
The re se a rc h  work d esc rib ed  in  t h i s  th e s i s  was done a t  the
QS

U n iv e rs ity  o f Glasgow between January  1954 and December 195^Ap a r t  of 

th e  requ irem en ts fo r  a  Ph.D . d eg ree .

There a re  two p a r ts  to  t h i s  t h e s i s .  The f i r s t  and m ajor p a r t

i s  a  d e s c r ip t io n  o f th e  development and use o f appara tu s to  measure th e  

l i f e t im e s  o f e x c ite d  s ta t e s  o f atom s. The second p a r t  which forms an 

appendix d e a ls  w ith  th e  d esign  and c o n s tru c tio n  of equipment to  measure 

th e  c ro s s - s e c t io n  fo r  th e  pho toproduction  of n e u tra l  pi-m esons a t  th e  

helium  n u c leu s .

The work on atomic l i f e t im e s  was done under th e  guidance o f D r, E«,H.

Khoderick and was s ta r te d  by Mr. S . Heron. Before he was k i l l e d  in  a

clim bing acc id en t in  December 1953 Mr. Heron had b u i l t  most o f th e  apparatus 

re q u ire d  fo r  th e  experim ent. He had a lso  shown th a t  in  the  form in  which i t  

th en  e x is te d  i t  was n o t capable of y ie ld in g  accu ra te  v a lu e s . I  was re sp o n sib le  

fo r  making th e  changes which h is  work had shown to  be d e s ira b le  as w a ll 

as a  number o f o th e rs  d ic ta te d  by subsequent experim ents. A ll th e  l i f e t im e  

measurements were c a r r ie d  out by m y se lf. This work was completed by 

March 1955 *

I  jo in e d  D r. E.H. Bellamy in  August 1955 to  design  and c o n s tru c t 

app ara tu s  f o r  th e  d e te rm in a tio n  o f th e  c ro s s -s e c t io n  fo r  th e  r e a c t io n .

J  + H e 4 H e 4 +-
I n  O ctober 1955 Mr. P . P a l i t  s t a r te d  work on th e  same apparatus 

and to g e th e r  we b u i l t  i t .  By December 195^ i t  had been shown to  work 

and b e fo re  I  l e f t  measurements had been made. Subsequently  Mr. P a l i t

com pleted th e  s e r ie s  of measurements.

In  th e  appendix in  which t h i s  work i s  d e sc rib ed  I  have co n cen tra ted  

on th e  d esign  and c o n s tru c tio n  o f th e  ap p a ra tu s .
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A m t  METHOD OF MEASURING THE LIFJTPB/IEb OF EXCITED
STATES OF ATOMS

1. IFTRODUCTION

The im portance of s-pectra in  th e  development o f B o h r 's  theo ry

of th e  atom i s  w ell known. The measurement of the w avelengths of th e

l in e s  le ad s  d i r e c t ly  to  th e  ev a lu a tio n  of th e  energy le v e ls .  The in t e r 

p r e ta t io n  o f th e  i n t e n s i t i e s  of s p e c tra l  l in e s  i s  a very  much more complex 

problem depending o f te n  on a d e ta i le d  a n a ly s is  of atomic c o l l i s io n  processes 

and th e  re -a b so rp tio n  o f r a d ia t io n  by neighbouring atoms. I f  th e  atoms 

a re  p re sen t i n  very  low c o n cen tra tio n s  so th a t  re -a b so rp tio n  i s  not im portant 

then  th e  in te n s i ty  1 ^ , of a l i n e  i s  given by th e  r e la t io n

The commonly used symbols a re  l i s t e d  a t  th e  beginning  of th e  th e s i s .  T he tfans’iVion

depends on th e  types of c o l l i s io n s  tak in g  p lace  between th e  atoms and 

e le c tro n s .

I n  th e  l i t e r a t u r e  th e  term  " o s c i l l a to r  s tre n g th "  or " f-v a lu e"

where CJ, and Coz a re  th e  s t a t i s t i c a l  w eights of th e  lower and upper 

s ta t e s  r e s p e c tiv e ly .

(brobaWilfkt a 
D11 n rl "ri-y r \ l l i s  a c o n stan t of th e  ex c ited  atom and th e  value  of

is so m e tim e s  used (rep re sen ted  by th e  symbol "f ) .  T h is  i s  r e la te d  to  th e  

t r a n s i t io n  p ro b a b i l i ty  by
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The conception  of o s c i l l a to r  s tre n g th  arose  as p a rt of th e  

c l a s s i c a l  electrodynam ical th eo ry  of d isp e rs io n . The o s c i l l a to r  s tre n g th  

i s  th e  number o f e lec tro n s /a to m  a sso c ia te d  w ith  th e  d isp e rs io n  of l ig h t  of 

th e  w avelength concerned.

The l i f e t im e  of an ex c ited  s ta t e  o f an atom which i s  not p e rtu rb ed  

by e x te rn a l in f lu e n c e s  i s  th e  r e c ip ro c a l  of th e  sum of th e  t r a n s i t io n  

p r o b a b i l i t i e s  to  a l l  s ta t e s  w ith  which th i s  p a r t ic u la r  s ta te  w i l l  combine.

* n

The measurement of th i s  q u a n tity  i s  th e  p a r t ic u la r  problem d is 

cussed in  t h i s  th e s i s .

D irac  d e rived  an ex p ress io n  fo r  th e  t r a n s i t io n  p ro b a b il i ty  A 2, 

on th e  b a s is  of quantum th e o ry . He showed th a t  an e l e c t r i c  d ip o le  of energy 

4 2 -  € |W ill r a d ia te  accord ing  to  c la s s ic a l  e lectrodynam ics Y/hile d ip o le s  

having th e  e n e rg ie s  of the  bound s ta t e s  € , and w il l  not give r i s e  to

r a d ia t io n .  He showed th a t  th e  t r a n s i t io n  £>robability i s  r e la te d  to  th e  

p ro b a b il i ty  th a t  an e le c tro n  w il l  f in d  i t s e l f  a l te r n a te ly  in  s ta te s  1 and 2. 

The ex p ress io n  fo r  A 2i i s

A 64 - e*7̂  s p  D
A 2l — 3  h

where R 2l and R ia are th e  space p arts of th e  t r a n s it io n  moments between

th e  s t a t e s  and th e  o th er symbols have th e i r  usual meanings.

^  f '.c l 'V  (fo r d ip o le  ra d ia tio n )

^  and a re  th e  space p a r t s  of the wave fu n c tio n s  d e sc rib in g  th e

s ta t e s  1 and 2. The in te g r a t io n  i s  taken  over th e  whole volume of the atom.

Thus th e  e v a lu a tio n  of th e  t r a n s i t io n  p ro b a b i l i ty  re q u ire s
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knowledge ox th e  wave fu n c tio n s  ox th e  i n i t i a l  anu f in a l  s ta t e s .  o ince  

th e  in te g ra t io n  ex tends over th e  whole atom th e  c o n tr ib u tio n  to  the  in te g ra l  

from re g io n s  remote from th e  maxima of th e  wave fu n c tio n s  may be s ig n if ic a n t .  

T h is  makes th e  th e o r e t ic a l  c a lc u la t io n  u n c e r ta in  fo r  complex atoms. The 

exact c a lc u la t io n  i s  p o s s ib le  fo r  hydrogen-like  atoms and has been c a r r ie d  

ou t by B e t h e ^ .  Approximate wave fu n c tio n s  have been used to  c a lc u la te  

v a lu es  f o r  more complex atoms (see e sp e c ia lly  co n sid e rab le  p ro g ress

having been made re c e n tly  by th e  use of computing m a c h in e s ^ .  In  such 

c a lc u la t io n s  i t  i s  common to  f in d  th a t  answers based on d i f f e r e n t  wave fu n c tio n s  

d i f f e r  by a f a c to r  of two or more, a lthough  fo r  th e  sim pler atoms g re a te r  

co n sis ten cy  i s  found.

I n  t h i s  s i tu a t io n  com parison w ith  experim en ta lly  measured values 

i s  e s p e c ia l ly  im portan t. Most of th e  measurements th a t  have been made a re  

on atoms of th e  m e ta ls , mainly because of th e i r  a s tro p h y s ic a l in t e r e s t .  One 

f in d s  v a lu es  fo r  th e  same t r a n s i t i o n  measured using d if f e r e n t  techn iques 

d i f f e r in g  by f a c to r s  o f two and th r e e ^ A  Very l i t t l e  experim ental d a ta  i s  

a v a ila b le  on th e  sim pler atoms.

A se t of c a re fu l  measurements of th e  t r a n s i t io n  p ro b a b i l i t i e s  fo r  

a hydrogen-like  atom would be a u se fu l fundam ental check of the  underlying 

quantum th eo ry . I t  w il l  be shown l a t e r  th a t  th e  techn ique d escribed  in  th i s  

th e s i s  could be used fo r  such a measurement. As a compromise betY/een th e  

a d d itio n a l experim ental d i f f i c u l t i e s  of using hydrogen, and th e  d e s ire  to  

use a sim ple atom, helium was chosen fo r  th e  experim ents to  be desc rib ed .

A nevf techn ique  of measurement may a lso  be of va lue  in  c le a r in g  

up th e  d isc re p a n c ie s  among th e  re c en t experim ental r e s u l t s .  A ccurate know

ledge of t r a n s i t io n  p r o b a b i l i t i e s  i s  re q u ire d  fo r  th e  a n a ly s is  of s t e l l a r  

sp ec tra  as w ell a s  fo r  th e  re c e n t work on high tem perature  gas d isch arg es .

In  bd th  cases th e  i n t e n s i t i e s  of s p e c tra l  l in e s  a re  measured and from th e se
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th e  p o p u la tio n s  of th e  v a rio u s  ex c ited  s ta te s  c a lc u la te d . The r e l a t iv e  

p o p u la tio n s  of th e  atom ic s ta te s  in  th e  atmosphere of a s ta r  (assumed in  

therm al equ ilib rium ) i s  a measure of th e  e le c tro n  tem peratu re . At th e
4 5tem peratu re  of a s t e l l a r  atmosphere ( 10 -  10 degrees)*  Boost atoms are  

io n is e d  so th a t  la b o ra to ry  measurements of th e  t r a n s i t i o n  p r o b a b i l i t i e s  of 

io n s  a re  re q u ire d . In  some of the  re c e n t high energy gas d isch arg es  the  

measurement of l in e  i n t e n s i t i e s  i s  used as a guide to  th e  types of atomic 

c o l l i s io n  p ro cesses  ta k in g  p la ce . The very  high tem peratu res e x is t in g  in  

some of th e  d isch a rg es  mean th a t  h igh ly  io n ised  atoms are  produced, in  f a c t ,  

s p e c tra  o f GV have been r e p o r t e d ^ ^ .  In  each case  th e  s tep  from l in e  in 

t e n s i t i e s  to  p o p u la tio n s  of th e  e x c ite d  s ta te s  r e q u ire s  knowledge of the 

t r a n s i t io n  p ro b a b i l i ty .  The ex p o n en tia l fa c to r  in  Boltzman1 s equation  

means th a t  one can get good e s tim a te s  of th e  tem peratu res o f s ta r s  d e sp ite  

in a c c u ra te  t r a n s i t i o n  p r o b a b i l i t i e s .  In  th e  a n a ly s is  of gas d ischarge  

sp e c tra  th e re  i s  a need fo r  more accu ra te  v a lu es .

I n  th e  work to  be d e sc rib e d , a techn ique developed in  nuclear 

p h y sics  has been ap p lied  to  t h i s  f i e l d  fo r  the  f i r s t  tim e. I t  appears to  

have a number of advantages over some o ther methods and may be capable of 

b e in g  developed to  cover a w ider range of measurements. Some of th ese  a re  

d iscu ssed  l a t e r .



2 .  RKVIBs* O F B iE V T Q U S  WOM .

There a re  in  ex is ten ce  a number o f rev iew s of bo th  th e o r e t ic a l

and experim ental work (4) (5) (6) (65) The m a te r ia l of th i s  review  f a l l s

n a tu ra l ly  in to  two c a te g o r ie s . The f i r s t  in c lu d es  work done mainly in  

th e  decade spanning 1930 and th e  second i s  a d e sc r ip tio n  of more re c e n t 

experim ents. I t  ?;as d u rin g  th e  f i r s t  p e riod  th a t th e  fundam entals of th e  

su b jec t were being e s ta b lis h e d  and experim ents were done in  support. The 

measurements which w i l l  be desc rib ed  in  t h i s  th e s is  re p re se n t an ex ten sio n  

using  re c e n t tech n iq u es  of th e se  e a r l i e r  experim ents. Most re c en t work 

has been in s p ire d  by th e  need to  know 'atom ic t r a n s i t io n  p ro b a b i l i t i e s  fo r  

th e  in te r p r e ta t io n  of th e  i n t e n s i t i e s  o f l in e s  of s t e l l a r  sp ec tra  in  term s 

of th e  tem peratu re  of th e  outer la y e r s  of th e  s ta r s .  Even more re c e n tly  

th e  work on high c u rre n t gas d isch a rg es  has c rea ted  a demand fo r  a ccu ra te  

v a lu es  of t r a n s i t io n  p r o b a b i l i t i e s  of io n s . Thus re c e n t work has been conr- 

c e n tra te d  on th e  f a i r l y  complex atoms of th e  iro n  group of m eta ls, s ince 

th e se  a re  p re se n t in  s t e l l a r  sp ec tra . S p ec ia l methods have been developed 

fo r  th e se  m a te r ia ls  and th e re  are  few connecting l in k s  between th e  la rg e  

number o f measurements made on th e se  complex atoms and th e  many c a lc u la tio n s  

fo r  th e  sim pler s t ru c tu re s ,  where few measurements have been made.

(a) O s c i l la to r  s tre n g th s  by th e  i n t e n s i t i e s  o f s p e c tra l  l i n e s .

e l e c t r i c  a rc s . B efore d iscu ss in g  th e  th re e  d i f f e r e n t  ty p es  of a rc  which 

a re  re p re s e n ta t iv e  of those  in  use, some g en era l c o n s id e ra tio n s  w i l l  be given.

The b e s t known of th e  re c en t experim ents have been done using

The in te n s i ty  I 2| o f a s p e c tra l  l i n e  i s

(provided th e re  i s  no re -a b so rp tio n  o f the  em itted  r a d ia t io n ) .

5 -



Thus, i f  th e  in te n s i ty  of a l in e  i s  measured and th e  pop u la tio n  

d e n s ity  of th e  upper s ta te  i s  known, then  th e  t r a n s i t io n  p ro b a b ili ty

can be found. In  most d isch arg es  (which a re  th e  usual la b o ra to ry  sources

of sp ec tra ) th e  va lue  of i s  not known. However, in  a sp ec tro scop ic

axe i t  has been e s ta b lish e d  th a t  th e  le v e ls  of atoms p re sen t are  popula ted  

accord ing  to  Boltzm an1 s law; th a t  i s  to  say th a t  therm al eq u ilib riu m  e x is ts  

i n  th e  plasma of th e  a rc  or th a t  in e la s t i c  c o l l i s io n s  (mainly between 

e le c tro n s  and th e  atoms) a re  much more l ik e ly  than  the  spontaneous decay of 

e x c ited  s ta te s .

Boltzman* s equation  i s

fsj e
1 1 'nT’ - 4 a ,

2_, 
n

where f"i i s  th e  t o t a l  number of a to m s/c .c . The summation over ti in c lu d es  

a l l  s t a t e s  of th e  atom.

The im portan t q u estio n  of therm al eq u ilib riu m  in  an a rc  has been 

in v e s t ig a te d  by Mannkopff . He was ab le  to  show th a t  d ep artu re s  from th e  

Boltzman d i s t r ib u t io n  would g ive r i s e  to  e r ro r s  sm all in  comparison w ith  

th o se  due to  o th e r causes. H is measurements were based on th e  observation  

of th e  s c a t te r in g  of io n s  passed  through th e  a rc  and on the  r a te  of cooling  

of th e  a rc .

O rn s te in  and B rinkm ann®  have s e t out th e  co n d itio n s  necessary  

f o r  th e  e x is ten c e  o f therm al equ ilib riu m . These a r e : -

1. That an e le c tro n  in  th e  a rc  must exchange w ith  th e  e l e c t r i c  

f i e l d  l e s s  energy th an  i t s  therm al energy in  t r a v e l l in g  a mean f r e e  p a th .

2. That th e  11 tem peratu re” should not change ap p rec iab ly  in  a 

d is ta n c e  o f th e  order of th e  mean f r e e  p a th  of an e le c tro n .

To meet th e se  c o n d itio n s  in  an a rc  of normal s ize  th e  gas p re ssu re
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re q u ire s  to  be about an atmosphere or more so th a t  in  order to  avoid 

s e l f - r e v e r s a l  ( i . e .  re -a b so rp tio n  of th e  sp e c tra l  l in e  in  the  vapour of 

th e  a r c ) ,  th e  atoms being observed must be p re sen t a t low co n cen tra tio n  and 

form only a sm all p ro p o rtio n  of a l l  those p re sen t in  th e  a rc . For th i s  

re a so n  i t  has not been p o ss ib le  to  e stim ate  a c c u ra te ly  th e  number of atoms 

o f a p a r t ic u la r  sp ec ie s  p re sen t in  the  plasma of an a rc . Thus measurements 

o f r e l a t i v e  f -v a lu e s  a re  p o s s ib le , w hile ab so lu te  e s tim a te s  a re  l i a b l e  to  

much la rg e r  e r ro rs .

A group working a t U trech t have used a low cu rren t carbon a rc

to  measure a la rg e  number of f -v a lu e s . T h is  work has been summarised
(9)r e c e n tly  by M aeckerx . The s teady  and gradual in tro d u c tio n  of atoms of 

th e  sp ec ies  o f in t e r e s t  i s  achieved by boring out th e  core of one of th e  

e le c tro d e s  and f i l l i n g  i t  w ith  a Hw ick” co n ta in in g  the  m a te r ia l. The 

tem perature  of such an a rc  has been determ ined by m easuring th e  r e la t iv e  

i n t e n s i t i e s  o f th e  r o ta t io n  bands of CN m olecules (e sp e c ia lly  atA-38£>3A) 

and by m easuring th e  i n t e n s i t i e s  of very  strong  s p e c tra l  l in e s .  These 

su ffe r  so much re -a b so rp tio n  th a t  th e  i n t e n s i t i e s  are those  fo r  a b lack  

body a t th e  tem peratu re  of th e  d ischarge  (see M a e c k e r^ ) .  I t  i s  not 

p o s s ib le  to  use th e  Doppler broadening of a sp e c tra l  l in e  as an estim ate  of 

tem perature due to  the  s tro n g  Holtsmark and S ta rk  broadening u su a lly  p re se n t.

Maecker has developed the w a ter- or a ir -v o r te x  s ta b i l i s e d  a rc  a t  

K ie l  fo r  sp ec tro sco p ic  purposes. By causing  a v o rtex  of a i r  or w ater to  

flow  round th e  a rc  th e  c u rre n t channel i s  c o n s tr ic te d  and th e  cu rren t d e n s ity  

r a is e d  so th a t  higher tem pera tu res have been achieved (10,000 -  50,G0G°K. have 

been r e p o r t e d ^ ) .  W ith th e se  a rc s  which a re  re p o rte d  to  be acc u ra te ly  con

t r o l l a b l e ,  f -v a lu e s  fo r  t r a n s i t io n s  in  some of th e  ions should be m easurable. 

J u r g e n s h a s  w r i t te n  a general review  of methods of determ ining  the 

tem perature of th e  v o rtex  s ta b i l i s e d  a rc . He f in d s  th a t  a l l  the  methods
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le ad  to  th e  same value w ith in  experim ental e r ro r  au th a t  we may have 

confidence in  th e  measurements (quoted w ith  an e r ro r  of t  Ifc) kotschm ann^ 

has r e c e n tly  measured o s c i l l a to r  s tre n g th s  of t r a n s i t io n s  in  It I  using such 

an a rc .

A llen  (12) has used copper e le c tro d e s  a llo y ed  w ith  very sm all 

q u a n t i t ie s  cf o ther m eta ls  fo r  an a rc  from th e  spectrum of which he was ab le  

to  e s tim a te  the  f -v a lu e s  fo r  many t r a n s i t io n s  of th e  m a te r ia ls  p re sen t. E is  

measurements a re  quoted as a b so lu te  v a lu e s , t h i s  having been done by com

p a riso n  w ith  those  v a lu es  measured by other means. The e s s e n t ia l  advance 

which t h i s  s e r ie s  of measurements makes over o th e rs  i s  th a t ,  s ince  th e  a llo y  

m eta ls are  p resen t in  a cc u ra te ly  c o n tro lle d  p ro p o rtio n s , i t  i s  p o s s ib le  to  

determ ine r e l a t i v e  f  v a lu es  between d i f f e r e n t  elem ents. The au tho rs  of 

t h i s  work, on th e  b a s is  of t h e i r  measurements of about 400 o s c i l l a to r  s tre n g th s , 

suggest an approxim ate em p irica l r e la t io n s h ip  between th e  (modified) l in e  

s tre n g th  and th e  e x c i ta t io n  p o te n t ia l .  Once e s ta b lis h e d , such a r e la t io n 

sh ip  would be of g re a t v a lu e  in  a s tro p h y s ic s  where approxim ate v a lues a re  

o f te n  adequate. C onfirm ation must be sought through measurements by 

d i f f e r e n t  methods.

