a l . or those 

19 

by C r a n d a l l , i t i s r e a d i l y shown tha t , over the range of low f i e l d s 

used to mainta in constant decay length (30 to 40 v / c m ) , D^ v a r i e d by a 

n e g l i g i b l e amount ( l e s s than 0.25 p e r c e n t ) . The h igh quench f i e l d used 

dur ing the experiment was not maintained cons tan t ; va r ious va lues were 

employed between 300 and 600 v /cm, depending on p r o j e c t i l e energy. The 

changing p o l a r i z a t i o n cont r ibu tes to the v a r i a t i o n of de tec t ion e f f i c i e n c y 
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w i th p r o j e c t i l e energy that i s i d e n t i f i e d by the t e s t descr ibed above. 

I n conc lus i on , the ex is tence of the f ie ld-dependent p o l a r i z a t i o n does not 

i n v a l i d a t e the r e s u l t that the de tec t ion e f f i c i e n c y changes by l e s s than 

10 percent over the impact energy range used. 

H(2s) S i g n a l Sa tu ra t i on 

The metastable detector count ra te was found to sa tura te as the 

e l e c t r i c f i e l d i n t e n s i t y was i nc reased . The f i e l d dependence of the de­

tected H(2s) s i g n a l may be ca l cu l a ted us ing equat ion (49) where the detec­

tor count ra te was found to be 

N = R(0 ) He JjL - e V 

WL 
1 (52) 

I f i t i s assumed that the p o l a r i z a t i o n of f i e l d quenched r a d i a t i o n 

i s f i e l d independent, equat ion (52) may be wr i t ten as 

W(F)L 
N v 

= f ( F ) = 1 - e V , (53) R(0 ) H e 

where F i s the e l e c t r i c f i e l d i n t e n s i t y i n v /cm. 

F igu re 21 shows the H(2s) count ra te as a func t ion of quench f i e l d 

for 4 .4 keV and 25 keV impact energy. The data have been normal ized to 

equat ion (53) at 275 v/cm for 4 .4 keV and 350 v/cm for 25 keV. 

The f i e l d dependence of the quenching t r a n s i t i o n p r o b a b i l i t y W 

72 

may be ca l cu l a t ed t h e o r e t i c a l l y by cons ider ing the mix ing e f f e c t of a 

uniform e l e c t r i c f i e l d on the 2 s ^ ^ s ta te wi th i t s ne ighbor ing 2 p ^ ^ a n < * 

2p«j/2 s t a t e s « T h e ca l cu l a ted t r a n s i t i o n p r o b a b i l i t y i s presented i n 
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Figure 21 H (2s) Detector Saturation Curves, ( a ) H (2s) detector count r a t e . (Id) theoret ica l predic t ions , 
no p o l a r i z a t i o n , ( c ) theoret ica l predict ion -with po lar izat ion corresponding to adiabat ic entry 
into e l e c t r i c f i e l d , t^"' . ( d ) theoret ica l predict ion with p o l a r i z a t i o n corresponding to sudden 
entry into e l e c t r i c f i e l d . 
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F igu re 22. S ince the eva lua t ion of t h i s t r a n s i t i o n p r o b a b i l i t y invo lves 

the s o l u t i o n of a cub ic equat ion , no r e l a t i v e l y s imple express ion fo r i t 

e x i s t s for a r b i t r a r y f i e l d i n t e n s i t y . However, i f one performs the c a l c u ­

l a t i o n exc lud ing the ^-P^/Z s t a t e > s u c n a n exp ress ion may be d e r i v e d ^ 

and i s g i ven by 

W 2 s ( F ) = 3.12 X 10 s [ l + r i _ (f+ 6 8 ) l / f t ] a ] s e c " 1 , (54) 

where 6 = F /237. Th i s two-state t r a n s i t i o n p r o b a b i l i t y i s found to agree 

to w i t h i n 5 percent wi th the th ree -s ta te c a l c u l a t i o n for f i e l d s below 200 

v/cm but as may be seen from F igure 22, the two c a l c u l a t i o n s approach 

d i f f e r e n t h i g h f i e l d l i m i t s . 

For smal l f i e l d s (F = 100 v / c m ) , both c a l c u l a t i o n s approach the 

func t ion 

W = 2720 F 2 s e c " 1 . (55) 

Th i s quadr ic dependence on quenching f i e l d i s evident i n both sa tu ra t i on 

curves of F igu re 21. That the detector count ra te should have t h i s quad­

r i c dependence i s c l e a r when the exponent ia l i n equat ion (53) i s expanded 

for sma l l W. 

I f a f ie ld-dependent p o l a r i z a t i o n such as ca l cu l a t ed by S e l l i n or 

C randa l l i s assumed, f ( F ) must take the form 

f ( F ) = 3 ^ [ l - e V ] , (56) 
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where n i s the p o l a r i z a t i o n f r a c t i o n . Equat ion (56) i s inc luded i n F i g ­

ure 21 fo r the two extreme cases of i n f i n i t e ent ry time ( S e l l i n ) and zero 

ent ry time ( C r a n d a l l ) . Although the data seem to f a l l between these e x ­

tremes, i n d i c a t i n g an intermediate func t i ona l form fo r the f i e l d depend­

ence of TT, the t e s t i s too i n s e n s i t i v e to make a quan t i t a t i ve p r e d i c t i o n . 

However, the o v e r a l l agreement between experiment and theory i s g r a t i f y ­

ing and i nd i ca tes proper operat ion of the de tec tor . 

I t should be noted tha t , for the metastable detector used i n t h i s 

experiment, the achievement of s i g n a l sa tu ra t i on wi th i n c r e a s i n g e l e c t r i c 

f i e l d i s not a r e s u l t of t r a n s i t i o n - r a t e s a t u r a t i o n . Sa tu ra t i on occurred 

when e s s e n t i a l l y a l l the metastables were quenched w i th in view of the 

funneled e lec t ron m u l t i p l i e r , i . e . , when exp [- WL/v] was smal l compared 

72 

to one. The th ree -s ta te c a l c u l a t i o n of W by Luders i nd i ca tes tha t , 

fo r the f i e l d s used i n t h i s experiment (300 to 600 v / c m ) , W was between 

1.4 X 10 8 s e c - 1 and 2.5 X 10 8 s e c - 1 , f a r from i t s sa tu ra t i on va lue of 

6.25 X 10 8 s e c " 1 . 
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APPENDIX C 

EVALUATION OF THE SECONDARY EMISSION COEFFICIENT FOR H° 

Assignment of absolu te va lues to the neu t ra l data presented i n t h i s 

t h e s i s requi red the eva lua t ion of the secondary e lec t ron emission c o e f f i ­

c i en t Y . S ince secondary emission c o e f f i c i e n t s are known to depend on 

the sur face cond i t ion and nature of the bombarded m a t e r i a l , t h i s quant i ty 

must be exper imenta l ly measured in s i t u e . 

