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ABSTRACT

INTERNAL BREMSSTRAHLUNG ACCOMPANYING K-CAPTURE,
AND INTERNAL BREMSSTRAHLUNG ACCOMPANYING AJJTO- 
IONIZATION IN BETA DECAY, IN THE DECAY OF Z04T1

by .

ARNOLD ZIDE 

ADVISOR: PROFESSOR HENRYK LANCMAN

By measuring coincidences between bremsstrahlung 

photons and x - ray  photons emi t ted dur ing the f i l l i n g  o f

vacancies produced by the capture o f  K-shel l  e lec t rons  in 

^ ^ T l  , we have measured the p a r t i a l  Is i n t e rn a l  bremsstrah-  

lung spectrum. A 3" by 3" n a l ( T l )  detec to r  and a low energy, 

h i g h - r e s o l u t i o n  Ge(Li )  de tec to r  were used to obta in  the c o in ­

cidence spectra in a s lo w - fa s t  coincidence system ( T i c :  13 

nsec) .  Data was acquired in a two-parameter ana lys is  mode, 

and a biased a m p l i f i e r  was included in the Ge(Li)  branch in 

order  to de f ine  more accura te ly  the d i s t r i b u t i o n  o f  pulses 

w i t h i n  the Hg K x - ray  range. This al lowed f o r  b e t t e r  d e t e r ­

minat ion o f  the background in the coincidence spec t ra ,  and 

re su l te d  in the i d e n t i f i c a t i o n  o f  x rays in a d d i t i o n  to the 

Hg K x rays in coincidence wi th  the bremsstrahlung photons. 

These x rays are h igher  in energy and weaker in i n t e n s i t y  than 

the mercury K x rays.  Data obtained wi th  b e r y l l i u m ,  aluminum, 

and copper absorbers proved these x rays to be a u t o i o n i z a t i o n  

Pb K x rays accompanying in t e r n a l  bremsstrahl  ung photons in 

the beta decay o f  204T1, an e f f e c t  which has not been p rev ious ­

l y  repor ted .



The experimental  IB spectrum (accompanying K-capture)  

is  compared to var ious t h e o r e t i c a l l y  pred ic ted spectra w i th  

a ch i -square f i t t i n g  r o u t i n e ,  which is  used to p r e d i c t  the 

Q-value o f  the capture t r a n s i t i o n .
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INTRODUCTION

The purpose o f  t h i s  i n v e s t i g a t i o n  was to measure the i n ­

te rn a l  bremsstrahlung ( IB)  accompanying K-capture in  204T1, 

which i s  a f i r s t - f o r b i d d e n  unique t r a n s i t i o n ,  and compare i t

to a theory  s u i t a b le  f o r  t h i s  degree o f  f o rb id d e n e ss . Recent-
1 2l y ,  Zon and Rapoport ,  * have developed a theory  o f  IB in 

e le c t ron  capture v a l i d  to any degree o f  fo rb iddeness ,  but a 

r e l i a b l e  t e s t  o f  t h i s  theory f o r  f i r s t - f o r b i d d e n  unique decays 

has not been made.

I t  i s  o f  p a r t i c u l a r  i n t e r e s t  to measure the K-capture IB 

spectrum from 2^ T 1 , since a previous measurement2 resu l ted  in 

cons iderab le  disagreement between the exper imental  and theo-
4 5r e t i c a l  i n t e n s i t y  predic ted by the Mar t in  and Glauber th eo ry , *

which has gene ra l l y  been a successful  t r ea tmen t  o f  the pheno- 
fi - 1 ?menon ’  f o r  al lowed decays. Other measurements o f  the IB 

from t h i s  nucl i d e ^ * ^ 2’ ^ h a v e  been made in o rder  to determine 

the energy o f  the e lec t ron  capture t r a n s i t i o n .  These i n v e s t i ­

gat ions d id  not y i e l d  the i n t e n s i t y  o f  the IB spectrum, and 

assumed the Mar t in  and Glauber theory  in  o rder  to ob ta in  the

end-po in t  energy o f  the spectrum. There have been i n d i c a t i o n s
15 16th a t  the r e s u l t s  o f  these measurements have been u n r e l i a b l e .  ’ 

The Zon and Rapoport theory  has been compared to e x p e r i ­

ments in a few cases f o r  al lowed t r a n s i t i o n s ,  and has been

shown to give s l i g h t l y  b e t t e r  agreement w i th  the experimental
2i n t e n s i t y  than the Mart in and Glauber th eo ry .  In the one 

case where the theory has been compared to the f i r s t - f o r b i d ­

den unique t r a n s i t i o n  in  ^ C a ,  the r e s u l t s  are uncer ta in  due



to experimental  comp l ica t ions .

In order  to ob ta in  the IB data ,  a system was developed 

f o r  ta k ing  coincidence measurements w i th  a N a l ( T l )  de tec to r  

and a high re s o lu t i o n  Ge(Li)  spect rometer.  The Ge(Li )  detec­

t o r  al lowed accurate ana lys is  o f  the bremsst rahlung associated 

w i th  the components o f  var ious x rays.  The system apparatus 

was designed to maximize the coinc idence count ing ra te  to com­

pensate f o r  the low count ing e f f i c i e n c y  o f  the x - ray  d e te c to r ,  

and to minimize s c a t t e r i n g  between the two d e te c to rs .  Data 

was stored in mul t ichannel  analyzers in 2-parameter ana lys is  

mode, which al lowed measuring the number o f  co in c id e n t  photons 

versus t h e i r  energ ies.

In the course o f  measuring the IB spectrum, we have ob­

served an e f f e c t  which we have shown to be assoc ia ted w i th  the 

beta decay branch in  ^®^T1 , and which has p re v io u s l y  been un­

repor ted.  I t  i s  a lso to be noted th a t  in the Lancman and 

Bond i n v e s t i g a t i o n  o f  the Is IB spectrum in 2^ T 1 , a la rge 

and unavoidable background due to the double i n t e r n a l  brems- 

s t rah lung  (DIB) produced in the beta decay o f  2(^T1 c o n t r i ­

buted to the IB coincidence data.  Al though i t  was impossib le 

to  e l im in a te  t h i s  c o n t r i b u t i o n  to the present  exper imental  

data ,  i t  has been poss ib le  to reduce t h i s  background and 

accu ra te ly  account f o r  i t  w i th  the high r e s o l u t i o n  Ge(Li)  

spectrometer  in the x - ray  branch o f  the system. This detec­

t o r  was used w i th  a biased a m p l i f i e r  in  order  to d i s t r i b u t e  

the narrow band o f  pulses in the range o f  the mercury K 

x rays along 64 channels o f  the spectrum, which permi t ted



ca re fu l  examinat ion o f  the background in the region between 

the Hg and Hg K ^  x rays.  The examinat ion o f  t h i s  r e ­

gion revealed s t r u c tu re s  more compl icated than the DIB alone 

could account f o r .  A ca re fu l  ana lys is  proved these s t r u c ­

tures  to be the a u to io n i z a t io n  Pb K x rays accompanying
204bremsstrahlung photons in the beta decay o f  T1.

A f u l l  d iscussion o f  t h i s  e f f e c t ,  in  which i n t e r n a l  

bremsstrahlung i s  observed in a u t o i o n i z a t i o n ,  i s  inc luded in 

the a n a l y s i s ,  and presented in the d iscussion o f  the c o i n c i ­

dence data (see Analysis  o f  Coincidence Data- -Par t  I I I  2 .2 ) .
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I I . THEORY OF IB ACCOMPANYING K-CAPTURE

Radiat ive  o r b i t a l  e lec t ron  capture is  a process in which 

cont inuous in energy e lec t romagnet ic  r a d i a t i o n  accompanies 

the capture o f  an o r b i t a l  e lec t ron  by the nucleus.  This 

r a d i a t i o n ,  ca l l e d  i n t e r n a l  bremsst rahlung, is  o f  low i n t e n ­

s i t y  and is  th e re fo re  masked usua l ly  by the d i s c re te  gamma 

rays o f  nuc lear  and (o r )  atomic o r i g i n  associated w i th  the. 

capture process. In ^ °^T1 , f o r  example, the IB is  obscured 

by the e le c t ron  capture x rays ,  and by the in t e rn a l  and 

ex ternal  bremsstrahlung accompanying the beta decay.

Morr ison and S c h i f f  determined the spec t ra l  d i s t r i b u ­

t i o n  and t o t a l  i n t e n s i t y  o f  IB photons f o r  al lowed nuclear  

t r a n s i t i o n s .  The i r  c a l c u l a t i o n s  were based on the h igh ly  

s i m p l i f i e d  assumptions t h a t  nuclear  coulomb e f f e c t s  may be 

neglected and th a t  capture occurs on ly  from the K s h e l l .

They obtained the expression

^  d l -  C ^
Wk TT AX.

where & i s  photon energy in  is  the f i n e  s t r u c ­

tu re  cons t ant » r epr esent s the number o f  

photons in the energy i n t e r v a l  A  to , and Wk
i s  the p r o b a b i l i t y  f o r  n o n - ra d ia t i v e  capture# 4 w \  is  the 

upper energy l i m i t  o f  the bremsstrahl  ung spectrum. This 

q u a n t i t y  i s  r e la te d  to the Q - v a l u e  f o r  the e le c t ron  cap­

tu re  t r a n s i t i o n  by

Q -



where Q. represents the mass d i f f e r e n c e  between parent and 

daughter atoms, and Em£ is  the b ind ing energy (p o s i t i v e )  o f  

an e lec t ron  in  the o r b i t .  Therefore by measuring the 

bremsstrahlung spectrum one can determine the Q -  value o f  

the t r a n s i t i o n .

Experiments performed on a number o f  elements did not
fi 7  fiagree w i th  the c a l c u la t i o n s  o f  Morr ison and S c h i f f .  * *

In p a r t i c u l a r ,  the observed i n t e n s i t i e s  were f a r  h igher  than 

those p red ic ted .  The spectra o f  55Fe, ^ C s ,  and ^G e  

showed an unexplained rap id  r i s e  in  i n t e n s i t y  at  energies 

border ing on the c h a r a c t e r i s t i c  x - ra y  reg ion .

Considerable improvement o f  the theory  f o r  al lowed cap-
2 3tu re  processes was made by Mar t in  and Glauber. * They 

took i n t o  account the nuc lear  coulomb f i e l d  and considered 

capture from a l l  atomic s h e l l s .  They showed th a t  the steep 

r i s e  in i n t e n s i t y  in the exper imental  data was due to IB 

photons accompanying capture from the L s h e l l ,  s p e c i f i c a l l y  

from the 2p e lec t ron  s ta te s .

The r e s u l t s  o f  Mar t in and Glauber generated an i n t e r e s t  

in  the p a r t i a l  bremsstrahlung spec t ra ,  i . e . ,  the spectra 

corresponding to I s ,  2s, 2 p . . . ,  e tc .  capture separa te ly .

These were measured in  a few cases f o r  Is  capture by observ­

ing the bremsstrahlung spectra in  coincidence w i th  charac­

t e r i s t i c  K x rays r e s u l t i n g  from f i l l i n g  the vacancy in the 

K she l l  produced by the c a p t u r e . 9*^0 B ia va t i  e t  al c a r r i ed  

out such measurements on ^ 5Fe and ^ C s ,  ob ta in ing  good agree­

ment w i th  the Mart in and Glauber theo ry .



Fur ther  progress in the theory was made by Zon and 
4 5Rapoport,  * who developed formulae f o r  the IB accompanying 

capture from an a r b i t r a r y  s h e l l ,  va l i d  to any degree o f  

fo rb iddeness,  i n c lu d in g  al lowed decays as w e l l .  They ob­

ta ined the f o l l o w in g  expression f o r  the spec t ra l  d i s t r i b u ­

t i o n  o f  IB per K-capture f o r  a f i r s t - f o r b i d d e n  unique t r a n s i ­

t i o n :

where

R ( ” ( A )  =  - £ ( | A ' , i r  +

-  nJu c L c  a t  R a J i u s

f i - o S F
Here H i s  i s  the f u l l  energy o f  the e lec t ron  on the K s h e l l .  

The terms A and B are compl icated func t ions  o f  the energy 

o f  the bremsstrahlung photons, and depend on the i n t e g r a l s  

o f  products o f  spher ica l  Bessel func t ions  and Whi t take r  

fu nc t io n  (see equat ion 15 o f  Zon and Rapoport ) .
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In the f o l l o w in g  we o u t l i n e  the steps lead ing to these 

expressions.  For a d e ta i l e d  account o f  the theo ry ,  the 

reader is  re fe r re d  to the o r i g i n a l  papers.

Zon and Rapoport determined the ampl i tude f o r  r a d i a t i v e  

capture o f  an e le c t ron  from a s ta te  w i th  energy 

t o t a l  angular  momentum , p r o je c t i o n  angular  momentum VYl* 

and remaining quantum numbers Y\ f o r  the nuclear  t r a n s i t i o n  

H  (  in terms o f  spher ica l  tensor  operators , where

a l £

These are tensors o f  rank / \  , and are e igen fuc t ions

T a *<  ( r )  = £ i LC M  A * l  y LKI ( ? )  j  Y  0 ,1

o f  the t o t a l  lep ton angular  momentum. Here the t o t a l
7*o r b i t a l  angular  momentum o f  the- lep ton p a i r ,  L  , w i th  

p ro j e c t i o n  1*1 , i s  coupled to the t o t a l  spin o f  the leptons 

£ which ca n j j e  e i t h e r  in a t r i p l e t  s t a te ,  ^ - 1 ,  or  a 

s i n g l e t  s t a t e ,  5 * 0 . The r e s u l t i n g  t o t a l  lep ton momentum 

is / \  w i th  p r o j e c t i o n  quantum number A  • The q u a n t i t i e s  

are Clebsch-Gordon c o e f f i c i e n t s ,  and are mat r ix  

elements o f  the u n i t a r y  t r ans fo rm a t ion  between the coupled 

and uncoupled rep resen ta t ion .

The Feynman diagram corresponding to r a d i a t i v e  capture 

can be represented as

S



The ampl i tude f o r  t h i s  diagram in terms o f  the spher ica l  

tensors is

M = e 2 > » AtA5Jr, C f 5drx | A ' [ vj(r')TAA, ( f)

C c ! + c A ^ ) V i t r * ) } r ,s(.  ( H<s )

G e ( f “ > g .)  f i  ( f x )  4 > e ( fx )3  } raS(,
Here Cy and Ca are the vec to r  and ax ia l  vec tor  coup l ing 

c o e f f i c i e n t s ,  (|) i s  the t o t a l  lep ton wave f u n c t i o n s ,  Y  the 

nuc lear  wave f u n c t i o n s , 6 g  the Green's f u n c t io n  o f  an 

e le c t ron  in a Coulomb f i e l d ,  and £ s , where €  is  the 

energy o f  the e le c t ron  in the o r b i t  from which capture occurs.  

This expression can be f u r t h e r  reduced by expressing 

in terms o f  ( *»» r*), which is  the s o lu t i o n  to the 

second order  Green's equat ion (see appendix I o f  Zon and 

Rapoport^) ,  and by expanding the wave func t ions  o f  the photon 

and neu t r ino  in e igen func t ions o f  the angular  momentum 

ope ra to r .  These wave func t ions  are assumed to be plane wave 

s ta tes  w i th  momenta and flu and respec t ive  p o la r i z a t i o n s

Cj and €~ £ . The fu n c t io n  xJe was de te r -
2 3, mined and i n ve s t i g a te d  by Mar t in and Glauber * . Zon and 

Rapoport exclude the reg ion o f  the nucleus in  the i n t e g r a t i o n  

over the volume o f  the atom and assume the v a l i d i t y  o f  the 

approx imat ion,  i . e . ,

where R i s  the nuc lear  rad ius .

S u b s t i t u t i n g  ^ t o  the p r o b a b i l i t y  ampl i tude W  ,
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the f o l l o w in g  expression is  obtained f o r  the p r o b a b i l i t y  o f  

emission o f  a photon wi th energy ^  and p o l a r i z a t i o n  5  » 

where the nuc lear  and e le c t r o n i c  par ts  o f  the ampl i tude are 

fac to red  out

W j t r t , s )  =  ’ i n  “

The q u a n t i t y  T i m c o n t a i n s  the nuc lear  pa r t  o f  the 

ampl i tude,  wh i le  contains  the e l e c t r o n i c  par t  o f

the ampl i tude.  ^  determined by the nuc lear  ma t r i x

elements. For the f i r s t - f o r b i d d e n  unique capture t r a n s i ­

t i o n  in 204I 1 ,  T T V  becomes:

*1*2-, jy-i)0r
A  J = i / = Z j  N - i j  =- ‘ACA jrT M1s

And so o ^  . \ X

r l ^ l  =Ca^  ‘ s)
- r  l l jy  ^

The q u a n t i t y  ; can be expressed in terms o f  the

photon p o l a r i z a t i o n  as fo l l o w s :

=  <*>  ( , ^ - 6 ? )  
j e  M v T i a u R ) ^ '  V  J
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where M  is the e lec t ron  res t  mass,

/*> =  vTZZZhEIZZZZZ f j=&Vrl
v  ' n ^ r n + x M  ^  < w

is  the mean value o f  the wave func t ion  o f  the K e le c t ron  

on the sur face o f  the nucleus,  A. is  the Bohr ra d iu s ,  and

f \  | 5  and are compl icated func t ions  o f  the energy o f

the bremsstrahlung photons, and are expressed in terms o f

■£ .<* and r a d ia l  i n t e g r a l s .  For the sake o f  b r e v i t y ,  these

q u a n t i t i e s  have not been inc luded here. The reader is  r e fe r re d
4

to equat ion 15 o f  Zon and Rapoport f o r  these expressions.

Zon and Rapoport evaluate /  ' i $  and D (S , and hence 

the e l e c t r o n i c  pa r t  o f  the ampl i tude,  , to d i f f e r e n t

orders o f  the expansion in . In t h e i r  f i r s t  paper,  they

ob ta in  the f i r s t  two terms o f  the expansion. . In the zeroth 

order  in , the q u a n t i t i e s  A £ »  and B  i ^V equal u n i t y .

For f i r s t  o rder  in they obta in  the simple expression

The c o e f f i c i e n t s  and are ta bu la ted^ .  Thus f o r  an

accuracy to , the and 8 | $  terms depend only on

the energy o f  the bremsstrahlung photons. In the case o f
204the heavy nucleus T l ,  however, t h i s  expression is  not 

v a l i d ,  s i  nee o<5* -  0 *5 ^  #

Because o f  the complex i ty o f  h igher  terms in the expan­

sion o-f Ai* and B IS > Zon uses computer c a l c u l a t i o n s ,  and 

in a second paper obtains an accuracy to a l l  orders in 

In ta b le  I we l i s t  these values o f  and These
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values have been used to obta in  for,  var ious values

o f  » the end-po in t  energies o f  the IB spect ra ,  and

are inc luded in Table I .  The values chosen fo r  were

based on an examinat ion o f  the experimental  spectrum, and 

correspond to the energies o f  the channels in the v i c i n i t y  

o f  the endpoin t .  These spectra are p lo t t e d  in Figure 1.

Note t h a t  these spectra give the IB i n t e n s i t y  per sec per 

keV, and t h a t  a scale f a c t o r  o f  (511)"^ X 10"4 is  used.

The f i g u r e s  show the IB spectra f o r  energies g reater  than 

100 keV, s ince t h i s  was the region o f  i n v e s t i g a t i o n  in the 

exper imental  data.

In order  to convert  the t h e o r e t i c a l  spectra i n t o  a form 

s u i t a b l e  f o r  comparison w i th  the experimental  spectrum, the 

IB spectra must be expressed in i n t e n s i t y  per second per 

channel , i . e . ,  as

w i^ck) x  
. w i ,

where is  the channel width ( = 9.26 keV),  and k i s the

energy corresponding to  the center  o f  the channel .  These 

values were obtained by i n t e r p o l a t i o n  from the data in 

Table I ,  and are presented in Table I I .  These d i f f e r e n t i a l  

spectra can now be m u l t i p l i e d  by the Response Mat r ix  (see 

sec t ion  on Detector  Response Mat r i x )  in order  to ob ta in  the 

t h e o r e t i c a l l y  pred ic ted IB pulse height  spectra (see Ana ly­

s is  and Conc lusions) .

An e a r l y  ana lys is  o f  the Zon and Rapoport theory resu l ted  

in an IB i n t e n s i t y  which was several  t imes h igher  than ex­

per imental  est imates and the Morr ison and S c h i f f  theory .



Previous i n v e s t i g a t i o n s  o f  IB have shown th a t  in  medium 

to heavy n u c le i ,  the t o t a l  IB i n t e n s i t y  depends on 2L , 

as a r e s u l t  o f  Coulomb and r e l a t i v i s t i c  e f f e c t s .  For a l l o w ­

ed t r a n s i t i o n s ,  the Mar t in  and Glauber theory has success­

f u l l y  accounted f o r  these e f f e c t s  by a c o r r e c t io n  f a c t o r  

^ 1 5  which m u l t i p l i e s  the Morr ison and S c h i f f  expression.  

This fa c to r  has on ly  a smal l  in f luence  on the shape o f  the 

spectrum. Since these s tud ies  have shown the importance 

o f  Coulomb e f f e c t s  on the i n t e n s i t i e s  o f  the t h e o r e t i c a l  

spect ra ,  i t  was o f  i n t e r e s t  here to cons ider  the e f f e c t  o f  

in the Zon and Rapoport theo ry ,  and compare the e x p e r i ­

mental spectrum to a Coulomb-free vers ion o f  t h i s  theory .  

This is  obtained from the r e l a t i o n  f o r  W |S/ W *  by s e t t i n g

This expression is  i d e n t i c a l  to t h a t  obtained by a p p l i c a t i o n  

o f  the Cutkosky r u l e . ^

According to t h i s  r u l e  the expression f o r  f i r s t - f o r ­

bidden unique t r a n s i t i o n s  in the H - 0  approximat ion can be 

obtained from the al lowed expression o f  Morr ison and S c h i f f  

by m u l t i p l i c a t i o n  by the f a c t o r  ( + $ ' * ' ) 'where f  1s 
the neutr ino momentum.

This expression gives a lower i n t e n s i t y  f o r  the IB photon 

spectrum than the f u l l  Zon express ion,  and as w i l l  be shown 

in the Analysis and Conclusions,  gives b e t t e r  agreement w i th
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the i n t e n s i t y  o f  the experimental  spectrum. The Coulomb- 

f r ee  d i f f e r e n t i a l  spectra are l i s t e d  in Table I I I ,  and p lo t te d  

in Figure 2. The comparison o f  the exper imental  data and the 

Coulomb-free theory gives a lower end-po in t  energy f o r  the 

IB spectrum than a s i m i l a r  comparison made w i th  the f u l l  Zon 

and Rapoport theory .  For t h i s  reason the d i f f e r e n t i a l  spectra 

l i s t e d  in Table I I I  are computed a t  lower end-po in t  energ ies .