O s c i l la to r  s tre n g th s  have been determ ined by C arte r by th e  some

what r e la te d  method where th e  m a te ria l being s tu d ied  i s  heated in  a very
. (\ o.'Ce

high tem peratu re  fu rn ace  ( ~  2,500 sK )' . The atoms of the vapour MHr-e
a r e  , , .

in  therm al eq u ilib riu m  so th a t  th e  o s c i l l a to r  s ten g th s  s e e s  ob tained  from 

th e  i n t e n s i t i e s  of th e  s p e c tra l  l in e s  a s  w ith  an a rc . Because of poor 

l i g h t  in te n s i ty ,  p h o to m u ltip lie rs  were used in s te a d  of the  more usual photo

graph ic  p la te .  By t h i s  means, l i n e s  re q u ir in g  up to  3*5 e.V. to  ex c ite  them

were d e tec te d . Cne must r e ly  on th e  vapour p re ssu re  curve of the  m ate ria l

being  s tu d ied  in  order to  estim ate  th e  atomic d e n s ity  and hence ev a lu a te  

o s c i l l a to r  s tre n g th s . C a r te r 's  va lues a re  r e l a t iv e .



The fu rnace  method has -niaW advantages over th e  a rc , v iz .

i )  A ccurate measurement of tem perature  i s  p o s s ib le  b y  es^cvbli shed, m ethods.

i i )  Temperature g ra d ie n ts  a c ro ss  th e  vapour can be avoided

i i i )  D ensity  v a r ia t io n s  a re  l e s s  l ik e ly .

On th e  o ther hand, th e  lower tem peratu re  means th a t  i t  i s  not

p o ss ib le  to  e x c ite  th e  h igher s ta te s  in  a fu rn ace .

The main sources of e r ro r  in  measurements of o s c i l l a to r  s tre n g th s

from em ission sp e c tra  of th e  type  desc rib ed  above a re

i )  D i f f i c u l t i e s  are  invo lved  in  measuring a c c u ra te ly  th e  tem peratu re  of

.theIvapohr. S ince tem perature  appears in  the  exponent of Boltzm an’ s

eq u atio n , i t  s tro n g ly  in flu en c es  th e  value  o f th e  r e s u l t .  Under th e  

c o n d itio n s  of G a r te r ’ s experiment mentioned above, an e rro r  o f 1$  in

e s tim a tin g  th e  tem peratu re  le ad s  to  an e rro r  of about 10$ in  th e  f in a l

answer.

i i )  There a re  d i f f i c u l t i e s  in  c a l ib r a t in g  th e  d e te c to r  in  the  u l t r a - v io le t

re g io n  o f th e  spectrum . A  tu n g sten  filam en t lamp has been used down

to  about 2*000 A bu t th e  in te n s i ty  a t  sh o rte r  wavelengths i s  in s u f f ic ie n t

to  be re a d i ly  d e tec te d . Tomboulian and H a r t m a n h a v e  suggested th a t

th e  r a d ia t io n  em itted  by th e  c e n tr ip e ta l ly  a c c e le ra te d  e le c tro n s  in  a 

synchro tron  be used as a standard  f o r  th e  c a l ib r a t io n  of d e te c to rs  in  

th e  u l t r a - v i o le t  and s o f t  X -ray reg io n s  of th e  spectrum.

i i i )  Where photographic  p la te s  a re  employed, th e  Dberhard e f f e c t  may

re q u ire  c o rre c t io n s  of a s  much as 25$ to  be app lied  to  th e  in te n s i ty

as measured from th e  pho tographic  b lacken ing .

iv )  In  an a rc  i t  i s  not p o s s ib le  to  avoid a tem perature g rad ien t so th a t ,  

to  t h i s  e x te n t , th e  tem peratu re  o f th e  source cannot be determ ined 

a c c u ra te ly .

v) I t  i s  d i f f i c u l t  to  in tro d u ce  m a te ria l smoothly in to  an arc  d isch arg e .



v i)  I t  i s  im possib le  to  avoid com pletely s e l f - r e v e r s a l  of the l in e s  ooserved.

I t  has been suggested th a t th e  spectrum  of the  f la s h  from a

shock tube be used fo r  th e  e s tim a tio n  of o s c i l l a to r  s tre n g th s  . A

number o f au th o rs  ^  ^  ^  ^  have shown th a t  the  reg io n  immediately fo llow ing

a shock f ro n t  i s  in  thermodynamic eq u ilib riu m  under c e r ta in  co n d itio n s  of
5p re ssu re  e tc .  Tem peratures up to  10 degrees ft have been measured in  s trong  

shocks so th a t  measurements of o s c i l la to r  s tren g th s  o f f a i r l y  highly  io n ised  

atoms should be p o s s ib le . The sh o rt d u ra tio n  of th e  shock re q u ire s  th a t  

p h o to m u ltip lie rs  be used as d e te c to rs  and, in  g en era l, the re so lv in g  tim e 

o f th e  ap p ara tu s  must be 1 jx. sec . or le s s .  To avoid s e l f - r e v e r s a l  and a t 

th e  same tim e meet th e  requ irem en ts of thermodynamic equ ilib rium  th e  m a te ria l 

being  in v e s t ig a te d  re q u ire s  to  be p re sen t as a t ra c e  im purity  in  another gas 

(probably argon). A ccurate e s tim a te s  of shock tem perature a re  probably 

p o s s ib le  as th e  k in e t ic s  of th e  p ro cess  a re  w ell understood. F in a l ly , 

s in ce  one can in tro d u ce  known q u a n t i t ie s  of m a te r ia ls  abso lu te  es tim ates  of 

f -v a lu e s  should be r>ossible.

(b) O s c i l la to r  s tre n g th s  by ab so rp tio n .

The o p t ic a l  a b so rp tio n  c o e f f ic ie n t  U* cms. 1 i s  defined  as 

fo llo w s. Suppose a p a r a l l e l  beam of l ig h t  of frequency V  and in te n s i ty  

e r g s /s e c . /s q .  cm. f a l l s  upon a column of le n g th  ^ cms. of absorbing 

atoms so th a t  th e  in te n s i ty  of th e  emergent beam i s  3^ th en

1  =  I  e U^

I t  may be shown th a t

where th e  symbols have th e i r  usual meanings and th e  in te g r a l  i s  taken  over 

th e  ab so rp tio n  l i n e  l)^z . The in te g ra l  i s  simply th e  a rea  under th e
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p ro r ix e  or th e  an so rp tio n  l in e

^  U „  d i ;  =  j  ^  di>
I ,

I t  i s  ev iden t th a t  a measurement of th i s  a rea  y ie ld s  a value fo r
( 18 J (19)R.B. and a .S . King ' ; developed a fu rn ace  in  which specimens

were heated to  te n p e ra tu re s  up to  30C0°K in  an ab so rp tio n  c e l l  having quartz  

windows. The ab so rp tio n  spectrum v</as observed and from measurements of th e  

e q u iv a len t w id ths of th e  l in e s  th e  o s c i l la to r  s tre n g th s  were estim ated . The 

proper r e l a t iv e  value  of fN, was estim ated  from the  Boltzman d is t r ib u t io n  

law and th e  ab so lu te  va lue  from varjour p re ssu re  e s tim a te s  fo r the  m a te ria l 

s tu d ied . T h is  l a t t e r  e s tim ate  was th e  main source of e rro r  in  th e  measurements.

B e l l ,  D avis, King and R o u t ly ^ ^  have developed the  watomic beam”
(21)method of Kopfermann and V essel . In  th i s  they  have overcome th e  

d i f f i c u l ty  of m easuring N  by form ing a broad beam of atoms from a fu rnace  

to  a c t  as the  absorber w hile  a t  th e  same tim e measuring th e  r a te  of d ep o sitio n  

of m a te r ia l on a c o l le c to r  p la te .  As i t  s tands t h i s  method i s  only 

a p p lic a b le  to  resonance t r a n s i t io n s  of atoms b u t, w ith  th e  development of 

pow erful io n  beams, i t  may be p o s s ib le  to  use the method fo r  io n s .

When compared w ith  methods depending on th e  em itted  spectrum, 

the  a b so rp tio n  method has th e  advantage th a t  an in te n s i ty  r a t i o  has to  be 

measured. Thus th e  s p e c tra l  c a l ib r a t io n  of th e  d e te c to r  i s  avoided.

(c) Os c i l l a t o r  s tre n g th s  by measurement of th e  d isp e rs io n  in  th e  neighbourhood 

o f an a b so rp tio n  l i n e .

The th eo ry  of anomalous d isp e rs io n  has been developed in  term s 

6f*? th e  o s c i l l a to r  s tre n g th  of th e  neighbouring abso rp tio n  l in e .  T h is lead s
(22) v

to  th e  fo llow ing  exp ression  fo r  th e  r e f r a c t iv e  index n (see Ladenburg ) .
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e * N , f l2
n  -  I

4* 7i m  c 2 "A ~

where A  12 i s  th e  w avelength of th e  ab so rp tio n  l in e  and th e  o ther symbols 

have th e i r  usual meaning.

The most a ccu ra te  experim ental arrangem ent dev ised  to  make use 

of t h i s  r e l a t i o n  to  determ ine f -v a lu e s  i s  th a t  due to  R ozhdestvenskii and 

s t i l l  used by him and h is  co-w orkers in  Leningrad. A m odified Jam in 

in te rfe ro m e te r  i s  used in  con ju n ctio n  w ith  a spectrograph  to  produce "hook1* 

images of the  f r in g e s  near th e  ab so rp tio n  l in e .  These occur when th e  gas 

or vapour to  be s tu d ied  i s  p re sen t in  one o f the  arms of the  in te rfe ro m e te r .

I n  order to  measure o s c i l l a to r  s tre n g th s  fo r  th e  a s tro p h y s ic a lly  

im portan t m e ta ll ic  atoms th e se  workers have b u i l t  e lab o ra te  vacuum fu rn aces  

capable o f h ea tin g  specimens to  3 0 0 0  degrees K.

O strovsky and P e n k in ^ ^  have used the  method to  measure th e  

a b so lu te  o s c i l l a to r  s tre n g th s  fo r  l i n e s  of Chromium, Manganese and Copper. 

They use th e  r e l a t io n

k i  r  =  l i i y h  JM a. A

where depends on th e  s e p a ra tio n  of the  f r in g e s  and on A,4

J jh n i s  the  w avelength se p a ra tio n  of the  peaks o f th e  hooks, and 

H i s  the  p a th  le n g th  in  th e  vapour. The o th e r symbols have 

t h e i r  usual meanings.

L ike  o th er ab so rp tio n  methods t h i s  i s  l i a b le  to  give r i s e  to  

erroneous v a lu es  due to  u n c e r ta in ty  i n  th e  vapour p re ssu re  of th e  m a te ria l 

s tu d ie d . However, t h i s  e r ro r  i s  not p resen t when r e la t iv e  f -v a lu e s  a re  

measured. Experim ental e r ro rs  of only f  1$$ have been quoted by p a rch ev sk ii 

and P e n k in ^ ^  (Aluminium and Copper) and by
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Nikonova and took  of ev . (A1 I ,  T1 I ,  Cr I ,  tin I ,  Mo I ,  Ba I I ,  Ca I I ,

o r I I ) .

T h is method i s  l im ite d  to  only a f a i r l y  sm all c la s s  of t r a n s i t io n s ,  

v iz .  th o se  which combine w ith  th e  ground s ta te  or o ther very  low -ly ing  

le v e ls .  (A t r a n s la t io n  o f th e  paper by Nikonova and Prokofev i s  not 

a v a ila b le  and i t  i s  not known how they obtained  v a lu es  fo r  io n s ) .

The above i s  a f a i r l y  re p re se n ta tiv e  survey of th e  most re cen t 

f -v a lu e  measurements. There have been, however, a few is o la te d  measurements 

using  o th e r methods. Stephenson^2"^ used W eingeroff' s method, which 

depends on th e  m ag n eto -ro ta tio n  of p o la r is e d  l ig h t .  B rosse l and B i t t e r ^ )  

developed a method in  which they e x c ite d  a p a r t ic u la r  magnetic s ta te  of an 

atom by illu m in a tin g  i t  w ith  th e  proper component of th e  resonance l in e .

They then  measured th e  amount of R.F. power absorbed by th e  atoms in  

e q u a lis in g  th e  p o p u la tio n s  of th e  s ta t e s .

•D espite the  r e f in e d  methods used and com paratively small 

experim ental u n c e r ta in t ie s  quoted ( in  g en era l 10-20$) v a lues determ ined 

by d i f f e r e n t  tech n iq u es  d i f f e r  by f a c to r s  of two or th re e  (Bee comparisons 

by Unsold ^ , Gar stang  ̂ 2^  A llen  (12  ̂ and M innaert &) ) .

U n ti l  such d if fe re n c e s  are  re so lv ed , none of the  measured va lues 

can be t r e a te d  w ith  any confidence. In  t h i s  s i tu a t io n ,  measurements by a 

new and fundam entally  d i f f e r e n t  techn ique would be of g re a t v a lu e , and i t  

i s  p o s s ib le  th a t  th e  method which i s  th e  su b jec t of t h i s  th e s i s  could be 

developed fo r  t h i s  purpose.

(a). Review of p rev ious measurements o f o s c i l la to r  s tre n g th s  of hydrogen 

and helium

T his ° f  th e  review  covers measurements on the sim pler atomic

system s where the  c a lc u la t io n s  a re  more r e l i a b le .  The measurements a re  

in tended  to  p>rovide a check on th e  fundam ental theory  o f atomic t r a n s i t io n
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p r o b a b i l i t i e s .  Many of th e  papers are dated in  the  la te  1920’ s when

th e  th eo ry  was being  developed.
(29)B lack ' * has measured the d u ra tio n  of r a d ia t io n  from hydrogen 

e x c ited  by 10*2 v o lt  e le c tro n s . The tube  in  which th e  hydrogen was 

e x c ited  had fo u r e le c tro d e s . E lec tro n s  em itted  by a therm ionic  cathode 

were modulated by an a l te r n a t in g  p o te n tia l  on a near-by g r id . T his was 

th e  source of e x c i ta t io n .  The u l t r a - v io le t  r a d ia t io n  (mainly from th e  

t r a n s i t io n  1S -  2P) f e l l  upon a z in c  p la te  which thereupon em itted  photo

e le c tro n s . These e i th e r  escaped or were re tu rn e d  to  the  p h o to -e le c tr ic  

e le c tro d e  according  to  th e  in s tan tan eo u s  p o te n t ia l  of a second g rid  which 

was a lso  fed  w ith  an a l te r n a t in g  v o ltag e  of th e  same frequency. The 

c u rre n t to  th e  p h o to -s e n s it iv e  e lec tro d e  was observed as a fu n c tio n  of 

th e  phase d if fe re n c e  between th e  v o lta g e s  on th e  g r id s . The phase 

d if fe re n c e  fo r  maximum c u rre n t i s  r e la te d  d i r e c t ly  to  th e  l i f e t im e  of th e  

e x c ited  atoms. Prom h is  measurements, B lack obtained th e  value 

1*2 x 10"® secs, fo r  th e  l i f e t im e  of th e  2F s ta te  of hydrogen. T his 

should be compared w ith  th e  quantum mechanical value of 1*6 x 10" ̂  secs . 

(Bet he ("0 ).

Black d id  not take  account of th e  imprisonment of resonance 

r a d ia t io n  which i s  probably th e  main f a c to r  c o n tr ib u tin g  to  any e r ro r  in  

h is  va lue. I t s  q u a n ti ta t iv e  im portance i s  d i f f i c u l t  to  a sse ss  in  th e  

d a ta  provided .
f30)Using th e  ap p ara tu s  developed by Kopferman and L a d e n b u rg '^ ' 

( a f te r  th a t  of R o z h d e s tv e n s k ii^ ^ )  C arst and L a d e n b u rg ^ ^  measured th e  

anomalous d isp e rs io n  near th e  Hf^ and l in e s  of hydrogen and found

the  r a t i o  of f -v a lu e s  to  be
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The th e o r e t ic a l  r a t i o  i s  5*37. The va lue  depends on th e  w eights given 

to  th e  S and P s t a t e s  (range of v a lu e s :-  4*16 -  3*68).

As a check on the  th eo ry , B n o e k ^ ^  measured th e  ab so rp tio n  

i n t e n s i t i e s  of th e  f in e  s tru c tu re  components of th e  Balmer l in e s .  He

found th e  r e l a t i v e  in t e n s i t i e s  to  be

( I n i t i a l  le v e l  j  = l j )  H d : *. H Y =  lOO : % : 7 . 4

T h e o re tic a l r a t i o s  (B e th e ^ ')  — lO O  I7 ’6 •

( I n i t i a l  le v e l  j  = i )  =* JOO ' 2 0  • $ 5

T h e o re tic a l r a t i o s  ( B e t h e ^ )  =* I 0 0  : 2 0  % • S ’ I

The a n a ly s is  i s  based on th e  assum ption th a t  th e  2 and 

le v e ls  a re  eq u a lly  popu la ted .

O rn s te in  and Burger used a vacuum therm o-p ile  and a mono

chrom ator to  measure th e  r e l a t i v e  i n t e n s i t i e s  o f hydrogen l in e s  having th e

same upper t o t a l  quantum number. T h e ir r e s u l t s  a re

Hp/t>a 2-6 (3-6)  n = 4

Hy/fe 2*5 (3-4) n = 5

z -0 (3*2) n = 6

The v a lu es  in  p a re n th e s is  a re  th e  quantum th e o r e t ic a l  v a lues c a lc u la te d  

on th e  assum ption th a t  th e  upper le v e l s  a re  equ ally  populated .

G r i f f i t h s m e a s u r e d  th e  l i f e t im e s  of e x c ited  s ta te s  of 

hydrogen employing a K err c e l l  opera ted  by a high frequency o s c i l l a to r  which 

was a lso  used to  ru n  a G -eissler tube con tain ing  water vapour. By vary ing



th e  d is ta n c e  th e  l ig h t  had to  t r a v e l  from the  tube through a monochromator 

and c e l l  to  th e  photographic p la te ,  the  l i f e t im e s  of the  ex c ited  s ta te s  

were measured in  term s of the  v e lo c i ty  o f l ig h t .  G r i f f i th s  r e s u l t s  were

' f  (Ha.)=r1 • 75 (± 0 » 3 )x 10 ® secs. T h e o re tic a l 1*52 x10~® secs.

Y(Hp)»3*1 (- 0*5) x 10~® secs. T h e o re tic a l 3*13x10“ ® secs.

The agreement w ith  th eo ry  i s  good b u t the  a n a ly s is  depends on th e  assum ption 

th a t  th e  v a r io u s  le v e ls  (d if fe re n t  angular momentum quantum numbers) a re  

popu la ted  accord ing  to  th e i r  s t a t i s t i c a l  w eights.

A paper by A rd e n n e ^ ^  on th e  measurement o f hydrogen l i f e t im e s  

has been pub lished  re c e n tly . He used a m o d ifica tio n  of th e  method o r ig in a l ly  

developed by Wien where a beam of atoms i s  ex c ited  over a short reg io n  and 

th e  consequent luminous t r a i l  measured to  give an estim ate  of th e  l i f e t im e s .  

W hile Ardenne took g re a t care  to  f r e e  the  atom ic beam of in te r f e r in g  io n s , 

h is  method o f o b serv atio n  of th e  lum in o sity  appears to  have been ra th e r  

crude. He ob tained  a v a lu e  of 1*1 x 10“® secs, fo r  measurements on th e  

Hj3 l in e .  The quantum mechanical va lue  i s  3*35 x 10“ ® secs. I t  i s  

d i f f i c u l t  to  a sse ss  th e  experim ental e r ro r  a sso c ia te d  w ith  th i s  measurement 

(th e  au thor does not a ttem pt to  do so) but th e  fa c to r  c o n tr ib u tin g  most i s  

undoubtedly th e  method of e s tim atin g  th e  le n g th  of th e  luminous t r a i l .  T his 

was done w ithout th e  use of a spectrograph .

Maxwell^®^ has used a somewhat s im ila r method to  measure th e

l i f e t im e  o f ex c ited  helium io n s ; a system which can be tre a te d  ex ac tly

by quantum th eo ry . The io n s  ^vere drawn out from a beam of ex c ited  atoms

by a tra n sv e rse  e l e c t r i c  f i e ld .  The broadening of th e  luminous re g io n  i s

a measure of th e  l i f e t im e s  of th e  ex c ited  s ta te s  of th e  io n s . measurements
o

were made on th e  A 2 733 A lid® corresponding to  the  t r a n s i t io n  

n s  £ n _ 3  ana a va lue  of 1*1 x 10~® secs, ob tained . Supposing th e

-  16 -



l e v e l s  a re  populated  according to  t h e i r  s t a t i s t i c a l  w eights, the  quantum
O

th e o r e t ic a l  l i f e t im e  comes out to  be 1*17 x 10“ ° secs, in  good agreement 

w ith  th e  measurement.

A ll th e  measurements of hydrogen (and Ke+) atomic t r a n s i t io n  

p r o b a b i l i t i e s  which have been made depend upon assum ptions about th e  

r e l a t i v e  p o p u la tio n s  of th e  le v e ls .  There rem ains to  be done an accu ra te  

measurement of th e  t r a n s i t io n  p r o b a b i l i t i e s  between le v e ls  of one of th e  

atomic system s fo r  which th e  quantum th e o re t ic a l  c a lc u la tio n  can be done 

e x a c tly .

Por reaso n s a lread y  mentioned, helium  gas was chosen fo r  the  

measurements d esc rib ed  in  t h i s  th e s i s .  P rev ious measurements on helium 

w i l l  now be review ed.

Xievy^*^ adopted Badenburg’ s method and made use of a J a n in  

re fra c to m e te r  to  measure th e  anomalous d isp e rs io n  of e l e c t r i c a l ly  ex c ited  

helium . He ob ta ined  th e  fo llow ing  r a t i o s  fo r  t r a n s i t io n s  having a common 

ground le v e l .  The v a lu es  in  p a re n th e s is  a re  those  obtained th e o r e t ic a l ly  

by B ates  and D am g aard ^  and H y l l e r a a s ^ ^ .