The primary d i f f i c u l t y i n eva lua t i ng Y q i s that an independent 

method of measuring the neu t ra l current must be found. Once t h i s i s done, 

v may be evaluated as the r a t i o I / i where I i s the current of secondary Yo J o' o o J 

e lec t rons produced by the neu t ra l current i Q . The method chosen to i nde ­

pendently measure i i s simple and i n f a c t i s the method used by many ex ­

pe r imen ta l i s t s to measure t o t a l e lec t ron-cap tu re c ross s e c t i o n s . The 

technique i s based on the f ac t that for each neu t ra l atom formed by e l e c ­

tron capture w i th in the ta rge t c e l l , there i s l e f t behind a s i n g l y charged 

ta rge t i o n . I f these ions are c o l l e c t e d to the inner s h e l l o f the c o l ­

l i s i o n chamber, they produce a current i which i s numer ica l l y equal to 

i Q . I o n i z a t i o n events produce equal p o s i t i v e and negat ive cur ren ts and 

do not cont r ibu te to the net i . Thus Y may be evaluated v i a the r a t i o 
c o 

I / i . 
o c 

See page 66 fo r a d e f i n i t i o n of the neu t ra l " cu r ren t " i Q . 
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To perform t h i s experiment, the sca t te red f l u x c o l l i m a t i n g s l i t s 

were removed and the ro ta t i ng arm set to zero degrees s c a t t e r i n g a n g l e . 

Targe t gas (hel ium) was introduced in to the c o l l i s i o n chamber to neu t ra ­

l i z e a smal l f r a c t i o n of the H + primary beam. The ion/atom detector was 

operated in the secondary emission mode, and the primary beam was de f lec ted 

from the c e n t r a l p la te o f the detector by the e l e c t r o s t a t i c H (2s ) quench 

f i e l d . The inner s h e l l of the c o l l i s i o n chamber was b iased a t -30 v o l t s 

to c o l l e c t ta rge t i o n s , and the outer s h e l l was grounded. A s lender rod 

was inser ted into the inner s h e l l from the pressure measuring reg ion be­

low. The rod was b iased p o s i t i v e to c o l l e c t e lec t rons r e s u l t i n g from 

i o n i z i n g c o l l i s i o n s . F igu re 23 shows the e l e c t r i c a l connect ions used to 

measure ± c and I q . A co r rec t i on of approximately 10 percent to I was 

made for neu t ra l s formed by e lec t ron c a p t u r e - c o l l i s i o n s ex te rna l to the 

ta rge t c e l l , which of course would not cont r ibute to i^. 

Using the above technique, Y Q was measured as a func t ion of impact 

energy from 4 to 25 keV. I n add i t i on Y was measured a t the same time 

f o r reasons that are presented below. 

While data were being taken for the d i f f e r e n t i a l c ross s e c t i o n s , 

y was found to decrease s lowly due to a cumulat ive e f f e c t of heavy bom-4* 

bardment of the secondary emiss ion sur face by the ion beam. Al though y 

could be measured w i th the sca t te red f l u x co l l ima to r s l i t s i n p l a c e , the 

technique used to measure Y q requi red the i r removal. Thus i t was neces­

sa ry to f i nd a secondary means of monitor ing Y Q wh i le d i f f e r e n t i a l data 

were being taken. I t has been proposed that the r a t i o Y Q / Y + should be 
73 

near l y independent of sur face composit ion or condi t ion„ To check t h i s 
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p ropos i t i on , t h i s r a t i o was measured fo r the p a r t i c u l a r su r face used i n 

78 

t h i s experiment and compared wi th r e s u l t s of three other i n v e s t i g a t i o n s ' 

79 80 

' fo r a v a r i e t y of ma te r i a l s and sur face cond i t i ons . The r e s u l t s , 

shown i n F igu re 24, i nd i ca te tha t , a t l e a s t fo r su r faces that have not 

undergone s p e c i a l c lean ing procedures, t h i s r a t i o i s f a i r l y independent 

of sur face parameters. I t was concluded that Y Q / Y + should remain constant 

i n time even though Y + and Y q may be changing as the sur face cond i t i on 

changes. 

The neu t ra l secondary emission c o e f f i c i e n t could now be monitored 

wi th the s l i t s i n p lace i n the fo l low ing manner: Y Q /Y + was measured once 

wi th s l i t s removed; then Y was con t i nua l l y monitored and Y evaluated 
+ o 

us ing the measured r a t i o . 

With the s l i t s i n p l a c e , Y^ was checked for v a r i a t i o n as the appa­

ra tus was set fo r d i f f e r e n t s c a t t e r i n g a n g l e s . For a l l ang les where d i f ­

f e r e n t i a l c ross sec t ions were measured (0 l a rge r than approximately 0.5 

degree ) , Y + was found to be independent of a n g l e . However, as the r o t a t ­

ing arm was brought to the zero-degree p o s i t i o n , Y + w a s found to decrease. 

Th i s behavior may be exp la ined on the fo l low ing grounds. At l a rge ang le 

s e t t i n g s , sca t te red H + f l u x reaching the detector through the c o l l i m a t -

ing s l i t s i s d is turbed over a la rge f r a c t i o n of the center p l a t e . Most 

reg ions of t h i s p la te had not been exposed to the primary beam and thus 

had a r e l a t i v e l y h igh va lue of Y . At smal l ang les (6 < 0.5 degree) , a 

por t ion of the unscat tered beam could pass through the s l i t system and 

reach t h i s c e n t r a l reg ion of the p l a t e . Because of the i n t e n s i t y of the 

beam, the secondary e lec t ron current produced by t h i s f l u x f a r outweighed 
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that produced by sca t te red f l u x inc iden t on other por t ions of the p l a t e . 

Thus f o r smal l a n g l e s , Y_̂_ was e s s e n t i a l l y being measured for the smal l 

"burn t " reg ion of the c e n t r a l p l a t e , whereas a t la rge 6 , almost a l l of 

the p la te was being sampled. 

Based on the arguments and data presented above, i t was assumed 

that Y / Y . was independent o f the cond i t ion of the s u r f a c e . The va lue o + 

of Y + was always measured d i r e c t l y and the r a t i o Y Q / Y + taken from the 

data i n F igu re 2 4 . I n p r a c t i c e , Y + changed s lowly fo r a per iod of two 

months and then became constant . 

