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CHAPTER I

MEASUREMENT OF THE PHOTONEUTRON REACTION THRESHOLD

1.1 In troduction

The th resh o ld  energy  fo r the photoneutron rea c tio n  is  iden tica l 

with the binding energy  of a  neu tron  in  an atom ic nuc leus. Among the 

rea c tio n s  from  which neu tron  binding en e rg ie s  can  be obtained, a re :

(p»d), (d, t) , ( Y, n), (d, p) and (n, Y). * In the f i r s t  th re e  re a c tio n s , a  

neu tron  is  rem oved  fro m  the ta rg e t nucleus; in  the la t te r  two a neu tron  

is  added. H arvey (1) has sum m arized  the data fo r  30 iso to p es . Of 

th ese  38 have been  investiga ted  by the photoneutron rea c tio n  (2, 3, 4,

5, 6 , 7, 8 , 9). In g en era l, those  reac tio n s  in which the  incident p a r t ic le s  

a re  charged  y ie ld  e ith e r  upper o r  low er l im its  because  i t  i s  d ifficu lt to 

be su re  th a t d ire c t  tra n s itio n s  to  the  ground s ta te  a re  involved. The 

(Y*n) reac tio n  o ffe rs  the p o ss ib ility  of g re a te r  p re c is io n , a  fac t which 

is  ind ica ted  by the sum m ary  of H arvey (1).

1. 2 Significance of the Photoneutron  T hresho ld  M easu rem en ts

The m easu rem en t of the  neu tron  binding energy  is  a m ethod of e s 

tab lish ing  m a ss  d iffe ren ces  with g re a t a ccu racy . In conjunction with 

o th er da ta , i t  p e rm its  the a ssignm en t of m a ss  va lues to in te rm ed ia te

* N uclear re a c tio n s  a r e  often w ritten  sym bolically  in  the fo rm  C u ^  
(Y \n) C u ^ .  T his i s  a  shorthand  way of s ta ting  that C u ^  is  the ta rg e t 
nucleus; X - r a y s  (photons) a re  the bom barding p a r t ic le s , neu trons a re  
the e jec ted  p a r t ic le s  and the re s id u a l nucleus is  Cu&2 .
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and heavy nucle i. In the case  of photoneutron re a c tio n s , the only data 

req u ire d  is  the m ass  of the ta rg e t nucleus.

C onsiderab le  evidence has been obtained which definitely  ind ica tes 

a  she ll s tru c tu re  m odel fo r  the nucleus (11). The sh e ll m odel im p lies 

th a t when a she ll is  com pleted  a nucleus of high stab ility  is  fo rm ed  

(high binding energy) and when a new shell is  begun, the binding energy  

of the newly added p a r tic le s  will be le s s  than  th a t of the p a r tic le s  which 

com pleted  the sh e ll. The experim en ta l re s u lts  show sh a rp  d e c re a se s  of 

about 2 Mev a t the  127th neu tron  and 51st neu tron . T here  is  a lso  a  drop 

in  the reg ion  of 82 n eu trons . The evidence fo r a c lo sed  shell of 28 neu 

tro n s  i s  not ve ry  conclusive. T hus, the neu tron  binding e n e rg ie s  o ffer 

d ire c t experim en ta l evidence fo r the shell s tru c tu re  m odel with c lo sed  

sh e lls  a t 50, 82 and 126 neu trons .

Much in fo rm ation  concerning  the s tru c tu re  of the nucleus and the 

m echanism  of photonuclear reac tio n s  can be obtained fro m  the activa tion  

c u rv e s  which a re  u sed  in  determ in ing  the photoneutron thresholds. It has
i *| i r*

been found th a t the activa tion  cu rv e s  fo r C and G co n sis t of s tra ig h t 

line  sec tions (12, 23). The discontinuous changes in  slope a re  in te r 

p re te d  a s  evidence fo r energy le v e ls  in  the and nucle i.

1. 3 Method of M easurem en t of the Photoneutron  T hresho ld

T hresho ld s can  be m ea su re d  by observing  the y ield  of induced 

ac tiv ity  o r  neu tro n s a s  a function of the peak x - ra y  energy . B eta trons 

w ere  used , in  m ost ex p erim en ts , to produce the req u ire d  x - r a y s . A 

d e sc rip tio n  of the p roduction  of x - ra y s  by m eans of a  b e ta tro n  is  d e sc rib ed
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in  Section 2 .1 .

When the x - ra y s  have an energy  g re a te r  than  the photoneutron 

th resh o ld  energy* neu trons a re  e jec ted  from  the bom barded  nucle i. In 

m any c a se s , the daughter nucleus will be rad io ac tiv e . Thus, the a c tiv 

a tion  cu rv es  m ay be obtained by plotting the y ield  of ac tiv ity  o r  neu trons 

a s  a  function of the  peak x - ra y  energy . In the p re se n t w ork, the f i r s t  

m ethod w as u sed .

1 .4  Photoneutron  T hresho ld  M easu rem en ts of Baldwin and Koch

The f i r s t  m ea su re m e n ts  of photoneutron th re sh o ld s  w ere  obtained 

by Baldwin and Koch (2) a t the  U niversity  of Illino is using the  f i r s t  

22 Mev b e ta tro n . The y ie ld  of activ ity  w as p lo tted  a s  a function of the 

peak x - ra y  energy  which re su lte d  in a  curve  fro m  which the th resh o ld  

was obtained by in spection . The m ethod involved the p ro b lem s of 

(a) a c c u ra te  con tro l of peak x - ra y  energy  (b) m onitoring  the x - ra y  in ten 

sity  (c) de tection  of the rea c tio n  (d) ca lib ra tio n  of the energy  sca le  of the 

b e ta tro n .

In o rd e r  to con tro l the peak x - ra y  energy , Baldw in and Koch m ade 

use  of the fact th a t the energy  acq u ired  by the e le c tro n s  during a c c e le r 

a tion  in  the b e ta tro n  is  p ropo rtiona l to  the m agnetic  flux linking th e ir  

o rb it, which, in tu rn , is  p roportiona l to  the flux linking the m ain  co ils 

(13, 14). A s e r ie s  re s is ta n c e  and capacitance  w as p laced  a c ro s s  one of 

the m ain  co ils  with a  tim e  constan t la rg e  com pared  with the  period  of the

2A b e ta tro n , so  ca lled  because  it  a c c e le ra te s  e le c tro n s , was f i r s t  
successfu lly  bu ilt by D. W .K erst in  1940 at the U niversity  of Illino is 
(13, 14).
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180 c y c le /se c o nd a lte rn a tin g  flux. The cap ac ito r voltage was p ro p o r

tional to  the flux linkage and hence to the energy . T his voltage was 

applied  in  s e r ie s  with an ad justab le  b ia s . A tr ig g e r  c irc u it  w as actuated

a t a  chosen  c r i t ic a l  input voltage and th is  in  tu rn  ac tua ted  the o rb it 

3expander. The tr ig g e r  point was found rep roducib le  to w ithin 0. Z volt 

which co rre sp o n d ed  to  about 50 kev a t an energy of 11 Mev.

The sam p les w ere  ir ra d ia te d  in  a  standard  position  in  the x - ra y  

beam* 46 cm  from  the ta rg e t, o rd in arily  to h a lf-sa tu ra tio n . The x - ra y  

beam  in ten sity , m onito red  by an ionization  cham ber, was rec o rd ed  in 

roen tgens p e r  m inute a t 1 m e te r  from  the ta rg e t. The d ifferen t i r r a d ia 

tion  tim e s  used  w ere  c o rre c te d  to  the s tandard  ir ra d ia t io n  tim e by con

sid e ra tio n  of the p ro c e ss  of rad ioac tive  growth with d e c a y .*

Sam ples w ere  usually  th ick  cy lin d ers  which fitted  snugly over the 

c o u n te rs . The co u n te rs  w ere  designed to  count beta  ray s  and w ere 

coupled to  a N e h e r-H arp e r  c irc u it followed by a s c a le -o f -16 counting 

c irc u it . Background w as reduced  to  15 counts p e r  m inute by enc lo su re  

in  a lead  sh ie ld  10 cm  th ick .

The x - ra y  energy  con tro l c irc u it was c a lib ra ted  by a se a rc h  coil 

in the o rb it p lane . It w as known that the m agnet flux w as an a cc u ra te

^The m ethod is  en tire ly  analogous to  the m ore  a cc u ra te  c irc u its  used  
a t Nav. R es. L*ab. A m o re  com plete  d e sc rip tio n  of the m ethod of con
tro l  of the peak x - ra y  energy  and the basic  p rin c ip le s  of opera tion  a re  
given in  Appendix I.

^See Section 3 .4 .
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sine wave -  the th ird  harm onic  am ounting to  only 0 .07  p e rc en t a t the 

h ighest am plitude . The flux w ithin the  se a rc h  coil could thus be d e te r 

m ined by a  voltage m easu rem en t. T his voltage could be com pared  

sim ultaneously  with flux in te g ra to r  resp o n se  (voltage on the cap ac ito r) 

and with the m agnet vo ltage, read  on a  v o ltm e te r connected to  a 2 - tu rn  

coil about the m agnet yoke. The la t te r  read ing  w as m ade a perm anen t 

substandard  to  which each  se tting  was r e f e r r e d  by de te rm in ing  the  m ag 

net voltage a t which the in te g ra to r  c irc u it would cause  o rb it expansion 

a t peak flux. F ro m  these  ca lib ra tio n  data , the m om entum  of the e le c 

tro n s  in  g a u ss-c m , and hence the energy  with which the e le c tro n s  s tru ck  

the ta rg e t could be com puted. The to ta l e r r o r  in  m o st c a se s  did not 

exceed  2f«. Thus the ca lib ra tio n  e r r o r  a t 10 Mev am ounted to  ap p ro x i

m ately  ZOO kev.

T here  was a sy s tem atic  e r r o r  in  the  energy  values because  of a 

phase  sh ift in  the in teg ra ting  c irc u it  w hich w as ap p rec iab le  when expan

sion o ccu rs  well below peak flux. The c o rre c tio n  a t  about 11 Mev was

found to  be not m ore  than. 0 .1  Mev.

12In a ll ,  nine photoneutron th resh o ld s  w ere  d e te rm in ed  including C , 

H1* , Q ^ ,  C u ^  and Ag*®^. The u ncerta in ty  of th ese  d e te rm in a tio n s  w as

about - 0 . 4  - 0 .5  .Mev, except fo r C u ^  which was rep o rte d  to  £ 0. 3 Mev. 

On ir ra d ia tio n , p roduced the s tro n g es t ac tiv ity  obse rved  in  a  photo

neu tron  reac tio n .

The m a jo r  so u rc e s  of e r r o r  w ere  u n c e rta in tie s  in the c a lib ra tio n  

of the energy  sc a le , poor y ie ld  of activ ity  in  the  neighborhood of
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th resh o ld  and fluctuations in  the peak x - ra y  energy . A ccura te  d e te r 

m ination  of the th re sh o ld s  of carbon , n itrogen  and oxygen would have 

se rv e d  a s  a  te s t  of the m ethod since th e ir  th re sh o ld s  w ere known a c c u r 

ate ly  fro m  the m ass  data . How ever, low a c tiv itie s  p rec luded  an a cc u ra te  

m easu rem en t of th ese  th resh o ld s .

1. 5 Photoneutron  T h resho ld  M easurem ents of M cSlhinney e t a l.

The sam e g en e ra l co n sid era tio n s apply to th is  w ork a s  above and it

m ay, in fac t, be reg a rd ed  a s  a  continuation of the w ork of Baldwin and

Koch. H ow ever, se v e ra l im provem ents in the  design  of the  b e ta tro n  had

m ade ava ilab le  fo r  th ese  ex p erim en ts  an in c re a se  in  the x -ra y  in tensity

by a fa c to r  of 20 . In addition, the sam ples to be ir ra d ia te d  w ere  taped

onto the doughnut a t the exit point of the x -ra y  beam . The study a lso

included a num ber of photoneutron th resh o ld s  in  which the em itted  neu -

t ro n s  w ere  de tec ted  by m eans of a rhodium  fo il. T his p e rm itte d  the 

Z 0th re sh o ld s  of 11 and Be7 to  be de te rm ined . An a ttem p t w as m ade to  base  

an energy  sca le  on pho ioaeu troa  th resh o ld s  which could be calcu la ted  

fro m  the m a ss  data .

Among the fa c to rs  co n sid ered  which could con tribu te  e r r o r s  in  the 

energy  sca le  w ere  the e ffec ts  of e le c tro n  beam expansion  and de lays in  

the expansion p ro c e s s . E s tim a te s  of the c o rre c tio n  fo r  the additional

The a c c e le ra tio n  cham ber of the b e ta tro n  h as  the shape of a dough
nut (to ru s). A po rtion  of i t  is  v is ib le  in  F ig . 2.

&Upon ab so rp tio n  of n eu trons , the rhodium  fo ils becom e rad io ac tiv e . 
The beta  ray s  from  the rhodium  fo ils  a re  counted.



flux in troduced  by the expander w ere  of the o rd e r  of 0. 02 m ev. These 

c o rre c tio n s  w ere sm all com pared  to the u n c e rta in tie s  in  de te rm in ing  the 

ac tu a l th re sh o ld  e n e rg ie s  and so w ere neg lected .

A constan t tim e  delay betw een the actuating of the t r ig g e r  c irc u it 

and the tr ig g e rin g  of the expander c irc u it could in troduce  a n o n -lin earity  

in  the  energy  sc a le . T hese tim e  delays w ere a ccu ra te ly  m ea su re d  and 

w ere  taken  in to  account in the e s tim a ted  e r r o r s  m ade in  the p ro c e ss  of 

expansion . How ever, a s im ila r  e r r o r  could be in troduced  by a  sligh t 

phase  sh ift betw een the effective in te g ra to r  signal and the ac tual m agnetic 

fie ld  of the b e ta tro n . It should have been possib le  to  d e tec t any s ig n ifi

can t e r r o r  of th is  type by m easu ring  the change in  the in te g ra to r  bias 

voltage co rrespond ing  to  a photoneutron th resh o ld  upon changing the a m 

plitude of the exciting c u rre n t in  the m ain  co ils  of the m agnet. Actual
L -i

te s ts  of th is  type using the th resh o ld  of Cu w ere  not conclusive. In

dividual ru n s  ind icated  changes in  the b ias  se tting  fo r  copper of from  0 to

0 . 3%. It w as concluded from  the foregoing that the n o n -lin e a r  c o r r e c 

tions w ere  sm all and som ew hat u n certa in .

In o rd e r  to  e s tab lish  a re la tio n sh ip  betw een peak x - ra y  energy and

in te g ra to r  b ias , if was decided to use  the known th re sh o ld s  of and Be^

a t low en e rg ie s  and those  of and a t the h igher e n e rg ie s . The 

o 12th re sh o ld s  of B e / and C could be accu ra te ly  defined. This sca le  p laces

T his effect has been successfu lly  m easu red  in the co u rse  of th is  
th e s is . The re s u lts  a re  d e sc rib ed  in Section 7 .3 .



the  th resh o ld  lo r  C u ^  a t 1 0 .9 1 0 .2  Mev which is  the sam e a s  that u sed

by Baldwin and Koch {2).

By m easu rem en t of the m agnetic  fie ld , the value obtained fo r  the

C u ^  th resh o ld  w as 11.0  ~Q. Z Mev. A d ire c t com parison  of the C u ^

th resh o ld  with tha t of ind icated  a value of 10. 76 - 0 .  2 Mev if the

th resh o ld  is  taken  a s  10.51 Mev. It w as concluded th a t the value chosen

fo r the C u ^  th resh o ld , 10.9 1*0.2 Mev, was a fa ir  com prom ise  betw een

the v a rio u s  data  and should se rv e  un til m ore  re lia b le  va lues of som e of

th ese  th resh o ld s  becam e availab le .

Twenty photoneutron th resh o ld s  w ere  de te rm ined . M ost of them

w ere m ea su re d  with re fe re n c e  to an  energy sca le  c a lib ra ted  using the 

6 3fixed point of Cu a t 10.9 Mev and the assum ption  of sca le  l in e a r ity . 

Although d ifferen t t r ig g e r  c irc u its  w ere  used  a t v a rio u s t im e s , it was 

s ta ted  tha t these  in troduced  e r r o r s  com parab le  to  the e r r o r s  involved 

in estim ating  the ac tua l th resh o ld s  fro m  the o bserved  a c tiv it ie s . The 

p re c is io n  c la im ed  fo r  the m ajo rity  of the de te rm in a tio n s w as 4 0. 2 Mev.

It w as found tha t a ll the ac tiva tion  cu rv es w ere s im ila r  in shape and 

could be re p re se n te d  by a  function of the fo rm  Y = k(E-E^)^, w here Y is  

the ac tiv ity  p e r  unit of x - ra y  in tensity , k is  a  constan t, E  is  the peak
s

x - ra y  energy  and E t is  the observed  th resh o ld  energy . T his r e p re s e n t

ation  was valid  fo r a  reg ion  of 3 Mev.

o
The p h ra se s  peak x - ra y  energy , peak gam m a ray  energy , peak 

photon energy  and peak b rem sstrah lu n g  energy a ll have the sam e m eaning.
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Hanson e t a l. (4), in  a  continuation of the  above w ork, have m ea 

su red  se v e ra l additional photoneutron th resh o ld s  which w ere  again  r e 

fe r re d  to  an energy scale  c a lib ra ted  by taking the C u ^  th resh o ld  a t 

10 .9  Mev. It w as found tha t in  n early  a ll c a se s  the  ac tiva tion  c u rv es  

could be re p re se n te d  by a function of the form  Y * k(£ -£ j.) valid  fo r a 

3 Mev in te rv a l in  the neighborhood of th resh o ld .

1. 6 Photoneutron  T hresho ld  M easu rem en ts of Sher e t a l.

In th is  study, a  new technique was used  fo r m easu rem en t of the 

photoneutron th resh o ld . The em itted  neu trons w ere de tec ted  d irec tly  

with boron tr if lu o rid e  p ropo rtiona l coun te rs  im bedded in  p a ra ffin . The 

p r im a ry  advantage of detecting neu trons ra th e r  than re s id u a l activ ity  is  

the p o ss ib ility  of de te rm in ing  photoneutron th re sh o ld s  w here the reac tio n  

lead s  to e ith e r  s tab le  nuclei o r  nuclei with very  long o r  sh o rt h a lf- liv e s . 

H ow ever, a d isadvantage is  th a t the  iden tification  of iso topes becom es 

m ore  d ifficu lt when e lem en ts having se v e ra l iso topes a re  bom barded.

A d iag ram  of the a p p ara tu s  and geom etry  is  shown in F ig . 1. The 

x - ra y s  from  the b e ta tro n  con sis ted  of pu lses of about 0. 5 m icro second  

du ra tion  a t a rep e titio n  ra te  of 180 cy c le s /sec o n d . A gate c irc u it con

tro lle d  the counting tim e of the B F3 cou n te rs  in o rd e r  to  avoid sa tu ra tio n  

during the in itia l p ile -u p  of secondary  e le c tro n s  and to give the best 

p o ss ib le  ra tio  of sam ple counts to  background. The con tro l of the peak 

x - ra y  energy  w as accom plished  in  a m an n er s im ila r  to  that used  in  the 

p re se n t w ork {Appendix I) and was s im ila r  to  that d e sc rib ed  by K atz e t a l. 

{15). The to ta l num ber of roen tgens s trik in g  the sam ple  a t a  given
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helipo t se ttin g 7 w as d e te rm ined  with a 250 r  V ic to reen  th im ble  im bedded 

in  a Incite  cy lin d er of 8 cm  d iam e te r  and loca ted  3 fee t fro m  the b e ta tro n  

ta rg e t.  The abso lu te  m easu rem en t of the num ber of roen tgens w as not 

req u ire d .

