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fo rew ord .

The course o f  r e s e a rc h  c a r r ie d  qut by the p re se n t  

au thor  c o n s is te d  o f  the fo llo w in g  work. During the f i r s t  year 

of study the au tho r  took p a r t  in  the design and e re c t io n  of 

the main columns and pumping system of the Glasgow h igh  

Tension met, under the su p e rv is io n  o f ,  and in  c o l la b o ra t io n  

w ith  Dr. J .B , ’warren, Prom August, 1947 to Ja n u a ry , 1948 an 

in v e s t ig a t io n  was made of the p ro p e r t ie s  of a s p e c ia l ly  

designed high p ressu re  io n iz a t io n  chamber in c o rp o ra t in g  a 

gridded  e le c t ro d e .  This s tudy , the r e s u l t s  of which are 

re p o r te d  in  h a r t  I  of t h i s  t h e s i s ,  was c a r r ie d  out s o le ly  by 

the a u th o r ,  except fo r  the i n i t i a l  s ta g e s  of development, in  

which he c o l la b o ra te d  w ith  Dr. b a r re n .  S ta r t in g  in  January , 

1948 the au thor  undertook an in v e s t ig a t io n  which had been 

i n i t i a t e d  by Dr. S .C. Curran of the p ro p e r t ie s  o f  p ro p o r t io n a l  

counters  w ith  s p e c ia l  re fe re n c e  to the p o s s i b i l i t y  of the 

measurement of en e rg ies  and i n t e n s i t i e s  of e le c t ro n s  and e l e c 

trom agnetic  r a d ia t io n s  of low e n e rg ie s .  In the i n i t i a l  s tag es  

of t h i s  study he ?;orked under the su p e rv is io n  of Dr. Curran, 

and in  the subsequent s ta g es  he a c t iv e ly  co l la b o ra te d  w ith  Dr. 

Curran and Mr. A.D. C ockcroft.  The s tu d ie s  were extended to 

an in v e s t ig a t io n  of the b e ta - ra y  sp e c tra  of t r i t i u m  and carbon 

14 and the gamma ray  spectrum o f  radium D. The r e s u l t s  of 

t h i s  in v e s t ig a t io n  are  given in  P a r t  I I  of t h i s  t h e s i s .  In 

the i n i t i a l  experiments the au tho r  was concerned p r in c ip a l ly
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in  the  in v e s t ig a t io n  o f  th e  c h a r a c t e r i s t i c s  of the coun ters  

f o r  the rec o rd in g  o f  X-rays and e lec tro m a g n e tic  r a d i a t i o n s ,  

and c a r r ie d  ou t the  in v e s t ig a t io n  of the r e s o lu t io n  of the 

in s trum en t and the v a r i a t io n  o f  o u t-p u t  pulse s ize  w ith  the 

v o ltage  a p p l ie d  to  the cathode, the r e s u l t s  of which a re  con

ta in e d  in  S ec t io n  5. He was a l s o  concerned p r in c ip a l ly  in  the 

measurements c a r r ie d  out on radium D d esc r ib ed  in  S ec t io n  9.

In  the more r e c e n t  experiments on t r i t i u m  and carbon he p a r t i 

c ip a te d  f u l l y  in  the  p re p a ra t io n  of the sources  and in  the 

re c o rd in g  and a n a ly s is  and i n t e r p r e t a t i o n  of the r e s u l t s .
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SECTION 1.
INTRODUCTION.

S tu d ie s  of the io n iz a t io n  produced by the i n t e r 

a c t io n  of a f a s t  p a r t i c l e  w ith  th e  atoms of the  gas 

encountered a long  i t s  t r a c k  form an im portan t f i e l d  o f  r e 

se a rc h  in  n u c lea r  p h y s io s .  In the  case of a p a r t i c l e  which 

begins and ends i t s  t r a j e c to r y  w ith in  the  volume under 

o b se rv a tio n  the  complete t r a c k  of the p a r t i c l e  i s  o b ta in ed , 

and th e  t o t a l  number of  ion  p a i r s  produced by the  p a r t i c l e  

may be measured. I f  the  average energy re q u ire d  to  produce 

one ion p a i r  i s  known, fo r  example by means of a c a l i b r a t i o n  

experim ent u s in g  p a r t i c l e s  of known e n e rg ie s ,  the  energy o f  a 

p a r t i c l e  may be c a lc u la te d  from the  number o f  ion  p a i r s  which 

i t  produces.

On the  o th e r  hand, f o r  a p a r t i c l e  w ith  a c o n s id e r

ab ly  longer ra n g e , a s ,  fo r  example, an e le c t ro n  or meson of 

h ig h  energy, in fo rm ation  o f  a d i f f e r e n t  n a tu re  may be o b ta in ed . 

JPor such a p a r t i c l e  only a sm all s e c t io n  of the t r a c k  may be 

measured, and f o r  t h i s  s e c t io n  the  io n iz a t io n  per cen tim etre  

o f  t r a c k  may be o b ta in ed . This q u a n t i ty ,  the  s p e c i f i c  

i o n iz a t io n ,  depends on the n a tu re  and p ressu re  o f  th e  gas and 

i s  u s u a l ly  co r re c te d  to  normal tem perature and p re s s u re .  I t  

a l s o  depends on the charge and v e lo c i ty  o f  the  p a r t i c l e  and, 

i f  the charge i s  known, an e s t im a tio n  o f  the  v e lo c i ty  o f  the
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p a r t i c l e  may be made. The r a t e  of change o f  the  s p e c i f i c  

io n iz a t io n  w ith  the v e lo c i ty  v a r ie s  co n s id e rab ly  fo r  d i f f e r e n t  

v e l o c i t i e s  and, w hile  the d e te rm in a tio n  o f  the s p e c i f i c  

i o n iz a t io n  may be reasonab ly  h ig h , the  va lue  o f  the v e lo c i ty  

may be rendered  in a c c u ra te  f o r  p a r t i c l e s  w ith  very  h igh  

e n e rg ie s .  I f  the  momentum of the  p a r t i c l e  i s  measured s im ul

tan eo u s ly  by magnetic cu rv a tu re  or range e s t im a t io n s ,  the  mass 

and energy of the  p a r t i c l e  may be c a lc u la te d .  The accuraoy 

i s  u s u a l ly  s u f f i c i e n t l y  h igh  to  i d e n t i f y  the type o f  p a r t i c l e  

a s ,  f o r  example, in  the case o f  the meson, a l th o u g h  very  

a c c u ra te  mass de te rm in a tio n s  a re  somewhat more d i f f i c u l t .  A 

c o n s id e rab le  amount o f  experim enta l work, has been c a r r i e d  ou t 

to  determ ine the  s p e c i f i c  io n iz a t io n  o f  the meson s in ce  i t s  

d isc o v e ry , and a l s o  of the e l e c t ro n ,  s in ce  the  v a r i a t i o n  of 

th e  io n iz a t io n  w ith  the energy i s  o f  co n s id e rab le  t h e o r e t i c a l  

importance f o r  bo th  these  p a r t i c l e s .

I t  may be s t a t e d  here t h a t ,  s in ce  a la rg e  amount o f  

the  io n iz a t io n  may be produced by secondary p a r t i c l e s  o f  r e l a 

t i v e l y  h igh  en e rg ies  a r i s i n g  from c o l l i s i o n s  in  th e  g a s ,  a t  

l e a s t  two s p e c i f ic  io n iz a t io n  va lues  may be d e f in e d .  The 

primary s p e c i f i c  io n iz a t io n  i s  the number o f  ion  p a i r s  

produced by primary io n iz a t io n  p rocesses  per cen tim e tre  o f  

t r a c k  and i s  ob ta ined  by counting  as a s in g le  event groups o f  

ion  p a i r s  formed by secondary p ro cess .  The t o t a l  s p e c i f i c  

io n iz a t io n  in c lu d es  a l l  io n iz a t io n  r e s u l t i n g  from secondary



p ro cesses  and r e p re s e n ts  th e  t o t a l  lo s s  of energy of the  

p a r t i c l e  in  io n iz a t io n  p ro c e s se s .  The former i s  ob ta ined  from 

cloud chamber measurements, and the l a t t e r  from io n iz a t io n  

chamber measurements, u s u a l ly  a t  h igh  p ressure*

The th re e  p r in c ip a l  methods o f  s tu d y in g  io n iz a t io n  

o f  f a s t  p a r t i c l e s  a r e : -

(1) Io n iz a t io n  chambers, u s in g  e l e c t r i c  f i e l d s  

s u f f i c i e n t l y  h igh  to ensure the  c o l le c t io n  on an e le c t ro d e  o f  

a l l  the  ions formed; these  are  used in  con junc tion  w ith  an 

e le c tro m e te r  or l i n e a r  a m p li f ie r  fo r  d e te c t io n  and measurement.

(2) Gloud chamber photographic te ch n iq u e , in  which 

th e  expansion o f  the  chamber i s  delayed to allow the ion  p a i r s  

to  d i f fu s e  in  a weak e l e c t r i c  f i e l d  before becoming conden

s a t io n  n u c le i  f o r  the d rops. In d iv id u a l  drops may then be 

counted and the  number o f  ions determ ined.

(Sj P ro p o r t io n a l  co u n te rs ,  which employ e l e c t r i c  

f i e l d  co n d itio n s  in  which th e  ions produced are  m u l t ip l ie d  by 

a gas c o l l i s i o n  process before t h e i r  c o l le c t io n ;  these  are  

used in  con junction  w ith  a l in e a r  a m p li f ie r  in  e x a c t ly  the 

same manner as an io n iz a t io n  chamber.

The l a t t e r  method has been ap p lied  only to  the 

measurement o f  la rg e  amounts o f  io n iz a t io n ,  a s ,  f o r  example, 

th a t  produced by a pro ton  or a l p h a - p a r t i e l e . In  p a r t  Two o f  

t h i s  th e s i s  a d e t a i l e d  account i s  given of in v e s t ig a t io n s  

ex tend ing  the  scope o f  t h i s  technique to, the measurement o f
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the  io n iz a t io n  produced by low-energy e le c t ro n s  and e l e c t r o 

magnetic r a d i a t i o n s .

The cloud chamber method i s  very la b o r io u s ,  and, 

w hile  a h igh  degree o f  accuracy  may be ob ta ined  in  th e  measure

ment of a s in g le  t r a c k  when the  co n d itio n s  of expansion a re  

c a r e f u l ly  c o n t ro l l e d ,  i n v e s t ig a t io n s  o f  the io n iz a t io n  of 

p a r t i c l e s  u s in g  the cloud chamber technique u s u a l ly  extend to  

r e l a t i v e l y  sm all numbers o f  o b se rv a t io n s .  The method i s  not 

th e re fo re  s u i t e d  to. a s t a t i s t i c a l  a n a ly s is  o f  the s p e c i f i c  

io n iz a t io n  of a la rg e  number o f  p a r t i c l e s ,  suoh as would be 

r e q u i r e d ,  f o r  example, fo r  a study o f  the  s p e c i f i c  io n iz a t io n  

of the meson or o f  high energy e l e c t r o n s .  Such an a n a ly s is  

i s  cons iderab ly  sim pler i f  the  amounts o f  io n iz a t io n  produced 

by in d iv id u a l  p a r t i c l e s  are reco rded  e l e c t r o n i c a l l y .

The io n iz a t io n  produced by in d iv id u a l  p a r t i c l e s  may 

be ob ta ined  w ith  an io n iz a t io n  chamber i f  the ions c o l le c te d  

are  made to  cause a change in  the v o ltage  of the f i r s t  g r id  of 

a  l i n e a r  a m p l i f ie r .  This v o ltag e  change may be converted  in to  

a pu lse  of  s u i t a b le  shape, am p lif ied  in  the v a r io u s  s ta g e s  o f  

the  a m p l i f ie r ,  and be made to produce an o u tp u t pu lse  

s u f f i c i e n t l y  la rg e  to  allow accu ra te  measurements to  be made. 

With an a n p l i f i e r  o f  s u i t a b le  des ign  t h i s  may be accomplished 

w ithou t d i s t o r t i o n  and the ou tpu t pulse  i s  d i r e c t l y  

p ro p o r t io n a l  to  the o r ig in a l  v o ltag e  change. I f  the  v o lta g e  

ehange i s  a ls o  d i r e c t l y  p ro p o r t io n a l  to  the number of  ion
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, p a i r s  formed by the  p a r t i c l e s ,  the  system may r e a d i ly  he used 

fo r  measurements o f  the io n i s a t io n .

A la rg e  v a r ie ty  o f  designs have been used fo r  

io n iz a t io n  chambers, la rg e ly  depending on the type o f  r a d i 

a t io n  being in v e s t ig a te d  and the method used fo r  i t s  s tu d y .

JPor example, in  the measurement o f  gamma r a d i a t i o n ,  h igh  

energy e le c t ro n s  and cosmic r a y s ,  a co n s id e rab le  number of  

in v e s t ig a t io n s ,  p a r t i c u l a r l y  in  the e a r l i e r  work, were o a r r ie d  

out in  which the io n iz a t io n  was measured as a continuous 

c u r r e n t .  The io n iz a t io n  chambers u s u a l ly  c o n s is te d  of  simple 

p a r a l l e l  p l a t e s ,  c y l in d e rs  w ith  a c e n t r a l  c o l l e c t in g  w ire ,  or 

s p h e r ic a l  chambers w ith  a c e n t r a l  probe. In  each o f  th e se  the 

c u r re n t  was d i r e c t ly  p ro p o r t io n a l  to. the number o f  ions being  

c o l l e c t e d ,  and the p r in c ip a l  problem was to. ensure th a t  n e i th e r  

th e  p o s i t iv e  nor the nega tive  components were reduced by 

reoom bination w ith  each o th e r ,  or w ith  the atoms of the gas on 

t h e i r  passage to  the e le c t ro d e s .  This may be e f f e c te d  by the  

use o f  a  s u f f i c i e n t l y  high  e l e c t r i c  f i e l d  s t r e n g th ,  depending 

on the p re ssu re  o f  the g as , and the c u rren t  f low ing  between 

th e  p la t e s  i s .  then  a d i r e c t  measure o f  the  number o f  ions  

being formed per u n i t  time i n t e r v a l .  This e f f e c t  i s  a ls o  

p re se n t  when the chamber i s  being used to measure a  s in g le  

io n iz a t io n  ev en t,  but in  t h i s  case o th e r  problems a l s o  a r i s e .  

The conversion o f  the vo ltage  change on the  c o l le c t in g  e l e c 

tro d e  in to  a pu lse  which may be a m p lif ied  on an A .C .-coupled



6.

a m p l i f ie r  n e c e s s i ta te s  a c o n s id e ra t io n  o f  th e  v a r io u s  s ta g e s  

o f  growth and decay of the vo ltage  w ith  time* in  o rder  th a t  a 

s u i t a b l e  frequency band-width may be chosen fo r  the  a m p l i f i e r .  

T h is  time v a r ia t io n  of the vo ltage  depends upon th re e  f a c t o r s

(a) I f  the io n iz a t io n  r e s u l t s  in  the fo rm ation  o f  

e le c t ro n s  and p o s i t iv e  io n s , these  w i l l  t r a v e l  towards t h e i r  

r e s p e c t iv e  e lec tro d e s  w ith  d i f f e r e n t  v e lo c i t ie s *  and the 

v o lta g e  r i s e  w i l l  co n s is t  o f  two p o r t io n s ,  a s te e p  in c re a se  

when both  groups are moving and a more g radua l in c rease  when 

only  the slower component i s  moving. Thus, w hile  the  v o lta g e  

change f i n a l l y  r e s u l t in g  from a s in g le  io n iz a t io n  event i s  

independent of the p o s i t io n  of form ation  in  the a c t iv e  volume, 

the  r e l a t i v e  s iz e s  of the two p o r t io n s  depend on the r e l a t i v e  

d is ta n c e s  of the  p o s i t io n  of fo rm ation  from the  two e le c t ro d e s .

(b) The r a te  of change of vo ltage  a t  the c o l l e c t in g  

e le c t ro d e  i s  p ro p o rtio n a l to  the s t r e n g th  of the f i e l d  through 

which th e  ions are  t r a v e l l in g  and the v o ltage  r i s e  in  each 

p o r t io n  w i l l  th e re fo re  depend on the  c o n f ig u ra t io n  of  the e l e c 

t r o d e s ;  th u s ,  fo r  a p a r a l l e l  p la te  io n iz a t io n  chamber* the  

two p o r t io n s  would produce vo ltage  changes o f  the  type shown 

i n  the  sk e tch  below, whereas, f o r  a c y l in d r i c a l  chamber, the  

in c re a s e s  would both be non—l in e a r  •
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TIME

(o) The v o ltage  w i l l  decrease when the  charge has 

heen c o l le c te d ,  the  r a te  a t  which the decrease ta k es  p lace  

being  determined by the leakage r e s i s t a n c e  and the  ca p a c ity  o f  

the c o l le c t in g  e le c t ro d e ;  t h i s  r a t e  must be s u f f i c i e n t l y  low 

to  allow the v o ltage  to  r i s e  to  very c lose  to  the f u l l  e x te n t  

before  the  decay i s  a p p re c ia b le .

I t  i s  normal to allow bo th  groups o f  ions  to  reach  

the  e le c t ro d e s ,  and the frequency response of tine a m p l i f ie r  i s  

s e t  to  cover the whole time re q u ire d  f o r  the  c o l l e c t i o n .  This 

i s  f re q u e n t ly  much lower than  i s  d e s i re d  s ince  the time 

co ns tan t o f  such an a m p l i f ie r  must be g r e a te r  than  about 10 

B ^ ^ l^ eeo n d s  • This time co n s tan t may be reduced co n s id e rab ly  

i f  o n ly j th e  e le c t ro n s  are  to  be c o l le c te d ,  s in ce  e l e c t ro n  d r i f t  

v e l o c i t i e s  o f  the  o rder o f  10^ om/sec may r e a d i ly  be ob ta ined  

in  some gases  ̂ This would r e s u l t  in  the  measurement o f  only 

the  i n i t i a l  s te e p  r i s e  shown in  the  sk e tch ,  and would n o t



th e re fo r e  give a  co n s tan t pu lse  s iz e  f o r  every io n iz a t io n  

event in v o lv in g  the  same number of io n s .

In o rder  to  reduce the e f f e c t  o f  the  p o s i t io n  o f  

fo rm ation  o f  the  io n s ,  a g r id  may be in te rp o se d  between the 

c o l l e c t in g  e le c t ro d e  and the high  v o ltag e  p l a t e ,  as  shown in  

the  sk e tch  below. This w i l l  a t  the same time minimise the  

d i f f i c u l t i e s  a s s o c ia te d  w ith  the measurement of  t r a c k s  which 

a re  n o t p a r a l l e l  to  the e le c t ro d e s .

________________ — --------------------------------------  DEFLECTING PLATE

A

GRID

GUARD RING 

  COLLECTOR

The io n iz a t io n  even ts  a re  confined  to  the  reg io n  A 

and the fu n c tio n  of the g r id  i s  to  screen  th e  c o l l e c t in g  

e le c t ro d e  from any f i e l d  changes a r i s i n g  in  the  a re a  o f  

fo rm ation . The vo ltage  r i s e  on the c o l le c t in g  e le c t ro d e  

r e s u l t s  almost e n t i r e ly  from the passage of the e le c t ro n s  

a c ro ss  the reg io n  B. I f  the  g r id  can s u c c e s s fu l ly  be made to 

provide a sc reen  between the two re g io n s ,  and i f  no e le c t ro n s  

a re  l o s t  in  t h e i r  passage through the g r id ,  the v o lta g e  

change w i l l  be d i r e c t l y  p ro p o r t io n a l  to  the number o f  ions 

formed, and w i l l  possess  a very r a p id  r i s e  tim e. This pu lse  

may then be am p lif ied  in  an a m p li f ie r  w ith  a h igh  frequency



r e s p o n s e , overcoming the d i f f i c u l t i e s  a s s o c ia te d  w ith  m icro

phony in  th e  chamber. I t  was hoped t h a t  such an a m p l i f ie r  

could be made to  have a much lower n o ise  l e v e l  than  a c o r r e s 

ponding low-frequency type .

An io n iz a t io n  chamber o f  t h i s  type was b u i l t  and an 

in v e s t ig a t io n  of the io n iz a t io n  produced by a lpha p a r t i c l e s  

o f  polonium (radium I1) was c a r r ie d  out a t  reduced p re s s u re s .  

The v a r ia t io n  o f  ou tpu t pulse  s iz e  w ith  the v o l ta g e s  of the 

e le c t ro d e s  and the p ressu re  o f  the gas was measured, the 

number of  ions produced being c a lc u la te d  from the Bragg curve 

and a knowledge o f  the s e c t io n  of the  t r a c k  being  i n v e s t i 

g a ted . The w idths o f  the groups were a lso  measured and th e  

r e s o lu t io n  of  the instrum ent o b ta in ed . The r e s u l t s  of the  

in v e s t ig a t io n s  showed th a t  the pu lse  s iz e  was d i r e c t l y  p ro 

p o r t io n a l  to  the number of ion p a i r s  produced, the measure-
5 Aments extending from 1.65 x 10 ions down to l.Q £ x 10 io n s ,

which rep re se n te d  the minimum number which could .be d e te c te d  

w ith  accuracy above the no ise  l e v e l .  The average r e s o lu t io n ,  

re p re se n te d  as the f u l l  width a t  h a l f  h e ig h t o f  the group, 

depended on the sc a le  s e t t i n g  o f  the  a m p l i f ie r ;  on the  maxi

mum gain  s e t t in g  i t  corresponded to  3,000 ion p a i r s ,  which was 

almost id e n t i c a l  w ith  the mean square value o f  the  n o is e .

A summary of the conclusions i s  given a t  th e  end of 

t h i s  p a r t  o f  the t h e s i s .  I t  was considered  th a t  the 

f a c i l i t i e s  affo rded  by the development of the p ro p o r t io n a l



10.

counter methods were much s u p e r io r  to  those  a f fo rd e d  by a 

p re s s u r is e d  io n iz a t io n  chamber f o r  in v e s t ig a t io n  of  sm all 

amounts o f  io n iz a t io n .  P ro p o r t io n a l  coun ters  a l s o  perm it the 

measurement o f  very low energy r a d ia t io n s  in  s tu d ie s  which 

are  o f  g r e a te r  i n t e r e s t .

(1) The K in e t ic  Theory o f  Gases -  io e b .
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SECTION a

PREVIOUS TORE.

The Measurement of  S in g le  I o n iz a t io n  E v en ts ,

A number o f  s tu d ie s  have been made of the io n iz a t io n  

produced by alpha p a r t i c l e s  and pro tons u s ing  p re s s u r is e d  

chambers. In  many of these th e  e f f e c t  has been measured as a 

continuous c u r re n t ,  and a t t e n t io n  has been d i r e c te d  p r i n c i 

p a l ly  to  the  e f f ic ie n c y  o f  c o l l e c t io n  as a fu n c t io n  o f  v o lta g e  

and p re s s u re .  In  s e v e ra l  more r e c e n t  experim ents the  i o n i 

z a t io n  produced by s in g le  p a r t i c l e s  has been measured, and 

th ese  measurements have normally involved  the use o f  an am pli

f i e r  w ith  a s u f f i c i e n t l y  long t im e -c o n s tan t  to  allow the 

c o l le c t io n  of both p o s i t iv e  and nega tive  io n s .  A summary o f  

th e  r e s u l t s  has been given in  a r e c e n t  paper by Corson and 

W i l s o n ^ .
(3)Kema and B a rsch a l l  in v e s t ig a te d  the s a tu r a t io n  

c h a r a c t e r i s t i c s  o f  a p a r a l l e l  p la te  io n iz a t io n  chamber f o r  

v a r io u s  g ases . They used a balanced c i r c u i t  f o r  measuring the 

io n iz a t io n  produced by the alpha p a r t i c l e s  o f  polonium, i n v e s t i 

g a t in g  the mean cu rren t as a fu n c tio n  of p ressu re  and f i e l d  

s t r e n g th .  The r e s u l t s  showed th a t  the e l im in a t io n  o f  gases 

which r e a d i ly  form negative  ions allowed very  sm all f i e l d s  to  

be used , and th a t  the m o b i l i t ie s  o f  the nega tive  c a r r i e r s  were 

very  much h igher in  these g ases . The curves f o r  pure argon



showed th a t  100 pe rcen t c o l l e c t io n  could he ob ta ined  w ith  

f i e l d  s t r e n g th s  of the o rd e r  o f  10 v o l t s  per cm. per atmos

phere . They p o in t  ou t th a t  the J a f f e  th eo ry  of columnar i o n i 

z a t io n  would no t be a p p l ic a b le  to  t h i s  case , s ince  the 

d i f fu s io n  w i l l  be very r a p id  and the  e f f e c t  of columnar 

fo rm ation  alm ost n e g l ig ib le .

B a rsc h a l l  and K a n n e r^ )  desc r ib e  the r e s u l t s  o f  

experiments to  determine the s c a t t e r i n g  d i s t r i b u t i o n  of 

n eu trons  in  hydrogen and o th e r  g ases .  A p a r a l l e l  p la te  i o n i 

z a t io n  chamber was used , and the s iz e  d i s t r i b u t i o n  o f  the i n d i 

v id u a l  p u lse s  measured. P re ssu re s  up to  9 atmospheres were 

used and the c o l le c t in g  f i e l d  g ra d ie n t  was 3750 v o l t s  p e r  cm. 

C a l ib r a t io n  w ith  alpha p a r t i c l e s  from polonium showed th a t  the 

spread in troduced  by the chamber was l e s s  than  5 p e rcen t in

e i t h e r  d i r e c t io n .  Since the pu lse  s iz e  i s  independent o f  the
\

p o s i t io n  o f  form ation  o f  the io n s ,  the time co n s tan t o f  the

a m p l i f ie r  being equal to  0.02 s e c . ,  t h i s  spread  must be due

alm ost e n t i r e ly  to  a m p lif ie r  n o ise .
(6 7)Koontz and H all  * d escr ibe  the r e s u l t s  o f  a s e t  

o f  experiments u s in g  a c y l in d r i c a l  chamber which may a lso  be 

opera ted  as a p ro p o rt io n a l  co u n te r .  S ince the a m p li f ie r  had a 

s h o r te r  t im e-co n s tan t than in  the p rev ious  experim ents the  

pu lse  s iz e  depended on the p o s i t io n  o f  fo rm ation  of the io n s .

An assym m etrical d i s t r ib u t io n  o f p u lses  i s  o b ta in ed  when the 

chamber i s  used w ithou t gas a m p lif ic a t io n , bu t t h i s  d isa p p ea rs
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alm ost e n t i r e l y  when gas a m p l i f ic a t io n  i s  used. In  the 

l a t t e r  case the g re a te r  p ro p o rt io n  of the e le c t ro n s  measured 

are  formed very  c lose  to the c o l le c t in g  e le c t ro d e .  The w id th  

ob ta ined  w ith  the p ro p o r t io n a l  counter was th e re fo re  l e s s ,  

and, f o r  the  0 .6  Mev pro tons from the n ,p  r e a c t io n  in  n i t r o 

gen * the spread  corresponded to  a va lue  o f  35 kev.

Measurements of the s p e c i f i c  io n i s a t io n  o f  f a s t  

mesons and e le c t ro n s  have norm ally  been c a r r ie d  out by the 

continuous c u r re n t  method and a la rg e  number of such i n v e s t i 

g a t io n s  have been re p o r te d .  These i n v e s t ig a t io n s ,  of which 

th e  r e s u l t s  o f  G l a y ^  and Broxon and M e r e d i t h ^  a re  t y p io a l ,  

have been d ir e c te d  mainly to  a study o f  the s a tu r a t io n  

c h a r a c t e r i s t i c s  a t  high p re s s u re s .  Two s tu d ie s  in  which i n d i 

v id u a l  p a r t i c l e s  were measured have, however, been re p o r te d .

Swann measured the s p e c i f i c  io n iz a t io n  o f  s in g le
s

cosmic ray  p a r t i c l e s  w ith  a c y l in d r i c a l  chamber 30 cm. in  

le n g th .  This could be p re s s u r is e d  to, 10 a tm ospheres, and a  

v o ltag e  of  1100 ap p lied  to  the c a se .  I t  was claimed th a t  the 

c o l le c t io n  time was le s s  than 0.05 se c .  and an a m p l i f ie r  w ith  

a long t im e-co n s tan t was used . Curves a re  shown w ith  va lues  

as low as  6,000 ion p a i r s ,  in d ic a t in g  some degree o f  accuracy  

in  t h i s  reg io n .

Dunlap*10  ̂ rep ea ted  t h i s  experiment w ith  a p a r a l l e l  

p la te  io n iz a t io n  chamber u s ing  a t r a c k  le n g th  o f  17 cm. The 

chamber was p re s su r is e d  to  27 atmospheres and a f i e l d  o f  1900
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v o l t s  per cm. a p p l ie d .  The c o l l e c t io n  time was of the  same 

order as the time cons tan t o f  the a m p l i f ie r ,  0*01 s e c . ,  and 

c o r re c t io n s  were ap p lied  fo r  t h i s  f a c t .  The r e s u l t s  in d ic a te d  

a s p e c i f i c  io n iz a t io n  of 67 ion  p a i r s  per era. in  a rgon , hut 

the  spread  o f  the va lues  was c o n s id e ra b le .  This may be due to  

the energy spread of the p a r t i c l e s ,  but u n c e r t a in t i e s  are  

in troduced  by the close proxim ity  o f  the  c o l l e c t io n  time and 

the tim e-co n s tan t of the a m p l i f ie r .

The Use o f  Gridded Io n iz a t io n  Chambers.

Bunemann, Cranshaw and H arv ey (H ) have d e sc r ib ed  the  ' 

r e s u l t s  o f  an in v e s t ig a t io n  of  the p ro p e r t ie s  o f  an io n iz a t io n  

chamber having a g r id  between the c o l l e c t in g  p la te  and the  de

f l e c t i n g  p l a t e .  As a lread y  po in ted  o u t ,  the  fu n c t io n  of t h i s  

g r id  i s  to sc reen  the c o l le c t in g  p la te  from any f i e l d  changes 

in  the reg io n  between the g r id  and the d e f le c t in g  p l a t e ,  and 

a t  the same time to perm it the passage o f  the e le c t ro n s  to  the 

c o l l e c to r .  I f  t h i s  i s  p o ss ib le  a l in e a r  a m p li f ie r  o f  h igh  

frequency response may be used , the pulse o b ta ined  being 

formed s o le ly  by e l e c t ro n s .

These au thors  a l s o  give the r e s u l t s  o f  a t h e o r e t i c a l  

a n a ly s is  o f  the e f f e c t  o f  the g r id .  In  t h i s  they assume th a t  

the  g r id  c o n s is t s  o f  a s e t  o f  p a r a l l e l  w ires  w ith  ra d iu s  r  

spaced a d is tan ce  d a p a r t ,  and th a t  the spacing  between the 

g r id  and the  c o l le c to r  i s  p . They d e f in e  the  in e f f ic i e n c y  o f  

sc re en in g , s ,  as dEB/ d %  where i s  the  f i e l d  between the
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g r id  and c o l l e c to r  and i s  the  f i e l d  in  the  c o l le c t in g  

volume. They f in d  th a t  s i s  very c lo s e ly  equal to  

d / S n p . l o g  d / a u r ;  t h i s  q u a n t i ty  must he as sm all as  p o ss ib le  

i f  the  pu lse  s iz e  i s  to  be independent o f  the  p o s i t io n  of 

fo rm ation  o f  the  charge . The co n d it io n  t h a t  a l l  l i n e s  o f  

fo rce  leav in g  the  p la te  should  by-pass the g r id  and re a c h  the  

c o l l e c to r  i s : -

Eg/E^ >  (1 +  2n r / d ) / (1 -  2 tt r / d ).

I f  t h i s  co n d itio n  i s  observed no e le c t ro n s  should be l o s t  by 

cap ture  on the g r id .

These conc lusions were t e s t e d  w ith  a number of g r id s  

and the r e s u l t s  found to be in  agreement w ith  the experim ents . 

An in v e s t ig a t io n  o f  the alpha p a r t i c l e s  o f  polonium (5.S Mev) 

showed a f u l l  w idth a t  h a l f  h e igh t corresponding  to 60 kev.

The m ajo rity  of  t h i s  spread was a t t r i b u t e d  to  the a m p l i f ie r  

n o i s e •

In the  work d esc r ib ed  in  the fo llo w in g  s e c t io n s  a 

g r id  was used in  which the wire diam eter was 0.005 in .

(ho. 36 S.W. G .) and the spacing 0.05 in .  The d is ta n c e  between 

the  g r id  and c o l le c t in g  p la te  was 0.67 cm. The value o f  s 

c a lc u la te d  fo r  t h i s  g r id  was 0.04 and the co n d it io n  th a t  a l l  

l i n e s  by-pass the g r id  was th a t  Eg/E^ should be g r e a te r  than  

2 .0 .  The l a t t e r  value may be compared w ith  the experim en ta l 

r a t i o  of  1 .8  : 1.
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SECTION 3.
DESCRIPTION OP APPAi&TOS.