F i gu re 25 shows the energy dependence of Y + fo r both the c e n t r a l 

"burn t " spot (angular s e t t i n g of 0 degrees) and a mean va lue over the 

"unburnt" reg ion ( f o r a l l angular s e t t i n g s greater than 0 . 5 degree) . 
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Figure 2 5 Energy Dependence of Secondary Emission Coeff ic ient for H . 
( a ) Large angle da ta , ( b ) zero degree data. 
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APPENDIX D 

MEASUREMENT OF THE TOTAL ELECTRON CAPTURE CROSS SECTION G 
o 

While performing the c a l i b r a t i o n experiment fo r Y > the t o t a l 

c ross sec t i on fo r the reac t i on 

H + + He -» H° + [ H e + ] (57) 

was measured. The c ross sec t i on was evaluated by the equat ion 

t P 

which i s a s l i g h t l y modi f ied form of equat ion 24. Here i i s the net 

p o s i t i v e cur rent formed in the ta rget c e l l by e lec t ron capture c o l l i ­

s i o n s ; I i s the beam cu r ren t ; N f c i s the ta rge t d e n s i t y ; and L i s the e f ­

f e c t i v e length of the ta rge t r e g i o n . The measurement of i was descr ibed 

in the preceding appendix. The eva lua t ion of the e f f e c t i v e gas c e l l 

length was d i scussed i n Appendix B. The magnitude of L was found to be 

5.8 ± 0.3 cm. Standard t e s t s were performed to show that o was inde-
o 

pendent of N f c . 

F i gu re 26 presents the r e s u l t s of t h i s measurement. The c ross s e c ­

t i o n was found to r i s e monotonical ly w i th impact energy from 0.177 X 10 1 6 

cm2 a t 4 keV to 1.73 x 10 cm2 a t 25 keV. I t i s est imated that the 

p o s s i b l e abso lu te e r ro r d id not exceed ± 10 percent . The r e p r o d u c i b i l i t y 

was bet ter than ± 5 percent . 
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The present data are i n good agreement w i th previous determina-

t i o n s . 8 1 ' 8 2 ' 8 3 ' 8 4 

V 
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Total Electron Capture Cross Section for Protons Incident on 
Helium. (a) present work, ( b ) Stier_and B a r n e t t ( ° l ) , ( c ) Stedeford 
and H a s t e d ^ 2 S ( d ) DeHeer et . a l . ^ / , ( e ) Williams and Dunbar( 8 i0. 
Error bars indicate l imi t s of r e p r o d u c i b i l i t y . 
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APPENDIX E 

ALIGNMENT PROCEDURES 

Alignment of the apparatus was a two-step program. F i r s t , the mod 

u l e support system was a l i gned wi th the a c c e l e r a t o r ; and second, the mod­

u les were a l i gned wi th respect to the support system. 

Before al ignment w i th the a c c e l e r a t o r , the module support system 

was ad jus ted so that i t s r a i l s were p a r a l l e l to the plane def ined by the 

base of the hub to w i t h i n ± 0.0013 cm over t h e i r en t i re l eng th . The sup­

port system and hub were p laced on an o p t i c a l f l a t , and the he igh t of the 

r a i l s was measured wi th a t r a v e l i n g d i a l i n d i c a t o r . The f i x e d r a i l was 

ad justed by means of the support rod at tached to i t s end whi le the r o ­

t a t i ng r a i l was adjusted by means of the s i n g l e support leg located at 

the end. The support system was then t rans fe r red to the vacuum chamber, 

and the hub bol ted to a mating sur face i n the basep la te . The baseplate 

was then moved to a l i g n the r a i l system wi th the a c c e l e r a t o r . Th is a l i g n 

ment was not c r i t i c a l and was done wi th l i t t l e t rouble by use of a l a s e r 

beam. 

A p r e c i s e module al ignment procedure was developed which used the 

machined accuracy of the r a i l support system; the modules were mechani­

c a l l y a l i gned w i th respect to a t es t sec t i on of r a i l and then t rans fe r red 

to the support system i n the vacuum chamber. The procedure fo r a l i g n i n g 

the module wi th respect to the r a i l was as f o l l ows . The al ignment r a i l 
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ca r r y i ng the module was mounted on the bed of a Br idgepor t m i l l i n g ma­

c h i n e , and a te lescope was clamped i n the s p i n d l e . The m i l l bed was 

moved perpendicu lar to the r a i l and t raversed the module across the t e l e ­

scope ' s f i e l d of v iew. The pos i t i ons of the edges of the module's aper­

ture were recorded from the feed d i a l , and the center of the aperture was 

c a l c u l a t e d as the average of these two read ings . The module was then r o -

tated 180 degrees, and the measurement was repeated. I f the two center 

l i n e s co inc ided , the aperture was centered on the r a i l . I f the center 

l i n e s d id not c o i n c i d e , the module was s h i f t e d s l i g h t l y and the procedure 

repeated. The he igh t of the aperture above the r a i l s was measured by 

v e r t i c a l movement of the m i l l bed. Alignment accu rac ies of ± 0.001 cm * 

were r e a d i l y obta inable wi th t h i s procedure. 
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APPENDIX F 

APPARATUS FUNCTION 

I n Chapter I I the opera t iona l d e f i n i t i o n of a d i f f e r e n t i a l c ross 

sec t i on was de r i ved . There it: was shown tha t , al though the t rue d i f f e r ­

e n t i a l c ross sec t i on was def ined as the r a t i o of d i f f e r e n t i a l elements, 

the measured c ross sec t i on was def ined i n terms of a r a t i o of the two 

averaged quan t i t i es N i ( 0 ) and G ( 9 ) . T h i s averaging process i s inherent 

i n any p r a c t i c a l exper imental measurement of a d i f f e r e n t i a l c ross s e c ­

t i o n because of the n e c e s s i t y of f i n i t e c o l l i m a t i o n aper tu res . 

I n t h i s appendix the geometr ica l f ac to r G(9) w i l l be evaluated 

for the p a r t i c u l a r aperture system used for the present work. I n a d d i ­

t i o n , comments w i l l be made regard ing sys temat ic e r ro rs introduced due 

to the averaging p rocess . 

