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. " ABSTRACT 

l a 6 ~ e  is to be an attractive isotope f therapeutic., 

applications due to its physJc81 characteristics and its relationship to 

Tc. When coupled to monoclonal antibodies it'is thought to be a 
r! 

powerful.too1 in the treatment of some forms of cancer. Current methods 

of production utilize the 1a5~e(n,7)186~e -reaction on enriched 1 8 5 ~ e .  
n 

s While this method has the advantage ~f a large reaction cross-section it 

2 does not ashieve the high specific activities that a r e  cessary for: ' 
I, . 

a , 
therapeutic use and oftendachievable using accelerator methods of 

'e ' 

production. 
.. 

- LJ 

The feasibility of producing lE6Re using a new method of 

p.:oduction which combines intermediate to high energy proton reactions 

with a simple, nod-labour intensive chemical separation procedure has 

been investigated. This new mdthod would be highly advantageouS as it, 

1 .  ' 
would provide a source of high specific activity, no carrier addede 

l E 6 ~ e .  To dete&ine the feasibility of this approa-ch two aspects of a 

production method were studied, rate of production using an accelerator, 
1 

and a simple method of che~ical separation, 
- 

First, the cross -section was measured for the production of '86~e J 
from foils of Au, Pt, and Ir. Thin foils were irradiated at TRIUMF with 

protons of energies from 200 to 500 MeV. The irradiated targets were 
Q . . 

analyzed using Ge(Li) gamma ray spectroscopy. The Einal cross-section 

for producing 1 8 6 ~ e  proved to be significantly smaller than expected as . 



= ,  

compared to cal 
' ,- 

culations; upper limits were set. However due to the 

wealth of data available using gamma ray spectroscopy, cross-sections 

for Re, Ir, and 0s spallation products were detbrmined. 

a .  * 
I 

- .  

.Second, a .direct thermal separation method was investigated as a - 

- ,  

basis for developing a complete, simple, and fast method of separation. 
? 

The release of Re, Ir', and 0s isotbpes frorn.molten Au and Pt targets . 

I ' 
were studied using both a high temperature quartz tube furnade and ' 

resistance heated, tantalum furnace system operated under'vacud. In 
1 

both cases pogitive results were obtained indicating that this method 
. , 

could form the basis 05 a viable, fast separation scheme. 
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INTRODUCTION 

l E 6 ~ e  as a Therapeutic 

.la6~e, a beta emitting 

Radioisotop'e 

isotope, was first oEserved in 1935 by 

Soviet workers, and later in 1939 by Sinma and yamasaki2 . Currently 

18%e is attryting interest within the nuclear medicine community for 

its potential use as a therapeutic radioisotope. The use of radiation 
.I 

in the diagnosis and treatment of some forms of cancer has focused on 

imaging techniques for diagnosis, such as '"'Tc tedhnipes , and external* 

sources of radiation for th eutic uses, conventional radih-ion 

therap+> and particle beam the ing pions3. As these therapeutic 

met-hods are Xot site selective, they tend to result in high radiatioi 
,- 

e 

doses to non-target areas. The ideal therapeutic method would deliver 

*the maximum radiation dose to the target site with little or no 

I . . 
radiation dose to surrounding organs and tissue. Labeling monoclonal 

7 

antibodies with radioisotopes appears to be a step towards this ideal 
, 
technique. 

+ 

. , 
Labeling monoclonal antibodies with radioisotopes exploits the site 

& 

specificity of the monoclonal antibodies' @ v 7 .  * ' .  ldealiy an 
i 

antibody can be grotm fhat can be direqed I s  pecifically towards 

cancerous cells., A labelled monoclonal antibody would then be capable 

of delivering a radiation pose directly tb cancerous cells, lessening 

the radiation dose to other tissue. This methodology is c:rrqritly used 
1 

1 



forTiYagnostic purposes', especially with 9 9 m ~ c ,  and is an active area of 

' ' research for therapeutic applications. 
4 

I ,  - 
s 

To adapt this technique to therapeutic applications an appropriate 

radioisotope must be chosen.' In select-inga radioisotope there are four 
i 

basic questions that must b e  dofisideredl . 