The method c o n s is te d  of the  use of an io n iz a t io n  

chamber w ith  in te rm ed ia te  g r id  e le c t ro d e  in  co n junc tion  w ith  

a l i n e a r  a m p li f ie r  o f  f a i r l y  h igh  frequency  re sp o n se . The 

io n iz a t io n  chamber was made s u f f i c i e n t l y  ro b u s t  to s tan d  

p re ssu re s  up to  30 atm ospheres. A v a r i a b le - b ia s  disorimin-r 

a t in g  c i r c u i t  was used to  ana lyse  the  p u ls e s .

The c h a r a c t e r i s t i c s  o f  the chamber were measured a t  

reduced p re ssu re s  u s in g  an a lpha  p a r t i c l e  so u rce . In  each 

in d iv id u a l  study the i n t e g r a l  d i s t r i b u t i o n  o f  the p u lse s  was 

ob ta ined  by counting w ith  a s c a l in g  u n i t  the numbers o f  

p u lse s  w ith  am plitudes g r e a te r  than  the b ia s  s e t t i n g s .  The 

pu lse  s iz e  d i s t r i b u t i o n  was then ob ta ined  by d i f f e r e n t i a t i o n ,  

and the average pulse  s iz e  and the f u l l  w idth a t  h a l f  h e ig h t 

c a lc u la te d .  Various v o lta g e s  were ap p l ied  to  the  d e f l e c t in g  

p la te  and the g r id  fo r  the v a r io u s  p re s s u re s ,  and the 

v a r i a t i o n  o f  pulse s iz e  w ith  these  q u a n t i t i e s  observed.

The I o n iz a t io n  Chamber.

A s e c t io n a l  diagram of the  io n iz a t io n  chamber i s  

given in  P igure  1. The e le c t ro d e  system c o n s is te d  o f  a  

c o l l e c t in g  p la te  3 cm. broad and £1 cm. in  le n g th  surrounded 

by an ea r th ed  g u ard -r in g  1.5 cm. in  w id th . These two e l e c 

tro d es  were se p a ra te d  by a gap of 1 mm. and he ld  to g e th e r
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by a s t r i p  o f  perspex running  under the  assembly. This s t r i p  

was rece sse d  near the gap in  order to in c re a se  th e  i n s u l a t i o n  

between the two e le c t ro d e s .  The g r id  and the d e f le c t in g  

p la te  were mounted on the g u a rd -r in g  by means o f  perspex 

spacers  extending over the  whole le n g th  of the assem bly. The 

g r id  c o n s is te d  of a mesh of nichrome w ires  0.005 i n .  in  d i a 

meter spaced 0.05 in .  a p a r t ;  i t  was mounted on a l i g h t  frame 

lo c a te d  in  a m etal s l o t  a t  a d is ta n ce  of 6 .7  mm. from the 

c o l l e c t in g  e le c t ro d e .  The d e f le c t in g  e le c t ro d e  was a l s o  

mounted on perspex , and two copper rods a t ta c h e d  to  t h i s  e l e c 

trode  provided a means of su p p o rtin g  the whole assembly from 

the en d -p la te  o f  the o u te r  case . These rods were le d  out 

through the case by bonded m e ta l - to - ru b b e r  s e a l s ,  thus p ro 

v id in g  a vacuum -tight in s u la te d  mounting. The whole e le c t ro d e  

system c o n s is ted  of a box 6 cm.' x 6 cm. in  c ross  s e c t io n  and 

25 cm. in  le n g th .  Copper-to~perspex s e a ls  were e f f e c te d  by 

cement, which was baked to  hardness a f t e r  assembly.

The leads to  the g r id  and the c o l le c t in g  e le c t ro d e  

were in troduced  through the en d -p la te  by means o f  co-var s e a l s .  

Adequate in s u la t io n  was ob ta ined  w ith  th e se .  The g u a rd - r in g  

was ea rthed  i n t e r n a l l y  to  the case of the chamber.

The case co n s is ted  of a cy lin d er  5 .5  in .  o u te r  d i a 

meter and IS in .  in  le n g th ,  w ith  a w a ll  th ick n ess  o f  0.25 in .  

The e n d -p la te s  were 0.75 in .  th ic k  and were a t ta c h e d  to  f la n g e s  

of the same thicloaess on the main case . The vacuum s e a l  was



provided by two g ask e ts  o f  rubber 0 .25 i n .  x 0.25 i n .  in  

c r o s s - s e c t io n .

S ource.

The polonium source used in  th ese  experim ents was 

se p a ra te d  from an eq u i l ib r iu m  mixture o f  radium D, E and E in  

S o lu tio n  in  the  fo llow ing  manner. The s o lu t io n  was evapor

a ted  and the re s id u e  r e -d is s o lv e d  in  0 .1  K h y d ro ch lo r ic  a c id .  

A s i l v e r  d isc  0 .6  in .  d iam eter was r o ta t e d  in  the s o lu t io n  

and polonium d epos ited  on i t .  The a c t i v i t y  o f  t h i s  source 

appeared from ab so rp tio n  measurements to be e n t i r e l y  f re e  

from any b e t a - a c t i v i t y .

The source was mounted from the en d -p la te  o f  the 

chamber opposite  the e le c t ro d e  assembly. I t  was covered by a 

c o l l im a to r  c o n s is t in g  of a la rg e  number o f  ho les  0.03 in .  in  

d iam eter d r i l l e d  in  a p la te  0.25 in .  th ic k .  This l im i te d  the 

io n i s a t io n  produced by a l l  but a sm all number of the  p a r t i c l e s  

to  the a c t iv e  volume of the chamber.

With t h i s  source and c o l l im a to r  a t o t a l  a c t i v i t y  of 

1,700 counts per minute was o b ta in ed .

The l i n e a r  A m p lif ie r .

With the exception  of the s c a le r  the e le c t r o n ic  

equipment used in  t h i s  experiment was of M ontreal d es ig n . The 

head a m p l i f ie r ,  the main a m p li f ie r  and the d is c r im in a t in g  

u n i t  were cons iderab ly  m odified to s u i t  the  requ irem ents o f



t h i s  experim ent. In  the f i n a l  form the head a m p l i f ie r  con

s i s t e d  of one stage  o f  a m p l i f ic a t io n  and a c a th o d e - fo l lo w e r .

The f i r s t  v a lv e ,  a 6 AK 5 pentode, was t r io d e -c o n n e c te d  and 

drew a few m illiam ps of c u r r e n t .  The g r id  o f  t h i s  valve was 

connected to  the c o l le c t in g  e le c t ro d e ,  no g r id  r e s i s ta n c e  

being used , and the in p u t cap ac ity  of  these  was 35 p io ro -  

f a r a d s .  The cathode, fo llow er was provided w ith  a number of 

cathode r e s i s ta n c e s  in  s e r i e s ,  a llow ing  s e v e ra l  ga in  s e t t i n g s  

o f  the  a m p l i f ie r ,  each approxim ately  o n e -h a lf  o f  the  prev ious 

s e t t i n g .

S ix  s ta g e s  of a m p li f ic a t io n  fo llow ed in  the  main 

a m p l i f i e r ,  each s tage  being r e s i s ta n c e - c a p a c i ty  coupled w ith  a 

sm all amount of negative  feed-back . The t im e -co n s ta n ts  o f  

these  s ta g es  were 0 .7  m il l i s e c o n d s ,  except f o r  the f i r s t  s t a g e ,  

which had a t im e-co n s tan t of 3 m icroseconds. This s tag e  a lso  

had a h igh-frequency  by-pass in  the  anode c i r c u i t  w ith  a time 

co n s tan t s l i g h t l y  longer than th a t  of the g r id  c i r c u i t .  The 

ou tpu t s tage  of the a m p lif ie r  was a cathode fo llo w er  capable o f  

developing v o lta g es  between 100 and -100. The v a lv es  in  the 

head a m p li f ie r  and the  f i r s t  th ree  va lves  in  the main a m p li f ie r  

were hea ted  by accum ulato rs , the  rem ainder being h ea ted  by a 

6 .3 - v o l t  A.C. supply .

The o v e r a l l  gain  of the  a m p li f ie r  a t  maximum s e t t i n g  

was 2 .7  x 10^; the  frequency response curve i s  g iven  in  E igure

2. The maximum n o ise  le v e l  was 25 m ic ro v o l ts ,  co rresponding  to
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£ 1 .

about 6,000 ion  p a i r s ,  and the ro o t  mean square no ise  l e v e l  

8 m ic ro v o l ts ,  corresponding to about £,000 ion p a i r s .

The D isc r im in a to r .

A c i r c u i t  diagram of the d i s c r im in a to r  i s  given in  

f ig u re  3 .  I t  co n s is te d  of  two 6 AB 7 t e l e v i s i o n  pentodes 

w ith  a common cathode load of 10,000 ohms, these  valves  being 

chosen f o r  t h e i r  sho r t  g r id -b a s e .  S t a b i l i s e d  su p p l ie s  of 150 

and -150 v o l t s  were used ,  and the  common cathode p o t e n t i a l  

v/as 11 v o l t s  above e a r th .  With no pu lses  in c id e n t  on the 

c i r c u i t  the l e f t  hand valve was cut o f f  and the o the r  was 

drawing the f u l l  cu r ren t  r eq u ired  to  main ta in  the cathode a t  

the r eq u i r ed  p o t e n t i a l .  A p o s i t i v e  pulse a r r i v i n g  a t  the g r id  

of the f i r s t  valve caused i t  to  conduct,  and the drop in  v o l t 

age on i t s  anode was used to  cut o f f  the second valve and 

d i v e r t  a l l  the cu r ren t  through i t . A f te r  the removal of the 

p o s i t iv e  pulse the c i r c u i t  r e tu rn ed  to i t s  normal p o s i t i o n .

The a r r i v a l  of a pulse of  s u f f i c i e n t  magnitude to open the
y

f i r s t  valje th e re fo re  r e s u l t e d  in  a la rge  vo l tage  change on the 

second v a lv e ,  and t h i s  vo ltage  could r e a d i ly  be used to 

operate  a s c a l in g  u n i t  or o s c i l lo s c o p e .  The r e s i s t a n c e -  

c a p ac i ty  network of the f i r s t  valve had a time cons tan t  of 

0.05 seconds, which was s u f f i c i e n t l y  long to prevent  spur ious  

counting of  double pu lse s .

A nega t ive  b ias  voltage bety/een 0 and 100 could be 

ap p l ied  by means of the po ten tiom eter  chain across  the v/hole
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s t a b i l i s e d  high vo l tage  supply .  This b ia s  was r e g i s t e r e d  on 

a meter which could be read  to  0.5 v o l t s .  The b ias  s e t t i n g  

could be reproduced to  a s a t i s f a c t o r y  degree of  accuracy  fo r  

the experiments desc r ibed  below.

Power S u p u l i e s .

The h igh -vo l tage  su p p l ie s  f o r  the a m p l i f ie r  and 

d is c r im in a to r  were of conventional  des ign and were s t a b i l i s e d  

by neon tu b e s ,  ho measurable gain  change was observed when 

the mains vo l tage  was v a r ie d  by 10 v o l t s .

The h igh-vo l tage  su p p l ie s  f o r  the g r id  and 

d e f l e c t i n g  p la te  o f  the chamber were obta ined  from a s p e c i a l l y  

designed S -k i lo v o l t  r e c t i f i e r  u n i t ;  t h i s  u n i t  in co rp o ra ted  

s t a b i l i s e r s  providing independence of the cu r ren t  and vo l tage  

being used ,  and the var ious  v o l tages  used in  these  e x p e r i 

ments were obta ined  from a po ten t iom eter  u n i t  a t ta c h e d  to the 

o u tp u t .

The h igh-vol tage  leads  and the connections between 

the am p l i f ie r  and the i o n i s a t i o n  chamber were c a r e f u l l y  

screened to prevent  i n t e r f e r e n c e  from ex te rn a l  r a d i a t i o n s  o f  

h igh frequency.



SECTION 4.
EXPERBaENTAL RESULTS.

Three s e r i e s  of i n v e s t ig a t io n s  were c a r r i e d  out w ith  

the arrangement d esc r ibed  in  the previous s e c t i o n s .  In the 

f i r s t  o f  these  the  i o n i z a t io n  chamber was f i l l e d  w i th  argon a t  

a p ressu re  of  15 cm. Eg, and the pulse d i s t r i b u t i o n s  ob ta ined  

fo r  a la rge  number of s e t t i n g s  of  the v o l tag es  o f  the g r id  and 

d e f l e c t i n g  e l e c t ro d e .  The average pulse s iz e  was then c a lc u 

l a t e d  and r e l a t e d  to  the values of these  v o l ta g e s .  This in v e s 

t i g a t i o n  was l a t e r  extended to  lower p re ssu re s  i n  order  to  

o b ta in  the b es t  working cond i t ions  fo r  the second s e r i e s  of 

s t u d i e s .  The l a t t e r  cons is ted  of  the measurement of  the a v e r 

age pulse  s iz e s  ob ta ined a t  va r ious  p re ssu re s  u s ing  a f ix e d  

r a t i o  of the v o l tag es  on the g r id  and d e f l e c t o r ;  these  s iz e s  

were c o r r e l a t e d  w ith  the number o f  ion  p a i r s  c a l c u l a t e d  from

the Bragg curve,  and a c a l i b r a t i o n  of the ins trum ent thereby-

ob ta ined .  The f i n a l  s tu d ie s  co n s is ted  of the measurement of 

the c o l l e c t i o n  e f f i c i e n c y  of  the chamber as a fu n c t io n  of 

vo l tage  f o r  argon, n i t ro g en  and a i r .

A. V ar ia t io n  of the Average Pulse Size w i th  the Voltage

of the P la te  and the G rid .

The f i r s t  measurements were c a r r i e d  out a t  a p ressu re  

o f  15 cms. of  argon; a t y p i c a l  i n t e g r a l  d i s t r i b u t i o n  i s  shown 

in  Pigure 4 ,  to g e th e r  w i th  the pulse d i s t r i b u t i o n  obtained
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24.
by d i f f e r e n t i a t i o n .  In the  f i r s t  s e t  of  runs the vo l tage  of  

d e f l e c t i n g  p la t e  was s e t  to  400 v o l t s  and the g r id  p o t e n t i a l  

was v a r ie d  from 0 to  300 v o l t s  in  s te p s  of  20 v o l t s .  The 

average pulse  s iz e  was determined fo r  each s e t t i n g  and the 

curve shown in  f ig u re  5 was ob ta ined .  The c o l l e c t i o n  e f f i c i 

enc ies  were c a lc u la te d  on the assumption t h a t  the maximum 

value corresponded to  100 percen t  c o l l e c t i o n ;  t h i s  assumption 

appears to  be j u s t i f i e d  by the cons is tency  of the pulse  s i z e s  

ob ta ined  fo r  the var ious  s e t t i n g s .  This process  was rep ea ted  

f o r  a number of  o the r  p la t e  vo l tag es  between 50 v o l t s  and 800 

v o l t s ,  and th ree  of these curves are  shown in  f i g u r e  5. The 

r e s u l t s  of a s im i la r  s e t  of experiments c a r r i e d  out a t  a 

p ressu re  of  2 cms. are  given in  f ig u re  6. The p la te  vo l tage  

fo r  each curve i s  g iven,  and the r e s u l t s  have been p lo t t e d  in  

terms of the r a t i o  of the g r id  vo l tage  to the p l a t e  v o l ta g e .  

While the number of  po in ts  on these  curves i s  somewhat l e s s  

than t h a t  fo r  the 400 v o l t  curve,  the v a r i a t i o n  of c o l l e c t i o n  

e f f i c i e n c y  w ith  g r id  p o t e n t i a l  i s  c l e a r l y  r e p re s e n te d .

The s a l i e n t  f e a tu re s  of these  curves may be 

descr ibed  as fo l low s ,  f i r s t l y ,  f o r  each curve the  e f f i c i e n c y  

of  c o l l e c t i o n  in c rease s  r a p id ly  w ith  the g r id  v o l ta g e ,  up to a 

value o f  between 0 .2  and 0 .3  t imes the p la te  v o l ta g e .  This i s  

c l e a r l y  due to  the gradual decrease of  the number o f  l i n e s  of  

fo rc e  ending on the g r id  as i t s  vo l tage  i s  r a i s e d .  Secondly, 

when the vo l tage  r a t i o  becomes ecjual t o ,  or  g r e a te r  than 0 .3
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t h a t  i s ,  when the f i e l d  r a t i o  Eg/Ep i s  equa l  to 1 .8 ,  the 

e f f i c i e n c y  reaches  a maximum v a lu e .  I f  the f i e l d  i n  the 

c o l l e c t i n g  volume i s  s u f f i c i e n t l y  high to  overcome the  recom

b in a t io n  e f f e c t ,  t h i s  value w i l l  be 100 p e rce n t ;  as the g r id  

vo l tage  i s  r a i s e d  f u r t h e r  the c o l l e c t i n g  f i e l d  i s  g radua l ly  

reduced,  and the e f f i c i e n c y  w i l l  f a l l  to  ze ro .  In the 

m a jor i ty  of the curves the re  i s  a reasonably  broad p la teau  

between these  two phases .

I f  the o v e ra l l  vo l tage  i s  not s u f f i c i e n t l y  high to  

overcome recombination ,  the maximum number of  ions measured 

w i l l  be l e s s  than the number formed. more unexpected e f f e c t  

g iv ing  r i s e  to  a decrease in  pulse s iz e  i s  observed a t  h igher  

p l a t e  v o l t a g e s .  Examples of t h i s  are given in  the 400 -vo l t  

curve of f ig u re  5 and the  200-vol t  curve of  f ig u re  6. Here 

the pulse s ize  decreases  r a p id ly  f o r  g r id  v o l ta g e s  h igher  than 

160 a t  the h igher  p ressure  and 50 a t  the lower p re ssu re ;  a 

s im i la r  decrease appeared a t  h igher  vo l ta g es  in  each case .  I t  

appears t h a t  t h i s  e f f e c t  can only be expla ined  in  terms of the 

v e lo c i t y  of the e lec t ro n s  pass ing  ac ross  the space between the  

g r id  and the c o l l e c t i n g  e l e c t ro d e .  I f  t h i s  v e lo c i ty  i s  very 

h igh  the r i s e  time of the pulse  may be so sh o r t  t h a t  i t  i s  

decreased  in  amplitude by the high-frequency f i l t e r  in  the  amp

l i f i e r .  from a co n s id e ra t io n  of the frequency response curve 

of  the am p l i f ie r  a pulse  w i th  a r i s e  time o f  2.5 x 1Q~^ sec .  

would be reduced to  approximately on e -h a l f  s i z e ,  and i t  i s



£ 6 .

c a lc u l a t e d  t h a t  the e l e c t r o n  v e l o c i t i e s  in  the upper p a r t  of 

the 4 00 -vo l t  curve are  of  the  order  of £ -  5 x IQ5 cm/sec.

The r e s u l t s  of these  s tu d i e s  showed t h a t  maximum 

e f f i c i e n c i e s  o f  c o l l e c t i o n  could he ob ta ined  w ith  g r id  v o l t 

ages between 0.2 and 0.5 times the p la t e  vo l tage  in  the 

m a jo r i ty  of c a se s ,  and th a t  the  p la t e  vo l tage  should be of  the 

order  of £5 v o l t s  f o r  every cen t im etre  of p ressu re  used ,

B. V ar ia t io n  of Pulse b ize  w ith  P r e s s u r e .

The r e s u l t s  of  the experiments desc r ibed  in  the 

previous s e c t io n  showed th a t  the  maximum lo s s  o f  ions fo r  a 

g r id  vo l tage  to p la t e  vo l tage  r a t i o  of  0 .2  would be 4 or  5 p e r 

cent  of  the number c o l l e c te d ,  provided th a t  the p l a t e  vo l tage  

was not  unduly high or low fo r  o p e ra t io n  a t  the p re ssu re s  

chosen, iua i n v e s t ig a t io n  was th e re fo r e  c a r r i e d  out in  which 

the p ressure  o f  argon in  the chamber was v a r ied  between 1 cm.

Hg and £0 cm. Hg, and the average pulse s iz e  was measured a t  

each p re s s u re .  Throughout t h i s  in v e s t ig a t io n  the g r id  vo l tage  

to  p la t e  vo l tage  r a t i o  was mainta ined a t  0 .3 ,  and the p l a t e  

vo l tage  was inc reased  by £5 v o l t s  f o r  each cen t im etre  of  

p ressu re  added.

Typical  curves showing the pulse d i s t r i b u t i o n s  

ob ta ined  a t  p ressu res  o f  4 cm., 6 cm. and 8 cm. a re  given i n  

f ig u re  7. These were ob ta ined  w ith  the gain  of the a m p l i f i e r  

equal to one h a l f  o f  i t s  maximum v a lue ,  and the spread of  the 

th ree  peahs i s  almost co n s tan t .  The value of  the f u l l  width
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27.

a t  h a l f  he igh t  i s  equal  to  4 v o l t s ,  and t h i s  wras found by c a l 

c u l a t i o n  to  correspond to a spread of 7,000 ion p a i r s ,  t h a t  i s ,  

an energy of 200 kev. Bor f u l l  a m p l i f ie r  gain  an a n a ly s i s  of 

the curves fo r  lower p ressu res  showed a spread a l s o  equal to  

4 v o l t s ;  t h i s  corresponded to  an u n c e r t a in ty  of  3,000 ion 

p a i r s ,  t h a t  i s ,  an energy of about 100 kev. ii'or a gain  s e t t i n g  

of  one q u a r te r  the spread was between 3 and 3.5 v o l t s ,  and the 

u n c e r t a in ty  corresponded to  12,000 ion p a i r s .  These r e s u l t s  

in d ic a ted  th a t  the major p a r t  of the spread was a r i s i n g  from 

the no ise  in  the a m p l i f ie r  and u n c e r t a i n t i e s  in  the s e t t i n g  of 

the d i s c r im in a to r .  Only a very small p a r t  could be a t t r i b u t e d  

to  the spread in troduced by v a r i a t i o n s  in  the p o s i t i o n  of f o r 

mation of the ions in  the chamber.

The average pulse s iz e  i s  p lo t t e d  as a fu n c t io n  of  

the  p ressu re  in  f ig u re  8. The curve in c re a se s  w ith  in c re a s in g  

s lope to the po in t  where the t r a c k s  of  the p a r t i c l e s  end in  the 

a c t iv e  volume. The p ressure  a t  which t h i s  occurs i s  11.5 cm., 

and agrees  w e l l  w i th  the range of these  p a r t i c l e s .  Bor 

p re s su re s  g r e a t e r  than t h i s  the pulse s iz e  f a l l s  as an 

in c re a s in g  p roport ion  of the ions are formed in  the space 

between the source and the e l e c t ro d e s .

The average pulse s iz e  i s  p lo t t e d  as a fu n c t io n  of 

the  number of  ions formed in  f ig u re  2. The l a t t e r  quan t i ty  has 

been c a lc u la te d  from the Bragg curve by cons ider ing  the number 

o f  ions produced in  the t r a c k  leng th  f a l l i n g  w i th in  the a c t iv e
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28.

volume of  the chamber* This curve shows t h a t  the pu lse  s i z e  is  

d i r e c t l y  p ro p o r t io n a l  to  the number of  io n s ,  the accuracy of 

each po in t  being b e t t e r  than ten p e rce n t .

C. V ar ia t io n  of C o l le c t io n  E f f ic ie n c y  with  V o l tage .

A sh o r t  survey was made of the  v a r i a t i o n  of pulse  

s iz e  with  p la t e  vo l tage  fo r  argon, n i t ro g e n  and a i r ;  in  these  

experiments the g r id  vo l tage  to p la t e  vo l tage  r a t i o  was aga in  

maintained a t  a cons tan t  value of 0 .3 .  jtfor each gas the 

e f f i c i e n c y  of c o l l e c t i o n  was c a lc u l a t e d ,  in  the  case of a i r  the 

abso lu te  va lues  of  the e f f i c i e n c i e s  being c a l c u l a t e d  from the 

observed s iz e  of the pulse a t  maximum vo l tage  and the number 

o f  ions being formed. The r e s u l t s ,  which are given in  f i g u r e  

10, show th a t  fo r  both n i t ro g en  a t  a p ressu re  of 2 cm. and 

argon a t  a p ressu re  of  20 cm. the e f f i c i e n c y  of c o l l e c t i o n  i s  

very  close to 100 percen t  f o r  a p l a t e  p o t e n t i a l  of  50 v o l t s .  

This corresponds to a c o l l e c t i n g  f i e l d  o f  35/4 v o l t s  per c e n t i 

metre .  Almost complete c o l l e c t i o n  may th e re fo re  be ob ta ined  

f o r  f i e l d s  g re a te r  than 33 v o l t s  per cm. per atmosphere in  

argon,  and f i e l d s  g r e a te r  than 330 v o l t s  per cm. per atmosphere 

i n  n i t r o g e n .

The d i f f i c u l t i e s  a s s o c ia t e d  with the e f f i c i e n c y  of  

c o l l e c t i o n  in  a i r  are  w e l l  i l l u s t r a t e d  by the r e s u l t s  given in  

i i g u r e  10. jjrom these  i t  i s  c lea r  th a t  f i e l d s  cons iderab ly  

g r e a t e r  than 1500 v o l t s  per cm. per atmosphere would be n e c e s s 

ary  to ensure c o l l e c t i o n  e f f i c i e n c i e s  approaching 100 p e rc e n t .



GRID VOLTAGE
PLATE VOLTAGE

2 0  CMS. ARGON

TO FOLLOW PAGE 2 8

c m s . A ir

PLATE VOLTAGE

FIG . 10

PERCENTAGE COLLECTION OF IONS 

AS A FUNCTION OF APPLIED VOLTAGE 

FOR VARIOUS GASES



SECTION 5.
DISCUSSION Off RESULTS,

The r e s u l t s  of  these  i n v e s t ig a t io n s  showed t h a t  the 

gridded chamber was capable of measuring numbers o f  ions 

g r e a te r  than 12,000 w i th  a reasonable  degree of accuracy .  The 

shapes o f  the pulse d i s t r i b u t i o n s  ob ta ined  fo r  va r ious  amounts 

of io n iz a t io n  in d ic a te d  th a t  the spread was due p r i n c i p a l l y  to 

the noise of  the a m p l i f i e r ,  and th a t  the spread in troduced  by 

the chamber was of smalle r  magnitude. Thus the gr idded i o n i 

z a t io n  chamber provides a means o f  overcoming the  d i s t o r t i o n  

caused by v a r i a t i o n s  in  the p o s i t io n  of formation  of  the charge 

and allows high frequency a m p l i f i c a t io n  to be used.

When s u i t a b le  p o t e n t i a l s  have been ob ta ined  fo r  the 

g r id  and the d e f le c t in g  p la te  the chamber shows a good degree 

of  l i n e a r i t y .  Eor the i o n iz a t io n  chamber descr ibed  here the 

maximum c o l l e c t i o n  e f f i c i e n c y  was ob ta ined  when the g r id  v o l t 

age was between 0.5 and 0.4 t imes the p l a t e  v o l ta g e ;  the 

optimum p la t e  p o t e n t i a l  was £5 v o l t s  per centim etre  p re s su re  

used ,  ’with t h i s  arrangement an accuracy of  a few percen t  may 

be obtained in  the e s t im a t ion  of the io n iz a t io n  produced by a 

s in g le  p a r t i c l e ,  except f o r  small  amounts of i o n i z a t i o n ,  fo r  

which the accuracy i s  cons iderab ly  reduced by the no ise  o f  the 

a m p l i f i e r .

je'or the measurement of the i o n iz a t io n  of e l e c t ro n s



and mesons ox high energy i t  would th e re fo re  he d e s i ra b le  i f  

the  number o f  ions formed was g r e a t e r  than  £G,GGG. j».ssumiug 

D u n la p s  value of  67 ion p a i r s  per cm. in  a rgon,  i t  would be 

necessary  to p r e s s u r i s e  the chamber to about 8 atmospheres ,  

and t h i s  would r e q u i r e  p la te  p o t e n t i a l s  l a rg e r  than 10,000 

v o l t s ,  keasurements could r e a d i l y  be made with mesons i f  

i n s u l a t i o n  d i f f i c u l t i e s  were e l im in a ted ,  but the very sub

s t a n t i a l  w a l l s  made necessary by the p ressu re  would make 

measurements on e le c t ro n s  very d i f f i c u l t ,  k o reo v e r ,  the 

measurement of the v a r i a t i o n  of s p e c i f i c  i o n i z a t io n  w ith  

energy could not be c a r r ie d  out f o r  energ ies  l e s s  than s e v e ra l  

m i l l io n  e l e c t ro n  v o l t s ,  s ince  the formation of  a s u f f i c i e n t  

number of  ions would r e q u i r e  the expenditure of  some 400 kev.

The i n i t i a l  s tages  of development of the p ro p o r t io n 

a l  counters  descr ibed  in  the second p a r t  of t h i s  t h e s i s  shov;ed 

t h a t  these  ins trum ents  possessed cons iderab le  advantages over 

a pressure  chamber, f o r  example , the pulse d i s t r i b u t i o n s  

ob ta ined  were considerably  sharper  than those observed he re ,  

a l though the number of ion p a i r s  measured was very much 

sm a l le r .  I t  would be poss ib le  to in v e s t ig a te  r a d i a t i o n s  of  

cons iderably  lower energy, the amounts of  io n iz a t io n  being 

some hundred times sm a l le r .  I n v e s t ig a t io n s  of  e l e c t r o n ic  

r a d i a t i o n s  and mesons could th e re fo re  be c a r r i e d  out w ithout  

the d i f f i c u l t i e s  a s s o c ia te d  with  p r e s s u r i s a t i o n .  f o r  

example, the c a l i b r a t i o n  o f  an i o n iz a t io n  chamber would



r e q u i r e  low p ressu re  measurements and u n c e r t a i n t i e s  would 

a r i s e  from the la rge  p ressu re  inc rease  necessa ry .  In the 

p ro p o r t io n a l  coun te r ,  however, the measurements could he 

c a r r i e d  out a t  the same pressure  as the  c a l i b r a t i o n ,  and the 

c a l i b r a t i o n  supplied  by means of X-rays forming a number of  

ion p a i r s  very close to those being measured, s p e c i f i c  

io n i z a t io n  measurements could be c a r r i e d  out without  in v o lv in g  

the expenditure  of  a la rge  energy and a more accura te  d e t e r 

mination o± the energy dependence made, measurements of t h i s  

type are  being c a r r ie d  out in  t h i s  Department us ing  the 

p ro p o r t io n a l  counter technique.

l o r  these reasons the i n v e s t i g a t i o n s  desc r ib ed  in  

the  fo l low ing  se c t io n s  were c a r r ie d  out in  p reference  to the 

co n t in u a t io n  of the s tu d ie s  desc r ibed  here .
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SECTION 1.
SUMMARY.

This t h e s i s  con ta ins  the r e s u l t s  of  a s e r i e s  of  

i n v e s t ig a t io n s  of  the p r o p e r t i e s  and c h a r a c t e r i s t i c s  of  

p ro p o r t io n a l  counters  and t h e i r  a p p l i c a t i o n  to s tu d i e s  of  the 

low energy r a d i a t i o n s  em it ted  by a number of  r a d io a c t iv e  

i s o to p e s .  The study was i n i t i a t e d  because i t  was f e l t  t h a t  a 

cons iderab le  demand ex i s ted  fo r  an ins t rum ent  which would 

allow r a p id  and accura te  measurements to be made o f  the energy 

and i n t e n s i t y  values  of r a d i a t i o n s  of low energy. Such 

measurements had in  severa l  cases been rendered in acc u ra te  

and somewhat u n c e r t a in  by the d i f f i c u l t i e s  a s s o c ia te d  w ith  the 

a l t e r n a t i v e  methods a v a i l a b l e .  In p a r t i c u l a r ,  i t  was con

s id e re d  t h a t  the development of p ro p o r t io n a l  counting tubes 

f o r  such s tu d ie s  would make p o s s ib le  the d e te rm ina t ion  of the  

energy d i s t r i b u t i o n  of the b e t a - p a r t i c l e s  em it ted  by a source 

f o r  which the maximum energy of the p a r t i c l e s  was sm all ,  f o r  

s e v e r a l  sources of  t h i s  type the energy d i s t r i b u t i o n s  had not 

been measured w ith  accu rac ies  s u f f i c i e n t l y  h igh  to  allow 

s i g n i f i c a n t  deductions to be made rega rd ing  the agreement 

between the experimental  r e s u l t s  and the p r e d ic t io n s  o f  the 

var ious  th e o r ie s  of  be ta -decay .  Among these  sources th e re  

ex i s te d  a t  l e a s t  two which possessed a' very small  number of 

co n s t i tu e n t  p a r t i c l e s ,  and accura te  de te rm ina t ions  o f  the



shapes of the energy s p e c t r a  of  these  i so to p es  would give 

r e s u l t s  of  cons iderab le  importance.