I t  can be seen from a comparison o f  the t h e o r e t i c a l  spectra 

t h a t  the i n t e n s i t i e s  o f  the Coulomb-free spectra have a s t rong­

er dependance on than the i n t e n s i t i e s  o f  the spect ra based

on the f u l l  theory.
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C A L C U L A T E D  VALUES OF Wu/Wk
CO

Jk
keV r 2 RJ*>

N \S

(Wis/ W k )  x \ o H
For Various VnLuES oF

•2oo 101.2 .323 23.920 6.5o 6.21 5.11 5 . 6 2 5.33 5.07

U5.0 .311 n.ISo 5.81 5.65 5.46 5.25 5.03 4.82

.150 \ 21.8 .312 13.510 5.o5 5.02 4.43 4.81 4.61 4.51

.115 140.5 •3ol 10.640 4.28 4.31 4.33 4.22 M.16 4.16

.3oo IS3.3 .302 8.431 3.52 3.11 3.81 2.34 3.82 3.79

.325 166.1 .141 6.861 2.8o 3.o6 3.23 3.33 3.38 3.31

.350 118.1 .243 5.634 2.16 2.44 1.69 2.«5 2.15 3.oo

.375 141.6 •284 4.616 1.54 1.40 2.18 2.38 2.52 2*62

.Moo 204.4 .285 3.428 1.04 1*4! l.l I 1.14 2.11 2.25

• MU 111.1 .281 3.32.4 . 6 2 .48 1.28 1.54 1.14 1.40

.45o 230.0 .118 2.936 .31 .62 .11 1.18 1.39 1.51

.415 242 n .214 2.433 .to *34 .60 .36 1.03 1.11

•5oo 255.5 .210 2 . l\0 .001 •14 • 36 •SI .80 .91

•  515 269.3 .261 1.338 . 0 0 •03 • n •31 .51 .15

.550 291.1 •264 1.6lo •  00 •  05 • 20 .31 .54

.515 143.8 • 261 1.415 • Ool .0 8 .21 .31

•  500 3o6.6 .259 1.153 - • 013 .10 .23

•  615 319.4 .255 1.150 .03 .1 2

.650 332.1 •252 1.100 . 0 .0 5



T / V B L E  IE
I B  I N T E M S l T y  X IO ' 1  P E R  S E C O hIO  P E R  c h a u m e L

p e r  K - c a p t u r e  f r o m  z o h  a n d  r r p o p o r t

chahncI CHAMHEl
ENERjy

S P E C T K *  -ftim VaL* *6 S C kcV )

1 6 0  2 1 ^ 2 / n  3 1 6  3 3 4  3 5 3

10 4 8 . 0 1 2 1 . 0 4 1 1 4 . 8 1 108.11 1 0 3 . 1 8 1 1 . 4 8 12,11

I I l o r 3 113.06 I0 I .0 8 1 0 3 .6 4 11.11 1 4 . 5 8 4 0 . 2 3

1 2 . 1 1 6 . 5 1*3 . 6 4 1 0 1 .4 1 4 1 . 8 4 1 3 . 8 6 4 o .6 o 2 6 . 7 1

1 3 1 2 3 . 8 1 3 4 1 11.11 4 1 . 3 2 88.06 8 5 . 5 2 8 3 . 3 5

1 4 1 3 6 .1 8 3 . 3 5 8 4 . 2 5 8 3 . 3 5 81.10 8 0 . 4 5 1 1 . 1 3

1 5 1 4 4 . 3 1 3 . 1 3 1 5 . 3 8 16.10 1 5 . 3 8 1 5 . 0 1 1 2.20
1 6 1 5 3 .6 6 3 .1 8 66.68 6 8 .4 1 6 8 .8 5 61.11 6 1 . 1 1

11 162.8 5 5 . 0 5 5 1 . 1 8 60.88 6 1 .1 5 6 3 . 2 4 6 3 . 4 2

1 8 112.1 4 6 . 1 5 5 o . l1 5 3 - 6 3 S5 . 1 1 5 7 . 6 1 5 3 . 1 6

» V 1 2 1 . 4 3 8 . 0 5 4 1 . 1 6 4 1 . 1 1 4 1 . 2 8 5 1 . 2 2 5 2 . 1 1

2 .0 1 1 0 . 6 2.4 . 1 1 3 5 . 5 * 4 0 . 2 2 4 3 . 4 1 4 3 . 4 1 4 1 . 8 3

x \ 2 oo.o 21.02 1 8 . 4 5 2 3 . 1 0 3 1 . 6 4 4 o. 7 1 4 2 . 1 4

x x 2 « V I 1 5 .2 2 20.66 2 8 . 2 1 3 2 . 4 3 3 5 .2 2 3 8 .2 3

2 .3 2 1 8 .4 1 0 .1 5 11.l l 2 2 . 8 3 21.18 3 o .2o 3 3 . 1 0

2 4 2 2 1 . 1 5 . 8 0 1 1 .6 8 1 8 . 1 2 2 2 . 8 3 2 6 . 4 5 2 1 . 1 1

2 5 2 3 6 . 1 3 . 2 6 8 . 1 5 1 3 .0 5 1 8 .1 2 2 1 . 2 1 2 5 . 3 1

2 6 2 4 6 . 2 1 .4 5 5 , 2 5 1 . 4 2 1 3 .1 1 1 8 .1 2 2 1 . 4 1

X I 2 5 5 . 4 0 . 3 6 2 . H 6 . I 6 10 .51 1 4 .5 0 1 8 . 1 2

2 8 2 6 4 . 7 0 . 0 l .o l 3 . 6 2 1 . 6 1 1 2 . 2 3 1 4 . 8 6

2 1 2 1 3 . 1 0 . 3 6 1 . 1 1 5 . 0 1 2 . 5 2 1 1 .1 6

3 0 2 8 2 . 2 0 . 0 0 . 1 3 3 . 0 8 5 . 4 1 1 . 4 1

3 1 2 1 2 . 5 0 . 3 6 1 . 4 5 4 . 3 S 1 . 0 1

3 2 3  o i . i 0 . 0 0 ,1 3 2 . 1 1 5 . 2  5
3 3 3 H. 0 0 . 3 6 1 .4  5 3 . 6 2

3 4 3 2 o . i 0*0 0 .1 3 1 . 3 6

3 5 3 2 4 . 5 0 . 3 6 1 ,4 5

3 6 3 3 8 . 8 0 . 0 0 . 1 3

3 1 3 4 8 . 0 0 . 3 6



I A B L E  3 E  

I B  IN T E N S IT Y  XIO"1 PER SECOND PER 
CHANNEL PER K-CAPTURE FRoh -20fJ 
fthID R A P O p O R T  C O u lO t iB -F R E E  THEORY

CHANNCl
MOM&&R

channel
ENERjy

spectila Values (keV)
1.13 1 4 1  2.60 1.14 141 316

IO 98.0 ll.M 11*16 16.63 18*15 10.13 21-15
II *01.3 ll.1 l 13.81 15.12- 11-51 11-13 2 M 3
12. 116.5 io.n 12.83 11.11 16.68 18.56 2o.1l
13 113.8 (0.22 12.(3 13.83 15.13 n.63 11.51
IH (36.1 3.13 (0.86 12.87 11.18 16.68 18.58
IS (11*3 8.05 10.00 ll.1l 13.83 IS.13 11.61
16 153.6 1.o| V®l 10.16 12.81 11.18 16.68
11 162.8 5.13 1.11 1.18 11.11 13.83 IS. 11
18 112.1 1.11 6.11 8.16 (0.13 (1.36 11.18
IV 12 (.1 3.63 5.30 1.11 1.11 11.81 13.8)
10 /fo.6 211 1.66 6.82 8.81 lo.1o 12.85
n 2oo.o 1.13 3.11 5.68 1.81 1.81 11.86
n 2o V I 0.51 2.31 1.51 6.1o 8.81 10.85
13 2(8.1 o.oi i*n 3.38 5.55 1.11 1.11
21 221.1 0.0 0.55 2.28 H.31 6.58 8.11
15 136.1 o . o i 1.30 3.26 5.12 1.51
26 216.1 0.0 0.51 2-18 1.26 6.11
11 255.1 0.01 1.23 3.IH 5.21
18 26Y.7 0.0 0.11 l.o l H.ll
11 113.1 o.o6 1.(8 3.01
30 283.1 0.0 0.16 2.01
31 212.5 0 , 0 6 1.12
31 301.1 0 . 0 0.11
33 311.0 o.os

31 32o.l 0 .0

35 321.5
36 338.8
31 3H8.0
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I I I .  COINCIDENCE DATA

I I I . l  DATA COLLECTION

The coincidence data was taken in both " t ru e s "  and 

randoms on mul t ichannel  analyzers ope ra t ing  in two-para­

meter ana lys is  mode f o r  a t o t a l  o f  329.5 hours. A slow- 

f a s t  coincidence system was used to s e le c t  the -coinc ident  

photons o f  i n t e r e s t  and to separate the random coincidence 

data from the " t r u e , "  i . e . ,  t o t a l  co incidence data.  The 

data was stored in the memories o f  two 4096 channel ana lyzers ,  

and arranged in a 64- X 64-channel m a t r i x  a r ray .  The axes 

o f  the mat r i x  represented the energies o f  the co inc iden t  

photon species,  and the two-parameter format  al lowed measur­

ing the number of  photon coincidences versus t h e i r  energies.

This arrangement of  data enabled v iewing i t  oh the 

i sometr i c  d isp lay  modes o f  the ana lyzers ,  which was espec i ­

a l l y  convenient f o r  v i s u a l i z i n g  the var ious co inc iden t  

e f f e c t s ,  and fo r  i d e n t i f y i n g  erroneous data int roduced by 

power t r a n s ie n t s .  An example o f  the i som e t r i c  d isp lay  o f  

data is  shown in F ig.  3 in the sect ion on System C o inc i ­

dence E f f i c i e n c y .  The reader is  r e fe r re d  to the sect ion on 

Experimental  Geometry and E le c t ron ic s  f o r  a d d i t i o n a l  i n f o r ­

mation on the coincidence technqiue.

I t  i s  convenient to de f ine  the symbol N ( i . j )  as the num­

ber o f  counts stored a t  a p o in t  on the mat r i x  w i th  coord in ­

ates ( i . j ) .  This number is  p ro po r t i on a l  to the number o f  

co inc iden t  photons emi t ted by the source w i th  energies 

corresponding to pulse h e igh ts ,  i , j .  The j  parameter was



used f o r  the bremsstrahlung r a d i a t i o n ,  wh i le  the i parameter 

was reserved f o r  the x - ra y s .  A Harshaw 3 - i n .  x 3 - i n .  N a l (T l )  

d e te c to r  was used to measure the bremsstrahlung r a d i a t i o n  

over the energy range 15-598 keV, and the x- ray  data was 

c o l l e c te d  w i th  a low temperature Ortec LEPS (Low Energy Photon 

System) Ge(Li)  spectrometer  over the energy range 65-87 keV. 

A d d i t i o n a l  i n fo rm a t ion  on the detec tors  are included in  the 

sec t ions  on Experimental  Geometry and Detector C a l i b r a t i o n s .

In order  to perform d a i l y  checks on the detec to r  c a l i ­

b r a t i o n s ,  and ad jus t  the system f o r  changes in gain and d r i f t  

o f  the zero l e v e l ,  the axes o f  the mat r ix  were reserved f o r  

the s torage o f  " s i n g le s "  spec t ra ,  which were obtained by 

re le a s in g  the coincidence requirements on the system.

The coinc idence data are presented in  Figs.  2-17. These 

spectra  correspond to the rows o f  the two-parameter,  64 X 64 

m a t r i x  of  co inc iden t  events,  in which each row represents 

the complete spectrum o f  Ge(Li)  de tec to r  pulses along one o f  

the channels o f  the N a l (T l )  d e tec to r  spectrum. Thus the 

co incidence spectrum in row 12 represents x - ray  photons which 

a l l  have common coincidences wi th  bremsstrahlung photons be­

long ing  to channel 12 o f  the N a l (T l )  de tec to r  spectrum. The 

m a t r i x  may be viewed as rows o f  spect ra ,  where each row has 

w id th  which spans an energy i n t e r v a l  from to

the energy a t  the center  o f  the i n t e r v a l  in keV. The width

o f  the bremsstrahlung channel was maintained constant  

th roughout  the experiment at  9.26 keV per channel. The energy

o f  the bremsstrahlung spectrum, and where £  equals



corresponding to row j  may be determined using the formula 

developed in the c a l i b r a t i o n  o f  the N a l (T l )  d e te c to r ,  i . e . ,

E(keV) = ‘l .z t ' j  +  5«H3
Although the data was acqui red in  a 64 X 64 m a t r i x ,  in 

order  to reduce c a l c u l a t i o n  t imes necessary to determine ce r ­

t a i n  processes and improve count ing s t a t i s t i c s ,  ad jo in ing  

rows o f  the mat r ix  were combined pa i rw ise  to produce a reduc­

ed 32 X 64 m a t r i x ,  w i th the sh o r te r  dimension spec i f y ing  the 

channels o f  the N a l (T l )  d e te c to r  spect ra .  The data presented 

in  Figures 2-17 rep resent  t h i s  condensed vers ion o f  the 

o r i g i n a l  m a t r i x .

In genera l ,  the t rue  coinc idence data was co l l e c te d  on the 

Nuclear data 3300 mul t ichannel  ana lyze r ,  and the random c o in ­

cidence data c o l l e c te d  on the Northern S c i e n t i f i c  NS-636 

memory coupled to the NS-623 ADC ( a n a l o g - t o - d i g i t a l  co nve r te r ) .  

When i t  was f e a s i b l e ,  the analyzers were run s imul taneously 

in order  to minimize the t o t a l  t ime spect  c o l l e c t i n g  data. 

Trhough var ious modes o f  ope ra t io n ,  both analyzers al lowed 

cont inuous mon i to r ing  o f  the data.  The ND 3300 was hard­

wired wi th  va r ious programs to handle the data.  The NS-636 

was s o f t - w i r e d  and i n t e r fa c e d  to a PDP-11 computer; a pro­

gram was w r i t t e n  on paper tape to a l l ow  close observat ion o f  

the data stored in  t h i s  ana lyzer .



I I I . 2 ANALYSIS OF COINCIDENCE DATA

111.2.1 INTERNAL BREMSSTRAHLUNG IN THE CAPTURE OF K ELECTRONS

The coincidence spectra (F igs .  2-17) reveal  the i n t e r ­

nal bremmstrahlung connected w i th  the e le c t ro n  capture 
204decay in T1. However, there  are o the r  h igher  order  

e f f e c t s  in the data which are associated w i th  the beta 

decay branch. These a d d i t i o n a l  phenomena w i l l  be d iscuss ­

ed in the next sec t ion ( 111. 2 . 2 ) .

Each spectrum conta ins the " t r u e s "  data,  t h a t  i s ,  the 

t o t a l  coincidence data w i th  the random coincidences sub­

t r a c te d .  Al though the randoms data are not presented,  on 

the average they accounted f o r  about o n e -h a l f  o f  the t o t a l  

coincidence data,  as can be seen from an examinat ion o f  

the t ime spectrum ( r e f e r  to sect ion  on Experimental  

Geometry and E l e c t r o n i c s ,  F ig .  5) .  There the r a t i o  o f  the 

t o t a l  area under the peak to the background under the peak 

is  two- to-one.  I t  i s  also poss ib le  to know the t r u e - t o -  

random r a t i o  f o r  each spectrum by r e f e r r i n g  to the t a b u la r  

summary o f  the coincidence data inc luded in  t h i s  sect ion  

(see Table 1) .  This t a b le  i s  const ruc ted so t h a t  the 

number o f  t r ue s ,  randoms, and background counts are pre ­

sented f o r  a l l  the coincidence spec t ra .

In order to f a c i l i t a t e  i n t e r p r e t a t i o n  o f  the coincidence 

data,  i t  w i l l  be usefu l  to r e f e r  to the decay scheme of  

( f i g u r e  l ) . ^  This source decays p r i m a r i l y  by beta 

decay to the ground s ta te  o f  204Pb and by e le c t ro n  capture 

to the ground s ta te  o f  2^ H g .  I t  i s  through the l a t t e r



mode o f  decay t h a t  the c h a r a c t e r i s t i c  x rays o f  Hg are 

produced.

As i s  we l l  known, in e lec t ron  capture a vacancy is  p ro ­

duced in  an atomic s h e l l ,  which is q u ick l y  f i l l e d  by an 

e le c t ron  from a h igher  s h e l l .  As a r e s u l t  o f  t h i s  t r a n s i ­

t i o n ,  energy is re leased,  which may be in the form of  

c h a r a c t e r i s t i c  x - ra y s .  By detec t ing  the photons th a t  occur 

in  coincidence w i th  these x rays,  i t  i s  poss ib le  to d e te r ­

mine the spectrum o f  i n t e r n a l  bremsstrahlung photons a s s o c i ­

ated w i th  capture from these sh e l l s .

The o r i g i n a l  purpose o f  t h i s  i n v e s t i g a t i o n  was to mea-
204sure the IB spectrum r e s u l t i n g  from K-shel l  capture in T1

This e f f e c t  is  recognized by the presence o f  the Hg K x - ra y

peaks in  the coincidence data.  The reso lu t i o n  o f  the Ge(Li )

spectrometer  was s u f f i c i e n t  to resolve the components o f  the
3

Hg K x rays .  These x rays are as fo l l o w s :

k * , *  n o  , » i  xeV s  io  l 0  kev

f o t *  m - m  k ^  =  n * 5 0

The , and the x rays represent  d i s c r e te  t r a n s i ­

t i ons  between the K- L m  ancl K* Lit sh e l l s  r e s p e c t i v e l y  

whereas the complex l i n e s a n d  are the weighted aver ­

ages o f  the t r a n s i t i o n s  between the K-M and K-N s h e l l s ,  

r e s p e c t i v e l y .  These l i n e s  are separated only by ins t rumen ts  

o f  high r e so lv in g  power. The nomenclature



and 4* , is also often used.

The p r i n c ip a l  fe a tu res  o f  the co inc iden t  spectra are 

the K«( and x - ra y  peaks. The p a r t i a l  components

K * ! ) * a nd are not e a s i l y  d is t in gu ished

from each o ther  because o f  t h e i r  low count ing rates and

which appear at  the lower and upper halves o f  the spectra 

are ra the r  wel l  d i s t i n g u i s h e d .  In order  to demonstrate the 

presence o f  a l l  the  K x - ra y  compenents in the coincidence 

data,  the i n d i v i d u a l  spect ra  corresponding to bremsstrah- 

lung channels 11-40 were combined, and the r e s u l t  i s  shown 

in Fig.  2. This summed spectrum can be compared to the 

Ge(Li) s ing les  spectrum, in  which a l l  the K x- ray  components 

are c l e a r l y  de f ined .  The two spectra were in good agreement 

w i th  respect  to the p o s i t i o n s  o f  the x - ray  peaks.

I t  was also o f  i n t e r e s t  to compare the r a t i o s  o f  the Hij K 

to -  K *  x - ray  i n t e n s i t i e s  obtained from these spectra to the 

value obtained from A. S a l a m ' s ^  ca re fu l  measurements on 

r a d i a t i v e  t r a n s i t i o n  p r o b a b i l i t i e s .  Al though the values ob­

ta ined from the present  measurements were in good agreement 

( K j  - t o -  r a t i o  o f  0.232 from the sum coincidence spec­

trum and 0.236 f o r  s i n g le s  spectrum),  they were in d isagree­

ment w i th  Salam's value o f  0.277.

A care fu l  ana lys is  showed the discrepancy between 

Salam's work and the present  work to be due to the d i f f e re n ce  

in de tec t ion  e f f i c i e n c i e s  between the Hg Ko< anc* Hg x- rays 

in the Ge(Li)  d e te c to r ,  and the escape o f  germanium x rays 

from the face o f  the d e te c to r .  The i n t r i n s i c  e f f i c i e n c y  o f

small  energy d i f f e r e n c e s ,  whereas the Ko^ and 1 i nes



the Ge(Li)  spectrometer va r ies  un i fo rm ly  over the energy 

range o f  the mercury K x rays ,  and is  about 8% h igher  f o r  

the x rays than the x rays.  The de te c t io n  e f f i c i ­

ency f o r  these x rays i s  also compl icated by the presence o f  

the Ge K x - ray  escape e f f e c t ,  which occurs as f o l l o w s :  In

the i n t e r a c t i o n  o f  an Hg x - ra y  photon w i th  the Ge(Li )

d e te c to r ,  i t  i s  poss ib le  t h a t  a germanium K x ray ( 555 10 keV) 

w i l l  be exc i ted  in the c r y s t a l ' s  sur face .  I f  t h i s  x ray 

escapes absorpt ion in the c r y s t a l ,  then the energy taken up 

by the de tec to r  i s  equal to the d i f f e r e n c e  in  energy between 

the Hg K ^  x ray and the Ge K x ray.  This energy corresponds 

to a channel which is  lower than the channels occupied by the 

Hg K ^  x - ray  pulses,  but which i s  in the range o f  channels 

i n te rcep te d  by the Hg K ©* x - ray  pulses.  Thus those events

in which a Hg K jr photon i s  p a r t i a l l y  absorbed in the Ge(Li)
\  P

d e tec to r  by t h i s  mechanism w i l l  be i n c o r r e c t l y  counted as an 

Hg K of photon, and there w i l l  consequent ly be an overcoun t ­

ing o f  Hg x rays.  S i m i a r i l y ,  the escape e f f e c t  can be

induced by the Hg K o< x rays ,  and t h i s  w i l l  r e s u l t  in  a r e ­

duct ion in i n t e n s i t y  o f  the Hg K ^  peak.

In order  to determine the magnitude o f  t h i s  e f f e c t ,  the 

biased a m p l i f i e r  was disconnected from the Ge(Li )  branch o f  

the system, and a s ing les  spectrum o f  pulses below the range 

o f  the Hg K x rays was taken.  In t h i s  way i t  was poss ib le  

to observe the escape peak cor responding to the e x c i t a t i o n  

o f  Ge K x rays by the Hg K o< x rays.  The i n t e n s i t y  o f  t h i s

peak was about 3% o f  the Hg K o< peak i n t e n s i t y .



A f t e r  i n c lu d in g  c o r re c t io n s  f o r  the v a r i a t i o n  in detec­

t o r  e f f i c i e n c y  and the escape e f f e c t  in the measured value

which is  in s a t i s f a c t o r y  agreement w i th  Salam's value.

The i n t e n s i t i e s  o f  the IB in the separate coincidence 

spect ra were determined by summing over the channels in the 

x - ra y  peaks, and s u b t r a c t i n g  the background c o n t r i b u t i o n  to 

these channels.  This gave the IB i n t e n s i t i e s  belonging 

sepa ra te l y  to the K ^  and the Kg x rays o f  each c o i n c i ­

dence spectrum. The s t a r t  and stop channels used in these 

summations were the same f o r  a l l  the spect ra ,  and were ob­

ta ined  from the s ing les  Ge(Li )  spectrum, where the channel 

boundaries o f  the x - ray  peaks could be determined very 

a c c u ra te l y .  The background in  the spectra were determined by 

a weighted l e a s t  squares computer f i t t i n g  program; an i n t e r ­

p o l a t i o n  procedure was used to obta in  the background in  the 

x - ra y  channels.  The d e t a i l s  o f  these ca lc u la t io n s  are p re ­

sented in Sect ion 111.3 — Reduction o f  Data.

The i n t e n s i t y  o f  IB in each spectrum is p lo t te d  aga ins t  

spectrum number in  Fig.  18. Also shown in t h i s  p l o t  is  the 

IB energy equ iva len t  f o r  each spectrum. As was mentioned 

p r e v io u s l y ,  spect ra have been pai red up, and the energy shown 

i s  the average energy o f  the pai red spectra .  The e r r o r  bars 

shown are based on count ing s t a t i s t i c s ,  and inc lude random 

and background e f f e c t s .  This p lo t  is the pu lse -he igh t  d i s ­

t r i b u t i o n  o f  the IB photon spectrum, and was compared to the 

t h e o r e t i c a l l y  pred ic ted  spectra a f t e r  the e f f e c t s  o f  the

o f  the r a t i o ,  the value 0.252 was obtained



detectors  were fo lded i n t o  the t h e o r e t i c a l  spec t ra .  This 

procedure invo lves co nve r t in g  the t h e o r e t i c a l  spectrum in to  

a pu lse -he ight  d i s t r i b u t i o n ,  and i s  descr ibed in Sect ion VI — 

Response Mat r ix  o f  the N a l ( T l )  Detec tor .

An examinat ion of  the exper imental  IB spectrum shows a 

genera l ly  decreasing photon i n t e n s i t y  in  the d i r e c t i o n  o f  

increas ing photon energy,  w i t h  almost van ish ing o f  the photon 

spectrum at  energies cor responding to channels 29 and 30.

A de ta i led  ana lys is  and 7^?* c a l c u l a t i o n  o f  the t h e o r e t i ­

cal spectrum which best  f i t s  the exper imental  data was used 

to determine the t o t a l  i n t e n s i t y  and end-po in t  energy o f  the 

IB spectrum, and to compare i t  w i th  the var ious t h e o r e t i c a l  

spect ra .  This is  inc luded in the s e c t i o n — Analys is  and 

Conclusions.
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111.2 ANALYSIS OF COINCIDENCE DATA

111.2.2 INTERNAL BREMSSTRAHLUNG ACCOMPANYING AUTOIONIZATION IN 204Pb

In a d d i t i o n  to the x rays associated wi th  the IB,  the 

coincidence spect ra contain several  components o r i g i n a t i n g  

in o the r  h igher  order  r a d i a t i v e  processes accompanying the 

decay o f  2^ T 1 . To discuss these c o n t r i b u t i o n s  we cons ider  

th ree regions o f  the x- ray  spectra (Fig .  2) .

The f i r s t  reg ion ( I )  corresponds to two sec t i ons  o f  the 

spectrum. The spectrum in channels one through s i x  appears 

approx imate ly  equal in  i n t e n s i t y  to tha t  in channels 36 

through 42. In a d d i t i o n ,  these sect ions are lower in  i n t e n ­

s i t y  than the res t  o f  the spectrum. The second reg ion ( I I )  

corresponds to  channels 22 through 34. The lower border  o f  

t h i s  range i s  cont iguous to the high energy t a i l  o f  the

mercury K<X| x - ray  peak. Two peaks occupy t h i s  range;  t h e i r

shapes and widths are so s i m i l a r  to the Hg K x - ra y  peaks t h a t  

one is  tempted to cons ider  them another set  o f  x rays .  The 

t h i r d  reg ion ( I I I )  corresponds to the r i g h t  edge o f  the

spectrum, in  channels 58 to 63. This region is  c l e a r l y  lower

than region I I ,  and a poor ly  def ined peak is  d i s c e r n i b l e  on a 

background leve l  approximat ing region I .  This general  appear­

ance i s  exh ib i t ed  in  a l l  the coincidence spect ra .  In the 

f o l l o w in g  pages we discuss the var ious phys ica l  e f f e c t s  which 

produce these shapes.

