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ABSTRACT

45 47 48Cross s e c t i o n s  f o r  the  p ro d u c t io n  of Ca from T i ,  T i ,

49 50Ti,  and Ti were e x p e r im en ta l ly  measured u s ing  350 MeV p ro to n s .  

This work was performed in  o rd e r  to  de termine i f  the  d i r e c t  knockout 

4of  He c l u s t e r s  c o n t r i b u t e s  s i g n i f i c a n t l y  to  the  i n te rm e d ia te  energy 

r e a c t i o n  c ro s s  s e c t i o n s  o f  th e se  medium weight n u c l e i .  The c ross

49 50s e c t i o n s  show a s i g n i f i c a n t  i n c r e a s e  a t  the  Ti and Ti i s o t o p e s ,

4 4showing t h a t  the  r e a c t i o n s  (p,  p He) and (p ,  p He n) are  probably  

c o n t r i b u t i n g  to  the  measured c ro s s  s e c t i o n s .

vii



THE PRODUCTION OF 45Ca FROM THE ISOTOPES 

OF TITANIUM AT 350 MeV



I . INTRODUCTION

A n u c le a r  r e a c t i o n  i s  a process  in  which a nuc leus  r e a c t s  with 

ano ther  n u c l e u s ,  an e lem en ta ry  p a r t i c l e ,  o r  a photon to  produce one 

or  more o th e r  n u c l e i  and p o s s i b l y  o th e r  p a r t i c l e s  (4 ) .  Most of  the 

n u c l e a r  r e a c t i o n s  s tu d ie d  have been induced by l i g h t  p a r t i c l e s  

(n e u t ro n s ,  p r o to n s ,  d e u te r o n s ,  t r i t o n s ,  he lium io n s ,  e l e c t r o n s ,  

mesons, photons) (4 ) .  Most o f  the  pub l ished  work has  been done u s in g  

p ro tons  as i n c i d e n t  p a r t i c l e s .  In  t h i s  work, p ro tons  have been used 

as the  i n c i d e n t  p a r t i c l e s ,  a l s o .

P ro ton- induced  r e a c t i o n s  can be c h a r a c t e r i z e d  accord ing  to 

the  energy  of  the  i n c i d e n t  p r o to n s .  Below approx imate ly  50 MeV, 

th e se  r e a c t i o n s  can be thought of as o ccu r r in g  through the format ion  

o f  a compound nuc leus  in  which the  pro ton  i s  cap tu red  by the  t a r g e t  

nuc leus  and i t s  energy i s  randomly d i s t r i b u t e d  among the nucleons  

o f  the  nuc leus  (4 ) .  The nuc leus  then d e - e x c i t e s  by the  e v ap o r a t io n  

of p a r t i c l e s  (or the  em iss ion  of a photon) in  a p rocess  s i m i l a r  

to  the e v ap o r a t io n  of molecules  from a drop of  l i q u i d  (4 ) .

The energy reg io n  between 50- and 100-MeV has no t  been 

s tu d ie d  as e x t e n s i v e l y  as the  o th e r  energy r e g io n s ,  but  i t  seems 

ev id en t  t h a t  compound nuc leus  fo rmation becomes l e s s  im por tan t  and 

o t h e r  p ro ce sses  ( t h a t  i s ,  d i r e c t  i n t e r a c t i o n s )  become more 

i m p o r t a n t .

The o th e r  p ro cesses  p re v io u s ly  mentioned become e v id e n t  in

2



3

the energy re g io n  above 100 MeV where most r e a c t i o n s  take  p lace  by 

d i r e c t  i n t e r a c t i o n  between the  i n c i d e n t  p ro tons  and the  nuc leons  of  

the  t a r g e t  n u c l e i .  Above 400 MeV, d i r e c t  i n t e r a c t i o n  i s  s t i l l  the  

most im por tan t  p ro c e s s ,  bu t  p io n  p rocesses  become i n c r e a s i n g l y  

more im p o r tan t .  Pions  a r e  the  p a r t i c l e s  t h a t  a re  thought to  be 

exchanged between nuc leons  i n  a nuc leus  to g ive  the  s t r o n g ,  s h o r t -  

range n u c l e a r  fo r c e .  The th r e s h o ld  fo r  the p ro d u c t io n  of  p ions  wi th

- f “  —

pro tons  i s  280 MeV. At t h i s  energy and above, p ions  ( e i t h e r  t t  , t t  , 

o
or tt , depending on the  type  o f  c o l l i s i o n )  can be produced in  the  

bombardment. Although the  t h r e s h o ld  fo r  p ion p ro d u c t io n  i s  280 MeV, 

they a re  no t  produced s i g n i f i c a n t l y  below 400 MeV.

In te rm e d ia t e  energy  (>100 MeV) p ro ton - induced  r e a c t i o n s  can 

be exp la ined  i n  the  framework of the  c a sc ad e -e v ap o ra t i o n  model.

This i s  the  commonly accep ted  model fo r  in t e r m e d ia t e  energy n u c l e a r  

r e a c t i o n s ,  and c o n s i s t s  of  two s t a g e s  (4) :

1. A knock-on cascade  in  which the  i n c i d e n t  p a r t i c l e  

i n t e r a c t s  wi th  a s i n g l e  nuc leon  i n  the  s t r u c k  n u c leu s .  These 

c o l l i s i o n  p a r t n e r s  may then  pass  through the nuc leus  wi thout  

f u r t h e r  i n t e r a c t i o n ,  o r  one or both may make f u r t h e r  c o l l i s i o n s .

Thus, a n uc leon ic  cascade i s  developed,  the  exac t  n a tu re  of which 

depends upon the p r o b a b i l i t y  fo r  and the k inem at ics  of  each 

c o l l i s i o n  (12) .  At the  end of  th e  cascade ,  the  nuc leus  i s  l e f t  in  

an e x c i t e d  s t a t e ,  the  e x c i t a t i o n  energy a r i s i n g  from the  e q u i l i b r a t i o n  

o f  the  k i n e t i c  energy o f  those  cascade  p a r t i c l e s  which remain in  the



n u c le u s ,  and the  " p a r t i c l e  h o le "  energy which r e s u l t s  from the  e j e c ­

t i o n  of  bound nucleons  (12) .  The e j e c t i o n  o f  a bound nucleon leaves  a 

vacancy in  one of the  energy s t a t e s  w i th in  the  n u c l e a r  p o t e n t i a l  

w e l l ;  the  r e s u l t i n g  e x c i t a t i o n  energy caused by the  vacancy i s  the  

" p a r t i c l e ,  h o le "  energy .

2. The e x c i t e d  cascade  produc ts  may then d e - e x c i t e  in  

a t  l e a s t  two ways:

a. By the  evap o ra t io n  of nucleons  or c l u s t e r s  of 

nu c leo n s ,  i n  a way s i m i l a r  to  the  evapo ra t ion  of  p a r t i c l e s  from 

compound n u c l e i .

b.  By d iv id in g  i n t o  two roughly  equal p i e ce s  in  

a p rocess  analogous to  f i s s i o n .

The assumption in  the  cascade s tag e  t h a t  the  i n c i d e n t  p ro ton  

i n t e r a c t s  w i th  only a s i n g l e  nuc leon  a t  a t ime i s  based on the  

" impulse  approximation"  (11) .  This approximation i s  based on the  

fo l lowing  assumptions :

1. For h igh  energy p ro to n s ,  the  energy of the  p ro ton  

i s  much l a r g e r  than the  i n t e r a c t i o n  energy between nucleons  in  the  

n u c l e u s ,  and i t s  wavelength  i s  l e s s  than the  average d i s t a n c e  between 

nuc leons  (4 ) .

2. Any i n t e r a c t i o n  between the i n c i d e n t  p ro ton  and any 

of  the  nucleons  i s  n e a r l y  the  same as i f  both p a r t i c l e s  were in  f r e e  

space ,  r a t h e r  than i n s id e  a nuc leus  (4 ) .