Eva lua t i on of G(8) 

The geometr ica l f ac to r G ( 9 ) , def ined by equation ( 1 7 ) , i s the i n te 

g r a l of the s o l i d angle Au> over the reg ion def ined by AV. Wr i t ing Au) as 

o ) ( x , y , z ) and AV as V ( 9 ) , the i n t e g r a l which must be evaluated i s 

. 6<e) - a ) ( x , y , z ) d 3 T . (59) 
- V ( 0 ) 

Here V(9) i s that reg ion o f space where (a ) the ta rge t dens i t y i s not 

ze ro , (b) the p r o j e c t i l e dens i t y i s not ze ro , and ( c ) the s o l i d angle 
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cu (x , y , z ) i s not zero . The x a x i s def ines the d i r e c t i o n of the primary 

beam, and the angle 0 l i e s i n the x - y p lane . 

Equat ion (59) w i l l be evaluated f i r s t for a beam of smal l width 

and h e i g h t . The r e s u l t s w i l l then be shown to be app l i cab le to the 

f i n i t e beam case for the p a r t i c u l a r geometry used i n t h i s experiment. 

85 
The fo l lowing d e r i v a t i o n i s based on the work of S k a l s k a y a , Kaminker 

86 87 and Fedorenko, and F i l i p p e n k o . 

Consider a very t h i n p r o j e c t i l e beam of c ross s e c t i o n a l area A 

d i rec ted along the x a x i s as shown i n F igu re 27. Two rec tangu la r aper­

t u r e s , the center l i n e of which def ines the se t s c a t t e r i n g angle 0 , are 

pos i t i oned a d is tance I and H + I from the po int o f i n t e r s e c t i o n o f t h e i r 

center l i n e and the x a x i s ( t h i s point i s i n f a c t the center of the c o l ­

l i s i o n chamber). The width of the f i r s t s l i t i s represented by a . The 

he igh t of the f i r s t s l i t does not enter the c a l c u l a t i o n of a as long as 

i t i s g rea ter than or equal to the he ight of the second s l i t . Th i s was 

the case for the present geometry. The width and he ight of the second 

s l i t are b and h , r e s p e c t i v e l y . 

The s o l i d angle co(x) i s def ined to be the s o l i d angle " s e e n " by 

each po int x along the x a x i s and i s determined by the edges of s l i t s 1 

and 2. The points C^ and def ine the extreme pos i t i ons along the x -

a x i s beyond which (D i s i d e n t i c a l l y ze ro . The por t ion of the x a x i s fo r 

which U) i s not zero has been labe led L ( 0 ) . For a very t h i n beam, U) w i l l 

not depend on y or z , and equat ion (59) may be wr i t t en as f o l l ows : 

By t h i n i t i s meant that the y and z dimensions of the beam are 
very smal l compared to a l l s l i t w id ths . 
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G(6) == A I ou(x) dx . 
*L (0 ) 

(60) 

The d e t a i l s of the eva lua t ion of equat ion (60) have been g iven by 

88 

Tay lo r and w i l l not be repeated he re . B a s i c a l l y , the procedure i s to 

de r i ve the a n a l y t i c form of cu(x) fo r each of the four reg ions of the x 

a x i s def ined by the po in ts C^, C^, C^, C^, and the o r i g i n 0, and then 

perform the fo l low ing i n t e g r a t i o n : 
Cs 

f U)(x)dx = ou-t ( x ) d x + 
J L ( 9 ) J C 4 03 

Ci 

0 
03 

( x )dx + J ofe ( x )dx + J i u 4 ( x )dx . (61) 

The r e s u l t of t h i s c a l c u l a t i o n i s 

L ( 0 ) 

bh f O3 \ 
to(x)dx = y ^ J J LH+A - C x cos9 " H+4 - C3 cosGj 

h I [2(HfA) tane + 6 ] [03 - ]] 
2 1[H+jG - Cg cos0][H+A - C x cos6J 

+ I t 
[2(H+A) tane + b] [C 4 - C3 ] 

[H+Jfc - C3 cose][H+A - C 4 cose 1} 

(62) 

+ 

+ 

h[2j& tane - a] J\ f"(j& - Ca cos6)(H+j& - d cose)~n 
~1 L(J£ - C T cos6)(H+j& - Co cose)Jj 2H cos6 

h [2A tane + a] J\ f(jft - C A cose)(H+A - C, cose)T\ 

2h cose I L(jg - C3 cose)(H+x - c 4 cose)Jj 

Here 
aH + I ( a -b ) 

2H sinG + (a -b ) cos6 » (63) 
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aH + £ (a+b) 
2H sihG 4- (a+b) cos6 ' 

aH + £ (a -b ) 
2H SLTIG - ( A - B ) COSG ' 

and 
aH + £ (a+b) 

2H s in9 - (a+b) cos6 * 

87 Equat ion (62) i s s i m i l a r to the express ion der ived by F i l l i p e n k o 

wi th one smal l excep t ion . F i l l i p e n k o found the c o e f f i c i e n t s of the two 

logar i thms to be i d e n t i c a l and thus combined tham in to a s i n g l e term. 

I t i s be l ieved that equat ions (62) and (63) are c o r r e c t . 

As the angle 6 i s decreased, the po in t moves away from the o r i ­

g i n (center of the s c a t t e r i n g c e l l ) and fo r s u f f i c i e n t l y sma l l angles 

moves out of the ta rge t chamber. S ince the ta rge t dens i t y N f c i s n e g l i g ­

i b l e pas t t h i s p o i n t , a sys temat ic e r ro r i n the va lue of G(0) would r e ­

s u l t i f t h i s reg ion were inc luded i n the i n t e g r a t i o n . To account fo r 

t h i s e r r o r , was rep laced i n equat ion (62) by the d i s tance to the ta rge t 

c e l l entrance aperture fo r those angles where l i e s outs ide the c o l l i ­

s i o n chamber. 

For angles where l a y w i t h i n the ta rge t r e g i o n , equat ion (62) may 

be cons iderab ly s i m p l i f i e d by the i n s e r t i o n of C ^ , C^, C ^ , and C ^ . The 

r e s u l t may be wr i t t en 

uu(x)dx 
L ( 9 ) 

H cos6 
ah j"2(H+j£) S I N E + 

L2(H+j£) S I N E -s in6 - b cos6 
s in6 + b cos6 • ] • (64) 

T h i s i s the express ion g iven by S k a l s k a y a . I f the £n term i s expanded, 



^ l O . Q r 1 1 1 1 1 1 1 1 1 1 1 1 1 1 r 

S C A T T E R I N G A N G L E 9 [ M I N U T E S - L A B O R A T O R Y ] 
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Present calculation". m 
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one obta ins 

JL(e)<u(x)dx - 5«drfee [i + i?3 + . . . ] , <65) 

where £ = 2 ( H + l ) ° s i n 8 * ' ^ i e ^ r s t t e r m i- n t h i s expansion i s the r e s u l t 

89 

obtained by Jordan and Brode. 