*5676 ~ 3^") _ 3 >0 + 0-3  (B and Ds 2-6) (H.: 2-5)
*7065 (2^  “ 3*S)

*6678 ( * y  ~ T p) _ 3 . 1 + 1 .5  (B and Ds 3- 5) (H.: 3' 6)
*7281

*5876 ~ _ 8-7 ± 0 -7  (B and D: 2-9) ( H . * V 8 )

* w i

B urger, van M ilaan and O r n s t e in ^ ^  measured th e  r e l a t i v e  

i n t e n s i t i e s  of l in e s  having a common upper le v e l  and got d i r e c t ly  th e  

r a t i o  of th e  t r a n s i t io n  p r o b a b i l i t i e s .  The major u n c e r ta in ty  l i e s  in
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the  c a l ib r a t io n  of th e  d e te c to r  a t  v a rio u s  w avelengths. The r e s u l t s  a re  

compared w ith  th e  th e o re t ic a l  va lues as before

A, j 7 , ( 2 h  -  I f b )  ^ , s
—   1 = 2-3 i  0*1 (B and D: 3*7) (Hs 2-3)

^17010 -  4 %))

A  ̂ (2^S -  4^P)
-12^5— I----------------  = 3*15 ± 0 * 2 5  (B and D: 4*6) (H: 4*7)

A13090

A more a c c u ra te  and more ex ten siv e  s e t  of experim ental r e s u l t s  

i s  re q u ire d  b e fo re  one would have com plete confidence in  th e  th e o r e t ic a l  

v a lu e s . I t  i s  d e s ira b le  a lso  th a t  th e  i uni/l l.n^g* ab so lu te  values* b e  m easured . 

B e tte r  measurements would enable one to  choose between th e  v a rio u s  th e o r e t ic a l  

c a lc u la t io n s .

V ; : ; - p v  -V P . ' \  r u  7 r  ' " t ' v -- . . -  P  -

■ '-'t r  ' -  " W  O ' - P '  p ' : * ,  i O ; t

V  ; ^  ’ - - ■ ■ ' • .  * V  ■ ^  ' -!■; J-: ^  ; : -

T ; / l v  ■- - -  . J ; p  V W / v ---1 r W  c :: : .  v  ^

s-ri - - . Co -v, - * PP. W,:

-OL:-. V;
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3- jJihSCjraiTlOP OF THE JSXAMOimiAL ki£PH0D

The method used in  th e  experim ents to  be d escribed  co n sis ted  

in  p r in c ip le  of m easuring th e  time between the  e x c i ta t io n  o f an atom and 

i t s  subsequent decay. The mean l i f e t im e  T z  o f th e  e x c ite d  s ta te 2  o f th e  

atom i s  r e la te d  to  th e  t r a n s i t io n  p ro b a b il i ty  by ^  -  2  A ,.
V\

where th e  summation i s  tak en  over a l l  the  lower s ta te s  w ith  which th i s  

p a r t ic u la r  e x c ite d  s t a t e  w i l l  combine. Thus i f  fN  2 o i s  th e  number of 

atoms i n i t i a l l y  ex c ited  in  s ta t e  2 th en  a f te r  a tim e t  th e re  w i l l  rem ain 

e x c ite d  a number

(*2) *W e b b '^ ' was th e  f i r s t  to  use a method based on the  p r in c ip le  

o f l i f e t im e  measurement. H is apparatus was- s im ila r  to  th a t  used l a t e r  by 

S l a c k t o  measure th e  l i f e t im e  of ex c ited  hydrogen and a lready  d escribed . 

Together w ith  M e s s e n g e r h e  measured th e  l i f e t im e  of th e  resonance 

r a d ia t io n  of mercury X2537A- Some years  l a t e r  G a r r e t t m a d e  a 

much more c a re fu l  measurement of th e  same t r a n s i t io n .  H is appara tu s con

s is te d  of two q u a rtz  tu b es  each con ta in ing  e le c tro d e s . In  th e  f i r s t ,  which

was th e  source of r a d ia t io n ,  th e re  was a therm ion ic  cathode and a g r id  

system to  which was ap p lied  a ra p id ly  a l te rn a t in g  p o te n t ia l .  I n  t h i s  way 

th e  mercury vapour in  th e  tu b e  -was p e r io d ic a l ly  ex c ited . The r a d ia t io n ,  

vary ing  in  a l a t e r  phase due to  i t s  l i f e t im e ,  f e l l  upon th e  o ther tube.

T h is  second q u a rtz  tube con tained  a p h o to -se n s it iv e  p la te  from which photo

e le c tro n s  e i th e r  escaped or were re tu rn ed  according to  th e  p o te n t ia l  d n  

th e  neighbouring g r id s , th e se  being fed  by th e  same a l te rn a t in g  p o te n tia l  

a s  th e  f i r s t .  By vary ing  the  frequency of th e  a l te rn a t in g  p o te n tia l  a



frequency  was found fo r  which th e  p h o to -e le c tr ic  cu rren t was a maximum.

T h is  frequency i s  r e la te d  to  th e  l i f e t im e  of th e  ex c ited  s ta te .  G a rre tt  

claim ed an accuracy of t  1$ fo r  h is  measurements. L a te r S in c la ir  and 

W ebb^-^ re p o rte d  a s im ila r  measurement fo r  th e  potassium  resonance doub le t.

I n  o ther s im ila r experim ents atoms have been e x c ited  by a source 

e m ittin g  th e  resonance ra d ia t io n .  The in te n s i ty  of th e  in c id e n t ra d ia t io n  

i s  v a r ie d  u su a lly  by a K err c e l l  opera ted  by a ra d io  frequency o s c i l l a to r .  

G -aviola^4̂  was th e  f i r s t  to  use t h i s  type of apparatus to  measure th e  

d u ra tio n  of r a d ia t io n .  R ecen tly , L io c k (^ )  has used a pulsed photom ulti

p l i e r  as d e te c to r  in  a s im ila r  p iece  of apparatus to  measure th e  l i f e t im e  

of th e  resonance r a d ia t io n  A \5 7 2 G & o f  iro n . He rep o rted  th a t  th e  

s h o r te s t  re so lv in g  tim e of h is  ap p ara tu s  was 10~7 secs, and th a t  t h i s  was 

s e t by the  K err c e l l .  The experim ental e r ro r  quoted in  t h i s  paper i s  t

OtHT method which has a lread y  been rep o rted  upon in  th e  l i t e r a t u r e  

i s  e s s e n t ia l ly  th e  a p p lic a t io n  of a technique used in  nuclear p h y s i c s t o  

th e  problem . A volume of helium gas was ex c ited  by a sho rt b u rs t (10~^ secs, 

d u ra tio n ) of m ono-energetic e le c tro n s . The photons which were em itted  in  

th e  subsequent decay were d e tec te d  by a p h o to m u ltip lie r , th e  p a r t ic u la r  

t r a n s i t io n  being s e le c te d  by an o p tic a l  f i l t e r .  The tim e between the  

e x c it in g  p u lse  and the  em ission  of photons, which were d e tec ted  as  s in g le  

quan ta, was determ ined by delay ing  3  i:>ulsessynchronous w ith  the  e x c itin g  

pulse3  and counting co incidences between thesedelayed  pulses and the  p u lses 

from th e  p h o to m u ltip lie r . In  t h i s  way, by vary ing  the  le n g th  of the  delay  

we ob tained  a curve of th e  p ro b a b il i ty  of em ission of a photon as a fu n c tio n  

of th e  tim e fo llo w in g  th e  e x c i ta t io n  of th e  s ta te  under in v e s t ig a tio n .

T yp ica l delayed  co incidence  curves a re  reproduced in  F ig u re  1. This 

method has a number of advantages over p rev ious methods depending on the
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same p r in c ip le .  These a r e : -

( i)  s h o r te r  re so lv in g  tim e -  th e  p re sen t apparatus i s  capable 

of re so lv in g  down to  10“ ^ secs.

( i i )  o in ce  th e  a c tu a l decay curve of the p a r t ic u la r  t r a n s i t io n  

i s  p lo t te d  i t  i s  p o s s ib le  to  sep a ra te  out components having d i f f e r e n t  decay 

r a t e s ,  as would r e s u l t ,  fo r  example, from rep o p u la tio n  due to  cascading 

from  higher le v e ls  or from e x c i ta t io n  induced by c o l l i s io n s  of the  second 

k in d .

( i i i )  S ince th e  e le c tro n s  a re  m ono-energetic, and of independently  

s e le c te d  energy, a p a r t ic u la r  l e v e l  can be p r e f e r e n t ia l ly  ex c ited .

(iv) The p h o to m u ltip lie r  d e te c to r  i s  s e n s it iv e  to  very  low 

in te n s i ty  l in e s .  I t  i s  l im ite d  in  w avelength a t  the  red  end only to  le s s  

th a n  A A 7 0 0 0 - 8 0 0 0 A  because of i t s  poor red  response .

U n fo rtu n a te ly  th e  measurement which i s  made i s  not th e  t r a n s i t io n  

p ro b a b i l i ty ,  bu t th e  sum of a l l  t r a n s i t io n  p r o b a b i l i t i e s  from th a t  le v e l .  

Sometimes one p a r t ic u la r  t r a n s i t io n  p ro b a b il i ty  e i th e r  dominates or can 

be separa ted  out by vary ing  th e  co n d itio n s  (see th e  measurement on th e  

2^S -  3%  t r a n s i t io n  of helium d esc rib ed  l a t e r ) .  T h is  d isadvantage would 

be removed i f  we knew the  photon d e te c tio n  e f f ic ie n c y  of the  apparatus as 

a fu n c tio n  o f w avelength.
( i5CABrannen, Hunt, A rlin g to n  and N i c h o l l s ^ '  have used a m odified 

v e rs io n  of our method to  measure the  l i f e t im e  of th e  7 % 1 le v e l  cf mercury.

I n  th e i r  experim ent two p h o to m u ltip lie rs  were used to  observe a steady  d is 

charge. By using f i l t e r s ,  one p h o to m u ltip lie r was made s e n s it iv e  to  

r a d ia t io n  a r is in g  from a t r a n s i t io n  to  th e  p a r t ic u la r  ex c ited  le v e l  and th e  

o ther to  r a d ia t io n  produced on th e  decay of th a t  le v e l .  Delayed coincidences 

were observed between th e  p h o to m u ltip lie r  p u lses . T h is  method has the

-  21 -



g re a t advantage over ours th a t  i t  avoids u n c e r ta in ty  due to  th e  rep o p u la tio n

oy cascades iroin higher le v e ls .  On th e  o ther hand, when one examines th e

term  schemes o f th e  elem ents one f in d s  very  few which have consecu tive  

t r a n s i t io n s  which produce r a d ia t io n  in  th e  s p e c tra l  re g io n  where normally 

a v a ila b le  p h o to m u ltip lie rs  are  s e n s it iv e .

Some of th e  p o in ts  ra is e d  by Brannen e t  a l .  in  th e i r  paper a re  

w orth co n sid e rin g . They claim  th a t an advantage of t h e i r  method i s  " th a t  

i t  i s  a means of a b so lu te  c a l ib r a t io n  of the s tre n g th  of a source". The 

a n a ly s is  le ad in g  to  t h i s  conclusion  i s  based on c o n sid e ra tio n  of th re e  

s ta t e s  of an atom which combine upper vd th  in te rm ed ia te  and in te rm ed ia te  

w ith  low er. The fo llo w in g  assum ptions a re  made;-

( i)  The only mechanism of e x c i ta t io n  of th e  in te rm ed ia te  s ta te  

i s  by a r a d ia t iv e  t r a n s i t io n  from the  upper, s ta te .

( i i )  T he only mode of decay of th e  in te rm ed ia te  s ta te  i s  by a

r a d ia t iv e  t r a n s i t io n  to  th e  lower s ta te .

Such a s i tu a t io n  i s  seldom, i f  e v e r, met w ith  in  p ra c tic e . However, an 

a n a ly s is  ap p lied  to  a r e a l i s t i c  s i tu a t io n  r e s u l t s  in  th e  conclusion  th a t  

i t  i s  p o ss ib le  to  determ ine th e  t o t a l  number of atoms in  th e  in te rm ed ia te  

s ta te  in  th e  re g io n  being  viewed by th e  p h o to m u ltip lie rs , provided
m "te

( i)  The iiiiiiitlfFT of no ise  counts in  th e  in d iv id u a l channels i s  

l e s s  than  th e  s ig n a l count r a te s .

( i i )  The co incidence  re so lv in g  time i s  a cc u ra te ly  determ ined,

( i i i )  There i s  no angular c o - r e la t io n  between photons of th e  

two t r a n s i t io n s .

In  any case one could  only hope to  g e t an order of magnitude from such a 

measurement, mainly because w ith  th e  co incidence c i r c u i t  used i t  i s  not 

p o s s ib le  to  measure th e  p u lse  r a t e s  in  th e  in d iv id u a l channels in  a unique
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manner. T h is  point Y/ill be made c le a re r  l a t e r  when th e  c i r c u i t  i s  con

s id e red  in  d e t a i l .

The system w ith  two photom ultix)lier s would be of general 

a p p l ic a b i l i ty  i f  th e  s j)e c tra l range was extended by using a vacuum u l t r a - v io le t  

monochromator in  one channel. However, our method o f a pu lsed  e le c tro n  

beam has th e  advantage of s im p lic ity , e sp e c ia lly  when used fo r  helium.

The method depends upon using a p h o to m u ltip lie r  to  d e te c t s in g le  

quanta of r a d ia t io n  produced in  th e  t r a n s i t io n .  The use of a photo

m u lt ip l ie r  fo r  s in g le  photons has been stud ied  re c e n tly  by C o ll i ,  Facch in i 

and R ossi They showed th a t  th e  frequency of no ise  pu lses due to

th e  th e rm o -e le c tr ic  em ission of e le c tro n s  from th e  photo-cathode was about 

1CA per second fo r  a c a re fu l ly  t r e a te d  tube  a t room tem perature. I n  our 

appara tu s such p u lse s  are  in d is tin g u is h a b le  from p u lses  a r is in g  from a 

photo-produced e le c tro n  from th e  cathode. By making use of a co incidence 

u n it  having a sh o rt re so lv in g  tim e ( ^  ICT^secs.) we were ab le  to  fo llow  

C o lli  e t  a l .  and d isc r im in a te  between s ig n a l p u lse s  and the  random no ise  

p u lse s . I t  i s  w orth noting  a t  t h i s  po in t t h a t ,  w hile i t  i s  d e s ira b le  to  

in c re a se  th e  number of s ig n a l p u lse s , t h i s  i s  l im ite d  in  the p re sen t case to  

th e  p o in t where th e re  i s  an ap p rec iab le  chance of two photon p u lses  coming 

in  a s in g le  in te rv a l  between e le c tro n  b u rs ts .

OsV)e'C6vicVi SavicV i^  have Teteafed Some of "tine
Y r> easurem erv is  'ce(p>oc'tec) f h i s  f b e s i s  "Irhe s o m e

mefV>od av\d oWtammq "H>e Same >ce?>ul't.
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4 .  D iiiB C R IF T IO H  OF A PPA R A T U S -  Thai; H 4C IT A T 1 U K  TUBE

The e s s e n t ia l  f e a tu re s  of the apparatus a re  shown in  F igu res 

2 and 3* The tube in  which th e  gas atoms are ex c ited  i s  of g la ss  w ith  

a q u a rtz  window. The e lec tro d e  system which i t  co n ta in s  c o n s is ts  of an 

in d i r e c t ly  heated ox ide-coated  cathode (a) follow ed by c o n tro l g rid  (b ) , 

th e  anode (c) and the  c o lle c to r  e le c tro d e  (d ). The e le c tro n  beam i s  

modulated by p o s i t iv e  x^ulses which a re  fed  to  th e  g r id  v ia  the is o la t in g  

p u lse  tran sfo rm er. The neg ativ e  steady b ia s  on th e  g rid  i s  supp lied  by 

a dry  b a t te ry .  T h is a lso  su p p lies  a p o s i t iv e  v o ltag e  fo r  th e  anode and 

c o l le c to r  e le c tro d e s  and thus determ ines the energy of th e  e le c tro n s  when 

they  e n te r  th e  f i e l d  f r e e  reg io n  which i s  th e  only p a r t  exposed to  th e  

p h o to m u ltip lie r  through th e  q u artz  window and o p t ic a l  f i l t e r .  Care was 

tak en  in  th e  c o n s tru c tio n  to  p reven t r e f le c te d  l ig h t  from th e  hot cathode 

from e n te r in g  th e  p h o to m u ltip lie r . T h is was done by using l ig h t  sh ie ld s  

and a ttem p ting  to  enclose  th e  cathode com pletely in  th e  e lec tro d e  s tru c tu re . 

To p reven t th e  s c a t te r in g  of e le c tro n s  from i t s  su rface  back in to  the  

s e n s i t iv e  re g io n , th e  c o l le c to r  e le c tro d e  had a hole in  i t  en te rin g  in to  

a c a v ity  to  form an e le c tro n  tra p . The en trance  was covered by an open g rid .

N ickel was used f o r  th e  c o n s tru c tio n  of th e  e le c tro d e s  because 

o f th e  ease w ith  which i t  can be sp>ot welded. The accompanying photo

graph (F igure 4 ) shows th e  n a tu re  of th e  co n stru c tio n .

The em ission of the  cathode was te s te d  bo th  w ith  steady B.C. 

v o lta g e s  ap p lied  to  th e  e le c tro d e s  and w ith  p u lses  being fed  to  the  g rid  

in  th e  same way as when making measurements. The B.C. t e s t s  showed th a t  

a u se fu l c u rre n t of 1 m.A. could be drawn to  th e  c o lle c to r  e le c tro d e  when
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Fig.  4 . Phodqqrat>f of {he electrodes storing
the iVine'C quartz. fuhe and, on Pie fax- side, 
the collirnato-r lips.



50 V. were ap p lied  to  th e  anode and + 10 V. to  th e  g r id . The e le c tro n  

beam was; com pletely  in te rru p te d  when th e  p o te n tia l  of the  g rid  f e l l  below 

about -5  7. Under pu lsed  co n d itio n s  the  cu rre n t was reduced as expected 

by th e  o n -o ff r a t i o  of th e  p u lse  ( ^  10"’ '̂) and a g rid  b ia s  of about -50 V- 

was necessary  to  cu t o ff the  e le c tro n  beam com pletely ( ^  2 5  V. pu lses 

were ap p lied  to  th e  g r id ) . These f ig u re s ,  of course, a re  only approxim ate 

as they  a re  dependent on minor changes in  th e  in te r - e le c t ro d e  spacing and 

on th e  cathode tem perature. When gas was l e t  in to  th e  tube the em ission 

f e l l  due to  th e  f a l l  in  cathode tem peratu re  as th e  gas improved th e  therm al 

c o n d u c tiv ity  to  th e  w a lls . There was a lso  a steady slow d e p re c ia tio n  of 

th e  th e rm o -e le c tr ic  e f f ic ie n c y  due to  j> ositive  io n  bombardment. D esp ite  

th e se  tro u b le s , u sefu l c u rre n ts  (over th e  p e riod  of th e  pu lse) o f 0 * 2  m.A. 

to  th e  c o l le c to r  e lec tro d e  were achieved re g u la r ly .

Using va lu es  of th e  atomic e x c i ta t io n  c ro s s -s e c tio n s  (Q) fo r  

helium  measured by L e e s ^ 2  ̂ (these a re  in  f a i r  agreement w ith  c a lc u la te d  

c ro s s -s e c t io n s  due to  Massey and Bur hop ̂  and th e  measured va lues

fo r  th e  e le c tro n  beam c u rre n t, th e  numbers of photons coming from th e  v a rio u s

t r a n s i t io n s  .were c a lc u la te d  to  b e :-

X T ra n s it io n J L E lec tro n  Energy Y ie ld

3138 A 4 %  -  2% - - -

3889 A 2%  -  5^F 6 * 7  x 1 0 " 1 9 cm2 55 V- 6 * 7  x 1 0 ^ 
photon^/ p u lse

4713 A 2  -  4 ^ 2 * 0  x 1 0 ” 1 ^cm2 50 V, 2  x 1 0 ^ 
pho ton^/pu lse

o
5 0 1 6  A 2 % -  51*> 9*3 x 1 0 " 1W 90 V. 9*5 x 1 0 ^ 

pho ton^/pu lse

5875 A 3 -%) -  2 ^P - - -  •

A helium gas p re ssu re  of 1 0  A1Hg» was assumed fo r  the  c a lc u la tio n .
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The O p tic a l System

F i l t e r s  were used to  s e le c t the  -p a rticu la r l in e  corresponding

to  rhe  t r a n s i t io n  being  s tu d ie d . This was a much. sim iJler and cheaper

system th a n  a spectroscope, which would have given th e  ap p ara tu s  a g re a te r  
AI so

a d a p ta b i l i ty .  Theft, :fcEK, th e re  was very  much le s s  r e s t r i c t i o n  on th e  

w idth  of en tran ce  s l i t  th a t  could be used w ith  f i l t e r s .  In  g e n e ra l, com

b in a tio n s  of f i l t e r s  were used fo r  each l in e .

X 3168 SL -  A f i lm  of s i lv e r  deposited  on a quartz  p la te  was 

found to  be th e  b e st f i l t e r  fo r  t h i s  u l t r a - v io le t  l in e .  A tran sm iss io n  curve 

fo r  th e  a c tu a l f i l t e r  used shows th a t  i t  has a maximum trn asm iss io n  of Itfk 

a t  X 3200 %. and th a t  i t  has a band-w idth of 180 %>. The l in e s  X 3203 A and 

X 3353 A f a l l  w ith in  th e  band of t h i s  f i l t e r .  The former i s  a f a i r l y  strong 

He I I  (n = 5 -  n = 3) l i n e  and th e  l a t t e r  a weak He I  l in e .  a  long photo

g raph ic  exposure showed th a t,u n d e r  th e  co n d itio n s  of e x c ita t io n  used here, 

n e ith e r  of th ese  two l in e s  was tra n sm itte d .