C y l in d r i c a l  counters  o p e ra t in g  in  the  p r o p o r t i o n a l  

reg io n  have r e c e n t ly  been used f o r  measuring the en e rg ie s  of  

pro tons and a l p h a - p a r t i c l e s  from the number of ion p a i r s  which 

they produce. In the work descr ibed  here the method was 

extended to  measurements of the ene rg ies  and i n t e n s i t i e s  of  

e l e c t ro n s  and e lec t rom agne t ic  r a d i a t i o n s  o f  both n u c lea r  and 

atomic o r i g i n .  The p ro p o r t io n a l  counting tubes used v a r ie d  in  

dimensions and c o n s t ru c t io n ,  each being s p e c i a l l y  designed 

according  to the na tu re  o f  the r a d i a t i o n  and the type of 

i n v e s t i g a t i o n  proposed. These tubes were used in  con junc t ion  

w ith  a l i n e a r  a m p l i f ie r  of high gain  and low noise  l e v e l ,  and 

the  output of  the instrument was recorded and ana lysed  by 

means o f  a photographic f i lm  method. I t  was found t h a t ,  w ith  

t h i s  system, energy and i n t e n s i t y  measurements o f  r e l a t i v e l y  

weak sources could be made with cons iderab ly  g r e a t e r  ease than 

by o the r  methods, and th a t  the accuracy of the measurements 

was f r e q u e n t ly  much g r e a t e r .

The energy d i s t r i b u t i o n s  of  the b e t a - p a r t i c l e s  

em it ted  by t r i t i u m  (Hs ) and oarbon were in v e s t ig a t e d  by

t h i s  method, the sources being in troduced  in to  the gas 

mixtures  of  the coun te rs .  The r e s u l t s  obta ined  from t r i t i u m  

gave an upper energy l im i t  of 17.9 ± 0.3 kev; the shape of 

the energy d i s t r i b u t i o n  agreed w ith  the p r e o ic t io n s  of the



3.

Permi theory  to w i th in  10J&. Prom a d e t a i l e d  comparison of the
*

shape of the spectrum near the end-poin t  w ith  t h e o r e t i c a l  

p r e d ic t io n s  assuming var ious  n eu t r in o  masses the r e s t  energy of  

the n e u t r in o  was e s t im a ted  as between 0 and 2 kev. The upper 

energy l i m i t  f o r  carbon 14 was measured as 157*5 i 5*0 kev; 

the shape of t h i s  spectrum fo r  ene rg ies  below 50 kev d i f f e r s

cons iderab ly  from the p r e d ic t io n s  of the Permi theo ry ,  the t r a n -
14 14s i t i o n  G -*■ U being fo rb idden .

An in v e s t i g a t i o n  of the gamma r a d i a t i o n  of  radium D

confirmed the presence o f  s e v e ra l  gamma rays  and a la rg e

i n t e n s i t y  o f  L X - rad ia t io n  em it ted  during the decay p ro cess .

The energ ies  of  the p r i n c i p a l  gamma rays  were determined as

46 kev, 25*8 kev and 7.8 kev.
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SECTION 3 

INTRODUCTION

The study  of the p ro p e r t ie s  of elem entary  p a r t i c l e s  

and n u c le i  comprises one of the most im portan t f i e l d s  o f  

in v e s t ig a t io n  in  modern p h y s ic s .  The o b je c t  of t h i s  study i s  

to  o b ta in  a comprehensive c o l le c t io n  of experim enta l da ta  

which w i l l  r e v e a l  the  s t r u c tu r e  o f the  nucleus and the n a tu re  

of the p rocesses  which lead  to  i t s  ex is ten c e  and to provide 

m a te r ia l  fo r  t e s t s  o f  p resen t n u c lea r  th e o r ie s  which are  more 

r ig o ro u s  than those  a ffo rded  by in fo rm ation  so f a r  a v a i l a b le .

Inform ation reg ard in g  n u c lea r  s t r u c tu re  i s  ob ta ined  

mainly by s tu d ie s  of the r a d ia t io n s  which are  em itted  when 

changes take p lace  in  n u c le i ,  e i th e r  spon taneously , or as a 

r e s u l t  o f  t h e i r  d is tu rbance  by c o l l i s i o n s  w ith  o th e r  

p a r t i c l e s .  In these  t r a n s i t i o n s  p a r t i c l e s  and e l e c t r o 

magnetic r a d ia t io n s  are  em itted , and a s tudy of the  en e rg ie s  

and o th e r  p ro p e r t ie s  of these  products re v e a ls  c e r t a in  

c h a r a c t e r i s t i c s  of the n u c le i  e x i s t in g  e i th e r  before or a f t e r  

the t r a n s i t i o n s  take p lace ;  in  p a r t i c u l a r ,  the p rocesses  

involved in  tran sfo rm atio n s  of ra d io a c t iv e  n u c le i  y ie ld  

in fo rm ation  regard ing  the p ro p e r t ie s  of both p aren t and 

product atoms. Erom s tu d ie s  of  the products o f  r a d io a c t iv e  

d i s in te g r a t io n s  in  v a r io u s  elements i t  i s  deduced th a t  

t r a n s i t i o n s  occur between d e f in i t e  s t a t e s  of the n u c le i ,



th e se  s t a t e s  p o sse ss in g  quan tised  energy v a lu es  and 

re p re s e n t in g  the  only c o n f ig u ra t io n s  in  which the  n u c le i  

e x i s t ;  t h i s  was found to  apply even to  s t a t e s  in  whioh the 

n u c le i  e x i s t  fo r  times so sh o r t  th a t  a f u r th e r  t r a n s i t i o n  

fo llow s w ith in  an in t e r v a l  too sm all to  be m easurable.

A ra d io a c t iv e  nucleus undergoes a t r a n s i t i o n  to  a 

neighbouring  nucleus by the em ission o f  e le c t ro n s  or 

p o s i t ro n s ,  o r ,  more in f re q u e n t ly ,  by the cap tu re  by the 

nucleus of  an e le c t ro n  from an e x t ra -n u c le a r  o r b i t .  Loss of 

energy by an e x c ite d  nucleus occurs by means o f  t r a n s i t i o n s  

between the energy le v e ls  accompanied by the em ission of 

quanta of e lec trom agne tic  r a d i a t i o n .  Since in  the  m a jo r i ty  

o f  r a d io a c t iv e  decays the f i r s t  t r a n s i t i o n  leaves  the 

nucleus in  an e x c ite d  s t a t e ,  the e le c t ro n s  o r  p o s i t ro n s  are  

accompanied by one or more groups of  gamma ray s  em itted  by 

the  nucleus in  the second type of t r a n s i t i o n  w hile  i t  i s  

s e t t l i n g  down to a co n f ig u ra t io n  which i s  s t a b l e .  D irec t  

measurements of  the p ro p e r t ie s  o f  ex c ite d  s t a t e s  and r a d io 

a c t iv e  n u c le i  are  extrem ely d i f f i c u l t  and s tu d ie s  of  th e se  

two types of t r a n s i t i o n  form the only means of determ ining 

the p ro p e r t ie s  o f  s t a t e s  o th e r  than the s ta b le  s t a t e s .

Measurements of the en e rg ies  and l i f e t im e s  of the 

t r a n s i t i o n s  in d ic a te  th a t  the le v e ls  p o sse ss ,  as w e ll  as  a 

d e f in i t e  energy v a lu e , a f u r th e r  p roperty  which may be 

expressed in  terms of one or more th e o r e t i c a l  quantum



numbers; in  the s ta b le  c o n f ig u ra t io n s  the p r in c ip a l  of 

these  quantum numbers has been a s s o c ia te d  w ith  the  sp in  of 

the n u c leu s ,  and a ttem p ts  have been made to  determ ine the 

p r in c ip a l  quantum numbers a s so c ia te d  w ith  the o th e r  le v e l s  by- 

means o f  s e le c t io n  r u l e s .  The p o s i t io n  i s  much more d i f f i 

c u l t  than  th a t  fo r  atomic s p e c t r a ,  however, and a study of 

the energy va lues  of the n u c lea r  le v e ls  and any f u r th e r
4

in fo rm ation  from which the quantum numbers may be deduced 

w ith  more c e r t a in ty  i s  th e re fo re  of prime importance in  

in c re a s in g  the understand ing  of n u c le a r  p ro p e r t ie s .

For those n u c le i  which decay by the em ission o f  an 

e le c t ro n  or p o s i t ro n  the p a r t i c l e s  are  observed to be em itted  

w ith  a continuous d i s t r i b u t i o n  of en e rg ie s  up to  a maximum 

v a lu e .  In  view of the quan tised  n a tu re  of the energy le v e ls  

i t  has been necessary  to assume th a t  the em ission of an 

e le c t ro n  i s  accompanied by the em ission of a second p a r t i c l e ,  

w ith  which the energy i s  shared . The maximum energy of the 

e le c t ro n  energy spectrum re p re s e n ts  the energy d if fe re n c e  

between the two le v e l s  involved; s ince  the second p a r t i c l e  

has no t been observed ex p e rim en ta lly ,  i t  i s  necessary  to 

assume th a t  i t  has no charge and a com paratively sm all mass. 

Various th e o r ie s  have been put forward to account f o r  the 

shapes of the energy d i s t r i b u t io n s  of charged p a r t i c l e s  from 

d i f f e r e n t  sources in  terms of the p ro p e r t ie s  o f  the le v e l s  of



paren t  and daughter  n u c le i  and the  p r o p e r t i e s ,  i n  p a r t i c u l a r ,  

the mass, of the uncharged p a r t i c l e ,  the n e u t r in o .

Experimental  r e s u l t s  o f  measurements o f  the energy 

d i s t r i b u t i o n s  o f  e l e c t ro n s  and p o s i t ro n s  from v a r io u s  r a d i o 

a c t iv e  sources are  g radua l ly  being ob ta ined  and improved, in  

many ca ses ,  however, the accuracy of the measurements i s  s t i l l  

no t  s u f f i c i e n t l y  high to  allow d e t a i l e d  comparison w ith  the 

p r e d ic t io n s  of  the var ious  th e o r i e s  to be made; in  o the r  

cases the s e c t io n  of the d i s t r i b u t i o n  in v e s t ig a te d  has not 

been t h a t  in  which the th e o r ie s  d i f f e r  very g r e a t l y ,  a 

p r in c i p a l  example being the lack  of  inform ation  a v a i l a b l e  

regard ing  the shapes of the d i s t r i b u t i o n s  in  the low energy 

reg ion  f o r  a l l  but a very small  number of i s o to p e s ;  t h i s  has 

been d ic t a t e d  by the l i m i t a t i o n s  o f  the experimenta l  methods 

employed. F requen t ly ,  a l s o ,  the n u c le i  have been o f  such 

complex n a tu re ,  and the ene rg ies  of the r a d i a t i o n s  so l a r g e ,  

t h a t  v a l id  t e s t s  of any theory have not been poss ib le  because 

of the la rge  and u n ce r ta in  c o r r e c t io n s  in troduced .  Apart from 

the reasonable  agreement of s e v e ra l  of the experimental  

d i s t r i b u t i o n s  w i th  the d i s t r i b u t i o n s  c a lc u la te d  by means of  

the Fermi theory of b e t a - d e c a y ^ ,  an agreement which extends 

p r i n c i p a l l y  over the upper p a r t  o f  the d i s t r i b u t i o n ,  very few 

conclusions can be drawn. The number of  cases in  which 

disagreement e x i s t s  between the experimenta l  d i s t r i b u t i o n  and 

t h a t  ca lcu la te d  with the simple Fermi theo ry ,  i n d i c a t e s  th a t



t r a n s i t i o n s  of s e v e r a l  types occur;  t h i s  i n d i c a t io n  i s  

supported by t h e o r e t i c a l  d i s c re p a n c ie s  which e x i s t  between 

the h a l f - l i f e  and upper energy l i m i t  o f  a number of 

t r a n s i t i o n s .

Among the po in ts  of  i n t e r e s t  on which in fo rm ation  

has been most u rg en t ly  r eq u ired  in  t h i s  f i e l d  a r e ,  f i r s t l y ,  

the energy d i s t r i b u t i o n s  of  b e t a - p a r t i c l e s  from sources 

which possess a very small  upper energy l i m i t ,  secondly ,  the 

energy d i s t r i b u t i o n s  ob ta ined  from n u c le i  which con ta in  only 

a small  number of  c o n s t i tu e n t  nucleons ,  and, t h i r d l y ,  an 

e s t im a t io n  of the mass of the n e u t r in o .  I t  w i l l  be shown 

th a t  these  d e f i c i e n c ie s  have a r i s e n  p r i n c i p a l l y  as a r e s u l t  

of  the d i f f i c u l t i e s  a s s o c ia te d  w i th  the normal methods of 

i n v e s t i g a t i o n  in  the reg ion  of low e n e rg ie s .  The new e x p e r i 

mental method of measurement descr ibed  here allows such 

de term ina t ions  to be made in  a number of cases .  During the 

time t h a t  t h i s  work was being c a r r i e d  out ex tens ions  have 

been made in  the normal methods towards these  low e n e rg ie s ,  

but i t  i s  considered from the r e s u l t s  of t h i s  s tudy th a t  the 

method descr ibed  here i s  cons iderably  more accura te  than  any 

a l t e r n a t i v e  method a t  p re se n t  a v a i la b le  fo r  the study of  low- 

energy b e t a - s p e c t r a .  This work has a lso  allowed a d e t e r 

mination of the mass of the n eu t r in o  to  be made w i th in  

l i m i t s  of  accuracy much c lo se r  than those a f fo rded  by any 

o ther  techn ique .



For those n u c le i  which decay by the em ission of 

both  a charged p a r t i c l e  and e lec tro m ag n e tic  r a d i a t i o n ,  and 

in  n u c lea r  p rocesses  in v o lv in g  the d e - e x c i ta t io n  o f  a nuc leus  

by the  same means, the gamma ray s  are  observed to  emerge w ith  

one or more d e f in i t e  quantum e n e rg ie s .  I t  i s  im portan t to 

know, f i r s t l y ,  the energy of each group of gamma ray s  being 

em itted , and, secondly , the  order or arrangement in  which the 

t r a n s i t i o n s  occur i f  more than one gamma ray i s  observed.

Energy de te rm ina tions  are  c a r r ie d  out by s e v e ra l  

methods in vo lv ing  v a r io u s  degrees of accuracy  and each 

a p p l ic a b le  only to  a p a r t i c u la r  range of e n e rg ie s .  For h igh 

energy gamma r a y s , fo r  example, measurements are  made from 

s tu d ie s  of the ab so rp tio n  p ro p e r t ie s  of the  r a d i a t i o n ,  or 

by an a n a ly s is  of the Compton e le c t ro n s  which i t  produces; 

f o r  r a d ia t io n  of lower energy measurements are  made from 

s tu d ie s  of the p h o to e lec tro n s  which i t  r e l e a s e s ,  or by X-ray 

c r y s t a l  r e f l e c t i o n  techn ique . Both methods are  se v e re ly  

l im ite d  by co n s id e ra t io n s  of e f f ic ie n c y  of d e te c t io n  and the 

le n g th  of  time re q u ired  to o b ta in  good accuracy .

The de term ina tion  of the d e - e x c i ta t io n  decay scheme 

o f  a nucleus involves a lso  the measurement of the 

coincidence o f  occurrence of two gamma ray s  o f  d i f f e r e n t  

e n e rg ie s .  The normal method employed invo lves the use of 

Geiger counters  and absorb ing  m a te r ia l s .  The e f f ic ie n c y  of 

d e te c t io n  of gamma rays  of high energy w ith  the conven tiona l



Geiger tube i s  o f  the o rder  o f  one p e rc e n t ,  and t h i s  

cons iderab ly  l im i t s  the uses to  which the method may be 

a p p l ie d .  For example, w ith  such an e f f ic ie n c y  the number of 

co incidences observed i s  only one ten  thousand th  of the 

number which would be d e te c te d  i f  the e f f ic ie n c y  of each 

counter was one hundred p e rc e n t .  For v a r io u s  souroes i t  i s  

th e re fo re  exceedingly  d i f f i c u l t  to o b ta in  ac c u ra te  measure

ments of coincidence r a t e s  because of r e l a t i v e l y  high back

ground, counting  r a t e s  and in  the m ajo rity  of  cases the 

e s t im a tio n  of t r i p l e  events invo lv ing  more than  two coun ters  

i s  im possib le , due to the high r a te  of random events  le ad in g  

to  the reco rd in g  of spurious co inc idences .

During the p eriod  in  which t h i s  work was being 

c a r r ie d  ou t in v e s t ig a t io n s  have been made elsewhere of the  

p ro p e r t ie s  o f  s c i n t i l l a t i o n  c o u n t e r s ^  fo r  the d e te c t io n  o f  

gamma r a d ia t io n .  The g r e a t ly  in c reased  s e n s i t i v i t i e s  

a f fo rd e d  by counters  of t h i s  type have made p o ss ib le  e x p e r i 

ments on e f f e c t s  which are  of cons iderab le  t h e o r e t i c a l  

importance; such s tu d ie s  as those re p o r te d  by D eu tsc h ^ ^  on 

the  angular c o r r e la t io n  of  success ive  gamma rays  and t h e i r  

d i r e c t io n  of p o la r i s a t i o n ,  should give in fo rm ation  re g a rd in g  

the  quantum numbers of le v e ls  and the order o f  m u l t ip o la r i ty  

of  the  r a d ia t io n .  With the in c re a s in g  development of th e se  

counters more in fo rm ation  should become a v a i la b le  reg a rd in g  

these  p r o p e r t ie s .  The inc reased  s e n s i t i v i t i e s  a f fo rd e d  by



the coun ters  to he d esc r ib ed  h e re ,  even though the en e rg ie s  

f o r  which t h i s  s e n s i t i v i t y  i s  high are  l im i te d  to  l e s s  than  

200 kev, should be o f  cons iderab le  value in  ex tending  these  

types of measurements to  low e n e rg ie s .

A most im portan t f i e l d  of gamma ray  s tu d ie s  i s  the 

in v e s t ig a t io n  of low energy r a d i a t i o n ,  th a t  i s ,  r a d ia t io n  

w ith  energy le s s  than  200 kev. I n t e r e s t  c e n tre s  on t h i s  

f i e l d  fo r  s e v e ra l  re a so n s .  F i r s t l y ,  th e re  i s  every i n d i 

c a t io n  th a t  low energy gamma rays  may be em itted  in  s e v e ra l  

d i s i n t e g r a t io n s ,  and th a t  these  have so f a r  no t been observed 

due to l im i ta t io n s  of the methods a v a i la b le  fo r  t h e i r  d e te c 

t i o n .  Secondly, s e v e ra l  r a d io a c t iv e  t r a n s i t i o n s  give r i s e  to  

low energy gamma r a d ia t io n s  which do no t appear to f i t  any 

recogn ised  decay scheme, a p a r t i c u l a r  example being th a t  of 

radium D. T h ird ly ,  in  the m ajority  of cases in  which n u c le i  

decay by the emission o f  gamma r a d ia t io n  of  low energy , the 

gamma rays  may appear o u ts id e  the atom as photons or as 

secondary e le c t ro n s ;  in  the second case the energy of the 

ray  i s  t r a n s f e r r e d  to one of the e le c t ro n s  surrounding  the  

n u c leu s . While most of these low energy gamma ra y s  are  

accompanied by a measurable number of secondary e l e c t r o n s ,  

the  p ro b a b i l i ty  of secondary e le c t ro n  p roduction  shows 

considerab le  v a r i a t io n s  between d i f f e r e n t  so u rce s .  This 

p ro b a b i l i ty  has been shown th e o r e t i c a l l y  to  depend on the 

energy o f  the r a d ia t io n ,  the atomic number Z o f  the product



elem ent, the atomic s h e l l  from which the  e le c t ro n  i s  e j e c te d ,

and the m u ltipo le  o rder o f  the r a d ia t io n ;  the l a t t e r  a r i s e s

from a t h e o r e t i c a l  c o n s id e ra t io n  in  which the nucleus

em itt in g  the  r a d ia t io n  i s  regarded  as an e l e c t r i c  or

magnetic o s c i l l a t o r  w ith  the c h a r a c t e r i s t i c s  o f  a d ip o le ,

quadrupole, o r  m u lt ip o le .  The order of p o la r i t y  i s

connected t h e o r e t i c a l ly  w ith  the quantum numbers o f  the

energy le v e ls  in  the fo llow ing  manner; a t r a n s i t i o n  between

two le v e ls  d i f f e r i n g  in  quantum number by a value &  should
I

give r i s e  to a gamma ray  w ith  an o rder o f  p o la r i t y  o f  £ . 

S ince , as has a lread y  been po in ted  o u t ,  the v a r i a t io n  o f  the 

p ro b a b i l i ty  of in t e r n a l  conversion w ith  the o rder  o f  p o l a r i t y  

i s  co n s id e ra b le ,  an e s tim a tio n  o f  the p r o b a b i l i ty  may allow a 

d e f in i t e  de te rm ina tion  o f  the  o rder of p o l a r i t y .  The 

i n t e r n a l  conversion c o e f f i c i e n t ,  defined  as the r a t i o  of the 

number o f  secondary e le c t ro n s  to the number of  gamma ra y s ,  

has been c a lc u la te d  as a fu n c t io n  of the energy and the 

n u c lea r  charge fo r  the v a r io u s  o rders  of p o la r i ty  ffor

example, the in te rn a l  conversion c o e f f ic ie n t  of a gamma ray 

of energy E in  the K -s h e l l  of an atom w ith  charge Z i s  given

o th e r  s h e l l s .

The r e s u l t s  of experim ental d e te rm ina tions  may in

where = V 137. Corresponding exp ress ions  e x i s t  f o r  the



the main be expla ined  by these  e x p re s s io n s ,  assuming a 

value fo r  & . h e v e r th e le s s , some anom alies e x i s t ,  tfor 

example, among the n a tu r a l ly  r a d io a c t iv e  elem ents th e re  a re  

s e v e ra l  r a d ia t io n s  f o r  which the r a t i o  i s  e i t h e r  too g re a t  

or too sm a ll.  A study of anomalies such as these  would be

of g re a t  v a lu e .

The measurement of the number of X-rays 

accompanying the t r a n s i t i o n  a lso  perm its a d e te rm in a tio n  of 

the r a t i o  to be made, since the e j e c t io n  of an e le c t ro n  from 

an atomic s h e l l  i s  fo llow ed by a rearrangem ent of the atom. 

This method could w ith  advantage be en la rg ed , s ince  cases 

e x i s t  in  which the i n t e n s i t i e s  of X-rays and secondary e l e c 

tro n s  do no t ag ree .

The i d e n t i f i c a t i o n  of a K-capture decay depends 

upon the i d e n t i f i c a t i o n  of the X-rays r e s u l t i n g  from the 

removal of an e x t ra -n u c le a r  e l e c t r o n .  While the c r i t i c a l  

a b so rp tio n  method of a n a ly s is  i s  adequate to  r e v e a l  the  

presence of the c h a r a c t e r i s t i c  r a d i a t i o n ,  and id e n t i f y  the 

n u c lea r  charge, i f  no o th e r  low-energy r a d ia t io n  i s  p re s e n t ,  

i t  would be of considerab le  advantage i f  the techn ique  could 

be extended to  allow coincidence measurements to be made w ith 

more ea se ,  f o r  example between the X-rays and gamma ra y s .

Since the nucleus and the K -e lec tro n  must be considered  to  

form a s in g le  system i t  i s  p o ss ib le  th a t  sp e c ia l  e f f e c t s  might 

appear i f  angular c o r r e la t io n s  were sought between X-ray and



gamma ra y .

The d iscovery  of isomerism and the e x is te n c e  in

q u ite  a number of n u c le i  of m e ta -s ta b le  s t a t e s  has a lso  led

to in v e s t ig a t io n s  invo lv ing  low-energy gamma r a d i a t i o n .  In

these  iso to p es  a nucleus may e x i s t  f o r  a very ap p rec iab le

leng th  of time in  a s t a t e  o th e r  than the ground s t a t e ,  and

f i n a l l y  decay by the em ission of a low energy gamma ray

t r a n s i t i o n  which u su a l ly  e x h ib i t s  a high in t e r n a l  conversion

c o e f f i c i e n t .  The l i f e t im e  of a gamma ray  t r a n s i t i o n ,  l ik e

the conversion c o e f f i c i e n t ,  i s  r e l a t e d  to the energy and the
[  ̂ )m ultipo le  order of the r a d i a t i o n 1*". This r e l a t i o n  may be 

expressed as fo l lo w s :-

log  A 88 20.3 - 2 log (1 .3 .5~*  -  1) -  (2^4- 1 ) (1 .3  -  log  E)

-  zC(Q. 84 -  1/g log A) 

where A i s  the decay constan t ( 0 .6 8 / l i f e t im e )

E i s  the energy of the gamma ra y  

and A i s  the atomic weight of the elem ent. Cases e x i s t  

where measurably long l i f e t im e s  are  observed; these  occur 

when the energy of the gamma ray i s  sm all end the m u lt ip o le  

o rder h igh , and ex p lana tions  of both isomerism and the 

ex is ten ce  of m e ta-s tab le  s t a t e s  are  based on t h i s  c o n s id e r 

a t io n .  Here again  e s tim a tio n s  of the in te r n a l  conversion 

c o e f f ic ie n t s  provide u s e fu l  c ross-checks of the t h e o r e t i c a l  

i n t e r p r e t a t i o n ;  in  some cases , indeed, the d iscovery of the 

process has depended on the i d e n t i f i c a t i o n  of the charge of



.the product nucleus by means of the X-rays emitted.

While some of the e f f e c t s  d iscu ssed  here had been 

observed in  the  n a tu r a l ly  r a d io a c t iv e  e lem ents , the re c e n t  

d iscovery  th a t  many r a d io a c t iv e  iso to p e s  of the o th e r  

elements could be produced by a r t i f i c i a l  methods has c o n s id e r 

ably  extended the frequency of occurrence of t r a n s i t i o n s  of 

every ty p e , and the v a r ie ty  of r a d io a c t iv e  sources a v a i la b le  

has a ls o  extended the range of the phenomena to  be i n v e s t i 

gated . Among the most n o tab le  of these  ex ten s io n s  are  the 

in c re ase  in  the range of energy of the decay p ro d u c ts ,  the 

in c rease  in  the range of l i f e t im e s ,  in  p a r t i c u l a r  the 

in c lu s io n  of s e v e ra l  ex c ite d  s t a t e s  w ith  l i f e t im e s  between 

1 second and 1 m icro-second, and the d iscovery  of t r a n 

s i t i o n s  w ith  a high degree of com plexity . This r a p id  

expansion in  the number of sources a v a i l a b le ,  and the demand 

fo r  more d e ta i l e d  in fo rm ation  reg a rd in g  the o th e r  r a d ia t io n s  

e m itte d , must c e r t a in ly  involve the development of improved 

experim ental methods of in v e s t ig a t io n .  Vigorous e f f o r t s  are  

being made to  improve the e x i s t in g  methods and to dev ise  new 

techniques to meet these  demands.

Among the t r a n s i t i o n s  of ex c ep tio n a l i n t e r e s t  th e re  

a re  a s u f f i c i e n t  number invo lv ing  r a d ia t io n s  w ith  en e rg ies  

l e s s  than 200 kev to  c o n s t i tu te  a co n s id erab le  demand fo r  an 

instrum ent which in  t h i s  energy reg io n  would perm it r a p id  and



accu ra te  measurements of  energy and in t e n s i t y  to be made.

As has been po in ted  out these  r a d ia t io n s  inc lude  primary and 

secondary e le c t r o n s ,  gamma ray s  and X -rays; in  a s u i t a b le  

gas , however, the e lec trom agne tic  r a d ia t io n s  may r e a d i ly  be 

converted in to  p h o to -e le c t ro n s ,  so th a t  the problem then 

r e so lv e s  in to  one of the  measurement of the number and 

energ ies  of e le c t ro n s  of f a i r l y  low energy. The two methods 

used fo r  such dete rm ina tions  are  the  measurement e i t h e r  of 

the range or number of ion  p a i r s  produced by in d iv id u a l  

p a r t i c l e s  in  a cloud chamber or of the curvatu re  in  a 

magnetic spec trograph  or spec trom ete r .  In the l a t t e r  i n s t r u 

ments the source must be o f  f a i r l y  s tro n g  in t e n s i t y  and must 

be confined to an a rea  as sm all as p r a c t ic a b le ;  t h i s  means 

t h a t ,  w ith  the s o l id  sources used , cons iderab le  u n c e r t a in t i e s  

a r i s e  due to the th ic k n ess  o f  the source mounting (g iv in g  

r i s e  to  r e f l e c t i o n  e f f e c t s )  and the  th ick n ess  of the source 

i t s e l f  (g iv ing  r i s e  to ab so rp tio n  of the e le c t ro n s  which 

o r ig in a te  some depth below the s u r fa c e ) .  I t  i s  c le a r  th a t  

these  e f f e c t s  are  most se r io u s  fo r  e le c t ro n s  of low energy.

By u s in g  th in n e r  sources and source mountings to g e th e r  w ith  

Geiger counter d e te c t io n  these  e f f e c t s  may be reduced , but 

even so r e s u l t s  ob ta ined  below 30 -  40 kev are  u s u a l ly  open 

to  some doubt, and i t  i s  much more d e s ira b le  to use a method 

which involves a gaseous source . The cloud chamber method 

possesses t h i s  advantage but the d rop-coun ting  of the t ra c k s



i s  extrem ely slow and la b o r io u s ;  i t  i s  th e re fo re  no t 

s u rp r i s in g  to  f in d  th a t  the number of t ra c k s  measured i s  

u su a l ly  so sm all th a t  s t a t i s t i c a l  f lu c tu a t io n s  are  c o n s id e r 

able  and only the b a re s t  o u t l in e  of the d i s t r i b u t i o n  

o b ta in ed , while the a l t e r n a t i v e  method, namely the  measure

ment of the ranges of the p a r t i c l e s ,  i s  l e s s  te d io u s  and a 

la rg e r  number of t rac k s  may th e re fo re  be measured, the energy 

es tim a tio n s  depend on a range-energy  curve which a t  p rese n t 

does no t appear to be very accu ra te  a t  very low e n e rg ie s .  

However, the re c e n t  development o f  a cloud chamber method of

energy measurement of  p h o to e lec tro n s  from low-energy r a d i -
( 6 )a t io n s  by T. San-Tsiang e t .  a l .  has shown the c a p a b i l i t i e s  

of  such an in s trum en t; w hile the accuracy i s  f a i r l y  good 

compared w ith  previous methods, i t  i s  f e l t  t h a t  the instrum ent 

i s  not adequate to dea l w ith  most of the problems o u ts tan d in g  

in  the low-energy reg io n .

As a r e s u l t  of a p re lim inary  in v e s t ig a t io n  of the  

p ro p e r t ie s  of a c y l in d r ic a l  counter o p e ra t in g  in  the  re g io n  of 

p ro p o r t io n a l  gas a m p li f ic a t io n  i t  was considered th a t  a  method 

could r e a d i ly  be developed to allow measurements o f  energy and 

in t e n s i t y  to  be made in  the reg ion  described  above. This 

method involved the use o f  a p ro p o r t io n a l  counter w ith  a 

l i n e a r  a m p lif ie r  o f  high gain  and low no ise  in  a manner 

s im ila r  to the more normal io n iz a t io n  chamber and l i n e a r  

a m p li f ie r  techn ique . The l a t t e r  i s  of course no t d i r e c t l y



a p p l ic a b le  to  such en e rg ies  s ince  the number of ion  p a i r s  

formed by an e le c t ro n  w ith  an energy o f ,  f o r  example, 10 kev 

i s  only 300, and t h i s  number i s  much too sm all to give a 

pulse  which could be am p lif ied  s u c c e s s fu l ly  in  view o f  the 

v a r ia t io n s  p re se n t  in  the f i r s t  valve of  the a m p l i f ie r .

These v a r i a t io n s ,  which a r i s e  from therm ionic  d is tu rb a n c e s  

in  the em ission of the f i lam en t and in  the g r id  c i r c u i t ,  may 

be lowered by a s u i t a b le  s e le c t io n  of band-width in  the 

subsequent s ta g es  of a m p l i f ic a t io n ,  but i t  i s  no t p o s s ib le  

a t  p resen t to reduce them to such a s tage  th a t  a pu lse  of 

300 ions would be observed, A pulse  of ten tim es t h i s  

number could be d e te c te d ,  b u t,  i f  the pu lse  i s  to be con

s id e ra b ly  g re a te r  in  am plitude than the average no ise  le v e l  

of the a m p l i f ie r ,  cons iderab ly  more ion p a i r s  would be 

necessary ; i t  i s  th e re fo re  im possible to make accu ra te  

measurements w ith  an io n iz a t io n  chamber i f  the energy o f  the  

r a d ia t io n  i s  l e s s  than  150-200 kev.

By the use of s u i t a b le  m u l t ip l i c a t io n  in  the  p ro

p o r t io n a l  counter, however, the le v e l  o f  the pulse could be 

r a i s e d  by a f a c to r  which would allow e a s ie r  m u l t ip l i c a t io n  

in  the a m p l i f ie r ,  and the ins trum en t could be a p p l ie d  to  

r a d ia t io n s  of very sm all energy, in  f a c t ,  down to  en e rg ie s  

fo r  which only one or two ion  p a i r s  a re  formed. In  order to  

t e s t  th a t  t h i s  technique was capable of energy and i n t e n s i t y  

measurements of high accuracy the in v e s t ig a t io n s  re p o r te d  in



19.

the  fo llow ing  s e c t io n s  were c a r r ie d  o u t .  A v a r i e ty  of  p ro 

p o r t io n a l  counters  were used and the  r e s u l t s  have in  every 

way confirmed the o r ig in a l  co n s id e ra t io n s  which in d ic a te d  

t h a t  counters  o f  t h i s  type a re  exceedingly  u s e fu l  f o r  

measurements in  t h i s  range of energy.