I f the second term of the expansion i s smal l compared to 1, the 

Jordan-Brode r e s u l t may be used . T h i s requ i res that 

1/3 b 2

 a ' « 1 • (66) 4 ( H + £ ) 2 s i n 2 6 

T h i s i n e q u a l i t y i s w e l l s a t i s f i e d for the exper imental arrangement used 

i n the present study fo r those angles where was i n s i d e the ta rge t r e ­

g i o n . 

F igu re 28 shows the c a l c u l a t e d va lues of u)(x)dx fo r equat ion 
J L ( 6 ) 

(62) and fo r the Jordan-Brode equat ion. The angle at which moves out 

of the ta rge t c e l l fo r the present system of apertures was approximately 

1.5 degrees. 

F i n i t e Beam Cons ide ra t ions 

The a p p l i c a b i l i t y of equat ion (62) to the r e a l i s t i c s i t u a t i o n of 

a beam wi th f i n i t e width and he igh t has been i n v e s t i g a t e d i n two ways. 
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F i r s t , a computer program provided by Menendez was employed to 

c a l c u l a t e equat ion (59) for a f i n i t e beam s i z e . The program uses a Monte 

Car lo technique to perform the i n t e g r a t i o n to an accuracy of ± 5 percent . 

The r e s u l t s agreed wi th those of equat ion (62) to w i t h i n f i v e percent fo r 
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a l l ang les . 

Second, an exper imental t es t of the e f f e c t of beam diameter was 

made by reducing the beam s i z e from approximately 0.10 cm to 0.03 cm and 

comparing the low-angle d i f f e r e n t i a l c ross sec t ions wi th those p r e v i o u s l y 

measured. No systemat ic change was observed for any energy or angular 

range. 

Based on these two r e s u l t s , i t was concluded that , at l e a s t fo r the 

p a r t i c u l a r geometry employed i n the present s tudy , equat ion (62) could be 

used i n the eva lua t ion of the geometr ica l f a c t o r . 

Apparatus Resolution 

When an apparatus with, f i n i t e co l l ima t i ng apertures i s se t to an 

angle 9 q , f l u x sca t te red through a range of angles AG may pass through 

the s l i t s and be detected. I t i s somewhat mis lead ing to quote the f u l l 

A9 as the angular r e s o l u t i o n because f l u x sca t te red by an angle near the 

extremes of A9 " s e e s " a sma l l s o l i d angle and should be weighted l e s s 
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than f l u x sca t te red near 9. The computer program provided by Menendez 

subdiv ided A9 in to t h i r t y ranges 69^. A p l o t of t h i s weight ing fac to r 

aga ins t 9 showed a narrow peaked d i s t r i b u t i o n centered on 9 q which de­

creased to zero at the extremes of A9. The r e s o l u t i o n quoted i n t h i s 

t h e s i s w i l l be def ined as the f u l l width at h a l f maximum of t h i s d i s t r i b u ­

t i o n . The r e s o l u t i o n was found to be ± 0.2 degree. 

E f f e c t s of F i n i t e Reso lu t ion 

The e f f e c t of the f i n i t e r e s o l u t i o n i s twofo ld. F i r s t , o s c i l l a ­

t i on i n the d i f f e r e n t i a l c ross sec t i on wi th per iods much l e s s than 0.4 
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degree should not be observab le . Second, fo r d i f f e r e n t i a l c ross sec t i ons 

which vary r a p i d l y w i th angle (such as the e lec t ron capture d a t a ) , the 

measured cross sec t i on may be s h i f t e d i n va lue from the true cross s e c -

AO 
t i o n . Th is i s because f l u x sca t te red in to the angular range 9 - - j - i s 

A9 more in tense than that sca t te red in to 8 + . The t o t a l d i f f e r e n t i a l o 2. 

c ross sec t i on ca l cu l a ted us ing the screened Coulomb p o t e n t i a l as descr ibed 

i n Chapter I I I was convolved wi th the weight ing fac to r g i ven by Menendez's 

program for the impact energy of 20 keV. The convolved c ross s e c t i o n was 

s h i f t e d up by approximately 25 percent . T h i s e f f e c t i s not so important 

fo r the d i s s o c i a t i o n data s ince the d i s t r i b u t i o n s f a l l l e s s p r e c i p i t o u s l y 

w i th angle than those fo r e l ec t ron capture. A l s o , the der ived p r o b a b i l i ­

t i e s should be f ree of t h i s e f f e c t s i nce they are r a t i o s of c ross sec t ions 
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APPENDIX G 

MEASUREMENT OF TOTAL CROSS SECTIONS FOR THE FORMATION 

OF H(2s) 

[Copy of paper pub l ished i n the P h y s i c a l Review] 
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Formation of Metastable Hydrogen Atoms by Charge Transfer* 
R. L. Fitzwilson and E. W. Thomas 

Georgia Institute of Technology, Atlanta, Georgia 30332 
(Received 16 June 1970) 

Measurements are presented of the total cross sections for formation of metastable hydrogen 
atoms by charge transfer as protons traverse targets of helium, argon, nitrogen, and oxygen. 
Projectile energies range from 4 to 26 keV. An H+ projectile beam was directed into a cell 
containing the target gas and emerged into an evacuated region where the metastable-state con­
tent was determined. The H(2s) flux was monitored by electric field mixing of this state with 
the 2p level and detection of the resulting Lyman-a photon. The relative variation of cross 
section with projectile energy for targets of He and Ar is in agreement with previous work. 
For oxygen the cross section increases with energy from 4 to 10 keV and remains constant 
from 10 to 26 keV; for nitrogen the cross section increases monotonically with increasing en­
ergy. 

I. INTRODUCTION 

The objective was to study the formation of meta­
stable H by the process of charge transfer as a 
beam of H* ions traverses a gaseous target. The 
reaction is given by 

H + +X-H(2s) + [X + ] . (1) 

The experiment detects the formation of the meta­
stable hydrogen and gives no information on the 
state of ionization or excitation of the postcollision 
target system shown within the square brackets. 
There has been much previous work on processes 
of the type described by Eq. (1), and the techniques 
are well established. Jaecks e t a l . , 1 Andreev 
e t a l . , 2 and Bayfield 3 have made detailed studies 
of this type of process but confined their work pr i ­
marily to targets of the r a r e gases. The present 
work was undertaken with the primary aim of study­
ing the charge-transfer process on targets of 0 2 

and N2, mechanisms that have obvious importance 
to the understanding of auroral phenomena. 