The th re sh o ld s  w ere  d e term ined  by m easu rem en t of the neu tron  

y ield  co rrespond ing  to the v a rio u s  peak x -ra y  e n e rg ie s . It w as found 

th a t the re su lta n t data  could alw ays be fitted  by an  e x p re ss io n  of the fo rm  

Y s k(E-E$)m fo r a  3 -M ev in te rv a l n e a r  th resh o ld , w here  Y is  the y ield  

p e r  roen tgen , k a  constan t, E the peak x - ra y  energy , E$ the  th resh o ld  

energy , and m  a constan t. The values of E* and m which gave the b est 

fit w ere  d e te rm in ed  g raph ically  by t r ia l .  The value of %  found in  th is  

m anner was taken  to  be the th resh o ld  energy fo r the reac tio n . This 

m ethod h as  the advantage of providing a  unique ex trapo la tion  to  ae ro  

y ield .

The energy  sca le  was d e te rm in ed  by the th resh o ld s  of photoneutron 

reac tio n s  which could be a cc u ra te ly  ca lcu la ted  fro m  the m a ss  va lues.

The th re sh o ld s  u sed  w ere those of Be^, and ld 7 . As a check on the

o v e ra ll p e rfo rm an ce  of the equipm ent and the rep ro d u c ib ility  of the energy

55 2.0Qsc a le , daily  th resh o ld  m easu rem en ts  w ere taken  on Mn and Bi 7 d u r 

ing the e n tire  co u rse  of the experim en t.

About 77 iso to p es w ere  m easu red ; 31 w ere  rep e titio n s  of p rev iously

Q
7The helipo t se tting  d e te rm in e s  the peak x - ra y  energy .



rep o rte d  va lu es, and 46 w ere  e ith e r  new o r m ore  p re c ise  d e te rm in a 

tio n s . In m ost c a se s  the u n c e rta in tie s  quoted fo r th resh o ld s  w ere 

0. 2 Mev and in no c ase  la rg e r  than 0. 3 Mev. The con tribu tions of 

the  v a rio u s  so u rc es  of uncerta in ty  to  the to ta l u n certa in ty  w ere  a s  follow s.

c c  2 0 9The daily  th resh o ld  m easu rem en ts  on Mn33 and Bi exhibited  a m ax i

m um  sp re ad  of 0. 15 Mev. A m ean deviation of 0. 1 Mev was a ssigned  

to the abso lu te  th resh o ld  due to  the fluctuations in  the energy  sca le . In 

g en era l, the s ta tis tic a l e r r o r s  con tribu ted  an  uncerta in ty  in  the value of 

a th resh o ld  d e te rm ina tion  of about ha lf that due to the energy  sca le  f lu c t

uation  o r  about 0. 075 Mev.

The re la tio n sh ip  betw een y ield  and energy  could be ca lcu la ted  if the 

energy  dependence of the c ro s s  section  fo r the reac tio n , the b re m s s tra h -  

lung sp ec tru m  and the efficiency of the detecting ap p ara tu s  w ere  known. 

H ow ever, th e se  fa c to rs  a re  too com plex fo r individual de te rm ina tion .

The ju s tif ic a tio n  of the m ethod was taken to be the ag reem en t of the r e 

su lts  with th resh o ld s  p rev iously  de te rm ined  by the ac tiva tion  m ethod,

i .  7 P u rp o se  of P re se n t Work

The situa tion  rev ea led  by the experim en ts d e sc rib ed  in  Sections 1.4,

1.5 and 1.6 was as  follow s. In both techn iques, only a sm all am ount of 

data w as ga thered  in  the neighborhood of th resh o ld . In the w ork of 

Sher et a l. (10) poin ts w ere  taken a t in te rv a ls  of about 350 kev so that the 

c lo se s t approach  to th resh o ld  w as about 175 kev on the av e rag e . T h re s 

holds w ere found by ex trapo la tion  to  ze ro  yield  of the activa tion  cu rv es 

which in  a ll c a se s  could be rep re se n te d  by a function of the fo rm  Y
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fo r a 3-M ev in te rv a l. The exponent m  v a ried  in  an  unpred ic tab le  

m an n er from  0. 7 to 3 . 1 .  In the work of the Univ. of Illino is group {2,

3, 4 , 5), points w ere  taken  a t in te rv a ls  of about 200 kev. The ac tiva tion  

c u rv e s  w ere  found, in  a lm o st a ll c a se s , to fit a  function of the fo rm  

Y * k (E -E t) fo r  a 3 -M ev in te rv a l. T h resho lds w ere de te rm ined  in  m ost 

c a se s  by in spection  of the ac tiva tion  cu rves but in the w ork of (4) by p a ra 

bolic ex trapo la tion  of the y ield  cu rv es . F o r  both m ethods, a p re c is io n  of 

about ± 0 . 2  Mev was given fo r the de te rm ina tion .

The Univ. of Pennsy lvania  group {10) c a lib ra ted  the b e ta tro n  by 

using  photoneutron  reac tio n s  whose th resh o ld s  could be a ccu ra te ly  c a lcu 

la ted  from  the m a ss  data . The c a lib ra tio n  was checked by the ag reem en t 

of the th re sh o ld  values with th resh o ld s  p rev iously  d e te rm in ed  by the 

Illino is group.

The Illino is group had a ttem pted  to  c a lib ra te  the energy sca le  by 

using  known photoneutron th re sh o ld s . How ever, the e le c tr ic a l  m ethod 

(2) gave 11.0 £ 0 . 2  Mev for  the Gu th resh o ld  while d ire c t com parison  

to  the N** gave 10. 76 i  0. 2 Mev fo r th is  th resh o ld . A com prom ise  

choice of 10.9 - 0 . 2  Mev was taken  fo r  the Cu^3 ( Y, n) th resh o ld . An 

energy  sca le  was obtained using th is  value fo r Cu and assum ing  a lin e a r  

re la tio n sh ip  betw een the peak x - ra y  energy  and the helipo t se tting .

The m a jo r  fa c to rs  which lim ited  the p rec is io n  with which a th r e s 

hold could be d e te rm in ed  w ere  the fluctuations in the peak x - ra y  energy 

and the low counting ra te s  encountered  in  the neighborhood of th resh o ld .

The purpose of the p re se n t w ork was to investiga te  the poss ib ility
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of p re c ise  d e te rm in a tio n  of photoneutron th re sh o ld s . The ca re fu l d e 

te rm in a tio n  of the ac tiva tion  c u rv es  in  the  im m ed ia te  neighborhood of 

th resh o ld  m ight p rov ide the  data  fo r  a unique ex trapo la tion  of the a c tiv a 

tion  cu rve  to  ssero y ield . T his would re s u lt  in  a  considerab le  im p ro v e 

m ent in  the re lia b ility  of the th resh o ld  m ea su re m e n ts .

One of the m a jo r  d ifficu lties encountered  w as th a t of c a lib ra tio n  of 

the  energy  sc a le . Thus, the com prom ise  value of 10. 9 Mev fo r  the C u ^  

th resh o ld  w as w idely u sed  a s  a substandard  fo r the ca lib ra tio n  of the 

energy  sca le  and 38 th resh o ld s  had been de te rm ined  re la tiv e  to  i t .  If the 

th re sh o ld s  fo r  and could be d e te rm in ed  acc u ra te ly , they

would se rv e  to  c a lib ra te  the energy sc a le . If would then  be possib le  to 

d e te rm in e  p re c ise ly  the  th resh o ld  fo r Cu

An im provem ent in  p re c is io n  would re su lt  in  e n tire ly  new in fo rm a 

tio n  about the  shape of the ac tiva tion  cu rv e s  in  the  neighborhood of th r e s 

hold. T h is , in  conjunction with o th e r data , could be used  to  obtain 

in fo rm ation  on the dependence of the c ro s s -s e c tio n  fo r the reac tio n  on 

the x - ra y  energy .



CHAPTER II

APPARATUS

2. I D escrip tion  of B eta tron  and C ontrol C ircu its

The so u rce  of x - ra y s  fo r  th ese  ex p erim en ts  was the Naval R esearch  

JLaboratory 22-M ev b e ta tro n  - an  e a r ly  m odel of the  s tan d ard  22-Mev 

b e ta tro n  m anufactu red  by A llis -C h a lm e rs . The fundam ental p rin c ip le  

involved in  the a c c e le ra tio n  of e le c tro n s  in a b e ta tro n  is  th a t of F a ra d a y 's  

Law of e lec tro m ag n e tic  induction. A changing m agnetic  flux th rough  the 

su rface  bounded by the e le c tro n  o rb it p roduces an  e le c tr ic  fie ld  a t the 

o rb it. It i s  th is  e le c tr ic  fie ld  which p rov ides the  a c c e le ra tin g  fo rce  on 

the e le c tro n s . By a  su itab le  design  of the m agnet s tru c tu re , th e  e le c 

tro n s  can be co n stra in ed  to  m ove in  a  c irc le  of approx im ate ly  constan t 

rad iu s  during the e n tire  a c c e le ra tio n  cycle  (13, 14).

The so u rce  of e le c tro n s  co n sis ted  of an  e le c tro n  gun assem b ly  

m ounted within the doughnut, so a s  to  in jec t the e le c tro n s  in  a  d irec tio n  

tangent to the  o rb it a t  approx im ate ly  the o rb it ra d iu s . The e le c tro n s  w ere  

in jec ted  a t a  tim e  in  the  m agnetic  cycle  when the in jec tion  energy  c o r r e s 

ponds to  tha t req u ire d  by the m agnetic fie ld . The num ber of e le c tro n s  

cap tu red  in  th is  p ro c e ss  depends very  c r it ic a lly  upon the  tim ing .

In o rd e r  to  p rov ide fo r con tro l of the peak x - ra y  energy , o rb it e x 

pansion  co ils  w ere m ounted above and below the doughnut. The co ils  con

s is te d  of a single tu rn  w ith a  rad iu s  a lm o st equal to  th a t of the  e le c tro n  

o rb it. At an  a p p ro p ria te  tim e  in  the a c c e le ra tio n  cycle , a  pu lse  of c u rre n t
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is  in itia ted  in  th ese  c o ils . The additional flux produced  thereby  caused  

the e le c tro n s  to  sp ira l outw ard un til they s tru ck  a  p latinum  ta rg e t 

m ounted on the e le c tro n  gun s tru c tu re . A block d iagram  of the expander 

system  is  shown in  F ig . 33.

The a c c e le ra tio n  of the e le c tro n s  in the coulom b fie ld  of nuclei in 

the ta rg e t  p roduces x - r a y s .  W henever x - ra y s  a re  produced in th is  m an 

n e r , th e re  r e s u lts  a c h a ra c te r is tic  spec trum  known a s  b rem sstrah lu n g  

(16). The peak x - ra y  energy  which can be produced in  th is  m anner is  d e 

te rm in e d  by the  peak k inetic  energy p o sse sse d  by the e le c tro n s . The 

x - ra y s  w ere produced in  sh o rt b u rs ts  with a  rep e titio n  ra te  of 180 cy c les  

p e r  second.

A view of the  Naval R esea rch  L abora to ry  b e ta tro n  is  shown in F ig . 2. 

In view a re  p a r t  of the m agnet assem b ly , the  coil boxes containing the 

co ils  w hich en e rg ize  the m agnet and the two a i r  ion ization  cham bers 

which a re  u sed  to  m onito r the x -ra y  beam . The doughnut m ay be seen  in 

the space betw een the coil boxes.

F ig . 3 shows a view of p a r t  of the b e ta tro n  con tro l panel containing 

the  e lec tro n ic  equipm ent which re q u ire s  period ic  a tten tion  and a d ju s t

m ent by the  o p e ra to r .

2. 2 Equipm ent fo r  M easurem ent of Sample A ctivity

In F ig . 4 is  shown the equipm ent and experim en ta l a rran g em en t 

u sed  in  o rd e r  to  m ea su re  the rad ioactiv ity  induced in  the  sam ple  by e x 

p o su re  to  the x - ra y  beam . At the fa r  righ t m ay be seen  the L ead Shield 

Model No. ALMA m anufactu red  by T echnical A sso c ia te s , Inc. Inside the
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F i g .  2. N a v a l R e s e a r c h  L a b o r a to r y  2 2 - M e v  B e ta tr o n .
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F ig .  3. B e ta tr o n  C o n tr o l  P a n e l .

l*
l*
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F i g .  4 .  A p p a ra tu s fo r  M e a s u r e m e n t  o f S a m p le  A c t iv ity .
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lead  shield* the lu c ite  stand m ay be seen  which supports  the  sam ple  - 

holding re c e p ta c le s  ju s t  under the m ica  window of tike G eiger coun ter. 

C lam ped to the top of the lu c ite  stand is  an  Amperes: B eta coun ter, end 

m ica  window type, num ber 120C. It is  filled  w ith a rgon  and  a  quenching 

ad m ix tu re . The m ica  window has an av erag e  th ickness of 5 .6  aag/cm ^ 

and will p a ss  be ta  rad ia tio n  in  ex ce ss  of 5T kev when the sou rce  is  c lose  

to  the window. The window d iam ete r was som ew hat le s s  than  1. 9 in. 

and, fo r  th is  rea so n , the d iam e te r  of the sam p les  w as m ade 1. 75 in.

The d isc h a rg e s  of the G eiger tube w ere am plified  by a  Scaling Unit 

Model 162, shown in  the c e n te r  of F ig . 4, m anufactu red  by N uclear In 

stru m en t and C hem ical C orp. The s c a le r  output se rv ed  a s  the input fo r  

the unit a t the le ft of F ig . 4, a S tre e te r-A m e t Co. "A m etron” co u n te r,

Mo. SCX626. The S tre e te r-A m e t coun te r contains a  counting 'unit, a 

p rin ting  unit and a  se t of e le c tr ic  tim ing  c lo c k s . At p re s e t  in te rv a ls  

ranging  from  30 seconds to 12 h o u rs , the num ber on i ts  co u n te r, to g e th er 

with the date and tim e , is  p rin ted  on a 5-in . wide tap e . The num ber of 

counts was rec o rd ed  by the p rin ting  m echan ism  a t one m inute in te rv a ls , 

synchron ised  with the e le c tr ic  clock in  the b e ta tro n  con tro l room . The 

num ber of d is in teg ra tio n s  w as obtained by m ultip lying the nuznber of 

counts rec o rd ed  by the A m etron coun te r by the s c a le - fa c to r  se tting  of 

the s c a le r .

2. 3 Sam ples, Sam ple H olders and C onsiderations of G eom etry

In F ig . 5 is  shown, the b e ta tro n  sam ple h o ld e r and two types of d isc  

holders. The one on the le f t co n sis ted  of a cover and re c e p ta c le , and



F i g* 5. S a m p le  H olde
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com plete ly  su rrounded  the  sam ple  with 1 /1 2 -in . th ick n ess of cadm ium .

The cadm ium , which has a very  la rg e  c ro s s -s e c tio n  fo r ab so rp tion  of 

slow n eu tro n s , is  thus able to  sh ield  the d isc s  from  the slow neu trons 

p re se n t. W henever the be ta tro n  x -ra y  energy is  in  ex cess  of 6 Mev, 

neu trons a re  e jec ted  from  the P t ta rg e t, so tha t a  flux of neu trons 

accom pan ies the x - ra y  beam . The cadm ium  sh ie ld  red u ces  the am ount 

of ac tiv ity , usually  of a h a lf-life  d iffe ren t from  the photo-induced ac tiv ity , 

which the d isc  can acq u ire  through neutron  abso rp tion . The o ther type of 

disc h o ld er, which does not provide fo r a cadm ium  sh ie ld , is  shown with 

a d isc  in  the sam ple  ho lder.

In F ig . 6, the ion ization  cham bers have been rem oved  to  a ffo rd  a 

view of the sam ple  position  during ir ra d ia tio n . The lu c ite  ra i l  a ssem b ly , 

which positions the sam ple h o ld er, w as a ttached  to the co il box by m eans 

of 4 b ra s s  m achine sc rew s in  re c e s se d  s lo ts . When th ese  sc rew s w ere  

loosened  the ra i ls  could be ro ta ted , perm itting  the lin ing - up of the sa m 

ple with re sp e c t to the x -ra y  beam . At the end of the r a i l s  w ere luc ite  

blocks which lim ite d  the fo rw ard  (tow ard the doughnut) m otion of the 

sam ple  h o ld er. The sam ple  ho lder w as a ttached  to  the r a i ls  with a  p iece 

of Scotch tape which p reven ted  the m agnet v ib ra tion  from  m oving the s a m 

ple ho lder during an  ir ra d ia tio n .

An a r r a y  of d isc s  of each of the m a te r ia ls  ir ra d ia te d  is  shown in 

F ig . 7. * In back of the sam p les  a re  shown the two types of re c e p ta c le s

^F rom  le ft to  righ t they  a re  Cu, Ag, m elam ine (N), bo ric  acid  (O), 
polyethylene (C).



.
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F i g .  6 . P o s i t i o n  o f  D is c  d u r in g  I r r a d ia t io n .
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designed  to  accom m odate  sam p les of 0 .0 4 0 -inch, and 0 . 125-inch th ic k 

n e s s . The d isc s  w ere  m achined to  a to le ran ce  of 0.001 inch in  a ll d i

m ensions to m ake them  a s  n early  iden tica l (and th e re fo re  in terchangeab le) 

a s  p o ss ib le .

The sam p les  f itted  the d isc h o ld e rs  and the re c e p ta c le s  fo r  count

ing to  w ithin 0.001 in . The re c e p ta c le s  w ere  a loose push fit with the 

lu c ite  stand  in the lead  sh ie ld  and, s im ila rly , fo r the sam ple  ho lder and 

the lu c ite  r a i l s  on the b e ta tro n  coil box. By a ll th ese  d ev ices , the e ffec ts  

due to  n o n -rep ro d u c ib ility  of geom etry  w ere kept to a  m inim um  and, a s  

w ill be shown la te r ,  the uncerta in ty , which could be in troduced  by a  non- 

rep roduc ib le  geom etry  w as neglig ib le .

R eference  to  F ig . 6 shows th a t the sam ple w as held  approx im ate ly  

tangent to  the doughnut a t the ex it point of the beam . The angle of in c i

dence of the  beam  on the  sam ple was about 70°. T his geom etry  was a d 

vantageous in  two w ays. F ir s t ly , it  p laced  the sam ple  a s  c lo se  a s  possib le  

to the o rig in  of the gam m a ra y s  and thus in su red  ir ra d ia tio n  a t the h igh

e s t  flux density . Secondly, since in  a ll c a s e s , the ac tiv ity  counted 

o rig ina ted  m ainly from  the su rface  la y e r , the beam  in te rcep ted  3 tim e s  

m ore  su rface  than  it  would if the d isc  w ere p e rp en d icu la r to  the beam .

F o r  th resh o ld  w ork, it  was d e s ira b le  to  em ploy conditions which produce 

the h ighest activ ity  in the sam ple .

It w as d e s ira b le , in  o rd e r  to  obtain the h ighest y ield  of ac tiv ity , to  

u se  a  sam ple  whose th ickness  w as of the o rd e r  of the abso rp tio n  th ick n ess  

of the m axim um  energy  beta  p a rtic le  which would be em itted . The
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tiiic iu ies& of sam ple  to be used  w as com puted from  the fo rm ula  

II - 0. 536 D - 0 .165 w here R is  the range in  g ram s p e r  square  c e n ti

m e te r  and D is  the energy  of the beta ray  in  iviev (17). ~ h e  su its  a re  

su m m arise d  in  Table 1 below.