A p ro p o r t io n a l  counter i s  e s s e n t i a l l y  a c y l in d 

r i c a l  io n iz a t io n  chamber in  which the ions produced by i n d i 

v id u a l p a r t i c l e s  are  m u l t ip l ie d  by c o l l i s i o n  p rocesses  in  the  

gas on t h e i r  passage to  the c e n t r a l  e le c t ro d e .  This m u l t i 

p l i c a t io n  i s  c a re fu l ly  c o n t ro l le d  and l im ite d  in  such a 

manner th a t  the pulse ob ta ined  a t  the c o l l e c t in g  e le c t ro d e  i s  

d i r e c t ly  p ro p o r t io n a l  to  the number of ions produced in  the 

i n i t i a l  p ro cess .  The g r e a t e s t  m u l t ip l i c a t io n  used i s  much 

sm aller than the m u l t ip l ic a t io n  used in  Geiger c o u n te rs ,  and 

the p ro p o r t io n a l  counter has c h a r a c t e r i s t i c s  and p r o p e r t ie s  

ly ing  between those of an io n iz a t io n  chamber and those of a 

Geiger coun ter .

H i s to r i c a l ly  the development o f  the p ro p o r t io n a l
( y j  )

counter by Geiger and H u therfo rd ' 9 preceded th a t  o f  the 

Geiger-M uller coun ter; p ro p o r t io n a l  coun ters  have, however, 

been used most f re q u e n t ly  fo r  counting p a r t i c l e s  in  a s im i la r  

manner to  the l a t t e r ,  since they may be adapted  to  d i s c r im i 

nate  between io n iz a t io n  produced by a heavy p a r t i c l e  and th a t  

produced by e le c t ro n s  and e lec trom agnetic  r a d i a t i o n s .  These



counters  are  most f re q u e n t ly  used to  se p a ra te  io n iz a t io n  

even ts  invo lv ing  la rg e  numbers of ions from an in te n s e  back

ground of sm alle r  io n iz a t io n  e v e n ts ,  and co ns iderab le  

a t t e n t io n  has been paid  to t h e i r  performance in  such 

c o n d i t io n s .

A f u r th e r  use of  the p ro p o r t io n a l  coun ter  i s  the 

measurement of  the number o f  ions produced by an io n iz in g  

p a r t i c l e  o r  r a d i a t i o n ,  as d esc r ib ed  above; i f  the  complete 

t r a c k  of the p a r t i c l e  i s  confined w ith in  the counter t h i s  

measurement allow s a d e te rm in a tio n  o f  the energy to. be made, 

and the method i s  e s s e n t i a l l y  the same as the io n iz a t io n  

chamber method, d i f f e r in g  only in  the r e l a t i v e  number o f  ions 

c o l le c te d .  The sm alle r  amount of  a t t e n t io n  which has been 

paid  to  t h i s  use may be a t t r i b u t e d ,  f i r s t l y ,  to  the reasonab le  

adequacy of the io n iz a t io n  chamber fo r  measuring the  ene rg ies  

of heavy p a r t i c l e s ,  and, secondly, to  the la ck  o f  a s a t i s f a c 

to ry  understanding  of the mechanism o f  p ro p o r t io n a l  gas m u l t i 

p l i c a t io n .

Since the rece n t work of K orff and o th e r s ,  and the 

development by them o f  a t h e o r e t i c a l  ex p lan a tio n  of the gas 

m u l t ip l ic a t io n  p ro cess ,  s e v e ra l  p ro p o r t io n a l  coun ters  have 

been designed fo r  energy measurements of h ea v ily  io n iz in g  

p a r t i c l e s .  These coun ters  have been shown to  have some advan

tages over the io n iz a t io n  chamber, and the r e s u l t s  o f  the 

work described  h e re , in  which p ro p o r t io n a l  coun te rs  are



a p p lied  to  the io n iz a t io n  produced by e le c t ro n s  and e l e c t r o 

magnetic r a d ia t io n s  of much sm a lle r  energy, in d ic a te  th a t  

these  s a t i s f a c to r y  p ro p e r t ie s  may be r e ta in e d  a lso  in  t h i s  

energy re g io n .  The energy range of the instrum ent i s  confined  

to en e rg ies  below 150 kev, a l im i ta t io n  imposed by the dimen

s io n s  of the co u n te rs ,  and the fo llow ing  c h a r a c t e r i s t i c s  are

noted in  t h i s  r a n g e :-

(a) S t r i c t  l i n e a r i t y  of the ou tpu t pu lse  w ith  the 

energy of the r a d ia t io n  fo r  a number of gas f i l l i n g s ,

(b) Good r e s o lu t io n  of p h o to e lec tro n  l in e s  o f  

uniform energy, a llow ing accu ra te  measurements of energy to  

be made,

(c) High s e n s i t i v i t y  to gamma r a d i a t i o n ,  and

(dj The ex is ten ce  of counting  p la te a u x  of s e v e ra l  

hundred v o l t s  ex ten t in  which the r a te  of v a r i a t io n  o f  coun t

ing  r a te  w ith  vo ltage  i s  remarkably sm all.

These r e s u l t s  have been ob ta ined  from a study which 

co n s is ted  of the measurement of the v a r ia t io n s  o f  ou tpu t pu lse  

s iz e  w ith  the energy of the r a d ia t io n ,  the v o ltag e  and the  gas 

m ixture; in  the m a jo ri ty  of these  in v e s t ig a t io n s  photo- 

e le c t ro n s  from the f luo rescence  X-rays o f  v a r io u s  elements 

have been found to provide a source of r a d ia t io n  of s u i t a b le  

energy, and s tu d ie s  have a lso  been made of the d i s t r i b u t i o n  

of pu lses  from which the w idths of the X-ray l in e s  and the 

re so lv in g  power of the instrum ent could be e s t im a ted . These
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measurements a ls o  provide a s e t  of d a ta  by means o f  which a 

check may be made of the theory  proposed by K o r f f , and from 

which i t  i s  p o ss ib le  to determ ine the optimum working 

co n d it io n s  fo r  any s p e c i f ic  purpose.

This p ro p o r t io n a l  counter may th e re fo re  be seen to  

provide a r e l a t i v e l y  simple means of measuring the en e rg ies  

and i n t e n s i t i e s  o f  n u c lea r  and atomic r a d i a t i o n s .  A ccording

ly  an in v e s t ig a t io n  of s e v e ra l  sources e m itt in g  low energy 

r a d ia t io n s  i s  being c a r r ie d  ou t; the r e s u l t s  which have been 

ob ta ined  w ith  the f i r s t  th ree  of these  sources a re  con ta ined  

in  the fo llow ing  s e c t io n s .  The sources are  t r i t i u m  (lH ), 

carbon ($ C ^ )  and radium D While f u r th e r  d e t a i l s

regard ing  each source w i l l  be found in  the ap p ro p r ia te  

s e c t io n s ,  the reasons f o r  which they were chosen w i l l  be 

g iven here .

The in v e s t ig a t io n s  of the b e ta - s p e c t r a  o f  t r i t i u m  

and carbon form p a r t  of a s e r i e s  of in v e s t ig a t io n s  of the 

r a d ia t io n s  of a group of iso to p es  e m itt in g  low-energy be ta  

p a r t i c l e s ,  the o th e rs  being sulphur 35, n ic k e l  59, and radium 

D. T ritium  i s  undoubtedly of considerab le  importance in  view 

of the  very low energy of the end-po in t (18 kev) and the very  

simple na tu re  of the nucleus; as has been p o in ted  out a l re a d y ,  

these  both enhance the value of any r e s u l t s  t a  be compared 

w ith  a th e o r e t i c a l  p r e d ic t io n .  Carbon 14 has been chosen 

p r in c ip a l ly  because of i t s  low mass value and the " fo rb id d en ”
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na tu re  of the t r a n s i t i o n ;  i t  may a lso  he r e a d i ly  converted  

in to  a gaseous sou rce . With an upper energy l im i t  o f  155 

kev, i t  has r e c e n t ly  come w ith in  the scope o f  the magnetic 

sp ec tro g ra p h ic  method, and the r e s u l t s  ob ta ined  here a re  com

pared w ith  those  ob ta ined  w ith  the l a t t e r  method. An i n v e s t i 

g a t io n  of the spectrum of su lphur 25 i s  a t  p re se n t  being 

c a r r ie d  ou t; t h i s  has an upper energy l im i t  of the same o rder 

of energy and has a lso  been in v e s t ig a te d  w ith  the  s p e c t r o 

m eter, so th a t  comparisons should again  be p o s s ib le .  I t  i s  

c le a r  from the very g re a t  d i f fe re n c e s  in  shape which appear 

between the two sp e c tra  a lread y  s tu d ie d  th a t  the com pletion 

of these s tu d ie s  should give cons iderab le  in fo rm ation  

reg a rd in g  the s im p les t o f  the b e ta - s p e c t r a  w ith  v ar ious  

o rders  o f  “f o rb id d e n -n e s s .n

The in v e s t ig a t io n  of the gamma r a d ia t io n  o f  radium 

D has been c a r r ie d  out fo r  two re a so n s ,  f i r s t l y ,  t h i s  

source i s  inc luded  among the low-energy b e ta - e m it te r s  to be 

s tu d ie d ,  and a c le a r  p ic tu re  must f i r s t  be ob ta ined  of the 

low energy gamma r a d ia t io n  and the e le c t ro n  conversion  l in e s  

to be expected. Secondly, i t  forms the f i r s t  o f  a s e r i e s  of 

s tu d ie s  on the low-energy gamma r a d ia t io n s  o f  v a r io u s  

elements which show anomalous decay schemes; f o r  these  

gamma ray  s tu d ie s  i t  i s  no t necessary  to have a gaseous 

source , and a search  may a lso  be made of a la rg e  number of 

sources fo r  low energy gamma rays  and X -rays.



The methods d escr ibed  here are  w e ll  s u i t e d  to the
2 *2

measurement of numbers of ions between 10 and 10 , and a 

d e te rm in a tio n  of  the s p e c i f i c  io n iz a t io n  o f  the meson may be 

made. This development appears to re q u ire  only the con

s t r u c t io n  o f  a s a t i s f a c to r y  method of coincidence s e l e c t io n  

of  those t ra c k s  which a re  of approxim ately  equal le n g th ;  the 

number of such t ra c k s  seems to be adequate ly  la rg e  f o r  such 

a measurement. T h is ,  i f  c a r r ie d  out in  con junction  w ith  a 

measurement of the range or cu rv a tu re ,  would allow the mass 

of the meson to  be c a lc u la te d ,  a lthough  the accuracy o f  such 

a c a lc u la t io n  i s  not p a r t i c u l a r ly  h igh .

The v arious  p ro p e r t ie s  of these  coun ters  should 

prove of cons iderab le  value in  fu tu re  work. I t  i s  f e l t  th a t  

the  r e s u l t s  given here i l l u s t r a t e  the types o f  problem to  

which the technique may be a p p l ied ;  w hile the number of such 

problems i s  l a rg e ,  the method may a lso  be ap p l ie d  to  o th e r  

problems beyond the scope of t h i s  in v e s t ig a t io n .

P r io r  to  these  s tu d ie s  no p ro p o r t io n a l  counter 

measurements of  the energ ies  of e le c t ro n s  or  gamma rays  had 

been r e p o r te d .  Luring the course of t h i s  work two r e p o r t s  

have appeared . The f i r s t ^  d esc r ib es  the a p p l ic a t io n  o f  a 

me th a n e - f i l l e d  p ro p o rtio n a l counter to such measurements, 

though the gas gains in d ic a te d  seem to  be very high; no 

energy measurements from which the performance of the coun te rs



may be es tim a ted  have so f a r  been g iven . The second 

r e p o r t ^  d esc r ib es  the study of the K X-rays em itted  by 

ra d io a c t iv e  argon, the method being e s s e n t i a l l y  s im i la r  to  

th a t  employed here ; the  use of a much le s s  s e l e c t iv e  method 

of pu lse  reco rd in g  has , however, f a i l e d  to show th e  h igh  

degree of r e s o lu t io n  ob ta ined  in  these  s tu d i e s .
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SECTION g
PREVIOUS WORK ON PROPORTIONAL COUNTERS 

T h e o r e t i c a l .

K o r f f^ * ^  proposed a theo ry  of  the p rocess  o f  gas 

a m p lif ic a t io n  ta k in g  p lace  in  a p ro p o r t io n a l  counter which 

may he described  as fo llo w s . Consider a c y l in d r i c a l  coun ter  

having a c e n t r a l  w ire of rad iu s  r]_ and a cathode o f  r a d iu s  

rg  m aintained a t  a vo ltage  V. Gas a m p li f ic a t io n  w i l l  take 

place when an e le c t ro n  during i t s  passage towards the c e n t r a l  

w ire picks up from the f i e l d  s u f f i c i e n t  energy in  one mean 

f re e  path len g th  to io n iz e  an atom of the gas . Suppose t h a t  

t h i s  occurs when the f i e l d  s t r e n g th  reaches a value equal to  

or g re a te r  than  E c r i t .  and- t*16 f i e l d  s t r e n g th  reaches

th i s  value a t  ra d iu s  r ;  th en , on the average , the number of 

e lec tro n s  moving towards the w ire w i l l  be doubled in  each 

mean f re e  path leng th  between r  and r ^ .  The r e l a t i o n  between 

r  and i s : -

®orit. = V/r(log.r2yr i ).
As the vo ltage  on the counter i s  r a i s e d ,  gas am pli

f i c a t io n  w i l l  s t a r t  a t  a value Vc r i t#  where r  i s  g r e a te r  than 

by one mean f r e e  path  len g th  and, s ince  t h i s  d if fe re n c e  i s  

very sm all, being of the o rder o f  10“s cms a t  one atm osphere, 

we may w r i t e : -

vcrit. = Ecrit. (*1. 1° 6 rs/r1 )*



and hence :-  r / r x = V/Vo r l t .

how i f  on the average dh ion p a i r s  are  formed by N

e le c t ro n s  in  a d is tan ce  d r ,  we may w ri te  dh = OC h d r ;  OC w i l l  

depend on the f i e l d  s t r e n g th  and may th e re fo re  be w r i t t e n  as 

OCi r ) .  I f  K0 i s  the number of ion p a i r s  i n i t i a l l y  produced, 

the number of ion p a i rs  observed in  the counter when a v o lta g e  

Y i s  ap p l ied  i s  th e re fo re  given by :-
rJ « ( r )Jr

H = Hq e '
Wjc<tr)dr

th a t  i s ,  h0 e 1

The value of 0C has been determined by K orff  to be
X(a hm 0 Y /  r ) 2 » where a i s  the io n iz a t io n  c r o s s - s e c t io n  of 

the e le c t ro n  d iv ided  by i t s  energy, hm i s  the number o f  gas 

atoms or molecules per u n i t  volume, and C i s  the capac ity  of 

the coun te r .  The gas a m p li f ic a t io n  i s  defined  to be the r a t i o  

of the charge c o l le c te d  to the charge produced and i s  th e r e 

fo re  given by :-

A = H/i»o e2 (ai{mc v )£ -r i i f ( v / v o r it  )*- 1J

where T > V o r i t . and equal to u n ity  fo r  V <  YQ rit  I f  

v = vo r i t  +  & * th i s  expression  becomes
log  A = k .  S V 

and th e re fo re  the gas a m p li f ic a t io n  would be expected to  

in c rease  ex p o n en tia lly  w ith  vo ltage  beyond the th re sh o ld  v a lu e .

E xperim enta l.

The assumptions on which t h i s  t h e o r y  i s  based a re -



(1) That no e le c t ro n s  are  l o s t  by recom bination  

w ith  gas molecules and io n s ,

and (2) That no e le c t ro n s  a re  produced hy o th e r

processes  such a s  bombardment of the cathode by p o s i t iv e  ions  

or p h o to e le c t r ic  em ission .

Bose and K orff^1 1  ̂ in v e s t ig a te d  the v a r i a t io n s  of  A

w ith  V f o r  v a r io u s  gas m ix tures and p re ssu re s  and found good

agreement w ith  t h i s  theo ry ; d e p a r tu re s  occurred  in  co n d it io n s

where assumption (2) could no t be a p p l ie d ,  th a t  i s ,  where no

attem pt was made to  absorb the p h o to e le c t ro n s . By the

ad d it io n  of a s u f f i c i e n t  amount of a polyatomic gas to  p reven t

the spread  of photons these  d ep a rtu re s  were removed; t h i s

p ra c t ic e  was adopted in  the work a t  h igher p re s su re s  d e sc r ib e d

here and has been found to  give very  s a t i s f a c t o r y  r e s u l t s .
fl2  )Bose and Ramsey1 ' c a r r ie d  out s im i la r  experim ents 

fo r  va lues  of A between 1 and 100 and observed the p re d ic te d  

l i n e a r i t y  between log  A and V, except fo r  sm all va lues  of A. 

Bear the th re sh o ld  vo ltage  the onset of gas m u l t ip l i c a t io n  was 

l e s s  abrup t than th a t  p re d ic te d  on the simple theo ry ; s ince  

c e r t a in  q u a n t i t i e s  in s e r te d  in  the equa tions g iven above 

re p re se n t  average v a lu e s ,  the trea tm en t i s  s t a t i s t i c a l  in  

n a tu re  and such d ep a rtu re s  are  l ik e ly  to be observed, p a r t i c u 

l a r l y  where e i th e r  the number of ions produced i n i t i a l l y  or

the  number of mean f re e  path  len g th s  producing m u l t ip l i c a t io n  
i s  sm all.



The s t a t i s t i c a l  n a tu re  of the p rocess  a l s o  g ives  

r i s e  to  f lu c tu a t io n s  in  the  pulse  s iz e s  o b ta in e d .  An a n a ly 

s i s  by Snyder^1 2  ̂ of t h i s  f l u c tu a t io n ,  in  which the number o f  

ion  p a i r s  produced by the io n iz a t io n  r a d ia t io n  i s  assumed to 

be n i  g ives a mean square d e v ia t io n : -

A h  -  J z f n  X h, 

where h i s  the f i n a l  pu lse  s i z e .  I t  w i l l  be shown th a t  t h i s  

equation  i s  no t a p p l ica b le  to  the r e s u l t s  g iven  h e re ,  s i n c e : -

(1) The v a r ia t io n s  of the number of ion  p a i r s

produced by an e le c t ro n  stopp ing  in  the gas i s  co n s id e rab ly

le s s  than and

(2) A simple a n a ly s is  o f  the problem shows th a t  

the p o s i t io n  i s  more complex: and th a t  the r e s u l t  o f  the  

a n a ly s is  depends on the assumptions made.

Coon and h o b l e ^ ^  d esc r ibe  the a p p l ic a t io n  o f  

a r g o n - f i l l e d  p ro p o r t io n a l  coun ters  to measurements of the 

energy o f  neu trons by means of p ro ton  r e c o i l s .  They chose 

p ro p o r t io n a l  counters  as they wished to observe r a d ia t io n s  

w ith  energ ies  below 100 kev. The co u n te rs ,  which had a

cathode ra d iu s  of 2 i n .  and a w ire diam eter of 0.005 i n . ,  were

opera ted  a t  gas gains between 5 and 50. The pulse  s iz e  

appeared to  be ac c u ra te ly  p ro p o r t io n a l  to the energy of the 

r e c o i l in g  p ro to n s ,  the  v a r ia t io n  of  gas gain  w ith  v o lta g e  was 

found to be r e l a t i v e l y  slow ( in c re a s in g  by a f a c t o r  o f  10 in  

400 v o l t s ) ,  and the counters  were found to  remain a ccu ra te  to



20.
105b over a  period  of a week,

Koontz and H a ll^ 1 5  ̂ d escr ib e  the  c o n s tru c t io n  o f  a 

c y l in d r i c a l  counter which could be used e i t h e r  as an 

io n iz a t io n  chamber or as  a p ro p o r t io n a l  counter* This coun ter  

had a cathode d iam eter of 1 i n .  and a w ire  d iam eter of 0.0025 

i n . , and was f i l l e d  w ith  argon -  n i t ro g e n  m ixtures to a t o t a l  

p ressu re  of se v e ra l  atm ospheres. Comparison of the pu lse  

d i s t r ib u t io n s  ob ta ined  from pro tons of 0 .6  Mev energy produced 

in  the  n #p r e a c t io n  in  n i t ro g e n  showed th a t  the w idth  of the 

pro ton  group was sm alle r  when gas a m p l i f ic a t io n  was u sed . This 

was expla ined  as fo llow s: in  a c y l in d r i c a l  io n iz a t io n  chamber

the s iz e  o f  a pulse ob ta ined  from a pro ton  t r a c k  of f ix e d  

energy depends upon the average ra d iu s  a t  which the t r a c k  i s  

formed, and t h i s  g ives  r i s e  to  a co n s id erab le  d i s t o r t i o n  of the  

pulse d i s t r i b u t io n ;  f o r  the p ro p o r t io n a l  coun ter , however, 

t h i s  d i s t o r t i o n  i s  absen t s ince  an overwhelming p ro p o rt io n  o f  

the ion p a i r s  c o l le c te d  i s  produced w ith in  a few mean f r e e  p a th  

len g th s  of the w ire .

The o p e ra t io n  of t h i s  counter in  experim ents on the 

s c a t t e r in g  of neu trons in  helium i s  d escr ib ed  by the  same 

a u th o rs* 16 K The curves ob ta ined  in  the two co nd itions  of 

o p e ra t io n  aga in  in d ic a te d  th a t  in  each case the pu lse  s iz e  was 

d i r e c t l y  p ro p o r t io n a l  to the energy.

Since i t  i s  proposed to d iscu ss  in  a l a t e r  s e c t io n  

the  counting p la teaux  ob ta ined  w ith  the low energy p ro p o r t io n a l
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coun ters  re fe re n c e  may be made here to  the work of Simpson •

A d e s c r ip t io n  i s  given of the p ro p e r t ie s  o f  a p ro p o r t io n a l

counter used fo r  counting a lp  ha—par t i d e s  in  the presence of

la rg e  amounts of  b e t a - a c t i v i t y . The counter used was f i l l e d

with methane and had a p la te a u  of about 300 v o l t s  (JjS
*

v a r ia t io n  in  200 v o l t s ) ;  a lthough  the presence o f  a b e ta -  

sour ce o f  h igh  s t r e n g th  (5 x 109 d i s in te g r a t io n s  per m inute) 

reduced t h i s  p la te a u  to 150 v o l t s ,  s a t i s f a c to r y  o p e ra t io n  

could be o b ta in ed . This paper i s  a good example of the type 

of r e s u l t s  which can be ob ta ined  when p ro p o r t io n a l  coun ters  

are  used s o le ly  f o r  the r e g i s t e r in g  o f  p a r t i c l e s .

Borkowski and J T a i r s te in ^ ^  give a b r i e f  r e p o r t  o f  

the  use o f  p ro p o r t io n a l  coun ters  fo r  counting  X-rays and s o f t  

e le c t ro n s .  The co u n te rs , which had a w ire  d iam eter o f  0.005 

in .  and were f i l l e d  w ith  methane a t  a p re ssu re  of one atmos

phere , were s t a t e d  to allow very r a p id  counting and to  have 

p la tea u x  of about 400 v o l t s  w ith  a s lope of  1$ per 100 v o l t s .  

While in te r e s te d  p r in c ip a l ly  in  the counting  p ro p e r t ie s  o f  

these  tu b e s ,  they po in t out th a t  energy measurements may be 

made w ith  them, s ince  they are  o p e ra t in g  in  th e  p ro p o r t io n a l  

re g io n .

The ex tension  o f  p ro p o r t io n a l  coun ters  to. energy 

measurements of r a d ia t io n s  which are  o therw ise d i f f i c u l t  to  

s tudy , and the high s e n s i t i v i t i e s  which they o f f e r  f o r  the  

d e te c t io n  o f  s o f t  gamma ray s  were considered  to be of g re a t



im portance. A study was th e re fo re  c a r r ie d  ou t o f  the r a d i 

a t io n s  of a number o f  a r t i f i c i a l  r a d io a c t iv e  iso to p e s  known 

to emit b e t a - p a r t i c l e s  o f  lew energy, and th i s  s tudy  was 

extended to  sources em it t in g  gamma rays  and X-rays of  low 

energy. S evera l p ro p e r t ie s  of the counters  were a lso  i n v e s t i 

gated  and the r e s u l t s  of the l a t t e r  study in d ic a te  the  advan

tag es  which are  a ffo rd ed  by such a technique and support the  

ex p lan a tio n s  of the mechanism o f  o p e ra t io n  put forward by 

K o rff .

(10) S.A. K o rff ,  "E lec tron  and Nuclear C oun ters” (Chap. 3)

(Van N ostrand, 1946)

(11) M.E. Rose and S.A. K o rff ,  Phys. R ev ., 59, 851, (1941)

(12) M.E. Bose and W.E. Bamsey, Phys. B ev ., 61, 504, (1942)

(13) H.S. Snyder, Phys. B ev., 72, 181, (1947 )

(14) J .H . Coon and B.A. Nobles, Rev. S c i .  I n s t s . ,  18, 44

(1947 )
(15) P.G. Koontz and T.A. H a l l ,  Rev. S c i .  I n s t s . ,  18, 643,

(1947)
(16) P.G. Koontz and T.A. H a l l ,  Phys. R ev ., 72, 196, (1947 )
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SECTION 4 

DESCRIPTION Off APPARATUS.

The method co n s is te d  of the use o f  a p ro p o r t io n a l  

counter in  con junc tion  w ith a l i n e a r  a m p li f ie r  o f  h ig h  s e n s i 

t i v i t y ,  th e  ou tpu t p u lses  from t h i s  a m p li f ie r  being reco rd ed  

by a photographic method. A d e s c r ip t io n  i s  given in  th i s  

s e c t io n  of the v a r io u s  p a r ts  of the appara tu s  and the  rea so n s  

fo r  which t h i s  method was adopted.

In the course of  t h i s  work a la rg e  number o f  coun t

ing tubes o f  various  c o n s tru c tio n s  were used depending on the 

type of r a d i a t i o n  to  be in v e s t ig a te d .  These coun ters  v a r ie d  

cons iderab ly  in  d iam eter and len g th  and were c o n s tru c te d  in  

e i t h e r  metal or g l a s s .  This v a r ie ty  o f  s iz e s  gave r i s e  to  

v a rious  problems, but i t  was found th a t  w ith  reasonab le  care 

the counters  could be made to opera te  s a t i s f a c t o r i l y  and 

remain s ta b le  in  c h a r a c t e r i s t i c s  over q u ite  long p e r io d s .

I t  i s  i n t e r e s t i n g  to  observe th a t  t h i s  technique 

extends to  very low ene rg ies  the io n iz a t io n  chamber type o f  

in v e s t ig a t io n ,  the energy o f  a p a r t i c l e  being  determ ined from 

the number of ion p a i r s  which i t  produces. These i n v e s t i 

g a t io n s  have so f a r  been l im ite d  by the s ig n a l - t a - n o i s e  r a t i o  

o f  the am p lif ie r  to about 500G ion  p a i r s ,  or 150 kev . By 

using  gas a m p lif ic a t io n  f a c to r s  up to 10s t h i s  value may be 

lowered to  a few hundred e le c t ro n  v o l t s ,  and i t  i s  considered  

from the r e s u l t s  of t h i s  in v e s t ig a t io n  th a t  the f lu c tu a t io n s



in troduced  are  reasonab ly  sm all.

P ro p o r t io n a l  Counting Tubes.

Tubes w ith  Glass E nvelopes.

P igure 1 shows the type o f  coun ter  used in  the  

i n i t i a l  experim ents . The envelope, which was 2̂ - inches in  d i a 

meter and about 10 inches long , was c o n s tru c te d  in  pyrex  g la s s  

2 - 3  mm. th ic k .  The cathode c o n s is te d  of a th in  sh e e t o f  

aluminium w ith  p o lish ed  su r fa c e ,  held  in  p o s i t io n  by l i g h t  

p ressu re  a g a in s t  the  g la s s ;  connection to the  h igh  v o lta g e  

supply was provided by a w ire co n tac t  led  out th rough  a s e a l  

in  the s id e  arm of the coun ter . The c o l le c t in g  w ir e ,  tu n g s ten  

of  d iam eter 0.002 or 0.004 i n . ,  was held  t a u t  by a sp r in g  

in s e r t e d  as shown in to  one of the tubes se a le d  in to  the ends 

o f  the coun te r .  These tubes served as c e n t r a l  mountings fo r  

the  w ire and had a bore of a few m il l im e tre s ;  they  were 

coated on the ou ts ide  su rface  both in s id e  and o u ts id e  the  

counter w ith  a d ep o s it  of "Aquadag". They th e re fo re  served  as 

g u ard -r in g s  and were ea rthed  through the two sm all s e a ls  so 

t h a t  they a lso  prevented  the c e n t r a l  w ire from d i r e c t  e l e c t r i 

c a l  exposure to any of the in s u l a t i n g  su rface s  which might 

become charged. This i s  of e s p e c ia l  importance s ince  any 

accum ulation or rearrangem ent o f  charge d i s t r i b u t i o n  on these
i

su rfaces  when the  vo ltage  i s  ap p lied  would give r i s e  to  

spurious  pu lses  and thereby  in c re ase  the no ise  le v e l  of the
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a m p l i f ie r .  I t  was found th a t  w ith  the  arrangement shown the 

number of spu rious  p u lse s  was reduced to  an almost n e g l ig ib le  

v a lu e .

The con tac t between the w ire  and the a m p l i f ie r  was 

screened by a sh o r t  len g th  of metal tu b in g  connected to  the 

case of the head a m p lif ie r  to  preven t p ick ing-up  of e x te rn a l  

s ig n a l s .  Since h igh  frequency s ig n a ls  would be passed ac ross  

the space between the cathode and w ire ,  i t  was necessary  to  

screen the whole counter: t h i s  was e f f e c te d  e i th e r  by

enclosing  the coun ter  in  a m etal box, o r ,  where t h i s  was 

inconven ien t,  by coa ting  the ou ts ide  o f  the g la ss  a t  each end 

w ith  "Aquadag11, extending the coa tings  to overlap  the ends of 

the cathode. E i th e r  method was e n t i r e ly  s a t i s f a c t o r y .

S evera l of the counters  were very microphonic due to 

movement o f  the c e n t r a l  w ire ; t h i s  d i f f i c u l t y  was overcome by 

mounting them on shock-absorbers weighted w ith  s e v e ra l  pounds 

o f lead ; in  the m ajo rity  o f  ca ses ,  however, no such mounting 

was n ecessa ry .

f i n a l l y ,  a window about a t e n th  of a m il l im e tre  

th ic k  was blown in  the s ide  of  the counter to  minimise the 

ab so rp tio n  of low energy r a d ia t io n s  a t  the w a l l .  A hole of 

corresponding diam eter (3/4 i n . )  was cut in  the cathode; t h i s  

hole was covered by one or two th in  w ires to m ain ta in  the  u n i 

form ity  o f  f i e l d ,  and i t  appeared th a t  no ap p rec iab le  

d i s t o r t i o n  r e s u l t e d  from th i s  sm all d is c o n t in u i ty  o f  the



surface of the cathode.

M etal Tubes.

As the  range o f  en e rg ies  measured was in c re a se d  i t  

became necessary  to use coun ters  o f  la rg e r  dimensions and to  

arrange fo r  t h e i r  p r e s s u r i s a t io n  to  se v e ra l  atm ospheres. A 

s e r ie s  o f  counters  was th e re fo re  designed fo r  c o n s tru c t io n  in  

copper. A copper c y l in d e r  and i t s  e n d -p la te s  provide the  

vacuum case and a lso  ac t  as the cathode; the w ire su p p o r ts ,  

which are  shown in  f ig u re  2, were in s u la te d  w ith  ebon ite  frcm 

the ca se ,  which c a r r i e s  the high v o l ta g e .  The eb on ite  tubes 

screwed c e n t r a l ly  in to  each en d -p la te  and the m eta l guard- 

r in g s  were f ix e d  to  the ebon ite  by the lock ing  n u ts  a t  one end 

and by the f l a t  p la te  a t  the o th e r .  The g u a rd - r in g  had an 

e x te rn a l  diam eter o f  3/16 in .  and could be a d ju s te d  so as to  

extend in to  the  counter by any d e s ire d  le n g th .  The ebon ite  

plug which f i t t e d  in to  the re c e s s  in  the g u a rd - r in g  tube p ro 

vided an a c c u ra te ly  cen tred  mounting f o r  the  w ire ; a t  one end 

of the counter i t  housed the sp r in g  as shown, w hile  a t  the 

o th e r  end the wire passed out through a f in e  hole to  the am pli

f i e r .