1) For what purpose is the labelled monoclonal an&to 

be used? eg. diagnosis, therapy, follow-up, body burden . 

evaluation, .etc. 
0 

2) What are the desired physical characteristics of the N 
0 .  

1 

radioisotope? 
1 

3) What chemical procedures will be used for incorporation 

of the radioisotop,e into the monoclonal antibody? 

.. 
4) What is the expected radiation dose that will be 

delivered to the target area, and to the rest of the body and 

organs? 

Thg final purpose of the labelled monoclonal antibody is an 

important fahor as different purposes\aue different requirements 
w,. 

e 

These differences are illustrated best by the desired physical 

characteristics. The main differenc,es are in radiation dose; a 
-3 

diagnostic use requires minimal dose but a high abundance of imagable 

2 @ 



radiation, while a therapeutic use requires a maximal dose but a 

restricted to specific sites. 

The question most pertinent to the choice of radioisotope is th,at 

of desired physical characteristics. By examining these characteristics 

one can determine which radioisotopes have potential. The 

characteristics vary depending on the end use of the labelled monoclonal 
., 

antibody, and can b8.divided into two basic types, diagnostic and 

therapeutic. The desired physical and chemical properties for theseatwo 
/ 

classes are presenbed in Table ll'.''. 

X 

It is apparent that the two classes have some characteristics in . 4s 

common but also have other characteristics that are dramatically 
I 

different. The half life of the isotope is important in ensuring that . + 

the radiation dose is delivered to the target site. ?he physical half 

life of the radioisotope must&be compatible with the biological half 

lives both for the distribution and clearance of the monoclonal 

antibody. If the physinal half life of the radio'isotope is too short it 

is possible that the majority of the isotope will have decayed prior to 

antibody accumulating in the target areas. Alternativzly 

of the isotope is too .long the monoclonal antibodies 
a 

may start clearing from the body before a significant portion of the 

radioisotope has decayed 



TABLE 1 

DESIRED PHYSICAL AND CHEMICAL CHARACTERISTICS~ . 

COMMENTS 

PROPERTY DIAGNOSTIC USE THERAPEUTIC USE 
w- 

Radionuclide 
half life 

Short, compatible 
with biological dist- 
ributions (6h - 8d) 

Short, allow local- 
zation at cancerous 
sites, (6 - 200 h) . 

Low intensity to Gamma energies 
6 intensities . 

High intensity, 
(80 - 240 keV) minimize dose- to non- 

targer areas 
- 

Small abundance 
per doseT 

Photon yield per 
absorbed radiation 
dose 

High abundance, 
single energy, 
per dose 

parent - daughter 
relationship 

Stable decay 
products 

Stable decay products 

Enough penetrating 
to allow imaging, 
little non-penetrating 

Higher non-penetrating 
than penetrating, to 
maximize dose to target 

Ratio penetrating to, 
non-penetrating 
radiation 

i 

High abundance part- * Particle radiation None, or low 
abundance, low 
energy 

iculate radiation, 
high LET 

Availability Production mode Availability 

Stability of radio- 
nuclide-protein bond 

Required to transport 
radionuclide to 
desired site 

Same 

High as possible Specific activity Same 

dl 

Same Retention of irnmuno- 
logical nature as 
function of 
carrier 

Antibody should not 
change in nature with 
radioactive label. 

Same Sonradioactive carrier 



I 

The parent-daughter relatrionship is the same for both cases.   he' * 

daughter should be stable to radioactive decay, preventing secondary . d 

radiation doses12 . 

Gamma energies and intensities are characteristics which vary 

, depending on use. A diagnosfic use requires an isotope with a high 

intensity or abundance of ggmmas of an energjr that can be imaged. 

Preferably a single energy gamma per decay. A therapeutic use.on the 
P 

other hand requires a low abundance or intensity of gammas to minimize 

the dose to non-target tissue, although a loQ-intensity gamma of 

imagabfe energy is desirable in order to image the distribction of the 

radiation throughout the body. For dkagnostic radioisotopes a high 

intensity of'gammas is desired to obtain imaging with the b e s t  s 

possible dose of radiation. For therapeutic radioisotopes a low 

intensity is desired as much higher doses of radiation are used. 