T.ABibS 1. Disc T hickness Data

M ateria l

Max. Beta 
Ray ibnergy 
(MEV)

flange
(g m /cm 2)

Xiang e 
( in . )

Sam ple
T hickness

Cu 2 .9 1.39 0.061 0.040
Ag 1.47 0 .62 0 .023 0.040
M elam iae (N) 1.24 0 .50 0 .123 0 .125
B oric  Acid (O) 1. 68 0 .74 i 0. 125
Polyethylene (C) 0 .99 0 .3 7 0 .156 0 .125

The m echan ica l design  of a ll sam ple h o ld e rs  was such a s  to p e rm it 

rap id  handling of the d isc s . The h a lf- liv e s  of the rad io a c tiv itie s  e n 

coun tered  in  these  experim en ts ranged from  2 m inutes to  13 h o u rs . When 

counting a sam ple with a 2 n un . h a lf-life  it was im p era tiv e  to  s ta r t  the 

counting a s  soon a s  p oss ib le  a f te r  the ir ra d ia tio n . It was found possib le  

to d e -e n e rg ise  the b e ta tro n  m agnet, c a r ry  the sam ple from  the be ta tron  

room  to the counting room , rem ove the d isc  from  the sam ple  h o ld er, 

p lace it in  the counting rec ep ta c le  and load the rec ep ta c le  in to  the lead  

sh ie ld  in  a l it t le  le s s  than  1 m in.

^T his equation is  fo r  alum inum  a b so rb e rs , and is  approx im ately  tru e  
fo r  the  m a te r ia ls  u sed  in th e se  ex p erim en ts .
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2 .4  M onitoring the x - ra y  Beam

The x - ra y  beam  in tensity  and the x -ra y  dosage w ere  m onito red  by 

iden tica l a i r  ion ization  ch am b ers  m ounted a s  shown in  F ig . 2. The io n 

iza tion  c h am b ers  w ere  of conventional design, not h e rm e tic a lly  sea led  

and co n sis ted  of 3 p a ra lle l p la te s  of which the c e n te r  p la te  w as m ain tained  

a t ground po ten tia l and the ou tside  p la te s  a t about 320 vo lts above ground. 

The design  in co rp o ra ted  a  guard  ring  in o rd e r  to  reduce  the e ffec ts  of 

leakage c u r re n ts .

The ion ization  c u rre n t of the  ion cham ber c lo se s t to  the b e ta tro n  

w as am plified  by a  d ire c t  c u rre n t am p lifie r consisting  of a  sing le  tube, 

a  6C8G. The am p lified  c u rre n t w as re a d  on a m ic ro am m ete r  c a lib ra ted  

to re a d  ro en tg en /m in . a t one m e te r  fo r  a  peak x - ra y  energy  of 20 Mev. 

O ver a p e rio d  of m any m onths, the d r if ts  and tra n s ie n t e ffec ts  w ere 

found to  be le s s  than  1/1000 of the m axim um  signal read ing . Taking a s  

an  av erag e  the  h a lf -sc a le  read ing , the unit has a  long period  s tab ility  of 

the  o rd e r  of 1 p a r t  in  500 o r  0. 2% (18).

The c u rre n t  developed by the x - ra y  beam  in  the  second ion ization  

cham ber w as fed into a  c u rre n t in te g ra to r  and in d ica to r c irc u it . The 

basic  c irc u it  w as that of a  ve ry  stab le  d ire c t c u rre n t a m p lifie r  such a s  

th a t d e sc rib e d  in (19). The c irc u it  opera ted  two r e g is te r s  and a m ic ro 

a m m e te r  on which w ere re a d  resp ec tiv e ly  roen tgens a t one m e te r  and 

frac tio n  of a  roen tgen  a t  one m e te r . The c a lib ra tio n  of both ionization  

c h am b ers  w as accom plished  by com parison  with the read ing  of a Y ic to reen  

Roentgen M eter a t a  peak x - ra y  energy  of 20 Mev. The read ing  was
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obtained by m eans of a  s tandard  V ic to reen  th im ble  im bedded in  the 

c e n te r  of a  4 in . cub ical block of lu c ite . It h as  a lread y  been pointed 

out tha t an  abso lu te  m easu rem en t of the  num ber of roen tgens w as not 

re q u ire d  fo r  th e se  ex p erim en ts .

The lin e a r ity  of the c u rre n t in te g ra to r , tha t is  the  num ber of 

roen tgens reco rd ed  a s  a function of the roen tgen  ra te , was checked by 

opera ting  it from  an a cc u ra te  po ten tiom ete r c irc u it . The lin e a rity  

checked to  b e tte r  than  1% o v er a  m uch la rg e r  range in  opera ting  ra te s  

than  would be encoun tered  in p ra c tic e . The s tab ility  w as te s te d  by noting 

the d r if t  in  the a m p lifie r , which is  ind icated  a s  a c e r ta in  num ber of 

roen tgens, ov e r an  in te rv a l com parab le  with tha t of an  av erag e  i r r a d ia 

tion  tim e . The re s u lts  ind icated  tha t in  a ll c a se s , e r r o r s  re su ltin g  from  

a m p lifie r  d r if t  would not be in  e x ce ss  of 0. 5%. In ac tua l opera tion  the 

a m p lifie r  was balanced  fo r ze ro  d rif t before  each  ir ra d ia tio n .

A fac to r  which m ight con tribu te  an  e r r o r  in  the m easu rem en t of the 

dosage w as the  change in  efficiency of the ion ization  ch am b ers  with 

changes in  the a tm o sp h eric  p re s s u re  and te m p e ra tu re , since the ch am 

b e rs  w ere  not h e rm e tic a lly  sea led . To a f i r s t  o rd e r  of approxim ation 

the  efficiency {the num ber of ion p a irs  p roduced p e r  inciden t photon) 

should depend only on the num ber of m olecu les in  the cham b er. At con 

stan t volum e, the num ber of m o lecu les will depend d ire c tly  on the p re s -
■a

su re  and in v e rse ly  on the  te m p e ra tu re . The te m p e ra tu re  in  the b e ta tro n

^This is  m ere ly  a  sta tem en t of the p e rfe c t gas law : PV -r NRT.
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room  was m ain tained  constan t to  about ±  $°C by m eans of an  a i r  con 

ditioning un it. On the abso lu te  sca le  of te m p e ra tu re , th is  te m p e ra tu re  

v a ria tio n  am ounted to  -  1%. The b a ro m e tric  p re s s u re  w as rec o rd ed  a t 

the  beginning of each  day and a lso  se v e ra l t im e s  during the day with an 

a c c u ra te  an e ro id  b a ro m e te r . The p re s s u re  read ings w ere  found to  a g re e  

with the read ings of a  s tan d ard  m e rc u ry  p re s s u re  gauge in  the  sam e 

room . O ver a 3 m onth p e rio d  the p re s s u re  fluctuated  betw een 29. 5 and 

30. 5 inches of m e rc u ry , a  v a ria tio n  of about -  1.6%. How ever, on any 

given day a  m uch sm a lle r  p re s s u re  v a ria tio n  w as encoun tered  usually  of 

the  o rd e r  of * 0. 2%.

It w as concluded th a t the o v e ra ll long tim e  re lia b ility  of the in s t ru 

m en ts fo r  m easu rin g  the num ber of roen tgens should be of the o rd e r  of 

1.8% . H ow ever, on any given day the fluctuations due to  the  above 

m entioned effec ts  should be le s s  than  1%,

2. 5 C ontrol of the  P eak  x - r a y  E nergy

The n e c e ss ity  fo r  a c c u ra te  co n tro l o f the peak x - ra y  energy  h as  

been explained in  Section 1 .7 . The in te g ra to r  a m p lifie r  containing the 

energy  co n tro l c irc u it  w as in  m o st re sp e c ts  s im ila r  to  th a t of K atz jet a l . 

(15). An exposition  of the b asic  p rin c ip le s  underly ing  th is  m ethod is  con

ta in ed  in  Appendix 1.

In o rd e r  to  im prove  the  stab ility  of the  c irc u it , the  a . c . line  voltage 

was reg u la ted  with a  Sorensen  lin e  voltage re g u la to r , which m ain tained  

the  ro o t-m e a n -sq u a re  line  voltage constan t to  w ithin ~ 0.1% .

The re fe re n c e  voltage pow er supply w as checked both befo re  and
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4during  an  ir ra d ia t io n  by m eans of the re fe ren c e  voltage te s t  c irc u it .

The re fe re n c e  voltage te s t  c irc u it  co n sis ted  of a  b ridge  c irc u it  w ith a  

sen sitiv e  ga lvanom eter a s  d e tec to r which com pared  a  frac tio n  of the 

re fe re n c e  voltage with th a t of a  'Weston S tandard Cell No, 4. The r e f e r 

ence voltage was checked in  th is  m anner and m ain tained  constan t to 

0 . 01%.

S evera l im provem en ts in  the  e le c tro n ic s  w ere  in co rp o ra ted  in  o rd e r  

to  im prove the s tab ility  of opera tion . In p a r t ic u la r , it  was found th a t the  

m ethod which had been em ployed to  tr ig g e r  the 5C22 hydrogen tk y ra tro n  

both in  the  in je c to r  and expander c irc u its  was inadequate. To achieve 

s tab le  tr ig g e r in g  of th ese  th y ra tro n s , the c irc u it  shown in  F ig . & w as 

designed  and in s ta lled . E ssen tia lly , the  c irc u it  used  the signal which 

fo rm erly  tr ig g e re d  the 5C22 thy ra t  r  on to t r ig g e r  a  2050 th y ra tro n . The . 

pu lse  p roduced by the 2050 tube w as, in  tu rn , u sed  to  tr ig g e r  the 5C22 

th y ra tro n . The c irc u it  p roduced a  pu lse  of o v er 200 volts a c ro s s  a 

100 ohm load  with a r i s e  tim e  of le s s  than 0 .01 m icro seco n d .

About 60 w atts w ere  d iss ip a ted  in the 1 m egohm  r e s is to r  of the  in 

te g ra to r  s tack . Bench te s ts  ind icated  a  change in  re s is ta n c e  of se v e ra l 

ten th s of a  p e rcen t until reach ing  th e rm a l equ ilib rium . The v a ria tio n  in  

the  peak x - ra y  energy  due to th is  change in  the in te g ra to r  c h a ra c te r is t ic s

*T he helipo t is  u sed  to  tap  off a  frac tio n  of the re fe re n c e  vo ltage.
When the  in te g ra to r  a m p lifie r  input voltage exceeded th is  vo ltage, the ex 
pansion  p ro c e ss  w as in itia ted . Thus the stab ility  of the peak x - ra y  energy  
is  d ire c tly  connected  w ith the  s tab ility  of the  re fe re n c e  voltage pow er
supply.
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F ig . 8. 2050 T h y ra tro n  T rig g e r  C ircu it.
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w as e s tim a te d  to  be of the  o rd e r  of 20 kev a t a  peak energy  of 10 Mev.

If the  change in  capacity  of the in te g ra to r  c ap a c ito r  is  a lso  co n sid ered , 

then  the  to ta l in s tab ility  m ight be about 30 * 40 kev.

In o rd e r  to  reduce  the  v a ria tio n s  in  the peak  x - ra y  energy  due to  

the  above effect, the c irc u it  shown in  F ig . 9 w as designed and in s ta lled .

It c o n sis ted  of a 60 cycle  p e r  second a lte rn a tin g  c u rre n t pow er supply 

which put a  voltage a c ro s s  the  s tack , equal to  th a t p re se n t when the 

m agnet am plitude w as se t fo r  & peak x - ra y  energy of 21 Mev. The o th er 

com ponents w ere  fo r  sw itching and in te rlock ing  w ith the  b e ta tro n  m agnet 

co n tro ls  so th a t when the m agnet c u rre n t  sw itch was c lo sed  the  in te g ra to r  

stack  w as sw itched fro m  the supply of F ig . 9 to  the  b e ta tro n  m agnet and 

v ice  v e rs a . By th is  m ean s, the  in te g ra to r  s tack  was alw ays m ain tained  

a t an  equ ilib rium  condition fo r  a  21-M ev m agnet am plitude.
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CHAPTER HI

EXPERIMENTAL* PROCEDURE 

3. I A lignm ent of the  Sam ple

B efore p reced ing  with the  th resh o ld  e x p e rim e n ts» i t  was n e c e ssa ry  

to  te s t  the  sam ple  a lignm ent with re sp e c t to  the  x - ra y  beam . U nless the  

m o st in tense  po rtion  of the  x - r a y  beam  w ere  to  go th rough  the  d isc , a  

low er x - ra y  in tensity  would be used  to  ir r a d ia te  the  sam ple  with a  con

sequent lo s s  in  sen sitiv ity . F u rtherm ore*  if  the x - ra y  beam  c e n te r  and 

the  d isc  c e n te r  co incide , i t  should reduce  the sen sitiv ity  of the e x p e r i

m en tal a rra n g em e n t to  sm a ll e r r o r s  a s  re g a rd s  the rep ro d u c ib ility  of 

the  geom etry .

The m ethod of au to rad iog raphy  was used  fo r  th is  te s t .  A Cu d isc  

in  the  s tan d ard  ir ra d ia t io n  position  {shown in  F ig . 6) w as given a  4 m in. 

i r ra d ia t io n  a t a  peak  x - r a y  energy  of 20 Mev. The d isc , having rece iv ed  

about 15,000 ro en tg en s, w as im m ed ia te ly  taken  to  the  counting room  and 

p laced  f la t on a  tab le . Chi top of the  d isc  w as p laced  a  packet of E a s t

m an Kodak dental x - r a y  film  (O cclusal Super Speed) and a weight on the 

Him to  hold it in  position . C are  w as taken  to  have the  side  of the film  

packet w ithout the  Fb foil face the Cu d isc . The ex p o su re .tim e  w as 10 

m inu tes and blackening  o c cu rred  through the ac tion  of the  be ta  p a r tic le s  

e jec ted  by the  rad io ac tiv e  Cu.

A fter e x p o su re , the  film  w as developed and fixed. A p rin t of the 

re su ltin g  au to rad io g rap h  is  shown in  F ig . 10. The lig h t p a r ts  of the  p r in t
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F ig .  10. A u to r a d io g ra p h  of I r r a d ia te d  Cu D is c .



36

c o rre sp o n d  to  the reg ions exposed  to  the h ighest in tensity  of x - ra y s .

The outline of the d isc  to g e th er with the c e n tra l ligh t spot a re  c le a rly  

d isc e rn ib le . A djustm ents w ere m ade on the sam ple  h o ld er and in  the 

position  of the t ra c k s  {Fig. 6) un til the ligh t spo t o c c u rre d  in  the c e n te r  

of the  d isc  a s  shown in F ig . 10. The c e n tra l ligh t spot w as e llip tica l 

r a th e r  than  c ir c u la r  because the sam ple  was positioned  a t an angle of 

incidence of 70°.

3. 2 P e rfo rm a n ce  of Counting Equipm ent

The activ ity  of the ir ra d ia te d  sam ple  w as d e te rm in ed  by counting 

the  d isc h a rg e s  p roduced  in  a  G eiger tube, la  o rd e r  to  d e te rm in e  the 

optim um  voltage fo r  the  G eiger tube, a  counting ra te  v e rs u s  G eiger tube 

voltage cu rve  (a ' plateau* curve) w as obtained. The G eiger tube o p e ra 

ting voltage w as then  se t a t about 100 vo lts above the knee in  the p lateau  

c u rv e . The N uclear s c a le r ,  u sed  in conjunction with the G eiger tube, 

w as pow ered from  a  S o lar e lec tro n ic  line  voltage re g u la to r  to  im prove 

the  s tab ility  of opera tion .

The background counting ra te  w as d e te rm in ed  each  day by the  counts 

accum ulated  during the p reced ing  8 - 2 4  h o u rs . O rd inarily  the num ber 

of counts accum ulated  w as betw een 10,000 and 30,000 depending upon the 

tim e  in te rv a l, and gave a  background counting ra te  of about 21 counts / xnin. 

The to ta l v a ria tio n  in  background counting ra te  w as le s s  than  -  1 c /m in.
I

over & 9 m onth p e rio d .

E ach day, p r io r  to the s ta r t  of ir ra d ia t io n s , the e n tire  ap p ara tu s

*The ab b rev ia tio n  g,c M w ill alw ays stand  fo r  the  w ork count.
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fo r  counting w as checked by m eans of a  s tan d ard  be ta  ray  so u rc e . A 

B ureau  of S tandards RaD and E Radium  Standard , No. 1266, was p laced  

in  the  top s tep  of the  lu c ite  rac k  in sid e  of the lead  sh ie ld  (F ig . 4) in  the 

sam e position  a s  th a t u sed  fo r  counting the sam p les . The num ber of 

c /m in . w as re c o rd e d  by the A m etron re c o rd e r  fo r  about 20 m in . About 

75,000 counts w ere  rec o rd ed  in  th is  in te rv a l so  th a t the re su lta n t s t a t i s 

t ic a l  e r r o r  w as about 6.3% . The to ta l sp read  in  the m ea su re m e n ts  of the 

counting ra te  of the  Ra so u rce , o v er the 57 days during  which m ost of 

the  data  p re sen te d  in  th is  th e s is  w ere  ga th e red , w as about - 1 .3 % . How

e v e r , a ll  but s ix  of the m ea su re m e n ts  fe ll w ithin the l im its  of ± 0 .7% .

Thus the long p e rio d  re lia b ility  and rep ro d u c ib ility  of th e  counting a p p a r

a tu s  w as ±. 0. 7%.

It i s  w ell known th a t G eiger tubes exhibit h y s te re s is  and o ther

e ffec ts  d ifficu lt to  account fo r . By way o f i l lu s tra tio n , it  was found th a t

if  the  Ra so u rce  i s  counted im m ed ia te ly  a f te r  counting a  hot so u rce

(160,060 c /m in . o r  h igher), the  re s u lt  of the  m easu rem en t w ill invariab ly  

2be high. F u r th e rm o re , a t high counting r a te s ,  i t  i s  n e c e ssa ry  to  c o r re c t  

fo r  dead tim e  of the  G eiger tube. In o rd e r  to  e lim ina te  the  e ffec ts  of 

th ese  v a ria b le s , the counting ra te , in  the co u rse  of the  th resh o ld  w ork, 

w as not p e rm itte d  to  exceed  16,000 c /m in . At counting ra te s  of 10,000 

c /m in . and le s s ,  d ead -tim e  c o rre c tio n s  w ere  neglig ib le and  h y s te re s is

The a d jec tiv es  hot and cold a s  applied  to  rad io ac tiv e  sam p les  a re  
colloquial e x p re ss io n s  which ind icate  in  a  loose  way a  strong  o r  weak 
ac tiv ity , re sp ec tiv e ly , of the sam p les .
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effects w ere  not encountered .

3. 3 ir ra d ia tio n  and Counting Schedule

The following p ro ced u re  w as em ployed in  o rd e r  to in su re  good r e 

producib ility  of the  ir ra d ia tio n  and counting schedu les. The e le c tr ic  

clock in  the con tro l room  of the b e ta tro n  was synchron ised  with th a t of 

the  A m etron  coun te r so  that w henever the second hand of the  be ta tron  

con tro l room  clock  sw ept p a s t the  60 second position , the  au tom atic  

p rin ting  m echan ism  of the A m etron  would be ac tuated  and would p rin t 

the  num ber on i ts  r e g is te r  to g e th er with the tim e  and date . F o r  ra d io 

ac tiv e  nuc le i with h a lf- liv e s  of fro m  5 - 2 0  m in . , the  ir ra d ia t io n  w as 

s ta r te d  a t  the  30 second  point and counting w as begun 1. 5 m in . a f te r  an 

ir ra d ia t io n . F o r  nuc le i w ith h a lf- liv e s  le s s  than  5 m m . , counting was 

begun a t one m inute a f te r  the end of an  irra d ia tio n ; th is  w as the sh o rte s t 

tim e  in te rv a l w ith w hich the t r a n s fe r  of the sam ple  fro m  the b e ta tro n  

room  to  the counting room  could be accom plished  without a lte rin g  the e x 

p e rim en ta l a rra n g em e n t.