A comparison o f  the data shows th a t  the background to 

foreground (here " foreground"  is  meant to denote x rays)  r a t i o  

i s  cons iderab ly  h igher  in the coincidence spectra than in  the



s ing les  (x ray)  spec t ra .  In the former i t  i s  about 2 :1,  

wh i le  in the l a t t e r  i t  i s  approx imately  2:17. This d i f f e re nce  

is  not s u r p r i s i n g  and i s  p r i m a r i l y  due to a physical  e f f e c t  

which g r e a t l y  enhances the background in the coincidence 

spect ra ,  but  is  not  present  in the s ing les  spectrum. This 

e f f e c t  i s  c a l l e d  double i n t e r n a l  bremsstrahlung ( D I B ) ] * 2,3 

and is  most c l e a r l y  seen in reg ion I descr ibed above, where 

i t  i s  not obscured by o the r  e f f e c t s .  This e f f e c t ,  which 

occurs over the whole spec t rum, i s  the g rea tes t  c o n t r i b u t i o n  

to the background, and i s  respons ib le  f o r  the high background 

to foreground r a t i o .

DIB i s  the s imul taneous emission o f  two photons accom­

panying beta decay, as opposed to the more probable s ing le

photon emission.  This l a t t e r  process i s  known as s ing le
4-8in te r n a l  bremsst rahlung ( I B ) .  The o r i g i n  o f  these pro­

cesses is  the i n t e r a c t i o n  between the beta p a r t i c l e  and the 

e m i t t i n g  nucleus.  In IB the e le c t ron  i n t e r a c t s  w i th  the 

r a d ia t i o n  f i e l d  once, w h i le  in  DIB i t  i n t e r a c t s  tw ice .  These 

processes are to be d i s t i n g u i s h e d  from the corresponding 

ex ternal  bremsstrahlung processes, DEB and SEB, which occur

when ex te rna l  bremsst rahlung i s  emi t ted when an e lec t ron
9-10in t e r a c t s  w i th  a nucleus o the r  than i t s  parent  nucleus.

The t r a n s i t i o n  p r o b a b i l i t y  f o r  IB is  o f  the order  o f  the 

f i n e  s t r u c t u r e  cons tan t  where = 1/137, whereas

the t r a n s i t i o n  p r o b a b i l i t y  f o r  DIB i s  o f  the order  o f  ©s
O

The IB in beta decay has been e x te n s i v e l y  s tud ied ,  but
1-3the DIB has been i n v e s t i g a te d  in only three cases, and



1 2observed in two o f  them. * The energy d i s t r i b u t i o n s  o f

the DIB pKoTov»;S. are cont inuous ,  and the energy a v a i l a b le  f o r

the process is  the same as in  IB,  which is  the beta decay

t r a n s i t i o n  energy. This was demonstrated expe r im en ta l l y  by

showing th a t  the end-po in t  o f  the photon-sum coincidence
1 2spectrum occurs a t  the beta spectrum endpo in t .  *

Al though the r a t i o  o f  the p r o b a b i l i t y  o f  DIB compared 

to the p r o b a b i l i t y  o f  beta decay is  much lower than the r a t i o  

o f  the p r o b a b i l i t y  o f  r a d i a t i v e  K-capture to the p r o b a b i l ­

i t y  o f  n o n - ra d ia t i v e  cap tu re ,  the observa t ion  o f  DIB in the 

present  data i s  g r e a t l y  enhanced in comparison to IB ( f rom 

K-capture)  as a r e s u l t  o f  the high beta d e c a y - to -e le c t ro n  

capture branching r a t i o  in  2(^ T 1 . This r a t i o  i s  98:2;  thus ,  

the high percentage o f  decays through the beta branch com­

pensates f o r  the low p r o b a b i l i t y  o f  the DIB process. This 

exp la ins  why the much weaker DIB competes w i th  the IB ( i n  

K-capture)  in the co inc idence data.

The IB ( in  beta decay) does not  c o n t r i b u t e  to the c o in ­

cidence data,  s ince the beta p a r t i c l e s  are absorbed by the 
2

320 mg/cm t h i c k  b e r y l l i u m  sheets surrounding the source,  

thus prevent ing the p o s s i b i l i t y  o f  beta-gamma coincidence 

pulses.  However, i n  the case o f  a DIB event ,  i t  i s  poss ib le  

t h a t  both photons w i l l  be detec ted to produce a coincidence 

pu lse.  This can occur i f  the photons detected in both 

branches o f  the system s a t i s f y  the energy r e s t r i c t i o n s  

assigned to those branches. As noted p r e v io u s l y ,  the Ge(Li )  

x - ray  branch passed photons w i th  energies on ly  in the range



o f  65-87 keV, wh i le  the bremsstrahlung branch passed v i r ­

t u a l l y  a l l  energies o f  photons.

Al though the DIB c o n s t i t u t e  a la rge component o f  the 

coincidence spec t ra ,  i t s  eva luat ion  did not  present  too much 

d i f f i c u l t y .  Since i t  i s  known from the p re v io u s l y  ment ion­

ed s tud ies  t h a t  the DIB is cont inuous in both photon branches, 

and s ince the range o f  the DIB spectrum in  2^4T1 is  a p p ro x i ­

mately 765 keV, i t  does not vary app rec iab ly  over an energy 

i n t e r v a l  o f  7S2, 22 keV, the range o f  the Ge(Li )  spec t ra .

In a d d i t i o n ,  the use o f  a biased a m p l i f i e r  in con junc t ion  

w i th  a high r e s o l u t i o n  Ge(Li) spectrometer al lowed the 

and K q x - ra y  peaks to be separated by a margin wide enough 

to c o n f i d e n t l y  measure the DIB and o ther  phenomena between 

them.

As p re v io u s l y  discussed, region I o f  the spectrum cons is ts  

o f  sect ions located both to the l e f t  and r i g h t  o f  the Ko< 

x - ray  peak which do not vary s i g n i f i c a n t l y  in  i n t e n s i t y ;  thus 

region I i s  composed predominant ly o f  DIB. In view o f  these 

obse rva t ions ,  region I was used to es t imate  the background 

to  the Ko< x - ray  peak. The c a lc u la t i o n s  are presented in  

the next sec t ion  ( I I I . 3) .

Another c o n t r i b u t i o n  to the coincidence spectra  can a r i s e  

from photons sca t te red  from one de tec to r  i n t o  the o th e r .

This can occur when a pr imary (source) photon i n t e r a c t s  w i th  

one d e te c to r  by a Compton c o l l i s i o n ,  and the sca t te red  pho­

ton i n t e r a c t s  w i th  the second d e tec to r .  These events w i l l  

occur in  t r u e  t ime co inc idence,  and i f  the energ ies  l e f t



i n  both de tec to rs  s a t i s f y  the energy requirements on the 

system, then a coinc idence pulse w i l l  r e s u l t .  In the ex­

per imental  se t -u p ,  the de tec to rs  were arranged fa c e - to - f a c e  

and in c lose p r o x i m i t y ,  which re su l te d  in subs ta n t ia l  s c a t ­

t e r i n g  between them. In order  to reduce t h i s  to an accept­

able l e v e l ,  a s p e c i a l l y  designed t i n  f i l t e r  was pos i t ioned  

between the d e te c to rs .  The d e t a i l s  o f  t h i s  f i l t e r  are 

descr ibed elsewhere (see sec t ion  on "Experimental  Geometry") 

An examinat ion o f  the var ious s c a t t e r i n g  p o s s i b i l i t i e s  

w i l l  show th a t  w i th  the f i l t e r  in p lace,  the dominant s c a t ­

t e r i n g  c o n t r i b u t i o n  to the coincidence data is  from the 

f o l l o w i n g  mechanism: Assume a source photon enters the

Ge(Li )  d e t e c t o r ,  where i t  i s  Compton sca t te red  180° i n t o  

the N a l ( T l )  d e te c to r .  From the Compton s c a t te r i n g  formula,  

one can show t h a t  the energy o f  the backscat tered photon £$  

in  terms o f  the energy o f  the Compton r e c o i l  e lec ton is

c  _  Et ±  \| E<?"+tottEc
J

where £y and are in  keV.

Thus f o r  a range in  Compton e le c t ron  energies o f  65-87 

keV, which i s  the p re -se lec ted  energy range in the Ge(Li)  

branch, the corresponding energy range f o r  the backscat tered 

photons i s  100-113 keV. This can occur f o r  pr imary photon 

energ ies  165-200 keV, and can be der ived both from externa l  

and i n t e r n a l  b remss t rah lung .

Al though the energy o f  the backscat tered r a d i a t i o n  i s



e s s e n t i a l l y  monochromatic and w i l l  be centered on channel 11 

o f  the N a l ( T l )  branch, the f i n i t e  r e s o lu t i o n  of  the de tec to r  

w i l l  spread t h i s  l i n e  over several  channels,  and i t  w i l l  be

s t ronges t  in channels 11 and 12. The background in  c o i n c i ­

dence spectra 11 and 12 combined (F ig .  3) i s  indeed high and 

uni form.  The two-parameter a na lys is  al lowed the s c a t t e r i n g  

peak to be separated from the IB data ;  however, the la rge 

background r e s u l t e d  in  an increase in  the s t a t i s t i c a l  uncer­

t a i n t y  o f  the IB in  these channels.

Region I I  o f  the spectrum inc ludes channels 23 to 34.

This reg ion was d i s t i n g u i s h e d  by the presence o f  two peaks.

These peaks appear in  a l l  co inc idence spec t ra ;  t h e i r  presence 

is c l e a r l y  seen in the sum coinc idence spectrum. In order  to 

at tempt  an exp lana t ion  o f  t h e i r  o r i g i n ,  we must f i r s t  r e f e r  

to the s ing les  spectra (F ig .  19) o f  20^T1 taken on the Ge(Li)  

spect rometer.

The reg ion between the Hg and Hg K q  x  rays appears

f l a t  in t h i s  spectrum; however, under c lose r  s c r u t i n y  a more 

compl icated s t r u c t u r e  is revea led.  When the channels in  t h i s  

region are p l o t t e d  on a more s e n s i t i v e  sca le ,  two peaks are 

observed (F ig .  20) .  A prominent peak appears centered between 

channels 30 and 31, and a less  prominent peak is d i s c e r n ib le  

on the high energy t a i l  o f  the Hg Ko<| x - ray  peak. The aver ­

age energy o f  channels 30 and 31 i s  74.94 keV; t h i s  co r re s ­

ponds to the energy o f  the Pb K k ( x  rays ,  which is  l i s t e d  

as 74.97 keV by Bearden and Bur r .  The less prominent peak 

appears approx imate ly  s i x  channels lower in channel 24, at



an energy o f  72.81 keV, which matches the energy o f  the PbKoC^ 

x - ray  l i n e .

The presence of  lead x rays in the s ing les  data a f t e r  

background was subtracted could be caused by e x c i t a t i o n  in 

the b r i cks  from the source emiss ions.  This p o s s i b i l i t y  was 

c a r e f u l l y  checked: spectra were taken both w i th  and w i th o u t

the presence o f  0 . 2 5 - i n c h - t h i c k  cadmium and copper s e le c t i v e  

absorbers l i n i n g  the ins ide o f  the b r i c k  house. No change was 

found in the i n t e n s i t y  o f  the Pb x - ra y  peaks.

Another p o s s i b i l i t y  was the s c a t t e r i n g  o f  mercury K

x rays from the t i n  f i l t e r  or  cadmium r i n g .  The cadmium r in g  

was pos i t ioned  on the side o f  the source nearest  the Ge(Li )  

d e te c to r ,  in order  to reduce the p o s s i b i l i t y  t h a t  photons 

backscat tered from the Ge(Li)  d e te c to r  would pass through the 

hole in  the t i n  f i l t e r .  Since the cadmium r in g  was c lo se r  to 

the source than the t i n  f i l t e r ,  i t  presented the g rea te r  

o p p o r tu n i t y  f o r  s c a t te r i n g .  I t  i s  d i f f i c u l t  to c a lc u la t e  the 

energy o f  these scat tered photons,  s ince the angle between the 

source, r i n g ,  and detector  could not  be determined wi th  ce r ­

t a i n t y  because o f  the f i n i t e  s i ze  o f  the source. Assuming 90° 

s c a t t e r i n g  o f  the inc iden t  x - ra y  photons from the cad-

mium r i n g  would put the energy o f  the sca t te red  photons a t

keV, wh i le  sca t te r in g  o f  the photons through the same

angle would give 71.0 keV sca t te re d  photons. Thus al though 

these sca t te red  photons would not  appear in reg ion I I  o f  the 

background, they would add to the x - ray  peaks. For

s c a t t e r i n g  angles less than 9 0 °  , which i s  more l i k e l y  to occur



since the source Is not included in the plane o f  the r i n g ,  

the sca t te red  photons would ca r ry  o f f  g reater  ene rg ies ,  and 

would c o n t r i b u te  to the pulses in region I I .

In order  to determine the e f f e c t  o f  Hg - photon sca t ­

t e r i n g  on these regions o f  the spect ra ,  the cadmium r i n g  was 

removed, and several  spectra were taken. These spect ra  show­

ed no change in the peaks o f  region I I  when compared to 

spectra taken w i th  the r in g  in place.  Also,  the t o t a l  number 

o f  pulses in  the spectrum below the peak were counted

and compared in both geometr ies. With the r i n g - i n  geometry 

there was a less than 1% increase in t h i s  reg ion compared to 

the r i n g - o u t  geometry; however, the increase was un i fo rm over 

the re g ion ,  and the small  c o n t r i b u t i o n  from s c a t t e r i n g  did 

not a f f e c t  the'shape o f  the background. Thus the presence 

o f  the cadmium r i n g  could not account f o r  the appearance of  

the background.

An a d d i t i o n a l  check on these measurements was made w i th  a 

20^Bi source used in place o f  the 204T1 source: Al though the

peaks observed in reg ion I I  o f  the th a l l i u m  spect ra were not 

present  in the bismuth spect ra ,  the d i f fe rences  obta ined 

from comparing r i n g - i n  and r i n g - o u t  geometries were co ns is ­

te n t  w i th  the t h a l l i u m  source measurements.

These var ious te s ts  v i r t u a l l y  exhausted the p o s s i b i l i t i e s  

t h a t  the peaks in region I I  were caused by exper imental  a r t i ­

f a c t s . .  Since the peaks were present in the 20^T1 spec t ra ,
207 207but not in the Bi spec t ra ,  and since Bi decays by

e lec t ron  capture on ly ,  the p o s s i b i l i t y  o f  a physica l  process



204a r i s i n g  out  o f  the beta decay mode in T1 was explored.

Of the var ious h igher  order  processes in beta decay, auto ­

i o n i z a t i o n  could account f o r  the observed phenomena. This p ro ­

cess is  sometimes r e fe r r e d  to as " i n t e r n a l  i o n i z a t i o n , "  and is 

the e je c t i o n  o f  an atomic she l l  e lec t ron  dur ing nuclear  beta de­

cay, r e s u l t i n g  in the emission o f  x rays c h a r a c t e r i s t i c  o f  the 

daughter element.  On the basis o f  recent  experimental  s tu d ie s ,  

i t  has been shown t h a t  the in t e r n a l  i o n i z a t i o n  accompanying beta 

decay can be a t t r i b u t e d  to the sudden change in nuclear  charge 

dur ing the decay, which causes simultaneous emission o f  a beta 

p a r t i c l e ,  a n e u t r i n o ,  and an o r b i t a l  e le c t ro n .  This mechanism 

i s  o f ten  re fe r re d  to as "e le c t ro n  s h a k e - o f f . " ^ - 1 6 , 1 8

There is another poss ib le  mechanism by which nuclear  beta 

decay can give r i s e  to the e je c t i o n  o f  bround o r b i t a l  e l e c t ro n s :  

the d i r e c t  c o l l i s i o n  o f  beta p a r t i c l e s  w i th  o r b i t a l  e le c t ro n s .  

However, the present  a v a i l a b le  data i n d i c a te  t h a t  t h i s  mechan­

ism plays a n e g l i g i b l e  r o l e  except f o r  decays having an extreme­

l y  low endpoint  energy. 13 ’ 17* 18

In the past few years a number o f  measurements have been 

made on the K-she l l  a u to - i o n i z a t i o n  in  the beta decay of  

204Ti . 1 7 ,1 9 ,2 0 j n the present exper iment,  the value o f  P*  , the 

K she l l  a u to i o n i z a t i o n  p r o b a b i l i t y ,  could not be determined in  a 

s t r a i g h t f o r w a r d  way s ince the Pb K © ^  x - ray  peak (F ig .  20) con­

ta ined a la rge  background c o n t r i b u t i o n  from the s teep ly  s loped,  

high energy t a i l  o f  the Hg K © ^  x - ray  peak. I t  was



observed, however, t h a t  channels 29 to 32 o f  the Pb K * |  

peak were not a f f e c te d  by t h i s  background, nor by the low 

energy t a i l  o f  the Hg | C ^  x - ra y  peak. This can be seen 

from a comparison o f  F ig .  20 to Fig.  2 o f  the System Co inc i ­

dence E f f i c i e n c y  s e c t i o n ,  where i t  i s  c l e a r  t h a t  the shapes 

of those p ro t i ons  o f  the Pb x - ray  peaks appearing in 

channels 29 to 32 are the same in both spec t ra .  Thus by

normal iz ing the t r u e  shapes o f  the Pb K©< x rays obtained
207from the e le c t ron  capture decay o f  Bi (F ig .  2) to the 

i n t e n s i t i e s  o f  these channels in Fig.  20, i t  was possib le  

to separate the Pb x rays in  Fig.  20 from background, and 

determine the p a r t i a l  Pb Kof* , Pb 1C x - ra y  components.

This decomposi t ion i s  shown in Fig.  21.

The count ing r a te  f o r  these x rays is  given by

where i s the K -she l l  f l uorescence  y i e l d  in lead,

i s  the r a t i o  f o r  t r a n s i t i o n  p r o b a b i l i t i e s  o f  the 

Pb R«t to Pb K x rays ,  and i s  the Ge(Li)  de tec to r

e f f i c i e n c y  f o r  Pb K«< x rays .  The q u a n t i t y  is  the

beta decay ra te  o f  the source,  and is  r e la te d  to the Hg K 

x - ray  emission r a t e ,  the daughter atom

by * .

N $ -  =  ( C f c / O  C O



where ^ K / g -  i s the K -c a tp u re - to -  QT branching r a t i o ,

and VAJ|< is the K she l l  f l uorescence  y i e l d  in mercury.  There

have been several  measurements o f  t h i s  r a t i o ,  and they d i f f e r

by about 5$, which i s  about the same as the v a r i a t i o n  in the

measured values o f  .  The value 0.01525 - 0.0002 from
21Leutz and Z ie g le r  Vfas considered to be most s u i t a b le  f o r  

the present c a l c u l a t i o n s ,  s ince the Q-value o f  the e lec t ron  

capture t r a n s i t i o n  th a t  they deduce from t h e i r  measurements 

was in  best agreement w i th  the present  measured va lue.  In 

a d d i t i o n ,  t h e i r  e r r o r  in ^ k / $*"* was the lowest  o f  those 

measured. Using t h i s  value the r e s u l t

Pk *  xto ' 4

was obta ined.  I t  i s  i n t e r e s t i n g  to note t h a t  using the value

0.0159 - 0.00036 from P. Chr is tm as ,22 which i s  the h ig hes t ,  

we ob ta in  q

p k s  ( i . 0 H ± . d i ) x i c r  .

The measured values o f  in  204T1 obtained from the pre­

sent  work is  in  good agreement w i th  the exper imental  values 

o f  ( 1 . 0  *  • !  )  X 10"4 repor ted by Howard, Seykora, and

W a l t n e r ^ 7 and (1 .06 - .03) X 10"4 obtained by B.P. P a t h a k J 9

As a r e s u l t  o f  t h i s  a n a l y s i s ,  i t  i s  c l e a r  t h a t  the peaks 

observed in region I I  are the Pb x rays r e s u l t i n g  from

a u t o - i o n i z a t i o n  in  the beta decay o f  204T1.

The appearance o f  these peaks in  the coinc idence spectra 

were somewhat s u r p r i s i n g ,  s ince one would expect suppression



o f  the a u t o - i o n i z a t i o n  e f f e c t  in  the co inc idence data.  A l t e r ­

n a t i v e l y ,  t h e i r  presence in the coincidence data could not 

be explained on the basis o f  any p rev ious ly  observed pheno­

mena. These peaks appear along w i th  the Hg K x rays in c o in ­

cidence w i th  the bremsstrahlung photons, but are somewhat 

weaker in i n t e n s i t y  than the Hg K x rays .  Since a f a i r l y  

compl icated geometry was used in the exper iment,  var ious 

changes were t r i e d  on the geometry to study t h e i r  e f f e c t s  on 

the coincidence data.  I t  became apparent t h a t  the on ly  change 

which s i g n i f i c a n t l y  a f fe c te d  the peaks in reg ion  I I  was a 

change in beta absorber.  Fur ther  tes ts  showed th a t  the i n ­

t e n s i t y  o f  these peaks was p ro po r t i on a l  to the atomic number 

o f  the absorber used.

At the suggest ion o f  Pro f .  H. Lancman, a mechanism was 

proposed f o r  these obse rva t i ons ,  which to the knowledge o f  

these authors have never been p rev ious ly  repo r ted .  One can 

imagine beta decay accompanied by both a u t o - i o n i z a t i o n  and 

i n t e r n a l  bremsst rahlung.  These processes sepa ra te ly  have 

been e x te n s i v e l y  s tud ied in  beta decay; however, the s im u l ­

taneous occurence o f  these h igher  order  e f f e c t s  has not been 

observed. On pure ly  s i m p l i s i t i c  grounds, one would expect 

t h i s  "new" process to be h igher  in  order  than e i t h e r  au to ­

i o n i z a t i o n  or  i n t e r n a l  bremsst rah lung, and hence too weak to 

observe in the data.  However, the e f f e c t  i s  seen in the data,  

and i s  moderately s t rong in comparison to the IB in e le c t ro n

capture data ,  f o r  the same reason th a t  the DIB has such a
204high r e l a t i v e  i n t e n s i t y ;  i . e . ,  the branching r a t i o  in T1



s t r o n g ly  favors  decay through the beta branch.

In order  to check the accuracy o f  these p r e d i c t i o n s ,  i t  

was necessary to separate out  o f  the data tha t  p o r t i o n  o f  

the e f f e c t  which was due to the product ion o f  ex terna l  

b remss t rah lung . This occurs when the beta p a r t i c l e  or  the 

ion ized  e le c t ro n  in  the a u to i o n i z a t i o n  process i n t e r a c t s  w i th  

the nucleus o f  an atom o ther  than i t s  own, and an ex terna l  

bremsst rahlung photon i s  produced. The system apparatus 

could not  d i s t i n g u i s h  between the ex terna l  bremsstrahlung 

(EB) and i n t e r n a l  bremsstrahlung ( IB)  which occur in c o i n c i ­

dence w i th  the a u t o - i o n i z a t i o n  Pb K x rays ,  and thus the data 

w i l l  inc lude  (EB + IB ) — Pb K x - ray  photon co inc idences.  Since 

i t  was necessary to sandwich the source between p la tes  o f  

b e r y l l i u m  to prevent  the betas from reaching the d e te c to rs ,  

the p a r t  o f  the data which was due to external  bremsstrahlung 

could not be e l im in a te d ;  however, i t s  c o n t r i b u t i o n  to the 

spectrum was accounted f o r  by p lac ing  f i l t e r s  o f  m a te r ia l s  

having d i f f e r e n t  atomic numbers between the detec to rs  and 

source.  Since the i n t e n s i t y  o f  the external  bremsstrahlung 

produced by e le c t ron s  i r r a d i a t i n g  a t h i c k  ta rg e t  is  p ro p o r t i o n a l  

to the atomic number o f  the t a r g e t ,  the f r a c t i o n  o f  the data 

which was due to ex te rna l  bremsstrahlung should be p r o p o r t i o n ­

al to the atomic number o f  the f i l t e r .  Thus by e x t r a p o l a t i n g  

the data obta ined w i th  f i l t e r s  o f  d i f f e r e n t  atomic numbers to 

a f i l t e r  o f  atomic number zero,  one obta ins the data which

conta in  no c o n t r i b u t i o n  from EB— Pb K x- ray  photon c o i n c i -
2

dences. The f i l t e r s  used were 320 mg/cm t h i c k  f o i l s  o f  bery-
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I l i u m  (Z=4), aluminum (Z=13),  and copper (Z=29).

The coincidence measurements taken w i th  the aluminum and 

copper absorbers were obtained in 70.55 hour runs,  and were 

repeated w i th  the t ime spectrum window s h i f t e d  o f f  the t ime 

peak to ob ta in  the random co inc idence data.  These runs were 

made wi th  the absorbers p o s i t i o n e d  on e i t h e r  s ide o f  the 

source in order  to reproduce the actua l  exper imental  geometry 

conta in ing  the b e r y l l i u m  absorbers .  The exper imental  data 

(329.6 hrs)  obtained to  study IB in  e lec t ron  capture was 

normal ized to 70.55 hours ,  so t h a t  data obtained w i th  a bery­

l l i u m  absorber could be inc luded in the a n a l y s i s .