On the  b a s i s  of the  " impulse  approx im a t ion ,"  p ro tons  of  a 

few hundred MeV have a mean f r e e  pa th  in  n u c le a r  m a t t e r  o f  about
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- 13
3 x 10 cm, which i s  of  the  same o rde r  as n u c l e a r  r a d i i .

I t  has been shown in  r e c e n t  years  t h a t  in  r e a c t i o n s  induced 

by i n t e r m e d ia t e -  and h ig h -ene rgy  p ro to n s ,  h e a v ie r  p a r t i c l e s  (D, He,

L i ,  Be, B n u c l e i )  a re  em i t ted  from the t a r g e t  n u c l e i  (12) .  These 

h e a v i e r  p a r t i c l e s  may be evapora ted  from the n u c leu s ,  o r ,  s in c e  some 

have c o n s id e ra b le  k i n e t i c  energy and a re  em i t ted  a t  smal l  a n g le s ,  

they  may be d i r e c t l y  e j e c t e d  from the n u c leu s .  C l u s t e r s  of  nuc leons  

a re  thought to  have a t r a n s i e n t  e x i s t e n c e  in  the  lo w -d e n s i ty ,  d i f f u s e  

edge of  n u c l e i ,  s in c e  the  average  d i s t a n c e  between nucleons  in  t h i s  

r e g io n  i s  l a r g e  compared to  the  range of the  nuc leon-nuc leon  

fo rce  (4 ) .  C o l l i s i o n s  between nucleons  in  t h i s  low d e n s i t y  r e g io n  

could form c l u s t e r s  i f  the  i n t e r n u c l e o n  fo rce s  were s t ro n g  enough, 

s in c e  c o l l i s i o n s  in v o lv in g  any momentum t r a n s f e r s  a re  fo rb idden  by 

the  P a u l i  p r i n c i p l e  because a l l  s t a t e s  of  lower momentum are  a l r e ad y  

4occupied (4 ) .  He c l u s t e r s  a re  e s p e c i a l l y  thought to  e x i s t  in  

4n u c l e i  s in ce  He i s  a ve ry  s t a b l e  e n t i t y .

This s tudy was unde r taken  to  de te rm ine ,  through the  measure-

45ment of the  p ro d u c t io n  c ro ss  s e c t i o n  of Ca from the  s ep a ra te d  s t a b l e

4
i s o to p e s  of  t i t a n i u m ,  i f  a d i r e c t  r e a c t i o n  o f  the  type (p,  p He) 

i s  p o s s i b l e  in  th e se  n u c l e i .  Assuming t h a t  such r e a c t i o n s  a re  

p o s s i b l e ,  the  r e a c t i o n s  of  i n t e r e s t  are

^ 7T i (p ,  3p )^5Ca

48 45T i (p ,  3pn) Ca
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49_. t 4 .45,.T i (p ,  p He) Ca

50 . . 4 .45T i (p ,  p Hen) Ca

A s u b s t a n t i a l  i n c r e a s e  i n  c ro s s  s e c t i o n  a t  the  49 and 50 i s o to p e s  

should g ive  p re l im in a r y  evidence  fo r  such r e a c t i o n s .

As s t a t e d  e a r l i e r ,  most i n t e r m e d ia t e -  and h igh-ene rgy  p ro ton -  

induced r e a c t i o n s  can be exp la ined  in  the framework of the  cascade 

e v ap o r a t io n  model. S ince  a l l  th e  r e a c t i o n s  in  t h i s  work were run 

a t  350 MeV, t h i s  model should s t i l l  be a v a l i d  framework, s ince  

i n c l u s i o n  o f  the  d i r e c t  i n t e r a c t i o n  with  h e a v ie r  p a r t i c l e s  would 

simply add to  the  e x i s t i n g  model.



I I .  EXPERIMENTAL

T arge t  P r e p a r a t i o n

47 48 49 .The i s o to p e s  used i n  th e  i r r a d i a t i o n s  were T i ,  T i ,  T i ,

and " ^ T i .  A l l  were a v a i l a b l e  i n  e n r i c h e d  form from Oak Ridge 

N a t io n a l  L a b o ra to ry ,  a l though  each o f  th e  e n r ic h ed  i s o t o p e s  was 

con tam ina ted  by a l l  o f  the  o t h e r  s t a b l e  t i t a n i u m  i s o t o p e s .  The

48 .l a r g e s t  contaminant  i n  a l l  o f  th e  e n r i c h ed  i s o t o p e s  was T i ,  s in ce

i t  has  the  l a r g e s t  n a t u r a l  abundance o f  th e  i s o t o p e s .  The pe rcen tage

48 47 49 50o f  Ti i n  T i ,  T i ,  and Ti  i s o t o p e s  was 1 6 .5 ,  18 .54 ,  and 17.8

r e s p e c t i v e l y .  Contaminat ion  by th e  o t h e r  i s o t o p e s  amounted to

48between 1% and 2% i n  a l l  th e  samples excep t  T i ,  which was 99.13% 

e n r i c h e d .  C o r re c t io n s  were made t o  the  c r o s s  s e c t i o n s  f o r  a l l  

co n tam in a t io n .  I s o t o p i c  and s p e c t r o g r a p h i c  a n a l y s i s  o f  a l l  the  

e n r i c h e d  i s o to p e s  a r e  shown i n  Table  1.

T a rg e t s  were p repa red  by d e p o s i t i n g  a l a y e r  of  e n r ic h ed  

TiC^ on a t a r e d  2" x 2" p i e c e  o f  1 m i l  aluminum f o i l .  This’ was

accomplished by s l u r r y i n g  ap p ro x im a te ly  10 mg o f  en r ich ed

w i th  d ry  e t h y l  e t h e r  and pour ing  th e  m ix tu re  on to  th e  f o i l ,  u s in g  

a M i l l i p o r e  f i l t e r  and chimney a p p a r a t u s .  A f t e r  a l low ing  the  e t h e r  

to  e v a p o r a t e ,  t h e r e  remained a t h i n ,  un i fo rm  l a y e r  o f  T i 0 2  on the

2f o i l .  The average  a r e a  o f  th e  d e p o s i t  was 10.3  cm . The f o i l  and
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TABLE 1 

T a rg e t  M a t e r i a l s

T a rge t

n u c l id e

N a tu ra l

abundance

(%)

Form

bom­

barded

I s o t o p i c

a n a l y s i s

Spec t rog raph ic

a n a l y s i s

I s o -  Atomic 

tope p e rc e n t

E l e -  F e r ­

ment cen t

47i i 7,28 Xi02 46 1.9 Ag .01

47 79.5 A1 .05

48 16.5 B .01

49 1.1 Ba .01

50 1.0 Be .001

Bi .02

Ca .01

Cb .05

Cd .05

Co .05

Cr .05

Cs .05

Cu .01

Fe .02

Ge .05



TABLE 1 (Continued)
9

Targe t N a tu ra l Form I s o t o n i c Sp e. c t  r  o g r  aph i  c

n u c l i d e abundance

(%)

bom­

barded

a n a l y s i s a n a l y s i s

I s o -  Atomic E le -  P e r -

tope p e r c e n t ment cen t

Hg < .05

K < .01

Li < .005

Mg < .01

Mn < .02

Mo < .02

Na < .01

Ni < .05

Pb < .02

Pt < .05

Rb < .02

Sb < .05

Si .03

Sr < .01

Sn < .02

Ta < .05

V < .02



TABLE 1 (Continued)
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T arge t N a tu ra l Form I s o t o p i c S p e c t ro g rap h ic

n u c l i d e abundance

(%)

bom­

barded

a n a l y s i s a n a l y s i s

I s o -  Atomic E l e -  P e r -

tope p e r c e n t ment cen t

W < .05

Zn < .2

Zr < .05

46 0.25 Ag < .02

47 0.26 A1 < .05

48 99.13 B .01

49 0.19 Ba < .02

50 0.17 Ca < .02

Cb < .05

Cd < .05

Co < .05

Cr < .02

Cu < .02

Fe < .01

K < .01

Li < .005
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T arg e t N a tu ra l Form I s o t o p i c S p ec t ro g rap h ic

n u c l i d e abundance

\ /o j

bom-

barded

a n a l y s i s a n a l y s i s

I s o -  Atomic E l e -  P e r -

tope p e r c e n t ment cen t

Mg < .01

Mn < .01

Mo < .02

Na < .01

Ni < .05

Pb < .05

Pt < .02

Rb < .02

Si .03

Sn < .02

Sr < .01

Ta < .05

V < .02

W < .05

Zr < .05



TABLE 1 (Continued)
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Targe t N a tu ra l Form I s o t o p i c Spec t rograp’n ic

n u c l i d e abundance

(%)

bom­

barded

a n a l y s i s a n a l y s i s

I s o -  Atomic E le -  P e r -

tope  p e r c e n t ment cen t

49Ti 5 .51 T i0 2 46 1.58 A1 .05

47 1.58 B .01

48 18.54 Ba .01

49 76.14 Be .001

50 2.16 Bi .02

Ca .01

Cb .05

Cd .05

Co .05

Cr .05

Cs .05

Cu .01

Fe .02

Ge .05

K .01

Li .005

Mg .01
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TABLE 1 (Continued)