To accompany a diagnostic isotope tmre should be little or no 

non-penetrating radiation, minimizing overall dose. Conversely a, 

therapeutic isotope must have a high ratio of non-penetrating to 

penetrating radiation as ic is the non-penetrating radiation which 

provides the therapeutic dose. 

A therapeutic isotope should have a high abundance of medium to 

high LET (linear energy transfer) pdrticulate radiation, either alpha, 

(high LET), or beta, (medium LET). The choice of alpha or beta 

radiation depends on rhe iype of cancer to be treated. Alpha particles 



d e p o s i t  l a r g e  amounts o f  t h e i r  energy over 

p a r t i c l e s  have lower LET va lue s  b u t  have a  

ve ry  s h o r t  r anges ,  b e t a  

s l i g h t l y  longer  range.  Alpha 

p a r t i c l e s  may be  b e t t e r  f o r  very  smal l  t a r g e t  a r e a s  o r  a r e a s  t h a t  can be . ~. 
uniformly permeated wi th  t he  monoclonal ant ibody whi le  b e t a  p a r t i c l e s  

may be more s u i t e d  f o r  l a r g e r  t a r g e t  a r e a s  o r  a r e a s  t h a t  t h e  monoclonal 

ant ibody cannot p e n e t r a t e  uniformly.  

Whether they be. d i agnos t i c  o r  t he r apeu t i c , .  t h e  p roduc t ion  mode of 

the  r ad io i so topes  determines the  a v a i l a b i l i t y .  A produc t ion  method i s  r 
d e s i r e d  t h a t  can provide  a  h igh  p e c i f i  a c t i v i t y  source  of the  b 
rad io i so tope  i n  a u se fu l  chemical form. The product ion method must 

cons ider  t he  a c t u a l  product ion of t he  i so tope  u s ing  nuc l ea r  r e a c t i o n s  

and the  chemistry t h a t  i s  r equ i r ed  t o  s epa ra t e  and i s o l a t e  i t .  

F i n a l l y ,  i n  both  ca se s  i t  is  very  important  t h a t  t he  monoclonal 

ant ibody r ad io i so tope  bond be s t a b l e ,  and t h a t  t he  l a b e l i n g  of the  

ant ibody does no t  a f f e c t  i t s  b i o l o g i c a l  f u n c t i o n .  

There a r e  many i so topes  which s a t i s f y  t he  phys i ca l  c r i t e r i a ,  

6 7 i n c lud ing :  Cu, 1 8 6 ~ e ,  " ' ~ e ,  " Y ,  l o 9 p d ,  1 3 1  I ,  1 2 3 1 ,  2 1 2 B i  , l g 7 H g ,  + ti 

3 2  P' . O f  these  l a6Re  seems t o  be one of the  more promising a s  i t  

s a t i s f i e s  the  'des i red  riter ria'*'^.'^ , and ha s  t he  added advantage t h a t  
' 

i t  belongs t o  the  same pe r i od i c  group a s  9 9 m ~ c ,  a  d i a g n o s t i c  . 

r a d j o i s o t o p e ,  f o r  which t he r e  e x i s t s  a  l a r g e  body gf chemical  d a t a  

app l i c ab l e  t o  Re. l a  3 ~ e  i s  a l s o  a  p o t e n t i a l  t h e r a p e u t i c  r ad io i so tope .  

I a 6 ~ e  i s  p r e f e r r e d  over i 8 a ~ e  due t o  the  h a l f  l i f e ,  and gamma 



e n e r g y ,  The decay scheme1 o f  l 8  6 ~ e ,  - F i g u r e  1 ,  and t h e  Tab le  of P h y s i c a l  ' 

,a C h a r a c t e r i s t i c s  (Tab le  2)  o u t l i n e  t h e  r e l e v a n t  c h a r a c t e r i s t i c s  o f  l " ~ e .  