For each absorber,  the co inc idence data was taken in the 

usual 2-parameter fo rm a t ,  and the i n t e n s i t i e s  o f  the Pb Koc 

peaks were determined in the coinc idence spectra  correspond­

ing to bremsstrahlung channels 9-20.  Because the i n t e n ­

s i t i e s  o f  the Pb Koc peaks in  the random co incidence spectra 

were low, and less than 5% o f  the peak i n t e n s i t i e s  in the 

corresponding t o t a l  co inc idence  spec t ra ,  i t  was poss ib le  to

inc lude spect ra 9 and 10 in  the present  a n a l y s i s ;  t h i s  could

not be done in the case o f  the IB accompanying e lec t ron  

capture,  due to the high ra te  o f  random coincidences o f  Hg K 

x rays in spectra 9 and 10.

The background in  the Pb Ko^ peaks was determined by the

same procedure used to eva luate  the background f o r  the Hg Ko< 

peaks, i . e . ,  a weighted 1east -squares r o u t i n e  gave the back­

ground in the Pb KoC peak channels by f i t t i n g  a s t r a i g h t  

l i n e  to the background channels in  the regions adjacent  to



the Hg and Pb Ko<4 peaks.

The coincidence spectra were co r rec ted  f o r  absorp t ion  of  

the x ray and bremsstrahlung photons in the f i l t e r s ;  these 

c o r re c t io n s  were g rea tes t  f o r  the absorp t ion  o f  the x rays in 

the copper f i l t e r .  The sums o f  these spect ra  obtained wi th  

the var ious f i l t e r s  is  shown in  Figures 22-24. These spectra 

do not  inc lude  c o r rec t io n s  f o r  the e f f i c i e n c y  o f  the N a l (T l )  

d e te c to r .  The spectrum obtained w i th  the b e r y l l i u m  f i l t e r  

was obta ined by adding coincidence spectra  9 and 10 and sub­

t r a c t i n g  spectra 21 to 40 from the spectrum in F ig .  2, and 

norma l iz ing  the r e s u l t i n g  spectrum to 70.55 hours.

In order  to determine the p r o b a b i l i t y  o f  K -she l l  au to ­

i o n i z a t i o n  accompanying IB in the energy range 88.8 to 190.6 

keV (IB channels 9-20) ,  the coinc idence spectra  were c o r r e c t ­

ed f o r  the e f f i c i e n c y  o f  the N a l (T l )  d e te c to r .  The i n t e n ­

s i t i e s  o f  the Pb peaks in these spect ra  were summed, and

the t o t a l s  obta ined^wi th  the var ious absorbers are shown as 

a f u n c t io n  o f  atomic number in F igure 25. I t  can be seen 

th a t  the r e l a t i v e  e r r o r  in  t o t a l  i n t e n s i t y  obta ined w i th  the 

b e r y l l i u m  absorber i s  s i g n i f i c a n t l y  lower than t h a t  obtained 

w i th  e i t h e r  the aluminum or copper absorbers ;  t h i s  was due 

to the g rea te r  data c o l l e c t i o n  t ime and lower background 

obta ined w i th  the b e ry l l i u m  absorber.

The three po in ts  give an e x c e l l e n t  f i t  to a s t r a i g h t  l i n e ,  

which was obtained by a weighted 1 east -squares f i t  to the 

exper imental  p o in t s .  Each p o in t  was weighted by i f t * - where

€  i s  the standard d e v ia t i o n .  The exper imenta l  e r ro r s  f o r



+the po in ts  are i n d i c a te d .  The l i n e  has a slope o f  70.1 - 

18.6,  and the i n t e n s i t y  corresponding to an absorber o f  atomic 

number zero i s  246.8 - 118.3,  where the e r ro rs  are given in 

one standard d e v ia t i o n .  Thus t h i s  data suggests the presence 

o f  an i n t e r n a l  e f f e c t  whose magnitude i s  approx imately  50% 

o f  the t o t a l  i n t e n s i t y  obtained w i th  the be ry l l i u m  absorber.  

However, the s ize  o f  the e r ro rs  are such th a t  one cannot r u l e  

out  the p o s s i b i l i t y  t h a t  the e f f e c t  is  e n t i r e l y  due to the p ro ­

duc t ion  o f  ex te rna l  bremsst rahlung,  a l though t h i s  i s  u n l i k e l y .

In determin ing the c o r rec t io n s  app l ied to the data f o r  

photon a t te nu a t io n  in the absorbers,  overest imates were made 

o f  these q u a n t i t i e s .  I t  i s  d i f f i c u l t  to know the s ize  o f  

these co r re c t io n s  f o r t h e  absorbers pos i t ioned  between the 

source and N a l ( T l )  d e te c to r ,  since the ex terna l  bremsstrah­

lung could be created a t  any p o in t  w i t h i n  these absorbers.

The th ickness o f  f i l t e r  used in these c a l c u la t i o n s  was the
2

t o t a l  f i l t e r  th i ckness ,  320 mg/cm , which i s  the th ickness 

necessary to stop the most energe t i c  beta p a r t i c l e s .  The beta 

spectrum o f  ^ ^ T l  i s  cont inuous,  and only a small  f r a c t i o n  o f  

betas i s  emi t ted w i th  the maximum energy a va i l a b le  f o r  the 

decay (765 keV). Thus only a small  f r a c t i o n  o f  the betas 

w i l l  r e q u i r e  the f u l l  f i l t e r  th ickness to be stopped i n - - t h i s  

suggests t h a t  most o f  the ex terna l  bremsstrahlung is  p ro ­

duced in the layers  o f  absorber nearest  the source, and hence 

w i l l  s u f f e r  a t te nu a t io n  by almost the f u l l  absorber th ickness  

before reaching the face o f  the N a l (T l )  d e te c to r .  As a r e s u l t ,  

the values o f  the t o t a l  i n t e n s i t i e s  obtained w i th  the aluminum



and copper f i l t e r s  are probably somewhat h igher  than expected, 

since they are more s e n s i t i v e  to absorber th ickness than the 

b e ry l l i um  value.  Lowering these values would r e s u l t  in r a i s ­

ing the i n t e r s e c t i o n  o f  the 1 east-squares l i n e  on the i n t e n ­

s i t y  axis in Figure 25; hence the value s ta ted  f o r  the 

i n t e r c e p t  o f  the l i n e  should be viewed as a lower l i m i t  on 

the experimental  va lue .  In any case the u n c e r t a i n t i e s  in 

co r rec t io ns  due to f i l t e r  absorp t i on  were est imated to have a 

small  e f f e c t  ( le ss  than 7%) on the magnitude o f  the r e s u l t s .

The co r re c t io n s  f o r  the absorp t ion  o f  photons in the 

f i l t e r s  on the side o f  the Ge(Li )  d e te c to r  were not sub jec t  

to the same u n c e r t a i n t i e s  as above, s ince the Pb Ko^ x rays 

detected in the Ge(Li )  d e te c to r  o r i g i n a te d  in the source and 

thus t raversed the f u l l  th i ckness  o f  absorber.  These co r rec ­

t i o n  fa c to rs  were obta ined expe r im en ta l l y  from s ing les  spectra 

taken on the Ge(Li )  d e t e c t o r .

The i n t e n s i t y  o f  the I B - A u to io n i z a t i o n  e f f e c t  was d e te r ­

mined from c a l c u l a t i o n s  on the Pb x rays which inc luded

channels 28-33. I t  was decided not to inc lude  the lower 

energy Pb x rays in the c a l c u l a t i o n s  f o r  the f o l l o w in g

reasons: The e x c i t a t i o n  o f  t h a l l i u m  x rays in  the source

mater ia l  could c o n t r i b u t e  to  the spectrum in the region bounded 

by the Hg K o ^  and Pb x rays .  In order  to reduce the

p o s s i b l i t y  o f  producing t h a l l i u m  x rays ,  a t h i n  source was 

used, and an examinat ion o f  the Ge(Li)  s ing les  spectrum did 

not reveal  the presence o f  these peaks. However, the p o s s i b i l ­

i t y  t h a t  they co n t r i b u te d  to  the co inc idence spectra could not



unambiguously r e je c te d .  Thus by exc lud ing  the Pb Ko<^ 

peaks from the a n a l y s i s ,  t h i s  p o s s i b i l i t y  was avoided.  The 

second reason was based on an ana lys is  o f  the background in 

the Pb x - ray  range. Both the upper and lower ranges o f

reg ion I were used to determine the background c o n t r i b u t i o n  

to the x - ray  channels.  The background c a l c u l a t i o n s  on the 

Pb x rays depended less on the lower range, and hence

were a more accurate est imate  o f  background, tb«ui the back­

ground c a l c u la t i o n s  on the Pb K © ^  x rays .

In order  to determine the i n t e n s i t y  o f  the IB -A u to ion iza -  

t i o n  e f f e c t ,  i t  i s  convenient  to express i t  as a f r a c t i o n  o f  

the p r o b a b i l i t y  o f  K-shel l  a u t o i o n i z a t i o n ,  s ince the equat ions 

f o r  the two q u a n t i t i e s  are r e l a t e d ,  and t h e i r  r a t i o  does not 

depend on the source s t reng th  or the e f f i c i e n c y  o f  the Ge(Li)  

d e te c to r .  I f  1S the co inc idence count ing ra te

between the Pb x ray and IB photons in  the energy range

90-191 keV, and Pie-K is  the p r o b a b i l i t y  per beta decay f o r  

IB to accompany K-she l l  a u t o i o n i z a t i o n ,  then

6*1.1

RiB-rtk*, = fis-K Wk €>rbk«

where 1S t *ie &eta decay ra te  o f  the source;  vaJk

i s  the K she l l  f luorescence y i e l d  f o r  l e a d ; ^ 3 ^ k * ,  /  

i s  the r a t i o  o f  t r a n s i t i o n  p r o b a b i l i t i e s  f o r  the Pb
f  & £  Li |

t o -  Pb K x - ray  t r a n s i t i o n s ;  and c.  1S the e f f i c i e n c y

o f  the Ge(Li)  de te c to r  f o r  Pb f(o< x rays ,  co r rec ted  f o r  

ana lyzer  dead-t ime and absorp t ion  o f  the x rays in the copper



f o i l  cover ing the window o f  the d e te c to r .  Note t h a t  the 

q u a n t i t y  * co r re sPoncl i n9 to the value o f

the 1 east-squares l i n e  a t  2 - 0  , a l ready c a r r i e s  c o r r e c t io n s  

f o r  the e f f i c i e n c y  o f  the N a l (T l )  de te c to r .

S i m i l a r l y ,  the s ing les  Pb x - ray  count ing r a t e ,

r e s u l t i n g  from K-she l l  a u to i o n i z a t i o n  is  given by 

the expression

where Pk i s  the p r o b a b i l i t y  per beta decay f o r  a u t o i o n i z a ­

t i o n  o f  a K-she l l  e le c t r o n .  From these two expressions we 

o b ta in :

__ ( s ^ + a n ) x i o ' 7 ,

Pk ^ P lk o i ,

The p r o b a b i l i t y  per beta decay, Px8-k » may be obta ined 

using the exper imental  value o f  P|< = (1 .04-  .09) x 10"^.

This gives

S i m i l a r  c a l c u l a t i o n s  were performed to measure the e f f e c t  

in  the IB energy i n t e r v a l s  190.6 - 292.4 keV and 292.4 -394.2 

keV, corresponding to spectra 21-32 and 33-44, r e s p e c t i v e l y .  

The sums o f  these spectra obtained w i th  the va r ious absorbers 

are shown in Figures 26 and 28, and the i n t e n s i t i e s  o f  the 

Pb Ko^j » peaks ex t rapo la ted  to an absorber o f  atomic number 

zero are shown in  Figure 27. I t  i s  c l e a r  from these r e s u l t s  

t h a t  the magnitude o f  the e f f e c t  f a l l s  r a p i d l y  w i th  inc reas -



ing energy. Al though the data obtained w i th  the copper absorb­

er was not used t o  es t imate  the e f f e c t  in the h igher  energy 

range due to l a rg e  e r ro r s  in  t h i s  data,  the data obtained w i th  

the Be and A1 absorbers was s u f f i c i e n t  to conf i rm the conc lu­

sion reached.

For the energy i n t e r v a l  190.6 - 292.4 keV, the i n t e r c e p t  

8 9 . 5 ^ 3 8 . 7  r e s u l t s  in  the value

wh i le  f o r  the i n t e r v a l  292.4 - 394.2 keV an i n t e r c e p t  12.2 ±  

38.3 was ob ta ined ,  g iv i n g  the value.

As a check on exper imental  cons is tency,  the i n t e n s i t i e s  

o f  the Hg peaks obta ined from summing the coincidence

spectra were compared in  the runs made w i th  the d i f f e r e n t  

absorbers.  The comparisons were performed over the sums o f  

spectra  11-20. Al though the in tense background in the data 

obta ined w i th  the aluminum and copper absorbers int roduced 

large  e r ro r s  in  determin ing the d i f f e r e n c e  between foreground 

and background in  the Hg Ko< x - ra y  channels,  the re s u l t s  ob­

ta ined  f o r  the th ree  absorbers were co n s i s te n t .

F i n a l l y ,  reg ion  I I I  o f  the spectra w i l l  be considered.

As was p re v io u s l y  mentioned, reg ion  I I I  i s  character ized  by 

the presence o f  a weakly def ined peak. The center  o f  t h i s  

peak (channel 60.5)  corresponds to the energy o f  the Pb

Pk
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xrays (84.8 keV), and thus the peak in  t h i s  reg ion i s  sug­

gest ive  o f  the Pb x - ra y  complement to the Pb x rays

of  reg ion I I .  The i n t e n s i t y  o f  t h i s  peak is  too low to be 

determined .:with conf idence;  however, i t s  i d e n t i f i c a t i o n  as 

the Pb K< x - ray  l i n e  i s  impor tan t  s ince i t  demonstrates 

the presence o f  the complete K x - ra y  se r ies  o f  lead in the 

coincidence data,  in  suppor t  o f  our argument f o r  the IB- 

Au to io n i za t i o n  e f f e c t .

Another poss ib le  reason f o r  a peak in  t h i s  reg ion i s  the 

r e s u l t  o f  a pulse p i l e - u p  e f f e c t ,  which can occur in the 

fo l l o w in g  manner: I t  is poss ib le  t h a t  an Hg L x ray which

is in  cascade to an Hg K x ray may be s imu l taneous ly  detected 

wi th the K x ray in  the Ge(Li )  d e te c to r .  The r e s u l t i n g  

pulse which is  analyzed w i l l  appear as the sum o f  the K and 

L x - ra y  pulses.  The sum pulses corresponding to the sum of  

Hg K ^  and L x - ray  pulses w i l l  appear as a broad peak in 

channels *>£* 58-63, i . e . ,  reg ion I I I .

In order  to determine which o f  the above processes was 

respons ib le  f o r  the peak in  reg ion  I I I ,  a copper f o i l  80 mg/
p

cm t h i c k  was pos i t i oned  over the b e r y l l i u m  window o f  the 

Ge(Li)  de te c to r .  The a t t e n u a t io n  o f  Hg L x rays in t h i s  

f o i l  was g reater  than 99%, whereas the a t t e n u a t io n  o f  the 

K x rays was only 7%. With the f o i l  in  p o s i t i o n  the i n t e n ­

s i t y  o f  the p i l e -u p  peak was reduced by not more than 50%, 

thus suggest ing the presence o f  the Pb x - ray  l i n e .  The

e l im in a t i o n  o f  the p i l e - u p  e f f e c t  a lso prevented the e r rone­

ous de terminat ion  o f  the Hg peak i n t e n s i t y  r e s u l t i n g

from rou t ing  Hg Ko<, x - ra y  pulses to the p i l e - u p  peak.
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D O

I I I . 3 REDUCTION OF DATA

A computer program was w r i t t e n  to compi le the data and 

ca lc u la te  the IB i n t e n s i t y .  The random coinc idence spectra 

were subtracted from the t o t a l  co incidence sp e c t ra - - th e  r e s u l t ­

ing spectra are shown in Figures 3-17. The spectra were 

analyzed in bremsst rahlung channels 11-40, corresponding to 

an energy range 112.7 - 376 keV. The IB was not analyzed be­

low channel 11 because o f  the very s t rong c o n t r i b u t i o n  o f  

random Hg K x rays in  these spect ra .  The sum o f  spectra in 

the energy range 112.7 - 376 keV i s  shown in Figure 2.

The IB i n t e n s i t y  o f  each spectrum was determined by sum­

ming over channels 10-22, corresponding to the range o f  the 

Hg Ket  x rays ,  and s u b t r a c t i n g  the background c o n t r i b u t i o n  

from these channels.  The background was obta ined by j o i n i n g  

regions on e i t h e r  s ide o f  the Hg K o< x rays wi th  the l i n e  o f  

best f i t  to these re g io n s .  Channels 5-9 and 35-39 were used 

f o r  these reg ions.  These two i n t e r v a l s  cons is ted p r i m a r i l y  o f  

DIB, and a j u s t i f i c a t i o n  f o r  t h e i r  use in  the present  c a l c u l a ­

t i o ns  i s  inc luded in  the d iscuss ion o f  region I o f  the back­

ground. The i n t e n s i t y  o f  the Hg K g  x rays could not be 

determined as a ccu ra te l y  as the Hg K x ray s » because the 

presence o f  the peak in reg ion I I I  which has been shown to be 

due to p i l e -u p  and Pb K g  x rays.

The r e s u l t s  o f  the c a l c u l a t i o n s  are presented in Table 1.

This gives the t o t a l  t r ues  (T ) ,  randoms (R) ,  and background 

(B) i n t e n s i t i e s  under the Hg K ^  x - ray  peaks in the pa i red-  

up spect ra .  The r e s u l t i n g  IB i n t e n s i t i e s  o f  the spectra are



l i s t e d  in  the column headed (T-R-B).  The s t a t i s t i c a l  e r ro rs  

in these q u a n t i t i e s ,  as wel l  as the p a r t i a l  e r ro r s  from the 

var ious terms, are a lso inc luded in  t h i s  t a b l e .  A p l o t  o f  the 

IB i n t e n s i t y  vs. spectrum number ( IB energy) i s  given in F ig ­

ure 18.

In determining the 1east-squares f i t s  to the background 

channels,  the channels were weighted according to t h e i r  s tand­

ard dev ia t i ons  by X /  G 1  . In some channels o f  the h igher -  

numbered spect ra ,  where "T^i- — ~ ^  (-3 = row, i = chan-

n e l ) ,  t h i s  resu l ted  in  an i n f i n i t e  w e igh t ing ,  s ince 

( j i i  s \J Ta i■+ . in the e va lua t ion  o f  the parameters o f

these f i t s ,  q u a n t i t i e s  con ta in ing  1 /  a in  summation appear 

In order  to render these q u a n t i t i e s  s u i t a b l e  f o r  c a l c u l a t i o n ,  

a subrout ine was w r i t t e n  i n t o  the program which converted the 

zero values o f  i n t o  non-zero values by ta k in g  averages

over neighbor ing values o f  This was done by scanning

the mat r ix  f i r s t  along row i ,  then along column j ,  u n t i l  a non

zero value could be generated f o r  *

In order  to determine the e f f e c t  o f  the choice o f  back­

ground channels on the r e s u l t s ,  the background regions used in 

determin ing the le a s t - sq u re  f i t s  were var ied  by s h i f t i n g  these 

regions through two channels in  e i t h e r  d i r e c t i o n .  The r e s u l t s  

showed t h a t  the change in  IB i n t e n s i t y  was n e g l i g i b l e  over 

t h i s  f i v e  channel v a r i a t i o n  in background. In general  the 

slopes o f  the background l i n e s  were very sma l l ,  as would be 

expected in view o f  the s l i g h t  v a r i a t i o n  o f  the DIB in the 

energy region s tud ied .
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EXPERIMENTAL GE0METRY AND ELECTRONICS

DETECTORS

A 3 x 3- inch N a l (T l )  d e te c to r  and an x - ray  Ge(Li)  spec t ro ­

meter were used to  measure the co in c id e n t  quanta.

The N a l (T l )  d e te c to r  was used to measure the IB quanta.

I t  consisted o f  a 3 inch d iameter  by 3 inch deep t h a l l i u m  

ac t i va ted  Nal c r y s t a l .  The c r y s t a l  was coupled to an RCA 8575 

p h o to m u l t i p l i e r  tube,  which was powered by an RCA 1021 photo­

m u l t i p l i e r  base. The o p t i c a l  coup l ing between c r y s ta l  and 

PM cathode was Dow Corning DC 200 f l u i d .  Fast pulses der ived 

from the anode output  o f  the PM tube were used f o r  t im ing  pur-J. L.
poses, and slow pulses obta ined from the 9 dynode were used 

fo r  energy in f o rm a t io n .  A v a r i a b le  r e s i s t o r  which c o n t r o l l e d  

tube focus was adjus ted f o r  maximum pulse d e f i n i t i o n .

The de te c to r  r e s o l u t i o n  measured 9.81 keV FWHM at  an 

energy o f  87.7 keV.

The de tec to r  response was l i n e a r  over the range o f  photons 

studied (15-598 keV). The exact  r e l a t i o n s h i p  between pulse 

height  and i n c i d e n t  photon energy i s  d e ta i l e d  in the sect ion 

on Detector  C a l i b r a t i o n s .  The t o t a l  e f f i c i e n c y  o f  the detec-
C *7

t o r  was measured using a c a l i b r a t e d  Co source, and gave 

e xce l len t  agreement w i th  Heath's ca lc u la te d  value obtained 

from the t o t a l  absorp t ion  c o e f f i c i e n t  o f  Nal .  The d e t a i l s  of  

t h i s  c a l c u l a t i o n  are inc luded  in the sec t ion  on System C o inc i ­

dence E f f i c i e n c y .

An Ortec Low Energy Photon System (LEPS) Ge(Li)  de tec to r  

was used to measure the x - ra y  photons. The system consisted



o f  dewar, c r y o s t a t ,  F.E.T.  p r e a m p ! i f i e r ,  and c r y s ta l  in the 

shape o f  a d isc  w i th  i n t r i n s i c  dimensions 16 mm in  diameter 

by 5 mm t h i c k .  The p r e a m p l i f i e r  assembly was located  ad ja ­

cent to the c r y s ta l  in  order  to minimize capac i tance.  The

d isc  was s i t u a te d  approx imate ly  7 mm - 1 mm from the 5 mil
+b e r y l l i u m  window, and was centered w i th  an accuracy o f  - 1 mm 

on the cen t ra l  ax is o f  the d e te c to r .  The face o f  the detec­

t o r  was covered w i th  a p l a s t i c  endcap, which p ro tec ted  the 

f r a g i l e  b e ry l l i u m  window from ru p tu re .  In order  to improve 

the de tec to r  e f f i c i e n c y ,  the endcap was c a r e f u l l y  removed and 

replaced w i th  a 1-mm-thick sheet o f  b e r y l l i u m .  This modi f ica 

t i o n  permi t ted  the exper imental  source to be pos i t i oned  a l ­

most 4 mm c lose r  to the c r y s t a l .  This r e s u l t e d  in a 51$ 

increase o f  the x - ray  count ing r a te .

The de tec to r  was operated under a bias o f  -500 v o l t s .

This was found to be the optimum vo l tage  s e t t i n g  w i th  respect  

to pulse r e s o l u t i o n  and t im in g  co n s id e ra t io n s .  The pre-amp 

output  o f  the d e tec to r  was used both f o r  t im in g  and energy 

d i s c r i m i n a t i o n .

The use o f  the biased a m p l i f i e r  al lowed the narrow band 

o f  pulses w i t h i n  the Hg --Hg x - ra y  range to f i l l

the e n t i r e  64 channels o f  the x - ra y  a x i s .  This inst rument  

was an impor tant  pa r t  o f  the experiment s ince i t  a l lowed a 

ca re fu l  examinat ion o f  the spec t ra .

DETECTOR SUPPORTS

A Luc i te  saddle prov ided the common mounting f o r  the



de te c to rs .  The design o f  t h i s  mount i s  given in F ig.  1. The 

saddle was of  r i g i d  c o n s t ru c t i o n ,  and assured c o l l i n e a r i t y  

o f  the de tec to r  axes.

The dewar o f  the Ge(Li)  d e te c to r  was supported on a wood 

base w i th  sponge and spr ing i n s u l t a t i o n ,  which i s o la te d  the 

d e te c to r  from mechanical v i b r a t i o n s .  The saddle was designed 

to f i t  snugly to the contours o f  the c r y o s t a t .  The N a l (T l )  

d e tec to r  and PM base were e a s i l y  lowered i n t o  and removed from 

the saddle,  and i t s  axis was a l igned  w i th  the Ge(Li )  de tec to r  

ax is  through fo u r  ad jus t ing  screws.

I l l . SOURCES

The 2 0 ^T1 and N a l (T l )  d e te c to r  c a l i b r a t i o n  sources were 

purchased from New England Nuclear in l i q u i d  form. A d rye r  

was used to prepare the samples by s imu l taneous ly  spreading 

and heat ing small  amounts o f  the l i q u i d s  on t h i n  mylar  f o i l s .  