T arge t N a tu ra l Form I s o t o p i c Spec t ro g rap h ic

n u c l i d e abundance

(%)

bom­

barded

a n a l y s i s a n a l y s i s

I s o -  Atomic E le -  P e r -

tope p e r c e n t ment cen t

Mn <

CMO

Mo < .02

Na < .01

Ni. < .05

Pb < .02

Pt < .05

Rb < .02

Sb < .05

Si .03

Sn < .02

Sr < .01

Ta < .05

V < .02

w < .1

Zn < .2

Zr < .05



TABLE 1 (Continued)
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Targe t N a tu ra l Form I s o t o p i c S pec t rog raph ic

n u c l id e abundance

(%)

bom­

barded

a n a l y s i s a n a l y s i s

I s o -  Atomic E le -  P e r -

tope  p e r c e n t ment cen t

46 2 .0 Ag < .01

47 1 .8 A1 < .05

48 17.8 B < .01

49 2 .0 Ba < .01

50 76.4 Be < .001

Bi < .02

Ca < .01

Cb < .05

Cd < .05

Co < .05

Cr .05

Cs < .05

Cu < .01

Fe .07

Ge < .05

Hg < .05



TABLE 1 (Continued)
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Targe t N a tu ra l Form I s o t o p i c Spec t ro g rap h ic

n u c l i d e abundance

(%)

bom­

barded

a n a l y s i s a n a l y s i s

I s o -  Atomic E l e -  P e r -

tope p e r c e n t ment cen t

K < .01

Li < .005

Mg < •01

Mn < .02

Mo < .02

Na < .01

Ni < .05

Pb < .02

Pt < .05

Rb <

CMO

Sb < .05

Si .01

Sn < .02

Sr < .01

Ta < .05

V < CMO
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TABLE 1 (Continued)

Targe t N a tu ra l Form I s o t o p i c S p ec t ro g rap h ic

n u c l id e abundance

(%)

bom­

barded

a n a l y s i s a n a l y s i s

I s o -  Atomic E le -  F e r ­

tope  p e r c e n t ment cen t

W < .05

Zn < .2

Zr < .05



d e p o s i t  were then  weighed and the  th ic k n e ss  o f  the  d e p o s i t  was

2
c a l c u l a t e d  in  mg/cm .

The T1 .O2  d e p o s i t s  were coated  with  a t h i n  f i lm  of Duco cement

in  o rd e r  to p rev en t  f l a k i n g  of  i t  dur ing  h an d l in g  and i r r a d i a t i o n .

The f o i l  and d e p o s i t  was then  cu t  as shown in  F ig u re  1.

Targe t  p ack e ts  f o r  the  i r r a d i a t i o n s  were made up as shown in  

F igu re  2. A l l  o f  the  t a r g e t  packe ts  con ta ined  e i t h e r  t h r e e  or  four

48of  the  t i t a n iu m  i s o t o p e s ,  w i th  Ti in  a l l  o f  them. The guard f o i l s  

were 3 / 4 ” x 1” p ie c e s  o f  1 m i l  aluminum f o i l .  Monitor f o i l s  of  

99.99+% p u r i t y  and 1.5 m i l  were p laced  a t  each end o f  the  t a r g e t  

packe t  in  o rd e r  to  m o n i te r  the  p ro ton  beam. They were p laced  both 

a t  the  f r o n t  and back, so as to  show any a t t e n u a t i o n  o f  the  beam 

through the  t a r g e t  o r  to  show i f  secondary p a r t i c l e s  were c o n t r i b u t i n g  

to  the  induced a c t i v i t i e s ,  a l though the  c o n t r i b u t i o n  o f  seco n d a r ie s  

should have been made n e g l i g i b l e  by the  use  of  t h i n  t a r g e t s .  Cover 

f o i l s  were wrapped about the  o th e r  f o i l s  to  hold  them to g e th e r  

dur ing  i r r a d i a t i o n .

I r r a d i a t i o n s

A l l  i r r a d i a t i o n s  were c a r r i e d  out on the  600 MeV 

s y n ch ro cy c lo t ro n  a t  the  Space R ad ia t ion  E f f e c t s  L ab o ra to ry  (SREL) in  

Newport News, V i r g i n i a .  The t a r g e t s  to be i r r a d i a t e d  were placed  in  

a h o ld e r  as shown in  F igu re  3 and were mounted on the  probe head.

Since the  energy o f  the  p ro tons  used in  the  i r r a d i a t i o n s  i s  dependent
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T A R G E T
M A T E R I A L

C U T T I N G  L I N E S
Fig .  1. D e t a i l  o f  t a g e t  f o i l .
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G M

C C O V E R  F O I L  
M M O N I T O R  F O I L  
G G U A R D  F O I L
Ti  F I R S T  T A R G E T  F O I L ( 47Ti , 4ST i , 4 9 T i , o r 5 0 T i ) 
T2  S E C O N D  T A R G E T  F 0 i L ( 47 Ti,4 8 Ti ̂ T i . o r ^ T i ) 
T 3  T H I R D  T A R G E T  F OI  L(4 7 T i 4 8 Ti ,  4 8 T i , o r  5 0 Ti )

F ig .  2. Schematic diagram of i r r a d i a t i o n  pack e t .
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SIDE VIEW
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RRADIATION PACKETS
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TOP VIEW
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SCREW
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HOLDERS

Fig .  3. Targe t  h o ld e r  assembly.
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on the  r a d i a l  d i s t a n c e  of  th e  t a r g e t s  from the  c e n t e r  of the  

c y c l o t r o n ,  a p p r o p r i a t e  s e t t i n g s  were made fo r  350 MeV p ro to n s .  A l l  

t a r g e t s  were i r r a d i a t e d  f o r  30 minutes  with  the  f u l l  a v a i l a b l e  beam 

i n t e n s i t y .  The p ro to n  beam was monitored wi th  the  r e a c t i o n

27A l(p ,  3p3n)22Na (1 ) .

Chemistry

The i n t e n s i t y  of  th e  p ro ton  beam p a ss in g  th rough the  t a r g e t

f a l l s  o f f  s h a r p ly  w i th  the  d i s t a n c e  from the le ad in g  edge o f  the  

t a r g e t ,  as shown in  F ig u re  4 (10) .  T he re fo re ,  any misa lignment 

of the  t a r g e t s  would r e s u l t  in  d i f f e r e n t  t a r g e t s  be ing  exposed 

to  d i f f e r e n t  numbers o f  p ro to n s .  To minimize any e f f e c t s  o f  

m isa l ignm ent ,  a 1/2"  x 1 /2"  s e c t i o n  of  each t a r g e t  was punched 

1/8" from the le ad in g  edge,  u s in g  the ap p a ra tu s  shown in  F igu re  5.

Using the  1/2"  x 1 /2 ” punched s e c t i o n ,  the  cover f o i l s  were

d i s ca rd e d  and the  m oni to rs  xvere s e t  a s ide  to be mounted on 

aluminum coun t ing  c a r d s .  Calcium was then s ep a ra te d  from the 

t a r g e t  f o i l s  and t h e i r  co r responding  guard f o i l s  by a method adapted 

from K o l th o f f  and S ande l l  (6 ,  7 ) .