II. APPARATUS 
The apparatus for this work was of conventional 

design and is shown diagramatically in Fig. 1. 
Hydrogen ions were produced in a rf source, ac­
celerated to energies of between 4 and 26 keV, and 
mass analyzed to produce an H* beam. Two c i r ­
cular apertures of 2. 54- and 1. 02-mm diam sep-* 
arated by a distance of 36 cm were used to coll i-
mate the beam. The target was contained in a cell 
of 6. 7-cm length, the beam entered through a c i r ­
cular aperture of 2. 54-mm diam and exited through 
a circular aperture of 3. 2-mm diam. After t r a ­
versing the cell, the beam emerged into an evacuated 
region where the excited-state fraction and beam 
current were monitored. An electric field was ap­
plied transverse to the beam to induce mixing be­
tween the 2s and 2p states, causing emission of a 

Lyman-a photon. The photons were detected by a 
funneled electron multiplier (Mullard type B 419 
BL) which was operated in a counting mode; it was 
arranged to view perpendicularly to the particle 
trajectory and to the electric field. A LiF plate 
was placed over the cathode of the detector so that 
it was sensitive to photons of wavelengths from 
the LiF transmission cutoff at 1100 A to the sensi­
tivity cutoff of the channel multiplier at 2000 A. 
The metastable detector was placed 14. 2 cm from the 
exit of the gas cell; at this point spontaneous emis­
sion from the 2p state had decayed to negligible 
proportions. Beyond the detector was a Faraday 
cup which monitored the total flux of ions in the 
projectile beam. Suitable potentials were provided 
to inhibit the loss of secondary electrons. 

Projecti le energy was determined directly by a 
precision 90° cylindrical electrostatic analyzer, 
located between the collimating apertures on the 
path of the incoming H* beam. Energies were de­
termined to an accuracy of ± 1%. 

The target gases, stated by the manufacturer to 
be 99. 99% pure, were supplied from high-pressure 
cylinders and leaked into the scattering chamber 
through a needle valve. A dry- ice and acetone cold 
trap was used to remove condensable impurities. 
Target pressures were generally maintained at or 
below IO - 4 Torr; it was demonstrated that at these 
pressures the measured cross sections were in­
dependent of target density. Target pressures 
were monitored with a capacitance manometer whose 
response was independent of the nature of the gas. 
Linearity of response was checked against a trapped 
McLeod gauge, using H2 as the test gas, and shown 
to be linear within ± 4%. Since the data from this 
experiment were in the form of relative cross sec­
tions, it was unnecessary to determine an absolute 
value of target pressure. 

The beam preparation system, collimator, energy 
analyzer, and detection systems were located in a 

3 1305 
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CHANNEL ELECTRON MULTIPLIER 
Pi-

PLATE i" \̂~n LI 1 Ufszi. 

PRE-QUENCH SYSTEM 
QUENCH PLATES 

VACUUM CHAMBER FARADAY CUP 

FIG. 1. Schematic diagram of the apparatus. 

large tank evacuated with trapped oil diffusion 
pumps to a base pressure of better than 10" 7 Torr . 
The target gas occupied a small cell within the 
main tank; flow of gas from the target to the main 
tank was minimized by the small apertures through 
which the beam entered and exited. The pressure 
differential between the cell and tank was a factor 
of 100 or more. 

III. EFFICIENCY OF METASTABLE DETECTOR 
The objective of the experiment was to determine 

relative cross sections as a function of impact en­
ergy. No attempt was made to directly determine 
the absolute sensitivity of the system. Particular 
attention was directed to ensuring that detection 
sensitivity remained invariant with projectile en­
ergy; an empirical test was devised fo test this 
invariance. 

The quenching electric field was provided by a 
parallel plate assembly consisting of two rectangular 
plates 3. 2 cm high by 7 . 6 cm long and spaced 2. 54 
cm apart. Two grounded shields were incorporated 
to reduce the spatial extent of the fringe field; the 
U-shaped shields wrap around the front of each 
quench plate and protrude into the space between 
the plates approximately 2. 6 cm leaving 5 cm of 
the quench plate exposed. Between the quench 
plates, the shields were spaced 0. 508 cm apart 
and were centered on the axis of the particle beam. 
Care was taken to ensure that no appreciable f r a c ­
tion of the metastables were quenched outside the 
detector's field of view by fringe fields from the 
quench plates. 

The intensity of the electric field along the beam 
axis was calculated to an accuracy of ± 10% by the 
use of a mapping function. The intensity r i ses 
from 0 . 1 to 90% of its asymptotic value in a dis­
tance of 1 cm; it is approximately 50% at the edge 
of the grounded shield. Thus the fringe field was 
negligible at distances greater than 0. 5 cm from 
the edge of the grounded shield. The detector 
viewed a region extending from 2 cm in front of 
this edge to 7 cm past this edge; consequently, the 
small fraction of the metastables quenched by the 
fringe field (0. 5%) did contribute to the measured 

signal. It was concluded that there was no signifi­
cant loss of signal due to quenching by fringe fields. 

It was demonstrated that the signal saturated as 
the applied field was increased and the effective 
lifetime of the 2s state became essentially twice 
that of the 2p state. The difference between the 
signal with the quench field on and with it off should 
represent the field-quenched emission from the 
2s state. It was observed that when the quench field 
was turned off there was an appreciable background 
signal. The sources were not completely identified, 
but the signal included components caused by im­
pact of the beam on surfaces and excitation of back­
ground gas. There was concern that when the 
quench field was turned on this background might 
change, particularly due to the alteration in tra jec ­
tory of the projectile ions and acceleration of stray 
electrons onto metal surfaces. This problem was 
obviated by placing before the detection region a 
"prequench" electric field parallel to the beam 
axis. The prequench field had the function of r e ­
moving the metastables from the beam before it 
entered the observation region; tests indicated that 
removal was 97% efficient. Background signals 
observed by the photon detector will be unaffected 
by whether the prequench field is on or off. The 
quench field in the detection region was maintained 
slightly above the value which produced saturation 
in the signal; the difference between the signal with 
the prequench off and the signal with the prequench 
on was taken as the true signal from quenching of 
metastables. 