The samples were spun on a constant  speed t u r n t a b l e  i n t o  a 

t h i n  evenly d i s t r i b u t e d  l a ye r .  An i n f r a - r e d  heat lamp was 

used f o r  c o n t r o l l e d  d ry ing .  The evaporated sources were 

sealed in  place w i th  a laye r  o f  cel lophane tape.  A spec ia l  

e f f o r t  was made to use sources which showed a uni form d i s t r i ­

but ion o f  source mater ia l  and which were not  more than 2 mm 

in d iameter .  A th a l l i u m  source w i t h  a s t ren g th  o f  ^  18,300 

Hg K x rays*—sec“  ̂ was used f o r  data c o l l e c t i o n .  This source 

s t reng th  y ie ld ed  a t rue- to- random r a t i o  o f  2 : 1 , and requ i red  

a t o t a l  ( t rues  plus randoms) running t ime o f  600 hours.

The c a l i b r a t i o n  sources were rough ly  o f  the same i n t e n s i t y .



The t h a l l i u m  source was examined f o r  im p u r i t i e s  in the 

energy range from 65 to 600 keV. The photon spectrum from 

^ 0 4 T1 cons is ts  p r i n c i p a l l y  o f  mercury x rays superimposed on 

a cont inuous bremsstrahlung spectrum. In terms o f  the source 

a c t i v i t y  an upper l i m i t  f o r  the i n t e n s i t y  o f  contaminant  gamma 

rays o f  2 X 10"^ per ^®^T1 decay was obta ined.

IV.  SOURCE SUPPORTS

The sealed sources were centered and glued on 1-mm-thick 

L u c i t e  washers. These were pressed i n t o  l a r g e r  washers,  which 

f i t t e d  the saddle.  These source holders and mounts were eas­

i l y  i nse r ted  i n t o  the saddle between the d e te c to rs .  A d i a ­

gram of  t h i s  assembly i s  shown in F ig .  2.

The use o f  l i g h t ,  l o w - *2. mater ia l  f o r  the source mount 

and ho lder  served to reduce s c a t te r i n g  in the v i c i n i t y  o f  

the source which would have appeared as pulses on the low 

energy t a i l  of  the photopeak.

V. TIN FILTER AND CADMIUM RING

Because o f  the design o f  the Ge(Li )  d e te c to r ,  the on ly  

p o s i t i o n  o f  the de tec to rs  which gave a reasonable co inc idence 

count ing ra te  was face to face.  This arrangement,  a long w i th  

the m o d i f i c a t i o n  made on the Ge(Li)  de tec to r  to reduce the 

source— Ge(Li)  c r y s t a l  d is tance ( the c r y s ta l  was approx imate­

l y  14 mm from the source) resu l ted  in a ser ious b a c k s c a t te r -  

ing problem.

The backsca t te r ing  was p r i m a r i l y  due to photons which 

en te r  the Ge(Li)  d e tec to r  where they are Compton sca t te re d



through 180 degrees i n t o  the Na l (T l )  de te c to r .  These events 

r e s u l t  in  pulses which are in t rue  t ime co inc idence,  and thus 

cannot be d i s c r im in a te d  aga ins t  through ana lys is  o f  the t ime 

data.  In a d d i t i o n ,  one can show from the Compton s c a t t e r i n g  

formula t h a t  f o r  a pr imary photon energy of  200 keV, the back- 

sca t te red  photon c a r r i e s  o f f  110 keV and the Compton e le c t ro n  

is  l e f t  w i th  75 keV. Thus these events w i l l  appear in the 

energy regions o f  i n t e r e s t .

The backsca t te r  appeared as a broad bump over the energy 

range 100 to 130 keV o f  the bremsstrahlung spectrum, and as a 

uni form increase o f  the background in coincidence spectra 

numbered 10-13. The two-parameter ana lys is  al lowed t h i s  e f f e c t  

to be separated from the IB data;  however, la rge  e r ro rs  r e s u l t e d  

from t h i s  s e pa ra t io n ,  and thus i t  was des i rab le  to minimize t h i s  

e f f e c t .

A t i n  c o l l i m a t o r  and cadmium r in g  were designed to reduce 

s c a t t e r i n g  between the two d e te c to rs .  The c o l l i m a t o r  was 14.5 

mm t h i c k  a t  i t s  edges, subtended a h a l f -a n g le  o f  51 degrees, 

and contained a 6 . 5-mm-diameter hole ,  which the source was cen­

tered over .  A smal l  tapered cadmium r i n g  was designed to f i t  

over the source in  the Luc i te  source ho lder ,  on the s ide fa c ing  

the Ge(Li )  d e te c to r ,  in order  to reduce the p o s s i b i l i t y  t h a t  

photons sca t te red  from the Ge(Li) de tec to r  would pass through 

the hole in  the c o l l i m a t o r .  The N a l (T l )  de tec to r  was p o s i t i o n ­

ed a t  the g re a te s t  d is tance from the c o l l i m a t o r  which would 

permi t  i t  to  view the f u l l  s o l i d  angle subtended by the c o l ­

l i m a t o r .  The c o l l i m a t o r  design is  shown in F ig .  1.



J t  was found t h a t  there  were three f a c to rs  in the c o l l i m a ­

t o r  design which a f f e c te d  the coincidence spectra .  The t h i c k ­

ness o f  the f i l t e r  a f f e c te d  mainly the high energy p o r t i o n  o f  

the backsca t te r  spectrum. Increas ing t h i s  th i ckness ,  however, 

requ i red  inc reas ing  the source— N a l (T l )  de tec to r  d is tance 

which lowered the d e te c to r  e f f i c i e n c y .  The e f f e c t  o f  the cone 

h a l f - a n g le  was seen main ly  on the low energy side o f  the back­

s c a t t e r  spectrum, s ince the tapered sect ion  o f  the f i l t e r  was 

more e f f e c t i v e  a t t e n u a t i n g  low energy photons than high energy 

photons.  And f i n a l l y ,  the i n t e n s i t y  o f  the backsca t te r  peak 

was p ro p o r t i o n a l  to the square o f  the hole d iameter .  However, 

the hole could not be made too smal l ,  as s c a t te r i n g  from the 

edge o f  the hole became s i g n i f i c a n t .

The f i n a l  f i l t e r  design was obtained by vary ing these 

f a c t o r s ,  and represented a compromise between m in im iz ing  the 

backsca t te r  and maximizing the count ing ra te  in the N a l ( T l )  

d e t e c t o r .

SYSTEM ELECTRONICS AND TIME SPECTRUM

In fo rm a t io n  on the t ime d i f f e re n c e  between the d e te c t i o n  

o f  photons emi t ted s imu l taneous ly  was determined by the T.A.C. 

(Time to Ampl i tude Conver te r ) .  In genera l ,  photons which are 

emi t ted in  co inc idence w i l l  g ive r i s e  to pulses which are 

separated in  t ime due to geometr ical  cons idera t ions  and i n h e r ­

ent  delays in  the system e le c t r o n i c s .  The T.A.C. (Or tec  437A) 

i s  d r i ve n  by s t a r t  and stop inpu t  pulses,  which are der ived  

from Const rant  F rac t ion  Timing D isc r im ina to rs  (Ortec 453)



located in e i t h e r  branch o f  the system. The s t a r t  p u l s e . - i n i t i ­

ates a l i n e a r  ramp vo l tage ,  which i s  i n t e r ru p te d  upon a r r i v a l  

o f  the stop pu lse .  Thus the ramp pulse,  which is  the T.A.C. 

ou tpu t ,  has an ampl i tude p r o p o r t i o n a l , to the t ime delay 

between the two inp u t  pulses.  The T.A.C. pulses w i l l  show 

some s c a t t e r  about a mean va lue ,  and the a b i l i t y  o f  the T.A.C. 

to d i s t i n g u i s h  t r u e  co in c iden t  events from random co inc iden t  

events is  determined by the ex ten t  o f  t h i s  s c a t t e r .  A spectrum 

o f  these t ime pulses f o r  a rep re se n ta t i ve  run i s  shown in F ig ­

ure 4. I t  proved advantageous to s t a r t  the T.A.C. w i th  Ge(Li)  

pulses,  and stop the T.A.C. w i th  N a l (T l )  pulses delayed by 

50 ns. This arrangement al lowed maximum coincidence count ing 

e f f i c i e n c y .

The FWHM o f  the t ime spectrum wasC55 13 ns. The window 

on the t ime spectrum (as ind ica ted  by the arrows) did not 

inc lude  the f u l l  peak, but cut the wings o f  the peak in order  

to improve the t rue - to- random r a t i o .  This was accounted f o r  

in the de te rm ina t i on  o f  the coinc idence e f f i c i e n c y  o f  the sys­

tem. The c o n t r i b u t i o n  o f  random coincidences in the t ime peak 

was determined by s h i f t i n g  the window 2 0 0  ns to the f l a t  back­

ground p o r t i o n  o f  the spectrum, which consisted o f  random 

coinc idence pulses on ly .

In order  to measure the co in c ide n t  photons w i th in  the 

energy ranges o f  i n t e r e s t ,  a slow coincidence system was used. 

The slow co inc idence u n i t  (Ortec 418) generates an output  

pulse prov ided two slow l o g i c  (0 .5  usee wide) inpu t  pulses 

over lap in  t ime.  These l o g i c  pulses are der ived from s i n g l e ­



channel analyzers (Ortec 455) inc luded in both branches o f  

the system, and s i g n i f y  the d e te c t io n  o f  photons in the d e s i r ­

ed energy ranges. The co inc idence accuracy o f  the slow system 

is  no b e t t e r  than 1 usee; however, by using the output  o f  the 

418 to s t robe the T.A.C. o u tp u t ,  one i s  assured o f  pulses 

which not on ly  have good t i m in g ,  but also s a t i s f y  the energy 

r e s t r i c t i o n s  placed on the s ing le-channel  ana lyzers .  A 

block diagram g iv ing  the general  setup o f  the e le c t r o n i c s  is  

shown in Figure 3, and F igure  4 shows the e le c t r o n i c s  modules 

used.

In the f i n a l  a n a l y s i s ,  the accuracy o f  the system was a 

matter  o f  f i n e  tun ing the e l e c t r o n i c s ,  and mon i tor ing  i t  at  

var ious places to insure  t h a t  erroneous data was r e je c te d .
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SYSTEM COINCIDENCE EFFICIENCY

ANALYSIS AND DATA ACQUISITION

The e f f i c i e n c y  o f  the co inc idence system was determined 
207using a Bi source.

This source i s  i d e a l l y  su i t e d  f o r  the measurement s ince

i t  decays through e le c t r o n  capture on ly ,  r e s u l t i n g  in a
207high ra te  of  coincidences between Pb K x rays and 569.7 

keV gamma rays.  These energies l i e  w i t h i n  the ranges of  

the s ing le -channe l -ana lyze rs  used in prepar ing the system 

f o r  the 2 0 4 T1 source measurements, and the high ra te  o f  

coincidences per source decay al lowed the measurement to be
i

made in a reasonable amount o f  t ime.
? ft 7The Bi source was prepared and mounted on a 1-mm-thick 

Luc i te  washer in the same manner as the 2 ^ T 1  source,  and 

was pos i t ioned in the same exper imental  geometry, and the 

coincidence e f f i c i e n c y  run was made under e s s e n t i a l l y  the 

same cond i t ions as the t h a l l i u m  source run.

The data,  i n c l u d in g  s in g le s  and coincidence data ,  are sum­

marized in the c a l c u l a t i o n s  in  t h i s  se c t ion .  The s ing les  

spectra o f  2®^Bi taken on the N a l ( T l )  and Ge(Li)  detec to rs  

are presented in  Figures 1 and 2.

The 2®^Bi co inc idence data was stored and d isp layed in 

the same data a c q u i s i t i o n  mode as the t h a l l i u m  coincidence 

data.  In t h i s  way the mul t ichannel  analyzers were checked 

f o r  r e l i a b i l i t y  in t h i s  mode o f  ope ra t ion .  The pulses from 

the Ge(Li)  d e te c to r ,  c o n ta in in g  the Pb K x rays ,  covered an



energy range 65-87 keV and were s tored in  the x-parameter ,  whi le,  

the pulses from the N a l (T l )  d e te c to r ,  which contained the 570 

keV — V  rays,  covered an energy range 15-600 keV and were 

stored in the y-parameter .  The coord inates  (channels)  o f  the 

x -ax i s  were regarded as the columns o f  the m a t r i x ,  and the co­

o rd ina tes  (channels) o f  the y - a x i s  were taken as mat r i x  rows.

The s ing les  spectra from the de tec to rs  were stored along t h e i r  

r espec t ive  axes. Each ax is  spanned 64 channels,  i . e . ,  i = 1 . . . 6 4 ;  

j = l , . . . 6 4 ,  and the coincidence data was s tored a t  the co o rd in ­

ates o f  the m a t r i x .  Thus two photons emi t ted  s imu l taneous ly  

by the source wi th the energies corresponding to Ge(Li )  channel 

i and N a l (T l )  channel j  which were detected by the system, would

appear as a count at  the po in t  ( i . j )  o f  the m a t r i x .  A diagram 
2 n 7o f  the Bi data mat r ix  is  given in F ig .  3.

CALCULATIONS

From the decay scheme o f  2 0 7 g . ( l )  shown in Fig.  4, one can 

make the fo l l o w in g  observa t i ons .  The .5696 MeV leve l  can be 

reached e i t h e r  d i r e c t l y  by e le c t ron  capture  (EC) in 3% o f  the 

source decays, or in cascade by EC to  h igher  l e v e l s .  The EC 

branching r a t i o  is  9% to  the 2.3393 MeV l e v e l ,  8 8 % to the 

1.6331 MeV l e v e l ,  and 3% to the .5696 MeV l e v e l .  The cascade 

v ia  EC to the 2.3393 MeV leve l  can be ignored ,  s ince K-capture 

is  e n e r g e t i c a l l y  fo rb idden to t h i s  l e v e l  and the K-she l l  i n ­

te rna l  conversion f o r  the 1.7697 MeV gamma ray  is  n e g l i g i b l e .

The 1.6331 MeV s ta te  is  an isomer ic  s t a t e  (Ti,= .80 sec ) ,  and 

decays by M4 m u l t i p o le  r a d i a t i o n  to the 0.5696 MeV s t a t e .  This 

t r a n s i t i o n  is  s t r o n g ly  conver ted.  Since the i n t e r n a l  conver ­



sion c o e f f i c i e n t  f o r  the K atomic s h e l l ,  oCfc , and the r a t i o  

o f  K-she l l  conversion to L+M+.. . conversion i s  known, one can 

r e a d i l y  c a l c u la te  the f r a c t i o n  by which the 1.6331 MeV s ta te  

decays to the 0.5696 MeV s ta te  through K-she l l  convers ion.

Let N y  equal the f r a c t i o n  o f  decays r e s u l t i n g  in  gamma 

emission,  wh i le  , i = k , L , . . . r ep resen t  the f r a c t i o n s  o f  decaysi, t.
f o r  i n t e r n a l  conversion in  the i — s h e l l .  Since

%  =. H* = 0.0 ^ ,  J i*   s '*i.o to .»5W

a"d I *  N¥+ N k  + M i* *+. . . ,

then M *  -  M k  1 *

thus 0. 000 I

I f  the decay ra te  o f  the source i s  3 1 ^  , then the emission 

ra te  o f  the simultaneous Pb K x - ray  — 570-keV photons through 

the decay o f  the 1.6331 MeV s ta te  w i l l  be:

. s s i o N U ' / J k  =  - o i x n i o
where we have inc luded the f l uorescence  y i e l d  W .96 o f  Pb K 

x r a y s . ^

To the above expression we must add the photon coincidences 

th a t  a r i s e  from the e le c t ron  capture to the 0.5696 MeV l e v e l .  

This requ i res  a knowledge o f  , the f r a c t i o n  o f  captures

in the K . s h e l l . U n f o r t u n a te l y , P ^  has not been measured. To 

determine the value o f  Pi/ we can use the formula from Brysk



(41and Rose: v '

£ C (L ,) „  (  E -BEfLj)^

e c u > ' \  E- BE(K) /£ c (k )
where E = energy a v a i l a b l e  f o r  the capture t r a n s i t i o n ;  beCLx)  s 

b ind ing  energy o f  the U j  subshe l l ;  and |Cj is  a parameter 

t h a t  depends on the automic number. Since the Q-value f o r  

e le c t ro n  capture is  2.40 MeV, the energy a v a i l a b le  f o r  capture 

to the .5696 MeV s ta te  is  1.8304 MeV. The binding energy f o r  

the l_i subshel l  and the K she l l  i s  15.86 and 88.00 keV, respec­

t i v e l y . ^ ^  Using the value k-j (Z) = 0.15 f o r  Z=82, we get

e c o -o ) /e c u )  -0 .1 1 5
We can express P|< in the f o l l o w in g  way:

PK *  6C (io /(fec(k) +  6 C ( L )  + . .  -J-I
s f , + (sc (u ,) /6c tK ))4 (ec< M yK tk ))C K fU )/E C (u5 ]

The q u a n t i t y  101, whereas is
£C( L,) ECU.)

( 4 1less than Mo and has been n e g le c te d . x 7 

Using these values we ob ta in  = 0.84.

Thus as a r e s u l t  o f  EC to the 0.5696 MeV s ta te ,  we ob ta in  

the f o l l o w i n g  i n t e n s i t y  o f  Pb K x - ray  --570-keV photon p a i r s :

«031o Pk^ k ^
Combining both terms,  we ob ta in  0.0967X© as the photon p a i r  

emission r a te .

In order  to  determine the number o f  co inc iden t  photons de­

te c te d  by the system, i t  i s  necessary to know the source i n ­

t e n s i t y  X© , the e f f i c i e n c i e s  o f  the Ge(Li )  and the N a l ( T l )  

d e te c to r s ,  ^  V? » the e le c t r o n i c  co inc idence



e f f i c i e n c y  o f  the system, €  coin » and the angular  c o r r e l a t i o n  

between the c o in c id e n t  photons. Here the de tec to r  e f f i c i e n c i e s  

are t o t a l  d e te c t i o n  e f f i c i e n c i e s  inc lu d in g  s o l i d  angle,  and the 

supe rsc r ip t s  i n d i c a t e  the energies a t  which the de tec to r  e f f i c ­

ienc ies  are eva luated .  The q u a n t i t y  €.coin def ines the 

e f f i c i e n c y  o f  a l l  the e l e c t r o n i c s ,  i n c lu d in g  the f a s t  and slow 

e le c t r o n i c s .  I f  we de f i ne  the coincidence count ing ra te  as Rc 

then we get :
T  c p i , k *  c * ' S10  z r 

=  * 0 9 6 1  C .C O IO  *

This expression compares the number o f  coincidences emi t ted by 

the source to the number counted by the system, and can be 

used to determine the coinc idence e f f i c i e n c y  6-c.olr) . The 

q u a n t i t i e s  -*-* j  , and t c a n  be d e t e r ­

mined from separate measurements o f  s ing les  spec t ra ,  provided 

these measurements are c a r r i e d  out  in the same experimental

geometry as the co inc idence measurements.
x

I t  i s  convenient  to  express in terms o f  €.
a K x ^ K x

I f  flnd are the number o f  Pb K x rays counted

by the de tec to rs  i n  equal t ime i n t e r v a l s ,  then
k x

kx ^  pl»K* i
K X

r® k x  -  r®
=  o K *

Since the photopeak p o r t i on s  o f  the de tec to r  spectra are l e a s t  

l i k e l y  a f f e c te d  by sca t te red  photons, the above r e l a t i o n  is
. aQ K X  K X

more accurate when and rJal correspond to the number

o f  pulses in the photopeaks. From t h i s  r e l a t i o n  i t  i s  poss ib le
£to  determine the Ge(Li )  e f f i c i e n c y  ^&eLi w i thou t  knowledge
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of  the source i n t e n s i t y .

A f u r t h e r  s i m p l i f i c a t i o n  f o r  Rc can be made. The source

decay ra te  i s  not  e a s i l y  measured. However, from an examina-
207 Tt i o n  o f  the Bi decay scheme in Figure 4, one can r e l a t e  J - 0

to the i n t e n s i t y  o f  the 570-keV photons, which’ is  an e a s i l y  

measured q u a n t i t y .  The branching r a t i o s  to s ta tes  which popu­

l a t e  the .5696 MeV leve l  are known, and the f r a c t i o n  o f  decays 

from t h i s  leve l  which r e s u l t  in emission o f  the 570-keV photons 

can be determined. De f in ing  I 5 7 0  as i n t e n s i t y  o f  the 

570-keV gamma rays ,  and using symbols p re v io u s ly  de f ined ,  we

obta1n: -  + (.««> 1 .N f + (o 3 ) i .N r
- ^ e  ~  M t + . .  •

where now My and N i>  i s * , L y . . . r e f e r  to the decay o f

the 0.5696 MeV s ta te

But

Mir /

where U  - onW f Nk—

f o r  the .5696 MeV s t a t e .  Thus we obta in

Therefore the i n t e n s i t y  o f  the 570-keV gamma ray is  almost the 

same as the source i n t e n s i t y .

Sub t rac t i ng  t h i s  r e s u l t  and the r e l a t i o n  developed f o r  

i n t o  the expression f o r  Rc , and r e w r i t i n g  i t  in  terms o f  6 co/n
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we 9et  /  \  O D K *

C c o m  pir-sno - km
^ N aX

where a l l  the R - la be l le d  terms are normal ized to equal t imes
o  JT-S70 ^Tr-S7d

i n t e r v a l s ,  and where K  -s C / J * l  -**Si o  •>

We now l i s t  the values used in t h i s  express ion.  Refer r ing  

to Figure 3, i f  we c a l l  the number o f  counts co r rec ted  f o r  

background in the channels whose coordinates  are ( i , j )  as 

N ( i , j )  then

Kx -  S  N ( A , i )  s e c ' '

R f r e t i

f C .l = M ( i j j )  s s * n  i , *e  5 e r '

K T l s ' c ‘ ‘

60

R>c -  y  V  = /.o| — O.0 I6 Sec

j\ iH 3  i - n

These expressions were co r rec ted  f o r  absorbers and m u l t i -
K*channel analyzer  dead t ime.  The value f o r  was de te r -

(5lmined by an i n t e r p o l a t i o n  over Heath's tabu la ted  v a lu e s , '  y

€ k *  .
= *07- 0 . 0 0 2 .

We obta in  £ co| n ~ W T h i s  r e s u l t ,  however, does not 

take in to  account the c l i p p i n g  o f  the t a i l s  o f  the t ime spec­

trum, which was done to  improve the t r ue- to - random r a t i o .  By



a ca re fu l  ana lys is  o f  the area under the t ime spectrum, t h i s  

reduc t ion  amounted to about 1%.

This less than p e r fe c t  value was somewhat d i s a p p o in t i n g ,  

s ince there  were several  at tempts a t  e s ta b l i s h i n g  1 0 0 % c o in ­

cidence e f f i c i e n c y .  Many o f  the "bugs" in the system were 

i n t e r m i t t a n t , and could not be found a t  any one t ime.  The 

f a s t  d i s c r im in a to r s  posed p a r t i c u l a r l y  d i f f i c u l t  problems.

In the f i n a l  acceptable run,  an Ortec f a s t  d i s c r i m i n a t o r  

which had a 4% loss o f  pulses was used. This u n i t ,  which was 

in the x - ray  branch, was tes ted w i th  a pu lse r  which showed 

t h a t  the loss was independent o f  energy,  and thus a d i r e c t  

c o r re c t io n  was made.

Thus a more accurate value f o r  € c o ) n  is
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RESPONSE MATRIX OF THE Nal(TI) DETECTOR

PRELIMINARY CONSIDERATIONS

In order to compare the experimental  and t h e o r e t i c a l  data 

i t  was necessary to determine the response o f  the s c i n t i l l a ­

t i on  de tec to r  to monochromatic photons. As is  wel l  known, 

the response o f  a s c i n t i l l a t i o n  spectrometer to a monochro­

matic gamma ray takes the form o f  a broad pu lse -he ight  d i s ­

t r i b u t i o n .  This ins t rumenta l  d i s t o r t i o n  o f  the pulse must 

be proper ly  understood i f  observat ions made w i th  the spec t ro ­

meter are to be p rope r ly  i n t e r p r e te d .  The pu lse -he ight  d i s ­

t r i b u t i o n s  can be measured fo r  a ser ies  o f  r a d ia c t i v e  sources 

each em i t t i ng  only one gamma ray .  In order  to co r rec t  the 

observed cont inuous photon spectrum f o r  the in f luence  o f  the 

spectrometer,  i t  was necessary to know i t s  output  pulse-  

height  d i s t r i b u t i o n  f o r  monochromatic gamma rays w i t h in  the 

range o f  the spectrum.