X 3889 A -  An in te r fe re n c e  f i l t e r  B 223 sp e c ia lly  made by 

M essrs. B arr and S troud  L td . ,  was used fo r  t h i s  l in e .  These f i l t e r s  have 

a peak tra n s m is s iv i ty  of about 10̂ 4 and a band w idth of 60 A. I t  was found 

th a t  the  tran sm iss io n  band of th ese  f i l t e r s  v a ried  s l ig h t ly  in  w avelength 

over th e  f i l t e r .  T h is  fe a tu re  proved to  be q u ite  u se fu l, as i t  made i t  

p o s s ib le , by s e le c tin g  th e  reg io n  used, to  ntune in w to  th e  d e s ired  wave

le n g th . A photograph th rough a spectrograph  in d ic a te d  th a t  th e  weak
o

neighbouring l in e s  X 3867 & and X 3965 A were not tra n sm itte d , 

y X 4713 A -  was b e s t is o la te d  by th e  I l f o r d  g e la t in e  f i l t e r s  501

and 303 in  com bination w ith  th e  Chance g la s s  f i l t e r  0Y8. The n e a re s t l in e  

l i a b l e  to  in te r f e r e  i s  th e  X 4 6 8 6  A He I I  l in e  v/hich i s  not e x c ited  in  th e
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c o n d itio n s  of th e  p re sen t experim ent. O therw ise, t h i s  l in e  i s  w ell 

separa ted  from i t s  neighbours.

A 3 0 1 o A -  A s p e c ia lly  made in te rfe re n c e  f i l t e r  B0 9 2  was used

f a r  t h i s  l i n e .  I t  was found th a t  t h i s  f i l t e r  a lso  tra n sm itte d  a b lue

l in e  due to  higher order in te r fe re n c e . A yellow  Chance f i l t e r  OY 4  or 6

cut t h i s  out.

X 5875 I  - T h i s  l in e  i s  a t th e  red  l im i t  of th e  p h o to m u ltip lie r  

s e n s i t iv i ty  so th a t ,  by using I l f o r d  red  g e la tin e  f i l t e r  808, a l l  l i n e s  in  

th e  v io le t  side were cu t out and only re d  l i g h t  tra n sm itte d . Measurements 

a t th i s  w avelength were most a f fe c te d  by r e f le c te d  cathode l i g h t ,  which was 

p red o m in an tly  red .

The use of in te r fe re n c e  f i l t e r s  demanded th a t  th e  l i g h t  be 

in c id e n t on th e  f i l t e r  a t r ig h t  an g les . The simple co llim a tin g  arrangement 

shown in  th e  diagram (F igure 2) su ff ic e d  fo r  t h i s  purpose.

The d e te c tio n  e f f ic ie n c y  of such an arrangement expressed in  

e le c tro n s  re le a se d  from th e  cathode of th e  p h o to m u ltip lie r  per photon 

em itted  from th e  s e n s i t iv e  reg io n  of th e  e x c i ta t io n  tube i s  about one in  

106  e le c tro n s /p h o to n  (estim ated  fo r l ig h t  of \  2*000 £ ) .  T his i s  made up 

as fo llo w s: -

G eom etrical so lid  angle C*2j$

T yp ical f i l t e r  tran sm issio n  

Photo-cathode e f f ic ie n c y  (2*000 £) 1$

The cathodes of the  p h o to m u ltip lie rs  had an S4 response , so th a t  

t h e i r  g r e a te s t  e f f ic ie n c y  was a t  2 * 0 0 0  £  and th e  above f ig u re  re p re se n ts  th e  

maximum e f f ic ie n c y .

Making use of th e  c a lc u la tio n  of photon y ie ld  a lready  done, the  

counting  r a t e  fo r  a g iven  s e t of co n d itio n s  ( r e s u l ts  depend on the l i f e t im e
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o f th e  s ta t e  as w ell as re so lv in g  tim e of co incidence u n it)  can be 

e stim ated . These come out to  be of th e  same order o f magnitude as th e  

observed r a te s .  A source of e r ro r  in  th e  c a lc u la tio n  i s  th e  e ff ic ie n c y  

of th e  photo-cathode -  th e  value taken  here i s  th a t  supp lied  by th e  manu

fa c tu re r .

E le c tro n ic s

The g r id  c o n tro ll in g  th e  in te n s i ty  of th e  e le c tro n  beam in  th e  

e x c i ta t io n  tube i s  modulated by sh o rt ( 2  x 1 0 ” ^ sec s .)  p o s i t iv e  p u lses  from 

a p u lse  g en era to r having a r e p e t i t io n  frequency of 1cA se c .” ^.

The cho ice  of th e se  v a lu es  i s  im portant as th ey  have a d i r e c t  

in f lu e n c e  on th e  experim ental accuracy which can be achieved . I n  th e  

d isc u ss io n  which fo llo w s , th ree  sources of e rro r  w i l l  be considered .

These a re s -

( i)  The s t a t i s t i c a l  u n c e r ta in ty  of th e  number of s ig n a l counts

reco rded .

( i i )  The random coincidence r a te  a r is in g  from n o ise  in  th e  

p h o to m u ltip lie r .

( i i i )  The p o s s ib i l i ty  th a t  two photons be d e tec ted  w ith in  a 

s in g le  p e rio d  fo llow ing  an e x c it in g  p u lse  in  th e  g r id ,  and be re g is te r e d  

as one.

The fo llow ing  symbols a re  in troduced  in  t h i s  co n n ec tion :-  

n-j ; p . r . f .  of th e  p u lse  g en era to r. sec

t  : re so lv in g  time of th e  co incidence  u n it .  secs.

Tin i maximum r a te  a t which photons a re  d e tec ted
-1( i . e .  zero  delay) sec .
_ -i

Ns : r a t e  of counting  s ig n a l co incidences = n^n2t  sec.

Nr  ; r a t e  of counting  random coincidences = n^1 0 ^ t sec. ^
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I t  i s  supposed th a t  th e  noise p u lses  from the  p h o to m u ltip lie r  

a re  a t  a r a t e  1(A sec.~^ as measured by C o lli e t  a l .  . In  f a c t ,  th i s

i s  in  agreement w ith  our own e s tim ate . When observing a red  l i n e ,  th e  

random counting  r a t e  in c reased , due to  cathode l ig h t  but no account i s  

taken  of t h i s  here.
_ A

N = Ns + Nr  : t o t a l  co incidence r a te .  sec

¥  : l i f e t im e  of th e  s ta te  observed. sec .

So th a t  an experim ental ru n  d id  not tak e  too  long , counting  p erio d s  of 

one or two m inutes were g e n e ra lly  adopted. For t h i s  a n a ly s is , p e rio d s  

o f 100 secs , a re  taken . Since th e  random coincidence r a t e  was measured 

only once d u ring  a run , a la rg e r  counting  tim e was used f o r  t h i s  and th e  

s t a t i s t i c a l  u n c e r ta in ty  kep t under ± 1^  .

( i)  and ( i i )  S t a t i s t i c a l  u n c e r ta in ty  of s ig n a l and random 

co incidences

(Ns + Nr ) = 1 0  Jv l j t  (n2  + 1cA)

Expressed in  term s of percen tage  of s ig n a l co incidence counts th e  probable 

e r r o r  = 1 0  /  ng + 1 0 ^

”2 J v  *
( i i i )  The p ro b a b il i ty  of d e te c tin g  two photons (or noise 

p u lse s )  in  one s in g le  p e rio d , fo llow ing  an e x c it in g  p u lse

The p ro b a b il i ty  th a t  th i s  should f a l l  w ith in  one re so lv in g

p e rio d  t  = 1 0  J 'IT ^

P ercen tage  e r ro r  from t h i s  cause

= 'Q4) lL \oo
n 2

I t  should be noted th a t i t  i s  p o s s ib le  to  c o rre c t fo r  t h i s  

e r ro r  provided th a t  and t  a re  known (the  no ise  r a t e  has l i t t l e
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in f lu e n c e  in  th e  im portant c a se s ) .

The ex p ressions obtained  above have been used to  prep>are th e  

fo llo w in g  ta b le  w ith  t  put equal to  t  .

+ *  X
n 2

n 1

104 1 0 5

secs.
1 0 6

- 1

1 0 7

1 0 - 7  secs. 105 1*0$ 1 -% 1 0 $ 1 0 0 $

n 1q4 4* 9% 2 - 2$ 1 0 $ 1 0 0 $

n 1 0 5 11$ l v l$ 11% 1 0 0 $
1 0 - 8 105 4*5^ 1 - 1* 1-3% 10%

it 1 0 2*- 11$ > 1 $ 2$4 10%

n
1 0 * 11% 4 * 2% 11%

1 0 ” 9 105 11$ 3- 3% 1-1% 1 -3%

'it* 1 0 4 kd% u% 3-3% 2%

tt 103 1l&% 33% 10% 4* 2%

In  s e t t in g  th e  re so lv in g  tim e of th e  co incidence u n i t ,  the  

magnitude of th e  l i f e t im e  to  be measured must be considered  as  w ell as 

what can be achieved w ith  normally a v a ila b le  components. In  our 

ap p ara tu s  th e  re so lv in g  tim e was about 3 x 10“ ® secs. For obvious 

reaso n s t h i s  must not be much longer than  th e  l i f e t im e s  to  be measured.

I f  i t  i s  very  much sh o r te r , th en  the  v a lues c a lc u la te d  in  th e  Table re q u ire  

to  be m odified. For example, in  approxim ately th e  co n d itio n s  of our 

experim ent and 'X = 1 0 ” 7  secs.

i
n2

ni

o ■P"

----------------j-

105
s e c s .“ ^

106 1G7

10~8 secs. 104 14-1$ 4*3^ 11% 100$
10“ ^ secs. 104 4- 9% 2 .2 $ 10 . 3% ! I i 

_
U

8
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I t  should be noted th a t th ese  e r ro rs  r e f e r  to  in d iv id u a l 

counting  p e rio d s . In  one run  th e re  were g en e ra lly  over a dozen counting 

p e rio d s  and each measurement cjuoted i s  th e  mean of a number of runs. Thus 

th e  u ltim a te  accuracy of th e  method i s  about 1<&.

The p u lse  genera to r a lso  p rov ides sm aller neg a tiv e  pu lses  which 

are  fed in to  th e  delayed channel to  th e  co incidence u n it .  The c i r c u i t  

adopted fo r  t h i s  u n it  resem bles one developed by Hutchinson . I t  con

s i s t s  of a f r e e  running b lock ing  o s c i l la to r  (see diagram F ig u re  3) whose 

o u t-p u t p rov ides a t r ig g e r  fo r  a m onitoring o sc illo sc o p e  as w ell as a 

delayed p u lse  to  a tr ig g e re d  b lock ing  o s c i l l a to r .  The p o s it iv e  going 

p u ls e s  on th e  cathode of the  second valve a re  c lipped  to  2  x 1 0 "* secs, 

by a sho rted  le n g th  of 1 0 0  ohm cab le  and fed  to  both  th e  e x c i ta t io n  tube 

g rid  and to  a p u lse  shaping va lve. T his l a s t  valve -provides c lea n ly - 

shaped n eg ative  p u lses  fo r  th e  co incidences u n it .

The o ther channel of th e  coincidence u n it d e riv e s  i t s  p u lses  

from th e  p h o to m u ltip lie r . A s in g le  p h o to -e lec tro n  from th e  cathode of 

th e  1 4  s tag e  tube th a t  was used in  th e  p resen t apparatu s (gain  of ^  1 0 ^ 

under ty p ic a l  co n d itio n s) gave r i s e  to  a pu lse  of about •§■ V. a t  th e  c o l le c to r .  

To p rov ide  a s u ita b le  p u lse  fo r  th e  coincidence u n it t h i s  v*as am plified  by 

a f a c to r  of about 10 in  a f a i r l y  conventional f a s t  am p lif ie r  (Bandwidth

30 M c/s, d i f f e r e n t ia t in g  tim e co n stan t ^  1 yus.). The l a s t  va lve  of t h i s

u n it a c te d  as a l im i te r  so th a t p u lses  w ith  a height not g re a te r  than  -3  V.
— f twere produced. These f a s t  r i s in g  p u lse s  ( ^  10“ se c s .)  decayed w ith  th e  

a m p lif ie r  time co nstan t o f 1 0 ~6 secs. so th a t  when th ey  were passed in to  a 

c lip p in g  c i r c u i t ,  sho rt p u lse s  were produced (d u ra tio n  2  x 1 0 " 8  se c s .)  of 

s im ila r  form to  those  being  fed  to  th e  o th er s ide  o f  th e  coincidence u n it

by th e  p u lse  g en era to r.
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ih e  co incidence un it was a simple adding c i r c u i t  c o n s is tin g  of 

two 0VH27 v a lv es  in  p a r a l le l  and having a small load  r e s i s to r  to  p reserv e  

a f a s t  re so lv in g  tim e. This was follow ed by a u n it  which lengthened th e  

p u ls e s  (to  ~  l ^ i s e c . ;  befo re  they  were fed  to  a type  200 s c a le r . The 

p u lse  heigh t d isc r im in a to r on th i s  was used to  b lock sm all p u lses  produced 

when p u lse s  in  th e  in d iv id u a l channels a re  not in  co incidence. Since th e  

p u lse s  have a f i n i t e  r i s e  tim e 1 0 ” ^ s e c s .;  and th e re fo re  a re  not re c ta n 

g u la r th e  re so lv in g  tim e of th e  co incidence u n it depends on the  le v e l  of the 

d isc r im in a to r  s e t t in g .

I t  was d e s ira b le  to  check th a t th e  p u lses  in  th e  two channels of 

th e  co incidence c i r c u i t  were of equal h e igh t. T h is  was done by connecting 

th e  channels sep a ra te ly  to  th e  co incidence u n it and a d ju s tin g  th e  l im it in g  

le v e l  t i l l  th e  p u lse s  in  each channel were cu t o ff  a t the  same d isc r im in a to r 

s e t t in g .

The a tte n u a tio n  c h a r a c te r is t ic  of the  delay cab le  was a lso  checked 

in  a s im ila r  manner. Due to  the dependence of the co incidence u n it on th e  

measurement of p u lse  heigh t ( in  th e  d isc rim in a to r) i t  i s  very  im portant th a t  

th e  p u ls e s  should not be a tten u a ted  appreciab ly  in  passing  down th e  lo n g est 

le n g th s  of cable used. f u ls e s  from th e  blocking o s c i l l a to r  were passed  

down v a rio u s  len g th s  of cab le  and th e i r  height measured using the  d isc r im in a to r. 

No v a r ia t io n  could be d e tec ted  in  th e  cu t o ff  s e t t in g  between p u lses  having 

passed  along 1 metre and those having passed along 200 m etres of c ab le . The 

cab le  used was U niradio 57 and i t  was so cut th a t  any le n g th  in  in te g ra ls  of 

1 m etre up to  195 m etres could be in s e r te d  in  the a p p ro p ria te  channel.

The tim e by which a p a r t ic u la r  le n g th  of cab le  delayed th e  p u lses  

was measured by measuring th e  frequency of th e  ra d io  frequency a l te rn a t in g  

c u rre n t a t which th e  cab le  reso n a ted . The R.F. s ig n a l generato r was
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c a l ib ra te d  a g a in s t a standard  c ry s ta l  o s c i l la to r .  For th e  cab le  used a 

de lay  of x 1 0 ~ 9  se c s ./m e tre  was measured. T h irty  d i f f e r e n t  cab le

le n g th s  were measured and over th e se  th e re  was a random f lu c tu a t io n  of 

+ 0*6^1 in  the  product of resonan t frequency w ith  le n g th  of cab le . Thus 

any e r ro r  in  th e  r e s u l t s  a r is in g  from t h i s  cause w il l  be le s s  th an  1$j.

Perhaps th e  most s tr in g e n t t e s t  th a t can be ap p lied  to  a c i r c u i t  

of t h i s  k ind  i s  th e  o b servation  of a prompt t r a n s i t io n .  A ttem pts to  do 

th i s  a re  desc rib ed  elsew here in  th i s  th e s is .

Some of th e  d i f f i c u l t i e s  encountered w ith  th i s  p a r t  of th e  

ap p ara tu s  can be u se fu lly  considered  a t  t h i s  s tag e .

I t  was found th a t  the  g re a te s t  y ie ld  of photons was obtained  

a t an e le c tro n  energy somewhat g re a te r  than  th e  value found by L e e s ^ ^ .

W ith a steady e le c tro n  beam th e  e f f e c t  was even more pronounced. From 

i t s  v a r ia t io n  from one cathode to  ano ther, i t  was concluded th a t  th e  e f fe c t  

was due to  th e  development of a -po ten tia l d iffe ren c e  across  th e  th ic k n e ss  of 

th e  oxide cathode. T h is ex p lan a tio n  a lso  accounts fo r  th e  "smoothed out" 

n a tu re  of e x c i ta t io n  curves measured on t h i s  apparatus as compared w ith  

th o se  found by Lees.

The v a r ia t io n  of t r a n s i t  time f a r  th e  e le c tro n s  in  th e  photo

m u lt ip l ie r  w ith  th e  vo ltag e  app lied  i s  im portant when comparing th e  r e s u l t s  

of d i f f e r e n t  experim ents. An in v e s t ig a tio n  of t h i s  was the  su b jec t of a 

short p a p e r p u b l i s h e d  during th e  course of th e  experim ents. The 

e le c tro n  t r a n s i t  tim e was found to  be in  agreement w ith  th e  tim e c a lc u la te d  

from th e  e l e c t r o s ta t i c  f i e ld  in  the  m u lt ip l ie r .  The measured tim e of 

t r a n s i t  was p ro p o rtio n a l to  th e  f i e ld  ap p lied .

Some tro u b le  was experienced due to  s a t e l l i t e  pjulses from the  

p h o to m u ltip lie r . These p u lses  appeared above a c e r ta in  v o ltag e  app lied
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to  th e  m u lt ip l ie r  and were always almost ex ac tly  0 * 3  x 1 0 “  ̂ secs, a f te r  

th e  main p u lse s . The period  between th e  main p u lses  and th e  s a t e l l i t e  

p u lse s  d id  not vary w ith  the  vo ltag e  app lied  to  the  tube. A lso, th e re  

was no s ign  0 1  a secono. s a t e l l i t e  p u lse  a t a p e rio d  of 1 m. see. a f te r  th e  

main one. Both th ese  observations were out of sympathy w ith  th e  usual 

ex p lan a tio n  fo r  s a t e l l i t e  p u lse s . T his i s  th a t  they a re  due to  the  

re le a s e  of p o s it iv e  io n s  on th e  a r r iv a l  of an avalanche of e le c tro n s  a t the 

c o l le c to r .  The io n s  a re  supposed to  t r a v e l  up to  the  photo-cathode and 

r e le a s e  a second b u rs t of e le c tro n s . I t  was noted a lso  th a t  th e  number of 

main p u lse s  was reduced when th e  s a t e l l i t e s  began to  appear.

No s a t is fa c to ry  ex p lan a tio n  was found fo r  th ese  p u lses  bu t as 

they occurred a t aigplied v o ltag es  g re a te r  than  Vi/ere normally used th e i r  

p resence could be avoided.

Vacuum system

Gas was adm itted to  th e  e x c ita tio n  tube through a needle valve 

from a re s e v o ir  co n ta in in g  helium a t  about atm ospheric p re ssu re . The tube 

was pumped con tinuously  by an o i l  d if fu s io n  pump so th a t  th e  helium p re ssu re  

was such as  to  m ain ta in  equ ilib rium  between th e  pumping speed and the  r a t e  

o f flow  from th e  re s e v o ir .  The p ressu re  was m onitored co n stan tly  by a P ira rd  

gauge and was measured p e r io d ic a l ly  using a mcLeod gauge. A photograph of 

t h i s  p a r t  of th e  apparatus c le a r ly  shows th e  p a r ts  mentioned (F igure 7 ).

S ince im p u ritie s  in  the gas could cause f a ls e  r e s u l t s ,  care  was 

ta k en  to  ensure th a t  only pure helium was allowed in to  th e  e x c ita t io n  tube.

The makers claim ed an im purity  con ten t of l e s s  than two p a r ts  in  a thousand 

Pqj. gas used. However, we d id  f in e  th a t  i t  contained some condensible 

vapour (probably w ater) "which, fo r tu n a te ly , was e a s i ly  removed by passing  

th e  gas through a l iq u id  a i r  tra p . './hen th e  helium glow was stopped, the
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T"he vacuum system.



Rp re ssu re  i n  th e  e x c ita t io n  tube f e l l  to  le s s  than 1 0  J m.in. of mercury, 

so th a t  no tro u b le  was experienced due to  re s id u a l  gas or a leak  of a i r  

in to  th e  system. As a check on th e  p u r i ty  of th e  gas, a long expossBB 

photograph of the  spectrum produced by a continuous e le c tro n  beam was 

tak en  and found to  co n ta in  no l in e s  th a t  could not be id e n t i f ie d  as 

helium l in e s .



5« i^i@IiiiiiKTAL EiiiSULTS

(a) method of making measuremen ts

Bach day be fo re  any measurements were made, th e  base  p re ssu re  

of th e  vacuum system was checked to  guard ag a in st th e  appearance of le a k s .