Under high-quenching fields sufficient to ensure 
complete mixing of the 2s and 2p levels , the effec­
tive lifetime of the metastable state is 3x 10" 9 sec, 
twice that of the 2p level. The decay length (pro­
duct of impact velocity and lifetime) in the quench­
ing electric field is comparable with the field of 
view of the detector. Consequently as velocity 
changes, the distribution of emitters in the quench 
region will also be altered. In the event that the 
efficiency of the photon detector varies with the 
angle of incidence of the photon, the detector sensi­
tivity might exhibit a dependence on impact velocity. 
Tests are required to assess the magnitude of this 
effect. The lifetime of the H(2s) state is dependent 
on the strength of the quenching electric field and 
may be predicted theoretically, following the work 
of Bethe. 4 It would be possible to guarantee veloc­
ity-independent detection efficiency by varying 
quenching field with velocity to maintain a constant 
decay length. This does have the disadvantage, 
however, that quenching fields will be less than 
that for an optimum efficiency; and therefore sig­
nal-to-noise ratios are degraded. In the present 
experiment the detection efficiency was maintained 
at its optimum value using saturation fields. A 
test of the velocity independence of this efficiency 
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was carried out by measuring the ratio of the sig­
nal under optimum quench field to the signal at a 
lower field where decay length was kept constant; 
the variation of this ratio with impact velocity r e ­
flects changes in detection sensitivity. This test 
indicated that the magnitude of the optimum detec­
tion efficiency varied by no more than 10% over the 
impact energy range 4 - 2 6 keV. Rather than make 
a correction for this change, we choose to regard 
it as a contributing factor to the limitation of ac­
curacy with which the cross sections were deter­
mined. 

It has recently been shown 5 that the field-induced 
Lyman-a emission will be polarized by an amount 
which var ies with field strength. Polarization is 
related to anisotropy of emission. An experiment 
which detects photons emitted into a limited solid 
angle will therefore experience a change in effective 
detection sensitivity with electric field. The test 
described above depends upon the detection efficien­
cy at a series of selected low fields being; indepen­
dent of impact velocity. Using the theoretical pre ­
diction of polarization of Sellin et al.5 it is readily 
shown that over the range of low fields used to main­
tain constant decay length (30-40 V/cm) the detec­
tion efficiency of the system varied by a negligible 
amount 6 (less than {%). The high-quench field used 
during cross-section measurements was not main­
tained constant; various values were employed be­
tween 300 and 600 v / c m , depending on projectile 
energy; the changing polarization contributes to 
the variation of detection efficiency with projectile 
energy that is identified by the tests described 
above. In conclusion, the existence of the field-
dependent polarization does not invalidate the r e ­
sult that detection efficiency changes by less than 
10% over the impact energy range of this experi­
ment. 

Care was taken to ensure that no appreciable 
fraction of the flux of metastable atoms was lost 
before the projectile beam entered the detection 
region. Loss due to interception by the exit aper­
ture of the gas cell was assessed from a study of 
the angular distribution of the metastables to be 
less than 1% . The possibility that metastables 
were destroyed by collisions with background gas 
was shown to be negligible by demonstrating inde­
pendence of signal from background pressure. 
Destruction due to stray-field quenching was p r e ­
vented by complete shielding of the beam from high-
voltage leads and insulating surfaces; the fringing 
of fields from the quenching regions was minimized 
by grounded shielding. It was estimated that with 
the precautions described above, the loss of meta­
stables did not amount to more than 1% of the flux. 

There is a possibility of a spurious contribution 
to the signal from metastable atoms formed by neu­
tralization of protons traversing the region outside 
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the target cell. Formation of metastables by charge 
transfer on background gas was evaluated by mea­
suring the metastable signal with the target cell 
evacuated; this was subtracted from the signal 
observed with gas in the cell, so arriving at a true 
signal due to charge transfer on the target medium. 
In most cases the correction was negligible. The 
true signal included a contribution due to meta­
stables formed by neutralization on target gas that 
leaked from the target cell into the main vacuum 
chamber. This contribution is estimated to be less 
than 10% of the metastable flux produced in t r a v e r s ­
ing the target cell and has the effect of introducing 
an uncertainty in the effective thickness of the 
target. Its presence does not, however, materially 
influence the present experiment since the data are 
relative and no attempt was made to determine the 
true target thickness. 

IV. NORMALIZATION OF DATA 
It was not the purpose of this present work to 

measure absolute cross sections. However, 
recognizing the utility of absolute values in practi­
cal situations, the data were assigned absolute 
values by normalization to previous experiments. 

Bayfield 3 noted that there are three independent 
determinations 1 - 3 of the cross section for the pro ­
cess 

H+ + A r - H ( 2 s ) + A r + . (2) 

He suggested that since the data agree within 12%, 
one might normalize future measurements of 
metastable production to these previous determina­
tions. The apparent agreement of the three inde­
pendent determinations is somewhat illusory. Al l 
three experiments assumed that the field-induced 
emission was isotropic; Sellin et al.5 showed this 
assumption to be incorrect; the emission is polar­
ized with respect to the direction of the quenching 
field. Moreover the degree of polarization is de­
pendent upon the strength of the electric field. 
Sellin et al.5 calculated the relationship of polariza­
tion to the quenching field and confirmed these p r e ­
dictions by experimental measurement. It is not 
clear whether the polarizations predicted and mea­
sured by Sellin et al.5 may legitimately be employed 
to correct for the polarization-related anisotropy 
in the published experiments. None of the previ ­
ous experiments utilize conditions that are similar 
to those employed by Sellin et al.5 In two of the 
experiments 1 ' 3 the quenching field is nonuniform; 
for two of the experiments 1 1 2 the excited atoms 
are formed within the quenching field itself. We 
therefore conclude that all the existing data may 
be in e r r o r due to neglect of anisotropy; moreover, 
the magnitude of the e r r o r cannot be reliably esti­
mated in retrospect. Consequently, there are no 
reliable data to which the present experiment may 

F O R M A T I O N OF M E T A S T A B L E HYDROGEN A T O M S BY . . . 
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ENERGY, keV 

FIG. 2. Cross sections for the formation of H(2s) by 
impact of H+ on He. 

be normalized. 
In order to provide absolute magnitudes we 

choose to normalize the present results to a cross 
section of 2. 9 0 x 1 0 " 1 7 cm 2 for the formation of 
metastable hydrogen by impact of 20-keV protons 
or argon; this cross section is the mean of the 
values published in the l i t e r a t u r e . 1 - 3 In view of 
the confusion concerning polarization, no estimate 
is made of the reliability of these absolute magni­
tudes. 