The main components o f  the pu lse -he igh t  spectra are the 

photopeak and Compton reg ions,  which depend on the size and 

shape o f  the d e te c to r ,  and on the energy o f  the i nc iden t  

photons. The shape--and to a lesse r  degree the magni tude-- 

o f  the spectra w i l l  also be a f fec ted  by fa c to rs  re la ted  to 

the experimental  envi ronment;  f o r  t h i s  reason the detec to r  

response is  always a non-unique fu n c t io n  o f  i nc id en t  photon 

energy. Given the exper imental  setup,  the shape o f  the 

spectrum can be determined f o r  gamma rays o f  a number o f  

energies.  For a r b i t r a r y  energ ies ,  the response may be found



by i n t e r p o l a t i o n  between known responses o f  standard sources, 

using a f a i r l y  d e ta i l e d  graph ica l  procedure.

We begin our d iscuss ion w i th  an ana lys is  o f  the basic 

processes invo lved in the fo rmat ion  o f  the p u lse -h e ig h t  d i s ­

t r i b u t i o n .  F i n a l l y ,  the Response Mat r ix  w i l l  be const ruc ted.

BASIC PROCESSES

The response o f  the N a l ( T l )  c r y s ta l  to a s in g le  gamma ray 

can be understood from a knowledge o f  the basic i n t e r a c t i o n s  

t h a t  occur in the d e te c to r .  The photopeak, or f u l l  energy

region o f  the spectrum, is gauss ian-1 ike in appearance and is

produced by events in which the i n c i d e n t  photon d e l i v e r s  a l l  

o f  i t s  energy to the c r y s t a l .  This can occur e i t h e r  by a photo­

e l e c t r i c  process or  by successive Compton c o l l i s i o n s .  The 

photopeak is  the most useful  component o f  the pulse height  

spectrum, since the mean p o s i t i o n  o f  the photopeak i s  propor ­

t i o n a l  to the energy o f  t h e i n c i d e n t  photon, and the photopeak

region is  lease a f fe c te d  by sca t te red  r a d i a t i o n  and o ther

e f f e c t s  which compl icate the i n t e r p r e t a t i o n  o f  the pulse-  

he ight  d i s t r i b u t i o n .  The broadening o f  the photopeak has two 

main causes- - there  w i l l  be a v a r i a t i o n  in the number o f  l i g h t  

f lashes produced by the d e te c to r  f o r  a given q u a n t i t y  o f  energy 

absorbed, and f o r  a given q u a n t i t y  o f  l i g h t  i n c i d e n t  on the 

photo-cathode o f  the p h o t o m u l t i p l i e r  tube,  there  w i l l  be a 

s t a t i s t i c a l  f l u c t u a t i o n  in the number o f  e lec t rons  emi t ted.

The second prominent reg ion o f  the p u lse -h e ig h t  spectrum 

is  the Compton d i s t r i b u t i o n .  This is  represented by a roughly 

uni form d i s t r i b u t i o n  o f  pulse he igh ts ,  extending from noise



leve l  up to a maximum value ca l l e d  the Compton edge. In Comp­

ton s c a t t e r i n g  only a t r a c t i o n  o f  the i n c i d e n t  photon's energy 

i s  absorbed by the c r y s t a l .  The remaining energy appears in 

the scat te red  photon, and t h i s  has a good chance o f  escaping 

from the c r y s t a l .  The pulses in  the Compton d i s t r i b u t i o n

represent  the spectrum o f  the Compton r e c o i l  e le c t r o n s ,  and

the Compton edge corresponds to the maximum energy t r a n s fe r re d  

to r e c o i l  e le c t ro n s ,  which occurs a t  180 degree s c a t t e r i n g  

(backsca t te r ing )  o f  the in c id e n t  photon. For Compton s c a t t e r ­

ing ,  i f  the energy o f  the i n c i d e n t  photon is  and i t  i s

sca t te red  through an angle £  , then the energy o f  the r e ­

c o i l  e le c t ron  i s :  ,  _ \
e ;  ( 1 -  CoS & )

E c S  r tc -*- + 6y Ci-cos d)
where is  the r e s t  mass o f  the e le c t r o n .  This r e l a t i o n

has a maximum value o f

C  _  £ r _
fcc -  |+ ( mcV 2 .E » )

corresponding to the backsca t te r i ng  (  e  =  i 9 o ° )  »f 
the i n c i d e n t  photon.

The e lec t rons which are set  i n  motion through photo and 

Compton c o l l i s i o n s  release t h e i r  energy through a la rge  number 

o f  secondary encounters w i th  the c r y s t a l  e le c t r o n s ,  which r e ­

s u l t  in  low energy photons which are capable o f  a c t i v a t i n g  the

cathode o f  the PM tube. In order  to  ensure t h a t  t h i s  f l u o r e s ­

cent r a d i a t i o n  has a high p r o b a b i l i t y  o f  escaping the c r y s t a l ,  

a small  amount o f  t h a l l i u m  im p u r i t y  i s  added to the c r y s t a l .  

This prevents resonance re -a b so rp t io n  o f  the emi t ted l i g h t .
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I I I .  OTHER CONTRIBUTIONS TO THE SPECTRA

I t  i s  poss ib le  to cha rac te r i ze  the components o f  pulse-  

he ight  spectra as e i t h e r  c h a r a c t e r i s t i c  o f  the c r y s ta l  prop­

e r t i e s ,  or  re la ted  to the c r y s ta l  envi ronment.  Thus the photo­

peak and Compton components, whose shapes and r e l a t i v e  i n t e n ­

s i t y  depend on the physical  c h a r a c t e r i s t i c s  o f  the c r y s t a l ,  

are common to a l l  pu lse -he igh t  spec t ra ,  whereas the "back- 

s c a t t e r i n g "  peak (sometimes r e fe r re d  to as s c a t t e r i n g  peak),  

as wel l  as o ther  e f f e c t s ,  can be shown to be caused by the 

c r y s ta l  envi ronment.

To reduce the leve l  o f  background r a d i a t i o n ,  i t  i s  usua l ly  

necessary to operate the N a l (T l )  de tec to r  i n s id e  a shie lded . 

enclosure.  This sh ie ld  represents  the major source o f  s c a t t e r ­

ed r a d i a t i o n .  S ca t te r ing  a lso occurs from the source ho lde r ,  

the mate r ia l  used to prepare the source,  and the packaging 

mate r ia l  surrounding the Nal d e te c to r .  A prominent fe a tu re  o f  

the scat te red  spectrum i s  the "backsca t tered"  r a d i a t i o n ,  which 

is  o f ten mani fest  as a r a th e r  broad peak l y i n g  on the f l a t  

Compton reg ion .

I f  the sh ie ld  is  assembled o f  lead b r i c k s ,  then charac­

t e r i s t i c  Pb x rays may also appear in the pu lse -h e ig h t  spec t ­

rum. As is  we l l  known, the e j e c t i o n  o f  a pho toe lec t ron  from 

the K-she l l  o f  an atom is  fo l lowed by the emission o f  charac­

t e r i s t i c  x rays.  I f  a photon which o r i g i n a t e s  in the source 

i n t e r a c t s  a t  the sur face o f  the wa l l s  o f  the sh ie ld  through a 

photo encounter,  then Pb x rays may be produced.

S i m i l a r l y  to the product ion o f  the Pb x rays ,  i t  i s  also



poss ib le  to exc i t e  iodine x rays in the sur face o f  the N a l (T l )  

de tec to r  f o l l o w in g  a p h o to e le c t r i c  event .  Photons w i th  energies 

less than 200 keV inc iden t  upon the d e te c to r  have a la rge  prob­

a b i l i t y  o f  being detected by the p h o t o e l e c t r i c  process. I f  the 

i n t e r a c t i o n  occurs near the sur face o f  the d e te c to r ,  iod ine  K 

x rays may escape wi thout  f u r t h e r  i n t e r a c t i o n .  The energy o f  

the x rays (28 keV) w i l l  be l o s t  when t h i s  occurs ,  and an 

a d d i t i o n a l  peak w i l l  appear in the spectrum a t  28 keV below the 

photopeak. The escape peak decreases r a p i d l y  in i n t e n s i t y  wi th  

inc reas ing  gamma ray energy, and w i l l  not  be present f o r  ener­

gies less than the K-edge of  iod ine  (33.2 keV).

These e f f e c t s  w i l l  occur in even "s imple "  geometr ies,  t h a t  

is  systems co ns is t i n g  o f  one de tec to r  and a minimum amount o f  

mate r ia l  in the experimental  geometry. However, in the study 

o f  c e r ta in  phenomena o f  very low i n t e n s i t y  i t  i s  not poss ib le  

to obta in  r e l i a b l e  re su l t s  unless a co inc idence measurement is 

employed, since then events which are random in nature can be 

p rope r ly  determined. For these more "complex" systems, two or 

more detec to rs  are of ten used, and i t  i s  a lso  not uncommon to 

employ an arrangement o f  e s p e c ia l l y  designed c o l l im a to r s  and 

f i l t e r s  to reduce sca t te r in g  between the de tec to rs  and b lock 

out undes i rab le  co inc ident  events o r i g i n a t i n g  w i t h i n  the source. 

In the present measurements, because o f  the p ro x im i t y  o f  the 

two detec to rs  and the use of  a f a i r l y  complex geometry, a g re a t ­

er amount of  scat tered r a d ia t i o n  was present  in the data than 

would appear under a more simple arrangement.  In p a r t i c u l a r ,  

the b e r y l l i u m  absorbers,  the t i n  c o l l i m a t o r ,  and the p o s i t i o n in g



o f  the Ge(Li)  de tec to r  very close to the source resu l ted  in 

an increase in the number o f  pulses on the Compton r idge and 

in the region j u s t  below the photopeak o f  the Na l (T I )  de tec to r  

s p e c t r a .

In order  to accurate ly  determine the shape and magnitude 

o f  the IB spectrum, i t  was necessary to i nc lude  the e f f e c t s  o f  

t h i s  "c lose"  geomtry on the bremsstrahlung spec t ra .  This was 

accompl ished by tak ing  spectra of  the c a l i b r a t i o n  sources in 

the same experimental  geometry. The e xpe r im en ta l l y  determined 

shapes o f  these spectra were then used to i n t e r p o l a t e  a set  of  

response fu n c t io n s .  The i n t e r p o l a t i o n  was c a r r i e d  out over 

the c h a r a c t e r i s t i c  parameters o f  the d i s t r i b u t i o n s ,  t h a t  is  

the photopeak, Compton, and backscat ter  reg ions .  In order to 

f i t  these shapes as c lose ly  as poss ib le  to  the experimental  

shapes the Compton regions were d iv ided  i n t o  ten sec t ions ,  and 

i n t e r p o l a t i o n s  were performed separa te ly  over each sec t ion .

This procedure was per fe r red  to assuming a Compton d i s t r i b u t i o n  

o f  constant  ampl i tude or by f i t t i n g  the Compton to geometr ical  

shapes, s ince i t  gave b e t te r  f i t s  to the broad bump o f  the 

Compton edge and to the upward sweep o f  the Compton r idge in 

the d i r e c t i o n  o f  lower energies. In a d d i t i o n ,  by assur ing a 

b e t t e r  f i t  to the shapes o f  the exper imental  Compton d i s t r i b u ­

t i o n s ,  the e f f e c t s  associated w i th  the " c lo se "  geometry were 

more accu ra te ly  represented in the data .  In order  to ensure 

c o n t i n u i t y  o f  the pu lse -he ight  d i s t r i b u t i o n  between the Compton 

edge and the low energy side o f  the photopeak, t h i s  region was 

a lso incorporated i n t o  the i n t e r p o l a t i o n  procedure.
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IV.  CONSTRUCTION OF THE RESPONSE MATRIX 

I V . 1 DEFINITIONS

We have shown th a t  there are c e r ta i n  features  common to the 

pu lse -he igh t  spectra o f  s in g le  gamma e m i t t e r s .  Examples o f  

the pu lse -he igh t  spectra o f  several  sources are shown in F ig ­

ures 1-5. The c h a r a c t e r i s t i c  f ea tu res  o f  these spect ra have 

been i d e n t i f i e d  in the f i g u r e s .

In co ns t ru c t ing  the response m a t r i x  we are i n te re s te d  in 

the p r o b a b i l i t y  t h a t  a photon w i th  energy corresponding to 

mean photopeak channel j  i s  i n c i d e n t  on the de tec to r  and w i l l  

be recorded as a pulse in channel i ,  where j = l , . . . ,  64, and 

i = l , . . . ,  64. We def ine t h i s  q u a n t i t y  as R j £ • This is 

a c t u a l l y  the product  of  several  e f f i c i e n c i e s :  the geometr ic

e f f i c i e n c y  JX , which is  the source s o l i d  angle subtended by 

the d e te c to r ,  and gives the p r o b a b i l i t y  t h a t  a photon emi t ted 

by the source w i l l  be i n c i d e n t  on the d e te c to r ;  the i n t r i n s i c  

e f f i c i  ency , which gives the p r o b a b i l i t y  t h a t  a pho­

ton o f  energy E which is  i n c i d e n t  on the de tec to r  w i l l  r e s u l t  

in a pulse in any channel ;  and f i n a l l y  the p a r t i a l  p r o b a b i l i t y  

H t h a t  the pulse w i l l  occur in channel i .

Thus

Rji, = Si- £ ( £y) A-ji .
Usual ly the s o l i d  angle e f f i c i e n c y  is  absorbed i n t o  the i n ­

t r i n s i c  e f f i c i e n c y ,  and the r e s u l t  r e f e r re d  to as the t o t a l  

de te c to r  e f f i c i e n c y ,  e u ; £ v ) .  These values have been d e te r ­

mined by H e a t h ^  f o r  s tandard-s ized  N a l ( T l )  detec to rs  as a



f u n c t io n  o f  energy, f o r  var ious values o f  the source-de tec to r  

d is tance .  The t o t a l  e f f i c i e n c y  f o r  the present  experimental  

source-detec to r  d is tance o f  26 mm is  shown in Figure 6.

The q u a n t i t i e s  Q>]i were determined from the shapes o f  the 

c a l i b r a t i o n  spect ra ,  which were p r i n c i p a l l y  due to the photo 

and Compton processes. In order  to obta in  the r e l a t i v e  i n ­

t e n s i t i e s  o f  these processes f o r  any j  va lue,  i t  was necessary 

to know the p e a k - t o - to ta l  r a t i o  as a f u n c t io n  o f  bremsstrah- 

lung channel j .  The p e a k - t o - t o ta l  r a t i o  i s  def ined as the 

r a t i o  o f  the number o f  pulses under the photopeak to the t o t a l  

number o f  pulses in the pu lse -he igh t  spectrum o f  a s ing le  energy 

gamma e m i t t e r .  By using the c a l i b r a t i o n  sources discussed 

e a r l i e r  under the same exper imental  c o n d i t i o n s ,  i t  was poss ib le  

to obta in  values o f  t h i s  r a t i o  a t  several  energ ies .  These 

values were p lo t t e d  and connected by a smooth curve to obta in  

the p e a k - t o - t o ta l  r a t i o  over a broad range o f  energ ies .  This 

curve i s  represented in Figure 7. In determin ing the peak-to-  

t o t a l  r a t i o s  o f  the c a l i b r a t i o n  spec t ra ,  the backsca t te r i ng  

peak and Compton edge were excluded from the summations over 

the Compton reg ions.  This was done since these e f f e c t s  were 

evaluated separa te ly .

The p e a k - t o - t o ta l  r a t i o  obtained by H e a t h ^ u n d e r  " i d e a l "  

experimental  cond i t i ons  is  a lso  inc luded f o r  comparison w i th  

the present  values.  In Heath's geometry, s c a t t e r i n g  and o ther  

envi ronmental  e f f e c t s  were n e g l i g i b l e .  The curve through 

Heath's data po ints  gives the t h e o r e t i c a l  p e a k - t o - t o ta l  r a t i o .

I t  i s  seen t h a t  the use o f  a "c lose"  geometry a f f e c t s  the peak-
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t o - t o t a l  r a t i o ,  and to use t h e o r e t i c a l  est imates o f  t h i s  

q u a n t i t y  would not be accurate.  The present  data shows f a i r  

agreement w i th  the shape o f  the t h e o r e t i c a l  curve,  but the 

magnitude o f  the data taken in "c lose"  geometry i s  lower than 

the t h e o r e t i c a l  ( idea l  geometry) values.  I t  i s  assumed th a t  

t h i s  d i f f e r e n c e  is  due l a r g e l y  to s c a t t e r i n g  o f  the source 

photons from the t i n  c o l l i m a t o r ,  which r e s u l t s  i n  a lower ing 

o f  the p e a k - t o - t o ta l  r a t i o s .

I V . 11 PHOTOPEAK ANALYSIS

Spectra o f  the c a l i b r a t i o n  sources were taken in the same 

source-detec to r  geometry as in the de te rm ina t i on  o f  the brems- 

s t rah lung spec t ra .  A "dummy" source measurement was taken to 

determine the background, which was subt rac ted from the c a l i ­

b ra t ion  data.  Figures 1-5 show these r e s u l t i n g  spec t ra .  The 

var ious components o f  these spectra have been ind ica ted  on 

the f i g u r e s .

Two q u a n t i t i e s  were determined from the photopeak po r t i on  

o f  each spectrum: the f u l l  width a t  half-maximum peak height

(FWHM), and the center  o f  the photopeak in channel u n i t s ,  which 

was not n ecessa r i l y  in in teger  values.  We have assumed th a t  

the photopeaks could be s a t i s f a c t o r i l y  descr ibed by a gaussian 

func t ion  : ^  .

M ( x )  -  ^

where ^  i s  the ca lcu la ted value in channel X» Xo 1S t̂ie 
channel (pu lse he ight )  a t  the center o f  the symmetr ical  d i s -
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t r i b u t i o n ,  and is  the ca lcu la ted  number o f  counts per

channel a t  channel X 0 . The FWHM f o r  t h i s  peak i s

A  E x .  =  l \ l £ ~ L

By using the t rans fo rma t ion  equat ions

M  -  £*■'4' j  *< -  X o / t > o

L  ■=■ J l X . / b ,  } M  -  -  l / b »

the guassian can be t ransformed i n t o  a parabola 

/X . s. K +  L x  +  fA X 1'

This equat ion was f i t t e d  to the channels, o f  the e x p e r i ­

mental photopeaks by a least -squares ro u t i n e  to obta in  best 

est imates o f  Xo and t 0 . The guassians obtained

from these est imates were compared to the exper imental  data 

p o i n t s ,  and the f i t s  were q u i te  good, except f o r  the t a i l s  

o f  the photopeaks, which showed some d e v ia t i o n  from the 

guassian shapes. These low energy t a i l s  are due to m u l t i p l e  

s c a t t e r i n g  events in  the de te c to r  which do not r e s u l t  in f u l l -  

energy lo s s ,  wh i le  the high energy t a i l s  are thought  to be 

caused by o p t i c a l  problems in the d e t e c t o r . ^  Smooth curves 

were drawn through the photopeak channels.  These are shown 

in  Figures 8-12. The FWHM values o f  these curves were mea­

sured,  and compared to the ca lcu la ted  values o f  A E l .
I t  i s  seen t h a t  the f i t s  are good, and t h a t  the approximat ion 

to the photopeaks as gaussians is  s a t i s f a c t o r y .  The values 

o f  X 0 and ( ca lcu la te d )  f o r  the c a l i b r a t i o n  energies

are presented in Table I I  o f  the sec t ion  on Detector  C a l i b r a ­

t i o n s .



From the above values o f  X0 and AE X  , a curve was 

const ruc ted so t h a t  AEx  f o r  a l l  i n te g e r  channels could be

a curve was

determined g r a p h i c a l l y .  The r e s u l t i n g  curve is  shown in F ig ­

ure 13. In t h i s  manner the photopeaks correponding to a l l  

channels j  o f  the response mat r ix  were determined.

To determine the^ d i s t r i b u t i o n  o f  pulses belonging to the 

photopeak centered on channel j ,  f i r s t  each channel in the 

photopeak was in teg ra ted  over i t s  l i m i t s  to g ive  the f r a c t i o n  

o f  the photopeak in t h a t  channel ,  and then the t o t a l  area o f  

the photopeak was normal ized to 1000 counts.  These i n t e g r a ­

t i o n s  were e a s i l y  performed by expressing the extremes o f  each 

channel in  u n i t s  o f  &  , the standard d e v ia t i o n  o f  the photo­

peak, and then r e f e r r i n g  to standard tab les  on the normal d i s ­

t r i b u t i o n .  In determining these areas we have assumed th a t  

a l l  channels have the same w id th ,  and th a t  the mean pulse in 

a channel occurs at  the center o f  the channel .  The photopeak 

p o r t i on  o f  the response mat r ix  i s  shown in  Table I .  OnlY th a t  

p o r t i o n  o f  the mat r i x  (rows 9-40) which was s i g n i f i c a n t  in the 

c a l c u la t i o n s  is  shown. The data is arranged so th a t  the rows 

o f  the mat r i x  are ordered h o r i z o n a l l y ,  and the columns o f  the 

mat r i x  are ordered d ia g on a l l y .  F i n a l l y ,  to inc lude  the e f f e c t  

o f  N a l (T l )  d e tec to r  e f f i c i e n c y  on the m a t r i x  elements,  each row

I V . I l l  COMPTON MATRIX ELEMENTS

The fo l l o w in g  procedure was used to c a l c u l a t e  the Compton 

elements in the response m a t r i x .  F i r s t ,  the Compton po r t ions  

o f  the experimental  c a l i b r a t i o n  spectra were m u l t i p l i e d  by

j  o f  photopeak e n t r i e s  must be m u l t i p l i e d  by
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the necessary 5 f a c to r s  to g ive the proper p e a k - t o - t o t a l  r a t i o s ,  

assuming a photopeak i n t e n s i t y  of  1000 counts.  The r e s u l t i n g  

spect ra  preserved the shapes o f  the exper imental  sp e c t ra .  In 

order  to maintain no rma l iza t i on  to a source emission r a t e  o f  

1000 counts /sec,  these spectra were m u l t i p l i e d  by t h e i r  respec­

t i v e  p e a k - t o - t o ta l  r a t i o s .  F i n a l l y ,  s ince the i n t e n s i t y  o f  

the whole spectrum in a given row is p ro po r t i on a l  to  the prob­

a b i l i t y  o f  l o c a t i n g  a pulse in tha t  row, each row was m u l t i ­

p l i e d  by i t s  corresponding G U , * * )  value.

This procedure was repeated on the Compton reg ions o f  a l l  

the c a l i b r a t i o n  spec t ra .  The r e s u l t i n g  spec t ra ,  whose shapes 

f o l l o w  the exact exper imental  shapes, were used to generate 

the Comptons f o r  in te rmed ia te  energy spect ra .  This was accomp­

l i s h e d  by d i v i d i n g  the Compton reg ion,  from zero pulse he ight  

to the Compton edge, i n t o  ten sect ions and i n t e r p o l a t i n g  be­

tween corresponding sect ions.

In order  to check the accuracy in the i n t e n s i t y  o f  the 

i n t e r p o l a t e d  spec t ra ,  the p e a k - t o - to ta l  r a t i o s  o f  these spect ­

ra were measured, and compared to the data o f  F igure 7. I t  

was found t h a t  the agrement was w i th in  1%, except f o r  the 

spect ra  between 7Be and 5 l Cr , where the d i f f e r e n c e  was 

as high as 7%. The Compton i n t e n s i t i e s  in these spec t ra  were 

co r rec ted  to g ive the proper p ea k - to - to ta l  r a t i o s .  The Comp­

ton elements o f  the response matr ix  are shown in Table I I .

These values inc lude  the e f f e c t  of  the N a l (T l )  d e te c to r  

e f f i c i e n c y  on the ma t r i x  elements •
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IV . IV  BACKSCATTERING

The backsca t te r  c o n t r i b u t i o n s  to the mat r ix  elements were 

obta ined by e m p i r i c a l l y  determining both the i n t e n s i t y  and 

p o s i t i o n  o f  the backsca t te r  peak along each row o f  the m a t r i x .  

The FWHM values o f  these peaks were obtained from t h e i r  

energ ies  by using F ig .  13. The method used her to analyze

the backsca t te r  i s  s i m i l a r  to t h a t  used by Bosch and Munc-
(3) (A)z e k , v 7 and Olsen, Mann and L in d n e r . v 7

Curve 14 shows the backscat ter  c o n t r i b u t i o n  to the pulse-

he igh t  spectra as a f r a c t i o n  o f  the f u l l  energy peak, p lo t t e d

aga ins t  i n c i d e n t  photon energy. The curve is a smooth f i t

through data po in ts  co l l e c te d  w i th  the c a l i b r a t i o n  sources.
137An a d d i t i o n a l  p o in t  was taken wi th  a Cs source. One can 

see t h a t  f o r  i n c i d e n t  photon energies less than 400 keV, the 

i n t e n s i t y  o f  backsca t te r i ng  is  less than 7% o f  the photopeak.