The ap p ara tu s  was switched on some tim e b e fo re  i t  was used to  ensure th a t  

c o n d itio n s  had s ta b i l i s e d .  G-as was then  adm itted  to  th e  e x c i ta t io n  tube 

and i t s  p re ssu re  ad ju sted  to  th e  re q u ired  value. The e le c tro n  cu rren t 

was s e t  to  a le v e l  which gave a s u ita b le  y ie ld  of photons by r a is in g  th e  

h ea te r c u r re n t. During th e  runs the  p re ssu re  and beam c u rre n t were moni

to re d  and kep t co n stan t to  w ith in  a few per cen t of th e i r  nominal va lu es .

. The numbers of co incidences fo r  v a rio u s  len g th s  of de lay  cab le  

were now reco rded . The delay was always in c reased  and then  decreased  during 

a ru n  to  guard ag a in s t any minor f lu c tu a tio n s  in  th e  co n d itio n s . Counting 

p e rio d s  of about 2  m inutes were used and, where th e  counting  r a t e  was poor, 

re p e a t measurements were made to  reduce th e  s t a t i s t i c a l  u n c e rta in ty .

The e f fe c t  of vary ing  the  p ressu re  and th e  p o te n t ia l  a c c e le ra tin g  

th e  e le c tro n  beam was observed fo r  each l in e  measured. Any v a r ia t io n  in  

th e  l i f e t im e s  w ith th e se  c o n d itio n s  i s  noted and ex p lan a tio n s  suggested.

(b) A ttem pts to  observe a prompt coincidence

The b e s t t e s t  th a t  can be app lied  to  a co incidence c i r c u i t  of

th e  type  desc rib ed  above i s  to  measure w ith  i t  a t r a n s i t io n  whose l i f e t im e

i s  very  sh o rt compared w ith  th e  re so lv in g  tim e of th e  c i r c u i t .  vV’i t h  th i s

in  mind, a search was made f o r  a f a s t  t r a n s i t io n  in  helium. Those s ta te s
+ 8  — 1w ith  t r a n s i t io n  p r o b a b i l i t i e s  p red ic ted  to  be g re a te r  th a n  1 0  secs. a re  

s in g le ts  which combined w ith  the  ground s t a t e  and whose l i f e t im e s  are th e re 

fo re  m odified by th e  phenomenon of imprisonment of resonance r a d ia t io n .
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T his  has th e  e f f e c t  of in c re a s in g  th e  l i f e t im e  by a la rg e  fa c to r .  B a te s 's  

and Damgaardfe^  ̂ f ig u re s  lead  to  a value fo r  the  l i f e t im e  of th e  3 3j> s t a te  

of 1*4 x 10 ^ secs, bu t the w avelength X 5375 $■ corresponding to  th e  t r a n s i t io n  

2^3? “ 3 "̂ D i s  so near th e  red  s e n s i t iv i ty  l im i t  of th e  p h o to m u ltip lie r  th a t  i t  

was d i f f i c u l t  to  re so lv e . Measurements on th i s  l in e  are d iscussed  l a t e r .

The sh o r te s t l i f e t im e  th a t  was measured was th a t  of th e  3 ^  s ta te  

■which decays by 2^3 -  3^3? and -  3^3? as w ell as 1% -  3%'. S teps were 

taken  to  reduce to  a minimum th e  e f f e c ts  of imprisonment. The decay curve

ob tained  du rin g  t h i s  experiment i s  reproduced in  F igu re  8 . I t  w i l l  be seen

th a t  th i s  curve has a w idth a t h a lf  he igh t of 3 * 2 5  x 1 0 ~ ^secs. so t h a t  th e  

re so lv in g  tim e of th e  apparatus i s  l e s s  than  t h i s  amount. The asymmetry 

of th e  curve i s  due to  th e  f i n i t e  l i f e t im e  o f th e  s t a t e .  The re so lv in g  

tim e thus estim ated  i s  in  agreement w ith  th e  value expected from th e  magni

tu d e s  of th e  c i r c u i t  param eters.

(b) A_ study  of th e  phenomenon of imprisonment of resonance r a d ia t io n  -

(measurements on the X 5016 ii l i n e )

There a re  a number of th e o re t ic a l  papers on th e  imprisonment 

of resonance r a d ia t io n ^ " ^  (•?&) (59) m q£ th ese  the  most ex ten siv e  i s  a 

paper due t o  T. H o l s t e i n ^ ^ .  The e a r l i e r  work t r e a te d  th e  su b jec t by 

analogy w ith  th e  d if fu s io n  of gases. While c le a r ly  th e re  i s  a s im ila r i ty ,  

two major d if fe re n c e s  e x is t .  The f i r s t  (considered by K e n ty ^ ^  as w ell 

as H o ls te in ) i s  th a t  the  p ro b a b ili ty  of a photon e x c it in g  an atom i s  a 

very  sharp fu n c tio n  of th e  frequency of th e  r a d ia t io n .  The second, which 

was p o in ted  out by H o ls te in , i s  th a t ,  s ince resonance r a d ia t io n  energy 

spends so much more tim e as an e x c ited  atom than  t r a v e l l in g  between atoms, 

an e v a lu a tio n  fo r  th e  mean f r e e  p a th  of a photon by analogy w ith  th e  k in e t ic  

th e o ry  of gases has no meaning. He found an ex p ressio n  fo r  th e  "mean f r e e
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p a th ” which i s  d iv e rg en t.

As an a l te rn a t iv e  and more meaningful concep tion , H o ls te in  

in tro d u c e s  th e  p ro b a b ili ty  T ( p , l )  ) th a t  a photon ~\) Y /ill tra v e rs e  a 

d is ta n c e  p  b e fo re  lo s in g  i t s  energy to  an atom. Because of i t s  “resonance11 

n a tu re , t h i s  p ro b a b il i ty  v a r ie s  sharp ly  w ith  V  so th a t  i t  i s  d e s ira b le  to  

f in d  th e  mean over th e  spectrum  of the  l in e .  I f  U (u ) i s  th e  ab so rp tio n  

c o e f f ic ie n t  of th e  atoms fo r  th i s  p a r t ic u la r  l i n e  then

1 C/o.d) -  e

and th e  p ro b a b il i ty  T(p)  fo r  a photon anywhere in  th e  em itted  spectrum  

of th e  l in e  going a d is ta n c e  p  i s  given by

T  (p) - \ P(v) e~k(l,)Pdu
I t  i s  now necessary  to  fin d  expressions fo r  P(-u) and U(~u) . The 

n a tu re  of th e  ab so rp tio n  U ( v )  depends on th e  c o n d itio n s  of th e  gas 

and in . th e  p resen t case  i s  in fluenced  mainly by Doppler broadening.

For H o ls te in ’ s r e s u l t s  to  apply , i t  i s  necessary  th a t  em ission 

and ab so rp tio n  sp ec tra  of the  l in e  have th e  same form i . e .

H o ls te in  goes to  some len g th s  to  show th a t  even i f  the r a d ia t io n  and atoms 

are  not in  thermo-dynamic eq u ilib riu m , then  in  th e  case of a Doppler 

broadened l in e  t h i s  r e la t io n  a p p lie s . However, fo r  t h i s  to  be so the  

dim ensions o f th e  re a c tio n  v e sse l must be much g re a te r  th an  the  r a d ia t io n  

le n g th  ( ** 1 At some of th e  low p re ssu re s  used in  th e  p re sen t

experim ent th e  r a d ia t io n  le n g th  approached th e  tube dim ensions ( ^  1 cm .). 

H o ls te in  mak£s use of an approxim ation in  in te g ra tin g  th e  ex p ression  fo r
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T(P) th u s :-

»
where U 21 =  f t*  H ,  ^  |

8  7t £0< t^ ' 0 o 'xZi

=  °<4) wavelength of r a d ia t io n  a t  l in e  c en tre  (cms.) 

j^}  ̂ = D ensity  of normal atoms (cm.~^)

(D, (Oz ~ S t a t i s t i c a l  w eights ( 2 7 + 1 ) of normal and ex c ited  le v e ls  

re sp e c tiv e ly .

/\J'0 = (2ET/M)2 (cm s./sec .)

rt n = L ife tim e  of s ta t e  of an is o la te d  atom (sec .)

A c o n s id e ra tio n  of the  tra n s p o r t  of resonance r a d ia t io n  in  a 

c y l in d r ic a l  space in v o lves T »  as evaluated  above and le ad s  to  an 

ex p ress io n  fo r  an “escape factor** fo r  the r a d ia t io n  g given b y :-

~ 1 ’ 6 0 ■M -gp

k21R(x log  k^-jR)2

where R i s  th e  ra d iu s  of th e  tube and g i s  the  f a c to r  by which th e  spon

taneous t r a n s i t i o n  p ro b a b il i ty  has to  be m u ltip lied  ^  to  give th e  apparent 

t r a n s i t i o n  p ro b a b i l i ty  tak in g  imprisonment in to  account.

The l i f e t im e  of th e  3 ^  le v e l  i s  determ ined by

= gA (11S -  3 V ) + A(21S -  311?) + A(3 1S -  3 V )
t (31p )

where g i s  H o ls te in ’ s escape fa c to r  fo r  resonance ra d ia tio n .

We measured fa r  a s e r ie s  Sas p re ssu re s  (g i s  a

fu n c tio n  of p ressu re ) and p lo t te d  * y ^ ^ i p ^ a g a i n s t  gA(l^S -  3 ^ )*  In  

o rder to  extend th e  measurements to sL ig h tly  d if f e r e n t  co n d itio n s  a 1 cm. bore
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q u a rtz  tube was p laced  in s id e  th e  e x c ita t io n  tube c o -a x ia lly  w ith  the 

e le c tro n  beam. o ince the  “a, p37 resonance ra d ia t io n  was not tra n sm itte d  

by ch is in n er tube the imprisonment was confined to  the in t e r io r .  In  both 

case s  che graphs of gA are s tra ig h t  l in e s  and th e  in te rc e p ts  on th e

^ ar e very nearly  equal, the in te rc e p ts  being 1 • 37 x 10^ secs. 

and 1*33 x 10^ secs."^  re sp e c tiv e ly  (see F igure  9)*

These v a lu es  correspond to  th e  s i tu a t io n  where th e  imprisonment 

of th e  X 337 ^  r a d ia t io n  i s  complete and th e  only mode of decay i s  by th e  

o th e r two p o ss ib le  t r a n s i t io n s .  The mean value found fo r  A  ( 2 %  -  ( 3 ^ S - 3 ^ P )

was th e re fo re  1*33(t 0*02) x 10? s e c s .- 1 .

I t  i s  concluded th a t  the  r e s u l t s  a re  i n  q u a l i ta t iv e  agreement 

w ith  H o ls te in 's  theory . More ex tensive  measurements would have been 

re q u ire d  to  f in d  an exp lana tion  fo r the  la ck  of exact q u a n ti ta t iv e  agreement 

(th e  s lo p es  of the  curves a re  not un ity  as they should b e ). P o ss ib le  

ex p lan a tio n s  a re  the fo llo w in g :-

i )  The ev a lu a tio n  of g depends on th e  e s tim a te s  made of th e  

tem peratu re  and th e  t r a n s i t io n  p ro b a b ili ty  in  th e  absence of imprisonment 

(taken  as  60°C and 10^ secs."^  re sp e c tiv e ly )  as w ell as on th e  c a l ib r a t io n  

of th e  p re ssu re  gauges. Poor es tim ates  could cause an e rro r  of up to  about

t  3 0 $  in  g.

( i i )  H o ls te in 's  theory  was developed fo r  th e  id e a l is e d  geometry 

of an i n f i n i t e  cy lin d e r w ith  no r e f le c t io n  a t i t s  su rface s . He a lso  supposed 

th a t  th e  r a d ia t io n  was is o tro p ic . In  our apparatus th e re  w il l  be some 

p o la r i s a t io n  due to  d ire c te d  e le c tro n  beam so th a t  i t  may be necessary  to  

use m odified s t a t i s t i c a l  w eights of th e  le v e ls  in  h is  form ula.

( i i i )  I t  i s  a requirem ent of th e  p roof th a t U0 R ^  I • In
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th e  co n d itio n s  of our experim ent t h i s  i s  not met very w ell. I t  was 

i ound th a t va lues a t  p re ssu re s  le s s  than 10 ja of mercury (where k^R is  

bout 10) f e l l  some d is ta n ce  from th e  s t r a ig h t  l in e  graph. These have 

been om itted  buo, even so, th e  c r i t e r io n  th a t  kQR be g re a te r  than  10 i s  

somewhat a rb i t r a ry .

(iv ) The method of a n a ly s is  of the  r e s u l t s  was not a lto g e th e r  

s a t i s f a c to ry .  For low p re ssu re s  and hence small v a lues o f Y  i t  was 

d i f l  i c u l t  to  measure th e  slope of th e  exponen tia l p a r t  of the co incidence 

curve. An a n a ly s is  based on Newton1 s method of d isp laced  cen tro id s  

(d iscussed  la t e r )  gave a curve having a d i f f e r e n t  slope but th e  same in t e r 

c ep t. Because a prompt coincidence curve could not be obtained , th e  f i r s t  

method of a n a ly s is  was regarded as the  more r e l i a b le .

(d) The X 5875 (2^B -  3^D) t r a n s i t io n

T his was th e  f a s t e s t  t r i p l e t  l in e  th a t  could e a s i ly  be reso lv ed  

and i t  was used to  confirm  the  t e s t  made above on th e  X 5016 jH l i n e  to  

check the  re so lv in g  tim e of th e  apparatus. As mentioned above, th i s  Wavelength 

i s  near th e  upper l im i t  of s e n s i t iv i ty  of th e  p h o to m u ltip lie r and fo r  th i s  

re a so n  th e  background counting  r a te  was high (the cathode l ig h t  being pre

dom inantly red) and number of s ig n a l counts was low (low photo-cathode 

s e n s i t iv i ty ) .  B e tte r  sp e c tra l  re s o lu t io n  would have improved m atte rs  a 

l i t t l e .  The r e s u l t s  of a measurement on th is  l in e  are. i l l u s t r a t e d  in  

F ig u re  10. The complex curve may be d iv ided  in to  two components each 

having a sim ple exponential shape. The f a s te r  conponent has a l if e t im e  

of th e  same order of magnitude as th e  re so lv in g  tim e of th e  apparatus (l0~ ^secs.) 

and so cannot r e l ia b ly  be measured from th e  slope of th e  ex p onen tia l. The 

slower component i s  a sso c ia ted  w ith  a t r a n s i t io n  having a mean l i f e  of about
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5 x 10 secs. Prom th e  curve i t  i s  p o ss ib le  to  estim ate  the r e l a t iv e  

y ie ld s  a sso c ia te d  w ith  the tv^o components. I t  comes out th a t they  a re  in  

che r a t i o  of 1 ; 10 approxim ately ( la s t  to  slow). I t  i s  tem pting to  a sc r ib e  

t h i s  complex shape to  the same source as th a t which g ives r i s e  to  the complex 

shape of th e  e x c ita t io n  curve fo r  t h i s  l in e .  T his was observed by Lees and 

ok inner(^2) and o th e rs  who have suggested th a t  the  t r i p l e t  s ta te s  can be 

p o p u la ted  by c o l l is io n s  of th e  second k ind  of the type

+ 1^S 3^D + 1 %  -  the  energy d iscrepancy  being
_J__
100 I't "will be noted th a t th i s  re a c tio n  does not conserve e le c tro n

sp in  so th a t  th e o re t ic a l ly  i t  i s  expected to  have a small c ro s s -s e c tio n .

‘Thus one would expect th e re  to  be only a sm all number of t r i p l e t  s ta te s  p ro

duced by t h i s  mechanism and th a t  th e  l i f e t im e  a sso c ia te d  w ith  them ?/ould be

equal to  th a t  of the 3 r  s ta te  (inc lud ing  m o d ifica tions due to  im prisonm ent). 

For th e  p a r t ic u la r  co n d itio n s  a t which th e  measurements were made, the l i f e 

tim e of th e  s ta te  i s  about 3 x ICT^secs. ( c .f .  3 x 10“ ^ secs, fo r  slow 

component). A lso tak in g  the value of th e  c ro s s -s e c tio n  fo r  t h i s  p ro cess  

as measured by Maurer and W o l f ( ^  i t  comes out th a t  1 /lO th  of th e  atoms in  

th e  3%  s ta te  are  a ffe c te d  by i t .  These would give r i s e  to  a n e g lig ib le  

y ie ld  in  comparison w ith  those ex c ited  d i r e c t ly  to  th e  t r i p l e t  s ta te .  Thus, 

fo r  two reaso n s, i t  appears th a t th i s  p rocess i s  not re sp o n sib le  fo r  the

complex shape of the A. 3876 A curves.

The p o s s ib i l i ty  th a t th e  slow component a r is e s  from cascades from 

th e  L >  3 le v e ls  ( i t  i s  the  p re fe rre d  ro u te  fo r  such decays) i s  considered  

l a t e r  and re je c te d  on th e  grounds "that th e  observed y ie ld  i s  much too la rg e . 

However, th e  exp lanation  may be o u ts id e  th e  \  5876 $. l in e  due to  th e  poor 

s p e c tra l  re s o lu tio n  a lready  mentioned. F luorescence in  the  g la s s  or the
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presence  of m etastab le  s ta te s  may be th e  cause. a more ex ten siv e  in v e s t i 

g a tio n  of th is  p o in t must aw ait a p h o to m u ltip lie r s e n s it iv e  in  th i s  reg ion  

and th e  use of a spectroscope to  i s o la te  the  d e sired  l in e s .

(e) The o ther measurements of the l i f e t im e s  of s ta te s

B efore going on to  consider th e se  in d iv id u a lly , i t  i s  im portant 

to  co n sid e r the  p rocesses vjhich may in flu en ce  the r e s u l t s .  These w i l l  be 

considered  under the fo llow ing  head ings;-

(i)  M od ifica tion  of th e  popu la tion  d e n s i t ie s  o f th e  s ta te s  by 

c o l l i s io n s  of the  second kind.

( i i )  The rep o p u la tio n  of le v e ls  by cascade from higher le v e ls  and 

from th e  continuum of ion ised  s ta te s .

The p ro b a b il i ty  of p rocesses of type ( i)  occu rring  i s  given by

^ c o l. = ^ s e c s .” "*

where Q i s  th e  c ro s s -s e c tio n  fo r  the  £>rocess (cm .^). N0 i s  th e  d e n s ity  of 

atornsin th e  s ta t e  concerned (the ground s ta te  g ives th e  g re a te s t  c o n tr ib u tio n  

and need only be considered) and *0* i s  the mean v e lo c ity  of th e  atoms.

■^col = Q x 1 0 ®  a t 30yu Hg. p re ssu re .

Some v a lues of th e  c ro s s -s e c tio n s  fo r  p o ss ib le  p rocesses a r e ; -  

1% + 3%  —*■ + 3^° 1CT1^  cms.2 (Maurer and Wolf

1^S + 3 ^ —>■ 1^S + 10-15 cms.2 (Maurer and Wolf

G-as k in e t ic  Q  fo r  He atoms 10 ^ c m s .^  ( L o e b ^ ^ ) .

The e f fe c t  of th e  most im portant o f th e se  ( th a t lead in g  to  th e  

fo rm ation  of 3^D s ta te s )  has a lread y  been mentioned and was shown fo r  th e

\  5016 & l i n e  to  be n e g lig ib le . The value Acol# (a t 30yU.Hg.) fo r  th i s  

p ro cess  i s  10^ s e c s .”  ̂ and i s  th e re fo re  im portant only in  those cases where 

th e  spontaneous t r a n s i t io n  p ro b a b ility  i s  of t h i s  o rder. T his s i tu a t io n
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occurs lo r  only one case in  th e  p resen t s e r ie s  of experim ents v iz . where 

th e  4 5016 2  l in e  (2^B -  3 ^ )  was observed a t  a helium p ressu re  of 100yu Hg. 

In  t h i s  case , th e  measured value  of was 1*4 x 1C” 7 s e c s .”"̂  and
r a

th e  v a lu e  of Aco^  comes out to  be 6 x 10 secs. Thus about 1 in  3 of
Ji

th e  atoms in  the 3  2? s ta t e  would be expected to  be removed from th i s  s ta te  

by a c o l l i s io n  p rocess. The f a c t  th a t  a l in e a r  dependence of on
t  SCMfe

p re s su re  was observed suggests th a t  th e  value taken fo r  the  c ro s s -s e c tio n  

may be too  high.

The e f fe c t  of recom bination of ions w il l  now be considered .

Because of th e  g re a te r  p ro b a b ili ty  of io n is a t io n , th e  number of ions produced 

under ty p ic a l  co n d itio n s  was about 20 tim es th e  number of atoms ra is e d  to  

th e  3 V  s ta te  and decaying by em ission of 4 3016 S. r a d ia t io n  (the  31p  s ta te  

i s  more densely  populated  than  any other in  th e  p re sen t co n d itio n s ) .

However, the  recom bination c ro s s -s e c tio n s  fo r  p o s i t iv e  io n s  and e le c tro n s  

i s  very  small ( ^  10 ^  cms.2 kassey  and Bur hep (5 4 )) and th i s ,  coupled w ith

th e  sm all d e n s ity  of f r e e  e lec tro n s  ( ~  1G^cm s.“ ^ ) , makes th e  r a t e  of th i s  

recom bination  p rocess very sm all. The p ro b a b il i ty  th a t  an ion  w il l  re -
_ *

combine w ith  an e le c tro n  i s ,  fo r  th e  co n d itio n  of th e  experim ent, ^  1 sec. 

D esp ite  20 tim es as many ions as excited-atom s, th i s  p rocess i s  e n t i r e ly
p _ -j

n e g lig ib le  b eside  a p rocess having a t r a n s i t io n  p ro b a b ili ty  of ~  10 secs,

We may now consider e f f e c ts  due to  cascades from higher le v e ls .