Each aluminum t a r g e t  f o i l  (with TiO^) and i t s  co r re spond ing

guard f o i l  were d i s so lv e d  i n  h o t ,  co n cen t ra ted  HC1. A f t e r  the

c a r e f u l  a d d i t i o n  of  5 ml o f  a s a t u r a t e d  Na„S0.-H-S0. s o l u t i o n ,  the2 4 2 4 *

m ix tu re  was hea ted  to  b o i l i n g  and allowed to  coo l ;  10 ml o f  a c a r r i e r

2+s o l u t i o n  o f  0.506 mg/ml Ca was then  added.
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3 MIL AL TARGET 
IRRADIATED WITH 
550 MEV PROTONS

ACTIVITY 
COUNTS/ <

/MIN 
X I03

_ 3

INCHES FROM LEADING EDGE 
OF TARGET

F ig .  4.  Induced a c i t i v i t y  i n  t a r g e t  v e r s u s  d i s t a n c e  from 
l e a d i n g  edge of  t a r g e t .



Fig .  5. Punch f o r  c u t t i n g  i r r a d i a t e d  samples .
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Using methyl r e d ,  the  pH of the  s o l u t i o n  was a d ju s t e d  to  ^4 

u s in g  c o n ce n t ra t e d  NH^OH. -This q u a n t i t a t i v e l y  p r e c i p i t a t e d  the

t i t a n i u m  as a hyd ra ted  oxide  complex and aluminum as the  hydrox ide .

The s o l u t i o n  was f i l t e r e d  w i th  a g la s s  f i b e r  f i l t e r ,  l e av in g  a c l e a r ,  

ye l low  s o l u t i o n .  To the  f i l t r a t e  was added 10 ml o f  a s a t u r a t e d  

Na^C^O^ s o l u t i o n ,  and h e a t i n g  the mixture  p r e c i p i t a t e d  the  ca lc ium

as ca lc ium o x a l a t e .  The s o l u t i o n  was allowed to  s tand  u n d i s tu rb e d  

f o r  a few h o urs ,  and the  p r e c i p i t a t e  was f i l t e r e d  on Whatman #42 

f i l t e r  paper  and washed w i th  0.1% ^ £ 0 2 0 ^ .

The p r e c i p i t a t e  was then r e d i s s o lv e d  in  20 ml of ho t  1:4 HC1,

and the  f i l t e r  paper  was washed with  1:100 HC1. Methyl red was

added, and the  s o l u t i o n  was d i l u t e d  to 80 ml with  d i s t i l l e d  w a te r .

Then 5 ml of  the  s a t u r a t e d  NaoC„0, s o l u t i o n  was added and2 2 4

1:1 NĤ OH was added u n t i l  the  red c o lo r  of the  s o l u t i o n  changed to

ye l low .  The s o l u t i o n  was al lowed to  s i t  o v e rn ig h t ,  q u a n t i t a t i v e l y  

p r e c i p i t a t i n g  the  ca lc ium o x a l a t e ,  which was c o l l e c t e d  on a t a r e d

p ie ce  of Whatman #42 f i l t e r  paper ,  and was d r i e d  a t  100°C fo r  

approx im ate ly  s i x  h o u rs .

The f i l t e r  paper c o n ta i n in g  the  calc ium p r e c i p i t a t e s  was then 

weighed, and mounted on aluminum count ing  c a r d s ,  covered with  0,25 mil

45Mylar f i lm  fo r  count ing  of the  Ca a c t i v i t y .
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Measurement of R a d i o a c t i v i t y  

45The decay scheme of  Ca i s  shown in  F igure  6. The 165-day

h a l f  l i f e  and 100% 3 decay of t h i s  n u c l id e  made the  s e p a r a t i o n  

and coun t ing  of  the  samples ve ry  conven ien t .

45The Ca samples were counted u s in g  a methane flow p r o p o r ­

t i o n a l  c o u n te r  of  the  type shown in  F igure  7, surrounded by lead

s h i e l d i n g  to  l i m i t  background r a d i a t i o n .  High v o l t a g e  must be

app l ied  to  the  c o u n te r  wire  loop,  and t h i s  was supp l ied  by a Fluke 

high v o l t a g e  power supply .  Pu lses  were am pl i f i ed  wi th  a Canberra  

I n d u s t r i e s  p r e a m p l i f i e r  and double de lay  l i n e  a m p l i f i e r .  Unwanted 

p u ls e s  were r e j e c t e d  wi th  a Canberra  I n d u s t r i e s  d i s c r i m i n a t o r .

Pu lses  p a ss in g  th rough the  d i s c r i m i n a t o r  were counted u s ing  a 

Hamner s c a l e r ,  and coun t ing  t imes were recorded  u s ing  a Hamner 

t i m e r / s c a l e r . A diagram of  the  b a s ic  c i r c u i t  used fo r  the  b e t a  

coun t ing  i s  shown in  F igure  8.

A f t e r  a l l  a m p l i f i e r  and d i s c r i m i n a t o r  s e t t i n g s  were made,

the  coun t ing  r a t e  of a s tan d a rd  source  was determined as a fu n c t io n  

of  h igh v o l t a g e  s e t t i n g s .  A " p l a t e a u "  was reached where the  coun t ing  

r a t e  was independent of the  h igh v o l t a g e  v a lu e .  An a p p r o p r i a t e  h igh 

v o l t a g e  s e t t i n g  (3 ,3  00 v o l t s )  along the p l a t e a u  was used fo r  a l l  

the  b e ta  co u n t in g .

The c o u n te r  cannot d e t e c t  a l l  o f  the  r a d i a t i o n  from the  

samples because  o f  the  smal l  s o l i d  angle  subtended by the  c o u n te r ,



C q ( l 6 5  D) GR OU N D
STATE

100% 0
G R O U N D
STATE

&  4 ,5 Sc

Qp-= 0.255 MeV

6. Decay scheme of  calc ium -4 5 .
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V g O D
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Fig .  7. Gas flow p r o p o r t i o n a l  coun te r  from r e f e r e n c e  14.
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h i g h  v o l t a g e

P O W E R  S U P P L Y

C O U N T E R
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S C A L E R

Fig .  8. Schematic diagram of b e t a  count ing  a p p a r a tu s ,
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s e l f - a b s o r p t i o n  o f  3 p a r t i c l e s  in  the  samples ,  a b so r p t io n  o f  3 

p a r t i c l e s  in  the  mylar cover ing  th e  samples or  in  the  end window of 

the  c o u n te r ,  e t  c e t e r a .  A bso lu te  d i s i n t e g r a t i o n  r a t e s  were determined

45by th e  use  o f  samples o f  Ca o f  known d i s i n t e g r a t i o n  r a t e s  (9 ) .

45A s tan d a rd  s o l u t i o n  o f  Ca was ob ta ined  from New England Nuc lear

45C o rpo ra t ion  c o n ta i n in g  2.73 m ic ro c u r i e s  per m i l l i l i t e r  of  Ca. 

D i f f e r e n t  th i c k n e s s e s  o f  ca lc ium  o x a la t e  p r e c i p i t a t e s  were made,

45each c o n ta i n in g  the  same amount o f  Ca. These were counted ,  and 

the  d e t e c t i o n  e f f i c i e n c y  of  the  co u n te r  was dete rmined as a f u n c t io n  

of  sample t h i c k n e s s ,  as shown in  F ig u re  9. The d e t e c t i o n  e f f i c i e n c y  

o f  the  c o u n te r  fo r  the  samples from the  i r r a d i a t i o n s  could  then  be 

de te rm ined ,  s in c e  the  t h i c k n e s s  o f  each sample was known.

Q u a n t i t a t i v e  measurements of the  a c t i v i t y  of  the  moni tors

22were made by coun t ing  th e  1.274 MeV gamma ray  o f  Na. The 

arrangement  used fo r  co u n t in g  the  monitor  a c t i v i t i e s  i s  shown in  

F igu re  10.