In genera l ,  as the s ize  o f  the sh ie ld  housing increases ,  

the s c a t t e r i n g  peak becomes narrower and approaches a mono­

chromat ic  l i n e ,  s ince then the s o l i d  angle f o r  a p o in t  on 

the s h ie l d  to the d e te c to r  volume decreases and the d e te c to r  

views on ly  180° sca t te red  photons from the s h ie ld  w a l l .  The 

r e l a t i o n  in energy between the i n c id e n t  and Compton s c a t t e r -
Q

ed photons was given p re v io u s ly .  For 180 sca t te red  photons, 

t h i s  r e l a t i o n  becomes:

where the energies are expressed in keV. This r e l a t i o n ,

which al lows one to f i x  the p o s i t i o n  o f  the backsca t te r  peak
o

in r e l a t i o n  to  the photopeak assuming p e r fe c t  180 s c a t t e r -
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i ng ,  was compared to the exper imen ta l ly  determined s c a t t e r i n g  

data (F igure  15) .  One can see th a t  in the energy range pre­

sented,  the curves agree in shape, but the exper imental  data 

i s  h igher  than the t h e o r e t i c a l  data by an average o f  about 10%. 

This i s  not  s u r p r i s i n g ,  s ince photons sca t te red  through angles 

o ther  than 180° have g reater  energy than photons sca t te red  

through 1 8 0 °  . The o rd ina te  o f  the graph gives the backsca t te r  

peak pulse he ight  as a f r a c t i o n  o f  the photopeak pulse h e ig h t ,  

where the median pulse heights  to the peaks were taken.  On the 

basis o f  t h i s  data ,  the backsca t ter  peak along each row o f  the 

m a t r i x  was determined, and added to the app rop r ia te  mat r i x  

e lements.

IV.V IODINE ESCAPE X-RAYS

The magnitude o f  t h i s  e f f e c t  is  about 1% to 5% o f  the 

photopeak and i t  occurs in a pa r t  of  the mat r ix  where the mat r i x  

elements are very smal l .  However, i t s  c o n t r i b u t i o n  to these 

maxt r i x  elements is  as high as 50%. A q u a n t i t i v e  p r e d i c t i o n  o f  

t h i s  e f f e c t  which considers the f luorescence y i e l d  o f  iod ine  

has been determined by McGowan^ f o r  a sou rce -de te c to r  d i s ­

tance o f  10 cm (F ig .  16).  Since the present  measurements were 

taken a t  a source-de tec to r  d is tance o f  2.6 cm, the McGowan 

r e s u l t s  do not ca r ry  over d i r e c t l y .  The magnitude o f  t h i s  

e f f e c t  could not  be r e l i a b l y  determined from the present  ex­

per imental  data ,  s ince i t  occurs over an energy range f o r  which 

there  was i n s u f f i c i e n t  data to cons t ruc t  a curve.  Thus i t  was 

decided to  adopt the McGowan r e s u l t s ,  w i th  the f o l l o w in g  prov iso 

as to t h e i r  a p p l i c a b i l i t y :  As the source-detec to r  d is tance  is



decreased, the f r a c t i o n  o f  the escape peak in the spectrum 

increases ,  s ince edge e f f e c t s  reduce the e f f e c t i v e  s o l i d  angle 

f o r  photon d e te c t i o n ,  whereas iod ine  escape occurs a t  the 

c r y s ta l  su r face  and thus is  not s i m i l a r l y  a f f ec ted .

An est imate  o f  the discrepancy due to t h i s  d i f f e re n c e  in
141source -de tec to r  d is tance was made wi th the Ce source, where 

i t  was poss ib le  to measure the escape p r o b a b i l i t y .  This gave 

a value o f  4%, compared to the McGowan value o f  2%. Thus the 

data o f  McGowan i s  employed w i th  the understanding t h a t  these 

values are probably lower than the actual  experimental  va lues.  

The d i f f e r e n c e  i s  expected to  be smal ler  f o r  i n c id e n t  photon 

energies less  than the 145-keV Ce l i n e ,  since the i n f lu e n ce  o f  

edge e f f e c t s  d imin ishes f o r  lower photon energies.  The iod ine  

escape e f f e c t  was added to the mat r ix  elements fo r  i n c i d e n t  

photon energies in the range 100-170 keV. I t  is est imated 

th a t  tak ing  the McGowan data underest imates the magnitude o f  

the IB in  t h i s  energy range by about 1%.
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VII. 204ti  source i nt e n s i t y  measurements

The i n t e n s i t y  o f  the 204T1 source was determined from 

the 2()4Hg K x - ra y  emission r a t e .  Two methods were used to 

obta in  t h i s  va lue,  based on separate measurements taken on 

the Ge(Li) spectrometer  and the N a l (T l )  d e te c to r .  The two 

values were weighted and averaged to g ive the f i n a l  r e s u l t .

In the f i r s t  measurement, data was obta ined w i th  the 

Ge(Li)  spectrometer ,  and the r e l a t i o n  developed in the sec­

t i o n  on the System Coincidence E f f i c i e n c y  f o r  the e f f i c i e n c y  

o f  the Ge(Li) spectrometer  was app l ied here.  The e f f i c i e n c y  

o f  the N a l (T l )  d e te c to r ,  j was 0.07 - 0.002, and was

taken from the tab les  o f  Heath.^ This value was checked
E 7 17 0

using c a l i b ra te d  sources o f  Co and Bau . The importance 

o f  tak ing  tese ex t ra  measurements need not  be underest imated- -  

the i n t e n s i t y  o f  the t h a l l i u m  source,  and consequent ly the 

magntiude o f  the IB e f f e c t ,  depended on an accurate knowledge

° f  £<teUX and £  f?«a • Hj )Ck

The remaining terms in  the expression o f
M k *  . | K.*

and WfreUt » were obta ined from s ing les
207spectra c o l l e c te d  in the Bi coinc idence measurement. The

I ic&
hJfceU was cor rec ted f o r  room background, f o r  mul t ichannel  

analyzer  dead-t ime (6%), and f o r  a t t e n u a t io n  in the 3 mm. bery­

l l i u m  and 0.015 mm copper f o i l s ,  which were determined under 

separate measurements and amounted to 5% to 7%, r e s p e c t i v e l y .  

The value f o r  was cor rec ted f o r  background, which con­

s is te d  p r i m a r i l y  o f  Compton s c a t t e r i n g  o f  the 570-keV gamma 

rays.  The a t t e n u a t io n  through the 1.5 mm-thick aluminum win-



dow o f  the Na l (T l )  de tec to r  and the 2 mm-thick b e ry l l i u m  sheet

pos i t i oned  between the source and t i n  c o l l i m a t o r  were also
N Kx

AIa I  • These c o r rec t io n s  were

8% and 3% r e s p e c t i v e l y ,  and were measured va lues.  The Ge(Li)
207and the N a l ( T l )  detec to r  s ing les  spectra o f  Bi used in 

t h i s  c a l c u l a t i o n  are included in  the sec t i on  on the System Co­

inc idence E f f i c i e n c y .  The i n t e n s i t i e s  o f  the Pb K x rays in 

these spectra were, a f t e r  c o r r e c t i o n s :

|f>bkx
f ta .X =917.3 counts/sec

, Pbkx
N  GeLl  =425.5 counts/sec

* * *  -  f . o l )  ■"*—  “  0 . 0 3 l M ±  O.OOZI «
Thus C W L. 1 0  ;  i n . i

I t  i s  convenient to in t roduce  the f o l l o w in g  terms to

compute the th a l l i u m  source i n t e n s i t y .  Let  n  c<* be the

c o r r e c t i o n  f o r  absorpt ion in copper;  Ylge be the c o r r e c t i o n

f o r  absorpt ion in b e r y l l i u m ;  '%L denotes the deadtime o f

the MCA; *  C i  i s  the t o t a l  number o f  counts,

where C? i s  the number o f  counts in  channels to / = 23«

These channels def ine the lower arid upper bounds o f  the
A=S9

203Hg K<* x rays.  Also 1S the number of

counts under the jĈ  peak. F i n a l l y ,  we use the term S|< 

to represent  the background in  these channel ranges.

With these d e f i n i t i o n s ,  and using the Ge(Li)  spectrum 

o f  ^ ^ T l  shown in Figure 1, we get  the f o l l o w in g  r e s u l t  f o r  

, the Hg K x - ray  i n t e n s i t y  o f  the source:



- f  -  •+ ( S f c g -  B u g )

H3 K x "  € 6 . L . T T l 8e' n c K ( l - T l )
-  6 a t * a o
-  , 0 3 Z 4 ± . O O i l

»  l ^ j l H H i S S O  s e c " 1 .

The second method to obta in  the K x - ray  source i n t e n s i t y  

used spectra taken wi th  the Harshaw 3" X 3" s c i n t i l l a t i o n  de­

t e c t o r .  In the course o f  the experiment,  s ing les  spectra of  

the t h a l l i u m  source were taken on the N a l (T l )  d e te c to r  before 

each experimental  run.  In general t h i s  averaged about one per 

day. Several  o f  these spectra were combined and the t o t a l

spectrum i s  shown in Figure 2. On the basis o f  Heath's c a l -

etfq K x  +
=0.23 - 0.01 f o r  74-.

keV photons a t  a source-detec to r  d is tance o f  26 mm. Using 

q u a n t i t i e s  def ined in the previous d iscuss ion ,  w i th  the under­

standing t h a t  they now apply to the N a l (T l )  d e te c to r  and the 

absorbers inse r ted  between the source and t h i s  d e te c to r ,  we 

ob ta in :  k | Hj K x

I h3 Kx  *  € « I « Y U L t \ « e O - ' W )

In the dete rm inat ion  o f  * t *’ e * o ta  ̂ number

of  counts under the Hg K x- ray  peak, the summation was taken 

from channels 5 to 10 (see Figure 2) .  The x rays l i e  on a 

s izab le  background, which is  i n t e rn a l  bremsstrahlung accompany 

ing o r b i t a l  e lec t ron  capture and beta decay^ and ex terna l  

bremsstrahlung produced in stopping the beta p a r t i c l e s  in 

the b e r y l l i u m  absorbers surrounding the source. The brems- 

s t rah lung  background was subt racted from the x - ray  peak by



i^y

assuming i t  behaved l i n e a r l y  in the reg ion o f  the x rays .  The 

room background also was subt rac ted from the x rays by t h i s  

process.

Using the values = 2933 - 128 c o u n ts - s e c " ^ ;

= 0.23;  = .92; = .97; ^ A  =.20,  we

get f o r  the Hg K x- ray  i n t e n s i t y :  |

I h jR *  *  1 1 0 0 - s e c ~  .

The two independent ly measured values were weighted by

where 6  i s  the standard d e v ia t i o n ,  and averaged to

give a f i n a l  r e s u l t  o f :  ^

I h3 K* = i i , 3 o i ± * r ? - * t c -  .
This is  the K-x ray emission r a te .
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VIII.

I .

’ DECTECTOR c a l i b r a t i o n s

NaI(T1)

The sources used in  the c r y s ta l  c a l i b r a t i o n ,  and t h e i r  

corresponding ene rg ies ,  are presented in Table I .

The p u ls e -h e ig h t  d i s t r i b u t i o n s  o f  the c a l i b r a t i o n  sources 

are inc luded  in  the sec t ion  on the N a l (T l )  Detector  Response 

M a t r i x .  In the present  d iscuss ion  the h a l f - w id th  

values are used to analyze the e r ro rs  in the c a l i b r a t i o n  l i n e ,  

whereas in the de te rm ina t i on  o f  the response m a t r i x  they are 

used to ob ta in  the emp i r i ca l  r e l a t i o n  between and £  •

The mean photopoeak p o s i t i o n s  Xo and the peak h a l f ­

widths o f  the c a l i f b r a t i o n  sources are presented in

Table I I .

The mean channels Xo o f  the c a l i b r a t i o n  spectra were 

p lo t t e d  a ga ins t  c a l i b r a t i o n  energies (see Fig. 1) ,  and as 

expected, the data behaved l i n e a r l y  in the energy range 

under co n s id e ra t io n  (15-600 keV). A 1east-squares ro u t i n e  

was used to determine the equat ion o f  the l i n e  o f  best f i t .

On the basis o f  these r e s u l t s ,  the energy, and e r r o r  in 

energy corresponding to each channel o f  the N a l (T l )  de tec to r  

spectrum were determined.

For each p a i r  o f  values £  £ j  » where XoJL —

mean photopeak channel corresponding to an i n c i d e n t  photon 

w i th  energy £  Z * the energy is  very accura te ly  known, 

wh i le  the channel p o s i t i o n  was weighted by W i  , where -

\J and Gf, i s  the standard e r r o r  in channel X o Z  •

I f  we assume an equat ion o f  the form



X = m E +b

then according to the p r e s c r i p t i o n  o f  l e a s t  squares, the 

values of  the parameters M and b which best f i t  the data,  

where = slope and b= channel corresponding to zero 

energy, are those which minimize the expression

5 1  .
Now from coun t ing  s t a t i s t i c s ,  f o r  a gaussian p r o b a b i l i t y  

d i s t r i b u t i o n ,  the standard e r r o r  i n  the mean o f  a sample,

» i s  r e l a te d  to  the standard e r r o r  o f  the sample,

6 i  > by 6 i m  -  6 1 / N  , where represents the popu­

l a t i o n  of  the sample. Thus the standard e r r o r  in the channel 

> corresponding to the energy £ *  , is the standard 

e r ro r  in the mean channel p o s i t i o n  X o Z  . Thus the standard 

e r r o r  in the channel p o s i t i o n s  can be determined from the data 

o f  Table I I .  In the present  study the assumption was made 

th a t  N was equal ,  a l though a r b i t r a r y ,  f o r  a l l  c a l i b r a t i o n  

sources. This i s  a reasonable assumption and is equ iva lent  

to spec i f y ing  t h a t  a l l  photopeaks i n t e g r a te  to the same in t e n ­

s i t y .  In the ac tua l  c a l c u l a t i o n s , N  cance ls ,  and only the

r e l a t i v e  we igh t ing  o f  each channel ( 6^ ) su rv ives .  Thus

f o r  reference one may r e f e r  to Table I I  f o r  the e r ro rs  in the 

channel p o s i t i o n s ,  bear ing in  mind t h a t  these are r e l a t i v e ,  

not abso lu te ,  va lues.

The r e s u l t  o f  the l e a s t  squares procedure y i e l d s  the 

fo l lo w in g  expressions f o r  M  and b  \



(!E .W l £ l

( Z W i E i ) x-  (5-Wi.e /^u/jL)

=  o . log

b -  ( 1  WaEj XX L ^ E x ) ~~( I m e I Z WjXi)
(  5 .  W i E i ^ - d  ^ E > l u / i . )

=  - 0 . 5 8 1

Set t ing  M *  ^  and b — *pj , .we obta in

E. = M* X+ t )  = </.26Y + 5.43
In the next step we determine the e f f e c t  t h a t  e r ro rs  in 

the measurements o f  the pulse he ights  o f  the c a l i b r a t i o n  sources 

have on M and b . From the theory  o f  e r ro rs  we can use 

the f o l l o w in g  r e l a t i o n  to p r e d i c t  the standard d ev ia t i on  in M 
and b :

s Z - K & S G  ,
C / M  , ' / * « *

_ Wi ( j .V / i E z ) - W <  Ej ('Lvli)
3 Xi ” ( I  W/aE*)* — ( 5_Wi.Ei X. Wi)

7-

where

and

and



where terms i n vo l v in g  Kl cance l .  Using the values f o r  

&JL from Table I and Table I I ,  we get

*  3 . 1 1 X 1 0 - 3
But

^  and so — 0 .0 3 5

Thus there i s  an u n c e r t a in t y  o f  CZZ 0.4% in the s lope.

A s i m i l a r  c a l c u l a t i o n  on b' y i e l d s

6 ^ - o-(>Ho

BUt 6 0  = •+O

k < v *

Combining these r e s u l t s  we ob ta in  the f o l l o w in g  expres­

sion f o r  the u n ce r ta in ty  in E I

=  (  E - S . W S ^ O  O o O l M ^ )  +  3 5 . 0 3 4  

zz 6 .5  fceV.

Thus f o r  energies less than 700 keV, the e r r o r  in  E  is  

p r i m a r i l y  due to the e r r o r  in energy f o r  zero pulse he ight .

These r e s u l t s  are based on s t a t i s t i c a l  arguments and do 

not inc lude the p o s s i b i l i t y  o f  systemat ic  e r ro rs , ,  such as 

zero leve l  d r i f t ,  gain change, f l u c t u a t i o n s  in  channel w id th s ,  

and o ther  e le c t r o n i c s  i n s t a b i l i t i e s .  Most o f  these t ime-  

dependent e f f e c t s  averaged out  in  the course o f  data c o l l e c ­

t i o n .  The detec to rs  were c a l i b r a t e d  twice dur ing the e x p e r i ­

ment, w i th no change found. In a d d i t i o n  to t h i s ,  both before



and a f t e r  each per iod o f  tak ing  coincidence data (almost
2 07every 24 hours) a Bi source was used to check f o r  changes 

in gain and zero l e v e l .  Data was re jec ted  i f  peak p o s i t i o n s  

changed by more than one channel (about a 2% change).

Ge(Li )  DETECTOR

The c a l i b r a t i o n  o f  the Ge(Li )  de tec to r  was c a r r i e d  out  

analogously to the N a l (T l )  de te c to r .  The koc, and 

x rays o f  lead and mercury from * ^ B i  and 204f i  sources have d i s ­

c re te  energ ies ,  whereas the x rays represent  w e igh t ­

ed e le c t r o n i c  t r a n s i t i o n s  and are less a ccu ra te l y  known, thus 

only the x rays were used as reference energies in

the measurement. The energies o f  these l i n e s  in mercury and 

lead are as f o l l o w s : ^

Ha Pb
K * ,  -  iT n w V  H . H

The pulses o f  i n t e r e s t  from the Ge(Li) spectrometer  rep ­

resented a very narrow band out o f  the t o t a l  a v a i l a b l e  from 

the d e te c to r ,  and thus a l i n e a r  r e l a t i o n  was assumed in the 

c a l i b r a t i o n  c a l c u l a t i o n .  Deviat ions from n o n - l i n e a r i t y  were 

determined by a 1 east-squares c a l c u l a t i o n .  Since t|ie  Ge(Li^) 

spectrometer  gave good re s o lu t i o n  in the range o f  the Hg- 

Pb K x rays ,  the p o s i t i o n s  o f  the x-ray  peaks were very 

accura te ly  known, and thus the c a l i b r a t i o n  c a l c u l a t i o n s  were 

g r e a t l y  s i m p l i f i e d  in comparison to those on the N a l ( T l )  

de te c to r .  In a d d i t i o n ,  s ince the v a r i a t i o n  in r e s o l u t i o n



o f  the Ge(Li )  spectrometer  was n e g l i g i b l e  over the energy 

range o f  the Ge(Li )  spectrum (65-86 keV), the x - ra y  l i n e s  a l l  

had the same values o f  FWHM (approximately  1.12 keV w i th  

biased a m p l i f i e r  in  system),  and thus these l i n e s  were 

weighted e qua l l y  in the c a l c u l a t i o n s .  The r e s u l t s  o f  t h i s  

ana lys is  gave:

where 1S t îe ener9y in keV corresponding to channel

The standard d e v ia t i o n  ( -  0.02) is  sma l l ,  an i n d i ­

ca t i on  o f  the o v e r a l l  l i n e a r i t y  o f  the system i n c lu d in g  de­

t e c t o r ,  pre and main a m p l i f i e r ,  and biased a m p l i f i e r .

Al though the Ge(Li )  spectrometer  c a l i b r a t i o n  was based 

on the x - ray  l i n e s  appearing in the lower h a l f  o f  the spec t ­

rum, t h i s  was s u f f i c i e n t  s ince only the K *  x - ray  peaks 

were used in the ana lys is  o f  the coincidence data.  As a check 

on the c a l i b r a t i o n ,  the energies o f  the Hg K|^and Hg K f v  

x rays were compared to the values pred ic ted by the c a l i b r a ­

t i o n  r e l a t i o n ,  and the r e s u l t s  obtained were in agreement 

w i th  the repor ted values to w i t h i n  an experimental  accuracy 

o f  one standard d e v ia t i o n .
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ANALYSIS AND CONCLUSIONS

In order to compare the t h e o r e t i c a l  spectra to the 

experimental  data,  the t h e o r e t i c a l  d i f f e r e n t i a l  spectra were 

m u l t i p l i e d  by the response mat r i x  o f  the N a( IT l )  d e te c to r .

The r e s u l t i n g  pu lse -h e ig h t  spectra  were then normal ized to 

the i n t e n s i t y  o f  the exper imenta l  spectrum.

Let T represent  the t h e o r e t i c a l  d i f f e r e n t i a l  IB spectra 

fo r  K-capture,  and "Tj rep resent  the i n t e n s i t y  per second in 

channel j .  The T spect ra are inc luded in the d iscussion 

on theo ry ;  var ious T spect ra  corresponding to d i f f e r e n t  

endpoint  energies are inc luded in Tables I I  and I I I  o f  t h a t  

sec t i on .  Let B rep resen t  the t h e o r e t i c a l l y  pred ic ted 

pu lse -he igh t  spec t ra ,  and 8^ the IB i n t e n s i t y  per second in 

channel JL # Then B is  r e l a te d  to T by the f o l l o w in g  

express ion .

where A T  i s  the exper imental  running t ime in  seconds, and 

C represents the c o r r e c t i o n s  f o r  t ransmiss ion through var ious 

absorbers.  Now i f  we d e f in e  Ej, to be the i n t e n s i t y  o f  the

(measured) exper imental  spectrum in channel i ,  then the r a t i o  

o f  the t o t a l  i n t e n s i t i e s  o f  the measured and t h e o r e t i c a l l y  

pred ic ted spectra is

These r a t i o s  were used to m u l t i p l y  the var ious pred ic ted  

pulse height  spectra i n  o rder  to normal ize them to the expe r i -



mental spectrum. The r e s u l t i n g  spect ra were then compared to 

the f i f t e e n  data po in ts  o f  the exper imental  spectrum by a /C 

a n a l y s i s .  In t h i s  way, the best  f i t t i n g  t h e o r e t i c a l  spectrum 

was determined. The T£* were ca lcu la te d  f o r  four teen  degrees 

o f  freedom, where

Here is  the number o f  counts in channel i o f  the no rma l iz ­

ed p u lse -h e ig h t  spect ra ,  and i s  the standard d e v ia t i o n  in 

channel i o f  the experimental  data.  The and r e s u l t i n g  7C?" 
values f o r  each spectra are inc luded in  Table I ,  where the 

spectra are arranged in v e r t i c a l  columns accord ing to t h e i r  

end-po in t  energ ies .  In Figure 1 we p l o t  the var ious JC?" 
values obta ined f o r  the d i f f e r e n t  values o f  ^ e  end"

p o in t  energies o f  the spect ra .

On the basis o f  the ca lcu la ted  values o f  X  , i t  i s  

c l e a r  t h a t  passes through a minimum in  the v i c i n i t y  o f

300 keV. In order  to determine the t h e o r e t i c a l  spectrum 

which best f i t s  the experimental  data ,  i t  was necessary to f i n  

t h i s  minimum va lue.  By f i t t i n g  the jC values to a second 

degree polynomial  using a 1east -squares curve f i t t i n g  r o u t i n e ,  

i t  was poss ib le  to c a lcu la te  the c o e f f i c i e n t s  o f  the p o l y ­

nomial expansion,  and consequent ly the end -p o in t  energy f o r  

the b e s t - f i t t i n g  t h e o r e t i c a l  spectrum. This method i s  not 

as s e n s i t i v e  a probe o f  the minimum energy as t e s t i n g  the 

v a r i a t i o n  in X*"  f o r  a r b i t r a r i l y  smal l  changes in the energy 

in  the reg ion o f  the minimum. However, f rom an es t imate o f  

the q u a l i t y  o f  f i t  one can determine the e r r o r  to be expected



in the dete rm inat ion  o f  the p o s i t i o n  o f  the minimum value o f  

. This e r r o r  proved to be cons ide rab ly  sma l le r  than 

o the r  c o n t r i b u t i o n s  to the e r r o r  in end -po in t  energy.  The un­

c e r t a i n t y  in energy determinat ion r e s u l t i n g  from the c a l i b r a ­

t i o n  procedure was approximate ly  -  13.0 keV (two standard devia

t i o n s ) ,  whereas the present procedure , re su l t s  in  an e r r o r  o f
+approx imately  - 1.9 keV in the l o c a t i o n  o f  the minimum.

The f i t t i n g  procedure gives
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A p l o t  o f  t h i s  r e l a t i o n  f o r  A  ( £ )  i s  inc luded in 

Figure 1. I t  can be seen t h a t  in  the reg ion o f  the minimum,

the pa rabo l i c  shape gives a s a t i s f a c t o r y  f i t  to the data po in ts

As a check o f  t h i s  procedure,  the t h e o r e t i c a l  spectrum

corresponding to an end-po in t  energy o f  E=307.0 keV was d e t e r ­

mined, and converted in to  a pulse he ight  spectrum. This 

spectrum was compared to the exper imental  spectrum, and gave 

o f  12.79, which was in e x c e l l e n t  agreement w i th  the 

value o f  12.81 obtained from the above equat ion .  The IB pulse 

he ight  d i s t r i b u t i o n  corresponding to t h i s  value i s  shown w i th  

the exper imental  data po in ts  in F igure  5. The n o rm a l iz a t ion  

co n d i t i o n  r e s u l te d  in a r a t i o  o f  4.31 f o r  the t h e o r e t i c a l  to 

exper imental  i n t e n s i t y .