By way of example, we consider the  4^P s ta te  and determ ine the number of 

t r a n s i t io n s  from, say, th e  5% s ta te  as compared w ith  the t o t a l  number of 

t r a n s i t io n s  from t h i s  s ta te .  Using B a tes ’ s and Damgaard’ s v a lu es  fo r th e  

t r a n s i t io n  p r o b a b i l i t i e s ,  i t  comes out th a t  only one in  two hundred of th e  

t r a n s i t io n s  goes to  th e  le v e l .  T h is , coupled w ith  th e  sm aller c ro ss- 

s e c tio n  fo r  e x c ita tio n  to  th e  s ta t e  ( 4  x 10 ^cm s. ) as compared w ith
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e x c i ta t io n  to  th e  s ta te ,  makes the  cascade p rocess e n t i r e ly  n e g lig ib le  

fo r  t h i s  case .

In  g en era l, t r i p l e t  8 and t r i p l e t  1  le v e ls  w ith  main quantum 

numbers 4  w il l  not be s ig n if ic a n t ly  in fluenced  by cascades, due to  the  

very  sm all branching r a t i o  from upper s ta te s  to  th a t  le v e l ,  w ith  re sp e c t 

to  t r a n s i t io n s  to  th e  m etastab le  s ta te .  The same remarks apply to  higher 

s in g le t  8 and s in g le t  p  s ta te s  than  th e  21P and 31S.

Some e f fe c t  from cascades from higher s ta te s  was observed when

in v e s t ig a tin g  th e  3-^ le v e l .  The decay th e  4-̂ > s ta te  can re -p o p u la te

th e  3^P s ta te .  The p ro b a b il i ty  of t h i s  happening depends upon the  i n i t i a l

p o p u la tio n  of th e  4^3 s ta te  and upon the  p ro b a b il i ty  th a t th e  decay w il l

tak e  p lace  to  th e  3 ^  s ta te .  T his l a t t e r  may be c a lc u la te d  from the  ta b le s
( 2.)given  by B ates and Damgaard '  and i s  found to  be 2 /5 th s  of a l l  decay 

t r a n s i t io n s  from th e  4^3 le v e l . The i n i t i a l  p o p u la tio n  of th e  s ta te s  

depends on th e  energy of the  ex c itin g  e le c tro n s . Using th e  v a lues of the 

c ro s s -s e c tio n s  measured by Lees, i t  comes out th a t  th e  r a t i o s  of th e  i n i t i a l  

p o p u la tio n s  of th e  4^3 s ta te s  a re  fo r  the  fo llow ing  e le c tro n  en erg ies

30 e.V. 5CJ&' 2 0 f

40 e.V. 18$ 7$

60 e.V. 6*5$

80 e.V. 15$ 6$

The th i r d  column i s  th e  in c rease  in  th e  pop u la tio n  of th e  3 ^  

s t a t e  due to . cascades from 4%?. The e f fe c t  o f t h i s  on th e  r e s u l t  depends 

on how th e  measurement i s  made from th e  decay curve which w il l  not now be 

s t r i c t l y  exponen tia l. Bince th e  l i f e t im e  of th e  4“̂  s ta te  i s  about h a lf  

of th a t  of the $ 2  s t a t e ,  i t  i s  estim ated  th a t th i s  e f fe c t  w il l  cause an 

e rro r  of le s s  than  1$ to  measurements taken  above 40 e.V. e x c ita t io n  p o te n tia l .
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The fo llow ing  ta b le  shows how th e  measured v a lues v a ried  w ith  e x c ita t io n  

p o te n t ia l .

E x c ita t io n  energy e.V. 32*5 ijO 60 80

L ife tim e  u n its  of 10“ ^ secs. 1*27 t  *05 1*15 t  *02 1*15 -  *04 1*14±*02

The l i f e t im e  appears to  be longer a t  lower e x c ita t io n  en erg ies  

a s  p re d ic te d .

An im portant case a r i s e s  fa r  the  3^D s ta te .  In sp e c tio n  of th e  

helium energy le v e l  diagram shows th a t  a l l  s ta te s  having angular momentum 

quantum number L equal to  or g re a te r  than  3 w ill  tend to  decay v ia  th i s  le v e l .

A c a lc u la t io n  o f th e  t r a n s i t io n  p ro b a b ili ty  of 3%) ” 4*^ based on th e  Coulomb 

approxim ation of B ates and Damgaard (2) y ie ld s  a va lue  o f 1*3 x 10“ ̂  s e c s .“ ^.

T h is  in  i t s e l f  i s  too g re a t to  account fo r  th e  slow component observed in  

th e  \  5876 S . measurement but i t  may be th a t  even higher le v e ls  w il l  lead  to 

a re -p o p u la tio n  a t the  observed r a te  of decay. However, t h i s  ex p lan a tio n  

seems u n lik e ly  on th e  grounds th a t th e  y ie ld  from th i s  source must be very  

sm all -  c e r ta in ly  le s s  than  th e  observed 10 tim es d i r e c t  y ie ld .

I t  may be shown s im ila r ly  th a t th e  e f f e c t  o f cascades to  th e
othe^r

upper of th e ^ le v e ls  under o b servation  le ad s  to  e f f e c ts  le s s  than  1$  in  

magnitude.

(fj) The method of a n a ly s is  of th e  r e s u l t s

Par each run  a curve was p lo t te d  of the  co incidence r a t e  as  a 

fu n c tio n  of th e  delay  in s e r te d . The random r a t e  was measured fo r  a delay  

long compared w ith  th e  l i f e t im e  of th e  s ta t e  and t h i s  su b trac ted  from the  

o th e r  re a d in g s . A fte r an i n i t i a l  r i s e  th e  co rre c ted  co incidence curve 

decreased  ex p o n en tia lly . The slope of the  exponential was measured to  

g ive  th e  l i f e t im e  of the atomic s ta te .

Newt on has considered  th e  problem of th e  a n a ly s is  of such
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delayed  co incidence curves and has shown th a t  to  measure th e  slope of 

th e  exponen tia l decay i s  a r e l i a b le  method when th e  l i f e t im e  observed i s  

lo n g e r th a n  the  re so lv in g  tim e of the co incidence u n it .  He has a lso  

developed a method of a n a ly s is  of delayed coincidence measurements fo r  

c a se s  where th e  l i f e t im e  of the  s ta t e  being observed i s  equal to  or s l ig h t ly  

l e s s  th an  th e  re so lv in g  time of th e  coincidence u n it .  The method depends 

on p lo t t in g  a prompt decay curve i . e .  one where th e  l i f e t im e  of th e  s ta te  

being  observed i s  very  much sh o rte r  th an  th e  re so lv in g  tim e of th e  coincidence 

u n i t .  Newton has shown th a t  i f  th e  curves a re  norm alised to" enclose equal 

a re a s  th en

( i)  The maximum p o in t of th e  delayed curve f a l l s  on th e  

prompt curve.

( i i )  The displacem ent of th e  cen tro id  of th e  delayed curve 

from th a t  of th e  prompt curve i s  equal to  the mean l i f e  T  of th e  s ta te .

S ince i t  was not p o ss ib le  to  o b ta in  a t r u ly  prompt co incidence 

cu rve , th e  method of d isp laced  c e n tro id  could not be used to  analyse r e s u l t s .  

However, th e  method was used to  check th e  d iffe re n c e s  between va lu es  

measured by th e  slope o f the curve.

(<j) T h e  ' r e s u l t s .

31P s t a t e

As a lread y  described  th e  measurements on the  X 5016 2  l in e  were 

m odified by th e  imprisonment of resonance ra d ia t io n .  They were a lso  

in s e n s i t iv e  to  th e  spontaneous t r a n s i t io n  p ro b a b i l i ty  to  the  ground s ta te
ana a ‘3

b u t an estim ate  of th a t  to  th e  21SAstateaw as made and found to  be

(1#35 t  0*02) x 10-7  s e c s .” 1. The e rro r  quoted i s  th e  random experim ental

e r ro r .
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3^0 s t a t e  (X 5875 S.)

T his i s  a short l iv e d  s ta te  so th a t  i t  was not p o ss ib le  to  

measure i t s  l i f e t im e  from th e  slope of th e  decay curve. The d ire c t  

a p p lic a t io n  of Newton’ s method of d isp laced  c en tro id  was not p o ss ib le  

as  a pronpt curve could not be obtained . However, by comparing th e  p re sen t 

curve w ith  th e  f a s t e s t  X 5016 £  curve, an e stim ate  of th e  l i f e t im e  was 

p o s s ib le , the  d iffe re n c e  in  the p o s itio n s  of th e  c e n tro id s  being  taken  as 

equal to  th e  d iffe re n c e  in  mean l i f e t im e s . A value of (l«0 + 0*5) x 10""  ̂ secs, 

was ob tained  f o r  the  mean l if e t im e . The la rg e  e rro r  quoted i s  a r e s u l t  

o f th e  low counting r a te  due to  poor p h o to m u ltip lie r s e n s i t iv i ty  as w e ll as 

th e  method of a n a ly s is .

3 ^  s t a t e  Ck 5889 1)

When care  was taken  to  avoid re -p o p u la tio n  by cascades from 

h igher l e v e l s  as described  above, a va lue  of (1*15 t  0 *05) x 10”*7 secs , was 

o b ta ined  fo r  the  l i f e t im e  of t h i s  le v e l . The value was estim ated  from th e  

slope of th e  exponen tia l.

L h  s t a t e  (X L713 2)

None o f th e  co n p lica tin g  e f f e c ts  appear to  in flu en ce  th i s  l i n e .

A v a lu e  of (6*75 ± 0*10) x 10“ ^ secs, was measured (slope  of th e  exponential) 

fo r  i t s  l i f e t im e . 

s t a t e  (X 3188 J[)

T h is  l in e  was measured because i t  ex tends th e  technique in to  th e  

u l t r a - v io le t  reg io n  of th e  spectrum. There was no o th er d i f f i c u l ty  about 

th e  measurement which y ie ld e d  a va lue  o f (1*53 -  0 *02) x 10 7 secs, fo r  the  

l i f e t im e  of th e  s ta t e .
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6- COMPARISON OP THE MEASURED VALUES WITH THEORETICAL CALCULATIONS

The b a sic  p r in c ip les  for the quantum mechanical ca lcu la tio n  of 

atomic tr a n s it io n  p r o b a b ilitie s  were f i r s t  la id  down by Dirac. He showed 

that the s ig n ifica n t e lectron  density  associated  with d ipole rad ia tion  from 

the atom was given by the product of the wave-functions of the e lectron  in  

the i n i t i a l  and f in a l s ta te s  of the relevant tra n s itio n . The resu ltin g  

wave-function contains a time dependent component varying w ith a frequency 

such that hi)2( i s  the energy d ifferen ce  between the two s ta te s  

and in  t h is  respect leads to  the same conclusion as the Bohr model. The 

amplitude of th is  wave-function depends upon the spacia l parts of the in d i

vidual s ta te  wave-functions so that i t  can only be ca lcu lated  exactly  where 

the former are known, i . e .  for systems co n sistin g  of two p a r t ic le s . The 

tr a n s it io n  probab ility  for  the tra n sitio n  2 -  1 i . e .  the p rob ab ility  that 

a photon r e su lt in g  from th is  tra n s itio n  should be emitted by a particu lar  

atom during a particu lar in terv a l o f time i s  given  by the product of the 

squares of the amplitudes o f the wave-functions

in  the i n i t i a l  and f in a l  s ta te s  resp ec tiv e ly  and the in tegra tion  i s  taken 

over the whole volume o f the atom. I t  may be shown that Ag  ̂ i s  independent 

of the magnetic quantum number j that i s ,  a l l  s ta te s  o f a le v e l  have the  

same lif e t im e .

where Rĝ  i s  a vector w ith conponents given by 

S im ilar ly  for R ĝ*

N s  and N s  are the spacial p arts of the wave functions of the e lectronI A )
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D eta iled  c a lc u la t io n s  fo r  p a r t ic u la r  atoms have been done by 

a number of authors* I n  general they  assume R u sse ll Saunders coupling 

between e le c tro n s . The c a lc u la tio n s  le a d  to  some u n iv e rsa lly  a p p lic ab le  

co n c lu s io n s , summed up in  the  s e le c tio n  r u le s  fo r  atomic t r a n s i t io n s .

B esides e le c t r i c  d ip o le  ra d ia t io n ,  i t  i s  p o ss ib le  fo r  atoms 

to  lo s e  energy by e le c t r i c  quadruple r a d ia t io n s  and by magnetic d ip o le  

r a d ia t io n  as  weH as fu r th e r  in s ig n if ic a n t  m u ltipo le  r a d ia t io n .  Calcu

l a t io n s  show th a t  th e  r a t io  of th e  t r a n s i t io n  p ro b a b i l i t ie s  by e l e c t r i c  

d ip o le  to  e l e c t r i c  quadruple i s  g en e ra lly  o f the o rder of 1 : 10*"̂  w hile 

th a t  f a r  e l e c t r i c  d ip o le  to  magnetic d ip o le  i s  about 1 j 1Cf^» Magnetic 

d ip o le  t r a n s i t io n s  may th e re fo re  be of im portance sometimes in  th e  de

e x c i ta t io n  of m etastab le  s ta te s .

The c a lc u la tio n s  now to  be d iscussed  a re  fo r  e l e c t r i c  d ip o le  

r a d ia t io n .  The c e n tra l  problem in  such c a lc u la tio n s  i s  th e  cho ice  of 

w ave-functions f o r  th e  two s ta t io n a ry  sp ates  of th e  atom. I n  th e  case of 

hydrogen atoms and io n s  having only one p la n e ta ry  e le c tro n , th ese  can be 

ev a lu a ted  e x a c tly . For helium , th e ir  ev a lu a tio n  i s  in e x a c t.

H y lle raas  and Goldberg each made use o f the successive  

approxim ation method of th e  s e lf -c o n s is te n t  f i e l d  to  a r r iv e  a t  ap p ro p ria te  

w ave-functions. The va lu es  found by H y lle raas  a re  probably  more accu ra te  

as  Goldberg d e l ib e ra te ly  s a c r if ic e d  accuracy fo r  ease of com putation, by 

using sim pler w ave-functions. On the  o ther hand, i t  has been suggested by 

B ates  and D am gaard®  th a t  H ylleraas* work s u ffe rs  from a number of num erical 

m istakes. B ates and Damgaard have c a r r ie d  out a com putation based on a 

sim ple Coulomb p o te n t ia l  f i e l d  fo r  th e  e le c tro n  in  ex c ited  s ta t e s  ( the  

c a lc u la t io n s  should not be extended to  th e  low est s ta te ,  s ince  the  Coulomb

-  50 -



approxim ation could not be expected to  be v a l id  in  th e  v ic in i ty  of th e  

second u n -ex c ited  e le c tro n ) . The agreement between H y lle ra a s ' r e s u l t s  

and th o se  of B ates and Damgaard i s  very  good. D iffe ren ces  between in d i

v id u a l r e s u l t s  occur in  a com pletely e r r a t i c  manner and i t  was t h i s  th a t  

le d  B ates  and Damgaard to  suspect num erical e r ro r  as the  cause of th e  small 

d is c re p a n c ie s . The agreement w ith  th e  va lu es  due to  H y lle ra as  adds confidence 

to  th e  adop tion  of B ates ' s and Damgaard's f ig u re s ,  which a re  quoted below in  

com parison w ith  th e  v a lu es  measured in  th e  p resen t experim ent.

obs.

5016 S. 

W 1 3 S

3889 £  

3188 %

5875 A

i T ra n s itio n s  
(determ ining the  
l i f e t im e  of the  
upper statd)

T ra n s itio n  p ro b a b il i ty  (sec ) 
B ates and Damgaard Experim ental

f 2 1S -

-  31P

]V p -  4%
-  i^ s

jV s -  3̂ 3? 

V s  -  4 ^
35S -  l / ?  

A 43s  -  45p 
3^D -  4^P

2 %  -  33D

1-34 x 107 1
3*06 x 105 i

6*43 x
1° 6, 1

9*25 x 106 J

9*26 x

1*07 x 106 /

5*65 x 10*S/
0*73 x 106 ./  /
0*22 x

10 J
0*65 x 10 J

1*37 x 1CT

1*57 x 107

1*03 x 107

(1*35 + *02)x 107 

(1*48 t  *02)x  107

(0*87 t  *04)x 1C7

7-25 x 106 (6-54 i  *09) * 10*

7*17 x 107 (10 t  5) * 10

The agreement between th eo ry  and experim ent i s  good (being
■five . .  ,  ,

never g re a te r  th a n  ± 15^0- As th e re  a re  only £hesft measurements, i t  would

be  unwise t o  a ttem pt to  fin d  an ex p lan a tio n  f a r  th e    liifmi+Ty sm aller

v a lu e s  ob ta ined  experim en tally .
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7. SOI-IB SUGGESTIONS FOR KXPERIKBNTS WHERE THE METHOD DESCRIBED

IN THE THESIS HAS AH ADVANTAGE,

There have been suggested during  th e  course of t h i s  th e s i s  a

number of measurements which could be done w ith  advantage using th e  delayed

co incidence  tech n iq u e. These, and o th er experim ents, w i l l  be considered  

i n  a  sy stem atic  manner b u t ,  beforehand, i t  i s  worth p o in tin g  out a few 

changes th a t  would in c re a se  th e  range of a p p lic a tio n  of th e  appara tu s.

( i)  G reater e le c tro n  beam c u rre n ts  ( x 100) could be obtained

w ith  a  s p e c ia l ly  designed cathode and th e  spread i n  energy of th e  e le c tro n s

could be reduced by using  a m e ta llic  cathode ( ra th e r  th an  the ox ide-coated  

one in  use a t the  moment). L ight from t h i s  could be prevented  from en te rin g  

th e  p h o to m u ltip lie r  by c a re fu l design  of th e  co llim a to r system.

( i i )  A monochromator would in c re a se  g re a tly  th e  u se fu lln e s s  

o f th e  ap p a ra tu s . I n  th e  v is ib le  and q u artz  u l t r a  v io le t  re g io n s , an f  4 

g ra tin g  monochromator would in c re a se  th e  counting e ff ic ie n c y  by a f a c to r  50 

over th e  p re se n t arrangem ent. Coupled w ith  the g re a te r  beam c u rre n t, an 

improvement of 10^ i n  s e n s i t iv i ty  could be achieved. Knowledge of th e  

s p e c tra l  c h a r a c te r i s t ic  of th e  d e te c to r  would allow  the  ab so lu te  de term ination  

of t r a n s i t io n  p r o b a b i l i t i e s .  S ince p u lses  a re  counted th e  wavelength 

c a l ib r a t io n  of th e  d e te c tio n  system would not be dependent on th e  g am  of

th e  e le c tro n  m u lt ip l ie r  and t h i s  i s  th e  most im portan t cause o f u n c e rta in ty  

in  th e  u su a l measurements of in te n s i ty  using  a p h o to m u ltip lie r . A vacuum 

spectrograph  and A llen -ty p e  p h o to m u ltip lie r could be used to  extend the

range of s e n s i t iv i ty  down to  a few hundred Angstroms.

( i i i )  By vary ing  the  p a th  le n g th  between th e  e x c ita t io n  tube
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and the d etector  a d irec t ca lib ra tion  o f the delay constant against the 

v e lo c ity  o f  l ig h t  could be made.

The follow ing are some suggestions for experim ents:-

( i )  An extensive range o f measurements i s  required on a 

simple system such as helium in  order to  compare and e s ta b lish  the various 

th eo r e tic a l ca lcu la tion s on these systems* However, i t  i s  even more 

important to  obtain r e lia b le  and accurate data for a hydrogen lik e  system. 

Such data would provide one of the su rp risin g ly  few fundamental checks on 

quantum theory. Provided a high coincidence rate was obtained one could 

measure the life t im e s  o f the various unseparated le v e ls  o f the hydrogen

l ik e  terms by separating out the various components o f the delayed c o in c i

dence curve. Hydrogen atoms or hydrogen lik e  ions could be produced by 

running a continuous discharge in  a near-by tube connected to the ex c ita tio n  

tube. The atoms or ions would have a life tim e  long enough to l e t  them 

d iffu se  in  s u f f ic ie n t  numbers in to  the sen sit iv e  region.

( i i )  In reviewing recent measurements o f astrop h ysica lly  

important o s c i l la to r  stren gth s, i t  was noted that d ifferen ces o f factors  

o f two and three ex isted  between measurements by d ifferen t methods. Our 

method could be used to  provide further data. By p lacing the e x c ita tio n  

tube in sid e  a furnace, s u ff ic ie n t  vapour pressure would be obtained for  

measurements o f l ife t im e s  of the atoms o f  in te r e s t . In comparison with  

the other methods, th is  one has the follow ing advantages:-

(a) The measurement made ( l i fe t im e )  i s  c lo se ly  rela ted  to 

the desired  quantity (o s c il la to r  strength) and

(b) One has independent control over the mode o f ex c ita tio n .
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Witn greater s e n s it iv ity  than the present apparatus i s  

capable o f , i  o should be p ossib le  to make measurements on complex ions  

and m olecu les, the former being produced in  a neighbouring discharge.

( i i i )  In the p a st, measurements o f ex c ita tio n  functions have 

been b ed ev illed  by uncertain e f fe c t s  due to cascades from upper le v e l s ,  

c o l l i s io n s  o f the second kind and imprisonment o f resonance radiation  (see  

an a r t ic le  w ritten  recen tly  by Massey1 ) # provided care was taken to  

make the e lectron s mono-energetic and the detector was ca lib rated  against 

wavelength, then the coincidence method has much to coinnend i t  for measure

ments o f e x c ita tio n  c ro ss-se c tio n s . From measurements o f  the life t im e s  

o f the atoms account could be taken o f a l l  the e f fe c t s  mentioned above.