On completion of  the assembly the ends of the coun ter  

were made vacuum t ig h t  by co a tin g  the o u ts id e  w ith  wax; th u s ,  

f o r  both the g la ss  and metal c o u n te rs ,  no waxed su r fa ce s  were 

exposed to the gas in s id e  the counter* The coun ters  were
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evacuated and f i l l e d  through a s id e  tube a t ta c h e d  to the main 

cas ing  and closed  by a sm all g la s s  s to p —cock. In  the coun ters  

which were used fo r  high p re ssu re s  the  v e s s e l  was se a led  o f f  

by means of a th in  copper tube which could be bent bach on 

i t s e l f  and so ld e red  a f t e r  c u t t in g ;  t h i s  was found to make a  

very good vacuum s e a l .  Other c o n s t ru c t io n a l  d e t a i l s  o f  the 

high p ressu re  counters  w i l l  be described  in  the r e le v a n t  

s e c t io n s .  However, i t  may be noted here th a t  the  ebon ite  

mountings were s u f f i c i e n t l y  s tro n g  to allow p re ssu re s  up to 

5-g- atmospheres to be ap p lied  to  the  in s id e  o f  the  co u n te rs ,  

and th a t  the in s u la t io n  of these  m a te r ia ls  behaved s a t i s f a c 

t o r i l y  a t  p o te n t ia l s  up to  6,000 v o l t s .  The developments of 

technique a s so c ia te d  w ith  the use of the beaded coun ter w i l l  

be found in  S ec tio n  8.

The windows o f  the m etal counters  were made by 

d r i l l i n g  ho les  in  the copper w a ll  and covering  them w ith th in  

f o i l s  of copper, aluminium, mica or ce llophane . This has 

se v e ra l  advantages over the g la ss  windows, s ince  any d e s i re d  

th ickness  of f o i l  could be used , and the ab so rp tio n  p ro p e r t ie s  

of the windows could be c a lc u la te d  before they were in s e r t e d .

I t  i s  u n fo rtu n a te  th a t  the major p a r t  of the su rface  

c a r r ie d  the high v o l ta g e .  The la rg e  condensers connected 

ac ross  the high  vo ltage  l in e  to provide a d d i t io n a l  s t a b i l i t y  

enhanced t h i s  danger, but the a d d i t io n  of ea r th ed  sc reens  was 

im possib le , p a r t i c u l a r ly  on the l a rg e r  c o u n te rs .



The L inear A m p lif ie r .

S ev era l a m p lif ie r s  were used in  t h i s  work; each 

c o n s is ted  o f  a head a m p lif ie r  and a main a m p l i f ie r  designed 

by Mr. A. L. C ockcro ft. These a m p li f ie r s  had a very high 

s ig n a l - to -n o is e  r a t i o ,  being designed f o r  io n iz a t io n  chamber 

measurements, and played a very im portant p a r t  in  the success  

of th i s  work. A pulse of 1500 ion p a i r s  a r r iv in g  a t  the g r id  

gives a s ig n a l  which appears above the maximum no ise  l e v e l .  

Assuming th i s  maximum le v e l  to be 1000 ion  p a i r s ,  the ro o t  

mean square noise le v e l  i s  300 ion p a i r s .  This no ise  i s  

caused p r in c ip a l ly  by f lu c tu a t io n s  in  g r id  p o te n t i a l  r e s u l t i n g  

from sm all g r id  c u r re n ts  and th e re fo re  v a r ie s  w ith  the inpu t 

capac ity  in  a s im ila r  manner to the s ig n a l ,  f o r  an inpu t 

capacity  of 10/ iy U l ,  fo r  example, the s ig n a l  i s  20 m icrovo lts  

and the no ise  (ro o t mean square) i s  4 -  5 m ic ro v o l ts .

A c i r c u i t  diagram of the head a m p li f ie r  i s  given in  

f ig u re  3; i t  c o n s is ts  o f  a s in g le  s tage o f  a m p l i f ic a t io n  and 

a cathode fo llow er stage  to enable the pu lses  to be t r a n s m it te d  

to the main a m p lif ie r  in  a low impedance c a b le .  The high 

vo ltage l in e s  are s t a b i l i s e d  and the f i r s t  two valves  are 

heated  by th ree  2 -v o l t  accum ulators . The h ig h e s t  s ig n a l - to -  

no ise  r a t i o  i s  ob ta ined  when no r e s i s ta n c e  i s  in s e r t e d  in  the 

g r id  c i r c u i t ,  but the a m p lif ie r  was u su a l ly  employed w ith  a 

100 megohm g r id  le a k ,  s in c e ,  f o r  counting r a t e s  g re a te r  than 

104 per m inute, the f i r s t  valve tended to b ia s - o f f ;  the g r id
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3 9 .

le a k ,  w hile  p rev en tin g  th i s  t r o u b l e , s l i g h t l y  reduced the 

s e n s i t i v i t y  o f  the in s tru m en t.

The main a m p li f ie r  .co n s is te d  of th ree  s ta g e s  of 

p u sh -p u ll  a m p li f ic a t io n  of conven tiona l des ign  w ith  a cathode 

fo llow er ou tpu t to  the  o s c i l lo g ra p h .  A maximum ou tpu t pulse 

of about 100 v o l t s  was o b ta in ed , and the o v e r a l l  a m p l i f ic a t io n  

of the system was between 106 and 10^.

Hecording and A nalysis  of P u ls e s .

The most usua l methods of reco rd in g  the am plitude 

d i s t r i b u t io n  of the pu lses  are e i th e r

(a) To count in  a f ix e d  time in t e r v a l  a l l  p u lse s  

la rg e r  than a given s i z e ,  u s ing  an e le c t ro n ic  d is c r im in a t in g  

c i r c u i t ,  or

(b) To d isp lay  the p u lse s  on an o sc i l lo sc o p e  and 

record  them on a moving photographic f i lm .

In the f i r s t  method the counting must be rep ea ted  a t  a la rg e  

number of d isc r im in a to r  b ias  s e t t i n g s ,  when the i n t e g r a l  s iz e  

d i s t r ib u t io n  may be o b ta in ed . In the second method the f i lm  

i s  analysed to  give d i r e c t ly  the s iz e  d i s t r i b u t io n  o f  the 

pu lses  o b ta in ed . E le c tro n ic  m ulti-channe l pulse a n a ly se rs  

have re c e n t ly  been developed, but the number o f  channels a v a i l 

ab le  i s  too sm all to  allow accu ra te  r e s o lu t io n .

The photographic method was chosen in  t h i s  work
because

(a) P u lses o f  a l l  s iz e s  could be reco rded  to g e th e r



4 q .

and a s u f f i c i e n t  number fo r  a n a ly s is  could be o b ta in ed  in  a 

s in g le  run  o f  sh o r t  d u ra t io n ,

(b) The pu lses  may subsequently  be d iv ided  in to  any

number of s iz e  i n t e r v a l s  up to  a t  l e a s t  100, w hereas, w ith  a

d isc r im in a to r  method, corresponding r e s o lu t io n  can only be 

obtained  i f  the counting r a t e s  a t  100 s e t t in g s  are  measured, 

and i f  the accuracy of the d is c r im in a to r  s e t t in g s  i s  c o r r e s 

pondingly h igh .

(c) The sh o r t  time req u ire d  f o r  o b ta in in g  f u l l  f i lm

d a ta ,  even f o r  very weak sources , cons iderab ly  re la x ed  the

s t a b i l i t y  requirem ents of both the high v o ltag e  supply and the 

a m p lif ie r  g a in .  Por example, a source g iv ing  10,000 p u lse s  

per minute could be recorded in  fou r  minutes (on about 50 f t .  

of f i lm )  and would give an average of 400 pu lses  in  each 

energy i n t e r v a l ;  w ith  a d is c r im in a t in g  c i r c u i t ,  using  the 

method of d i f f e re n c e s ,  the corresponding accuracy would 

involve very much g r e a te r  counting r a t e s  or a p r o h ib i t i v e ly  

long running  t im e .

(d) The presence c f  o ccas io n a l la rg e  pu lses  caused 

by contam ination of the w a l ls  o f  the coun te rs  w ith  OC -  

p a r t i c l e  e m it te rs  causes a momentary d ep ress ion  o f  the  b ase

l in e  during  the time when the a m p lif ie r  i s  re c o v e r in g .  I f  

pu lses  from the source under in v e s t ig a t io n  appear during  t h i s  

time they w i l l  be depressed in  amplitude as shown in  the 

sketch.. Such p u lse s ,  which would be erroneously  recorded  in



an e l e c t r o n ic  d is c r im in a to r ,  may be r e j e c te d  on in sp e c t io n  

during  the a n a ly s is  o f  the  f i lm .

(e) S e le c te d  p o r t io n s  of the d i s t r i b u t io n  may he 

ob ta ined  by sc reen ing  the major p o r t io n  of the tube f a c e ,  

a llow ing  an a n a ly s is  to  be made o f  a sm all number of pu lses  

from an in te n se  d i s t r i b u t i o n ,  a s ,  fo r  example, in  the end

p o in t f i lm  shown in  f ig u re  4.

The cathode ray tube spot was here d e f le c te d  v e r t i 

c a l ly  by the output pulse of the a m p li f ie r  while the f i lm  

(25 rnia. reco rd in g  f ilm ) was moved through the camera a t  a 

co n s tan t speed h o r iz o n ta l ly .  A high vo ltage  o sc i l lo sc o p e  was 

used , to g e th e r  w ith  a lens  of a p e r tu re  f / l . 8 ;  s e v e ra l  

ty p ic a l  t r a c e s  are  shown in  f ig u re  4 . In  each the 

un d ef lec ted  p o s i t io n  of  the spot i s  marked by the l in e  AA; 

the  second l in e ,  which appears above t h i s ,  i s  caused by halo  

which spread beyond the se m i- tra n sp a ren t mask over the sp o t .
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The f i lm s  were analysed  hy p ro je c t in g  them on to  a 

sc reen  which had 120 l in e s  ru le d  on i t  a t  a spacing of \ cm. 

Each pu lse  i s  recorded in  the energy in t e r v a l  in to  which i t  

f a l l s ;  w hile t h i s  a n a ly s is  occupied a la rge  amount of the 

working tim e, i t  was f e l t  th a t  t h i s  was j u s t i f i e d  by the high 

degree of accuracy which could thereby be ob ta ined .

Throughout t h i s  work the nega tive  high vo ltage  

supply fo r  the counters was ob ta ined  from f o u r - k i lo v o l t  s t a b i 

l i s e d  power u n i t s  designed by T.R.E. Ear v o ltag es  h igher than 

4 kV two supply u n i t s  were connected in  s e r i e s ,  the t r a n s 

former windings o f  one of them being in s u la te d  from e a r th  by 

a p a i r  o f  h igh -vo ltage  transfo rm ers  p laced  back-to -back . The 

ou tput o f  these u n i t s  was a d d i t io n a l ly  smoothed by two or 

th ree  0 . 1-m icrofarad  condensers w ith  2-mehohm s e r ie s  

r e s i s t a n c e s ,  and provided an adequate ly  s ta b le  and smooth 

supply throughout the work.



SECTION 5
PROPERTIES AND CHARACTERISTICS Off THE COUNTERS

S e n s i t i v i t y  to  X-Rays and Gamma Rays.

These counters  were designed to have a s e n s i t i v i t y  

as h igh  as p o ss ib le  to  e lec trom agnetic  r a d ia t io n .  Eor X-rays 

and gamma rays s e n s i t i v i t y  i s  o f  prime importance and a high 

s e n s i t i v i t y  value fo r  the instrum ent would enhance i t s  value 

c o n s id e rab ly . In the u su a l Geiger tu b es , s e n s i t i v i t i e s  of 

the order of one percent make in te n s i ty  measurements w ith  

weak sources d i f f i c u l t ,  and the usua l a l t e r n a t i v e  method 

employed i s  th a t  of the c ry s ta l  spec trom ete r .  Both the pro

p o r t io n a l  counter and the c r y s ta l  spectrom eter may be ap p lied  

only to a l im ite d  range of e n e rg ie s ,  and, fo r  these  e n e rg ie s ,  

the high s e n s i t i v i t y  obta ined  from the p ro p o r t io n a l  counters  

enables a l a rg e r  amount o f  in form ation  to be ob ta ined  from 

weak sources than may have been ob ta ined  from a c r y s ta l  spec

tro m ete r .  A high s e n s i t i v i t y  should a lso  give much more 

accu ra te  r e s u l t s  in  coincidence measurements.

This h igher e f f ic ie n c y  of d e te c t io n  i s  ob ta ined  by 

making use of  the high p h o to e le c t r ic  ab so rp tio n  c o e f f ic ie n t s  

of v arious  gases below 150 kev, and by o p era t in g  the counters  

a t  p ressu res  around atmospheric p re s su re .  By choosing gases 

or vapours which have high ab so rp tio n  c o e f f ic ie n t s  in  the 

range of energ ies  involved the ab so rp tio n  in  the gas was made 

as h igh as p o s s ib le ,  h'here p o ss ib le  the gamma rays or X-rays
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were in troduced  through a th in  window, and, f u r th e r ,  the 

ab so rp tio n  of  the w a lls  of the counter was made as sm all as 

p o ss ib le  by u s ing  a l i g h t  cathode m a te r ia l ,  such as aluminium 

or g r a p h i te ,  or by coa ting  the copper w a lls  o f  a metal counter 

w ith  these  m a te r ia ls , .

The gas m ixtures most f re q u en tly  used contained 

argon a t  a p ressu re  of 55 -  60 cms. Eg, to g e th e r  w ith  a 

quenching gas; these  m ixtures were found to be s u i t a b le  fo r  

en e rg ies  between 0 and 50 kev. Eor example, a t  10 kev, th i s  

gas has an ab so rp tio n  c o e f f ic ie n t  of 62, so th a t  in  a path  

leng th  o f  7 cms, over 40$ of the quanta w i l l  produce photo- 

e le c t ro n s .  Since each p h o to e lec tro n  w i l l  be d e te c te d ,  t h i s  

re p re s e n ts  a very high s e n s i t i v i t y .

Eor quantum en erg ies  around 100 kev good s e n s i 

t i v i t y  may be ob ta ined  by u s ing  gases of h igher atomic number 

and by in c re a s in g  the counter dimensions; e f f i c i e n c ie s  up to  

15$ can be ob ta ined  by the use of krypton and x^on in  a ten  

cm. d iam eter coun ter .  An in c rease  in  the s iz e  of the counters  

was a lso  demanded by the fo llow ing  co n s id e ra t io n s .  The photo

e le c t ro n s  r e le a se d  in  the gas must have a high p ro b a b i l i ty  of 

completing t h e i r  io n iz a t io n  process in s id e  the counter i f  an 

accu ra te  de term ina tion  of t h e i r  energy and th a t  of the  quantum 

i s  to  be p o ss ib le ;  th e re fo re  the dimensions o f  the counter 

must be la rg e  w ith  re sp e c t  to  t h e i r  range . A lso , s ince  the 

ph o to e lec tro n s  produced in  the w all  w i l l  emerge w ith  a v a r ie ty
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o f  reduced en e rg ie s ,  i t  i s  d e s ira b le  th a t  t h e i r  e f f e c t s  

should be sm all; c l e a r ly ,  th e re fo r e ,  the gas ab so rp tio n  must 

be made as h igh  as p o ss ib le  i f  accu ra te  energy measurements 

are  to  be made.

As a rough working ru le  the s iz e  of the counter was 

never le s s  than twice the range of the photo e le c t ro n s  under 

s tudy and was u su a l ly  as la rge  as p r a c t i c a b le .

U niform ity  of M u l t ip l i c a t io n .

For accu ra te  energy measurements i t  i s  necessary  to

make the v a r ia t io n s  in  pulse s ize  as sm all as p o s s ib le .  Uince

the gas m u l t ip l ic a t io n  process depends c r i t i c a l l y  on the value 

of the f i e l d  s t r e n g th  close to the su rface  of the w ire ,  good 

un ifo rm ity  could be ob ta ined  only i f  w ires of uniform ra d iu s  

were used and i f  they were a c c u ra te ly  cen tred  along the a x is  

of the tube . Care was taken to use w ires o f  low to le ra n ce  and 

to avoid c a re le s s  alignm ent; m icroscopic a n a ly s is  of the 

w ires  showed th a t  they were f re e  from prominences.

At the ends of the a c t iv e  volume of the counters

the e l e c t r i c  f i e l d  v a r ie d  in  magnitude and d i r e c t io n  due to

the  c lose  proxim ity o f  the ea rth ed  s h ie ld .  This r e s u l te d  in  

a non-un ifo rm ity  of gas m u l t ip l ic a t io n  in  these  r e g io n s ,  and 

t h i s  e f f e c t  was s tu d ie d  in  the s p e c ia l ly  designed coun ter , 

p a r t  o f  which i s  shown in  f ig u re  2. This counter had a s e r i e s  

of th in  windows a t  in t e r v a l s  o f  one cen tim etre  along i t s  len g th  

through which the f luo rescence  r a d ia t io n s  of copper were



ad m itte d .  The average pulse h e ig h t of these  X-rays was 

ob ta in ed  a t  v a r ious  p o s i t io n s  and these  are shown in  Jfigure 

5. S ince these  were ob ta ined  in  id e n t i c a l  cond itions  they 

may be considered  to r e p re se n t  the va lues  of  the gas m u l t i 

p l i c a t i o n ,  and i t  w i l l  be seen th a t  they f a l l  o f f  very r a p id ly  

c lose  to  the end of the w ire . Since th i s  d is tan ce  i s  d e t e r 

mined by the ra d iu s  o f the sc reen ing  e lec tro d e  and, s ince  most 

o f  the  m etal counters  had the same r a d iu s ,  the e n d -e f fe c t  was 

considered  to  be the same to the f i r s t  o rd e r .  The e f f e c t  

could probably  be reduced by us ing  a narrower sc reen ing  e le c 

t ro d e ,  but t h i s  i s  d i f f i c u l t .

I t  i s  im portant to n o te ,  however, th a t  in  th i s  

method the  windows, and th e re fo re  the w idths of the X-ray 

beams are  f i n i t e :  t h i s  may cause some smoothing o f  the end-

v a r i a t io n  which may consequently be s l i g h t l y  sharper than  

th a t  in d ic a te d  here .

Jjprom the s tu d ie s  of the e n d -e f fe c ts  of Geiger- 

M uller tubes published  by o th e r  a u t h o r s ^  i t  would appear 

t h a t  the  v a r ia t io n s  are s im ila r  to those observed here . In 

the  Geiger tubes the counting  e f f ic ie n c y  i s  reduced and a t  the 

same time th e re  i s  a dependence of the counting e f f ic ie n c y  on 

the v o l ta g e ,  i ’or these tu b es ,  however, the e f f e c t  may be 

n eg lec ted  in  the measurement of X-rays and gamma rays  from an 

e x te rn a l  source , since the p h o toe lec trons  w i l l  be confined to 

a reg ion  near the window of the  coun ter ,  th a t  i s ,  in  a reg io n
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where mult ip  l i  oat ion  i s  uniform , l o r  work w ith  be ta  rays 

using  an i n t e r n a l  sou rce , t h i s  e n d -e f fe c t  must be known, and 

i t  i s  im portan t to use counters which are as long as p r a c t i 

c a b le .  A l t e r n a t iv e ly ,  beaded counters  may be used and these  

w i l l  be d escr ibed  in  the r e le v a n t  s e c t io n s .

The wide v a r ia t io n  in  f i e l d  s t r e n g th  in  the coun ters  

between the c e n t r a l  w ire and the cathode su rface  n e c e s s i t a t e s  

some check upon the un ifo rm ity  of m u l t ip l ic a t io n  of io n iz a t io n  

produced a t  v a r ious  r a d i i .  In every experiment in  which 

f lu o re scen ce  X-rays are used fo r  c a l ib r a t i o n  purposes these  

X-rays form p h o to e lec tro n s  w ith  approxim ately equal proba

b i l i t y  ac ro ss  a complete diam eter of the co u n te r .  I f  these  

X-rays produce a good homogeneous group of p u lse s ,  as i s  

observed in  the m ajority  of cases , the r a d i a l  v a r ia t io n  of 

m u l t ip l i c a t io n  may be assumed to  be very sm all.  Those cases 

in  which inhomogeneity of X-ray pu lses  may not be exp la ined  by 

range or gas mixture co n s id e ra tio n s  in d ic a te  a f a i l u r e  to 

c o l l e c t  the f u l l  number of ions near the c ircum ference . I t  i s  

then  necessary  to a d ju s t  the working co n d it io n s  u n t i l  such u n i 

form ity  i s  observed.

Dependence of the Output Pulse S ize on the Energy of the 

R a d ia t io n .

The average output pulse  s iz e s  fo r  r a d ia t io n s  of 

various ene rg ies  were in v e s t ig a te d  by the fo llow ing  method fo r  

counters f i l l e d  w ith v a r io u s  gas m ixtures and o p era t in g  a t
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v ar io u s  gas a m p li f ic a t io n  v a lu es .  An in d u s t r i a l  A.C. X-ray 

tube used to  give a beam of white X-rays of 50 kev maximum 

energy; t h i s  beam was allowed to  f a l l  on to  a th in  s c a t t e r 

ing  f o i l  and the s c a t t e r e d  r a d ia t io n  was co llim ated  to  en te r  

the window of the counter a t  r ig h t  angles to the d i r e c t io n  of 

the i n i t i a l  beam. This s c a t te r e d  r a d ia t io n  was known to con

s i s t  p r in c ip a l ly  of the f luo rescence  X-rays of the s c a t t e r e r  

and, by using  f o i l s  of various  m a te r ia ls  from calcium to 

barium, groups of  X-rays could be adm itted  w ith  ac c u ra te ly  

known en erg ies  between 3 kev and 40 kev. I t  was found th a t  

the  and KjJ r a d ia t io n s  could be reso lved  and i t  was th e r e 

fo re  p o ss ib le  to examine the v a r ia t io n  of pulse s iz e  w ith  X- 

ray  energy to  a high degree of accuracy in  t h i s  re g io n .  The 

h istogram s f o r  manganese c h lo r id e ,  calcium end copper are  

g iven in  f ig u r e s  6 and 7; these  show a c le a r  r e s o lu t io n  

between the  and Kjg l in e s  of each element. The appearance 

in  f ig u r e  6 o f  the K -ra d ia t io n s  of both manganese and c h lo r in e  

i s  of p a r t i c u l a r  i n t e r e s t ,  s ince  a c a l ib r a t i o n  may thereby  be 

made below the c r i t i c a l  ab so rp tio n  edge of argon (3.2 k ev ) .

The r e l a t i v e  i n t e n s i t i e s  of the l in e s  d i f f e r  from those 

expected th e o r e t i c a l l y  due to  d i f f e r e n t i a l  v a r ia t io n s  of 

a b so rp tio n  in  the window and d e te c t io n  in  the counter gas fo r  

the d i f f e r e n t  en e rg ies ;  t h i s  e f f e c t  does not* however, 

p reven t the de term ina tion  of the average ou tput pu lse  s iz e s  

o f  the  c h a r a c t e r i s t i c  r a d ia t io n s .
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f ig u re  8 g ives a p lo t  of the average pulse s ize  

a g a in s t  the energy of the X-rays of a number of elements fo r  

the  argon -  methane mixture most f re q u e n t ly  used (60 cms 

argon and 15 cms m ethane), and i t  w i l l  be seen th a t  the 

p o in ts  l i e  c lose  to  a s t r a i g h t  l in e  passing  through the 

o r ig in .  S in ce , fo r  these en e rg ie s ,  the m ajo rity  of  the 

quanta are  absorbed in  the K -sh e ll  of argon, they produce 

i n i t i a l l y  an e le c t ro n  w ith  an energy 2 kev le s s  than the 

energy of the quantum; the remaining energy, which might 

appear as secondary r a d ia t io n s ,  must be converted in to  f u r th e r  

p h o to e lec tro n s  in  almost every case . The Auger e f f e c t  in  

argon i s  9 2 Jb ^ ^  so th a t  a very high p ropo rtion  of the absorp- 

t io n  events lead  to the r e le a se  of a number of p h o to e lec tro n s  

w ith  a t o t a l  energy very close to the energy of the quantum; 

in  the rem aining cases , where a K X-ray of argon i s  em itted , 

they a re  r a p id ly  converted in  the neighbouring atoms of the 

g as ,  due to  t h e i r  high ab so rp tio n  c o e f f ic ie n t  in  the M -sh e ll .  

T herefore very few of the io n iz a t io n  events are expected to  

give r i s e  to  pho toe lec trons  which do no t sum up in  energy to 

very n e a r ly  the energy of the quantum.

The r e s u l t s  obta ined  fo r  the r a d ia t io n s  below 10 

kev in  energy are  given in  f ig u re  9. These show a good degree 

of l i n e a r i t y .

A s im ila r  in v e s t ig a t io n  was c a r r ie d  out in  a m ixture 

c o n s is t in g  o f  n i tro g en  (60 cms Hg), methane (7 cms Eg) and
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helium (7 oms Hg) and the r e s u l t s  are shown in  .Figure 10.

This a lso  shows an almost d i r e c t  p ro p o r t io n a l i ty  between pulse  

s iz e  and energy s im ila r  to th a t  of F igure 8; the shape of the 

in d iv id u a l  d i s t r i b u t io n s  in d ic a te d  th a t  the d e te c t io n  

e f f i c ie n c y  was somewhat sm alle r  in  t h i s  ca se , as th e re  were 

co n s id e rab le  p u lses  of  sm alle r  energ ies  due to  w all  e f f e c t .

An in v e s t ig a t io n  was a lso  c a r r ie d  out w ith a mixture con

ta in in g  methane (63 cms Hg) and helium (10 cms Hg), and the 

r e s u l t s  are  a lso  given in  F igure 10; t h i s  shows th a t  the 

r e l a t i o n  i s  somewhat curved. The X-ray abso rp tion  p ro p e r t ie s  

o f  methane seem to be very poor since the pulse d i s t r i b u t io n s  

ob ta ined  from t h i s  m ixture f a i l e d  to show the c le a r  groups 

o b ta ined  w ith  argon. For example, the d i s t r i b u t io n  ob ta ined  

w ith  molybdenum shown in  Figure 11, inc ludes  a  cons iderab le  

background of pu lses  of  a l l  energ ies  up to *ec and peaks #

now much more i n d i s t i n c t .  While th i s  may be caused by a r e l a 

t i v e ly  la rg e r  w a ll  e f f e c t ,  i n d i r e c t  evidence appears to  i n d i 

ca te  th a t  non-uniform d i s t r ib u t io n s  are obtained  in  th i s  gas; 

t h i s  may be a severe l im i ta t io n  of the p ro p o r t io n a l  counters 

a lre ad y  rep o r ted  to have been used w ith  t h i s  f i l l i n g .

A p o in t of more fundamental importance a r i s e s  in  

the  c o n s id e ra t io n  of F igures 8, 9 and 10, The l i n e a r i t y  of 

the  r e l a t i o n s  in d ic a te s  th a t  the energy expenditure per ion  

p a i r  in  argon and n itro g en  i s  s e n s ib ly  cons tan t over the range 

involved h e re .  Since these measurements involved photo-
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e le c t ro n s  from a few hundred v o l ts  to about 40 kev in  energy, 

s tro n g  evidence i s  a ffo rd ed  of the l i n e a r i t y  of energy and 

the number of ion p a i r s  produced over the whole of th i s  

r e g io n .  This supports  the in d i r e c t  evidence put forward by 

G ra y ^ 0  ̂ fo r  the constancy of energy expenditure in  the noble 

gases .  The l i n e a r i t y  in  n itro g en  in d ic a te s  th a t  the v a r i 

a t io n  of  energy expenditure  in  a i r  observed by various  

i n v e s t i g a t o r s ( 2 °  ̂ i s  due almost e n t i r e ly  to the oxygen 

c o n te n t .

The n o n - l in e a r i ty  of  methane i s  no t unexpected; in  

polyatom ic gases e le c t ro n s  w i l l  lose  energy very f re q u e n tly  

in  the e x c i ta t io n  of v ib r a t io n a l  and r o ta t i o n a l  s t a t e s ,  and 

these  lo s se s  may vary considerab ly  with energy.

The method used here could r e a d i ly  be adapted to a 

sy s tem a tic  study of the energy expenditure per ion p a i r  in  a 

la rg e  number of gases, p a r t i c u l a r ly  w ith  quanta of even 

lower e n e rg ie s .

I d e n t i f i c a t i o n  of R a d ia t io n .

As an i l l u s t r a t i o n  of the d isc r im in a tio n  a v a i la b le  

in  t h i s  counter a study was made of the f luo rescence  X-rays 

of copper (Z - 29) and n ic k e l  (Z = £8). The pulse d i s t r i 

bu tions fo r  these  are  given in  the top two curves of f ig u re  

1£, the  lowest curve being the pulse d i s t r ib u t io n  o f  the 

e lec trom agnetic  r a d ia t io n  of ra d io a c t iv e  copper. The l a t t e r  

decays by th ree  a l t e r n a t iv e  p ro ce sse s ;-
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Ui64+ e+ |

Cu^4 —* Zn^4 +  e~* > -f- gamma rays
Ni64 + K-captureJ

The r a d io a c t iv e  source was covered with polythene of 

s u f f i c i e n t  th ic k n ess  to absorb a l l  the e le c t ro n s  and p o s i t ro n s ;  

the peak due to the X -ra d ia t io n  r e s u l t in g  from K-capture in  

the source i s  th e re fo re  superimposed on the pu lses due t o ; -

(1) A n n ih ila t io n  quanta of 0.51 Mev,

(2) Gamma quanta of energy 1.3 Mev, 

and (3) The n a tu r a l  background of the tube.

A very  cursory a n a ly s is  shows, hoY/ever, th a t  the r a d ia t io n  

corresponds ex a c tly  w ith  the K X-rays or n ic k e l ,  and th a t  the 

r e so lv in g  power of the instrum ent i s  quite  adequate to 

sep a ra te  i t  from th a t  o f  copper. In a s im ila r  manner i t  i s  

p o ss ib le  to d i f f e r e n t i a t e  between L X-rays o f  neighbouring 

elem ents, as was done in  the case of radium D which w i l l  be 

d esc r ib ed  l a t e r .

R esolving Power.

I t  has been shown th a t  the re so lv in g  pov/er of the 

in strum en t was adequate to d i f f e r e n t i a t e  between the X-rays of 

neighbouring  elem ents. A more r ig o ro u s  a n a ly s is  involves con

s id e r a t io n  of  the experim ental w idths of the l in e s  measured, 

and t h e i r  c o r r e la t io n  w ith  the s t a t i s t i c a l  f lu c tu a t io n  of the 

number o f  ion p a i r s  formed in  the gas and of the gas a m p lif i -



cation.
I t  i s  concluded from the histogram s of various l in e s  

th a t  the f u l l  w id th  a t  h a l f  amplitude of a d i s t r i b u t io n  due to  

homogeneous r a d ia t io n  producing an average i n i t i a l  number of  

ion  p a i r s ,  n , which may be expressed as OC A where A i s  

the gas a m p l i f ic a t io n ,  and 0C has values between 1 and 2.

Since the average pu lse  s iz e  i s  An, the experim ental v a r i a 

t io n  may be expressed a s : -

h ~oC J l / n .  h,

where h i s  the f u l l  width a t  h a l f  am plitude . As t h i s  v a r i 

a t io n  i s  some th ree  times la rg e r  than the ro o t  mean square 

va lue  in  d e f in i t i o n ,  i t  i s  c le a r  th a t  the experim ental v a r i 

a t io n  i s  cons iderab ly  sm alle r  than the value given by 

Snyder*s a n a ly s i s ,  which assumes th a t  the i n i t i a l  f lu c tu a t io n  

i s !  J n .  I t  i s  shown in  Appendix 1 th a t  the v a r ia t io n  p ro

duced by the gas a m p l i f ic a t io n  i s  sm all and i t  i s  th e re fo re  

n ecessary  to  assume th a t  the i n i t i a l  v a r ia t io n  i s  co n s id e r

ab ly  le s s  t h a n i  This i s  not s u rp r i s in g  since in  most o f

the  gases used a l l  the energy of the p a r t i c l e s  w i l l  be 

absorbed in  io n iz in g  p rocesses  and d i s s o c ia t io n  p ro cesses .

The p r o b a b i l i ty  th a t  an e le c t ro n  w i l l  form an ion  p a i r  i s  

th e re fo re  an involved expression  of the energy in  each gas, 

and in  many gases the only process by which an e le c t ro n  may 

lo se  an ap p rec iab le  amount of  energy i s  the production  of ion 

pairs*  I t  cannot th e re fo re  be assumed th a t ,  i f  n i s  the



number o f  io n  p a i r s  produced on the average by an e le c t ro n  

of energy E, i . e . ,  i f  n = E/E0 , where E0 i s  the energy 

r e q u ire d  to produce one ion  p a i r ,  the probable v a r ia t io n  w i l l  

b e i  V&, but r a th e r  th a t  i t  w i l l  depend on the f lu c tu a t io n  in  

E0 ; in  many cases t h i s  may r e s u l t  in  a much sm aller 

v a r i a t i o n .

The f lu c tu a t io n  in  a m p lif ic a t io n  w i l l  depend on the  

n a tu re  o f  the gas used and the value of  the gas gain A, s ince  

these  w i l l  c o n t ro l  the number of mean f re e  paths and t h e i r  

v a r i a t i o n .  I t  w i l l  a lso  be r e la te d  to the number of ion 

p a i r s  produced, since th i s  determines the f i n a l  number of ion  

p a i r s  c o l le c te d .

The ro le  o f  the v arious  f a c to r s  may be s tu d ied  in  

d e t a i l  w ith  t h i s  ap p a ra tu s .

V a r ia t io n  of Gas Gain w ith  V o ltage .