With a  h a l f  l i f e  of  90 .6  h o u r s ,  t h e  predominant decay r o u t e  i s  b e t a  

emiss ion  ( E m a x  = 1 . 0 7  MeV) t o  '860s ,  e x c i t e d  s t a t e s  of which decay v i a  

e m i s s i o n  of gamma and x - r a y s ,  t h e  most abundant one a  137 .2  keV gamma, 

w i t h  a n  i n t e n s i t y  o f  9 . 2 % .  l a 6 0 s  i s  e s s e n t i a l l y  s t a b l e ,  i t  decays  v i a  

a l p h a  emiss ion  b u t  w i t h  an  ext remely  long h a l f  l i f e ,  - 2 * 1015 y e a r s  

The secondary  decay r o u t e  i s  v i a  e l e c t r b n  c a p t u r e  t o  t h e  s t a b l e  1 8 6 ~  

i s o t o p e .  The h a l f  l i f e  of  1 8 8 ~ e  is  s h o r t e r  a t  1 6 . 9 8  h o u r s ,  and h a s  a  

'~ 
more i n t e n s e  g a m a  o f  h i g h e r  ene rgy ,  155 .0  keV a t  1 4 . 9  % .  The gamma 

emiss ion  of 1 8 6 ~ e  is c l o s e r  t o  t h a t  of  g g m ~ c . ,  1 4 0 . 5  keV, meaning t h a t  

gimrna cameras used  f o r  g g m ~ c  cou ld  a l s o  be used  f o r  1 8 6 ~ e .  Most gqmma 

cameras a r e  s p e c i f i c a l l y  des igned f o r  use  wi th  9 9 m ~ ~ .  l 3  



Figure 1 - Decay scheme of l e 6 ~ e . '  

Internal conversion 



TABLE 2 

PHYSICAL CHARACTERISTICS OF ~ e  

Decay 92.2 % . b e t a  'max = 1 .070  MeV 
7 . 8  % EC 

Daughters l g 6 0 s  ( t l 12  2 * l o i 5  Y) 
1 8 6 ~  ( s t a b l e )  

Max. S p e c i f i c  1. &?* l o 3  G B q / p o l  
A c t i v i t y  

-\ 

'! 
\ 



The f a c t  t h a t  Re i s  i n  t h e  same pe r iod i c  group a s  Tc i s  an  

advanage s i n c e  they should e x h i b i t  s i m i l a r  chemical p r o p e r t i e s  and 

techniques developed f o r  9 9 m ~ c  should b e  ammenable f o  use  wi th  - 
1; 

l 8  ' ~ e .  * l 5  I n  comparing t h e  t h r ee  members of t h e  group,  Mn,- Tc , a n d  

Re, Tc and ke a r e  more s i m i l a r  t o  each o t h e r  than e i the+r  i s , t o  M f i .  This 

i s  due t o  t h e  " lan than ide  c o n t r a c t i o n " ,  the  f i l l ' i ng  of t h e  4f o r b i t a l s  

which a r e  i n e f f e c t i v e  i n  s h i e l d i n g  thb 5d e l e c t r o n s  from the  nuc leus .  , 

The 5d e l e c t r o n s  exper ience a  r e l a t i v e l y  l a r g e  e f f e c t % u c l ~ a r  charge.  

t 
which causes rheniwn t o  be much smal le r  than expected.  I n  bhe f r e e  

metals  R e  and Tc have v i r t u a l l y  i d e n t i c a l  atomic r i d i i ,  ,and i n  many , 
1 .  

complexes t h e  Re and Tc c r y s t a l  r a d i i  w i l l  be very  , s i m i l a r . *  . Therefore  
r J 

the  p r o p e r t i e s  which depend on phys ica l  s i z e  and charge such a s ,  :s ize,  

shape,  d ipo le  moment, formal charge ,  i on i c  mob i l i t y ,  and l i p o p h i l i c  i t y  

s&ould be t he  same o r  s i m i l a r  f o r  analogous Tc and Re c o m p l e ~ e s .  
- a 

Rhenium and. technet ium a r e  s i m i l a r  chemically i n  t h a t  they both  form 

s t a b l e  oxides i n - h i g h  ox ida t i on  s t a t e s ,  the  heptoxides  being t h e  most 

common. Both heptoxides  a r e  water so lub l e  and form hydrogen 

pe r t echne t a t e  (HTcO,) and per rhen ic  (HReO,) a c i d s .  