I t  may be necessary to  use two photom ultipliers lik e  Brannen e t  a l^ * ^  in  

order to  account com pletely for the e f f e c t  o f cascading.

At the same tim e, i t  should be p ossib le  to  estim ate cro ss-  

sec tio n s for the c o l l i s io n  processes and study the imprisonment o f  resonance 

rad ia tion .
( 5 0 )

By using the method of Brannen e t  a l '  and since  the tra n sitio n  

p r o b a b ilit ie s  are known, one could p ossib ly  make an absolute measurement 

o f  the e x c ita tio n  cro ss-sec tio n s  for hydrogen even i f  the concentration  

o f hydrogen atoms was not known independently.

( iv )  S in ce , w ith th is  apparatus, ind ividual decay processes
ovex*

are observed one could, carrying SEEfe* another nuclear physics method, 

measure any angular co -r e la t io n  that there may be between photons emitted  

in  consecutive tra n sitio n s  o f  a cascade.
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AN APPARATUS TO MEASURE THE ENERGY OP ALPHA PARTICLES IN THE 
PRESEN3B OF ENERGETIC He NUCLEI AND OTHER IONISING RADIATIONS

1# IMCRQDUDTION

The apparatus described  in  -this p a r t  o f the th e s is  was b u i l t  

w ith  the  prim ary purpose o f  studying the photoproduction o f n e u tra l  p i  

mesons a t  the helium nucleus. Seme p re lim in a ry  r e s u l t s  o f th i s  in v e s t ig a tio n  

w i l l  be re p o rte d  in  the concluding paragraphs b u t ,  in  the main, the scope 

o f  th i s  note i s  confined  to  a d e sc r ip tio n  o f the apparatu s and o f i t s  

developm ent. However, in  order to  j u s t i f y  the experim ent, th e re  i s  a b r i e f  

review  o f the  meson ph y sics  a sp ec t.

The photoproduction o f tt° mesons a t  hydrogen n u c le i has been
( 1 ) ( 2 )e x te n s iv e ly  s tu d ied  by a number o f w orkers. /v '  T heir r e s u l t s  have been 

s a t i s f a c t o r i l y  d esc rib ed  in  terms o f a theory  o f resonance p roduction . The 

r e la t iv e  c o n tr ib u tio n s  o f  the various angular momentum s ta t e s  has been d e te r 

mined from measurements o f the angular d is t r ib u t io n  o f  the s c a tte re d  p ions 

about the t a r g e t  n u c le i .  Experiments where high energy Y ray s  are in c id e n t 

on o th e r  l i g h t  n u c le i (and in  p a r t ic u la r  deu terons) in d ic a te  th a t  neutrons are 

as e f f e c t iv e  as p ro to n s  in  producing tc° mesons. The theo ry  o f  pion photo-
(3)p ro d u c tio n  a t  s in g le  nucleons has been d iscussed  in  a re c e n t paper by R oss' .

A study o f  the 7X° y ie ld  from deuterium  as ta r g e t  gave in fo rm ation  about phase 

re la t io n s h ip s  between meson waves from the  two types o f nucleon and le d  the 

way to  the development by C h e w ^  o f the impulse approxim ation method o f  estim atin g  

the  y ie ld  from complex n u c le i whose w ave-functions are known. In  t h i s ,  the  

nucleons o f  the nucleus are  regarded as s c a t te r in g  c e n tre s  which g ive r i s e  to  a 

p a r t i c u la r  angular d is t r ib u t io n  o f s c a t te re d  mesons in  much the same way as
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tw o n e a r - b y  s l i t s  g i v e  r i s e  t o  an  i n t e r f e r e n c e  p a t t e r n  w hen o r d in a r y  l i g h t  

i s  i n c i d e n t  upon th em .

A r e f in e m e n t  o f  th e  im p u lse  a p p r o x im a t io n  t a k e s  a c c o u n t  o f  th e  

e f f e c t  o f  m u l t i p l e  s c a t t e r i n g  w h e r e , on ce  a m eson  h a s  b e e n  p r o d u c e d  a t  one  

n u c le o n ,  i t  may b e  s c a t t e r e d  b y  d i r e c t  i n t e r a c t i o n  w ith  o t h e r  n u c le o n s  p r e s e n t  

i n  th e  n u c le u s .

I n  t h e  c a s e  o f  d e u te r iu m , t h i s  c a l c u l a t i o n  h a s  b e e n  d o n e  b y  

B r u e c k n e r  and C h a p p e le a r ' '  an d  t h e i r  r e s u l t s  h a v e  b e e n  c o n f ir m e d  e x p e r im e n t a l ly  

m o s t  r e c e n t l y  b y  R o se n g r e n  a n d B a r o n ^ .  T h is  work e s t a b l i s h e d  th e  u s e f u l n e s s  

o f  t h e  im p u ls e  a p p r o x im a t io n  m eth od  f o r  su c h  c a l c u l a t i o n s  and  e n c o u r a g e s  i t s  

a p p l i c a t i o n  i n  c a s e s  o f  m ore c o m p le x  n u c l e i  w h ose w a v e - f u n c t io n s  a r e  n o t  known  

a c c u r a t e l y .  The c l o s e l y  b ou n d  h e liu m  n u c le u s  o r  a l p h a - p a r t i c l e  i s  th e  

o b v io u s  f i r s t  c h o ic e  f o r  s u c h  an i n v e s t i g a t i o n  w h ic h  may b e  e x p e c t e d  t o  y i e l d  

in f o r m a t io n  a b o u t  th e  s t r u c t u r e  o f  t h i s  fu n d a m e n ta l p a r t i c l e .

T i l l  now , t h e r e  h a s  b e e n  o n ly  one d e t a i l e d  e x p e r im e n ta l  s t u d y  o f  

•the 7 t°  p h o t o p r o d u c t io n  i n  h e l iu m . On t h e  o t h e r  h a n d , b y  m ak in g  o b s e r v a t io n s  

on th e  Y r a y s  w h ic h  a r e  th e  d e c a y  p r o d u c t s  o f  71° m e s o n s , G o ld w a sse r  and  

K o e s t e r ^ * ^  Y/ere a b le  t o  e s t im a t e  th e  c r o s s - s e c t i o n  f o r  t h e  r e a c t i o n  b u t  i t  

w as n o t  p o s s i b l e  t o  make a n g u la r  and e n e r g y  c o - r e l a t i o n  m e a su rem en ts  u s in g  

t h i s  m e th o d . The m ore d e t a i l e d  i n v e s t i g a t i o n  w as done b y  de S a u s s u r e  and  

O s b o r n e ^  who u s e d  a  g a s  t a r g e t  (a tm o s p h e r ic  p r e s s u r e )  and d e t e c t e d  th e  

r e c o i l - H©̂  n u c l e i  i n  n u c le a r  e m u ls io n  p l a t e s .  The i n c i d e n t  Y r a y s  w ere  

p r o d u c e d  b y  th e  3 5 0  M .e .v .  s y n c h r o tr o n  o f  th e  M a s s a c h u s e t t s  I n s t i t u t e  o f  

T e c h n o lo g y . U n f o r t u n a t e ly ,  t h i s  m eth o d  o f  d e t e c t i o n  i s  n o t  s u f f i c i e n t l y  

s e n s i t i v e  t o  d i s t i n g u i s h  b e tw e e n  He4  p a r t i c l e s  and t h e  He3 p a r t i c l e s  w h ic h  

we a l s o  p r o d u c e d . De S a u s s u r e  an d  O sborne d id  o t h e r  r u n s  a t  lo w e r  Y ra y
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energy where mesons could not be produced ( th re sh o ld  fo r K° m a te r ia l is a t io n

i s  aoout 1 5 0  M .e .v .) b u t where the Ke^ re a c tio n  w h ic h  w as su p p o se d  re sp o n sib le

fo r  most o f the He p a r t ic le s  (v iz . Y +• He^—%■. He^ + n) was p o s s ib le . By

t a k in g  a c c o u n t  o f  tn e  r e l a t i v e  i n t e n s i t i e s  o f  th e  Y r a y  beam s d u r in g  th e  tw o

r u n s ,  i t  w as p o s s i b l e  t o  s u b t r a c t  th e  He y i e l d  and h e n c e  e s t im a t e  t h e  y i e l d

o f  7T m e s o n s . The m ethod  i s  v e r y  s e n s i t i v e  t o  th e  form  o f  th e  s y n c h r o tr o n

beam  c a l i b r a t i o n  c u r v e  an d  t h e i r  r e s u l t s  a r e  l i a b l e  t o  f a i r l y  l a r g e  e r r o r s .
/o \

S to o d le y ^  ' h a s  r e c e n t l y  t r e a t e d  t h e  p h o to p r o d u c t io n  o f  71° m eso n s  

from  h e liu m  on  th e  b a s i s  o f  Chew’ s  im p u lse  a p p r o x im a t io n  m eth o d . B y c h o o s in g  

s i x  form s o f  th e  w a v e - f u n c t io n  t o  d e s c r ib e  th e  He n u c le u s ,  he w as a b le  t o  

i n v e s t i g a t e  th e  g e n e r a l  e f f e c t  o f  su c h  a  c h o ic e  on  th e  7 1 °  y i e l d  c u r v e .  He 

c o n s i d e r s  a l s o  th e  e f f e c t s  o f  m u l t i p l e  s c a t t e r i n g ,  u s in g  a  s i m p l i f i e d  and  

s y m m e tr ic a l  m o d e l f o r  th e  He n u c le u s .  His p r e d i c t i o n s  i n d i c a t e  t h a t  th e  

c r o s s - s e c t i o n  ( a t  a  71° a n g le  o f  9 0 °  i n  "the la b o r a t o r y )  i s  r e d u c e d  due t o  

m u l t i p l e - s c a t t e r i n g  b y  a  f a c t o r  o f  \ n e a r  t h r e s h o ld  and b y  a b o u t  1 / 5  a t  

2 6 0  M .e .v .  Y r a y  e n e r g y  -  r e s u l t i n g  i n  a  maximum f o r  t h i s  c u r v e  a t  2 2 0  M .e .v .  

i n s t e a d  o f  2 5 0  M .e .v .  (Y r a y  e n e r g y )  p r e d i c t e d  on th e  b a s i s  o f  s im p le  i n p u l s e  

a p p r o x im a t io n .  Our p r e l im in a r y  m ea su rem en ts  a r e  i n  f a i r  a g r e e m e n t w it h  

S t o o d l e y ’ s  p r e d i c t i o n s  and o u r  v a lu e s  f o r  th e  c r o s s - s e c t i o n  a r e  a b o u t  1 / 6  o f  

t h o s e  r e p o r t e d  b y  de S a u s s u r e  and  O sborne ( s e e  F i g .  ( 1 )  ) •
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2 . SXmmgflTAL METHOD

( a ) The B asic Requirements

The o b je c t i s  to  measure -the d i f f e r e n t i a l  c ro s s -s e c t io n  fo r

the re a c t io n

4 4.Y + He >■ He + 7T

To do t h i s  one or bo th  o f  th e  f in a l  p a r t i c l e s  must be d e tec ted  and measured.

The 7T° p a r t i c l e  may be d e tec te d  only by v ir tu e  o f the  two Y rays to  which

i t  g iv e s  r i s e  on decaying. Since these Y ray s  do no t share the momentum

o f the meson in  a unique way, i t  i s  p o ss ib le  only to  s e t  up d e te c to rs  which

are  s e n s i t iv e  to  a very  sm all p ro p o rtio n  o f the Tt° *s produced. As the
-28  2re a c t io n  c ro s s -s e c tio n  i s  sm all ( ^  10 eras ) such an in e f f i c i e n t  method 

o f d e te c tio n  must be re je c te d .  The same arguments apply to  a method re q u irin g  

th e  d e te c tio n  o f  an a lp h a -p a r t ic le  in  coincidence w ith  one o f  the  decay Y ray s .

Thus the method chosen was to  measure the energy and angle o f r e c o i l  

o f th e  a lp h a- p a r t i c l e s .  Since only two p a r t i c l e s  are  involved  in  each 

c o l l is io n , ' th i s  measurement i s  s u f f ic ie n t  to  c a lc u la te  a l l  the param eters o f 

each even t recorded  (See Peg. (2) fo r the i n te r - r e l a t io n  o f some o f these 

p a ram e te rs ). D espite  "the g re a te r  e f f ic ie n c y  o f th is  method o f d e te c tio n , a 

y ie ld  o f  only about 10 recorded events in  an hour can be expected -  hence th e  

r e je c t io n  o f  le s s  e f f i c i e n t  methods.

A c o n s id e ra tio n  o f  the e f f e c t  o f  bombarding helium w ith  high 

energy Y ray s  shows th a t  b e s id e s  the re a c t io n

Y + He^ — Re* + 7x° (1)

th e  follow ing a re  a ls o  p o s s ib le : -

Y + He^ He2*" + Y ( 2)
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T + He* —>■ He’5 + n (3)

T + Hê " —>— He”5 + n + 7X° (4 )
4 3

T + He —> - He + p + n ” (3)

as  w e ll a s  o th e rs  where l ig h te r  n u c le i r e s u l t .  Any e f f e c t  due to  Compton 

s c a t te r in g  ( re a c t io n  2 ) w il l  be n e g lig ib le  due to  the sm all c ro 3 s -s e c tio n  

fo r  t h i s  p r o c e s s ^ ) .  However, the o th e r re a c tio n s  ^ “ (5 ) may n o t be 

n e g lig ib le  -  see measurements due to  de Saussure and O s b o r n e -  so th a t

3i t  becomes necessary  to  b u ild  a d e te c to r  which w il l  d is t in g u is h  between He
4 .and He p a r t i c l e s  or to  r e s o r t  to  the su b tra c tio n  method used by de Saussure

3
and Osborne, to  a llow  fo r th e  He p a r t i c l e s  produced in  re a c tio n  (3 ) .  They 

used a p la u s ib le ,  b u t not a lto g e th e r  s a t i s f a c to r y ,  argument to  show th a t  the 

number o f p a r t i c l e s  from re a c tio n s  (4 ) and ( 5 ) a re  n e g lig ib le  a t  the en erg ies  

and ang les  a t  which th e i r  ap p ara tu s  was s e n s i t iv e .

In  o rder to  d is t in g u is h  the p a r t i c l e s ,  two param eters o f th e i r  

m otion must be measured fo r  each p a r t i c l e  -  th ese  w ill a lso  give the p a r t i c l e  

energy.

The low y ie ld  from the re a c tio n  re q u ire s  th a t  the d e te c to r  have 

a la rg e  acceptance cone so th a t to  keep the ap p ara tu s  o f  reasonab le  dimensions 

a long f l i g h t  p a th  fo r the a lp h a - p a r t ic le s  had to  be avoided. Thus, methods 

depending on magnetic re s o lu t io n  or time o f  f l i g h t  measurements ( in  each case 

a f l i g h t  p a th  o f  ^  1 0 0  cms. would be re q u ire d ) were no t a cc e p tab le .

A fu r th e r  l im i ta t io n  on the choice o f d e te c to r  i s  s e t  by the 

h igh  r a te  o f lo s s  o f energy su ffe re d  by a lp h a - p a r t ic le s  in  passing  through 

an absorb ing  medium. Thus, windows o f  s o l id  m a te r ia l  vftroe to  be avoided and 

the f i r s t  measurement must absorb the l e a s t  p o s s ib le  p ro p o rtio n  o f the 

p a r t i c l e 's  energy.
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These co n s id e ra tio n s  lead  f a i r l y  lo g ic a l ly  to  the adoption  

o f the measurements o f

(a ) the ra te  o f lo s s  o f energy dp in  a gaseous abso rber ("which
dx

depends on the v e lo c i ty  o f the p a r t i c l e )  and o f

(b) the t o t a l  energy E, in  o rd er to  d is t in g u is h  the two sp e c ie s .

The degree o f sep a ra tio n  between He^ and Ke* p a r t i c l e s  which in  p r in c ip le  can 

be ach ieved  i s  i l l u s t r a t e d  in  P ig . (3) where a re  p lo t te d  r a te s  o f lo s s  o f  

energy as  a fu n c tio n  o f p a r t i c le  energy fo r a l l  the h e av ie r  p a r t i c l e s  l ia b le

to  be produced in  the ta r g e t .  Prom these curves i t  i s  apparen t th a t  u n c e r ta in ty  

in  e i th e r  measurement must be le s s  than  about ± 15%. The f i r s t  a ttem p t to  

achieve th i s  w il l  now be b r i e f ly  d e sc rib ed .

(b ) The s c i n t i l l a t o r  and helium  f i l l e d  io n is a t io n  chamber

In  th i s  ap p ara tu s  the  dE measurement r e s  made in  an io n is a t io n
dx

chamber w hile the re s id u a l energy o f the p a r t i c l e s  was absorbed in  a th in  

s c in t a l l a to r  mounted on a p h o to m u ltip lie r . In  o rder to avoid  com pletely  the 

need fo r  windows, the same helium gas was used in  the chamber as in  the ta rg e t  

tu b e . There i s  a sketch  o f  th i s  appara tus in  P ig . (4 ) . I t s  design  w i l l  no t 

be d esc rib ed  fu r th e r ,  as the co n s id e ra tio n s  were s im ila r  to those to  be desc rib ed  

fo r  the more su cce ss fu l in strum en t b u i l t  l a t e r .

The re so lu tio n  req u ired  o f the d e te c to r  was e stim ated  from P ig . (5) 

where the c a lc u la te d  p u lse  h e ig h ts  from the two d e te c to rs  are  p lo t te d  a g a in s t 

each o th e r fo r the  two sp ec ie s  o f p a r t i c l e .  I t  was found im possible to  

m ain ta in  the p u r i ty  o f  the helium  gas s u f f ic ie n t ly  so a s  to  avoid  a d e te r io ra t io n  

in  re so lv in g  power o f the io n is a t io n  chamber. A furnace tube co n ta in ing  

calcium  ch ip s  was f i t t e d  in  communication w ith  the chamber in  an a ttem pt to  

remove any im purity . A lso, helium gas was flowed con tinuously  through tne
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ap p ara tu s  during an experim ent. In  n e i th e r  case was the  re so lv in g  power 

good enough. The p o s s ib i l i ty  o f adding methane to the helium  in  order to  

r a is e  the e le c tro n  tem perature and avo id  th e i r  cap tu re  by im purity  m olecules 

was considered  b u t re je c te d  because th is  gas in  the ta r g e t  reg io n  would g ive 

r i s e  to  confusing  a lp h a - p a r t ic le s .

Most o f  the t e s t s  o f re so lv in g  power m entioned above were done 

u sing  a lp h a -p a r t ic le s  from polonium. The b e s t  measurements gave i  7/V as 

the  re so lv in g  power over a sh o rt p e rio d  b u t the pu lse  h e ig h t v a r ie d  by over 

iO ^ in  an hour.

At th i s : s ta g e , b e fo re  the ap p ara tu s  was re -d e sig n ed , a window o f 

m ylar was f i t t e d  between the chamber and the t a r g e t  tube and the chamber f i l l e d  

w ith  a m ixture  o f  argon and'methane -  a "good” io n is a t io n  chamber gas. With 

t h i s  ap p ara tu s  and d esp ite  the low p re s su re s  used (because o f the  g re a te r  

stopp ing  power o f  argon - 6 : 1  compared to  helium ) the re so lv in g  power appeared 

to ,b e  j u s t  good enough to  make the experim ent p o s s ib le . However, w ith

the in tro d u c tio n  o f  a window, th e  fundamental p r in c ip le s  on which the choice 

o f  d e te c to rs  was based were m odified  so th a t  a new design  became d e s ira b le

(c )  The Double Io n is a tio n  Chamber

The in tro d u c tio n  o f  a window and a m ixture o f  argon and methane 

makes the  d e te c to r  in s e n s i t iv e  to  a g re a te r  range o f low energy p a r t i c l e s  as 

compared w ith  the p rev ious d esign . This a r i s e s  from two causes

(a ) Energy lo s s  in  the m ylar window -  a p a r t i c l e  o f energy 15 M .e.v. 

lo s e s  about 2 M .e.v. in  the th in n e s t su ita b le  window.

(b) Because argon has about s ix  tim es the  stopping power o f 

helium , the p a r t i c le s  lo se  a much g re a te r  p ro p o rtio n  o f  th e i r  energy in  the
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in s e n s i t iv e  reg io n s  o f the chamber (v is .  the space be’tween the window and 

the e le c tro d e s , and in c lu d in g  the  guard r in g  re g io n ) , A low energy a lp h a- 

p a r t i c le  may lose  up to about 1 l i .e .v ./c m . in  argon a t  atm ospheric p re ssu re .

The im portance o f making measurements on low energy p a r t i c le s  

may be seen from the  re a c tio n  k in e t ic s  diagram (F ig . 2 ) . For a p roper study 

o f the re a c tio n  i t  i s  very  d e s ira b le  th a t  measurements be made up to  a r e c o i l  

angle o f  90° in  the cen tre  o f mass frame. For th i s  the d e te c to r  re q u ire s  

to  be a t  a lab o ra to ry  angle o f  about 50° to  the Y ra y  beam and to  be s e n s it iv e  

to  a lp h a - p a r t ic le s  having an energy o f le s s  than 20 M .e.v . A lso, i f  our 

r e s u l t s  a re  to  be m ean ing fu lly  compared w ith  the th e o r e t ic a l  curves by 3 toodle\ 

(Fig* 1) then  i t  i s  d e s ira b le  to  make measurements o f re a c t io n s  induced by 

Y ray s  o f  energy down to about 220 M .e.v. This again  re q u ire s  th a t  the 

d e te c to r  be s e n s it iv e  to  a lp h a -p a r t ic le s  having only about 15 M .e.v. energy.