It w as c le a r  tha t w ith th is  sy s tem  the only p lace  w here som e u n c e r

tain ty  could occu r in  the sequence of exposu res w as in  tim ing  the leng th  

of ir ra d ia tio n . M ost of the ir ra d ia t io n  tim e s  w ere  4 m inu tes o r lo n g er 

and the  tim ing  could be held  to  w ithin 1 second o r about “£  0.4% . How

e v e r , a  co n sid era tio n  of the effect of th ese  e r r o r s  upon the induced ra d io 

ac tiv ity  ind ica ted  th a t they w ere  m uch sm a lle r  than  the  e r r o r  in  tim ing  

and, in  fac t, w ere  neg lig ib le .
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3 .4  C alculation  of E ffect of x - ra y  In tensity  V aria tions

In o rd e r  tha t the  ir ra d ia tio n s  be d irec tly  com parab le  in  te rm s  of 

the  num ber of roen tgens rece iv ed  by the sam p le , it  w as n e c e ssa ry  to  

in su re  th a t the  in tensity  w aveform  of the  ir ra d ia tio n  be the sam e fo r  a ll 

the ir ra d ia t io n s . The s im p le st w aveform  to u se  in  p ra c tic e  w as a  

sq u are  w ave, that is ,  the flux of x - ra y s  w as m ain ta ined  a t a  constant 

value during  the  ir ra d ia tio n . T his w as accom plished  by m eans of an in 

je c to r  tim ing  sw itch and in je c to r  tim ing  c o n tro l. O rd inarily  i t  w as found 

po ssib le  to  keep  the  flux of gam m a ray s  constan t to  about i  0 .5  

ro en tg en /m in . The following calcu la tion  w as p e rfo rm ed  in  o rd e r  to  ob 

ta in  an  e s tim a te  of the  e r r o r  due to  d e p a r tu re s  of the ac tu a l in tensity  

w aveform  fro m  a sq u a re  wave. The calcu la tion  re su lte d  in  a com parison  

of the a c tiv itie s  induced by a sq u are  wave with th a t due to  d iffe ren t w ave

fo rm s . The sq u a re  wave ca lcu lation  is  given in  C ase 1. The ac tiv ity  r e 

su lting  from  sim ple  w aveform s consisting  of p e rio d s  of high and low 

in ten sity  i s  co n sid e red  in  C ases 2 and 3.

C ase 1. R adiate with a  constan t flux of x - r a y s ,  &, fo r  a  tim e  T.

L e t dnx be the num ber of rad ioactive  a to m s fo rm ed  in  the tim e  d t, dn^ 

foe the num ber of rad ioac tive  a to m s w hich decay in  the  tim e  d t. Then

the  decay constan t and  s is  a  constan t which depends on the c ro s s -s e c tio n

da £ * s0dt

dng * - A n(t)dt

(3-1)

w here n(t) is  the  num ber of rad io ac tiv e  a tom s p re se n t a t tim e  t ,  A is
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lo r  the  p a r t ic u la r  rea c tio n  co n sid ered . Solving equation (1*1) sub jec t 

to  the in itia l condition th a t n{t) * 0 fo r  t  * 0, th e re  re s u lts

n(T) « { » 0 /;U ( l - e ’ XT) (3-2)

The num ber of coun ts, N j(T ), rec o rd ed  in an in te rv a l ( t^ - t j )  a f te r  the 

i r ra d ia tio n  w ill be  p ropo rtiona l to  n(T) ( e “ ^*1 -e~ o r

N |(T ) -  k 0  (1-e* ^ T) (3-3)

w here t* i s  counted fro m  the end of ir ra d ia tio n  and k is  independent of 

0  and T.

C ase 2. R adiate fo r  a  tim e  T /2  with a flux 10% low, follow ed im 

m ediate ly  by ir ra d ia tin g  with a flux 10% high fo r  a tim e  T /2 . The sa m 

ple re c e iv e s  the  sam e num ber of roen tgens in  C ase Z a s  in  C ase 1. 

C alculating  a s  above, th e re  re s u lts

N2(T) * k 0  (1-e-  A T/2)(0 .9e-A T/2  + i) (3-4)

C om parison  of C ases 1 and 2 a s  a function of the  ir ra d ia t io n  tim e , T , in  

un its  of the  h a lf- life  i s  shown in  Table Z below.

TABLE 2. E ffect of x - r a y  Beam In tensity  V aria tio n s .

T in  un its of
h a lf-life CN2-N i5 /N i

0 .5 0 .009
1 .0 0 .017
2 .0 0 .033

Infinity 0 . 10
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C ase 3. The sam e a s  C ase 2, except that the  flux Is 10% high 

in itia lly  and then  10% low. C alculating  a s  above th e re  re s u l ts

N3(T) • k® (1 -e"  ^ T /2 H l . l e *  ^ T /2  + 0 .9 ) (3-5)

C om parison  of C ase 3 with tha t of C ase 1 i s  tabu la ted  below in  T able 3.

TABLE 3. E ffect of x - ra y  Beam  In tensity  V aria tio n s .

T in  un its  of 
h a lf-life

0 .5 0 .009
1.0 0 .017
2 .0 0 .033

Infinity 0 .10

The re s u lts  of the above ca lcu la tion  ind icate  th a t the  ac tiv ity  will 

be le a s t  sen sitiv e  to  fluctuations in  the beam  in tensity  fo r ir ra d ia tio n  

tim e s  sh o rt com pared  to  the h a lf- life . How ever, the  e r r o r  in troduced  

from  th is  so u rce  w ill, in  gen era l, be v e ry  sm all since in  p ra c tic e  the 

flux of x - ra y s  can  be m ain tained  constan t to  about 3 o r  4%. In Section

3 .6  of th is  c h a p te r , i t  will be shown th a t with an  ir ra d ia tio n  tim e  of 0 .4  

h a lf- life  (a value which is  favorab le  from  the above co n sid era tio n s) 

exce llen t rep ro d u c ib ility  w as achieved  which ind icated  th a t the  e r r o r  due 

to  th is  effect m ust indeed be p rac tic a lly  neglig ib le .

3. 5 R eproducib ility  of G eom etry

The following experim en t w as pe rfo rm ed  in  o rd e r  to  check the  r e 

p roducib ility  of the  ex p erim en ta l p ro ced u re . Two d isc s  of Cu w ere
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ir ra d ia te d  sim ultaneously  a t a  peak x -ra y  energy  of 21 Mev fo r  8 m in 

u tes . A fter w aiting until the sam p les cooled sufficiently  (in itia l count

ing ra te  about 14,000 c /m in . ), the d isc  c lo se s t to  the doughnut was 

counted from  86 - 106 m in. a f te r  the end of ir ra d ia tio n  and the o th e r fo r 

75 - 85 m in . F o r  each  d isc  about 100,000 counts w ere  obtained and the 

experim en t was rep ea ted  4 t im e s . The ra tio  of the num ber of counts of 

the  r e a r  d isc  to  the fron t d isc  should depend only on d iffe ren ces in  the 

sam ples and in  the geom etry . The ra tio s  obtained w ere 1 .096 , 1 .088, 

1.096 and 1 .085 . The to ta l sp read  w as about d* 0.5% of which ±0.4%  

w as due to s ta t is t ic s .  It was concluded that the geom etry  w as rep ro d u c 

ib le  to  b e tte r  than  it 0 . 3%.

3 .6  R eproducib ility  of A ctivations

It had been re a liz e d  throughout the cou rse  of th is  w ork tha t the peak 

x - ra y  energy  of the b e ta tro n  would be one of the m ost d ifficult fa c to rs  to  

con tro l w ith a high deg ree  of stab ility  over a long tim e  in te rv a l. It w as 

fo r  th is  re a so n  that the  additional c irc u its  d e sc rib ed  in  Section 2. 5 w ere 

in co rp o ra ted  in to  the Naval R esea rch  L ab o ra to ry  con tro l c irc u its .  In 

fac t, the in stab ility  of the peak x - ra y  energy was one of the m a jo r fac to rs  

which lim ited  the p rec is io n  of the th resh o ld  de te rm in a tio n s in  p rev ious 

w ork.

A te s t  of the s tab ility  of the peak x - ra y  energy  w as obtained by the 

rep ro d u c ib ility  of Cu ac tiva tions a t helipot 730, approxim ately  800 kev 

above th resh o ld . R eference to F ig . 12 indicated  a slope of approxim ately
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3
20 co m its/ro en tg en  p e r  helipot un it. Thus a t helipot 730 a change in

the peak x - ra y  energy  of 0.1%  produces a  3. 6% change in  the Cu ac tiv ity .

It i s  fo r th is  rea so n  th a t the ac tiv ity  induced in a  Cu d isc  can be used  to

63m on ito r the peak x - ra y  energy n e a r  the Cu th resh o ld .

F o r  a  4 m in . ir ra d ia tio n  and a  20 m in . counting p e rio d  about 

75, 000 counts w ere  obtained, resu ltin g  in  a  s ta tis t ic a l  p rec is io n  of 

1. 0. 36%. Taking in to  account a ll of the fa c to rs  p rev iously  d iscu ssed , 

a  sh o rt tim e  stab ility  ( 8 - 1 0  hou rs) of the  o rd e r  of 0. 7% could be expected .

In o rd e r  to  te s t  the  peak x - ra y  stab ility , a  s e r ie s  of Cu d isc s  w ere  

ir ra d ia te d  and counted a s  d e sc rib e d  above. The d isp e rs io n  in  the r e s u l t 

ing values would ind ica te  the  d eg ree  of s tab ility  in  the  peak x - ra y  energy . 

The re s u lts  of 11 ir ra d ia tio n s  of Cu a t helipo t 730 a re  shown in  F ig . 11. 

The to ta l sp read  in  ac tiv ity  was 1.3%. Using the above figu re  of 0. 7% 

fo r the o th er e ffec ts , the  sp read  of the c / r  due to  fluctuations of the  peak 

x - ra y  energy  w as about 1.1% , co rrespond ing  to  * 0 .8  h .u .  At a peak 

energy  of 11 Mev, the  peak x - ra y  energy  w as stab le  to  w ithin ^10 kev .

In m ost c a se s , the fluctuations of the peak x - ra y  energy  over the co u rse  

of a  day w ere  som ew hat g re a te r  than th is , about ±  20 kev.

3. 7 M onitoring the  Peak x - ra y  Energy

Since, a t helipo t 730, the la rg e s t  e r r o r  by f a r  in  the rep roduc ib ility  

of an ac tiva tion  w as due to  the peak energy fluctuation , fo r s im p lic ity , 

from  now on a ll of the observed  changes in  activ ity  of Cu a t helipot 730

i
The abb rev ia tions c / r  and h .u .  will stand re sp ec tiv e ly  fo r  counts

p e r  roen tgen  and helipo t unit.
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P E A K  X - R A Y  S T A B I L I T Y  
OF  +  13 K E V

6 2F i g .  11. R e p r o d u c ib i l i ty  of Cu A c t iv i ty  n e a r  T h r e s h o ld .
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w ill be a sc r ib e d  to  th is  cau se . It i s  now evident that the ac tiva tion  of 

Cu a t helipo t 730 can  be used  to  m onitor the peak x - ra y  energy . Suppose, 

fo r  exam ple, that on one day the Cu con tro l activ ity^  was 600 c / r  and 

on an o th e r 500 c / r .  R eference to  F ig . IE shows th a t the  peak x - ra y  

energy  has sh ifted  by 5 h .u . To n o rm alize  the la t te r  to  the fo rm e r , it  

would be n e c e ssa ry  to  su b tra c t 5 h . u. It will be shown la te r .  Section 

7. 2, th a t th is  m ethod can be rig o ro u sly  ju s tif ied .

A po rtion  of the ac tiva tion  cu rve  of C u ^  about 800 kev above th r e s 

hold is  shown in  F ig . IE. The peak x - ra y  energy  stab ility  of the b e ta 

tro n  fo r  th is  d e te rm in a tio n  w as com parab le  to  th a t of F ig . 11, which 

ind icated  tha t the shape of the ac tiva tion  curve was f re e  from  d is to rtio n s  

due to  fluctuations In the  peak x - ra y  en erg y . The ac tiva tion  curve  of 

F ig . IE was u sed  throughout the th resh o ld  d e te rm in a tio n s to  c o rre c t  fo r 

fluctuations and sh ifts  in  the  peak x - ra y  energy a s  ind ica ted  by the Cu 

con tro l a c tiv ity .

3 .8  O ther F a c to rs  A ffecting the  P eak  x - ra y  Energy

Many days w ere  occupied with sequences of Cu ac tiv a tio n s a t a 

fixed helipo t se tting  in  o rd e r  to  se cu re  data  concern ing  the peak x - ra y  

energy  fluctuations. On a  num ber of days, i t  ap p eared  that th e re  was 

a  tre n d  tow ards low er ac tiv a tio n s tow ards the end of the  sequence. The 

effect w as a ttr ib u te d  to  a te m p e ra tu re  r i s e  of the b e ta tro n  m agnet, but

^A ctivation  of Cu a t helipot 730 fo r  the  pu rpose  of m onito ring  the 
peak x - ra y  energy  will be r e fe r re d  to a s  Cu con tro l a c tiv ity .



CO
UN

TS
/R

OE
NT

GE
N

46

800

700

600

500

400

500 740730
H E L I P O T  S E T T I N G

720 750

F i g .  12. Cu C ontro l A c t iv a t io n  C u r v e .
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it w as not possib le  to rep roduce  th is  effect co n sis ten tly . The m ain  

conclusion draw n fro m  a ll of th ese  te s ts  ind icated  that to  m in im ise  the 

energy  fluctuations, it  would be d e s irab le  to  adopt an ir ra d ia tio n  sch ed 

ule in  which the duty cycle of the m agnet (the ra tio  of the m agnet e n e r 

g ized tim e  to  the to ta l tim e) would be a s  low a s  p ossib le  co n sis ten t with 

adequate s ta tis t ic s  in  the neighborhood of th resh o ld .

The photoneutron th re sh o ld s  of C u ^ ,  C*^, N**, w ere

obtained with a con tro l Cu activ ity  of about 700 c / r .  This was followed 

by a  p erio d  of r a th e r  v io len t energy fluctuations of the o rd e r  of 70 - 100 

kev. A fter som e thought, i t  was decided that the in s tab ility  was m ost 

probably  an  effect of the clam ping diode in  the  in te g ra to r  a m p lifie r  

(Appendix 1). A new diode w as in s ta lled  and te s ts  ind ica ted  s tab ility  

com parab le  to the re s u lts  shown in  F ig . 11, but now the con tro l Gu a c tiv 

ity  w as 480 c / r .  O ther diodes w ere substitu ted  and found to  re s u lt  in  

d iffe ren t a c tiv itie s  a t the sam e helipo t se ttin g . How ever, i t  was possib le  

to  re p e a t the e n tire  se t of th resh o ld  m easu rem en ts  w ith a con tro l Cu 

ac tiv ity  of about 480 c / r .  T hese ex p erim en ts  have ind ica ted  a p robable  

so u rce  of in s tab ility  in  the con tro l of the peak x - ra y  energy . A m ore  

thorough investiga tion  of th is  effect is  c u rre n tly  in  p ro g re s s .



CHAPTER IV

PHOTONEUTRON THRESHOLD DETERMINATION OF Cu63

4 . 1 In troduction

N atu ra lly  o ccu rrin g  Cu c o n sis ts  of the two iso to p es , C u ^  and C u ^ t 

p re se n t in the p ro p o rtio n s 69% and 31% resp ec tiv e ly . On ir ra d ia tio n  

with x - r a y s  of energy  in  ex cess  of 11 Mev, the  beta  e m itte rs  C u ^  and

C u ^  a re  produced  w ith h a lf- liv e s  of 10 m in. and 13 h o u rs  resp ec tiv e ly

1 6 4  6  7(20). The th re sh o ld  fo r  Cu w as known to be low er than th a t of Cu ,

with the  re s u lt  th a t the 13 hour activ ity  would be p re se n t in  a ll d e te rm in 

a tio n s of the C u ^  th resh o ld .

About 25 Cu d isc s  could be ir ra d ia te d  and counted in  the  co u rse  of 

a  day. How ever, se v e ra l days w ere  usually  req u ire d  fo r  the 13 hour 

ac tiv ity  to p ra c tic a lly  d isap p ea r. In o rd e r  to  in su re  a  p lentifu l supply 

of "cool" d is c s , o v e r 60 d isc s  w ere  em ployed. They w ere  0 .0 4 0 -in ch  

th ick  and I . 750-inch  in d iam ete r, w ere m achined fro m  sheet stock  of 

ve ry  pu re  e le c tro ly tic  Cu, and w ere  num bered  consecutively  in  o rd e r  to  

keep a re c o rd  of when they w ere  ir ra d ia te d . A sim p le  te s t  of the r e s i 

dual ac tiv ity  w as obtained by determ in ing  the  background counting ra te  

with the Cu d isc  to  be used  the next day. T his should a lso  re s u lt  in  a 

m ore  re lia b le  background counting ra te  de te rm ina tion .

* "B eta em itte r* ! r e f e r s  both to e lec tro n  and p o sitro n  em iss io n .
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4 .2  H alf-life  of Cu62

A v e ry  sen sitiv e  te s t  of sam ple  purity  fro m  the point of view  of a 

th re sh o ld  d e te rm in a tio n  could be obtained by plotting a  rad ioactive  d e 

cay cu rve  of the  induced sam ple  ac tiv ity , if  the plot of log (c / m in .) 

v e rs u s  the tim e  is  a cc u ra te ly  re p re se n te d  by a s tra ig h t lin e , then  it  m ay 

be concluded tha t th e re  is  no o r  very  l it t le  ac tiv ity  of o ther h a lf- liv e s  

p re se n t. F u r th e rm o re , the ag reem en t of the m ea su re d  h a lf- life  with 

th a t given by o th er in v e s tig a to rs , iden tifie s  positive ly  the nucleus under 

investiga tion . The h a lf-life  on ir ra d ia tio n  of Cu was found to  be 10.0 

m in . , a s  shown in  F ig . 13, in  ag reem en t with the value 9. 9 m in . fo r 

Cu6Z (20).

4 . 3 C o rrec tio n  fo r  D ifferent E xposure T im es

The s tan d ard  exposure  and counting schedule co n sis ted  of a  4  m in. 

ir ra d ia tio n  and a  20 m in . counting in te rv a l beginning 1. 5 m in. a f te r  the 

x - ra y  bom bardm ent. The Cu d isc s  w ere  supported  during exposu re  by 

the  h o ld er which com pletely  enclosed  them  with 1/3 2 - in . of Cd (F ig . 5). 

The x - ra y  dosage w as about 100 r  a t one m e te r  o r about 5900 r  a t the 

sam ple  position .

F o r  Cu ir ra d ia tio n s  a t helipo t se ttings above 730, the induced 

a c tiv itie s  w ere  too s trong  fo r counting 1 .5  m in . a f te r  the exposure  if 

the  in itia l counting ra te  was not to exceed 10,000 c /m in . Both tim e  of 

exposure  to the  x - ra y  beam  and beam  in tensity  w ere  reduced  to obtain 

low er counting r a te s .  In o rd e r  to  no rm alize  these  ru n s to  those obtained 

with the  s tan d ard  p ro ced u re , the following m ethod was em ployed.
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A ccording to  equation 3-3 (Section 3 .4 ) the num ber of counts due to  an 

exposu re  of T m in . w ill be

N * kO {1 - e ” ) (4-1)

In an  exposure  with a constan t flux of rad ia tion , 0  !  E /T  w here E is  the

to ta l num ber of roen tgens. The num ber of c / r  is  th e re fo re

C = (k /T )( l-e *  T ) (4-2)

L et C4 and Cx  denote the c / r  in  a  4 m in . and x m in . exposu re . The

ra tio  from  (4-2) is

Ok .  _4_ ( l-e ~  *x )
C4 x ( l - e * 4 i  )

o r

C4 • c x -j- >
( 1 - e ' **) (4-3)

By m eans of equation  (4-3) the  ac tiva tion  of the x m in . exposu re  can  be 

e x p re sse d  in  te rm s  of the equivalent 4 m in . exposu re .