The d e t e c t o r  used was a Harshaw i n t e g r a l  l i n e  u n i t  i n c lu d in g  

a 3" x 3” sodium io d id e  c r y s t a l  ( a c t i v a t e d  w i th  t h a l l iu m )  and a 

p h o t o m u l t i p l i e r  tube .  The magnitude of  the  ou tpu t  p u l s e  from the  

d e t e c t o r  i s  p r o p o r t i o n a l  to  the  energy of  the  d e t e c t e d  r a d i a t i o n .

These p u l s e s  were a m p l i f i e d  and s to r e d  in  a V ic to reen  PIP 400-channel 

p u l s e  h e ig h t  a n a ly z e r ,  where p u ls e s  are  s to re d  accord ing  to  t h e i r  

energy .  Data was recorded  w i th  a Tele type  page p r i n t e r .  High v o l t a g e
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F ig .  9. Thickness  of  s ta n d a rd  samples v e r su s  coun te r  e f f i c i e n c y .
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F ig .  10. Schematic diagram of Gamma count ing  a p p a r a tu s .
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was prov ided  to  the  p h o t o m u l t i p l i e r  tube by a F luke  h igh  v o l t a g e  DC 

power supp ly .  Background r a d i a t i o n  was minimized by su r rounding  

the  d e t e c t o r  with  lead s h i e l d i n g .

Absolu te  d i s i n t e g r a t i o n  r a t e s  o f  the  moni to rs  were determined

22by c a l i b r a t i n g  the  coun t ing  arrangement wi th  a s tan d a rd  Na source  

o b ta ined  from the  N a t io n a l  Bureau of S tanda rds .

Chemical Y ie lds

24-Chemical y i e l d s  of Ca in  both the  samples s ep a ra te d  from the

i r r a d i a t e d  t a r g e t s  and the  s tan d a rd  samples used in  the  c a l i b r a t i o n

were dete rmined by t i t r a t i o n  o f  the  samples w i th  EDTA (3 ) .  This

method was used in s t e a d  of  the  weights  of  the  samples ,  s i n c e ,  by

w e igh t ,  a l l  chemical y i e l d s  were g r e a t e r  than 100%. This was

b e l i e v e d  to  be due to  Na~Co0, and to  the  v a r i a t i o n  in  the  number of2 2 4

w aters  of  h y d r a t io n  of  the  calc ium o x a la t e  compound.

The p r e c i p i t a t e s  were d i s so lv e d  in  20 ml of  2N l^SO^ and

n e u t r a l i z e d  w i th  2N NaOH. Then, 5 ml of  a magnesium-EDTA s o l u t i o n  

was added to  the  s o l u t i o n  in  o rd e r  to  make the  end p o in t  s h a r p e r .  The 

s o l u t i o n  was then b u f f e re d  to  pH 10, d i l u t e d  to  50 ml,  and t i t r a t e d

w ith  9 .94  x 10 “M EDTA a t  60°C, u s in g  Eriochrome b lack  T as the  

i n d i c a t o r .  The v i s u a l  end p o in t  was reached when th e  c o lo r  o f  the  

s o l u t i o n  changed from red to  b lu e .  One m i l l i l i t e r  o f  the  EDTA

24-s o l u t i o n  was e q u iv a l e n t  to  0.398 mg Ca
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The a c t i v i t y  o f  a g iven  r a d i o a c t i v e  s p e c i e s  a t  t ime t  = 0 i s  

r e l a t e d  to  th e  a c t i v i t y  a t  any g iven  l a t e r  t ime by th e  r e l a t i o n s h i p

Ao = ^  . < »e

where Aq i s  th e  a c t i v i t y  a t  t  -  0,  A i s  th e  a c t i v i t y  a t  t ime t ,  and A

i s  the  decay c o n s t a n t  of  the  s p e c ie s  under i n v e s t i g a t i o n .  The h a l f

l i f e  a 8i-ven r a d i o a c t i v e  s p e c ie s  i s  th e  t ime r e q u i r e d  fo r

the  a c t i v i t y  o f  a sample to  f a l l  to  o n e - h a l f  o f  i t s  o r i g i n a l  v a lu e  

and i s  equa l  to  I n  2/A (4). Taking th e  lo g a r i th m  o f  both  s i d e s  of  

eq u a t io n  (1) y i e l d s

In  A -  In A " - At (2)o

P l o t t i n g  In  A v e r s u s  t ime g ives  a s t r a i g h t  l i n e  w i th  s lo p e  -A and 

i n t e r c e p t  In  A^.

45The Ca samples were counted s i x  t im es  w i t h i n  a p e r io d  of  

a t  l e a s t  s i x  weeks.  Background counts  were taken  each day and were 

s u b t r a c t e d  from th e  observed c oun t ing  r a t e s  o f  the  samples ,  a l l  

coun t ing  r a t e s  be ing  normal ized  to  counts  p e r  m inu te .

S ince  a l l  o f  th e  a c t i v i t y  o f  th e  samples could  be a t t r i b u t e d  

45to  th e  165-day Ca i s o t o p e ,  th e  i n i t i a l  a c t i v i t i e s  o f  th e  samples 

were c a l c u l a t e d  by a computer program based on the  l e a s t - s q u a r e s  

method o f  a n a l y s i s .  The a c t i v i t i e s  v e r su s  t ime were fed  i n t o  th e
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program and the se  p o i n t s  were f i t  to  a l i n e  of s lope  -A, where A i s  

g iven  by In F ig u re  11 shows a t y p i c a l  p l o t  o b ta in e d .

22The a re a  enclosed  by the  1.274 MeV photopeak of  Na i s  a 

measure of  the  a c t i v i t y  due to  t h i s  i s o to p e .  A computer program was 

used to  f i t  a Gaussian curve to  th e  observed photopeak,  to  i n t e g r a t e  

the  a r e a  under the  c u rve ,  and to  s u b t r a c t  o f f  an e x p o n e n t i a l  back­

ground count from the  t o t a l  a r e a  under  the  Gauss ian .  The a c t i v i t i e s  

a t  the  end of  the  i r r a d i a t i o n s  were then  c a l c u l a t e d  u s in g  e q u a t io n  (1 ) .

The number of atoms of a radioactive species at the end of 

an irradiation is given by

A
V  2 =xT (3)(ce) (cy) A ( l - e  )

where Nq i s  the  number of atoms produced, Aq i s  the  i n i t i a l  a c t i v i t y

of the  sample,  ce i s  the  d e t e c t i o n  e f f i c i e n c y  of  the  c o u n te r ,  cy i s  

the  chemical y i e l d  of  the  sample,  and 1 -e  ^  i s  a f a c t o r  to  c o r r e c t  No

f o r  the  decay of the  s p e c i e s  dur ing  i r r a d i a t i o n  (12) .  For s h o r t  

i r r a d i a t i o n s  and l o n g - l i v e d  n u c l i d e s ,  the  r e l a t i o n s h i p  reduces  to

A
N = 7— T7— TV (4)o (ce)(cy)A v '

The cross section of a nuclear reaction is a measure of the 

probability for that reaction taking place. Cross sections are

-24 2usually expressed in units of the barn (b, 10 cm ) or the

-27 2millibarn (mb, 10 cm ).
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45F ig .  11. Typ ica l  p l o t  of Ca decay.
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When a beam of  p a r t i c l e s  i s  n e g l i g i b l y  a t t e n u a t e d  in  pass ing  

th rough a t a r g e t ,  the  c ro s s  s e c t i o n ,  a ,  fo r  a p a r t i c u l a r  p rocess  i s

N
a = (5)

p t

where Nq i s  c a l c u l a t e d  from e q u a t io n  (4 ) ,  p i s  the  number of  in c id e n t

p a r t i c l e s  which passed through the  t a r g e t ,  and t  i s  the  th ic k n e s s  of

2
the  t a r g e t  in  atoms/cm (12) .  The monitors  were used to  dete rmine  

the  number o f  p ro tons  which passed  through the  t a r g e t s ,  s in c e  va lues

27 22of  the  c ro s s  s e c t i o n s  fo r  the  r e a c t i o n  A l (p ,  3p3n) Na a t  d i f f e r e n t

e n e r g i e s  were a v a i l a b l e .  The number of i n c i d e n t  p ro tons  i s  then

N ( 22Na)
P = -2 -p -------  (6)

am m

where am i s  the  v a lu e  o f  the  c ro s s  s e c t i o n  fo r  the  moni tor  r e a c t i o n  

a t  the  energy used in  the  i r r a d i a t i o n s ,  and t  i s  the  t h i c k n e s s  of

2
the  monitor f o i l  i n  atoms/cm . Combination of  eq u a t io n s  (5) and (6) 

g ives

45N ( DCa) t  o m
as -  am ---------- — - ~r~ (7)

N ( Na) s o

45where a s  i s  the  p ro d u c t io n  c ro s s  s e c t i o n  fo r  Ca and t  i s  thes

2t h i c k n e s s  o f  the  t a r g e t  in  atoms/cm (12) .