For th ese  re a so n s , very  g re a t  care  was taken  in  designing  the 
'Oanae 6?

chamber so th a t  the l e a s t  lo s s  i n s e n s i t i v i t y  would a r is e .

Because o f the g re a te r  stopping  power o f  argon i t  m s  p o ss ib le

to  b u ild  a d e te c to r  c o n s is tin g  o f two io n is a t io n  chambers in  s e r ie s  ( th e se

w il l  be d is tin g u ish e d  in  fu tu re  by d esig n a tin g  them the "cLE chamber’’ and the
dx

”E chamber” fo r obvious re a so n s ) . With th is  arrangem ent th e re  i s  no need fo r 

a g u a rd -rin g  between the chambers so th a t  there  was a red u c tio n  in  the s ize  

o f the in s e n s i t iv e  re g io n . There follow ed two fu r th e r  advantages over the 

s c i n t i l l a t o r  used in  the p rev io u s  arrangem ent

(a )  An io n is a t io n  chamber has g re a te r  in h e re n t re so lv in g  power

(b) The back-ground o f Y ray s  w i l l  have le s s  e f f e c t  because o f  

the l e s s  dense absorbing medium.
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Tiie co n sid e ra tio n s  lead in g  to  the d e ta i le d  design  of* the 

ap p ara tu s  w il l  now be re p o rte d .

The e n tire  d e te c to r  was made about 30 cms. long so th a t a t

5 atm ospheres p re ssu re  o f argon i t  would absorb com pletely  the energy o f a

50 M.e.v* a lp h a - p a r t ic le .

Because o f the p h y s ica l s iz e  o f  the ap p ara tu s , i t  i s  no t 

p o ss ib le  to  make measurements a t  ang les le s s  th an  20° to  the beam. To 

accomodate th e  chamber a t  t h i s  angle and s t i l l  to  m ain ta in  the req u ired

acceptance cone, i t  was necessary  to  in c l in e  the e le c tro d e s  o f the second

h a l f  o f the  instrum ent as shown in  the diagram (F ig . 6 ).

I t  was d e s ira b le  to  make the HdE" chamber as th in  as  p o ss ib le
dx

to  in c rease  the number of p a r t i c l e s  which would pass  r ig h t  through and be

recorded  in  the "E" chamber. The l im i t  was s e t  by the sm a lle s t pu lse  which

could  be measured a c c u ra te ly  above the  a m p lif ie r  n o ise . The s ize  o f the

noise  from our a m p lif ie r  (type 1008 w ith  H.F* head) was measured through the

a sso c ia te d  c i r c u i t ,  which lim ite d  the band w id th , and found to  be 40^*. v .

(e q u iv a le n t R.M.S. v o ltag e  on in p u t g r id  o f the head a m p lif ie r ) .  S e ttin g

3% as  the g r e a te s t  e r ro r  th a t  can be accepted fo r th i s  cau se , then the sm a lle s t

p u lse  must no t be le s s  than  8QQyu.v. Since the in p u t c ap a c ity  in c lu d in g  the

e le c tro d e  i s  about iQ jl.JX  .F* and does not vary  much w ith  e lec tro d e  s iz e ,  i t

comes o u t th a t  a p a r t i c l e  must lo se  2 M .e.v. or more in  the oB re g io n . Thus
dx

the w idth  o f  th e  f i r s t  chamber i s  s e t  by the  p a th  le n g th  over which a high

energy (50 M .e.v .) a lp h a -p a r tid e  lo se s  2 M .e.v. in  5 atmospheres o f argon.

On th ese  grounds, the chamber must be 2 cm. w ide, b u t th e re  a re  o th e r p o in ts
dx

to  be considered  b efo re  th i s  can be s e t t l e d  f in a l ly .
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For maximum range o f s e n s i t iv i ty  to  low energy p a r t i c l e s ,  the

d is ta n ce  from the en trance window to  the beginning  o f the '*E,f chamber must

be a s  sm all as p o ss ib le  i . e .  the w idth  o f the  g u a rd -rin g  .p lus "cjEH chamber
dx

m ust be a minimum. S e ttin g  t, l£i as the g r e a te s t  lo s s  in  re s o lu t io n  due to
was ca\culocVed

cu rv a tiv e  o f the e le c t r i c  f i e ld  between th e  p la te s ,  i t  sasasasssa^ th a t  the

optimum s iz e s  o f the two p a r t s ,  v i s .  g u a rd -rin g  and dE chamber, a re  each
dx

about 2 cms. The a n a ly s is  o f  the cu rv a tiv e  o f the f i e l d  was based on a

method d esc rib ed  by J e a n s ^ ^  fo r the edge e f f e c t  between two semi i n f i n i t e

condenser p la te s .  In  the p re se n t case a fa c to r  2 was allow ed fo r  the fa c t

th a t  the vddth o f the p la te s  i s  comparable w ith  th e i r  d is tan ce  a p a r t .

F u rth er u n c e r ta in ty  in  the dE measurement i s  due to  the s t a t i s t i c a l
dx

f lu c tu a t io n  in  the energy l o s t  by the p a r t i c l e s  by c o l l i s io n s  w ith  the atoms
( 1 1 )o f  argon. R o ss iv * has t r e a te d  th i s  problem th e o r e t ic a l ly .  He uses

R u th e rfo rd ’s formula fo r  the  c o l l i s io n  c ro s s -s e c tio n  o f an io n is in g  p a r t i c l e

in  a  gas and computes the p ro b a b il i ty  o f the p a r t i c l e  being  s c a tte re d  out o f

a g iven  energy range. The s t a t i s t i c a l  d is t r ib u t io n  o f  th i s  q u an tity  g ives

the u n c e r ta in ty  o f  our energy measurements. p u tt in g  in  f ig u re s  a p p ro p ria te

to  the p re se n t case y ie ld s  the  fo llow ing

An a lp h a-p ar t i d e  o f  i n i t i a l  energy 20 M .e.v. w il l  lo se  energy

in  the dE chamber l ia b le  to  a 1.0$» s t a t i s t i c a l  f lu c tu a t io n .  The corresponding 
dx

fig u re  fo r  a 50 M .e.v. p a r t i c l e  i s  2»3$. These v a lues have been  c a lc u la te d

fo r  ty p ic a l co n d itio n s  o f  the apparatus (5 atm ospheres p re ssu re  of argon).

Because o f the f i n i t e  acceptance a p e rtu re  o f the c o llim a to r  and d e te c to r ,  the

p a r t i c l e s  do not a l l  t r a v e l  p a r a l l e l  to  the  chamber a x is .  This in tro d u ces

an u n c e r ta in ty  o f about i  1̂ 2 in  the dE measurement.
dx
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The above a n a ly s is  of u n c e r ta in ty  in  energy measurement i s  

summarised in  tne follow ing ta b le  ( a lp h a -p a r t ic le s  only have been considered  

b u t the v a lu es  w all be s im ila r  fo r He'* p a r t i c le s )

I n i t i a l
a - p a r t i c le

energy

.C ollim ation
e r ro r

(Curvature o f  ( S ta t i s t i c a l  
f i e ld  lo s s  U ncerta in ly

, A m plifier , 
no ise

T otal
dE
dx

20 M .e.v . 10 10 10 20 5<*

50 M .e.v . 10 10 2-30 % 9*3#

A s im ila r  a n a ly s is  on the E reg io n  o f the io n is a t io n  chamber 

shows th a t  th is  favours high energy p a r t i c l e s  since  they  s tan d  w ell above 

a m p lif ie r  n o ise . There i s  no lo s s  o f  re s o lu tio n  here due to  cu rv a tu re  o f 

the f i e l d  nor to  c o llim a tio n  e r ro r  and the s t a t i s t i c a l  u n c e r ta in ty  i s  the same 

a s  b e fo re . Nothing has been allow ed fo r any e f f e c t  th a t  may r e s u l t  from the 

d ivergence o f the e le c tro d e s  in  the  second p a r t  o f the "E” chamber.

Thus, in  co n c lu s io n , th is  a n a ly s is  in d ic a te s  th a t  over the range 

o f i n i t i a l  p a r t i c a l  en erg ies  20 -  50 M .e.v. the re so lv in g  power o f the double 

chamber w ill  be b e t t e r  than  t  10^. This (see  F ig . 8) i s  adequate to  d is tin g u is h  

between mass 3 and mass 4 p a r t i c l e s .

The diagram (F ig s , 6 and 7) shows in  d e ta i l  the c o n s tru c tio n  o f the

double io n is a t io n  chamber. The g r id  has th e  e f f e c t  o f sh ie ld in g  the c o l le c to r
(12^

e le c tro d e s  from the e l e c t r o s t a t i c  f i e ld  o f  the p o s it iv e  io n s , W ilkinson^ '  

d iscu sses  the design  o f g ridded  io n is a t io n  chambers and th e  p re se n t design  i s  

based on h is  trea tm en t. The g r id  i s  made from wire Q*002H diam eter spaced 

50 to  the in ch . According to  W ilkinson, such a g r id  should c o l le c t  only 1*5$ 

o f  the e le c tro n s  in c id e n t on i t  and, w ith the f ie ld  between the  g r id  and c o lle c to  

about tw ice the  main f i e l d ,  th e re  should be n e g lig ib le  in d u c tio n  o f  charge from 

the  p o s it iv e  io n s . Some u n c e r ta in ty  a r is e s  from tne divergence oi uhe p la te s
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b u t on th e  grounds th a t  the f i r s t  p a r t  i s  the more im portan t the design 

here  was made optimum.

To improve the u n ifo rm ity  o f th e  f i e ld  a t  the edge o f the

c le a r ly  v is ib le  in  P ig . J .

I f  the ’E* chamber had been made to  fo llow  the f i r s t  one

When a h igh  energy ( a/ 50 M .e .v .) p a r t i c l e  passed th rough such an a rran g e 

ment the p u lse  induced on the dE e lec tro d e  from the E e lec tro d e  due to
dx

the in te rc a p a c ity  would have been about tw ice the s iz e  o f the p roper dg
dx

p u ls e . While account could  f a i r l y  e a s i ly  have been taken  o f  th i s  e f f e c t ;  

the re so lv in g  power o f the device would have been reduced. Thus a narrow 

3 m.m. spacer e lec tro d e  was p laced  between the c o l le c to r s  (see  P ig s . 6 and 

7 ) .  With th i s  the in te rc a p a c ity  was only 2Ji , jx .p . and the induced pu lse  

about 2 5 ?̂ o f the p roper one.

(a) The e le c tro n ic s

two id e n t ic a l  channels o f e le c tro n ic  u n i t s ,  which w il l  now be d esc rib ed , 

and f in a l ly  fed to a cathode ray  tube on which recorded, p a r t i c l e s  gave 

r i s e  to  b rig h t-u p  sp o ts . These were photographed.

g r id  o f  1008 H.F. head a m p lif ie r  (V oltage ga in  : 100 Band w idth 3M c/s). 

The c i r c u i t  was m odified  so th a t  the p u lse s  decayed w ith  10JA .s e c . time 

a o n s ta n t. This a m p lif ie r  fed v ia  a long cab le  from the synchrotron  

beam room to  the app ara tu s  room, in to  a p u lse  shaping u n i t .  This con

s i s te d  o f a sho rted  lumped c o n sta n t de lay  l in e  which c lip p ed  the p u lses

E chamber, w ires a t  in te rm ed ia te  p o te n t ia ls  were mounted a t  p o s it io n s

im m ediately an in te rc a p a c ity  o f about would have re s u lte d .

The p u lse s  from the io n is a t io n  chambers were passed  through

The c o lle c to r  e lec tro d e  was connected d i r e c t ly  to  the  in p u t
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"k° s* The 16 elem ents o f th i s  l in e  ” ere very c a re fu l ly  matched, 

so th a t  th e re  was le s s  than  1/vi d is to r t io n  o f a square shaped p u lse .

A cathode fo llow er c i r c u i t  s im p lified  the  te rm in a tio n  o f  the l in e  in  a 

matched 1000 £1 load .

The shaped p u lse s  were passed to  the main 1003 a m p lif ie r  

from which they went to  a second s im ila r  p u lse  shaper. This second 

c lip p in g  c i r c u i t  was found u se fu l in  reducing the p ile -u p  e f f e c t  due 

to  the e le c tro n  back-ground in  the d e te c to r .

The shaped p u lses  from the two channels now fed  a co incidence 

u n i t  o f  4 ^  .s e c . re so lv in g  time which, i f  the two p u lses  were in  

co in c id en ce , opened g a te s  and passed the  same shaped p u lse s  in to  p u lse  

a m p lif ie rs  connected d i r e c t ly  to  the X and J  d e f le c tio n  p la te s  o f the  

cathode ray  tube . At the same time a p o s i t iv e  p u lse  was passed  to  the 

g r id  o f the tube so th a t  a b rig h t-u p  spot was caused . A block  diagram 

o f  the c i r c u i t  i s  reproduced ( F ig .9 ) .

(e ) R esolving power measurements

Before the ap p ara tu s  was moved in to  the  synchrotron  bean, 

a s e r ie s  o f experim ents were done to  check th a t  the re so lv in g  power was 

w ith in  the l im i t s  p re d ic te d . 5*6 M .e.v . a lp h a -p a r t ic le s  from the  decay 

o f polonium were used fo r  th is  purpose. The same sou rces were used to  

c a l ib r a te  the ap p ara tu s  by a method to  be d esc rib ed  l a t e r .  They were 

mounted on the negative  e le c tro d e s  o f the io n is a t io n  chambers and were 

only weakly co llim a ted  so th a t  the a lp h a - p a r t ic le s  t r a v e l le d  approxim ately 

p a r a l le l  to  the chamber f i e ld .  With th is  arrangem ent, the t e s t s  were' 

s e n s i t iv e  only to  e f f e c ts  due to a m p lif ie r  noise and tended to  give 

p e ss im is tic  r e s u l t s  due to  ab so rp tio n  in  the sources.
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Tne re so lv in g  powers measured in  th is  way were fo r the

&E chamber ± 3 /
dx
and fo r the 3 chamber t

(Measured as  the mean spread  in  p u lse  h e ig h t as recorded  on a m u lti

channel k ic k - s o r te r ) . To meet the  design  requ irem en ts, the re so lv in g

pavter o f  the dE chamber fo r  3*6 M*e.v. p a r t i c le s  would have to  be t  2fa, 
dx

The fa c to r  o f about 2 between th e  chambers i s  due to  the c a p a c ity  o f the

E c o l le c to r  being  about tw ice th a t  o f the dE c o l le c to r  (th e  measured
dx

v a lu es  being  about JO and 32 JX .JX ,E. re s p e c tiv e ly ) .

The measurements ju s t  desc rib ed  were made w ith  the gas

p re ssu re  such a s  to  s top  the p a r t i c le s  com pletely in  c ro ss in g  th e  chamber

(p ressu re  N 1-g- atoms o f argon w ith  10)1 o f m ethane). No d e te c ta b le

change in  pu lse  h e ig h t could  be found a f t e r  a p e rio d  o f  20 hours since f i l l i n g

the chamber w ith  gas,

A measurement o f the c o l le c t io n  time o f e le c tro n s  in  the

bhimbers was done as a fu r th e r  check on the op era tio n  o f the chamber*

E xtensive measurements o f e le c tro n  m o b il i t ie s  in  v a rio u s  gas m ix tu res
M3)have been done by E n g lish  and Hannahv ' .  They took very  g re a t  care  to

p u r ify  the  gases used and found fo r a f i e ld  to  p re ssu re  r a t i o  o f 0*11 

v o l t s /  cm./ra.m, o f Hg. th a t  the e le c tro n  m o b ility  was N 6 cm s/jx  sec. in  

a 10^ methane to  argon m ix tu re . The m o b ility  decreased  s l ig h t ly  fo r  

h ig h er f ie ld s .

Using a high speed ’’T ek tron ix” o sc illo sco p e  w ith  a delay  we 

were ab le  to  observe th e  r i s e  time o f the p u lse s  from the chambers. With 

th e  same f i e ld  to  p re ssu re  r a t io  and w ith  the p re ssu re  ad ju sted  so th a t  

the alpha p a r t i c le s  passed r ig h t  ac ro ss  the chamber be fo re  coming to  r e s t ,
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a p u lse  r i s e  time corresponding to  a m o b ility  o f 3 cm ./j X . s ec ,  was 

m easured. There was no improvement a t  la rg e r  f i e ld s .  In  view of the 

g re a te r  care  taken in  p u rify in g  the gas by E ng lish  and Hannah and the 

com parative crudeness o f our measurement, th i s  agreement i s  probably  as 

good as  can be expected. To reduce any e f f e c t s  due to  the b u ild -u p  o f 

im p u r i t ie s ,  the chambers were norm ally run w ith  a f i e ld  to  p re ssu re  r a t i o  

o f  about 0»2 volts/cm ./m .m . Hg. (a s  measured a t  the p a r a l l e l  p a r t  o f  the 

cham ber).
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3. EaPSRIMSIITS ITT T1-I3 SYTUKRCTRON BEM

( a } G e ttin g  up and the experim ents

I t  was found necessa ry , in  o rder to  avoid spurious p u lses

o r ig in a tin g  in  the synchrotron  c i r c u i t ,  to  include a g fa tin g  c i r c u i t  which

allow ed p u lse s  to  be recorded  only w hile the beam was p re s e n t and, by

e a r th in g  the  apparatus a t  only one p o in t, to  e lim in a te  " e a r th  loo p s" .

Even w ith  these p re c a u tio n s , a few la rg e  sh arp ly  r i s in g  p u lses  broke

through the coincidence u n i t  and caused spurious b r ig h t-u p  sp o ts  to  be

recorded  (see P ig . 10 which i s  reproduced from a ty p ic a l  photograph and

took 3'§‘ hours to  expose). The la rg e  number of spo ts  near the o r ig in  are

probably  m ostly  due to  s in g ly  charged p a r t i c l e s  (see Pig* h- ) .

Also on th i s  photograph the c a l ib r a t io n  sp o ts  are  c le a r ly

v is ib le .  These were due to  the polonium alpha sources a lre ad y  m entioned.

The sp o ts  were produced on the photograph by shorten ing  the in -p u ts  to  the

coincidence u n i t  so th a t  s in g le  p u lse s  in  e i th e r  channel caused b rig h t-u p

s p o ts . To guard a g a in s t  the p o s s ib i l i ty  o f spo ts appearing in  the cen tre

o f th e  sc ree n  during c a l ib r a t io n ,  each d e f le c to r  p la te  was earth ed  in  tu rn .

For the  c a l ib r a t io n  o f  the E channel, the g a in  o f the a m p lif ie r  in  the

channel was in c reased  by a known amount so th a t  the 5*6 M .e.v. p a r t ic le s

gave a reasonable  d e f le c t io n . There was no .change necessary  in  the dE
dx

channel.

In  th i s  way, each photograph inc luded  a permanent reco rd  o f  

the g a in  o f  the e le c tro n ic  c i r c u i t s .  The c a l ib ra t io n  spo ts a lso  provided 

a means o f  in t e r - r e la t in g  the photographs. U n fo rtu n a te ly , s ince  the

Po cL *s v/ere com pletely stopped in  the io n is a tio n  chambers, the  c a l ib ra t io n  

d id  not in  any way give an in d ic a tio n  o f the gas p re s su re . This was
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measured independently  using  a mercury manometer.

(b) A nalysis and R esu lts

Once a s e r ie s  o f about a dozen photographs had. been exposed 

in  the way d esc rib ed , they were analysed . The method o f  a n a ly s is  took 

in to  account the s l ig h t  cu rv a tu re  of the axes as  photographed (see  F ig s .

10 and 11 ). The p a r t ic le  energy was computed by comparison w ith  the 

c a l ib r a t io n  p o in ts  and from the formula due to  L iv in g sto n  and B e t h e ^ ^  

fo r  the energy l o s t  by charged p a r t i c le s  in  an io n is in g  medium. The 

e f f e c t  o f the in te rc a p a c ity  between the c o lle c to r  e le c tro d e s  was allow ed 

fo r  a f t e r  th is  had been c a r e fu l ly  measured.

In  the f i r s t  p la c e , the spo ts  had to  be id e n t i f ie d  as due to
3 4He o r He p a r t i c l e s .  This was done by d iv id in g  the  reg ion  in to  zones

sep ara ted  by l in e s  corresponding to  su b - in te g ra l mass numbers (see F ig , 1 1 \

The spo ts in  each zone were counted and on th i s  b a s is  the histogram s o f

F ig . 12 p lo t te d .  From th e se , i t  i s  c le a r  th a t  a r e l a t iv e ly  su ccessfu l

sep a ra te  id e n t i f ic a t io n  o f Ile^ and He^ p a r t i c le s  lias been achieved . The
3

experim ental u n c e r ta in ty  as measured from the w idth  o f the He-' peak a t  

9 0 ° ( l a b .)  i s  about ± ^  mass u n i t s .

TWhile the above i s  the main r e s u l t  to  be rep o rted  in  th i s  

t h e s i s ,  i t  i s  tem pting to  reco rd  a lso  a p re lim in a ry  estim ate  o f the re a c t io n  

c ro s s -s e c t io n s . These a re  ( fo r an a lp h a -p a r t ic le  c en tre  of mass ang le  = S!0 ) .  

Mean if energy 268 M .e.v. = (16*3 t  3*7) x 10 ^

282 (13*7 t  1*8)

303 (6*8 1 1 '4 )

315 n e g lig ib le
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These have been p lo tte d  in  Fig* 1 fo r  comparison w ith 

de Saussure and Osborne’s r e s u l t s  as w ell a s  those p re d ic te d  by 3 tood ley .
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