4 .4  C u ^  A ctivation C urve

U sually about 3 con tro l Cu ac tiva tions w ere  obtained a t the beg in

ning of each  day. If th e re  w as good ag reem en t am ong the  Cu con tro l 

a c tiv a tio n s , the th resh o ld  m easu rem en t w as s ta r te d . T his co n sis ted  of 

ir ra d ia tin g  a  s e r ie s  of d isc s  a t v a rio u s  peak x - ra y  e n e rg ie s  (helipot 

se ttin g s). A co n tro l ru n  was taken  fo r  every  one, two o r  th re e  data  ru n s . 

The dec is io n  on the d is trib u tio n  of con tro l runs w ith re sp e c t to  the data

‘‘"Run** r e f e r s  to  the e n tire  p ro c e ss  of ir ra d ia tin g  and counting a
sam p le .
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ru n s  depended on the  ag reem en t of the con tro l ru n s .

The ac tiva tion  curve  fo r  the  reac tio n  C u ^  ( ,n)  G u ^  is  shown in  

F ig . 14. The o rd in a tes  re p re se n t the  o bserved  ac tiv ity  in  c / r  c o rre c te d  

fo r  c o sm ic -ra y  background and n o rm alized  to a  4 m in . exposure  tim e . 

The do tted -line  po rtion  of F ig . 14 is  shown on an expanded sca le  in  

F ig . 15. Inspection  of the  cu rve  of F ig . 15 ind icated  th resh o ld  a t 670 

t  1 h .u .  In F ig . 14 and 15 th e re  is  shown an upper a b sc is sa  sca le  which 

is  In helipot un its and a low er one in peak b re m ss trah lu n g  energy . The 

m ethod of conversion  of the a rb i t r a ry  helipot un it sca le  to  the peak x -ra y  

energy  sc a le  is  d e sc rib e d  in Section 7 .1 . Table 4 con ta ins the  data  d is 

p layed in  F ig . 14 and 15.

It w ill be no ticed  th a t som e of the points on the  cu rve  of F ig . 15 a re  

re p re se n te d  by the in te rse c tio n  of a v e rtic a l and ho rizo n ta l b a r .  The 

v e r tic a l b a r  re p re s e n ts  the s tandard  e r r o r  in  the c / r  due only to  count

ing s ta t is t ic s .  The ho rizon ta l b a r  re p re se n ts  the  p re c is io n  to  which the
a

helipo t se ttin g  was known a® obtained from  the con tro l Cu ru n s . About 

22 con tro l Cu runs w ere obtained fo r the  data  in Table 4 which w ere  r e 

f e r r e d  to  a Cu con tro l of 565 c / r ,  since m ost of the data n e a r  th resh o ld  

w as obtained w ith th is  value fo r the con tro l. The sp read  in  con tro l 

ac tiv a tio n s w as fro m  585 - 536 c / r  o r  £  1 .25  h .u .

The p re sen c e  of an  app rec iab le  activ ity  below th re sh o ld  is  due to  

the rea c tio n s  Cu65 ( f .n )  Cu64, Cu65 ( n .O  Cu66, and Cu63 (n. O C u 64.

3The c ro s s e s  on the ac tiva tion  cu rv es  which follow w ill have the  
sam e m eaning.
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64 44
The Cu and Cu a c tiv itie s  have 13 hour and 5 m in . h a lf- liv e s  r e s 

pectively  (20). The con tribu tion  of the  fo rm e r  w as d e te rm in ed  by 

counting the d isc s  a f te r  the 10 m in . ac tiv ity  had p rac tic a lly  d isap p ea red .
S ' A  A

The Cu ac tiv ity  am ounted to  0 .1 5  c / r  a t helipo t 670 and so con tribu ted  

only a v e ry  sm a ll frac tio n  of the observed  ac tiv ity . A nalysis of the  data  

taken  a t helipot se ttin g s below 670 indicated  a 5 m in . h a lf - l ife . The 

ac tiv ity  w as th e re fo re  a ttr ib u te d  to  C u ^  through neu tron  cap tu re  in  C u ^ .

4 . 5 T hresho ld  D eterm ination  by log -log  A nalysis

In F ig . 16 is  shown the log -log  a n a ly s is  of the C u ^  ac tiva tion  curve  

shown in  F ig . 14. The data , c o rre c te d  by sub trac ting  the 13 hour and 

5 m in . com ponents, is  shown tabu la ted  in  colum n 2, Table 5. The o rd in 

a te s  a re  logjQ (H-Hq) and the a b sc is s a s  a re  lo g jo  ( c / r ) .  The poin ts fo r  

the line  Hq * 667 re p re se n t  the  num bers lis te d  in colum n 3, Table 5. 

How ever, to  the  a b sc is sa s  of the  points fo r Hq * 668 have been  added 0. 5, 

to  th o se  of Hq * 669, 1 .0  and so  on. This has been  done in  o rd e r  to  d is 

play on a  sing le  g raph  the behav io r of the log-log  an a ly sis  a s  a  function 

of the  th re sh o ld  p a ra m e te r  Hq. The log -log  an a ly s is  is  an  a ttem p t to fit 

the  ac tiva tion  cu rv e  with a  function of the fo rm  Y * k(H-Ho)x . H q is  sa id  

to  be the th resh o ld  because  when H * Hq the y ield  is  z e ro  and th is  is  

what is  m eant by th resh o ld . One of the  m ain  advantages of th is  type of 

a n a ly sis  is  the  fac t tha t the  y ield  data is  uniquely ex trapo la ted  to  ze ro  

y ie ld .

4 All the a c tiv itie s , u n le ss  o therw ise  s ta ted , have been  c o rre c te d  fo r 
c o sm ic -ra y  background.
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It i s  evident fro m  in spection  of F ig . 16 th a t the b e s t fit to  a  

s tra ig h t line  is  obtained with Ho s 669 and x * 2. 23. A choice of Ho 

d iffe ren t by I h . u. from  669 gave a  m uch p o o re r  fit to  the da ta . The 

th resh o ld  w as th e re fo re  taken  to  be 669 -  I h . u. in  ag reem en t with that 

obtained by inspection  of F ig . 15, 670 ± 1 h .u .  The a g reem en t obtained 

with th e se  two m ethods showed that the sen sitiv ity  of the  d e te rm in a tio n  

w as such th a t p ra c tic a lly  no p a rt of the  ac tiva tion  cu rve  n e a r  th resh o ld  

w as obscu red  by the  rem anen t ac tiv ity .

An advantage of the log -log  an a ly sis  i s  th a t the th resh o ld  d e te rm in 

a tion  is  m ade to  depend upon a  3-M ev in te rv a l of the ac tiva tion  cu rv e . 

The accu racy  of the  d e te rm in a tio n , how ever, depends upon the  ab ility  to 

get re lia b le  da ta  c lo se  to  the  th resh o ld .

4 . 6 O ther C u ^  T hresho ld  D eterm inations

Hot i l lu s tra te d  a re  the re s u lts  of the th resh o ld  da ta  tabu la ted  in  

T ab les 6 and 7. In the G u ^  th resh o ld  d e te rm ina tion  of T able 6 a p r e 

c is io n  of £  1 h .u .  (about 14 kev) was achieved fo r  the  f i r s t  tim e . The 

da ta  of Table 7 y ielded  a  th resh o ld  of 674 ±  1 h .u .  r e f e r r e d  to a  co n tro l 

of 480 c / r .  Six con tro l ru n s  w ere taken  during th is  de te rm in a tio n  w ith a  

d isp e rs io n  of Cu co n tro l a c tiv itie s  of 487 - 473 c / r  o r  t 0 . 4  h .u .
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TABLE 4. T hresho ld  D eterm ination  No. 2

Run No. Helipot
A ctivity
( c / r )

715 654 2 .6
703 660 2.0
721 662 2 .3
713 664 2 .2
719 666 2 .7
711 669 2 .9
727 669 3 .0
701 670 2 .8
710 671 3 .0
706 672 3 .3
707 673 4 . 5
709 674 4 .9
705 675 6 .7
734 676.4 8 .3
736 678.4 11.1
699 680 16
702 685 31
698 690 54
695 700 132
697 710 239
693 720 389
695 730 565
739 740 784
723 749 992
724 769 1632
733 791 2504
738 820 4176
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740 820780

2500

9.95 10.49 11.03 11.58 12.12 12.67
P E A K  B R E M S S T R A H L U N G  E N E R G Y  ( M e v )

F ig .  14. Cu A c t iv a t io n  C u r v e .
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H E L I P O T  S E T T I N G  
650 660 670 680

40
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10.35 10.49 10.62 10.76
P E A K  B R E M S S T R A H L U N G  E N E R G Y  ( M e v )

F i g .  15. Cu A c t iv a t io n  C urve  n e a r  T h r e s h o ld .



T a BLZ  5. C u ^  T hresho ld  by log-log  A nalysis.
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TABLE 6. Cu^3 T hresho ld  D eterm ination  No. 1

Run No. Helipot
A ctivity
( c / r )

316 710 2.66
312 715 3 .42
311 720 3.14
310 725 3 .19
314 728 3 .57
309 730 8 .33
322 733 12.0
307 735 22.0
324 738 32 .3
306 740 4 6 .0
323 743 66 .4
305 745 82 .6
303 750 129
302 760 280
301 770 479
320 780 111
319 790 989
313 300 1368
326 825 2370
327 850 4000
323 875 5910
329 900 7940
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TABLE 7. C u ^  T hreshold  D eterm ination  No. 3

r ................. i
Run No.

■■ “  —
i

Helipot
A ctivity 1 
( c / r )

1229

.. 11,1

672 2 .5

1232 673 2.1

1230 674 2 .5

1223 675 2 . 75

1228 676 3.30

1224 677 3.98

1237 678 3.65

1234 679 5.14

1219 680 5.71

1225 682 9.11

1235 684 12.6

1220 685 14.0

1233 687 19.9

1227 688 25 .2

1222 690 30 .5



CHAPTER V

PHOTONEUTRON THRESHOLD DETERMINATION OF Ag109 

5. i In troduction

109The photoneutron th re sh o ld  fo r  Ag w as m ea su re d  to  te s t  the

m ethod used  fo r  Cu®® on & d iffe ren t n uc leus. The follow ing c o n s id e ra -

tions le d  to  the choice of Ag*®®. N atu ra lly  o ccu rrin g  s i lv e r  h as an

iso top ic  constitu tion  consisting  of the two iso to p es Ag*®^ and Ag*®^ in

n ea rly  equal abundance. It w as known th a t the th resh o ld  fo r  Ag*®® was

107a t le a s t  0. 2-M ev below th a t of Ag . The photoneutron rea c tio n s  lead

to  Ag*®** and Ag*®® w ith h a lf- liv e s  of 2. 3 and 24. 5 m in . resp ec tiv e ly  (20).

109Thus the th resh o ld  of Ag 7 could be obtained f re e  fro m  the in te rfe rin g  

ac tiv ity  of the  Ag*®®. F u r th e rm o re , the sh o rt h a lf- life  of Ag*®® in d ica 

te d  th a t, with an ir ra d ia tio n  and counting schedule s im ila r  to  th a t u sed  

fo r  Cu, a lm o st s a tu ra te d  ac tiva tion  would be ach ieved  and th a t the  e x p e r

im en t app roached  optim um  conditions fo r  a  th resh o ld  d e te rm in a tio n .

F ro m  a  sh ee t of Ag with a  known purity  of b e tte r  than  99.9% , 40 

d isc s  w ere  m achined which w ere  iden tica l, in  a ll  d im ensions, to  those  of 

Cu. A se t of runs a t a  constan t helipot se tting  ind icated  th a t the  d isc s  

w ere  com pletely  in te rchangeab le , a  re s u lt  which could have been  in fe rre d  

fro m  th e ir  physical s im ila r ity .

5 .2  H a lf-liv es of Ag*®® and Ag*®®

In F ig . 17 and 18 a re  shown the decay cu rv e s  of the b e ta  e m itte rs  

Ag*®® and Ag*®®. T hese c u rv es  w ere  obtained from  the decay of ac tiv ity
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of a  sing le  ir ra d ia tio n . The decay cu rve  fo r  Ag*®® is  shown w ith the 

f i r s t  point a t  24 m in . a f te r  exposure  a t which tim e  th e  2 ,4  m in . a c tiv ity  

had  p rac tic a lly  d isap p ea red . The decay curve  of the  24 m in . Ag*Q® was 

ex trap o la ted  hack to  a e ro  tim e  and was su b trac ted  fro m  the  in itia l count

ing ra te .  The net counting ra te s  a r e  p lo tted  in  F ig . 17. The m easu red  

half l iv e s  fro m  F ig . 17 and IS w ere  2 .46  m in. and 24 .4  m in . in a g re e 

m ent w ith the  values 2. 33 m in . fo r Ag*®® and 24. 5 m in . fo r  Ag*®® (20).

5. 3 C o rrec tio n  fo r  24 m in . Ag*®® A ctivity

F o r  helipo t se ttin g s  of about 24 h .u .  (about 330 kev) above th a t 

which co rre sp o n d ed  to  the  Ag*®^ th resh o ld , the 24 m in . Ag*®® activ ity  

w as o b se rv ed , in o rd e r  to  e s tim a te  the  num ber of counts rec o rd ed  in  

the  f i r s t  9 m in . due to  th is  ac tiv ity , the  decay of the  sam ple  ac tiv ity  w as 

follow ed fo r  about 40 to  60 m in . It had been noted in  e a r l ie r  w ork w ith 

Ag th a t the  2 .4  m in . ac tiv ity  i s  v irtu a lly  ab sen t a t about 20 m in . a f te r  

ex p o su re . Thus the  decay cu rv e  fo r  the 24 m in . Ag*®® ac tiv ity  w as 

p lo tted  and ex trap o la ted  back  to  the tim e  a t which the  counting s ta r te d . 

The num ber of Ag counts in  the  f i r s t  9 m in . w as obtained a s  follow s. 

The counting ra te  i s  given by

C * Cq e "  (5-1)

w here  Cq is  the  in itia l counting ra te , and is  the  decay constan t fo r  

the 24 m in . Ag*®®. The num ber of coun ts, N, i s  obtained  by in teg ra ting  

the above equation.

N * f  C d t  = (C0 / / t ) ( l - e *  AT) (5-2)
J Q
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The in itia l counting ra te  w as obtained by the ex trapo la tion  of the Ag*®** 

decay cu rv e . Substituting th is  value and T * 9 m in. in  equation (5-2), 

the  num ber of counts due to the 24 m in. activ ity  w as obtained.

F o r  ir ra d ia t io n s  a t helipot 630 and above (data of Table 9 ), the 

s tan d ard  exposu re  of 5 m in. would re s u lt  in  too high an  in itia l counting 

ra te .  To avoid th is  condition, s h o r te r  exposure  t im e s  w ere  u sed . This 

p ro ced u re  w as benefic ia l in  an o th er way: i t  d isc rim in a ted  ag a in st the 

24 m in . a c tiv ity . C o rrec tio n  to the s tan d ard  5 m in . exposu re  w as done 

in  the sam e way a s  fo r  Cu, Section 4 . 3; the a c tiv itie s  w ere  f i r s t  c o rre c te d  

by su b trac tin g  counts due to  the  24 m in . ac tiv ity  and the  c o sm ic -ra y  

background.

S. 4 Ag*®® A ctivation Curve

The g en era l p ro ced u re  fo r  the de te rm ina tion  of the  Ag*®^ ( V, n) 

th resh o ld  was s im ila r  to  the m ethod u sed  fo r  Cu. In o rd e r  to  reduce  a s  

m uch a s  possib le  the  a c tiv itie s  induced by neu tron  ab so rp tio n , the  s ilv e r  

d isc  w as su rrounded  with cadm ium  using  the sam ple  h o ld e r shown in 

F ig . 5. H ear th re sh o ld , each  Ag d isc  w as ir ra d ia te d  fo r  5 m in . , re c e iv 

ing about 4500 r .  Counting w as s ta r te d  1 m in . a f te r  the  exposu re  and 

te rm in a te d  on the  ten th  m inute.

The re s u l ts  of th resh o ld  d e te rm in a tio n  No. 1 of Ag*®® a re  tabu la ted  

in Table 9. The a c tiv itie s  in colum n 3 have been  c o rre c te d  fo r  c o sm ic - 

ray  background, 24 m in . Ag*®** activ ity  and the d iffe ren t exposure  tim e s  

em ployed. The ac tiva tion  cu rve  is  shown in  F ig . 19. The po rtion  of 

the  cu rv e  enc lo sed  in  the  dashed  lin e s  of F ig . 19 is  shown en la rg ed  in



F ig . 20. in spection  of F ig . 20 ind icated  a th resh o ld  of 551 1 h .u .

It is  a lso  ap p aren t fro m  Fig . 20 tliat th e re  is  s ti ll  a  re s id u a l a c tiv 

ity  below th resh o ld . This w as analyzed by following the decay of activ ity  

of the d isc s . T his re s id u a l ac tiv ity  showed a h a lf-life  of about 2 m in. 

H ow ever, th e re  w ere only about 400 counts in each run  and so  the s ta t i s 

t ic s  w ere  n e c e ssa r ily  poor. The activ ity  was iden tified  a s  that of Ag*®® 

with a  h a lf- life  of 2 .4  m in. {2} p roduced through neu tron  cap tu re  in 

Ag

The helipo t se ttin g s  shown in  colum n 2, Table 9 have been n o rm a l

ise d  to  a  Cu con tro l a c tiv ity  of 680 c / r .  M ost of the data  n e a r  th resh o ld  

w as obtained w ith a  co n tro l Cu of 680 c / r  and re q u ire d  no c o rre c tio n .

The c o rre c te d  helipo t se ttin g s  a re  given in  m o st c a se s  to  the  n e a re s t  

he lipo t un it. The e s tim a te d  p rec is io n  of the helipot se ttin g s  in  m ost c a se s  

w as ± 0 .6  h .u .  The data  shown in  Table 9 w as g a th e red  over a  5 day in 

te rv a l  during  which tim e  43 con tro l runs w ere taken . T hese showed a 

sp re a d  in  ac tiv ity  of from  709 - 648 c / r  o r  ± 1 .5  h .u .  The con tro l da ta  

in  te rm s  of individual days a r e  shown below in Table S.

TABLE 8 . C ontrol Data fo r  Ag*®® T hreshold  No. 1.

Day
No. of
C ontro l Buns

Spread  in  
A ctiv ities ( c / r )

Spread  in 
h , u .

1 5 702-678 0 .5
2 13 681-648 0 .75
3 5 684-674 0 .25
4 12 682-665 0. 5
5 S 709-690 0 .5
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The Cu con tro l data of Table 8 i l lu s tra te s  a  c h a ra c te r is t ic  a lread y  

m entioned, nam ely , tha t on a given day the stab ility  of the peak x - ra y  

energy  will u sually  be b e tte r  th an  the d ay -to -d ay  s tab ility .

5. 5 T h resho ld  D eterm ination  by log-log  A nalysis

The log -log  a n a ly s is  of the Ag*®® ac tiva tion  data  i s  shown in 

F ig . 21. The sam e co n sid era tio n s apply h e re  a s  d e sc rib e d  fo r  Cu in  

Section 4. 5. The data p lo tted  in F ig . 21 a re  tabu lated  in  Table 10. The 

lin e  denoted by Hq * 549, in F ig . 21 has a b s c is s a s  which a re  log (c / r )

+ 0 .2 ; Hq * 550, log ( c / r )  +- 0 .7 ; Hq * 551, log (c / r )  + 1 .2 , and so  on.

As in  the p rev ious c a se , th is  is  done in  o rd e r  to  d isp lay  the e n tire  a n a l

y s is  on a  sing le  sh ee t. The th resh o ld  obtained by th is  m ethod was 

551 i  1 h .u .  in  exact ag reem en t w ith th a t obtained by in spection  of the 

ac tiva tion  cu rve  of F ig . 20.