The c a l c u l a t e d  c ro s s  s e c t i o n s  were f i n a l l y  c o r r e c t e d  fo r  

48con tam in a t io n  by T i , where any c o n t r i b u t i o n  from t h i s  i s o to p e  was
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47 49 50s u b t r a c t e d  from the  T i ,  T i ,  o r  Ti c ro s s  s e c t i o n .



III. RESULTS

45The p ro d u c t io n  c ro s s  s e c t i o n s  fo r  Ca from the  t i t a n iu m  

i s o to p e s  a re  given in  Table 2. U n c e r t a in ty  in  the  v a lu e  of the  

moni to r  c ross  s e c t i o n  i s  r e p o r t e d  to be + 10% (1 ) .  The energy spread 

of  the  p ro tons  w i th in  the  c y c lo t r o n  i s  e s t im a ted  to  be between 

+ 3- to  + 4-% (5 ) .  The u n c e r t a i n t y  in  the  chemical  y i e l d s  due to  

e r r o r s  i n  r e a d i n g  the  b u r e t t e s  i s  + 1%. Counting e f f i c i e n c y  e r r o r s  

due to  u n c e r t a i n t i e s  i n  chemical y i e l d s  and a c t i v i t i e s  of  s tanda rd

45samples amout to  + 2%. U n c e r t a i n t i e s  in  the  Ca a c t i v i t i e s  are  

+ 4 -  to  + 5-% due to  f i t t i n g  the  a c t i v i t y  v e r su s  t ime da ta  to a l i n e  

of s lope  -X. E r ro r s  in  the  gamma counting  e f f i c i e n c i e s  and a c t i v i t i e s  

a re  + 1 -  to  + 2-% i n  both  c a s e s .  An e r r o r  of + 5%, was e s t im a ted  fo r  

n o n u n i fo r m i t i e s  of the  TiO^ d e p o s i t  on the  t a r g e t  f o i l .  The t o t a l

u n c e r t a i n t y ,  which was c a l c u l a t e d  as the  square  r o o t  of  the  sum of  

the  squares  of  the  p e r t i n e n t  e r r o r s  (4 ) ,  was c a l c u l a t e d  to  be + 13%,.

38
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TABLE 2

45.Cross S ec t ions  f o r  th e  P ro d u c t io n  of Ca

47 48 49 50from T i ,  T i ,  T i ,  and Ti

i n  M i l l i b a r n s

-27 2(10 cm )

I n d i v i d u a l  runs I n d i v i d u a l  runs

47Ti 48_.Ti

1.94 4.10

2.33 4.03

1.84 4.75

1.65 3.74

1.76 4.06

Mean va lue  = 1 .90  ± 0.25 Mean v a lu e  -  4.14 -  0.54

49_ . Ti 50Ti

8.16 9.26

7.06 9.76

10.30 10.90

10.50 8.19

8.44 9.46



TABLE 2 (Continued)

I n d i v i d u a l  runs  I n d i v i d u a l  runs

7.71 Mean v a lu e  = 9 .51  j / 1 . 2 4

Mean v a lu e  = 8.69  Z 1 ,13



IV. DISCUSSION

The v a lu es  of  the  c ro s s  s e c t i o n s  in  Table 2 a re  c o n s i s t e n t  

w i th  o t h e r  c ro s s  s e c t i o n s  fo r  s i m i l a r  r e a c t i o n s  a t  t h i s  energy  

and in  t h i s  r e g io n  of  the  p e r i o d i c  c h a r t .  As can be seen ,  the  c ro s s

49 50section values for the Ti and Ti isotopes increase substantially

47 . ,  48over those  fo r  Ti and Ti .

4
Dubost ,  e t  a l .  (2) s tu d i e d  the r e c o i l  of  He from go ld ,  

b ismuth ,  and thorium t a r g e t s  w i th  157 MeV p ro to n s .  They found a 

s u b s t a n t i a l  c o n t r i b u t i o n  (about 40 mb + 10 fo r  a l l  the  t a r g e t s )  to  

4
the  t o t a l  He c ro s s  s e c t i o n s  t h a t  could be a t t r i b u t e d  to  the  knockout

of these clusters. Lefort, et al. (8) went even further and

measured the  c o n t r i b u t i o n  o f  d i r e c t  i n t e r a c t i o n  p r o c e sse s  to  the

3 3 4total cross sections for H and He in addition to He from gold,

bismuth, and thorium. The contributions they measured amounted to

4 3 340 mb + 3 f o r  He, 4 mb + 0 .5  fo r  He, and 21 mb + 3.5  fo r  H. The

term "direct interaction" includes not onl}’- knockout of preformed

clusters by incident protons, but also includes pickup mechanisms

within the nucleus, where prompt cascade nucleons pick up one or two

o th e r  nuc leons  b e fo re  l e av in g  the  n u c leu s ,  s t r i p p i n g  mechanisms

4
where He loses a neutron or a proton before leaving the nucleus, 

and the knockout of clusters by cascade neutrons, protons, or other 

clusters within the nucleus.

41
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The c o n t r i b u t i o n  from e v ap o ra t io n  to  the  observed t o t a l  c ross  

4 3 3s e c t i o n s  fo r  He, He, and H in  t h i s  work was, in  most c a s e s ,  g r e a t e r  

than or equal to  the  d i r e c t  i n t e r a c t i o n  c ro s s  s e c t i o n s .  This shows 

t h a t  the  cascade  e v a p o r a t io n  model i s  a v a l i d  framework, but  i t  

needs to  in c lu d e  i n t e r a c t i o n s  w i th  c l u s t e r s  dur ing  the  cascade  s t a g e ,  

s in c e  i t  i s  now e v id en t  t h a t  t h i s  s tage  i s  much more complex than  

was o r i g i n a l l y  proposed.

4
As can be seen in  the  work of Dubost and L e f o r t ,  He c l u s t e r s

have the  g r e a t e s t  p r o b a b i l i t y  of emiss ion  of  the  c l u s t e r s  cons ide red

in  both the  d i r e c t  i n t e r a c t i o n  and e v ap o ra t io n  c a s e s .  This i s

4 3probab ly  because of  the  g r e a t  s t a b i l i t y  of- He as compared to  H or

3 4He. He has a b ind ing  energy of  approx imate ly  7 MeV/nucleon, as

3 3compared to  about 2.5  MeV/nucleon in  the cases  of  H and He.

In the  l i g h t  o f  the  work of  Dubost (2) and L e f o r t  (8 ) ,  i t

45would be reasonable to expect an increase in Ca cross section with 

an increase in the atomic weight of the titanium isotopes. The cross 

47s e c t i o n  a t  the  Ti i s o to p e  can be exp la ined  only in  terms of  the  

(p, 3p) r e a c t i o n ,  which does no t  inc lude  any c o n t r i b u t i o n s  from the 

d i r e c t  i n t e r a c t i o n  wi th  or  the  e v ap o ra t io n  of  c lu s t e r s ,  of nuc leons .