Various experim enters have re p o r ted  in v e s t ig a t io n s  

of  the v a r ia t io n  of gas a m p lif ic a t io n  w ith  cathode p o te n t i a l  

fo r  d i f f e r e n t  gases . A sh o r t  in v e s t ig a t io n  was c a r r ie d  out 

here w ith  the usua l argon-methane mixture and with n i t ro g e n ,  

in  order to a s c e r ta in  the approximate values of the gas gains 

being employed in  the i n i t i a l  experim ents. The counter used 

had a cathode diameter o f  6 cm and a wire diameter o f  0.004 

in ;  the  average pulse s iz e  a t  each vo ltage  s e t t in g  was d e t e r 

mined (a] f o r  the 47 hev l in e  of radium X> a t  low vo ltages  and 

(to) f o r  copper X-rays a t  h igher v o l ta g e s .  I t  was thereby
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p o ss ib le  to  cover a cons iderab le  vo ltage  range w ithout a l t e r 

ing the gain  of the a m p l i f ie r ,  f ig u re s  13 and 14 give the 

v a r ia t io n  of lo g . A with. p o te n t ia l  fo r  argon and n i t ro g e n ;  f o r  

the l a t t e r  only a r e l a t i v e  sca le  i s  used; fo r  the former the  

gas a m p li f ic a t io n  a t  1400 v o l t s  was assumed to be u n ity  since  

no ap p rec iab le  decrease of the pulse s ize  was observed as the 

v o ltage  was lowered below t h i s  v a lu e . I t  i s  c le a r  th a t  the 

gas gain  in c re a se s  ex p o n en tia lly  fo r  both gases * in  agreement 

w ith  the th e o ry ,  except fo r  a sm all reg ion  near the th re sh o ld .

Because of the c o n s id e ra tio n s  regard ing  s t a t i s t i c a l  

f lu c tu a t io n s  a lre ad y  d iscussed  the gas gains used in  the 

ana ly ses  o f  j$ -  and y  - s p e c t ra  were normally g re a te r  than 

15 -  £0, w h ile ,  fo r  co n s id e ra t io n s  of l i n e a r i t y ,  they were 

u s u a l ly  le s s  than 100; ex cep tio n s , p r in c ip a l ly  the i n v e s t i 

g a t io n s  of very low energy components, are noted in  the t e x t .

(18) K . Greisen and U. Hereson, Phys. Kev., 62, 316, (1942)

(19) A.H. Compton and S.K. A l l is o n ,  M2-Bays,f (Macmillan, 1936) 

(SO) L.H. Gray, P roc . Camb. P h i l .  S o c . , 40, 72, (1944)
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SECTION 6 

QUANTITATIVE DETECTION Off RADIATION.

I t  has been s h o w t h a t  p ro p o r t io n a l  counters  

e x h ib i t  a remarkably uniform p la tea u  of s e v e ra l  hundred v o l t s  

fo r  the  d e te c t io n  o f  h eav ily  io n iz in g  p a r t i c l e s ,  and they are  

f re q u e n t ly  used fo r  q u a n t i ta t iv e  s tu d ie s  of source r a d i a t i o n s .  

A study was th e re fo re  made of the p la teau  ob ta ined  in  these  

coun ters  f o r  se v e ra l  gas m ix tu res , u s ing  l i g h t l y  io n iz in g  

r a d i a t i o n s .  I t  has been shown th a t  the form ation  of a few ion 

p a i r s  in  one of these counters  o pera ting  a t  a gas gain o f  10® 

g ives a pu lse  s u f f i c i e n t l y  la rg e  to allow i t  to be r e g i s t e r e d  

above the  no ise  of the a m p l i f ie r .  A counter of 40 cm. a c t iv e  

le n g th  and 6 cm. diameter was f i l l e d  w ith  argon (60 cm. Hg) 

and methane (15 cm. Hg) to g e th e r  w ith  a mixture o f  hydrogen 

and t r i t i u m  to a p ressu re  of 5 mm. Hg. This counter had been 

used fo r  one of the measurements on t r i t i u m  and the counting  

r a t e s  were determined w ith  a s c a le r  fo r  d i f f e r e n t  v o l ta g e s ,  

a l l  o f  which were w ith in  the  s t r i c t l y  p ro p o rt io n a l  re g io n .

The r e s u l t s  of th i s  experiment are shown in  Jpigure 15; i t  i s  

c le a r  th a t  the p la teau  i s  ex tensive  and the slope (Q.G05JJ per 

v o l t )  i s  much sm alle r  than th a t  of a Geiger coun ter .  Since 

the  t r i t i u m  spectrum c o n s is ts  o f  e le c t ro n s  of a l l  energ ies  

t h i s  provides a very s a t i s f a c to r y  t e s t  o f  the counting p ro p er

t i e s  of t h i s  arrangement.

The p la teau  i s  l im ite d  on the low vo ltage  s ide  by
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5 7 .

lo s s  of counts of p a r t i c l e s  o f  low e n e rg ie s ,  and. on the upper 

s ide  by the  appearance of extraneous e f f e c t s ,  such as the 

l i b e r a t i o n  o f  p h o to e lec tro n s  a t  the w a l l  or in  the gas.

This experiment was rep ea ted  w ith  n i t ro g e n ,  in  t h i s  

case u s in g  X-rays of  copper; an ap p rec iab le  number of the  

p h o to e lec tro n s  w i l l  be r e le a s e d  a t  the w a lls  and w i l l  t h e r e 

fo re  have en e rg ie s  vary ing  from a few e le c t ro n  v o l t s  to  8 kev. 

The r e s u l t s  of t h i s  in v e s t ig a t io n ,  a lso  shown in  f ig u re  15, 

aga in  in d ic a te  a p la te a u  o f  very n e a r ly  zero slope and ex ten 

ding over s e v e ra l  hundred v o l t s .  These r e s u l t s  show;-

(1) That i f  a r a d ia t io n  produces more than 100 ion 

p a i r s  complete d e te c t io n  w i l l  be o b ta in ed ,

(B) That p ro p o r t io n a l  counters  may r e a d i ly  be used 

fo r  the  q u a n t i ta t iv e  measurement o f  s o f t  r a d ia t io n s  in  a 

manner e x a c tly  s im ila r  to the ge iger  tube , and the a p p l ic a t io n  

a lready  d iscu ssed  to  high energy r a d ia t io n s ,

and (3) That n itro g en  f i l l e d  p ro p o rtio n a l counters  may 

be used w ith  advantage to rep lace  Geiger counters in  the 

d e te c t io n  of cosmic rays and f a s t  b e t a - p a r t i c l e s ,  since these  

w i l l ,  in  a path  leng th  of se v e ra l  c e n tim e tre s ,  give s u f f i c i e n t  

ion p a i r s  to ensure complete d e te c t io n ;  a n i tro g e n  f i l l e d  

counter would be f re e  from a l l  the d i f f i c u l t i e s  a s so c ia te d  

w ith  the f i n i t e  counting l i f e  of th e  conventional Geiger 

m ixtures o f  argon and organ ic  vapours.

A pp l ica t ions  of  these  p ro p e r t i e s  w i l l  be descr ibed



in  l a t e r  s e c t io n s ,  and ex tensions  of the in v e s t ig a t io n s  

d esc r ib ed  in  the  preceding  se c t io n  d iscussed .

....; - v ,. 4' tu 6 :t:: £■ t « V" .■ 1 -■ •

' w i t h



SECTION 7 

THE BETA SPECTRUM Off TRITIUM

T ritium  (H^) was the f i r s t  r a d io a c t iv e  source to he 

in v e s t ig a te d  in  the  s e r ie s  of experiments on the  low-energy 

b e t a - e m i t t e r s . Such an in v e s t ig a t io n  i s  id e a l ly  su i te d  to  the 

p ro p o r t io n a l  coun ter  technique s ince  (a) the maximum energy o f  

the  b e t a - p a r t i c l e s  i s  s u f f i c i e n t ly  low to  allow counters  of 

q u ite  sm all dimensions to be used , and (b) the source may be 

in troduced  as  a gas in to  the mixture of the ooun ter. With 

reg a rd  to  (a) i t  i s  p o ss ib le  to n e g lec t  the e f f e c t  of the 

l im i t a t i o n  o f  the counter dimensions i f  diam eters g re a te r  than  

5 cm. are  used; w ith  regard  to  (b) the  in tro d u c t io n  o f  the 

source in to  the counter as a gas overcomes the d i f f i c u l t i e s  

a s s o c ia te d  w ith  the more normal sp ec trog raph ic  techn ique .

These d i f f i c u l t i e s  a r e ,  f i r s t l y ,  the f i n i t e  th ick n ess  of the 

source and i t s  backing, and, secondly , the ab so rp tio n  of the 

th in  window d iv id in g  the main body of the spec trog raph  from 

the d e te c to r .  These a t  p resen t produce unsurmountable d i f f i 

c u l t i e s  w ith  a source having a maximum energy l e s s  than  20 kev.

The spectrum of t r i t i u m  i s  o f  cons iderab le  

importance f o r  se v e ra l  reasons

(1) The r e l a t i v e l y  simple s t r u c tu re  of the 

nucleus and i t s  undoubted assignment to an allowed t r a n s i t i o n  

makes p o ss ib le  a c ru c ia l  t e s t  of the Eermi theory of b e ta -  

deeay ,
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(2) The unusually  low energy o f  the spectrum makes 

p o ss ib le  an accu ra te  e s t im a tio n  of the mass of the n e u t r in o ,

(3) The mass d if fe re n c e  between and gHe^ may 

be determ ined w ith  g re a t  accuracy.

P rev ious  R e s u l t s .

P rev ious de te rm inations  of  the end p o in t o f  the 

spectrum (E0 ) by v a r io u s  methods gave values  ranging from 9.5 

kev to  18 kev.

Libby and Aee^2^ ,  u s ing  a magnetic d e f le c t io n  

method, ob ta ined  a value of 13 i  5 kev.

A lvarez and Cornog^2 2 ), u s ing  an io n iz a t io n  chamber, 

measured the io n iz a t io n  per u n i t  volume and obta ined  a value 

o f  18 kev.
( 2 3  )Brown measured the range of the be ta  p a r t i c l e s  

i n  helium as  0.23 mg/cm2 , from which he c a lc u la te d  a value of

9.5 kev . 0*Heal and Goldhaber^2 4  ̂ measured the range of the 

b e t a - p a r t i c l e s  in  an argon-a lcoho l m ixture w ith  a sc re en -  

w alled  counter as 0.46 i  0.05 mg/cm2 , from which they c a lc u 

l a t e d  an energy of 15 ±  3 kev; i t  was l a t e r  shown^2 5  ̂ th a t  

the  d i f fe re n c e  between these l a s t  two measurements was due 

almost e n t i r e l y  to d if fe re n c e s  between the range-energy 

r e l a t i o n s  used , and th a t  the second r e s u l t  was more a c c u ra te .

Watts and W illiams^2 6  ̂ used a method in  which the 

b e t a - p a r t i c l e s  were a c c e le ra te d  through the window of a 

coun ter; by f i r s t  a c c e le r a t in g  therm ionic e le c tro n s  through



the window i t s  s topp ing  power was ob ta ined ; the value which 

was o b ta in ed  fo r  the  end-po in t was 11 i  2 kev.

In  each of these  methods, s o l i d  sources were used 

and the shape of the  spectrum could not th e re fo re  be d e t e r 

mined. N e i l s e n ^ ^ ,  u s in g  a drop count method in  a cloud 

chamber co n ta in in g  a t r i t i u m  gas source , obta ined  an average 

energy value o f  6*5 kev and an end-poin t o f  14• 5 kev. As 

N e ilsen  po in ted  o u t ,  these  va lues  were in  disagreement w ith  

the shape of a i'ermi d i s t r i b u t io n ,  and i t  i s  u n fo rtu n a te  th a t  

t h i s  d e te rm in a tio n  inc luded  only 108 t r a c k s .

Novick^®^ re p o r te d  a r e c e n t  measurement of the 

h a l f - l i f e  o f  in  which the amount o f  helium produced by a 

known amount o f  t r i t i u m  in  some 200 days was determ ined q u a n t i 

t a t i v e l y .  This measurement, which was confirmed by the 

io n iz a t io n  chamber r e s u l t s  o f  G o l d b l a t t ^ ^ ,  l e f t  l i t t l e  doubt 

th a t  the h a l f - l i f e  was close  to 12 y e a rs ,  and in d ic a te d  th a t  

the t r a n s i t i o n  was allowed.

IConopinski  ̂ has shown th a t  a th e o r e t i c a l  

d iscrepancy e x i s t s  between the measured h a l f - l i f e  and end 

p o in t  energy f o r  when they are compared w ith  the c o r re s 

ponding values  fo r  the n e a re s t  e le c t ro n  em itt in g  n u c leu s , 

gHe6 . The c a lc u la t io n s  in d ic a ted  t h a t ,  i f  n e i th e r  o f  these 

q u a n t i t i e s  had been underes tim ated , the d iscrepancy could only 

be re so lv e d  by assuming a n eu tr in o  w ith  mass ly in g  between 

1/30 and 1/45 o f  the mass of the e le c t ro n .  This assumption



could no t be proved or d isproved  s ince  the shape of the 

spectrum was no t known. The r e s u l t s  of Cook, Langer and
( 3 1  )P r i c e '  on th e  energy d i s t r i b u t io n  of the be ta  p a r t i c l e s  of 

SS5 in d ic a te d  a  n e u tr in o  mass o f  l e s s  than 1/100 of the mass 

of the e le c t ro n .  This work, was d i r e c te d  to give an accu ra te  

d e te rm in a t io n  o f  the shape o f  the spectrum and as an a ttem pt 

to  re so lv e  th e  d i f f i c u l t y  by a more accu ra te  de te rm ina tion  of 

the  end -po in t ene rgy .

E xperim ental R e s u l t s .^ 82, 2 2 ^

In these  measurements, which were c a r r ie d  out w ith  

s e v e ra l  coun ters  o f  d i f f e r e n t  dimensions, the t r i t iu m  was 

in tro d u ced  in to  the gas mixture of the coun ter , which 

con ta ined  a lso  argon a t  a p ressure  of 60 cm. Hg and methane 

a t  a p re ssu re  of  15 cm. Hg. In each case the  method of 

f i l l i n g  was the same; the counter was f i r s t  evacuated and 

about 1 cm. of in a c t iv e  hydrogen was in troduced ; t h i s  was 

allowed to  s tand  fo r  about 30 minutes in  o rder th a t  any 

ab so rp tio n  o f  hydrogen by the w a lls  would be completed. A few 

grams o f  palladium  co n ta in ing  the a c t iv e  hydrogen was then  

heated  in  a s id e  tube connected to the system and the gas 

r e le a s e d  d if fu s e d  in to  the coun ter . Heating was continued 

f o r  about 15 or 20 minutes and the s ide  arm was s e a le d  o f f .

The normal argon-methane mixture was then added.

Counting r a t e s  of the order  of  5,000 to 10,000 per 

min. were ob ta ined ; i t  was necessa ry ,  however, to  check th a t
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the a c t iv e  gas was no t being absorbed in  the w alls  or m etal 

p a r t s  o f  th e  c o u n te rs ,  s ince  t h i s  would have r e s u l te d  in  con

s id e ra b le  d i s t o r t i o n  of  the spectrum. I t  was v e r i f i e d  th a t  

the gas could r e a d i ly  be removed from the counters since the 

normal background counting r a te  was obta ined  a f t e r  they had 

been evacuated  and r e f i l l e d  w ith in a c t iv e  gas . F u r th e r ,  i t  

was found th a t  the gas could e a s i ly  be t r a n s f e r r e d  to  an evacu

a ted  co u n te r ,  and th a t  such sh a ring  r e s u l te d  in  a c t i v i t i e s  

p ro p o r t io n a l  to  the a c t iv e  volumes o f  the counters and 

independent of the su rface  a reas  exposed.

The i n i t i a l  experiments were c a r r ie d  out w ith a 

g la s s  coun ter  o f  6.7 cms. d iam eter and an e f f e c t iv e  counting 

le n g th  of 12 cm. Only one in v e s t ig a t io n  w i l l  be d iscu ssed , 

s ince  i t  was subsequently  found th a t  the counter was of such 

sh o r t  e f f e c t iv e  len g th  th a t  the e n d -e f fe c t  a lread y  d iscussed  

in  s e c t io n  5 r e s u l t e d  in  a considerab le  d i s to r t i o n  of the 

spectrum . An a n a ly s is  of some 40,000 pu lses  from the t r i t i u m  

source was made under cond itions  which allowed energ ies  

between 900 ev and 18 kev to be covered and the r e s u l t s  o f  

t h i s  a n a ly s is  are  given in  Figure 16. A fu r th e r  a n a ly s is  was 

c a r r ie d  out a t  the same gas gain  and a m p li f ie r  gain  in  which 

the f i lm  was exposed a t  a slower speed in  order to  o b ta in  a 

cons iderab ly  la rg e r  number o f  pu lses in  the reg io n  between

13.5 kev and 18 kev. The r e s u l t s  o f  these  measurements are 

given on the r i g h t  hand s ide  o f  F igure 17. P ho toe lec trons  from
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tiie f lu o re sc e n ce  X -ra d ia t io n  of copper were superimposed on 

tiie be ta  s p e c t r a  to  provide an energy c a l ib r a t io n ,  and tiie 

pulse d i s t r i b u t i o n ,  which i s  a lso  given in  I’igu re  17, gave two 

qu ite  d i s t i n c t  groups. The n a tu ra l  background of the oounter, 

w ith energy c a l i b r a t i o n ,  had f i r s t  been determined over a 

period  of s e v e ra l  m inutes, and the pulse s iz e  d i s t r ib u t io n  

ob ta ined ; t h i s  d i s t r i b u t i o n ,  which averaged 40 pu lses  per 

group, was s u b tra c te d  from the experim ental d i s t r ib u t io n  

before i t  was p lo t t e d  in  f ig u re  16.

I t  w i l l  be seen th a t  the counting r a te s  in  the 

m a jo ri ty  o f  the energy in te rv a l s  are considerab ly  h igher than 

the background counting r a t e s ,  except very close to the end

p o in t where some lack  o f  accuracy r e s u l t s .  The spectrum 

ob ta ined  here in c re a se s  continuously  towards the low energy 

end, and i s  s l i g h t l y  concave throughout. Since t h i s  a r i s e s  

p r in c ip a l ly  from the la rg e  en d -e ffec t  no d iscu ss io n  of t h i s  

f ig u re  w i l l  be given; a comparison of these r e s u l t s  w ith  those 

of l a t e r  work, in  which the e n d -e f fe c ts  were much sm a lle r ,  

dem onstrates the app rec iab le  d i s to r t io n s  which may r e s u l t  from 

such an e f f e c t .

The upper energy l im i t  o f  t h i s  spectrum was found to  

be 16*9 kev, and, because of the la rg e  background, the probable 

e r ro r  was considered  to be about i  0 .3  kev. S evera l l a t e r  

runs w ith  these  counters  gave end-po in t values between 17.0 kev 

fiuad 17.9 kev; the counters used were of  s im ila r  len g th  but
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sm alle r  d ia m e te r ,  and they  consequently  had sm alle r  background 

counting  r a t e s .

The m eta l counter 40 cm. long and 6 cm. in  d iam eter, 

which had been used fo r  a study of the end -e ffeo t described  in  

S ec tio n  5 , was used fo r  the second s e t  of measurements. The 

experim enta l r e s u l t s  obtained  w ith  th i s  counter as described  

above a re  g iven in  F igures  18 to  23; in  each case the energy 

sc a le  was determ ined from a c a l ib r a t io n  w ith  the f luo rescence  

X -rays of  copper. F igure  18 gives the d i s t r ib u t io n  of b e ta -  

p a r t i c l e s  f o r  en e rg ies  between 1*5 kev and 19 kev, and a lso  

g ives  the d i s t r i b u t i o n  of background p u lse s ;  Figure 19 the 

end -po in t d i s t r i b u t i o n  between 15 kev and 19 kev. The broken 

curve o f  F igure 20 was obtained  by smoothing the experim ental 

r e s u l t s  and s u b t r a c t in g  the background; the f u l l  curve 

r e p re s e n ts  the Fermi d i s t r i b u t io n  fo r  an end po in t of 18 kev 

and has been c o r re c te d  f o r  the e n d -e f fe c t ;  the two curves 

have been arranged  to  have the same t o t a l  a re a .  These 

c o r re c t io n s  were made as fo llow s; f i r s t l y ,  the t h e o r e t i c a l  

Fermi d i s t r i b u t i o n : -

3?(W) = ftr0  -  W)s . p.W.G.D. 

may be w r i t t e n  a s : -

S(E) = (E0 -  E)2 £ l  -  e“® V0.5369/ eJ 1

where p i s  the  momentum in  u n i t s  of me

W i s  th e  t o t a l  energy in  u n i ts  of me2 

E i s  the  n o n - r e l a t i v i s t i c  energy in  kev
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Z is the charge of the product nucleus, and is
equal to  2

G i s  the  Coulomb f a c t o r ,  

and D i s  the  Dirac f a c t o r ,  whioh i s  e f f e c t iv e ly  

co n s tan t f o r  th e se  low e n e rg ie s .

The end reg ions  of the counter were considered to be 

d iv ided  in to  sm all s e c t io n s  between p lanes perpend icu la r  to  

the w ire  and the gain  of each se c t io n  was known from the 

r e s u l t s  g iven in  Eigure 4 as a f r a c t io n  o f  the gain  in  the 

c e n t r a l  s e c t io n  o f  the coun ter , Eermi d i s t r ib u t io n s  of  

reduced s c a le  were c a lc u la te d  and added to  the main d i s t r i 

bu tion  w ith  r e l a t i v e  i n t e n s i t i e s  equal to the volumes of the 

s e c t io n s  chosen. The m od if ica tion  which r e s u l te d  was very 

s l i g h t  due to  the g re a te r  leng th  of the counter.

A comparison of the th e o r e t i c a l  curve w ith the 

experim enta l r e s u l t s  may th e re fo re  be made from f ig u re  20. I t  

i s  seen th a t  the tren d s  of  the curves are s l i g h t l y  d i f f e r e n t ,  

the experim ental maximum i s  le s s  pronounced than th a t  o f  the 

th e o r e t i c a l  curve and s l i g h t l y  h igher in  energy. The sudden 

drop in  the l a s t  energy in te rv a l  i s  due to experim ental l im i

ta t i o n s  and i t  does no t appear in  the more d e ta i l e d  i n v e s t i 

ga tio n  o f  lower en e rg ie s .  Elsewhere, however, the d epartu re  

from the t h e o r e t i c a l  curve i s  no t very g r e a t ,  a lthough the 

i n t e n s i t y  appears to  be sy s te m a tic a l ly  sm alle r  than would be 

expected a t  the lower energ ies  and g r e a te r  a t  h igher e n e rg ie s .
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Since allowance has been made fo r  the e n d -e ffec t  and since 

the d i s t o r t i o n  due to  w a ll  ab so rp tion  e f f e c t s  must be very 

sm all a t  th e se  h igher en e rg ie s ,  i t  i s  d i f f i o u l t  to a t t r i b u t e  

these  sm all d isc re p an c ie s  to  any experim ental l im i ta t io n s .

The end-po in t energy of t h i s  curve i s  17.8 kev, and 

the  e s t im a t io n  i s  considerab ly  more aoourate than th a t  

p re v io u s ly  quoted , s ince  the background e f f e c t  i s  cons iderab ly  

le s s  and may th e re fo re  be allowed fo r  more a c c u ra te ly .  A 

Fermi p lo t  o f  the r e s u l t s  i s  given in  Figure 21. In th i s

from the  smooth curve of Figure 20, and i t  i s  seen th a t  the 

p o in ts  l i e  very close to a s t r a i g h t  l in e  w ith  an in te rc e p t  on 

the E -a x is  of 18.1  kev. This s u rp r is in g  agreement w ith  the 

Fermi p re d ic t io n s  must, however, be taken to in d ic a te  a some

what i n s e n s i t i v e  p ro p er ty  of the method of p lo t t in g .  The 

f i n a l  r e s u l t  i s  17.9 kev and the accuracy has been es tim ated  

as i  o .S  kev.

spectrum a t  low energ ies are given in  Figure 22; they cover 

an energy range from 600 ev to  6 kev, and were obtained  by 

in c re a s in g  the  gas a m p lif ic a t io n  in  order to allow more 

accu ra te  d a ta  to be o b ta in ed . This confirms the maximum a t  3 

kev and in d ic a te s  an e x tra p o la te d  in te n s i ty  value a t  zero 

energy no t l e s s  than 0.8  times the in te n s i ty  a t  the maximum.

p lo t te d  ag a in s t  E, where N i s  taken

The r e s u l t s  of a separa te  in v e s t ig a t io n  of the

Although i t  was extremely u n l ik e ly  in  view of these
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r e s u l t s  t h a t  the  t r a n s i t i o n  was complex, t h i s  was checked in  

the fo llo w in g  manner. T ritium  gas was in troduced  in to  an 

envelope co n ta in in g  two Geiger c o u n te rs ,  as shown in  .Figure 23 

A gas m ixture o f  74 cm. argon and 1.5 cm. a lco h o l  was used so 

t h a t ,  i f  any gamma r a d ia t io n  of low energy was em itted  du ring  

the t r a n s i t i o n ,  the e f f ic ie n c y  o f  d e te c t io n  would be not l e s s  

than  25$. I f  any of the t r a n s i t i o n s  r e s u l t s  in  a sim ultaneous 

em ission o f  a b e ta  p a r t i c l e  and a gamma ra y ,  co incidences 

between the two coun ters  would be observed. A mica f o i l  was 

p laced  between the two coun ters  in  order to  avoid a h igh  c o in 

cidence r a t e  between the two coun ters  due e i t h e r  to an i n t e r 

a c t io n  between the d ischarges  or a t r ig g e r in g  by the  same b e ta  

p a r t i c l e ;  the counter was p laced  in  a magnetic f i e l d ,  though 

t h i s  was n o t e s s e n t i a l .

The t r i t i u m  gave a counting r a te  of 880 counts per 

minute (average] in  each tube.; the coincidence r a t e  w ith  

t r i t i u m  in  the counter (2.25 +  0.10 counts per m inute) was 

a c tu a l ly  l e s s  than  the coincidence r a t e  when no t r i t i u m  was 

p re se n t  ( 2 .5 0 +  0.16 counts per m in u te ) ,  so th a t  the maximum 

p o s s ib le  in c re a se  of coincidences was 0.01 per m inute. Since 

the  coun ters  had been c a lc u la te d  to  have a minimum coincidence 

d e te c t io n  e f f i c ie n c y  o f  one p e rc e n t ,  in c lu d in g  s o l id  angle 

c o n s id e ra t io n s  f o r  the t r a v e r s a l  of each counter by r a d i a t i o n  

em itted  in  the o th e r ,  the maximum p o ss ib le  number o f  complex 

t r a n s i t i o n s  i s  c e r t a in ly  under one p e rc e n t .
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In view of the reaso n ab le  agreement of  the  e x p e r i 

m ental r e s u l t s  w ith  the p re d ic t io n s  o f  the Fermi theory  and

the g re a t  s e n s i t i v i t y  o f the t h e o r e t i c a l  curves to  the mass of 

th e  n e u t r in o ,  the d e ta i l e d  end-po in t curve may be compared 

w ith  Fermi curves c a lc u la te d  fo r  v a r io u s  n eu tr in o  masses. 

Before co ns idering  t h i s  q u e s t io n ,  however, i t  i s  necessa ry  to  

d iscu ss  the e f f e c t  on the shape of the spectrum of the  l im i te d  

number of ion  p a i r s  produced by the beta  p a r t i c l e s .  Since the

number of ion  p a i r s  produced a t  the maximum energy i s  600, the

re s o lv in g  power of the instrum ent (or the spread  in  the number 

of  ion  p a i r s )  w i l l  be s ig n i f i c a n t l y  l a r g e .  In p r a c t i c e ,  the  

f i n i t e  r e s o lv in g  power o f  the instrum ent w i l l  no t a f f e c t  the 

main p a r t  o f  the curve s ince  the v a r ia t io n s  in  the curve are  

sm a ll ,  hear the  en d -p o in t ,  however, the e f f e c t  may be r e l a 

t i v e l y  more pronounced. I f  a Fermi d i s t r i b u t i o n  w ith  end

p o in t  a t  18 kev i s  drawn, and the re s o lv in g  power of the 

in s trum en t i s  taken to  be of the form shown in  Appendix E
l.

( f u l l  w id th  of n2 a t  h a l f  h e ig h t ,  in  agreement w ith  the 

r e s u l t s  o f  S ec t io n  5 ) ,  the experim ental curves may be ca lc u 

l a t e d .  These curves are  shown as the f u l l  and broken curves 

o f  F igure 26; i t  w i l l  be seen th a t  the e f f e c t  i s  sm all and 

th a t  no ap p rec iab le  d i s t o r t i o n  occurs except w ith in  the  l a s t  

one kev from the en d -p o in t.  A f u l l  a n a ly s is  o f  the c o r re c t io n  

i s  given in  Appendix E.

Fermi curves have been c a lc u la te d  fo r  various
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n e u tr in o  r e s t  masses between 0 kev and 4 kev, and tiie 

re so lv in g  power c o r re c t io n  has been included  in  them. The

form ula from which these  curves were c a lc u la te d  i s : -

t f ( W )  =  pWG (wo  -  W - t / t  ) J ( K 0 -  « r ) ( W 0  -  W +  2 /*. )

where ju, i s  the n e u tr in o  mass. A comparison of these  curves

w ith  the experim ental p o in ts  ( f ig u re  24) r e f e r r i n g  to  grouped 

va lu es  from f ig u re  19 in d ic a te s  good agreement w ith the curves 

fo r  a n eu tr in o  mass of 0 or 1 kev. The experim ental e r ro r s  of 

th e se  p o in ts  do no t r u le  out a n e u tr in o  mass o f  zero and 

a d d i t io n a l  accuracy would be n ec essa ry . Assuming th a t  the 

n e u tr in o  th eo ry  i s  v a l id  the r e s u l t s  may be s t a t e d  a s : -

/UL = m/500 ± m/500 

The end-po in t value o f  17.9 kev i s  in  much b e t t e r  

agreement w ith  the  h a l f - l i f e  value then the r e s u l t s  o f  Watts 

and W illiams and le s s e n  the t h e o r e t i c a l  d iscrepancy  w ithout 

n e c e s s i t a t in g  the assumption of a r e l a t i v e l y  la rg e  n e u tr in o  

mass.
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SECTION 8 

THE BETA SPECTRUM OE CARBON 14.

I n t ro d u c t io n .

Carbon 14 was the second r a d io a c t iv e  source to  be 

in v e s t ig a te d  in  t h i s  s e r i e s .  As in  the case of t r i t i u m ,  i t  

was p o ss ib le  to in troduce  the source in to  the gas m ixture of 

the  coun ter;  the  source was in  the form of carbon d io x id e , 

and the amount o f  t h i s  gas which was in troduced  in to  the mix

tu re  was so sm all t h a t  i t  could produce no a l t e r a t i o n  in  the 

performance and c h a r a c t e r i s t i c s  of the gas m ix tu re .

The upper energy l im i t  o f  the spectrum of t h i s  

source has been re p o r ted  as about 155 kev. Since t h i s  i s  very 

much l a rg e r  than the maximum energy of t r i t i u m  i t  was 

necessa ry  to  use a counter o f  much la rg e r  dimensions, in  

o rder  to  ensure th a t  the complete energy of such an e le c t ro n  

would be d e te c te d .  The energy corresponds to a range of 28 

mg/cm^ o f  aluminium, i . e . ,  approxim ately  14 cms. o f  argon a t  

atm ospheric p re s su re ;  the  counter was p re s s u r is e d  in  o rder to  

reduce the t r a c k  len g th  corresponding  to the maximum energy to 

a sm all f r a c t i o n  of the d iam eter o f  the counter .

In  t h i s  in v e s t ig a t io n  a f i r s t  a p p l ic a t io n  of the 

beaded counter method of c o r re c t io n  fo r  the e n d -e f fe c t  was 

made; the  c e n t r a l  w ire was d iv ided  in to  two unequal s e c t io n s  

by a g la s s  bead, thus d iv id in g  the counter in to  two volumes.
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The d i s t r i b u t io n s  of p u lse s  from the  sources were reco rded  in  

each s e c t io n  in  tu r n ,  and, s ince  both  s e c t io n s  have id e n t i c a l  

end assem blies  and should th e re fo re  have i d e n t i c a l  e n d - e f f e c t s ,  

the d i f fe re n c e  between the two d i s t r i b u t io n s  r e p re s e n ts  the 

d i s t r i b u t i o n  which would have been ob ta ined  from a oounter 

f r e e  from e n d -e f f e c t .

Measurements were made of the pulse  d i s t r i b u t io n s  a t  

two gain  l e v e l s ,  before and a f t e r  the r a d io a c t iv e  gas had been 

in tro d u c e d .  One of these  reco rds gave the genera l pu lse  d i s 

t r i b u t i o n  over the whole energy spectrum , w hile the o th e r  

covered the reg ion  below the peak in t e n s i t y  of the d i s t r i b u t i o n .  

A reco rd  was a lso  made from which a more accu ra te  d e te rm in a tio n  

of  the  upper energy l im i t  could be made. In  each case reco rds  

were taken  a t  both  ends o f  the counter; w hile t h i s  in c reased  

the amount of a n a ly s is  n ecessa ry , i t  was considered  to  a f fo rd  

the s im p les t  and most accu ra te  method of c o r re c t in g  fo r  the 

d i s t o r t i o n  a t  the ends o f  the coun ter .