5. 6  R epeat D eterm ination  of Ag*®® T hresho ld

Not shown analyzed  by m eans of f ig u res  a re  the  re s u lts  of the 

Ag*®® th re sh o ld  data  su m m arized  in  Table 11. The th resh o ld  a s  d e te r 

m ined by in spection  of the  ac tiva tion  cu rve  and an a ly s is  by m eans of a 

log-log  plot w ere  in  ag reem en t. The th resh o ld  fo r  th is  de te rm ina tion  

was found to  be 568±  1 h .u .  r e f e r r e d  to  a  Cu con tro l ac tiv ity  of 520 c / r .  

E ight con tro l ru n s  w ere  taken  with a  sp re ad  of 548 - 520 c / r  o r  £. 0 .7  h .u .

5. 7 Sum m ary of Cu®® and Ag*®® T hresho ld  D eterm inations

The th re sh o ld s  of Cu®® and Ag*®® have been  d e te rm ined  w ith a  p r e 

c is io n  th a t exceeds by a lm o st a  fac to r  of ten  th a t obtained by p rev ious 

in v e s tig a to rs . It h as been  found both fo r  Cu®® and Ag*®® th a t the
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ac tiv a tio n  c u rv e s  can  be re p re se n te d  by a  function of tbe  fo rm  

Y * k(H~HQ)x o v er a  3-M ev in te rv a l which is  in  a g re em e n t with the  r e 

su lts  of o th e r  in v es tig a to rs  (3, 10). How ever, th e  m ethod u sed  by 

She r e t  a l .  (10) is  s© d iffe ren t a s  to  m ake co m parison  d ifficu lt. The 

re s u lts  a re  tabu la ted  in  T able 12 below .

TABLE 12. C om parison  of V alues of Exponent.

T arg e t
N ucleus B im baum M cElhinney (3) S her (10)

Cu63 2 .23 2 1 .5

Ag10’ 1.90 2 2 .5



TABLE 9. Ag*®^ T hresho ld  D eterm ination  No. 1

Run No. Helipot
A ctivity

( c / r )

80S 530 7 .0
806 535 7 .0
776 540 6 . 5
808 540 7 .4
812 543 7 .4
774 545 6 .4
809 545 7 .9
811 547 6 .4
813 549 7 .7
840 549 7 .7
773 550 7 .7
839 551 7 .9
778 552 8 .5
815 552 7 .2
842 553 8 .8
844 553 7 .8
816 554 8 .3
772 555 9 .2
838 555 8 .9
818 556 9 .3
836 856 8 .9
781 557 11.4
823 557 9 .6
825 558 12.0
835 558 10.9
770 560 13.0
834 560 12.6
832 562 15.5
769 565 20.0
831 567 24.0
767 570 32.5
762 575 50 .3
782 579 61.1
784 584 87 .2
786 589 110.0
788 599 158
790 609 233
792 630 368
793 650 535
798 670 712
800 700 1177
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TABUS ID. T hresho ld  by log -log  A nalysis.

Helipot

C o rrec ted
A ctivity
(c /r ) log (c /r )

554 0 .7 -0 .1 5 5
555 1 .4 0 .146
556 1 .5 0 .176
557 2 .9 0 .462
558 3 .8 0 .580
566 5.1 0 .707
562 7 .8 0 .892
565 12.2 1.086
567 16.2 1.2095
570 24 .6 1.393
575 4 2 .4 1.627
579 53.1 1.725
584 79.1 1.898
589 101.9 2.008
599 150 2.176
669 225 2.352
630 359 2 .555
650 525 2.720
670 702 2.846
700 1165 3.071
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TABLE U .  Ag109 T h resho ld  D eterm ination  No. 2

Run Mo. Helipot
A ctivity

(c /r )

1192 545 6 .05
1194 550 5 .75
1195 555 6 .84
1196 560 6 .84
1211 562 7 .25
1203 563 8.10
1213 564 8 .3
1198 565 9 .0
1205 567 10.2
1215 568 11.8
1199 570 13.4
1207 572.5 15.5
1200 575 23.3
1208 577.5 25 .9
1202 580 34.1
1209 583 39.9
1204 585 4 2 .9
1212 586 52.2



CHAPTER VI 

PHOTONEUTRON THRESHOLDS OF C12, N14. O16 

6 .1  O1^ T hresho ld  P e te rm in a tio n

16The photoneutron th re sh o ld  of O w as d e te rm in ed  because its

th re sh o ld  i s  known v e ry  acc u ra te ly  fro m  the m a ss  da ta  <21) and thus

could se rv e  a s  a  c a lib ra tio n  point fo r  the energy  sc a le . N atu ra lly  o c c u r-

16ring  oxygen h as an iso top ic  constitu tion  consisting  of 99.76% O10 with 

v e ry  sm a ll am ounts of O ^  and O*®. The 2 m in . ha lf l ife  of O ^  in d ic a 

te d  th a t, with an  ir ra d ia tio n  and counting schedule s im ila r  to  th a t e m 

ployed fo r  Cu and Ag, sa tu ra te d  sam ple  ac tiv a tio n  would be ach ieved  and 

again  the  ex p erim en ta l conditions would approach  optim um  fo r  a  th resh o ld  

d e te rm in a tio n . It w as decided  to  u se  b o ric  ac id  (H3BO3) fo r  the  oxygen 

d e te rm in a tio n  because  i t  w as a so lid  which contained  a  very  high p e rc e n t

age of oxygen by weight and no o th e r nuc le i which would produce in te r 

fe rin g  a c tiv itie s  upon ir ra d ia tio n . The photoneutron rea c tio n  in 

le a d s  to  a  p roduct w ith a  h a lf- life  too sh o rt to  be d e te rm in ed . N eutron 

cap tu re  in  p roduces B*2 which decays w ith a  h a lf- life  of 0 .02  s e c .

About 20 d isc s  of b o ric  ac id  w ere  p re p a re d  by co m p ress in g  chem 

ica lly  pu re  b o ric  acid  pow der in  a  m old. The d isc s  w ere  then  m achined 

to  the  s tan d ard  sam ple  sine  of 1. 750 in . d ia m e te r  and  0 .125  in . th ick 

n e s s . As a  check on the s im ila r ity  of the  d is c s , they w ere  a ll  weighed 

on a  chem ical ba lance . D iscs num bered  17, 19 and 20 w eighed re s p e c 

tive ly  7 .1 5 6 , 7.151 and 7 .146 g ra m s . In view of the  p re se n c e  of a  single
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ac tiv ity  w ith & 2 m in . h a lf- life , th re e  d isc s  would su ffice  fo r  the d e te r 

m ination . As a  fu r th e r  check o& the equivalence of th ese  d isc s , they 

w ere  i r r a d ia te d  a t a  high energy  w here the s ta tis t ic a l  e r r o r  due to  the 

num ber of counts w as about 2.6% . The a c tiv itie s  w ere  the sam e w ithin 

the  s ta tis t ic a l  e r r o r  and thus confirm ed  what could have been in fe rre d  

fro m  the  a lm o st com plete  physical iden tity  of the  sam p le s .

The decay cu rv e  of an  ir ra d ia te d  bo ric  ac id  d isc  (oxygen) i s  shown 

in  F ig . 22. The m ea su re d  h a lf-life  w as 1. 94 m in . in  ag reem en t with 

th e  OlD h a lf- life  of 1. 9?*m in . (20).

The p ro ced u re  u sed  w as s im ila r  to  that a lread y  d e sc rib e d , except 

th a t the  sam p les w ere  not su rrounded  by cadm ium  during  ex p o su re . The 

exposu re  tim e  w as 4 m in , during  which the sam ple rec e iv e d  about 13 ,0 0 0  

ro en tg en s. It was counted fo r 10 m in . beginning I m in . a f te r  exposu re .

The data  of th re sh o ld  d e te rm in a tio n  Ho. 1 a r e  shown in  Table 13. 

Colum n 3 l i s t s  the m ea su re d  a c tiv itie s  c o rre c te d  fo r  cosm ic  ray  b ack 

ground. T hese da ta  a r e  shown g raph ica lly  in  F ig . 23. The po rtion  e n 

c lo sed  w ithin the  dashed  lin e  is  shown on an  expanded sca le  in  F ig . 24.

It is  seen  on in spec tion  of F ig . 24 tha t the  th resh o ld  fo r  the photoneutron 

rea c tio n  in  0*^ w as a t 1034 i  1 h .u .  A log-log  an a ly s is  of the oxygen 

da ta  rev ea led  th a t a  re p re se n ta tio n  of the  fo rm  Y  » k(H-Ho)X i s  no longer 

va lid  ov e r a  3-M ev (about 220 h . u . ) po rtion  of the ac tiv a tio n  c u rv e . The 

da ta  shown in F ig . 24 showed tha t fro m  helipot 1070 down to  th resh o ld  

(about 400 kev) the ac tiva tion  curve  w as l in e a r . The in te rse c tio n  of th is  

lin e  w ith th a t d e te rm in ed  by the  points below helipo t 1033 is  u sed  a s  the
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ex p erim en ta l defin ition of th re sh o ld  fo r  the reac tio n  ( Y^n) O ^ .

A nalysis of the  decay c u rv e s  below helipot se tting  1034 ind icated  

the  p re sen c e  of a  5 - 10 m in . ac tiv ity . Only about 50 counts w ere  ob

ta in ed  a f te r  su b trac tio n  of c o sm ic -ra y  background during  the 10 m in . 

counting in te rv a l. H ie  poor s ta tis t ic s  p reven ted  a  m o re  re lia b le  d e te r 

m ination . An an a ly s is  of the  decay  cu rv es  fo r  a  s e r ie s  of oxygen runs 

ranging  fro m  helipo t 1180 - 1040 ind ica ted  the  2 m in . h a lf- life .

The helipo t se ttin g s  lis te d  in  colum n 2, Table 13 have a ll  been 

n o rm alized  to  a  Cu con tro l ac tiv ity  of 710 c / r .  M ost of the  data  n e a r  

th resh o ld  w ere taken  w ith a  co n tro l of 710 c / r .  The e s tim a te d  p re c is io n  

of the  helipo t se ttin g s  w as -  0 .6  h .u .  About 4 days w ere  re q u ire d  to  

obtain  the  data  of Table 13 and 25 con tro l ru n s w ere  taken . The sp re ad  

in  the  co n tro l a c tiv itie s  was 740 - 685 c / r  o r  ^  1 .4  h .u .

Not shown g raph ica lly  a re  the  da ta  of Table 14. The th re sh o ld  d e 

te rm in e d  fro m  a  p lo t of th is  da ta  w as found to  be  1040 — 1 h .u .  r e fe r re d  

to  a  Cu co n tro l ac tiv ity  of 480 c / r .  S ixteen con tro l ru n s  w ere  taken  with 

a  sp re a d  in  ac tiv ity  of 497 - 462 c / r  o r  i - 0 . 8 h .u .



Ta b l e  13. O16 Thre*hoid  D eterm ination  No. 1
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Run No . Helipot
A ctivity

(c /r )

369 1010 0 .26
863 1020 0 .25
873a 1025 0 .30
871a 1023 0 .1 4
867 1030 0 .2 5
370a 1032 0 .3 2
869a 1034 0 .2 5
333 1034.5 0 .4 2
386 1035.5 0. 56
867a 1036.5 0 .71
383a 1036.5 0 .8 7
389 1037 0 .65
336 1037 0 .76
334a 1033 1.00
335 1039 0 .9 5
365 1040 1 .42
882a 1043 1.75
333 1044 2 .03
33 la 1043 2 .40
832 1049 2 .56
864 1050 3.17
890 1053 3 .50
330 1054 3 .45
879 1059 4 .0 5
863 1060 4 .4 9
892 1064 4 .4 3
375a 1070 5 .42
859 1080 7 .97
379a 1030.5 8 .82
358 1090 10.2
356 1100 17.7
855 1110 23.6
854 1120 57.6
853 1130 86 .4
352 1140 112
350 1160 169
849 1180 213
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TABLE 14. T hresho ld  D eterm ination  No. 2

Hun No. Helipot
A ctivity
(c /r )

1103 1020 0.21
1102 1025 0 .2 9
1101 1030 0 .3 0
1105 1032 0 .30
1106 1034 0.41
1099 1035 0 .56
1110 1036 0 .40
1111 1033 0 .4 5
1126 1040 0 .3 4
1098 1040 0 .8 3
1114 1041 0 .6 7
1115 1043 1.09
1097 1045 1 .19
1121 1045 1 .28
1119 1047 1 .55
1117 1049 1.74
1095 1050.5 2 .12
1118 1053 2 .52
1094 1055.5 2.71
1133 1057 3 .25
1127 1058 3 .22
1092 1061 3 .86
1128 1061 3.71
1134 1063 4 .0 7
1123 1065 4 .2 4
1137 1067 4 .7 8
1135 1067 4 .9 6
1125 1070 4 .9 6
1131 1075 6 .54
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6 . 2 N** T hresho ld  D eterm ination

The photoneutron th resh o ld  of N 1* would a lso  p rovide a  c a lib ra tio n  

point lo r  d e te rm in a tio n  of the energy  sc a le . N atu ra lly  o ccu rrin g  n i tro 

gen c o n s is ts  of 99. 62% and 0 . 38% N*5 and thus i t  i s  expected  th a t 

ir ra d ia tio n  w ill p roduce only the 10 m in . N ac tiv ity . N eutron  a b so rp 

tio n  by N ^  re s u lts  in  N*® which is  s tab le . A fter a  considerab le  se a rc h  

am ong the v a rio u s so lid  com pounds containing a high p e rcen tag e  of N by 

w eight, i t  w as decided to  u se  m eiam ine , * The p re se n c e  of

c arb o n  does not in te r fe re  with the d e te rm in a tio n  of the th resh o ld  

s in ce  i ts  th re sh o ld  is  8 Mev above tha t of About 20 d isc s  of

m eiam ine  w ere  a cc u ra te ly  m achined  to  a  d iam e te r  of 1. 750 in . and a  

th ick n ess  of 0 .125  in .

The decay of ac tiv ity  of an  ir ra d ia te d  m eiam ine  d isc  i s  shown in  

F ig . 25. The m ea su re d  h a lf- life  w as 10.4  m in . in  ag reem en t with Hie 

re p o rte d  value of 10.1 m in. (20).
| A

The  p ro ced u re  em ployed w as s im ila r  to  th a t d e sc rib e d  fo r  the  Ox 

d e te rm in a tio n . The ir ra d ia tio n  tim e w as 15 m in . during  which tim e  the 

sam ple  rece iv ed  about 29, 000 r .  The sam ple  w as counted fo r  30 m in. 

beginning 1. 5 m in . a f te r  the ex p o su re .

The data  of th resh o ld  d e te rm in a tio n  No. 1 a re  l is te d  in  Table 15. 

The a c tiv itie s  in colum n 3 have been  c o rre c te d  fo r c o sm ic -ra y  b a ck 

ground. The N** ac tiva tion  cu rve  based  on th ese  data  is  shown in  F ig . 

26. In F ig . 27 is  shown, on an expanded sc a le , the  po rtion  of the

!
The au th o r w ishes to  thank the  A m erican  Cyanam id Co. fo r  th e ir  

coopera tion  in  provid ing  the pu re  m eiam ine re s in .
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ac tiv a tio n  curve  enclosed  by the dashed  line  in  F ig . 26. It w ill be r e 

m ark ed  again  th a t v e r tic a l b a rs  re p re se n t the s tan d ard  e r r o r  due to  

counting s ta tis t ic s  alone; the ho rizon ta l b a r , the  u n certa in ty  in  the h e li

pot se ttin g , inspection  of F ig . 27 showed the  th re sh o ld  to  be 659 ^  2 h .u .  

A nalysis ind ica ted  tha t the  ac tiva tion  curve  of F ig . 26 cannot be r e p r e 

sen ted  by a  function of the fo rm , Y * k(H-H(})x . The g raph  of F ig . 27 

showed th a t fro m  helipot 684 down to  th resh o ld  (about 340 kev), the a c t 

ivation  cu rve  is  l in e a r . The th resh o ld  was d e te rm in ed  by the in te r s e c 

tion  of th is  line  with the line  d e te rm in ed  by the points below th resh o ld . 

This was taken  to  be the  experim en ta l defin ition  of th resh o ld  fo r  the 

photoneotron rea c tio n  i n N ^ .

The ac tiv ity  of the po in ts below the th resh o ld  was the low est e n 

coun te red  and w as so  w eak th a t i t  w as not feasib le  to  a ttem p t a h a lf-life  

a n a ly s is . On the a v e rag e , 9 counts w ere  re c o rd e d  in  the 30 m in . count

ing in te rv a l fo r the points below th resh o ld .

The helipo t se ttin g s  l is te d  in  colum n 2, Table 1S have a ll  been 

n o rm alized  to  a  Cu con tro l ac tiv ity  of 710 c / r .  A p re c is io n  of * 0 .6  h .u .  

w as e s tim a te d  fo r  the helipo t se ttin g s . The da ta  of Table 15 w as g a th e red  

during  a  4 day in te rv a l and 25 Cu con tro l ru n s  w ere  taken . T hese showed 

a  sp re a d  in  a c tiv itie s  of 743 - 657 c / r  o r  ± 2 .1  h .u .

Not shown g raph ica lly  a r e  the data  su m m arized  in  Table 16. The 

th resh o ld  d e te rm in ed  fro m  a  plot of th is  da ta  was found to  be 659 -  2 h .u .  

r e f e r r e d  to  a  Cu con tro l activ ity  of 480 c / r .  F ifteen  con tro l ru n s  w ere  

obtained  with a  sp re a d  in  a c tiv itie s  of 502 - 465 c / r  o r  ^ 0 . 9  h .u .
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TABJLE 15. T hreshold  D eterm ination  No. 1

Run No. Helipot
A ctivity
(c /r )

910 644 0 .0 3
909 649 0 .05
929 655 0 .08
938 658 0 .0 2
907 660 0.01
994 661 0 .07
926 662 0 .12
942 662 0 .10
936 664 0 .12
922 665 .5 0 .19
944 668 0 .24
928 668.5 0 .26
906 671 0.31
924 675 0 .36
934 678 0 .4 5
904 631 0 .50
932 685 0 .6 3
903 691 0 .8 9
901 700 1.41
897 700 1.41
912 709 2 .28
913 719 3.68
917 730 6.21
918 740 3.81
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TABLE 16. N14 T hresho ld  D eterm ination  No. 2

Run No. Helipot
A ctivity

( c / r )

1087 668 0 .06

1081 670 0 .06

1061 672.5 0 .14

1085 674 .5 0 .13

1057 675 .5 0 .20

1059 680 0.21

1076 680 0 .24

1078 682. $ 0 .2 8

1051 684. % 0 .3 3

1089 686 0 .40

1080 687 0.41

1083 690 0 .48

1049 690 0 .40

1055 693 0 .62
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6 . 3 C12 T h resho ld  P e term ina tion

In o rd e r  to  te s t  the  l in e a r ity  of the energy  sca le  d e te rm ined  by the 

th re sh o ld s  of and 0 ^ ,  i t  w as decided to  in v estig a te  the photoneutron

th re sh o ld  of which could be a ccu ra te ly  p red ic ted  fro m  the m a ss

d a ta . N atu ra lly  o ccu rrin g  carbon  c o n s is ts  of 93. 9% of and 1 .1% of 

C*3. The only ac tiv ity  expected  on ir ra d ia t io n  is  tha t of C** with a 

h a lf- life  of 20 m in . As a  convenient so lid  m a te r ia l  containing a  high 

pe rcen tag e  of carbon  by w eight, polyethylene {CgHg}** was se lec ted . 2 

About 30 d isc s  w ere  m achined  to  s tan d ard  d isc  d im ensions of 1*750 in. 

d ia m e te r  and 0 .125 in  th ick .