45 _ 48The c ross  s e c t i o n  fo r  Ca from Ti could have some c o n t r i b u t i o n  from 

3
the (p ,  p He) r e a c t i o n ,  which may account fo r  i t s  s l i g h t l y  h ig h e r

45c ro s s  s e c t i o n .  There are  numerous r e a c t i o n  pa th s  through which Ca
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49 50can be produced from Ti and T i .  These in c lu d e  many p o s s ib l e  

r e a c t i o n s  i n  which t h e r e  could  be d i r e c t  i n t e r a c t i o n  wi th  c l u s t e r s

4 4of  nuc leo n s ,  in c lu d in g  those  such as (p ,  p He) and (p, p He n ) .

Since t h e re  a re  so many r e a c t i o n  pa ths  t h a t  the  two h e a v i e s t  o f  the  

i s o to p e s  could t a k e ,  in c lu d in g  e i t h e r  the  knockout or  e v ap o ra t io n  of

4the  h ig h ly  s t a b l e  He n u c leu s ,  i t  would seem l o g i c a l  t h a t  the  p roba­

b i l i t y  o f  th e se  r e a c t i o n s  would i n c r e a s e .

An i n v e s t i g a t i o n  of  the  kind p re sen ted  in  t h i s  paper ,  where 

the  c ro s s  s e c t i o n  o f  one n u c l id e  was measured from four  co n secu t ive  

i s o to p e s  of  the  same atomic number, was never performed b e fo re .  I t  

would seem t h a t  s t u d i e s  o f  t h i s  type could give r a t h e r  good in forma­

t i o n  about the  d i f f e r e n t  r e a c t i o n  mechanisms t h a t  c o n t r i b u t e  to c ro s s  

s e c t i o n s  in  in te r m e d ia t e  and h igh  energy p ro ton - induced  r e a c t i o n s .  

A lso ,  t h e r e  i s  a d e f i n i t e  la ck  of e x p e r im en ta l ly  determined c ross  

s e c t i o n s  of p roduc ts  from i n d i v i d u a l  i s o to p e s  in  t h i s  mass reg ion  

and a t  t h e se  i n t e r m e d ia t e  e n e r g i e s .

Even though t h i s  work did not say any th ing  about the  k i n e t i c  

energy or angles  of  em i t ted  c l u s t e r s  or n u c l i d e s ,  i t  does show some 

k ind o f  d e f i n i t e  s t r u c t u r e  in  the  r e a c t i o n  mechanisms t h a t  these

45t i t a n i u m  i so to p e s  fo l low  to  produce Ca. I t  would be o f  c o n s id e ra b le  

i n t e r e s t  to  perform a rad iochem ica l  r e c o i l  s tudy o f  both  the  angles  

45and e n e r g ie s  o f  Ca r e c o i l s  and /o r  c l u s t e r s  em i t ted  from these  

r e a c t i o n s .  A s tudy of  the  v a r i a t i o n  of  the  ^ C a  c ro s s  s e c t i o n s  from
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the  i n d i v i d u a l  i s o t o p e s  w i th  v a ry in g  energy (maybe from 100- to  400- 

MeV) would a l s o  be o f  i n t e r e s t  i n  o rd e r  to  de termine  i f  th e  c ro s s

49 50s e c t io n s  measured h e re  f o r  Ti and Ti a re  s imply a f u n c t i o n  of  

the  energy ,  o r  i f  t h e r e  a re  d e f i n i t e l y  e f f e c t s  caused by th e  e x i s t e n c e  

o f  c l u s t e r s .

There was about 1% d i f f e r e n c e  i n  ..the a c t i v i t y  o f  the  f r o n t  

and r e a r  m o n i to r s  o f  a l l  t h e  t a r g e t s .  This shows t h a t  secondary  

p a r t i c l e s  were n o t  formed to  any a p p r e c i a b l e  e x t e n t  du r ing  the  

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



V. RESULTS OF MONTE CARLO CALCULATIONS

Monte Car lo  cascade  c a l c u l a t i o n s  taken  from Chen, e t  a l .  (13) ,  

were run u s in g  the  four  t i t a n i u m  i so to p e s  and 350 MeV p ro to n s .  The 

STEPNO v e r s i o n  of  Vegas, as the  computer program i s  c a l l e d ,  was 

used ,  s in c e  i t  g e n e r a l l y  g ives  the  b e s t  c o r r e l a t i o n  wi th  the  e x p e r i ­

m e n ta l ly  determined c ro s s  s e c t i o n s .  This p a r t i c u l a r  v e r s i o n  of  the  

c a l c u l a t i o n  u ses  a s t e p  f u n c t i o n  to  approximate th e  n u c l e a r  d e n s i t y  

d i s t r i b u t i o n  and d iv id e s  the  nuc leus  i n t o  seven c o n c e n t r i c  r e g io n s ,  

each of  c o n s ta n t  d e n s i t y  (13) .  I t  a l so  assumes t h a t  t h e r e  i s  no 

r e f r a c t i o n  or  r e f l e c t i o n  of  cascade nuc leons  when they  c ross  from 

one reg io n  i n t o  a n o th e r  (13) .

Although t h i s  program does no t  in c lu d e  any i n t e r a c t i o n  wi th  

c l u s t e r s  dur ing  the  c ascad e ,  i t  can show the  p r o b a b i l i t y  fo r  and 

e x c i t a t i o n  energy of n u c l id e s  from a simple cascade  mechanism.

Table 3 shows the  r e s u l t s  of  the  c a l c u l a t i o n s  fo r  those  cascade

45produc ts  t h a t  could  g ive  Ca a f t e r  the  e v ap o ra t io n  s t e p .  For each 

i s o t o p e ,  one thousand cascades  were c a l c u l a t e d .

As can be seen in  th e  t a b l e ,  the  most p robab le  r e a c t i o n s  a t  

t h i s  energy a re  (p,  p ) , (p,  2p) , (p,  p n ) , (p,  2 p n ) , and (p,  p 2 n ) . 

Consider ing  th e se  r e a c t i o n s  and t h e i r  r e l a t i v e l y  low average e x c i t a -

45t i o n  e n e r g i e s ,  i t  would seem u n l i k e l y  t h a t  much Ca would be 

49 50produced from Ti and Ti a f t e r  e v a p o r a t io n ,  s in ce  t h i s  would 

involve,  the  e v ap o r a t io n  of  s e v e r a l  nucleons  in  each ca se .  From the

45
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TABLE 3

R e s u l t s  of  Cascade C a l c u l a t i o n s

Reac t ion Cross Average

s e c t i o n e x c i t a t i o n

(mb) energy

Ti

(p» P) 11.00 28.39

(P> 2p) 12.30 19.70

(P, 3p) 4.84 65.23

(p,  P) 7.81 40.11

(P, 2p) 14.3 26.52

(p,  3p) 1.34 56.69

(P, pn) 20.70 38.97

(p, 2pn) 10.90 65.40

(p, 3pn) 2.45 83.98

(p» n) 4.68 46.10



TABLE 3 (Continued)
47

R eac t ion Cross Average

s e c t i o n e x c i t a t i o n

(mb) energy

(p» P) 11.30 47.71

(P, 2p) 11.10 42.84

(P> 3p) 2.03 87.10

(P, pn) 24.20 33.69

(p, 2pn) 10.20 60.42

- (p,  3pn) 1.81 74.39

(p,  p2n) 7.23 78.51

(p, 2p2n) 4.75 98.56

(p, 3p2n) 1.81 88.61

(p,  n) 4.07 57.84

(p,  2n) 2.71 58.56

(p> p) 

(p> 2p)

12.80

15.30

53.67

32.56



TABLE 3 (Continued)

Reac t ion Cross

s e c t i o n

(mb)

Average

e x c i t a t i o n

energy

(p> 3p) 1.60 87.62

(p> pn) 21 .30 38.43

(p, 2pn) 7.10 65.45

(p,  3pn) 2.06 68.73

(p ,  p2n) 8.93 82.50

(p,  2p2n) 4 .81 106.65

(p, 3p2n) 1.83 73.62

(p,  p3n) 0.69 91.53

(p, 2p3n) 2.29 83.71

(p,  3p3n) 0.46 121.47

(p,  n) 5.72 45.62

(p,  2n) 3.89 113.38

(p ,  3n) 1.60 124.33
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r e a c t i o n s  and average  e x c i t a t i o n  e n e rg ie s  o f  the  cascade p roduc ts  of

47 48 45Ti and T i , i t  would seem l i k e l y  t h a t  the  c a l c u l a t e d  Ca c ross

49s e c t i o n s  from th e se  n u c l id e s  would be comparable to  those  from Ti 

' 50and T i .  E xpe r im en ta l ly  t h i s  was not found, thus  lend ing  suppor t  

to  the  e f f e c t s  caused by the  i n c l u s i o n  of  c l u s t e r s  dur ing  the cascade 

s t e p .