The value of the h a l f - l i f e  o f  carbon has been d e t e r 

mined as 6 -  7 x 10s y ea rs  (34). t h i s  v a lu e ,  to g e th e r  w ith  the 

upper energy l i m i t ,  in d ic a te s  th a t  the t r a n s i t i o n  i s  a t  l e a s t  

f i r s t ,  and probably  second o rder  ”fo rb id d e n ” ; such a t r a n 

s i t i o n  would be expected to  d i f f e r  cons iderab ly  in  shape in  the 

low-energy reg io n  from the spectrum of an allowed t r a n s i t i o n ,  

a s ,  f o r  example, t h a t  of t r i t i u m .  In  a " fo rb idden” t r a n s i t i o n ,  

f o r  example, the spectrum might be expected to  f a l l  to  zero



i n t e n s i t y  a t  zero energy, and the r e s u l t s  o f  t h i s  i n v e s t i 

g a t io n  showed th a t  the spectrum d i f f e r e d  cons iderab ly  in  shape 

from t h a t  of t r i t i u m .

During the course of t h i s  work a d i s t r i b u t i o n  

covering  the  major p a r t  of the  spectrum was rep o r te d  by Cook,
(on )

Danger and P r i c e 1 . Their r e s u l t s ,  which were ob ta ined  

w ith  a h igh  r e s o lu t io n  magnetic sp ec tro g rap h  o f  la rg e  r a d iu s ,  

were to  a c e r t a in  ex ten t  su b je c t  to u n c e r t a in t i e s  a s s o c ia te d  

w ith  source th ic k n ess  and mounting; these  u n c e r t a in t i e s  were 

more pronounced a t  low e n e rg ie s .  There i s  a reasonab le  ag ree 

ment between the r e s u l t s  ob ta ined  by these  au thors  and the 

d i s t r i b u t io n s  described  h e re ,  and both in d ic a te  th a t  c e r t a in  

d isc re p a n c ie s  e x i s t  between the  experim ental curve and the 

th e o r e t i c a l  p r e d ic t io n s .

Prev ious Work.

Heuben and Karnen^24* 2 5  ̂ showed th a t  carbon 14 

em itted  a continuous be ta  spectrum, unaccompanied by gamma 

r a d ia t io n ;  from ab so rp tio n  measurements they eva lua ted  the

maximum energy of the b e t a - p a r t i c l e s  as around 145 kev.
( 3 6  )

L e v y l c , ° '  examined t h i s  source and eva luated  the 

maximum energy as 154 i  3 kev; a Kurie p lo t  of the spectrum 

in  the range 110 to  154 kev gave a s t r a i g h t  l in e  r e l a t i o n .

Lewis and P a u l^ * ^  re p o r te d  a maximum energy value of 

152 i  5 kev , a lso  from magnetic sp ec trog raph  a n a ly s i s ,  a lthough 

no spectrum was given.
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Solomon e t  a l . ^ ® \  u s ing  aluminium a b so rp tio n  

measurements and the l e a th e r  p l o t ,  ob ta ined  a value of  154 ±  4 

kev f o r  the en d -p o in t .  This method does no t give any i n d i 

c a t io n  of the shape of the spectrum.

Cook, Langer and P r i c e (31) gave more d e ta i l e d  r e s u l t s  

o f  spectrom eter s tu d ie s  of the spectrum covering  an energy 

range from about 5 kev to the  upper energy l i m i t ,  the value of 

which they determ ined as 156.3 i  1 .0  kev. The spectrum r i s e s  

from alm ost zero in t e n s i t y  a t  a few kev to  a maximum a t  30 kev 

and th e r e a f t e r  f a l l s  g ra d u a l ly  to  the en d -p o in t .  When the 

r e s u l t s  are  p lo t t e d  on a Permi p lo t  the experim ental curve 

f a l l s  r a p id ly  below a s t r a i g h t  l in e  r e l a t i o n  f o r  ene rg ies  le s s  

than 50 -  60 kev, but above t h i s  value the curve i s  reasonab ly  

l i n e a r ,  a l though  th e re  i s  a s l i g h t  a l t e r a t i o n  in  the slope of 

the  l in e  a t  high e n e rg ie s .

The sp in  of carbon 14 i s  0 ^ ^ ,  and the c o r r e s 

ponding value of the product n u c leu s , N14 i s  1 ^ ° ^ ,  so th a t  the 

t r a n s i t i o n  invo lves  a change of quantum number of  1. In the 

paper o f  Konopinski to which re fe re n c e  has a lread y  been made 

the  Permi s e le c t io n  r u le s  and those o f  Gamow and T e l le r  a re  s e t  

out f o r  such a t r a n s i t i o n .  These show c e r t a in  d if fe re n c e s  and 

w i l l  be r e f e r r e d  to in  the d isc u ss io n  o f  the r e s u l t s .

Experim ental Method.

The counter used in  these  experim ents, which i s  

shown sch em a tica lly  in  the in s e t  P igure £5, was made from a
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copper cy l in d e r  14 cm. diam eter and 75 cm. long, w ith  a w a ll  

th ic k n e ss  o f  3 /8  i n .  (0.96 cm .). Thick copper e n d -p la te s  

were so ld e red  to  the tuhe and clamped in  p o s i t io n  hy fou r 

copper t i e - r o d s  running  the f u l l  len g th  o f  the co u n te r .  The 

w ire  was supported  by the normal in s u la te d  mountings shown in  

f ig u re  3 , a l though  the ebon ite  screwed s leeve  was lengthened 

so th a t  over one inch  of th read  could be engaged in  the end- 

p la te  bushing. This was found to prevent the ebon ite  from 

being fo rced  ou t by the p ressu re  o f  the gas in s id e  the co u n te r .

The c e n t r a l  w ire  was o f  tu n g s ten , 0.004 in .  in  d ia 

m eter; the  w ire  co n s is te d  of two se c t io n s  jo in ed  to g e th e r  by 

a g la s s  rod 1.5 cm. in  leng th  and about 1 mm. in  d iam eter.

The two se c t io n s  of the w ire ,  which were in s u la te d  from each 

o th e r  by t h i s  bead, could be jo ined  in  tu rn  to the head am pli

f i e r  and the  pu lse  d i s t r i b u t i o n  o f  e i th e r  o f  the two oounter 

s e c t io n s  measured. The len g th s  of the two w ire s e c t io n s  

exposed in s id e  the counter were 47 cm. and 16 cm.

Two windows, 0.25 in .  d iam eter and 0.03 in .  th ic k ,  

were p rov ided , through which f lu o re scen ce  X-rays o f  v a r ious  

m eta ls  could be in troduced  f o r  c a l ib r a t i o n  of the low energy 

d i s t r i b u t io n s  o f  each end.

The gas was prepared  from a sample of barium 

carbonate co n ta in in g  a few m icrocuries  of  ra d io a c t iv e  carbon.

A sm all p a r t  of the carbonate was hea ted  on a p latinum  f i l a 

ment in s id e  a v e s se l  co n ta in ing  argon a t  a p ressu re  o f  10 cm.
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Eg; during  the h ea tin g  process carbon d iox ide was r e le a s e d ,  

the  argon p rov id ing  a d i lu e n t  and c a r r i e r .  An a c t i v i t y  o f  

10^ counts per minute was o b ta in ed , in d ic a t in g  th a t  the 

p rocess  had been reasonab ly  e f f i c i e n t .  This method of 

p re p a ra t io n  ensured the minimum in tro d u c t io n  of im p u r i t ie s  i n 

to the gas m ix tu re , a s ,  f o r  example, oxygen or w ater vapour, 

e i t h e r  o f  which would have been extrem ely troublesome a t  the 

h igher  p re ssu re s  used h e re .

A sm all amount o f  the gas m ix ture , w ith  an a c t i v i t y  

o f  50,000 counts per m inute, was removed from the main sample 

and in troduced  in to  the  counter a f t e r  the l a t t e r  had been 

evacuated; n i t ro g e n  was added to  a p ressu re  of 30 cm. Hg. 

and the counter was then  p re s s u r is e d  to a t o t a l  p re ssu re  of 

5^ atmospheres w ith  argon. N itrogen was used as the 

quenching g as , s ince  the methane used in  the lower p ressu re  

work appeared to  have a sm all w ater vapour co n ten t.

The counter was opera ted  a t  a v o ltage  around 6,000 

v o l t s ,  and the ebon ite  in s u la to r s  gave s a t i s f a c to r y  behav iour, 

s ince  the  number o f  spurious pu lses  was very sm all.  At t h i s  

v o ltag e  s a t i s f a c to r y  un ifo rm ity  o f  c a l ib r a t i o n  X-ray p u lses  

was o b ta in ed .

I t  i s  i n t e r e s t i n g  to  note t h a t ,  in  a p re lim inary  

experiment in  which the c e n t r a l  w ire was of 0.0015 in .  d i a 

m eter, homogeneous gas m u l t ip l i c a t io n  could not be ob ta ined ; 

the w ire  was used in  o rder to reduce the vo ltage  necessary  to
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o pera te  the  co u n te r ,  h u t,  w hile  the v o ltag e  was almost one- 

h a l f  o f  th a t  ev e n tu a l ly  used , the r e s u l t i n g  sm all value of 

the  f i e l d  s t r e n g th  near the circum ference o f  the counter 

appeared to  he i n s u f f i c i e n t  to overcome the  recom hination  

e f f e c t .  The inhomogeneity of  pulse s iz e  may have heen due 

a lso  to the  f a c t  th a t  methane was used in  these  e a r ly  e x p e r i 

ments .

As in  the case o f  t r i t i u m ,  the r a d io a c t iv e  gas d id  

n o t i n t e r a c t  in  any way w ith  the w a lls  o f  the co u n te r ,  s ince  

a l l  a c t i v i t y  could he removed very e a s i ly  hy evacua ting  the 

v e s s e l .

Experim ental R e s u l t s .

Ear the f i r s t  run the o v e ra l l  ga in  was s e t  to  cover 

an energy range from 20 kev to  200 kev. At fh .l l  a m p li f ie r  

gain  t h i s  would have involved a gas gain  of between two and 

th re e ;  the  a m p li f ie r  gain  was th e re fo re  cut hy a f a c to r  of 

10, and the gas m u l t ip l i c a t io n  was r a i s e d  to  between 20 and 

30. This was considered  to he w e ll  below the maximum value 

f o r  the quenching gas , and a t  the same time to he s u f f i c i e n t l y  

la rg e  to  avoid f lu c tu a t io n s  due to high s t a t i s t i c a l  v a r ia t io n s  

of gas g a in .

C a l ib ra t io n  of th i s  run  was supp lied  hy means of the 

c h a r a c t e r i s t i c  X-rays of  tu n g s ten . The bombarding v o lta g e  of 

the X-ray machine was s e t  so th a t  these  X-rays would be 

e x c i te d  in  the t a r g e t ,  and the ou tpu t beam was f i r e d  d i r e c t ly
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th rough  the  w a l l  of the co u n te r .  In passing  through the 

oopper w a l l  the - ra y s  were absorbed much more s t ro n g ly  

than  the JCyS X-rays due to  t h e i r  lower energy, the  r a t i o  of 

the  a b so rp tio n  c o e f f i c i e n t s  being about 40 : 1. The pulse  

d i s t r i b u t i o n  of p h o to e lec tro n s  th e re fo re  r e s u l t e d  almost 

e n t i r e l y  from the h igher  energy group. In each oase the X-ray 

spectrum showed a s in g le  peak, and the p o s i t io n  of th i s  peak 

was i d e n t i f i e d  w ith  the energy of the Kp  X-ray l in e  of tung

s te n ,  66.7 kev . The energy sc a le s  of the d i s t r ib u t io n s  were 

s e t  up on t h i s  b a s i s .  An example of the d i s t r i b u t i o n  

ob ta ined  i s  shown in  f ig u re  E8 (a ) .

The s in g le  excep tion  to t h i s  method of energy e s t i 

mation was th a t  of the d i s t r i b u t i o n  shown in  Figure 25; in  

th e  c a l ib r a t i o n  o f  t h i s  f i lm  a r a th e r  high in te n s i t y  of X-rays 

was u sed , and the pulse  d i s t r i b u t io n  was u n s a t i s f a c to ry  due to 

a  p a r t i a l  b ia s s in g - o f f  in  the f i r s t  valve of the  a m p l i f ie r .

In  t h i s  case i t  was necessary  to use the end-poin t p o s i t io n  

determ ined from the d i s t r i b u t i o n ,  and to c o r r e la te  i t  w ith  the 

energy value ob ta ined  in  the more d e ta i l e d  r e s u l t s  of F igure 

28, taken under i d e n t i c a l  cond itions  before the gas m ixture 

was r e le a s e d .

The background counting  r a t e s  a t  the long and sh o r t  

ends were r e s p e c t iv e ly  3,000 and 1,500 per minute; c o r r e s 

ponding counting  r a t e s  a f t e r  the carbon had been in troduced  

were 20,000 and 13,000 per m inute. In each of these  ana lyses
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p u lse s  were reco rded  a t  each end o f  the counter f o r  z i  

m inutes; background p u lse s  d i s t r i b u t io n s  were reco rded  fo r  

p e riods  between 3-|- and 5 m inutes.

The histogram  f o r  the pulse  d i s t r i b u t i o n  o b ta in ed  in  

the longer s e c t io n  i s  shown in  .Figure 25,  and th a t  ob ta ined  in  

the  s h o r te r  s e c t io n  in  Figure 26. The smoothed curves were 

o b ta ined  by drawing a mean curve through averages of p a i r s  of 

g roups. These curves were co rrec ted  to  the same energy sca le  

by reducing  the a b s c is s a  of the lower curve by a f a c to r  of 

71.5 /  63 .5 , and in c re a s in g  i t s  o rd in a te  by the  same f a c t o r .

The d i f fe re n c e  between the two cu rves , which g ives  the pu lse  

d i s t r i b u t i o n  f re e  of  e n d -e f f e c t ,  i s  p lo t t e d  in  F igure 27 (b ) .  

The background curve was a lso  o b ta ined  in  the same manner, and 

i s  p lo t t e d  in  t h i s  f ig u r e .  The i n t e n s i t i e s  o f  the in d iv id u a l  

s e c t io n s  a re  so sm all th a t  p lo ts  fo r  these  are not g iven . The 

c lose  agreement between the  in te n s i t y  values  beyond the end

p o in t  energy f o r  these  two curves over ten  groups)

in d ic a te s  th a t  no r a d ia t io n s  of g re a te r  energy are p re se n t  in  

t h i s  sou rce . This confirms e a r l i e r  work.

The end-po in t d i s t r i b u t i o n  of  the spectrum was 

ob ta ined  from a more d e ta i l e d  in v e s t ig a t io n  designed to cover 

the  reg io n  from 120 kev to  200 kev. In  t h i s  experiment the  

f i lm  was exposed a t  a much slower speed in  order to  allow a 

g r e a te r  number o f  p u lses  to be o b ta in ed . The measurements, 

which were taken  a t  the  longer end of the counter o n ly , are
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shown in  f ig u re  28 -(h) to g e th e r  w ith  the pulse d i s t r i b u t i o n  

f a r  the  f lu o re scen ce  X-rays o f  tu n g s ten  a lread y  d isc u sse d .

The value  of the end-po in t (group number 65*5)  to g e th e r  w ith  

th e  s t a t i s t i c a l  mean of the X-ray d i s t r i b u t io n  (group number 

27 .5 ) g ives an energy of 157.5 kev. The e r r o r  of each group 

number read in g  has been es tim a ted  as about one d iv is io n  and 

t h i s  g ives an e r ro r  in  the energy de term ination  o f  5 kev.

The f i n a l  curve f o r  the spectrum i s  p lo t t e d  in  f ig u re  

27 (a )  to g e th e r  w ith  the ferm i d i s t r i b u t i o n  c a lc u la te d  fo r  an 

upper energy l im i t  o f  157 kev and a charge o f  7 fo r  the 

p roduct n u c le u s .  This curve was ob ta ined  from the  r e l a t i o n : -  

-  p W(W0 -  Sf)S . G.D.

where p i s  the momentum in  u n i t s  o f  me

W i s  the t o t a l  energy in  u n i t s  of mc^

G i s  the Coulomb f a c to r  $  e* / ( e 5 -  1)

I - = 8H Z/137. (®/p) 

and D i s  the h i r a c  f a c t o r .  JPor these  en e rg ies  the l a s t

f a c t o r  i s  cons tan t to -JjS over the whole spectrum and has been

n e g le c te d .

The in t e n s i t y  values of the th e o r e t i c a l  curve have 

been sc a le d  so th a t  the two d i s t r i b u t io n s  have almost equal 

a r e a s .  A comparison o f  the two curves shows t h a t ,  whereas the  

t h e o r e t i c a l  curve has a pronounced maximum a t  about 24 kev, 

and the red u c t io n  in  in te n s i ty  below the maximum i s  only 18$,
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the experim enta l curve shows a r e l a t i v e l y  sharp maximum a t  

40 kev and f a l l s  towards zero in te n s i ty  a t  zero energy. The 

r a t e  of f a l l  of in te n s i t y  f o r  energ ies  helow the maximum has 

heen somewhat exaggerated  by the l im i ta t io n s  in  the method of 

a n a ly s i s ,  s ince  these  sm all p u lses  were s l i g h t l y  more d i f f i 

c u l t  to observe; the r e s u l t s  of the more d e ta i le d  i n v e s t i 

g a t io n  of the low energy spectrum confirm the p o s i t io n  o f  the 

maximum and the f a l l  towards zero i n t e n s i t y .

A second in v e s t ig a t io n ,  designed to cover an energy

reg io n  between 5 kev and 40 kev, was c a r r ie d  out with the 

same counter and gas f i l l i n g ,  and a t  approxim ately the same 

gas g a in .  The energy c a l ib r a t i o n  f o r  t h i s  experiment was 

ob ta ined  by in tro d u c in g  f lu o re scen ce  X-rays through the 

windows and superimposing th e i r  photo e le c t ro n s  on the 

p a r t i c l e s  from the so u rce . The pulse d i s t r ib u t io n s  ob ta ined  

a t  each end are  given in  f ig u re  29, to g e th e r  w ith  the 

smoothed background d if fe re n c e  between the two ends. The 

d if f e re n c e  between the two source d i s t r ib u t io n s  i s  p lo t t e d  in  

f ig u re  SO (curve A} w ith  the smoothed background d if fe re n c e  

s u b t r a c te d .  The s t a t i s t i c a l  f lu c tu a t io n s  in  the  f i n a l  curve 

must be co n s id e rab le ,  due to the proximity of the two d i s t r i 

b u tio n s  below 10 kev, b u t,  even below t h i s  energy, the tren d

of the curve i s  w e l l  marked. Since t h i s  i s  probably the most 

im portant reg io n  of the curve from a th e o r e t i c a l  p o in t  of view 

the r e s u l t s  o f  the in v e s t ig a t io n  of Cook, Langer and p r ic e
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have heen inc luded  in  t h i s  f ig u re ;  these  r e s u l t s ,  shown in  

curve B, which were ob ta ined  from the f ig u re  in  t h e i r  paper 

and r e - p lo t t e d  on an energy s c a le ,  may he compared w ith the 

d i s t r i b u t i o n  o b ta ined  h e re .  Apart from the d if fe re n c e  in  the 

p o s i t io n  o f  the maximum, agreement i s  reasonab ly  good, sm all 

d isc re p a n c ie s  between the curves being exp la ined  by window 

e f f e c t s  in  the magnetic sp ec tro m ete r .  The agreement between 

the r e s u l t s  ob ta ined  by these  two e n t i r e l y  d i f f e r e n t  te c h 

niques leaves  l i t t l e  doubt as to the behaviour o f  the in t e n s i ty  

d i s t r i b u t i o n  a t  low en e rg ie s .

curve d ep a rts  cons iderab ly  from the l in e a r  r e l a t i o n  expected 

a t  en e rg ies  le s s  than 50 kev. Above t h i s  energy the r e s u l t s  

are  l i n e a r ,  in  agreement w ith  the f in d in g  of Cook e t  a l . ; near 

the end-po in t la rg e  f lu c tu a t io n s  due to  the sm all number of  

p u lse s  make t h i s  p lo t  u n s a t i s f a c to r y ,  and i t  i s  no t th e re fo re  

p o ss ib le  to confirm or d isprove the change in  slope observed 

by them. The s t r a i g h t  l in e  passes ex ac tly  through the energy 

l im i t  157 kev.

the  experim ental and th e o r e t i c a l  curves i s  of e s p e c ia l  i n t e r e s t  

in  view o f  the f a i r  agreement ob ta ined  w ith  t r i t i u m .  I t  i s  

not p o ss ib le  to draw any d e ta i l e d  conclusions reg ard in g  the 

t r a n s i t i o n  due to  the u n s a t i s f a c to ry  p o s i t io n  o f  the theory of

A ifermi p lo t  of the spectrum i s  given in  f ig u re  21;

■ (  — agai ns t  B, shows th a t  the experim enta l

The co ns iderab le  d iscrepancy  which e x i s t s  between
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b e ta -d ecay , s ince  a v a r ie ty  of energy d i s t r i b u t io n s  may be 

ob ta ined  f o r  a t r a n s i t i o n  which i s  fo rb id d en , depending on the 

v a lues  of sp in  and p a r i ty ;  the co ns iderab le  d if fe re n c e  in  

shape between the sp e c tra  of  t r i t i u m  and carbon might, however, 

be r e l a t e d  to  the d if fe re n c e  in  the f t  v a lu e .  JProm the value 

of t h i s  q u a n t i ty  (7 x 10®) iConopinski has shown th a t  the t r a n 

s i t i o n  should be c l a s s i f i e d  as "second o rd e r11 f o r b id d e n ^ 0 ); 

s ince  carbon 14 i s  a f a i r l y  simple nucleus and s ince  the 

en e rg ies  of the  p a r t i c l e s  are  w e ll  below the r e l a t i v i s t i c  

re g io n ,  the r e s u l t s  of t h i s  in v e s t ig a t io n  should a f fo rd  an 

o p p o rtu n ity  of t e s t i n g  fu tu re  t h e o r e t i c a l  ex p lana tions  o f  

fo rb idden  t r a n s i t i o n s  in  much the same manner as the r e s u l t s  

ob ta ined  w ith  t r i t i u m  provide cons iderab le  in fo rm ation  

reg a rd in g  the s im p les t  o f  the "allowed" t r a n s i t i o n s .

ho conc lusions have been drawn reg a rd in g  the mass of 

the  n e u tr in o  due to  the much sm alle r  s e n s i t i v i t y  of the spec

trum to  n e u tr in o  mass; the r e s u l t s  are  no t in  disagreem ent 

w ith  the  conclusions o f  S e c t io n  7.
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SECTION 9 

THE GAMMA RADIATION Off RADIUM D.

In t ro d u c t io n .

Radium D was the f i r s t  source fo r  which a compre

hensive study  of the gamma r a d ia t io n  and X-rays was made w ith  

t h i s  tech n iq u e . This source was chosen p r in c ip a l ly  fo r  two 

r e a s o n s : -

(1) k  cons iderab le  number o f  s tu d ie s  of the 

r a d ia t io n s  em itted  in  the d i s in t e g r a t io n  of t h i s  element have 

been r e p o r te d ,  and these  r e s u l t s  have in d ic a te d  the fo llow ing  

c h a r a c t e r i s t i c s  o f  the p ro cess .  The d i s in te g r a t io n  appears 

to  occur by means of the em ission of a beta  p a r t i c l e  o f  low 

energy accompanied by the emission of a v a r ie ty  of gamma r a y s ,  

a ls o  of low energy. These are  acoompanied by the c h a ra c te r 

i s t i c  L X -ra d ia t io n s  of the product atom (Z s  83j w ith  a con

s id e ra b le  i n t e n s i t y ,  and th e re  i s  evidence a lso  f o r  a much 

weaker i n t e n s i t y  of and r a d ia t io n  from the same 

elem ent. R e su lts  appear to in d ic a te  the presence of  a t  l e a s t  

f iv e  gamma ray s  o f  various  i n t e n s i t i e s  w ith  en e rg ies  between 

0 and 50 kev, and i t  must be concluded from the  X-ray evidence 

th a t  these  are  s t ro n g ly  in t e r n a l ly  converted in  the e x t r a -  

n u c lea r  s h e l l s  of the atom.

The r e s u l t s  o f  previous in v e s t ig a t io n s  appear to 

in d ic a te  the ex is ten ce  o f  cons iderab le  d isc re p an c ie s  between
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the numbers o f  secondary e le c t ro n s  and th e  r e s u l t i n g  X -rays , 

and a t  the  same time lead  to  abnormally high i n t e r n a l  

conversion  c o e f f i c i e n t s .  I t  was considered  th a t  a r e d e t e r 

m ination  of  the energy and in t e n s i t y  va lues  o f  these  gamma ray s  

and X-rays could be c a r r ie d  out w ith  an ap p rec iab le  in c re ase  in  

accuracy over many of the previous de te rm in a tio n s , and th a t  

such a study would provide more d e ta i l e d  evidence fo r  the 

unders tan d in g  of the  decay process o f t h i s  elem ent.

(&) I t  was proposed th a t  the technique should be

a p p l ie d  to  a s tudy  o f  the  energy spectrum o f  the primary b e ta -

p a r t i c l e s  em itted  during  th i s  d i s in t e g r a t io n .  The i n t r o 

d u c tio n  of the source in to  the counter n e c e s s i ta te d  by th i s  

experim ent would r e s u l t  in  the d e te c t io n  of  the e lectrom ag

n e t i c  r a d ia t io n s  and any e le c t ro n s  produced by in t e r n a l  

convers ion . I t  was th e re fo re  necessary  to o b ta in  a c le a r  

p ic tu r e  o f  the gamma ray processes  in  order to se p a ra te  the 

beta-speo trum  from the  e le c t ro n s  r e s u l t i n g  therefrom . The 

r e s a l t s  o f  t h i s  study have confirmed e a r l i e r  worh in  regard  to

t h i s  q u es t io n , w hile  a lso  in d ic a t in g  the energ ies  of the e l e c 

t r o n s ,  which w i l l  be of both secondary and t e r t i a r y  n a tu re .

The r e s u l t s  of t h i s  in v e s t ig a t io n  have provided 

in fo rm ation  reg a rd in g  the th ree  p r in c ip a l  gamma ray s  of radium 

D. The energy and in t e n s i t y  va lues  which have been ob ta ined  

f o r  the two r a d ia t io n s  of  lower energy are  considered  to be more 

ac cu ra te  than those p rev ious ly  o b ta in ed . I t  i s ,  however,



im possible w ith  the  p resen t in fo rm ation  to  a s s ig n  a d e f in i t e  

decay scheme to  the d is in te g r a t io n  s ince  the  abnormal f e a tu re s  

o f  the process a lre a d y  noted remain u n reso lv ed . I t  would 

appear th a t  these  d i f f i c u l t i e s  may be overcome only when 

co rresponding ly  d e f in i t e  in fo rm ation  i s  ob ta ined  reg a rd in g  the  

d i s t r i b u t i o n s  of both primary and secondary e le c t ro n s .

P rev ious Work.

E l l i s M e i t n e r  D a n y s z ^ ^  and B l a c k )

s e v e ra l ly  in v e s t ig a te d  the be ta  l in e -sp ec tru m  of radium D by 

the  sp e c tro g ra p h ic  method and ob ta ined  a s e r ie s  o f  energy 

va lu es  which could be f i t t e d  to  the atomic le v e ls  o f  elements 

82 or 83. C u r t i s s (45) .^e  d iscovery of a f u r th e r  l in e  w ith

h igher energy showed th a t  the atomic charge must be taken to 

be 83, and th a t  in  t h i s  case the energy of the gamma ray  could 

be c a lc u la te d  to be 46 .7  kev. Por some time fo llow ing  th i s  

r e s u l t  the 46 .7  kev gamma ray was considered  to  be the  only 

primary e lec trom agne tic  r a d i a t i o n  em itted .

S tah e l(4 6 )  s tu d ied  the r a d ia t io n s  by means of  

a b so rp tio n  measurements, u sing  an io n iz a t io n  chamber as 

d e te c to r .  He found th a t  two components were p re se n t ;  the 

harder o f  the  two agreed w ith  the energy value of  C u r t i s s ,  

w hile  the  s o f t e r  had an energy of about 11.5 kev, in  agreement 

w ith  the expected value f o r  the L X-rays o f  radium E (b ism uth). 

By comparing the  abso lu te  values of the c u r ren ts  in  the
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io n iz a t io n  chamber w ith  the counting r a t e  o f  the  a lp h a -  

p a r t i c l e s  o f  polonium in  eq u il ib r iu m  w ith  the source* i t  was 

e s tim a ted  th a t  3 .8  gamma rays were em itted  per 100 d i s i n t e 

g r a t io n s ,  and values  o f  17 .1 , 6.5 and 4 .8  were c a lc u la te d  fo r  

the i n t e r n a l  conversion  c o e f f ic ie n t s  o f  t h i s  gamma ray in  the 

L, M and H s h e l l s  r e s p e c t iv e ly .  These were deduced from an 

observed value  o f  25.1 1 X-rays per 100 d i s i n t e g r a t i o n s ,  the 

c a lc u la t io n  in vo lv ing  a la rg e  c o r r e c t io n  fo r  the Auger e f f e c t  

f o r  the X-rays of bismuth.

I t  was po in ted  out by the  same au thor th a t  these 

convers ion  c o e f f ic ie n t s  were cons iderab ly  g re a te r  than would be 

expected  th e o r e t i c a l l y  fo r  d ipo le  or quadripo le  r a d ia t io n ,  but 

no ex p lan a t io n  could be g iven .

The r e s u l t s  o f  more re c e n t  in v e s t ig a t io n s  have shown

th a t  s e v e ra l  o th e r  gamma rays of sm aller energy are  em itted
( 4 7  )

during  the d i s i n t e g r a t io n ,  P r i l l e y 1 , u s in g  a c r y s t a l  

sp ec tro m ete r , observed gamma rays w ith  energ ies  4 6 07 kev, 43 

kev , 37 kev and 32 kev, to which he assigned  r e l a t i v e  

i n t e n s i t y  r a t i o s  of 100 : 5 : 5 : 10. S an -T s ian g ^ ® )

observed the  same gamma rays by ab so rp tio n  methods; by 

c r i t i c a l  ab so rp tio n  in  Pr and Hd he ob ta ined  a value o f  43 kev 

fo r  the second gamma ray observed by i ’r i l l e y ,  and, by abso rp 

t i o n  in  A l,  ob ta ined  the fo llow ing  values f a r  the i n t e n s i t i e s ,  

in c lu d in g  both  groups o f  X -ray s :-



GROUP 1 2 3 4
Energy - kev 14 31*5 44.5 8 8

I n te n s i ty  

(per 100 d i s n s . )
0*7 3*0 1*2

D esignation  D X-rays  ̂ X X-rays

San-Tsiang and M artyf4^) give the r e s u l t s  o f

measurements o f  the t r a c k  len g th s  of the  p h o to e lec tro n s  

produced by these  gamma rays  in  a cloud chamber; the range 

d i s t r i b u t i o n  which they ob ta ined  agreed w ith  the conclusions 

o f  the e a r l i e r  work; out o f  515 t ra c k s  measured the K -rad ia -  

t io n s  gave 5 t r a c k s  and a f u r th e r  100 t ra c k s  in d ic a te d  a group 

w ith  energy le s s  than  25 kev. In a l a t e r  p u b l ic a t io n  by the 

same au th o rs  the in v e s t ig a t io n  i s  extended to lower 

e n e rg ie s ,  the  cloud chamber being opera ted  a t  reduced p r e s s u re s .  

Prom an a n a ly s is  o f  some 260 t r a c k s ,  in  which the and

L y  X-rays a re  observed, a f u r th e r  group of p h o to e lec tro n s  w ith

range 9.9 mm. i s  observed. The value of the gamma ray  energy 

deduced from t h i s  range i s  2 3 .2 +  0 .6  kev; i t  i s  cons idered , 

hew ev e r ,  t h a t  the u n c e r ta in ty  in  t h i s  value i s  app rec iab ly  

h ig h e r .  A f u r th e r  a n a ly s is  o f  100 t ra c k s  rev ea led  a group 

w ith  range 1,3 mm, fo r  which an energy of 7.3 ±  0 .7  kev has 

been ev a lu a te d .  The i n t e n s i t i e s  o f  these  two gamma rays  have 

been es tim a ted  from these  d i s t r ib u t io n s  to be 1 and 10 per 100 

d is in te g r a t io n s  r e s p e c t iv e ly :  an examination of the curves



in d ic a te s  th a t  these i n t e n s i t i e s  may have been over

e s t im a te d ,  and the  sm all number of even ts  s tu d ied  in tro d u ces  

a h igh  u n c e r ta in ty  in  the e s t im a tio n .  Some tra c k s  of very 

s h o r t  range have been ass igned  to  M X -rays.