The decay curve  of an  i r r a d ia te d  polyethylene d isc  is  shown in  

F ig . 28. The m ea su re d  h a lf- life  was 21 .0  m in . in  ag reem en t with the 

value re p o rte d  of 20. 35 m in . h a lf-life  fo r  (20).

The p ro ced u re  em ployed w as s im ila r  to th a t d e sc rib e d  in  connection 

16with the G and N1* th re sh o ld s . An ir ra d ia tio n  tim e  of 10 m in . w as 

u sed  during  which the sam ple rece iv ed  about 35,000 ro en tg en s. The e x 

posed  d isc s  w ere  counted fo r  30 m in . s ta r tin g  1 .5  m in . a f te r  the 

ir ra d ia tio n .

12The th resh o ld  data  fo r  C d e te rm ina tion  No. 1 a r e  shown tabu lated  

in  T able 18. In colum n 3 a re  l is te d  the  a c tiv itie s  c o rre c te d  fo r c o sm ic - 

ra y  background. These a c tiv itie s  w ere  fo r  a  20 m in . in te rv a l beginning

^It was le a rn e d  a fte rw ard s  in  a p riv a te  co n v ersa tio n  with D r. H. W. 
Koch, who had  p rev io u sly  investiga ted  the th re sh o ld , th a t polyethylene 
w as the m ost su itab le  of the  m a te r ia ls  he had t r ie d .  Polyethylene had 
the  sm a lle s t  re s id u a l ac tiv ity  below th resh o ld .
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11 .5  m ia . a l te r  the ir ra d ia tio n  and c o rre c te d  to  an  equivalent 6 m ln .

ir ra d ia tio n  {Sec. 4 . 3). The data  of T able 18 is  shown g raph ica lly  in

F ig . 29. The p o rtion  of the  ac tiva tion  cu rv e  enclosed  by the dashed

lin e  in  F ig . 29 is  shown on an expanded sc a le  in  F ig . 30. The th resh o ld

d e te rm in ed  fey inspection  of F ig . 30 was 1232 t z  h .u .  The da ta  in  the

im m edia te  neighborhood of th resh o ld  ap p ea r to  fee w ell re p re se n te d  fey

a s tra ig h t lin e . T h is re p re se n ta tio n  w as good from  helipo t 1255 down,

to  th re sh o ld  {about 310 kev). 4 s  be fo re , the th resh o ld  was de te rm ined

by the  in te rse c tio n  of th is  line  w ith th a t de te rm in ed  fey the points below

helipo t 1232. T his w as taken  a s  the  ex p erim en ta l defin ition  of the  photo*

12neu tron  rea c tio n  in  C .

The ac tiva tion  cu rve  shown in  F ig . 29 cannot fee re p re se n te d  fey a  

function of the  form  Y 5 k(H-H(}) which holds fo r  the  1 -M ev in te rv a l 

shown. T his re s u l t  w as s im ila r  to  tha t obtained fo r  the  O** and 

ac tiv a tio n  c u rv e s .

The ac tiv ity  re p re se n te d  fey the points below  helipo t 1232, the 

th resh o ld , w as the s tro n g e s t encoun tered  in any of the  d e te rm in a tio n s .

T his w as not too su rp r is in g  s in ce  the  th re sh o ld  of C *2 o ccu rs  a t about 

18 .7  Mev which is  w ell above th e  photoneutron th resh o ld  fo r  p ra c tic a lly  

a ll  o th e r nuc le i. F u r th e rm o re , the  slope of the  background po in ts in d ic a 

ted  an ac tiv ity  which w as strong ly  energy  dependent. In o rd e r  to  e s ta b lish  

w ith g re a te r  c e rta in ty  th a t helipo t 1232 co rre sp o n d ed  to  the  C i2  th re sh o ld , 

a  c a re fu l an a ly sis  of the  h a lf- liv e s  of the  a c tiv itie s  re p re se n te d  fey the 

poin ts of F ig . 29 was in s titu ted . The re s u lts  a re  l is te d  in  Table 17 below .



TABLE 17. H a lf-lives of Polyethylene D iscs n e a r  T hresho ld .

Helipot H alf-L ife  (m in .)

1198 7
1209 11
1213 9
1219 11
1220 12
1225 13
1226 10
1228 13
1231 11

1234 14
123S 15
1236 16
1237 12
1239 18
1240 17
1243 16
1245 18
1248 15
1250 21
1252 22
1253 20
1254 19
1256 22
1259 20
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A study of Table 17 ind icated  an  ac tiv ity  below  helipo t 1232 with 

a  h a ll- life  of app rox im ate ly  10 m in . and a  sh a rp  in c re a se  in  the h a lf- 

l iv e s  m ea su re d  a t he lipo t se ttin g s  above 1232. The h a ll- liv e s  in c re a se d  

rap id ly  fro m  14 m in . a t 1234 to  20 m in . a t 1250. T h ere  could be l i t t le  

doubt th a t th e  sh a rp  in c re a se  in  ac tiv ity  a t  about he lipo t 1232 w as due to  

the  onse t of the  20 m in . C** ac tiv ity .

The re s id u a l ac tiv ity  below  helipo t 1232 w as a ttr ib u te d  to  a  v e ry  

sm a ll n itro g en  im p u rity  giving r is e  to  the  10 m in . N*^ a c tiv ity . The 

c ro s s - s e c tio n  lo r  the  photoneutron reac tio n  in  N*^ in c re a s e s  steep ly  in  

the  reg ion  betw een 1 8 - 2 0  Mev (22). T his could account lo r  the  depen

dence of the  re s id u a l ac tiv ity  on the peak x - ra y  energy .

The re a so n  lo r  counting th e  sam p les  Irom  11 .5  -  31. 5 m in . a l te r  

ir ra d ia tio n  ra th e r  than  fro m  1 .5  - 3 1 . 5  m in . i s  now evident. The fo rm e r  

counting in te rv a l d isc r im in a te s  m o re  strong ly  ag a in st the  10 m in . ac tiv ity  

a s  com pared  to  the  20 m in . C** a c tiv ity .

The helipo t se ttin g s  of colum n 2, Table 18 have a ll  been  r e fe r r e d  to  

a  Cu co n tro l a c tiv ity  of 710 c / r  w ith an e s tim a te d  p rec is io n , in  m o st 

c a s e s ,  of 1* 0 .6  h .u .  The da ta  w as g a th e red  o v e r an  in te rv a l of ap p ro x i

m ate ly  1 w eek and 38 Cu con tro l runs w ere  ob tained . T hese  exhib ited  

a c tiv itie s  of 734 - 607 c / r  o r  £ 3  h .u .

12Not i l lu s tra te d  by m eans of f ig u re s  a r e  the  re s u l ts  of C th resh o ld  

d e te rm in a tio n  No. 2, tabu la ted  in  Table 19. A 6 m in . ir ra d ia tio n  tim e  

and a  28 m in . counting in te rv a l s ta r tin g  1 .5  m in . a f te r  the exposure  

w ere  em ployed. The a c tiv itie s  l is te d  in  colum n 3, w ere  ob tained  from
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th e  counts accum ulated  in  a  10 m in . in te rv a l beginning 11 .5  m in. a l te r  

the  ir ra d ia tio n . As explained above, th is  counting in te rv a l d isc rim in a ted  

ag a in s t the  in te rfe r in g  re s id u a l 10 m in. ac tiv ity . The th resh o ld  d e te r 

m ined fro m  the  plot of the  da ta  of Table 19 w as found to  be 1243 -  2 h .u .  

r e f e r r e d  to  a  Cu co n tro l ac tiv ity  of 430 c / r .  S ixteen con tro l ru n s  w ere  

obtained  with a  sp re ad  in  ac tiv ity  of 516 * 466 c / r  o rT  1 .25  h .u .

6 .4  Sum m ary

The th re sh o ld  d e te rm in a tio n s  of the  lig h t nucle i C ^ »  and 

have s e v e ra l fe a tu re s  in  com m on. 2h a ll  c a s e s , the  ac tiva tion  cu rv e s  

n e a r  th re sh o ld  ap p ea re d  to  be l in e a r  functions of the  peak  x - r a y  en erg y . 

F o r  ca rb o n , th is  reg ion  extended from  th resh o ld  to  about 340 kev above, 

s im ila r ly  fo r  n itro g en , and fo r  oxygen to  about 480 kev above th re sh o ld . ^ 

In each  c a s e , the  in te rse c tio n  of th e  s tra ig h t line  po rtio n  of th e  a c tiv a 

tion  cu rv e  n e a r  th re sh o ld  w ith the lin e  d e te rm in ed  by the  po in ts  below 

th re sh o ld  se rv e d  to  define experim en ta lly  the  rea c tio n  th resh o ld .

The ac tiv a tio n  c u rv e s  fo r  C, N and O o v e r th e  m e a su re d  in te rv a ls  

(0 .8  Mev, 1 .4  Mev and 2 Mev resp ec tiv e ly ) could not be re p re se n te d  by 

an e x p re ss io n  of the  fo rm , Y  * k(H-HQ>*. Thus the  shapes of th e  a c tiv a 

tion  cu rv e s  of th e  ligh t nuclei w ere  d ifferen t from  th a t of the  m edium  

weight nuc le i of C u ^  and

^In a  v e ry  re c e n t p iece  of w ork, H aslam  e t a l .  (23) have found tha t 
the  ac tiv a tio n  cu rv e  fo r  the  rea c tio n  (Y ,n) O*5 c o n s is ted  of s tra ig h t 
lin e  reg io n s w ith  sh a rp  b re a k s . T hese w ere  taken  to  be  le v e ls  in  the  O1^ 
nuc leus. The above re s u l ts  a r e  co n sis ten t w ith th e se  d isc o v e rie s  of the  
Saskatchew an group.
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M cElhinney e t a l .  ( 3) found th a t the ac tiv a tio n  c u rv e s  o v e r a

3-M ev in te rv a l fo r a ll  photoneutron rea c tio n s  stud ied  (including C ^ ,

H|14# could be re p re se n te d  by a  function, Y * k (H -1%}^. Sher e t a l.

(10) found th a t o v e r a  3-M ev in te rv a l, the  ac tiva tion  c u rv e s  could be

are p re se n te d  by a  function Y = k(K-H§) w here the  exponent, x , did not 

a p p e a r to  be c o rre la te d  w ith th e  c h a ra c te r is t ic s  of the  nuc le i. The 

p re s e n t w ork se e m s to  be in  conflic t w ith the  p rev io u s  w ork. H ow ever, 

it h a s  to  be pointed out th a t the p rev io u s  investiga tions w ere  so  c o a rse  

th a t the  shapes of the ac tiva tion  cu rv e s  in the  im m ed ia te  neighborhood 

of th resh o ld  w ere  n e v e r investiga ted . In the  w ork of S her e t a l .  (10) the 

technique d iffe red  so  d ra s tic a lly  th a t p e rh ap s  co m p ariso n  to  the  p re se n t 

w ork  should not be  a ttem p ted .
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TABLE 18. C12 T hresho ld  D eterm ination  No. 1

Run No. Helipot
A ctivity
(c / r )

1038 1287 8 .45
1036 1276 5.80
1039 1272 4.71
1016 1265 3.25
1019 1264 3.46
1021 1259 2.84
1024 1256 2.20

981 1254 1.76
999 1253 2 .08

1041 1252 2 .03
1018 1250 1.94
1006 1250 1.82
1022 1248 1.46
1042 1245 1.45
1001 1245 1 .34

961 1245 1.38
1025 1243 1.20
1003 1240 1.03

977 1240 1.01
982 1239 0 .84

1028 1237 0 .87
980 1236 0 .93
985 1235 0 .70

1005 1235 0 .93
963 1235 0 .74

1027 1234 0 .7 5
1044 1234 0 .75
1045 1231 0 .56
1014 1228 0 .59
965 1228 0 .43

1010 1226 0 .5 5
1032 1225 0 .55

975 1220 0 .38
987 1220 0 .36
967 1219 0 .27

1008 1213 0 .2 8
969 1209 0 .30
970 1198 0 .16



CO
UN

TS
/R

OE
NT

GE
N

99

H E L I P O T  S E T T I N G
1200 1220 1240 1260 1280

<

8

T

6

5

4

3

2

O'—

18.27 18.55 18.82 19.09 19.36
P E A K  B R E M S S T R A H L U N G  E N E R G Y  ( M e v )

F i g .  29. C 11 A c t iv a t io n  C urve



CO
UN

TS
/R

OE
NT

GE
N

HELI POT S E T T I NG

G O

18.55 18.8218.27 19.09
P E A K  B R E M S S T R A H L U N G  E N E R G Y  ( M e v )

F i g .  30 . A c t iv a t io n  C u rve  n e a r  T h r e s h o ld .



101

TABLE 19. C12 T hresho ld  D eterm ination  No. 2

Run No. Helipot
A ctivity

( c / r )

1155 1270 1.80
1156 1267 1.61
1255 1266 1.24
1152 1265 1.24
1041 1264 1.14
1305 1263 1.12
1154 1263 1.29
1254 1262 1.08
1253 1261 0.98
1252 1259 1.06
1158 1259 1.07
1240 1258 1.09
1145 1258 0.88
1042 1257 0 .83
1241 1256 0 .76
1243 1255 0 .8 2
1303 1253 0.66
1244 1253 0 .69
1150 1252 0 .79
1245 1251 0 .55
1144 1251 0 .63
1247 1250 0 .72
1248 1248 0 .4 2
1302 1248 0 .60
1148 1243 0 .53
1159 1248 0 .55
1249 1247 0 .58
1147 1246 0 .57
1306 1245 0 .54
1250 1245 0 .42
1045 1243 0 .40
1151 1241 0 .44
1307 1238 0 .37
1032 1236 0 .33
1309 1233 0 .3 9



CHAPTER VH

EXPERIM ENTAL RESULTS 

7.1  Photoneutron  T hresho ld  V alues of C u ^  and--I-   n — - - n , - T  ......... .... ..- T-i- ---------  -... ]--   --TC- - ■

The m ethod of ca lcu la ting  the th resh o ld  of the  photoneutron r e 

action  fro m  the m a ss  data  w ill be i llu s tra te d  by the  following c a lcu la -

14tio n  fo r N , The rea c tio n  m ay be e x p re ssed

Mi 4 + E y  —»N 14*—* N U  +■ n (7-1)

w here  E is  the photon energy  and N14* re p re se n ts  the  excited  N *4 

nuc leus. The law  of co n serv a tio n  of m om entum  re q u ire s  the Ni4 * 

nucleus to  have a  m om entum  equal to the photon m om entum , since  the 

N *4 nucleus in itia lly  can  be co n sid ered  a t r e s t .  As a  re s u lt  of th is  

t r a n s fe r  of m om entum , a  k inetic  energy  is  im p a rte d  to  the N*4 * nucleus 

equal to

E = pz / 2m  * E y 2 /2 m c 2 <7-2)

w here p i s  the  photon m om entum , m  the m ass  of the nucleus and  c the 

velocity  of lig h t. In g en e ra l, the  energy  a s  com puted by (7-2) fo r  the  

c a se  of p a r t ic le s  a s  m assiv e  a s  nuclei w ill be sm a ll so  tha t a ve ry  good 

approx im ation  fo r  the photon energy  will be the value obtained from  

energy  co n serv a tio n  co n sid era tio n s a lone. F ro m  the m a ss  data  (energy 

co n serv a tio n  calcu lation) (21) the th resh o ld  en e rg ie s  fo r  N14, O1^ 

w ere  re sp ec tiv e ly  18. 712 ^ 0 .0 3  Mev, ID. 545 ± 0 .0 2  Mev and

15. 597±  0.01 M ev. Using the above values fo r  the photon energy  in  (7-2) 

one ob tains 0 .0 1 6 , 0 .004  and 0 .008  Mev fo r N*4 , re sp ec tiv e ly .
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Adding th ese  e n e rg ie s  to  the above, th e re  re su lt  the following ca lcu la ted  

th resh o ld  va lues: C 12, 18.728 ±G. 03 Mev; N 14, 10. 549 i  0 .02  Mev; 

O16, 1 5 .605± 0 .01  Mev.

The re s u lts  of th resh o ld  de te rm in a tio n s Ho. 1 fo r C*2, O ^ ,

and No. 2 fo r C u ^  w ere  resp ec tiv e ly  1232 ± 2, 659 -  2, 1034 ^  1, 

530 1 1 .5  and 662 ^  1. 5 h .u .  r e fe r re d  to  a  Cu co n tro l of 710 c / r .  A 

l in e a r  energy  sca le  can  be d e te rm ined  using any p a ir  of th resh o ld  values 

fo r  the ligh t nuc le i. H ere , n itrogen  i s  alw ays used  a s  one of the  p a ir  

since  the  th re sh o ld s  to  be d e te rm ined  w ere  c lose  to  th a t of N*4 . The 

r e s u lts  a r e  su m m arized  in Table 20 below .

TABLE 20. T h resho ld s B ased  on N*4 , 0 * ^ , G*2 D eterm inations Ho. 1.

E nergy Scale 
Dete ru in a t io n

Slope 
(k e v /h .u .)

T h resho ld s (Mev)
Cu^S Agl09

N14. O16 

N14. C12

13.5

14.3

10.59 -  0 .05  

1 0 .5 9 £  0 .0 5

9 .0 8 + 0 .0 7  

8 .9 9  ± 0 .0 7

The re s u l ts  of th resh o ld  d e te rm in a tio n s No. 2 fo r  C*2, Agl®$

and No. 3 fo r  C u ^  r e fe r r e d  to a  Cu con tro l of 480 c / r  w ere  resp ec tiv e ly  

1243 t  2, 669 * 2, 10401  1, 562 t  1 and 674 1 1 h .u .  P e rfo rm in g  the 

sam e calcu la tions a s  above, the re s u l ts  a r e  shown in  T able 21 below .
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TABLE 21. T hresho ld s B ased  on N ^ »  D eterm inations No. 2.

E nergy Scale 
Dete rm ina tion

Slope
(k e v /h .u .)

T hresho lds (Mev)

Cu63 Ag‘ <>9

N14, 0 16 13.6 1 0 .6 2 i0 .0 5 9 .0 9 * 0 .0 7

Hjl4 -'-*12**» , 14.2 10.62 -  0 .05 9 .0 3 * 0 .0 7

Although the re sp ec tiv e  th resh o ld  values quoted in  T ab les 20 and 

21 have the  sam e p re c is io n  e s tim a te s , the re s u lts  in  Table 21 a re  con* 

side re d  to  be som ew hat m o re  re liab le  than those  of Table 20. The to ta l 

sp re ad  in  the  va lues of the  Cu con tro l ac tiv ity  w as 516 - 466 c / r  o r 

±  0 .017  Mev fo r the d e te rm in a tio n s of N*4 , and C u ^  so that

c o rre c tio n s  fo r  sh ift of the peak x - ra y  energy  was not req u ire d . The 

Ag!®9 th resh o ld  w as r e f e r r e d  to  a  Cu con tro l of 520 c / r  and was n o rm a l

ized  to  a  Cu co n tro l of 480 c / r ,  the c o rre c tio n  am ounting to  0 .027  Mev.

In the c a se s  of C u ^  and the c o rre c tio n s  to  the th re sh o ld  values

com puted from  equation (7-2) am ounted to  1 .0  and 0 .4  kev re sp ec tiv e ly  

and w ere th e re fo re  neg lected .

The fac t th a t the slope was d iffe ren t (T ables 20 and 21) using Ni4  

and from  th a t d e te rm in ed  by N44  and was an  ind ication  of a  non- 

lin e a r ity  in  the re la tio n sh ip  betw een helipot se tting  and peak x - ra y  energy . 