A s tepw ise  o u t l i n e  o f  the  b a s ic  s t e p s  in  the  c a l c u l a t i o n  i s  

given in  Appendix C.
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APPENDIX A

49SAMPLE CALCULATION: T i ,

DETERMINATION 1

Targe t  P r e p a r a t io n

weight t a r g e t  + A1 0.1903 g

weight  A1 0.1841 g

weight t a r g e t  0.0062 g

2a rea  = 9.84 cm

th ic k n e s s  = — —
9.84 cm

2
= 0.630 mg/cm

49
MW TiO ( Ti en r ic h ed )  = ( .0158) (45 .952)  + ( .0 1 5 8) (46 .952 )

+ ( .1854)  (47.948) +

( .7614) (48 .948 )  + ( .0216) (49 .945 )  

= 80.74 g/mole

l / 2 M x 1/2"  punched t a r g e t  = (1 .27 cm)2

= 1.61 cm2

61 cm punched t a r g e t ,

2 2 mg Ti02 == (0.630 mg/cm ) ( 1 .6 1  cm )

= 1.01 mg Ti02

53



49mg T i (  Ti e n r ic h ed )  i n

54

(1.01 mg TiO^)(48.74 mg Ti/m mole)
1/2 x 1/2 t a r g e t  -  (80.74 mg T i0 o/m mole)

2'

= 0.610 mg Ti

Chemistry

5.06 mg Ca c a r r i e r  added to  each sample

weight  p p t .  + f i l t e r  paper  0.0881 g

weight  f i l t e r  paper  0.0688 g

weight  p p t .  0.0193 g

2a re a  = 2.43 cm 

th ic k n e s s  =
2.43 cm

2
= 7.94 mg/cm

2 +  “f-Ca + Na C 0. 2Na + CaCo0.2 2 4 2 4

2+
1 mole Ca*" v i e l d s  1 mole CaC^O.2 4

1 ml EDTA = 0.398 mg Ca2+

chemical yield = a-ct^a-̂ X p EilL x 100predicted weight

49chemical  y i e l d  fo r  Ti t a r g e t

. . (0.398 mg/ml) (11.70 ml) (100)from EDTA titration = 1 ^  L(5 .06 mg)

= 92.1%



Calibration of Beta Counter

55

45 5Ca d i s i n t e g r a t i o n  r a t e  = 4.85 x 10 /min.

45 Ca a c t i v i t y
45Ca disintegration rate

Samples 1 . 2  3 4 5 6 7

mg/cm2 2.13 4 .42  6.96 8.11 10.3 12.2 14.5

A, coun ts /m in .  17,882 13,531 17,198 14,416 12,689 11,416 11,339

chemical
y i e l d ,  % 53.1  62 .0  99.1 88.0  94.9 84 .4  97.4

e ,  % 5 .79  4 .5 0  3 .54  3.34 2 .76  2.83 2.38

49 , 2fo r  Ti (7 .94 mg/cm ) from p l o t ,  e = 3.33%

Calibration of Gamma Counter

N = 6.73 x 10^/sec,  o

A = 5 1 1 / s e c , o

5 1 1 / s e c . 
£ = ----------

6.73 x 10^/sec,

e = 7.59 x 1 0 ' 3

Monitor Calculations

f r o n t  m on i to r  = 0.0175 g

r e a r  m on i to r  = 0.0176 g

average weight  o f  m on i to r  = 0.0175 g
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From computer a n a l y s i s ,

f r o n t  m o n i to r ,  A = 732 coun ts /m in .  o

r e a r  m o n i to r ,  A = 738 coun ts /m in .  o

A c t i v i t y  in  r e a r  moni to r  s l i g h t l y  l a r g e r  due to  s c a t t e r i n g  of  beam, 

and an average a c t i v i t y  was taken .

average  A = 735 coun ts /m in .

27 22from re f e r e n c e  ( 1 ) ,  a fo r  A l (p ,  3p3n) Na a t  350 MeV = 14.8 mb

A
N = °o (ce)A

735 counts/min.
(7 .59 x 10~3) (5.07 x 10“7/m in . )

11 22 = 1.92 x 10 atoms of Na at the

end of the irradiation

Targe t  C a l c u l a t i o n s

From computer a n a l y s i s ,

A = 1 5 1 . 5  co un ts /m in .  o

N =
A

o
o (ce)(cy)A 

assuming no decay dur ing  i r r a d i a t i o n  where

ce = coun t ing  e f f i c i e n c y  

cy = chemical y i e l d

A = 2.92 x 10 ^/min.
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151.5 coun ts /m in .N = --------------------- ---------------------- 7~---- —
° (0 .0333) (0 ,921>(2 .92  x 10 /m in . )

N = 1.69 x 109 o

45 49Cross s e c t i o n ,  O, f o r  Ca from Ti ,

(N o f  ^3Ca)
q = q (monitor)  ------------—-----  x

(N of  Na) o

( a t .  wt. Ti)  (w t . Al)
( a t .  wt. Al) X (wt. Ti)

49For T i ,

O = (14.8 mb)(1.69  x IQ9) (49) (17.5 mg) 

(1.92 x 1011) (27 ) (0 .610  mg)

C = 6.80 mb

Each c ro s s  s e c t i o n  must be c o r r e c t e d  fo r  enrichment con ten t

_ 6.80 mb 
.7614

= 8.93 mb

48 49S u b t r a c t i n g  the  18.547, c o n t r i b u t i o n  of  Ti to  the  Ti c ros s  s e c t i o n ,

48average O f o r  Ti a t  350 MeV = 4.07 mb

49f o r  Ti = 8.93 mb - ( .1 8 5 4 ) (4 .0 7  mb)

= 8.17 mb

a v a lu es  were averaged f o r  each i s o to p e ,  and + 13% l i m i t s  c a l c u l a t e d  

f o r  the  means.
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APPENDIX C

STEPS TAKEN DURING MONTE CARLO CASCADE 

CALCULATIONS FROM REFERENCE 13

1. The p r o j e c t i l e  i s  followed ac ross  the  n u c l e a r  s u r face  and 

d e c id e s ,  i n s i d e  the  n u c l e u s ,  where the f i r s t  i n t e r a c t i o n  takes  p la c e .

2. The kind and momentum of the  s t r u c k  p a r t i c l e s  i s  nex t  

d e te rm in ed .

3. The type o f  i n t e r a c t i o n ,  e i t h e r  e l a s t i c  or  i n e l a s t i c ,  i s  

de te rm in ed .

4. The angles  and e n e r g i e s  of the  r e a c t i o n  p roduc ts  a re  

de te rm in ed .

5. The c a l c u l a t i o n  fo l lows  a l l  nucleons  s t r u c k  dur ing  the 

cascade u n t i l  they e i t h e r  leave  the  nucleus  or a re  r e c a p tu r e d .

6. Each nuc leon-nuc leon  c o l l i s i o n  i s  c h a r a c t e r i z e d  by i t s  

own p r o b a b i l i t y  d i s t r i b u t i o n  fo r  occurance,  energy ,  and angu lar  

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

7. A random choice  i s  made a t  every p o in t  in  the  c a l c u l a t i o n  

where a d e c i s io n  i s  to  be made.

8. I f  each random choice  i s  weighted accord ing  t o  the 

p r o b a b i l i t y  d i s t r i b u t i o n  f o r  the  event in  q u e s t i o n ,  and i f  many 

even ts  are  c a l c u l a t e d ,  the  r e s u l t  should be c h a r a c t e r i s t i c  of the  

o v e r a l l  p ro c e s s .
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