Since IB photons w i th  energies cor responding to channel 

10 (98 keV) c o n t r i b u te  pulses to channel 11 o f  the IB pulse 

he ight  d i s t r i b u t i o n  as a r e s u l t  o f  the broadening o f  the photo-



peak, the i n t e g r a t i o n  o f  the IB spectrum began a t  channel 10.

Thus the "best  f i t t i n g "  t h e o r e t i c a l  spectrum gave a t o t a l  i n -
- Rt e n s i t y  o f  9.36 X 10’  photons per K-capture event per second, 

over the energy range 98--307 keV, as compared to the e x p e r i -  

mental value o f  (2.17 - 0.26) X 10" . The exper imental  e r r o r  

was obta ined from the root-mean-square e r ro rs  o f  the var ious  

terms used in  the no rma l iza t ion  procedure. This inc luded a 

7% e r r o r  in the measured spectrum, which was p r i m a r i l y  from 

count ing  s t a t i s t i c s ;  a 5% e r r o r  in the source i n t e n s i t y ;  a 6% 
e r r o r  in  the e f f i c i e n c y  o f  the Ge(Li) spect rometer;  a 4% e r r o r  

in the response m a t r i x  which was p r i m a r i l y  due to the e r r o r  in 

the N a l (T l )  t o t a l  de tec to r  e f f i c i e n c y  and the e xp e r im e n ta l l y  

determined p e a k - t o - t o t a l  r a t i o s ;  and f i n a l l y  a 3% e r r o r  in  the 

system coinc idence e f f i c i e n c y .  The t o t a l  exper imental  e r r o r  

amounted to about 12%.

Ad d i t io n a l  spect ra are included to show the behav ior  o f  

the pulse he igh t  spect ra f o r  var ious end-po in t  energies ( f i g ­

ures 3 ,4 ) .  The broken curves represent  the spect ra which were 

obta ined from using on ly  the photopeak elements o f  the response 

m a x t r i x .  I t  can be seen t h a t  the experimental  geometry has a 

s i g n i f i c a n t  in f lu e nce  a t  the lower range of  the spec t ra .

The procedure descr ibed above was also used to compare

the exper imental  data to a Coulomb-free t rea tmen t  o f  the Zon

and Rapoport theo ry ,  obta ined by s e t t i n g  * £ = 0  in  the expres ­

s ion f o r  the spec t ra l  d i s t r i b u t i o n  o f  the IB photons.

Table I I  conta ins  the in fo rmat ion  analogous to Table I ,

where now the p u lse -h e ig h t  spectra are obtained from the Cou-



Tomb-free ve rs ion  o f  the theory .  This theory p red ic ts  a lower 

end-po in t  energy f o r  the IB spectrum, and thus a lower energy 

range i s  used. The /C values from t h i s  ta b le  and the curve 

from the f i t t i n g  procedure are presented in Figure 2. This 

curve has c o e f f i c i e n t s  A=0.0118339, B=6.4464, and C=9.3249, 

w i th  a minimum PC o f  9.325 a t  an energy o f  272.4 keV. The 

t h e o r e t i c a l  spectrum corresponding to t h i s  value was ca lcu la ted  

and compared to the exper imental  spectrum y i e l d i n g  a A  o f  

9.496, which was in  good agreement w i th  the curve 's  va lue.

From the n o rm a l i za t io n  procedure, the r a t i o  o f  the t h e o r e t i c a l  

to exper imenta l  i n t e n s i t y  was 0.749. The i n t e n s i t y  o f  IB f o r  

the b e s t - f i t t i n g  t h e o r e t i c a l  spectrum over the energy range 

98 .0 - - 2 7 2 .4 keV was 1.62 X 10"5 photons per K-capture per sec­

ond, w h i le  the i n t e n s i t y  o f  the experimental  spectrum d e te r -
+ — 5

mined from the n o rm a l i za t io n  procedure was 2.16 - 0.25 X 10 

The "bes t  f i t t i n g "  spectrum is  p lo t t e d  in Figure 6. Using the 

end-po in t  energy o f  t h i s  spectrum, and tak ing  in to  account the 

var ious exper imenta l  e r r o r s ,  a t r a n s i t i o n  energy o f  357.4 - 

14 keV i s  ob ta ined .  For sake o f  comparison, the b e s t - f i t t i n g  

spectra corresponding to the two t reatments o f  the theory  are 

r e - p l o t t e d  in  Figure 7.

The X 1* value obtained f o r  the Coulomb-free theory  

(9.496)  i s  somewhat lower than the value obtained from the 

f u l l  theory  (12 .79 ) .  For four teen degrees o f  freedom ( ^ - 1 * 1  )» 

the PC1, a t  the °C = .05 leve l  o f  s i g n i f i c a n c e  is  =

23.685. Thus we conclude t h a t  the f i t s  o f  the data f o r  both 

spect ra  are good. In a d d i t i o n ,  s ince =6.571, i t  f o l lo w s



t h a t  the value 9.494 i s  not too good as to be considered unbe­

l i e v a b l e .  An examinat ion o f  Figure 7 shows th a t  the Coulomb- 

f r ee  spectrum l i e s  c l o s e r  to the experimental  data po in ts  than 

the f u l l  t h e o r e t i c a l  spectrum over most o f  the energy range. 

Thus the lower value obtained w i th  the Coulomb-free spect-  

trum is not due to a t y p i c a l  p o i n t ( s )  but to a b e t t e r  o v e ra l l  

agreement o f  the shape o f  t h i s  spectrum w i th  the experimental  

d a ta .

The two t reatments o f  the theory p r e d i c t  s i g n i f i c a n t  

d i f f e r e n c e s  in K capture t r a n s i t i o n  energy. In the f u l l  t r e a t ­

ment o f  the Zon and Rapoport theo ry ,  a t r a n s i t i o n  energy o f  

392 - 14 keV i s  ob ta ined .  This value i s  in  agreement w i th  the

values 376 - 20, 393 - 10, and 385 - 20 obtained by Jung and
1 2 3Pool ,. B i a v a t i ,  N a s s i f f ,  and Wu , and Lancman and Bond>, r e ­

s p e c t i v e l y .  In these measurements the Mart in and Glauber 

t h e o r e t i c a l  spectrum f o r  al lowed t r a n s i t i o n s  wi th  the r e l a t i v -  

i s t i c  c o r r e c t i o n  f a c t o r  Ris taken to be constant  was used to 

obta in  the end-po in t  ene rg ies .  Thus the apparent agreement o f  

these r e s u l t s  might be due to the s i m i l a r i t y  o f  technique used.

In the ana lys is  o f  the Coulomb-free spect ra ,  the value

357.4 - 14 keV was ob ta ined ,  which is  in  s a t i s f a c t o r y  agreement 

w i th  value 344 - 8 keV obtained from the mass ta b le  o f  Wapstra
4

and Gove.

The two vers ions o f  the theory d isagree sharp ly  on the 

magnitude o f  the e f f e c t - - t h e  i n t e n s i t y  o f  the spectrum f o r  the 

f u l l  Zon theory i s  almost s i x  t imes the i n t e n s i t y  o f  the spec t ­

rum f o r  the Coulomb-free theory .  This i s  s u r p r i s i n g ,  s ince the



e f f e c t  o f  the charge on the nucleus should add co r re c t io n s  

p ropo r t i ona l  to . Par t  o f  the reason f o r  t h i s  discrepancy

is  due to the f a c t  t h a t  the two theor ies  y i e l d  d i f f e r e n t  end­

po in t  energ ies ,  and thus d i f f e r e n t  spec t ra l  i n t e n s i t i e s .  How­

ever ,  al though i n t e n s i t i e s  o f  the Coulomb-free t h e o r e t i c a l  

spectra show a marked dependence on end-po in t  energy,  (see 

Figure 2 in sect ion on "Theory" )  the d i f f e re n c e s  in i n t e n s i t i e s  

in the spectra w i th  in the range 250-300 keV are not enough 

to account f o r  t h i s  d iscrepancy.  In a d d i t i o n ,  as can be seen 

from Figure 1 o f  t h a t  s e c t i o n ,  the i n t e n s i t i e s  o f  the spectra 

based on the f u l l  Zon theory  show very l i t t l e  change wi th  

changes in  Atn\ •

In order  to have b e t t e r  conf idence in the r e s u l t s  o f

these comparisons, the values o f  » \ , 5  and K | s  ca lcu la ted

by Zon (see Table I - "T h eo ry " ) ,  which were used to determine

W . s / ( a/ k . , have been checked by Professor Robert Intemann by
5computer c a l c u l a t i o n s .  He obta ins  e x c e l l e n t  agreement w i th  

Zon's values.

I t  i s  poss ib le  t h a t  the lack o f  s a t i s f a c t o r y  agreement 

between the i n t e n s i t i e s  o f  the experimental  and t h e o r e i t c a l  

spectra ( e s p e c ia l l y  f o r  the f u l l  theory)  might  be a f fe c te d  by 

the presence o f  detour  t r a n s i t i o n s , ® * ^ ’ ® which i s  an impor tant  

cons idera t ion in  fo rb idden  decays. These are t r a n s i t i o n s  

through v i r t u a l  in te rm ed ia te  exc i ted  nuc lear  s t a te s ,  and could

compete wi th  a d i r e c t  t r a n s i t i o n  which is  h ig h l y  fo rb idden .
204Such a t r a n s i t i o n  could occur in EC decay o f  T1, e . g . ,  

through an exc i ted 2+ l eve l  i n  204Hg. The detour  t r a n s i t i o n



could be represented by the f o l l o w in g  diagram,

O.M3 rteV
2 "

where the decay proceeds f i r s t  to the in te rm ed ia te  2+

exc i ted  nuc lear  s t a te ,  v ia  a t r a n s i t i o n  which may be expected

and then decays by the emission o f  E2 gamma r a d i a t i o n  to the 

ground s ta te .  T ra n s i t io n s  through in te rm e d ia te  1" s ta tes  l o ­

cated a t  a h igher  energy could also c o n t r i b u t e .  These would 

c o n s t i t u t e  a cascade o f  an al lowed EC t r a n s i t i o n  fo l lowed  by 

an El t r a n s i t i o n .  The gamma rays in detour  t r a n s i t i o n s  have 

a cont inuous spectrum since energy i s  not conserved in the 

in te rmed ia te  s t a t e ,  and thus c o n t r i b u te  to the IB spectrum.

Since the detour  t r a n s i t i o n  leads to the same f i n a l  s ta te  

as the d i r e c t  t r a n s i t i o n ,  there  w i l l  be i n t e r f e r e n c e  between 

the two branches, and thus the detour  t r a n s i t i o n  can be observ­

ed by the d i s t o r t i o n  o f  the IB spectrum produced by the d i r e c t  

t r a n s i t i o n  a lone.  Rose^ has shown t h a t  in  cases where the 

exc i t ed  daughter leve l  is c lose to the parent  l e v e l ,  the v i r ­

tua l  t r a n s i t i o n  i s  expected to be g r e a t l y  enhanced in compari ­

son to the d i r e c t  t r a n s i t i o n  f o r  gamma ray  energies approaching

to be f a s t e r  than the d i r e c t  t r a n s i t i o n  to the 0 ground s ta te ,+



the end-po in t  energy o f  the IB spectrum. Thus under these c i r ­

cumstances one might expect a high energy d i s t o r t i o n  o f  the 

bremsst rahlung spectrum from the form to be expected when the 

nuc lear  e le c t ro n  capture gamma t r a n s i t i o n  i s  not  taken i n t o  

account .  No such d i s t o r t i o n  has been observed in  the present  

spectrum. A lso ,  the e f f e c t  o f  detour  t r a n s i t i o n s  on the IB 

accompanying beta decay has been c o n s i d e r e d , ^  and i t  has been 

p red ic te d  to increase the i n t e n s i t y  o f  the Coulomb-corrected 

spectra by an average o f  20%. I t  i s  u n l i k e l y  t h a t  these co r ­

re c t i o n s  would be s u b s t a n t i a l l y  d i f f e r e n t  in the case o f  e l e c t ­

ron capture .  Thus i t  i s  doubt fu l  t h a t  detour  t r a n s i t i o n s  could 

exp la in  the observed d iscrepanc ies between theo ry  and e x p e r i ­

ment in the present measurement.

The exper imental  i n t e n s i t y  obta ined by Lancman and Bond 

in the energy range 103 to 300 keV is  (3.2 - .5)  X 10"^ IB 

photons per K capture .  The h igher  value than the one obta ined 

in the present  work i s  due to the f a c t  t h a t  in  the experiment 

o f  Lancman and Bond the two e f f e c t s  t h a t  c o n t r i b u t e  to the 

bremsstrahlung spectrum, K-capture and a u t o i o n i z a t i o n ,  could 

not be reso lved .

I t  i s  a lso o f  i n t e r e s t  to compare the shapes o f  the 

spec t ra .  As in  the case o f  beta ray  spec t ra ,  a shape f a c t o r  

S  can be int roduced i n t o  the s imple theory  to determine the 

degree o f  d e v ia t i o n  o f  var ious spect ra  from t h i s  theo ry .  By 

comparing the Morr ison and S c h i f f  expression to the exper iment ­

al  and t h e o r e t i c a l  spec t ra ,  the shape fa c to r s  f o r  these spectra 

can be determined.  Thus we take:
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The shape f a c t o r  depends in general on Jft and anc* a

combinat ion o f  nuc lear  ma t r i x  elements. For a unique f i r s t -  

fo rb idden  decay, on ly  a s in g le  mat r ix  element i s  i n v o l v e d ,  which 

i s  cance l led in the r a t i o  o f  the r a d i a t i v e  to n o n - r a d ia t i v e  

capture p r o b a b i l i t y .  Thus on ly  an energy dependent shape f a c t ­

or  remains.

Using the above expressions and the t h e o r e t i c a l  expres­

s ion o f  Zon and Rapoport f o r  a unique f i r s t - f o r b i d d e n  decay, 

the shape f a c to r s  correspond!*ng to the f u l l  and Coulomb-free 

vers ions o f  the theory  were determined. In the l a t t e r  case t h i s  

determines the e f f e c t  o f  the forb idden character  o f  the decay on 

the simple th eo ry ,  w h i le  in the former case i t  a lso inc ludes  

the e f f e c t  o f  the nuc lear  charge on the simple th eo ry .  For 

the f u l l  theory  t h i s  becomes:

5FULL

whereas the Coulomb-free theory gives

Both o f  these expressions are p lo t ted  in Figure 8. The



end-po in t  energ ies used were the values obtained from the l e a s t -  

squares f i t t i n g  procedure.  These are exact shape f a c t o r s ,  accord ­

ing to d e f i n i t i o n ,  w i t h o u t  no rma l iza t ion  to an a r b i t r a r y  p o i n t .

In order  to determine the experimental  shape f a c t o r s ,  the 

Morr ison and S c h i f f  spectra f o r  the two end-po int  energies were 

determined.  These spectra were m u l t i p l i e d  by the response ma­

t r i x ,  and normal ized to  the exper imental  running t ime.  The 

shape f a c t o r s  were then obta ined by comparing the r e s u l t i n g  

spectra to the exper imental  spectrum. Because of  the la rge 

e r ro rs  i ncu r re d  in  a channel by channel ana lys is  o f  these f a c t ­

o rs ,  they were c a lc u la te d  f o r  a few values o f  the spectrum, 

where each value represents  an average over several  channels o f  

the spectrum. These po in ts  are shown in Figure 8. The values 

f o r  the spectrum w i th  307 keV have been s h i f t e d  to  the 

r i g h t  o f  the values f o r  the spectrum wi th ^/»n = 287.4 keV, in 

order  to d i s t i n g u i s h  the two sets o f  values.  I t  is seen t h a t  

the values a t  the end o f  the spectra conta in  la rge e r r o r s ,  which 

is  to be expected due to the la rge  r e l a t i v e  e r ro rs  in  the ex­

per imental  spectrum in  t h i s  reg ion .

The p l o t  shows b e t t e r  agreement between the shapes o f  the 

exper imental  and Coulomb-free spec t ra ,  corresponding to a

287.4 keV, than between the shapes o f  the experimental  

and f u l l  Zon th e o ry ,  corresponding to a 307 keV. The

former shape f a c t o r s  are f a i r l y  f l a t  f o r  energies up to about 

175 keV, and then begin to bend upward f o r  h igher  energ ies .

For = 307 keV, the exper imental  shape f a c to r  is  f a i r l y  

f l a t  u n t i l  about  200 keV, where i t  begins to bend downward,



whereas the t h e o r e t i c a l  shape f a c to r  i s  s t e a d i l y  decreasing over 

the whole energy range. This graph shows again tha t  the high 

i n t e n s i t y  p red ic ted  by the f u l l  Zon and Rapoport theory i s  too 

h igh.  The curves a lso  show t h a t  the shape f a c t o r  f o r  the Cou­

lomb- f ree  theory i s  e s s e n t i a l l y  an al lowed shape f a c t o r  in  the 

p lo t t e d  energy range, but is  lower in magnitude than the a l l o w ­

ed shape f a c t o r .  The t h e o r e t i c a l  shape fa c to r s  tend to con­

verge on the a l lowed shape f a c to r s  a t  energies approaching the 

end-po in ts  o f  the spec t ra .  The exper imental  shape f a c to r s  

d iverge a t  the high energy sides o f  the spec t ra .  This i s  p a r t ­

l y  due to the f a c t  t h a t  they were determined f o r  d i f f e r e n t  

values o f  The e x ten t  o f  t h i s  disagreement i s  uncer ta in

due to t h e . l a r g e  e r r o r  bars in the shape f a c to r s  at  the ends o f  

the spec t ra .

Assuming the Morr ison and S c h i f f  spectrum wi th  307

keV, i t  i s  c l e a r  from the diagram t h a t  the end o f  t h i s  spectrum 

must be reduced in  i n t e n s i t y  in order  to b r ing  i t  i n t o  b e t t e r  

agreement w i th  the exper imental  spectrum, whereas the t h e o r e t i ­

cal spectrum w i th  = 287.4 keV must be increased a t  i t s  end 

to ob ta in  b e t t e r  agreement w i th  the exper iment .  The Morr ison 

and S c h i f f  theory  thus p re d i c t s  an end-po in t  energy in the range

287.4 to 307 keV. This p l o t  shows t h a t  the values o f  the ex­

per imental  shape f a c t o r s  a t  the ends o f  the spectra are very 

s e n s i t i v e  to the values o f  used.

I t  i s  o f  i n t e r e s t  to compare these r e s u l t s  to the shape 

f a c t o r  p red ic ted  by the Mar t in  and Glauber theory .  This theory  

d i f f e r s  from Morr ison and S c h i f f  by the r e l a t i v i s t i c  co r rec -



A  o®t i o n  term , which i s  the same as the term i \ | $  used by

Zon and Rapoport.  According to Mar t in  and Glauber

W ,a ( A ) 4  _  R i s  t t - k j - i  u  .

W ic

The shape f a c t o r  R | $  decreases from 0.31 a t  110 keV to 0.25 
1 ?a t  300 keV . Therefore  t h i s  theory p re d i c t s  a lower i n t e n s i t y  

f o r  the IB than the present  exper imental  data ,  and a shape 

fa c to r  which is  in  best agreement w i th  the experimental  ^

307 keV va lue.

The shape f a c t o r  f o r  the IB in the f i r s t - f o r b i d d e n  unique 

capture t r a n s i t i o n  in  ^ C a  was measured by B. Myslek, et a l . ^

A comparison w i th  t h e i r  r e s u l t s  i s  somewhat r e s t r i c t e d ,  s ince 

they s tud ied a nucleus o f  lower atomic number ( 2  = 20),  and 

a d i f f e r e n t  t r a n s i t i o n  energy ( Qe c= 421.2 keV). They con­

clude t h a t  there  i s  s t rong disagreement between the e x p e r i ­

mental shape f a c t o r  and the Coulomb-free theo ry ,  which they 

r e f e r  to as the ( ) approx imat ion.  This conclusion is

based on d i f f e r e n c e s  between the exper imental  and t h e o r e t i c a l  

shape f a c to r s  f o r  both the lower and upper h a l f s  o f  t h e i r  

spectrum. In the lower h a l f  o f  t h e i r  spectrum, they obta in 

two d i f f e r e n t  exper imental  shape f a c t o r s ,  corresponding to 

"c lose"  and " d i s t a n t "  geometr ies.  In the upper h a l f  o f  t h e i r  

spectrum, these exper imenta l  shape f a c to r s  agree, and f i t  

f a i r l y  we l l  w i th  the Glauber and Mar t in  th eo ry ,  but d isagree 

wi th  Zon's and the Coulomb-free theory .  In a d d i t i o n ,  in the 

lower h a l f  o f  t h e i r  spectrum, they c i t e  e r ro r s  in the e x p e r i ­

mental shape f a c t o r s ,  but do not  i n d i c a t e  the s ize  o f  these



e r r o r s .  Thus in t h i s  reg ion o f  the spectrum, i t  i s  d i f f i c u l t  

to determine which theory gives the best  agreement w i th  the 

exper imental  data.

On the basis o f  the forego ing  conc lus ions ,  i t  appears 

t h a t  a r e - d e r i v a t i o n  o f  the Zon and Rapoport theory i s  in 

o rde r ,  e s p e c ia l l y  before i t  i s  used in a d e ta i l e d  ana lys is  o f  

the IB spectra f o r  h igher  degrees o f  f o rb id d e n e s s .
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T A B L E  I

c o m p a r i s o n  o f  e x p e r i m e n t a L  

AND T H E O R E T lC A L L y  PREDICTED  

PuLse Hei L̂t spectra

CH.
NO.

EXP.
D A TA

11.5 472 .

13.5 374
15.5 356
n .s 2 5 6

l l .S 2 3 2

31.5 141

23.5 47

25.5 14

27.5 14

29.5

31.5 34

33.5 -6
35.5 •  S

37.5 -  1

39.5 6

t h e o r e t i c a l  s p e c t r a
MAXIMUM PHOTON £NER<}y(IceV)

X x - *

518 564 527 44o 456.5 431

MSI 456 434 Hlo 341.4 311.5

344 334 330 320.7 315 3o6

143 142. IM i IS 3.2 242.5 238.3

152.7 Z63.7 116 182.3 183 I 8 l

71.8 lo i I2 | 1X4.7 135.6 IM3.1

33.3 55 73 86.7 41.5 l o l l

10 25.7 38 52.2 64.6 74

2.3 4 15.4 28 31.1 49

.1 1,7 8.3 11.5 21.6 14

O , \ 2.5 5 10.5 \  6

o 0 .5 1 3.6 7i8

o 0 0 .1 u o 2.8

o 0 0 0 .1 o.6

O 0 0 0 o 0

27.16 17.7 7 13.14 13.21 16.63 23.30



T A B L E  I E
COMPARISON o f  6 X P E R I M « N T a Li
AMO COu L o m B-FREE PULSE 

H E I G H T  S P E C T R A

CH.
NO .

E X P .
D A T A

ll .S * m

13.5 3 1 4

15.5 3 5 5

1 T 5 2 5 5

l4 .5 2 3 1

2 1 .5 m

2 3 .5 9 2

2 5 .5 IH

1 X 5 19

1 9 .5 - 1 2

31.5 3 4

33.5 -  5

35.5 - 5

37.5 -  1

39 .5 5

T H E O R E T IC A L  SPECTRA 
MAXIMUM ph o to n  ENER3y(lceV)

6 H0 .1 565 505.2 462. 426.9 396.8

5/H.l 46X3 431.4 400 316.3 353.4

3*71.3 355.5 3*|8 314.4 315.6 3oo.9

2*16.5 25*7.6 264.5 261.8 255.6 246.1

133.9 113.1 I4 M 2 o| 2 ol.6 2oo.5

M3 1 0 2 .1 125.3 145.2 154.5 154.3

6.1 33.5 67.1 42.1 lo4.8 121.4

0 . 1 4.9 14.4 44.1 1 0 .1 8 1 .2

0 . 2 3.9 11.8 36.5 55

0 0 * 2 2.4 12 .8 28.8

0 O 0 • 2 1.8 lo.6

0 o 0 0 0 1.5

0 o 0 0 0 0

0 0 0 0 0 0

0 o 0 O O 0

43.04 20.32 10.11 10.04 16.12 25.1
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^  VflLuES OBTAINED FRoM 
Comparison oF e x p e r i m c n t a L  

and t h e o r e t i c a l  s p e c t r a  f o r

VARIOUS ENDPOINT ENERGIES

2020

3S3260

nAXIMuM PHOTON ENERqy (keV)
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'X* VflLuES FROM c o m pa r iso n  
OF EXPERIMENTAL AND COULOMB- 
FREE THEORETICAL .SPECTRA

FIG 1
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