T h is n o n -lin ea rity  am ounted t© approxim ately  4% defined a s  the d iffe r

ence in  slopes divided by the av erag e  slope. T his n o n -lin earity  did not 

a ffec t the  th resh o ld  d e te rm ina tion  fo r  CuOJ because  i ts  th re sh o ld  i s  so



c lo se  to  tha t of H ow ever, in the  case  of i t  r e s u l ts  in  a

g re a te r  uncerta in ty  in  the th re sh o ld  d e te rm in a tio n . The av erag e  value 

fo r the th resh o ld  of w as found to  be 9 .0 ?  ± 0 .0 7 . T his figu re

re f le c ts  the  fac t tha t m o re  weight w as g ives to the d e te rm in a tio n s  using 

N*4 and than  to  those of N*4 and This w as reasonab le  since

the N 14 and ca lib ra tio n  points a r e  c lo se s t to the th resh o ld  of Ag*®^. 

The av erag e  value fo r  the th resh o ld  of G u ^  was found to  be 10. 6 l ±

0 .0 5  M ev. A co m parison  of the  th resh o ld  values obtained in  th is  th e s is  

a s  com pared  w ith those  of o th e r in v es tig a to rs  is  shown in  Table 22 below.

TABLE 22. Cu63 and . ig 109 T h resho ld  V alues.

T h resho ld  V alues (Mev)

O b serv e r Notes Agl<>9

Baldwin & Koch (2) 10 .9  - 0 . 3 9 .3  ± 0 .5

M cElhinney, e t a l. (3) 14C om pared to  N 10.8  ± 0 .2

M cElhinney, e t a l. (3) Aver, of 2 diff. 
m ethods (Sec .1 .5 )

1G.9 ± 0 .2

S her, e t a l .  (10) 1 0 .8 5 * 0 .2 9 .05  + 0 .2

B im baum i o . 6 i i  a .o a 9 .07  t O . 07

T hus, the high p re c is io n  d e te rm in a tio n  of the p re se n t w ork is  in  

f a i r  ag reem en t with that of o th er o b se rv e rs  and is  lo w er, a s  m ight be 

expected  from  the im provem en t in  p rec is io n . T his d e te rm ina tion  ind i

c a te s  tha t the b e s t value fo r  the C u ^  th resh o ld  is  about 0 . 3-M ev le s s
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than the  value in  com m on use of 10 .9  Mev. T his suggests  th a t a ll  of 

the th re sh o ld  de te rm in a tio n s (3, 4) which u sed  a s  a ca lib ra tio n  

point a t 10 .9  Mev a re  like ly  to  contain  values which a re  high by about

0. 3 M ev.

All of the f ig u res  showing ac tiva tion  cu rv es  have the ac tiv ity  p lo t

ted  both ag a in st he lipo t se tting  and peak x - ra y  energy . The peak x - ra y  

energy  sc a le s  w ere  obtained by tak ing  the th resh o ld  va lues given in  

Table 22 fo r  C u ^  and and those  calcu la ted  fo r  and

and using a slope of 13.6  k e v /h .u .

7. 2 P ro o f of M ethod of Cu Control A ctivity

A m ethod of te s tin g  the abso lu te  valid ity  of the helipo t c o rre c tio n  

m ethod b ased  upon the Cu con tro l activ ity  (d esc rib ed  in  Section 3. 7) 

was affo rded  by the ex is tence  of two groups of th resh o ld  d e te rm in a tio n s; 

one obtained w ith a  Cu con tro l in  the  neighborhood of 710 c / r  and the 

o th er w ith a  con tro l of 480 c / r .  The m ethod c o n s is ts  in  com paring  the  

change in  th resh o ld  p red ic ted  by the Cu con tro l da ta  w ith the  m ea su re d  

th resh o ld  changes. The com parison  is  tabu lated  in  Table 23 below.
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TABLE 23. Validity of Method of Cu Control A ctivity .

P re d ic ted A ctual
Diff. in Diff. in

T hresho ld Cu C ontrol T hresho ld T hresho ld
N ucleus h .u . { c /r) ( h .u . ) (h. u . )

Cu63 674 430 4 .8 5
Cu63 669 565

A g ^ 560 520 8 .0 9
A*™* 551 680

n 14 669 480 11.5 10
n 14 659 710

O1^ 1040 480 11.5 6
o 16 1034 710

c 12 1243 430 11.5 11
c 12 1232 710

The f i r s t  3 s e ts  of data  o ffer the m ost sign ifican t p roof of the 

m ethod since  the n o n -lin earity  of the sca le  w ill be in sign ifican t o v er so 

sm a ll a  ran g e . It is  evident th a t the num bers in  colum n 4 and colum n 

5 of the above tab le  a r e  in  exce llen t ag reem en t and thus e s ta b lish  the  

m ethod w ith a  p re c is io n  of about 0 . 9 h .u .  It i s  c le a r  th a t th is  e r r o r  is  

due m ainly to  u n c e rta in tie s  in  the th resh o ld  m ea su re m e n ts  m o st of 

which w ere  d e te rm in ed  to  w ithin 1 -  2 h . u. On a  re la tiv e  b a s is  the h e li

pot c o rre c tio n  m ethod based  on the Cu con tro l ac tiv ity  can  be expected 

to  be m uch m o re  p re c is e . In fac t, considera tion  of the re s u lts  of 

Section 3 .6  ind icate  a  p rec is io n  of the o rd e r  of ± 0. 2 h .u .

7. 3 N on-linearity  of the E nergy Scale

T h ere  a re  m any fa c to rs  which could con tribu te  to  a  n o n -lin ea rity
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in  the helipo t se tting  v e rsu s  peak x - ra y  energy  cu rv e . Among th e se , 

two of the  m o re  like ly  hypo theses w ere: a  tim e  delay betw een the in 

stan t th a t e le c tro n  o rb it expansion is  supposed to  occu r and the tim e  a t 

which it  ac tually  o c c u rs , and the p o ss ib ility  of a phase sh ift betw een the 

flux in te g ra to r  am p lifie r  input signal and the m agnetic  fie ld . E ith e r  of 

th ese  e ffec ts  (singly o r  together) could produce a  n o n -lin e a rity . If i t  is  

supposed  th a t a  constan t tim e  delay e x is ts  in  the  e le c tro n  beam  expan

sion  p ro c e s s , then  it  i s  c le a r  th a t the energy  of the  e le c tro n s  will change 

during  th is  tim e  by an  am ount depending on the ra te  of change of m ag 

netic  flux a t the tim e  of expansion.

An experim en t w as p e rfo rm ed  in  o rd e r  to  d e te rm in e  the p resen c e  

of such e ffec ts . If a  se t of ru n s  i s  taken  a t a  constan t he lipo t se tting , 

but a t d iffe ren t se ttin g s of the peak m agnet am plitude , i t  is  evident that 

th is  c o rre sp o n d s  to  expanding the beam  a t d iffe ren t va lues of ra te  of 

change of m agnetic  flux . An additional com plication  is  p re se n t in  th a t 

the resp o n se  of the in te g ra to r  a m p lifie r  m ay a lso  be dependent on the ra te  

of change of voltage a t the voltage leve l (helipot se tting) a t which o rb it ex 

pansion  i s  ca lled  fo r .

The re s u l ts  of such an  experim en t a re  shown in  F ig . 31. The o r 

d inates a re  the  ac tiv ity  ( c / r )  induced in  Cu a t helipo t se tting  730 p lo tted  

a s  a function of peak m agnet am plitude (Mev). The change fro m  an a m 

plitude of 11 Mev to  21 Mev is  equivalent to  a  sh ift in  the  peak x - ra y  

energy  of about 22 h .u .  (300 kev). It w as found tha t th ese  r e s u lts  w ere  

co n sis ten t w ith the assum ption  of a constan t tim e  delay . H ow ever, when
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F i g .  31. E f f e c t  o f  M a g n et  A m p litu d e  on Cu A c t iv i t y  at F i x e d  H e lip o t  S e t t in g .
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a  c o rre c tio n  based  upon these  re s u lts  was app lied  to  the  c a lib ra tio n  

poin ts lo r  the energy  sc a le , the resu ltin g  sca le  p o sse sse d  a n o n -lin earity  

which w as roughly the sam e a s  tha t which it  had o rig in a lly . It th e re fo re  

ap p eared  tha t the  above co n sid era tio n s  would not re so lv e  the  sc a le  non- 

l in e a r ity .

One im p o rtan t conclusion  of im m ed ia te  consequence could be ob

ta ined  fro m  th is  ex p erim en t, nam ely , the deg ree  to  which the m agnet 

am plitude m ust be held  constan t in  o rd e r  to e lim ina te  th is  a s  an  effect 

causing  fluctuations in  the peak x - ra y  energy . R eference  to  F ig . 31 

show s th a t in  the  neighborhood of m agnet am plitude 21 Mev, a  1-M ev 

change in  the m agnet am plitude can produce a  change in  the peak x - ra y  

energy  of 2 h .u .  {28 kev). Thus if a  s tab ility  of the  o rd e r  of *  0 .2  h .u .  

is  d e s ire d , the m agnet am plitude m ust be held  constan t to w ithin 

— 0 .1  M ev. An e lec tro n ic  c irc u it has not been  co n stru c ted  w ith which 

p re c is e  regu la tion  of the m agnet am plitude can  be ach ieved  au to m atica lly .

7 .4  Sum m ary

New values have been obtained fo r  the photoneutron th re sh o ld s  of 

C u ^  and which a re  considerab ly  m o re  re liab le  than  p rev ious d e 

te rm in a tio n s . The a c c u ra te  de te rm ina tion  of the C u ^  th resh o ld  i s  of 

p a r t ic u la r  im portance  because  of the w idesp read  u se  of th is  th re sh o ld  a s  

a  su b stan d ard  fo r  the  c a lib ra tio n  of b e ta tro n  energy  s c a le s . The new 

value of 1 0 ,S i t  0 .0 5  Mev is  found to  be approx im ate ly  0. 3 Mev below 

the p rev iously  accep ted  value of 10. 9 £ 0 .  2 M ev. It is  suggested  tha t 

th o se  th re sh o ld s  which have been  d e te rm in ed  re la tiv e  to  a  sca le  b a sed  on
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the  Cu th resh o ld  a t 10. 9 Mev (about 38 th resh o ld  values) m ay be high 

by about 0. 3 M ev.

It is  n e c e ssa ry  to re m a rk  that the p rec is io n  with which th resh o ld s  

have been  d e te rm in ed  in  th is  experim en t w ere  in  m ost c a se s  of the o rd e r

of t  I h .u .  (14 kev). If the m a ss  of the p a ren t nucleus w ere  known with 

g re a t p rec is io n , then  the m a ss  of the daugh ter nucleus could be obtained 

with a  p re c is io n  of i" 0 .000015 a .m .u .  based  upon a th resh o ld  d e te rm in 

ation  of 1 h .u .  T his p rec is io n  is  com parab le  to  the b est p re c is io n  by 

which m a s se s  of ligh t nuclei can  be m easu red  by o th er m ethods. The 

p re c is io n  of the m easu rem en t is  independent of the weight of the nucleus 

involved.

It has been found tha t the sca le  d e te rm in ed  by using the fixed  points 

of and exhib ited  a  n o n -lin ea rity  of about 4%. E xperim en ts

p e rfo rm ed  to  d e te rm in e  the cause  of the sca le  n o n -lin ea rity  have shown 

a  dependence of the activ ity  induced in  Cu a t a fixed helipo t se tting  of 

730 on the m agnet am plitude . T his effect ap p ea red  exp licab le  in te rm s  

of the assum ption  of a  constan t delay in  the expansion  p ro c e s s . When a  

c o rre c tio n , b ased  upon th ese  da ta , w as d e te rm in ed  and app lied  to  the 

ca lib ra tio n  po in ts , the resu ltin g  energy sca le  s ti ll  exhib ited  a non- 

lin e a r ity  of approx im ate ly  the  sam e m agnitude. H ow ever, the effect of 

m agnet am plitude on peak x - ra y  stab ility  ind icated  the need fo r  p re c ise  

s ta b ilisa tio n  of the peak m agnet am plitude, if v e ry  s tab le  con tro l of the 

peak x - ra y  energy  is  req u ire d .

It w as shown by using two independent se ts  of th re sh o ld  m easu rem en ts
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which w ere  r e f e r r e d  to  d iffe ren t Cu con tro l a c tiv i t ie s , th a t the  m ethod 

of m onitoring  the peak x - ra y  energy  b ased  on the Cu con tro l a c tiv ity  

h as an  abso lu te  va lid ity . The p re c is io n  of th is  m ethod was about 

t  0 .9  h .u .  w hich is  to  be expected  fro m  the p re c is io n  w ith which th r e s 

holds can be m e a su re d . On a  re la tiv e  b a s is  the  Cu con tro l ac tiv ity  

c o rre c tio n  m ethod should be valid  to  about ± .0 .2  h .u .  (about 3 kev).
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APFENXHX I

ENERGY CONTROL OF A 22 MEV BETATRON

in a  betatron* the  a cc e le ra tio n  of e le c tro n s  is  governed by 

F a ra d a y ’s Law;

y '& a  * u - 1)

Namely* the  changing m agnetic  flux th rough  the  su rfa c e  bounded by the  

e le c tro n  o rb it p roduces an  e le c tr ic  fie ld  a t th e  o rb it. The en erg y  gain 

p e r  tu rn  is

‘ - r 4 ?  ( i ' 2 )

w here e i s  the  e le c tro n ic  ch arg e  and 0  *jj5 s*ds . K the  e le c tro n  

m oves w ith approx im ate ly  the  velocity  of light* c* which i s  the  c a se  fo r  

a ll  e n e rg ie s  in  e x ce ss  of I Mev* then  the  tim e  occupied by one cycle  is  

dt * 2 TTr/c. The energy  gain p e r  second  i s

dW .  c e  d 0  „ e d 0  fI
"  H F ? 7  d T  T r r r  I T  {1S}

w here W is  the  energy  of the  e le c tro n  and  r  i s  the  o rb it  ra d iu s , in te 

g ra tin g  equation 3* th e re  re s u lts

w * 9  (1-4)
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taking W * 0 when 0  = 0, Equation 4 s ta te s  th a t the instan taneous 

energy  of the  e le c tro n s  is  p roportiona l to  the flux passin g  th rough  the 

su rface  bounded by the  e le c tro n s .

The b e ta tro n  m agnet is  opera ted  well below sa tu ra tio n  so tha t 0  

and B a re  p ropo rtiona l to 1 ^ , the m agnetizing  c u rre n t. It i s  a ssum ed  

th a t B and hence 0  a re  approx im ate ly  in  phase with Xm . The m agnet 

co ils  a re  a lm o st e n tire ly  reac tiv e  so tha t the voltage a c ro s s  the m agnet 

co ils  le a d s  by a lm o st 90° the c u rre n t through the c o ils . If som e m ethod 

is  u sed  which tap s and in te g ra te s  th is  voltage, a signal is  obtained which 

is  in  phase w ith Im and hence 0  and is  p ropo rtiona l to the in stan taneous 

e le c tro n  energy . Use of a tapped in te g ra te d  voltage, Vc a s  a  m ea su re  

of the e le c tro n  energy  im p lies  a s t r ic t  p ropo rtiona lity  betw een Vc and 0 .

It is  possib le  tha t the w arm -up  of the b e ta tro n  m agnet m ay cause  sm all 

changes in  th is  p ro p o rtio n a lity . However the calcu la tion  of th is  effect is  

a t p re se n t beyond ou r m eans and fo r  the p u rposes of th is  a n a ly s is , the 

s t r ic t  p ro p o rtio n a lity  betw een Vc and 0  w ill be a ssu m ed . A c irc u it 

which p rov ides a  signal in  phase with 0 , is  sim ply an in te g ra to r , nam ely , 

a la rg e  re s is ta n c e  in  s e r ie s  with a  capacitance  (See F ig . 32).

The voltage Vc , whose m agnitude is  p ro p o rtio n a l to  the  in stan taneous 

e le c tro n  energy , s e rv e s  a s  the  input signal fo r the in te g ra to r  am p lifie r . 

The f i r s t  stage  of the  in te g ra to r  am p lifie r  c o n s is ts  of a  cathode fo llow er. 

The b ia s  lev e l of th is  stage is  d e te rm in ed  by the se tting  of the helipot 

energy  co n tro l. Thus, the  helipot se ts  the b ia s  lev e l of the  cathode 

fo llow er a t som e frac tio n  of the stan d ard  re fe re n c e  v o ltag e . In the NRJL 

c irc u it , a frac tio n  of the s tandard  re fe re n c e  voltage was com pared  to that
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of a  W eston S tandard  Cell (Section 2. 5). The output of the cathode 

fo llow er is  coupled to  the in itia l stage of a d .c .  coupled a m p lifie r  by 

m eans of a  vacuum  tube diode clam ping c irc u it . In o rd e r  fo r  a  signal 

to ap p ea r on the g rid  of the d .c .  am p lifie r , it w as n e c e ssa ry  to  ra is e  

the  cathode voltage of the in itia l cathode fo llow er to  a lev a l which would 

ju s t  unclam p the diode. At thi$ point, a  signal ap p ea rs  on the g rid  of 

the  f i r s t  stage  of the d .c .  am p lifie r .

The b a s is  of the energy con tro l sy stem  is  tha t a unique c o rre sp o n d 

ence is  e s tab lish ed  betw een the helipo t se tting  and the  m agnitude of the 

input voltage which unclam ps the diode. A ccording to the above d is c u s 

sion , to th is  voltage th e re  co rre sp o n d s a  defin ite  e le c tro n  energy and 

th e re fo re  a  defin ite  peak x - ra y  energy .

The signal which a p p ea rs  on the g rid  of the f i r s t  stage  of the  d .c .  

coupled a m p lifie r  i s  am plified  by a  fac to r  of about 100 and th en  used  to  

t r ig g e r  a m u ltiv ib ra to r  which, in  the NRL. c irc u it , i s  u sed  to  t r ig g e r  a 

2050 th y ra tro n  c irc u it  s im ila r  to  th a t of F ig . 8 . The output pu lse  of the 

2050 th y ra tro n  is  used  to  t r ig g e r  the high voltage 5C22 th y ra tro n  in  the 

expander c irc u it . The expander sy stem  is  shown in  block d iag ram  fo rm  

in  F ig . 33. A m o re  d e ta iled  account of the peak x - ra y  energy  con tro l 

c irc u its  w ill be found in (15).

In the  block d iagram  of F ig . 33, is  shown a  connection betw een the 

t r ig g e r  g e n e ra to r  fo r  the in je c to r  and the in te g ra to r  a m p lif ie r . It was 

found th a t a s  a  re s u lt  of s tra y  coupling betw een the  in je c to r  and expander 

c irc u its ,  a  signal w as in troduced  in to  the in te g ra to r  a m p lifie r  coincident
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with the  60 kev in je c to r  p u lse . T his signal re su lte d  in  a  tr ig g e rin g  of 

the  expander sy s tem  with a  consequent lo s s  of the  e le c tro n  beam . In 

o rd e r  to  su p p re ss  th is  e ffec t, a  signal fro m  the 20SO th y ra tro n  in je c to r  

t r ig g e r  c irc u it  of F ig . 3 w as applied  to  the  m u ltiv ib ra to r  of the  in te g ra to r  

a m p lifie r  which effectively  blocked i t s  opera tion  during the tim e  of in 

jec tio n . T h is e lim ina ted  the  tr ig g e rin g  of the  expander sy s tem  by the 

66 kev in je c to r  p u lse .



INTEGRATOR STACK 
(  / ? =  2.0 k 5 -0  K,  W , W . W 4 7 T  £ A C W  

C -  O ' )  MFD- )

b e t a t r o n  t a n k  c iR corr

OUT p u l  TO I N T E G R A T O R  ARPL / F / E R

Fig. 32. Flux In teg ra to r  Stack A rrangem en t.



~RI&GER GSMBRATo R 
FOR INJECTOR.

r

iNr&G^AToR INrESLRATOR
S ThCt^ AMPLIFIER

iMjECTô
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