V. RESULTS 
Figures 2 - 4 show the results of the present ex­

periments; the cross sections are expressed in 
units of cm 2 per molecule. It is emphasized that 
the relative values of cross sections for the dif­
ferent targets are obtained directly from the p r e s ­
ent measurements; the absolute values of the 
whole set of data are established by normalization 
to a value of 2. 9x 1 0 " 1 7 cm 2 for the cross section 
in H+ + Ar at 20-keV impact energy. Reproducibility 
of the present data was within ±5%. Systematic 
e r r o r s in the energy dependence of the data should 
not distort the ratio of the values of a cross sec-

7 20 h 

0 5 10 IS 20 25 30 
ENERGY, IceV 

FIG. 3. Cross sections for the formation of H(2s) by 
impact of H* on Ar. 

AND E. W. T H O M A S 3 

0 5 10 15 20 25 
ENERGY, keV 

FIG. 4. Cross sections for the formation of H(2s) by 
impact of H+ on (a) N2 and (b) 0 2 . 

tion measured at the extreme energies of the avai l ­
able range by more than 10%. The ratios evaluated 
for smaller differences in energy will be of higher 
accuracy. The data represent the cross section 
for formation of the 2s state by charge transfer 
and include cascade from higher levels . 

The present results may be compared with p r e ­
vious experiments using targets of He and A r . 
There is considerable disagreement between the 
absolute values in the previous data, reflecting the 
difficulty of carrying out accurate absolute deter­
minations of emitted light intensity. Since the 
present data are relative rather than absolute, the 
most valuable comparisons may be carried out in 
terms of the relative variations of cross section 
with impact energy. Such a comparison is shown 
in Figs. 5 and 6, which include all available data 
for targets of He and Ar normalized together at 

ENERGY, keV 

FIG. 5. Comparisons of data for formation of H(2s) by 
impact of H*on a He target. All data are shown normal­
ized at an energy of 24 keV. (a) Present work, (b) 
Andreev et al. (Ref. 2), (c) Jaecks et al. (Ref. 1), (d) 
Dose (Ref. 7). 
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FIG. 6. Comparisons of data for formation of H(2s) 
by impact of H* on an Ar target. All data are shown 
normalized at an energy of 24 keV. (a) Present work, 
(b) Andreev et al. (Ref. 2), (c) Jaecks et al. (Ref. 1), 
(d) Bayfield (Ref. 3). 

an energy of 24 keV. It is clear that appreciable 
disagreement exists among the various authors. 
In the case of the helium target, if one neglects 
the work of Dose, 7 the remaining values diverge 
by up to 12% from the mean. For argon all data 
lie within 15% of the mean down to an energy of 6 
keV; below this point the divergence is more s e r i ­
ous. The various apparatus used in these mea­
surements are of different design; thus instrumental 
e r r o r s in the data may differ from one experiment 
to another. The contribution of cascade, coming 
primarily from the 3p — 2s transitions, will vary 
from one experiment to another due to the different 
geometrical configurations. However, the direct 
measurements by Andreev et al.8 of the Zp cross 
section at energies above 10 keV indicate that cas­
cade cannot exceed 4% for any of these determina­
tions; thus cascade is a small contribution to the 
measured cross sections and cannot contribute sig­
nificantly to the discrepancies. In all experiments 
there is a danger that the detection sensitivity will 
vary with energy; the work of Jaecks et al.1 con-

*Work partially supported by NASA and by the Con­
trolled Thermonuclear Division of the AEC. 
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137. A340 (1965). 

2 E . P. Andreev, V. A. Ankudinov, and S. V. Bobashev, 
Zh. Eksperim. i Teor. Fiz. 50, 565 (1966) [Soviet Phys. 
JETP 23, 375 (1966)]. 

3 J . E. Bayfield, Phys. Rev. 182, 115 (1969). 
4H. A. Bethe and E. E. Salpeter, Quantum Mechanics 

of One- and Two-Electron Atoms (Academic, New York, 
1951). 

5I. A. Sellin, J . A. Biggerstaff, and P. M. Griffin, 
Phys. Rev. A 2, 423 (1970). 

GThe theoretical predictions by Sellin et al. (Ref. 5) 
were confirmed experimentally using a quench-field con-
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tains such an e r r o r amounting to 10% or more due 
to Doppler shift of emission 9; the techniques of 
Andreev et al.2 inherently exclude this type of e r ­
ror ; the present work has assessed such e r r o r s to 
be less than 10%; the remaining experiments ignore 
the problem. 

It is not possible to make a definite identification 
of sources of e r r o r to explain the discrepancies 
between measurements. Consequently, one cannot 
use objective cr i ter ia to select one set of data as 
being more accurate than the others. Excluding 
the work of Dose, which exhibits a considerable 
disagreement with the other determinations, one 
may conclude that the available data establish the 
energy dependence of the cross sections to an ac­
curacy of ± 15%. Within this uncertainty the r e ­
sults of the present experiment are consistent with 
previous work. 

Gai ly 1 0 carried out a comparison with theory of 
the cross-section data for a helium target. It was 
shown that a coupled-state calculation 1 1 provides 
the best description of the process at energies be­
low 30 keV, but there remains a considerable dis­
crepancy between theory and experiment. 

There are no previous data for N2 and O a targets 
with which the present measurements may be com­
pared. It is interesting that these two cross sec­
tions are of about the same magnitude but exhibit 
different dependence on energy; this indicates per­
haps that the charge-transfer mechanism is sen­
sitive to the detailed electron structure of the t a r ­
get. Mapleton 1 2 has calculated capture into the 2s 
state for targets of O and N using the orthogonalized 
Brinkman-Kramers (OBK) approximation. It might 
be expected that the cross section for atomic O or 
N will be roughly equal to half that for the 0 2 and 
N2. In fact the theory lies as much as one order 
of magnitude higher than experiment and exhibits 
a greatly different dependence on energy. This is 
not too surprising since the OBK approximation is 
designed for use at higher impact energies than the 
present experiment. 

figuration that exhibits no significant difference from 
that used in the present experiments. A small error in 
either the predicted or measured polarizations will not 
significantly affect the validity of the present tests. 

7V. Dose, Helv. Phys. Acta 39, 683 (1966). 
8 E. P. Andreev, V. A. Ankudinov, S. V. Bobashev, 

and V. B. Matveev, Zh. Eksperim. i Teor. Fiz. 52, 
357 (1967) [Soviet Phys. JETP 25, 232 (1967)]. 

9 B. van Zyl, Phys. Rev. 136, A1561 (1964). 
1 0T. D. Gaily, Phys. Rev. 178, 207 (1969). 
n L . T. Sin Fai Lam, Proc. Phys. Soc. (London) 92, 
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