These r e s u l t s  have been summarised in  a paper by 

P r i l l e y ,  Surugue and S an -T siang ^^*K I t  i s  po in ted  out t h a t ,  

w h ile  the number of conversion e le c t ro n s  from the  47 kev 

gamma ra y  i s  in  agreement w ith  the assumption th a t  the gamma 

ray  i s  quadripo le  (8.2 per 100 d i s in te g r a t io n s )  the  convers ion  

e le c t ro n s  of the o the r  gamma ray s  are extrem ely weak in  com

p a r iso n  w ith  the expected v a lu es .  P u r th e r ,  the  number of 1 

X-rays observed (25 -  30 per 100 d i s in te g r a t io n s )  i s  very  much 

g r e a te r  than  would be expected from the number of conversion  

e le c t ro n s  observed. While i t  may be p o ss ib le  th a t  a g re a t  

p ro p o r t io n  of the secondary e le c t ro n s  have no t been d e te c te d ,  

due to  t h e i r  sm all e n e rg ie s ,  and th a t  these  gamma rays are  in  

f a c t  s t ro n g ly  converted , the p o s s i b i l i t y  remains th a t  the 

primary b e t a - p a r t i c l e s  i n t e r a c t  d i r e c t ly  w ith  the e x t r a -  

n u c lea r  e le c t ro n s  in  such a manner as to. ex c i te  the L X-rays 

w ithou t the agency of e lec trom agnetic  r a d ia t io n .  Such an 

in t e r a c t i o n  i s  more s tro n g ly  demanded i f  account i s  taken of 

the  high Auger e f f e c t .  Since t h i s  i s  o f  the order o f  6QJ&, the 

appearance o f  25 L X-rays per 100 d i s in te g r a t io n s  must be 

taken  to  imply the removal o f  an e le c t ro n  from the L - s h e l l  in  

2 5 /(1  -  0*6), i . e .  60 d i s in te g r a t io n s  per 100.
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While i t  i s  not ±.>rQposed here to d isc u ss  the

r e s u l t s  o f  previous in v e s t ig a t io n s  of the be ta-spec trum  of

radium h ,  i t  may he po in ted  out th a t  magnetic spectrom eter

s tu d ie s  f a i l e d  to  r e v e a l  any primary be ta-spec trum . A s im i la r
(5 2 )r e s u l t  was ob ta ined  by X ikuoh i1 , in d ic a t in g  th a t  the maxi

mum energy of the  spectrum, i f  i t  e x i s te d ,  must be very sm all.
(53 )R ichardson and le ig h -S m ith 1 observed p a i r s  of t r a c k s  in  a 

cloud chamber co n ta in ing  radium D in  gaseous form (as lead  

t e t r a - m e th y l ), and assigned these  to the em ission of a con

v e rs io n  e le c t ro n  and Auger e le c t ro n .  A few t r i p l e  t r a c k s  were 

observed, ass igned  to the secondary and Auger e le c t ro n s  accom

panied by a b e t a - p a r t i c l e ;  an a n a ly s is  o f  the primary 

p a r t i c l e s  in d ic a te d  th a t  the number was sm all and th a t  the 

maximum energy was le s s  than 15 kev. This remains the only 

evidence fo r  the  presence of  a primary beta-spectrum  in  

radium D.

In view of the r e s u l t s  described  above, and p a r t i c u 

l a r l y  of  the very sm all i n t e n s i t i e s  of the r a d ia t io n s  when 

expressed  in  terms o f  100 d i s i n te g r a t io n s ,  i t  i s  ex trem ely  

d i f f i c u l t  to  account fo r  the m a jo rity  of the t r a n s i t i o n s  by 

which radium D decays. The only r a d ia t io n s  which e x h ib i t  

reasonab ly  la rg e  i n t e n s i t i e s  are  th e  L X-rays and the 7-kev 

gamma ray ; w ith  these  alone i t  i s  im possible to  frame a decay 

scheme, s ince  the  maximum energy of the be ta-spec trum  i s  some 

30 kev l e s s  than the energy of the 47-kev gamma r a y ,  and th e re
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i s  no in d ic a t io n  of a d i r e c t  b e t a - t r a n s i t i o n  to  the ground 

s t a t e  of the  product nuc leus .

S o u rc es .

S ev era l  sources of radium I) were used in  t h i s  work. 

The f i r s t  co n s is te d  o f  about 50 c a p i l l a r y  tubes about one inch 

in  le n g th  c o n ta in in g  radium D, E and E produced in  the decay 

o f  the o r ig in a l  con ten t of the tu b e s ,  radon gas . These tubes 

were glued in to  a shallow cav ity  in  a m etal-backed polythene 

h o ld e r ,  and were covered w ith  a s u f f i c i e n t  th ick n ess  o f  po ly 

thene (0*3 cm., 500 mg/cm^) to  absorb the h igh-energy b e ta -  

p a r t i c l e s  em itted  in  the decay of radium E. The absorber a lso  

removed the a l p h a - p a r t i d e s  of radium E, w hile t r a n s m it t in g  a 

measurable number of gamma rays  and X-rays from the radium D. 

The s t r e n g th  of t h i s  source was of the order o f  s e v e ra l  m icro- 

c u r i e s ,  and, from the method o f  p re p a ra t io n ,  con tained  only 

the a c t i v i t i e s  given above.

The use o f  such a source in troduced  la rg e  c o r r e c t io n  

f a c to r s  in  the c a lc u la t io n  of the r e l a t i v e  in te n s i t y  va lues  o f  

the v a r io u s  r a d ia t io n s ;  f o r  t h i s  reason  two o th e r  sources 

were prepared  fo r  use w ithout t h i s  polythene covering . Both, 

o f  these  were prepared  from a s o lu t io n  of radium D, E and E in  

n i t r i c  ac id ;  fo r  one of the sources a few drops of the 

s o lu t io n  were evaporated on a sm all b rass  d isc  1 cm. in  d ia 

meter to  give a source w ith  a s t r e n g th  of the order o f  s e v e ra l  

m ic ro c u r ie s .  This source was used in  a number of the l a t e r



experim ents w ith  th in  window co u n te rs ,  b e t a - p a r t i c l e s  being 

removed by c o l l im a tin g  the r a d ia t io n s  and app ly ing  a magnetic 

f i e l d  o f  5,000 gauss to prevent t h e i r  en try  in to  the co u n te r .  

The o th e r  source was prepared  by removing radium D chem ically  

from the radium E and E p r io r  to i t s  evapora tion  on the d is c ;  

the  p r in c ip le  of the s e p a ra t io n ,  and the manner in  which i t  

was c a r r ie d  o u t,  i s  given in  Appendix 3. I t  was found th a t  

the  source was almost com pletely f re e  from radium E and E, b u t,  

s in ce  the  in t e n s i t y  was r a th e r  weak, i t  was used only to  check 

the i d e n t i f i c a t i o n  of s e v e ra l  of the gamma ray l in e s  observed.

I d e n t i f i c a t i o n  of the X -R ad ia tion .

In the i n i t i a l  experim ents, which v^ere c a r r ie d  out 

w ith  a p ro p o r t io n a l  counter o f  the type shown in  Eigure 1, the  

polythene source was used . Y/hen t h i s  source was p laced  near 

th e  window of the counter a very  in te n se  group of p u lses  was 

observed; these  pu lses  were of f a i r l y  uniform he igh t and had 

ene rg ies  close to those  of the 1 X-rays of lead  or bism uth. A 

reco rd  was made of these  r a d ia t io n s ,  to g e th e r  w ith  the f l u o r e s 

cence (L) X-rays r e f l e c t e d  from lead  ob ta ined  under the same 

c o n d i t io n s .  An a n a ly s is  of the d i s t r ib u t io n s  i s  given in  

E igure 3E. I t  w i l l  be seen th a t  the pulse d i s t r i b u t io n  f o r  

the f lu o re scen ce  X-rays g ives two groups o f  approxim ately equal 

i n t e n s i t i e s  a t  30.5 and 36.0 u n i t s .  Y/hen these  are r e l a t e d  to  

the  ene rg ies  of  the and l in e s  of le a d ,  10.5 and IE .55 

kev, an energy sc a le  may be s e t  up. The pulse d i s t r i b u t i o n  o f
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th e  source may a lso  he re so lv ed  in to  two groups, aga in  of  

approxim ately  equal s i z e ,  and the p o s i t io n s  of the  maxima 

correspond c lo se ly  to  those expected fo r  the 1 ^  and l i n e s  

o f  bism uth. They may th e re fo re  he ass igned  to radium E, and, 

s in ce  no evidence could he found of t h e i r  presence in  sources 

co n ta in in g  radium M a lo n e ,  these  X-rays must a r i s e ,  as 

p rev io u s ly  surm ised, from the  in te r n a l  conversion of one or 

more o f  the  gamma rays em itted  from radium D.

The approximate e q u a l i ty  of the i n t e n s i t i e s  of the 

and l in e s  em itted  hy the source i s  caused hy the v a r i 

a t io n  of a b so rp tio n  c o e f f i c i e n t  and d e te c t io n  c o e f f i c i e n t  o f  

the  co u n te r ,  s ince  i t  i s  observed a lso  fo r  the f lu o rescen ce  

X -rays , and th e re  i s  no in d ic a t io n  th a t  the r e l a t i v e  in te n 

s i t i e s  o f  these  X-rays are abnormal.

In a t  l e a s t  one l a t e r  experiment a group of p u lse s  

o f  very low energy were observed; these  had en e rg ies  in  the 

re g io n  expected f o r  the  M X-rays o f  bismuth (2 -  4 k e v ) ,  -  no 

d e t a i l e d  measurements were c a r r ie d  o u t ,  -  and in d ic a te  the 

presence o f  X-rays which would be expected from co n s id e ra t io n  

o f  the  secondary e le c t ro n  l in e  spectrum .

Measurements of the 47 kev Gamma Ray.

The la rg e  number of  X-rays observed, a t  l e a s t  30 

tim es the background a t  peak i n t e n s i t y ,  made i t  appear p o ss ib le  

th a t  the gamma ray s  might a lso  be measurable in  s p i t e  of t h e i r  

much sm alle r  i n t e n s i t y  and the reduced e f f ic ie n c y  o f  d e te c t io n



o f  argon f o r  gamma rays  of t h i s  energy. The d i s t r i b u t i o n  in  

t h i s  energy reg io n  i s  shown in  f ig u re  33 to g e th e r  w ith  the X- 

ra y  d i s t r i b u t i o n  of the  source , now unreso lved  due to  the  much 

narrower spacing of the groups. The group which appears a t  a 

pu lse  h e ig h t o f  45 u n i t s  can be id e n t i f i e d  w ith  the  46 .7  kev 

r a d ia t io n ;  the  energy c a lc u la te d  from t h i s  f ig u re  i s  46 kev, 

a lthough  the  accuracy i s  no t very h igh .

An in t e r e s t i n g  fe a tu re  of the curve i s  the c o n s id e r 

able  assymmetry of the 47 kev group. The range of the photo- 

e le c t ro n s  r e le a se d  from the argon i s />/ 2 cms, and the r a d iu s  

o f the counter used fo r  these  measurements was 3 cms.; i t  i s  

th e re fo re  concluded th a t  the  assymmetry in  favour of p u lse s  o f  

s l i g h t l y  sm alle r  energ ies  i s  caused by the l im i ta t io n s  o f  the 

coun ter  d im ensions, and i s  not n e c e s s a r i ly  evidence fo r  gamma 

ra y s  between 35 and 45 kev.

The anomalies in  previous in v e s t ig a t io n s  between the 

number of l in e  e le c t ro n s  a r i s i n g  from th i s  r a d ia t io n  and the

number of X-rays made a f u r th e r  de term ination  of the r a t i o  o f

gamma rays  to X-rays o f  some v a lu e .  The number of p u lses  in  

th e  two groups was measured on two re c o rd s ,  one in  which the 

source was covered only by the po ly thene , and the  second in  

which a f u r th e r  0.001 i n .  copper absorber was in tro d u ced . The 

experim ental r a t i o  of the  two i n t e n s i t i e s  was c a lc u la te d  as 

18 : 1 and 15.6 : 1 from the two measurements. When allowance 

i s  made f o r  the r a t i o  o f  the e f f i c i e n c ie s  of  ab so rp tio n  in  the
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polythene and the window, and the  e f f ic ie n c y  of d e te c t io n  in  

the  gas , the ab so lu te  values of the r a t i o  become 12 : 1 and 

9 : 1 .  A f u r th e r  experiment was c a r r ie d  out l a t e r  in  which 

the evaporated  source was used in  con junc tion  w ith  the mag

n e t ic  f i e l d  and a counter w ith  a mica window 0.0018 cm. th ic k .  

In  t h i s  in v e s t ig a t io n  only the e f f i c i e n c i e s  o f  d e te c t io n  of 

the  two r a d ia t io n s  and the a b so rp tio n  in  a i r  are  in v o lv ed , 8nd

t h i s  gave a r a t i o  o f  350 : 1 . The f i n a l  value o f  the a b so lu te

i n t e n s i t y  r a t i o  has been es tim a ted  as 11 ; 1 and the l im i t s  

have been s e t  a t  8 : 1 and 15 : 1.

Measurements on the 7.8 kev Gamma Hay.

In order to  in v e s t ig a te  the energy reg io n  between 0 

kev and 20 kev in  more d e t a i l  the evaporated source was used 

in  con junction  w ith  a counter o f  6 cm. diameter* which had a 

window o f  mica, 0.0018 cm. th ic k .  The r a d ia t io n s  from the 

source were co ll im a ted  in  a tube 1 cm. diam eter and 6 cm. long , 

and a magnetic f i e l d  was a p p l ie d .  The r e s u l t s  o f  the i n v e s t i 

g a t io n  are  shown in  f ig u re  34. I t  i s  c le a r  t h a t ,  as w e ll  as 

the  two groups a t  48 u n i t s  and 58 u n i t s ,  c le a r ly  i d e n t i f i e d  as

the and 1^ X-rays groups (a t 10.8 kev and 13,0 k e v ] ,  a

f u r th e r  group of s tro n g  in t e n s i t y  ap p ears . When the X-rays 

are  used f o r  c a l ib r a t io n  the value of the group number fo r  t h i s  

group (34.75 u n i t s  ) g ives a value of  7 .8  kev fo r  the energy.

The r e l a t i v e  in t e n s i t y  o f  t h i s  group w ith  re sp e c t  to  the two
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X-ray groups has been eva lua ted  as 0.22 : 1, a f t e r  c o r r e c t io n  

has been made f o r  the r e l a t i v e  e f f i c i e n c i e s  of ab so rp tio n  of 

the r a d i a t i o n s .  In  t h i s  d i s t r i b u t i o n ,  i t  w i l l  be seen th a t  

the r e l a t i v e  i n t e n s i t i e s  o f  the and groups are  in

b e t t e r  agreement w ith  the expected i n t e n s i t i e s ,  due to  the 

sm all c o r re c t io n s  which have to be a p p l ie d .  I t  seems p o ss ib le  

t h a t  the  group appearing  a t  a h e ig h t o f  26 u n i t s  may be caused 

by a f u r th e r  gamma ray  of weak i n t e n s i t y ,  a lthough  the 

s t a t i s t i c s  are  not s u f f i c i e n t l y  accu ra te  to  e s ta b l i s h  t h i s ;  

the group of p a r t i c l e s  between 10 and 15 u n i ts  i s  undoubtedly 

caused by M X -ray s , since t h e i r  ene rg ies  l i e  between 2 .3  and 

3 .4  kev. Due to the complex n a tu re  of  t h i s  group and the very 

sm all energy, no in t e n s i t y  value has been c a lc u la te d ,  but t h i s  

group appears to be r e l a t i v e l y  s t ro n g .

Measurements on the 25 kev Gamma S ay .

A f u r th e r  f i lm  was taken in  which the evaporated

source was covered w ith  an aluminium absorber 1 .6  mm. th ic k ,

in  o rder  to  cut down the i n t e n s i t y  of the  X-rays and allow an

in v e s t ig a t io n  of the  r a d ia t io n s  between 20 kev and 50 kev. The

r e s u l t s  o f  t h i s  in v e s t ig a t io n  a re  given in  i 'igu re  35; i t  w i l l

be seen th a t  a group of r a th e r  sm all i n t e n s i t y  appears a t  a

h e ig h t o f  44 u n i t s ,  w hile the normal group caused by the  46.7

kev gamma ray  occurs a t  a he igh t o f  72.5 kev. The energy of 
., been
the weaker gamma ray  has^estim ated  as 25.8 kev; w hile i t  i s  

d i f f i c u l t  to  determine the i n t e n s i t y  r a t i o  from t h i s  curve,
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i t  i s  e s t im a te d  as 1 : 8 w ith  re s p e c t  to  the 47 kev r a y ,  th e  

l i m i t s  p laced  on t h i s  value being 1 : 5 and 1 : 10. This 

gamma ra y  may be i d e n t i f i e d  w ith the 23,8 kev gamma ray  

p re v io u s ly  o b s e r v e d ^ ^ ) .  the  in t e n s i t y  r a t i o  does no t agree 

w ith  the r a t i o  p rev io u s ly  determined as 1 : 3* For the reasons 

a l re a d y  g iven , however, the new value i s  considered  to  be more 

a c c u ra te .

C onc lus ions .

The r e s u l t s  may be summarised in  the fo llow ing  t a b l e ,  

in  which the g en e ra l ly  accepted  value o f  3 quanta per 100 d i s 

in te g ra t io n s  has been assumed fo r  the 47 kev gamma r a y  ^ 7

Energy -  kev 7.8 10 .0  -  15.0 25.8 46 .7

(L X -ra y s )

In te n s i ty  -  no.
7.3  33 0 .4  3 .0

per 100 d i s i n t

These f ig u re s  are  considered  to be more ac c u ra te  than  

those  p rev ious ly  determined; they in d i c a t e * however, th a t  the 

problem o f  i n t e r p r e t a t i o n  rem ains, and a f u l l  u nders tand ing  of 

the  decay scheme cannot be given u n t i l  a d e ta i l e d  energy d i s 

t r i b u t i o n  of both primary and secondary e le c t ro n s  has been 

o b ta in ed . I t  i s  c le a r  t h a t ,  over and above the conversion 

e le c t ro n s  e s ta b l i s h e d  fo r  the 46.7  kev gamma r a y ,  conversion  

e le c t ro n s  of 11 to  16 kev w i l l  be present*  to g e th e r  w ith  Auger



e le c t ro n s  of 6 to  10 kev and a p o s s ib le  group o f  e le c t ro n s  

a r i s i n g  from i n t e r n a l  conversion of the  7 .8 kev ray  in  the 
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SECTION 10 

DISCUSSION OF BESULTS.

Since the  r e s u l t s  ob ta ined  fo r  the  v ar ious  sources  

have a lre ad y  been d iscu ssed  in  the previous s e c t io n s  i t  i s  

proposed here only to draw some genera l conclusions reg a rd in g  

the  performance of the  instrum ent and p o in t out some o f  the 

fu tu re  a p p l ic a t io n s  of t h i s  techn ique .

F i r s t l y ,  the  r e s u l t s  ob ta ined  fo r  the energy d i s t r i 

b u tio n s  o f  t r i t i u m  and carbon in d ic a te  th a t  the ins trum en t may 

s u c c e s s fu l ly  be ap p lied  to  s tu d ie s  of low energy b e ta -  

e m it te rs  -  provided th a t  the r a d io a c t iv e  m a te r ia l s  can be 

in troduced  in to  the  counter as a oomponent o f  a gas which w i l l  

be s u f f i c i e n t l y  in a c t iv e  to allow su c c e s s fu l  o p e ra t io n  in  the 

p ro p o r t io n a l  re g io n .  I f  such a gas may be p repared  the  energy 

d i s t r i b u t i o n  ob ta ined  w i l l  be more a c cu ra te  than  th a t  o b ta in ed  

by use of any a l t e r n a t i v e  method a t  p re se n t  a v a i l a b le .  Among 

such low energy em it te rs  are  su lphur 35, n ic k e l  63 and radium 

D, each of which possesses  some c h a r a c t e r i s t i c  p ro p e r ty  which 

re n d e rs  i t  o f  s p e c ia l  i n t e r e s t .

Secondly, the  r e s u l t s  ob ta ined  in  the study of the 

gamma ray s  of  radium D show th a t  corresponding accuracy  may be 

ob ta ined  in  the study o f  gamma rays o f  low energy. Yihere the  

gamma rays  are complex energy and in te n s i ty  measurements and 

de te rm ina tions  of the in t e r n a l  conversion c o e f f i c i e n t  may be
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c a r r ie d  out in  a sm all number of  concurren t experim ents . In  

a  g re a t  number o f  cases the energy de te rm in a tio n s  have been 

made by means o f  secondary e le c t ro n  sp e c tra  and the p ro p o r t io n 

a l  counter techn ique  a f fo rd s  a d i r e c t  d e te rm in a tio n  o f  the 

gamma ray  energy: t h i s  i s  o f  g re a t  value where th e re  a re

s e v e ra l  gamma rays  of approxim ately  equal en e rg ies  and the l in e  

spectrum of the conversion e le c t ro n s  i s  in d e te rm in a te .  The 

p o s s i b i l i t y  of the e x c i ta t io n  of n u c le i  by a synchro tron  or 

Van der^G raaf a c c e le r a to r  to  give low-energy gamma rays  from 

m e ta -s ta b le  s t a t e s  enhances the  value o f  such an in s tru m e n t,  

s in ce  d i r e c t  energy and l i f e t im e  measurements may be made con

c u r re n t ly  .

T h ird ly ,  the  in v e s t ig a t io n  of the p r o p e r t ie s  of t h i s  

instrum ent shows a high degree of  r e s o lu t io n  fo r  m ono-energetic  

r a d i a t i o n s ,  even fo r  very weak in te n s i ty  so u rce s .  While f u tu re  

developments of the technique may r e s u l t  in  h igher r e s o lu t io n ,  

the method may c le a r ly  be used to give accu ra te  da ta  reg a rd in g  

r a d ia t io n s  from weak sources; the r a p id i t y  w ith  which an 

exam ination of  such a source fo r  low energy gamma rays  may be 

e f f e c t e d ,  in  comparison w ith  the c r y s t a l  spectrom eter method, 

fo r  example, should make the p ro p o r t io n a l  counter an im portan t 

instrum ent in  the search  fo r  gamma rays em itted  in  r a d io a c t iv e  

t r a n s i t i o n s  and those provoked by nuc lea r  bombardment.
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APPENDIX 1 .

STATISTICAL CQIJSIhEBATIONS OP FLUCTUATIONS IN 

PULSE SIZE.

An a n a ly s is  of the  r e l a t i v e  importance of the 

v a r ia t io n s  in  gas a m p li f ic a t io n  and the v a r ia t io n s  in  the 

number of ion  p a i r s  formed by e le c t ro n s  of m ono-kinetic 

energy i s  d i f f i o u l t  u n le ss  c e r t a in  i n i t i a l  assumptions are  

made* The fo llow ing  trea tm en t has been c a r r ie d  out u s ing  

c e r t a in  a l t e r n a t i v e  assum ptions; i t  i s  no t p o ss ib le  to d e t e r 

mine the t ru e  n a tu re  of the v a r ia t io n s  a r i s i n g  in  the gas 

a m p l i f ic a t io n  p ro cess ,  but the trea tm en t i s  given in  o rder  to  

p o in t out the assumptions which are  necessary  f o r  a mathe- 

m e tic a l  fo rm u la tion  of  the problem and the r e s u l t s  which may 

be derived  from such an a n a ly s is  by s t a t i s t i c a l  methods.

1. Prom the co n s id e ra tio n s  put forward by k o r f f  

we have the  e x p re s s io n :-

A = e

I f  i t  i s  assumed th a t  eC i s  s u f f i c i e n t l y  

co n s tan t to be w r i t te n  as , then i, may be d ef ined  as the 

mean f r e e  path  len g th  in  the r a d i a l  d i r e c t io n  between two 

m u l t ip l i c a t io n s .  A lso , in  a reg ion  o f  high f i e l d  s t r e n g th  i t  

i s  assumed th a t  every process i s  r i g i d l y  determined by t h i s  

v a lu e , i . e . ,  th a t  once an e le c t ro n  has a t t a in e d  the  re q u ire d  

energy the p ro b a b i l i ty  of  producing a second e le c t ro n  i s  

u n i ty .  The main u n c e r ta in ty  in  the gas a m p li f ic a t io n  A
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a r i s e s  from an u n c e r ta in ty  of  one mean f re e  pa th  le n g th ,  

s in ce  i t  i s  im possib le  to  define the  number o f  pa th  len g th s  

in  a d is ta n c e  X to  a h igher degree of acouracy.

Since lo g  A s  J & X  such an assumption leads

t o : -  A  log  A r — 1

c r Z = I

" i L a *

where A i s  the  mean value o f  A,

Z , . / .  . t r  \*
= 2

lojfA T+oc-  - 2 Hi"tV
• *  n

f o r  sm all va lues  of -zr

z

lorfA A

,  5  i i

A '

Hence, f o r  the  assumptions noted above,
JL

_ 2 _  A
° A  ~  A
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£. I f ,  however, we assume th a t  the  a c tu a l  d is ta n c e s  

between c o l l i s i o n s  a re  I ,  L ,  . . . .  e t c .  , w ith  a mean valueI 2
o f  Jt , and t h a t : -

i  "  * ( £r ~ i y r

th e n ,  f o r  a number o f  mean f re e  pa ths  n , the v a r i a t i o n  in  n 

may be w r i t t e n  a s : -

cr-Z K Jnnx

Now, s in ce  A =. en , log  A r  n , an d ;-

cr* = K = K(logA/2

This value may be cons iderab ly  g re a te r  or l e s s  

than the  value ob ta ined  from the f i r s t  t r e a tm e n t ,  accord ing  to  

the  value of K. While the express ion  shows a dependence on 

the  value of A, t h i s  dependence i s  s u f f i c i e n t l y  sm all w ith  

r e s p e c t  to  the  o th e r  v a r ia t io n s  to allow i t  to  be assumed 

c o n s ta n t .  To a f i r s t  order we may th e re fo re  w r i te

cr-2 = K
lof A

and hence :-

0-‘  = KA4 
A
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3 . Having ob ta ined  these  t e n ta t iv e  r e l a t i o n s  fo r  

the  mean square d ev ia t io n  in  the gas a m p l i f ic a t io n  i t  i s  now 

p o ss ib le  to  c a lc u la te  the v a r ia t io n s  in troduced  by f l u c t u 

a t io n s  in  the numbers o f  ion  p a i r s  formed.

Suppose th a t  nr  e le c t ro n s  are  produced in  an 

io n iz a t io n  ev en t,  and th a t  the average number of e le c t ro n s  i s  

n , t h e n : -

The f i n a l  number of e le c t ro n s  observed from an 

i n i t i a l  number by gas m u l t ip l ic a t io n  may be w r i t t e n  a s : -

P jp z  t  i g  t  • • • +  A  ̂  •j' • • • • * f  »

where the average value o f  Pr , (2)  i s  equal to  An and the

average value of A. i s  A.«

*  4  -

I f  A* -  A + £• t h i s  express ion  becomes:-
j j

f  -  N- - \ 2
( ‘nrA + ^ £j ~ * N
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, [(«  -  n j A + i £jJ 

= ("r “  R/  A +  2 (n -  n ) A 2 fj +

2 2 a «r /  Jf rT h e r e fo r e :-  c r  « cr -A
+  Z ( Z « J /i> «c  v i J - Y

t  -  *
-  +  fl£7A

since: -
C i J

* n S g *  
r *J

and 2 *iT->oc J
O

I f 2 _  
S 7  = 71

j i
QnJ c/ * A 

' A

2
° p

= 2SA

and
V p - V *

2
I f 2 _

^  ■ *"• > One/ C7T as K A 
A

c-.::.
z

"p

,  2
n ( l +  K ) A

cind
Y p  • *  %



APPENDIX a .

EPPECT OP RESOLVING POWER ON THE END

POINT DISTRIBUTION OP TRITIUM.

The e f f e c t  of the f i n i t e  r e s o lu t io n  of  the coun ters

caused by the f i n i t e  number of ion p a i r s  produced has been c a l 

c u la te d  on the  fo llow ing  b a s is

(1) The number of ion p a i r s  produced in  the  re g io n
3/16 to  18 kev may be taken  to  be on the  average 17 x 10' /qq , 

i . e .  570.

(2) The X-ray d i s t r ib u t io n s  shown in  S ec tio n  5 

in d ic a te  th a t  the fu l l - w id th  a t  h a l f  am plitude i s  a p p ro x i

mately equal to  / a ;  t h i s  corresponds to an energy o f  700 

v o l t s .

(3) The d i s t r i b u t io n  given in  the in s e t  o f  P igure

36 has been approximated by the grouping shown, and t h i s  group

ing  has been used in  the c a lc u la t io n s  g iven below.

The Permi d i s t r i b u t io n  fo r  n eu tr in o  mass fcero g ives 

the fo llo w in g  values fo r  the energy va lues  quo ted :-

E -  energy (kevj 18.0 17.65 17.3 16.95 16.6 16.25 15.9

S (E) a r b i t r a r y 0 30 120 270 480 750 1,080

Each in te n s i ty  value has been d iv ided  w i th  i t s  two 

immediate neighbours on both s id e s  in  the  manner in d ic a te d  in
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the in s e t  f ig u r e .  The c a lc u l a t i o n s ,  which are  given in  the 

ta b le  o v e r le a f ,  give the d i s t r i b u t i o n  c o r re c te d  fo r  the f i n i t e  

number o f  ion  p a i r s ;  th e se  values are  p lo t t e d  in  JPigure 36, 

to g e th e r  w ith  the t ru e  d i s t r i b u t i o n .  I t  w i l l  be seen th a t  the 

shape o f  the spectrum remains s u b s t a n t i a l ly  u n a l te r e d ,  but 

th a t  the apparen t end-po in t has been moved about 300 v o l t s  

beyond the t ru e  v a lu e .

While a more ac cu ra te  value would be ob ta ined  by the 

e x p ress io n s -

S 1 (E ) = K . J  S f E j .) e “ J*  “ * r ) S/ ( 5 i 2

where A s '  * i t  i s  considered  th a t  the ap p ro x i

m ations used here give a very a c cu ra te  e s t im a tio n  of the 

e f f e c t .
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EFFECT OF FINITE RESOLVING

POWER ON THE END -  POINT

D ISTR IBUTIO N



1 10 .

E S^(E)
15.2 108 -

15.55 216 75 -

15.9 432 150 48 -

16.25 216 300 96 27 -

16.6 108 150 192 54 12 516

16.95 75 96 108 24 3 306

17.2 48 54 48 6 0 156

17.65 27 24 12 0 63

18.0 12 6 0 18

18.35 3 0 3

18.7 . 0 0

S(E) 1,080 750 480 270 120 30

S im ila r  c a lc u la t io n s  were c a r r ie d  ou t on the  curves 

shown in  f ig u r e  £4.
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APPENDIX 3 

CHEMICAL SEPARATION Off RADIUM D.

The s o lu t io n  co n ta in in g  se v e ra l  m ic rocu ries  of 

radium D, E and E in  eq u il ib r iu m  was evaporated  to  dryness to  

remove any excess n i t r i c  a c id .  2 cc . o f  concen tra ted  hydro

c h lo r ic  a c id  was added and the so lu t io n  evaporated  to  d ryness ; 

t h i s  p rocess was rep ea ted  tw ice , and the re s id u e  was then 

d is so lv e d  in  0 .1  N hydroch lo ric  a c id .  Radium E and J? were 

then  p a r t i a l l y  removed by r o t a t i n g  in  t h i s  s o lu t io n  a sm all 

s t r i p  of n ic k e l  of about 4 sq . cm. a re a .

20 cc . o f  a s o lu t io n  of lead  c h lo r id e  and bismuth 

ch lo r id e  co n ta in in g  0 .2  gm. per l i t r e  were added to  a c t  as 

c a r r i e r s  of radium D and radium E r e s p e c t iv e ly .  This s o lu t io n  

was evaporated  to  dryness w ith  excess n i t r i c  ac id  to  re -c o n v e r t  

the  s a l t s  to  n i t r a t e s .  E urther evapora tions w ith  d i s t i l l e d  

w ater r e s u l t  in  the form ation  of lead  o x y -n i t r a te  and bismuth 

o x y - n i t r a te .  The re s id u e  from these  evapora tions  was d ig e s te d  

w ith  5 cc . o f  a s o lu t io n  of ammonium n i t r a t e  (2 gm. per 100 cc. ) 

and t h i s  was allowed to  stand  f o r  15 hours . This trea tm en t 

r e s u l t s  in  the so lu t io n  of the lead  con ten t as lead  n i t r a t e ,  

the  bismuth o x y -n i t r a te  rem aining u n d isso lv ed . E i l t r a t i o n  of 

the  so lu t io n  r e s u l t s  in  the removal o f  the radium E, the  

f i l t r a t e  co n ta in ing  radium D and the lead  c a r r i e r .  Evaporation  

o f  t h i s  f i l t r a t e  on a source mounting gave an a c t iv e  d e p o s i t ,  

the a c t i v i t y  c o n s is t in g  almost e n t i r e ly  of  the r a d ia t io n s  of



radium D. At the  very  most, only one or two p e rcen t of 

radium E was p resen t s ince  the  high energy b e t a - p a r t i c l e s  o f  

t h i s  element were no t d e tec ted  in  the experim ents c a r r ie d  out 

w ith  the p ro p o r t io n a l  coun ter .