A s  mentioned p rev ious ly ,  9 9 m ~ c  has been used ex t ens ive ly  f o r  . 
d iagnos t i c  purposes .  Recently advatkes have been- made i n  l a b e l i n g  

monoclonal an t i bod i e s  with 9 m ~ ~ 6  form of technetium used 

f o r  t he  l a b e l i n g  i s  hydrogen pe r t ec  s should a l s o  be 

f e a s i b l e  wi th  t he  rhenJium analogue.  

While some chemical p r o p e r t i e s  may b e a s i m i l a r ,  t h e r e  aqe 



differences which may affect the behavior of Re complexes compared to 

( 4  analogous Tc complexes. Re is more stable in higher oxidation states, 
a, 

making it more difficult to reduce than TC'~. This is problematic since 

ic Re is present in the radiopharmaceutical in a reduced form it may 

sily be oxidized' back to perrhenate , destroying the "\ t 
radiopharmaceutical. Another difference is in the size of ligand field. 

splitting: as Re has a larger ligand field splitting, ligand 

substitution onto the metal centre will be slower than for Tc. This 

could affect the time frames for some chemical syntheses. This problem 

- could probably be easily overcome by testing the Tc synthesis with 

stable rhenium. 

Procedures for conjugat-ing Tc and Re to monoclonal antibodies have 

been developed recently6. One common procedure is to use bifunctional 

chelating agents to conjugate the metal to the antibody.. This type of 

conjugation is favoured as the conjugation of the metal to the antibody 

does not interfere with any of the functional groups on the antibody. 

. . Direct labelling is not used as it is very difficult to find a site on 

the antibody that could be exchanged with a metal atom. It is very 

important that the addition of a metal atom does not change the behavior 

of the monoclonal antibody in vivo. 

The mechanisms for using la6Re conjugated to monoclonal antibodies 

are in place, and' preliminary work8 9 ,  1 6 ,  is underway on rats. The 

major drawback to using lg6Re is the availability. Currently lE6Re is . 
produced via the neutron capture reaction of enriched lE5Re, 



185 ~e (n, -y)le6~e. Althodgh cross -sections for neutwn capture reactions 

are geneqally large, -100 mb8, this production route is not favored as 

it is difficult to achieve high specific activities. Specific activity . 
being defined as the number of nuclei decaying per unit time per unit 

mass of material present18. It is possible to calculate the maximum ~ 

possible specific activity .for any radioisotope using Equation 1 

t+ * A t+ = half life in seconds 

A = atomic weight 

The constant C incorporates Avogadrp's number to convert from moles 

to number of atoms, and In2 to convert the half life into a decay 

constant. This equation is based on determining the number of 

, radioactive atoms present in one gram of pure l E 6 ~ e .  The resulting 

maximum possible. specific activity for 1 8 6 ~ e  is 1.28 * lo6 ~ ~ ~ / m m o l ~ ~  

The specific activity of 1 8 6 ~ e  produced via the neutron reaction was 

only 50 Ci/rnmol or 1.85 lo3 GBq/mo18. Typical neutron irradiations 

are 24 hours in length using neutron fluxes of "-1014 n/s-crn2 , on 86% 

enriched 1 8 5 ~ e . 8 * 1 6  

Accelerator based reactions, i . e. charged particle reactions, tend 

to highei specific activity pfoducts , because the target 

materia1 is in general a different element. Trials were performed by 

Nordion International investigating the reaction of low ene'rgy protons, 

< 20 MeV, on . 1 8 6 ~ ,  186~(p,n)186~e. The results indicated a maximum 



y i e l d  of  

f e a s i b l e  

a t  l e a s t  

The 

, of u s ing  

50 p ~ i / p ~ - h r 2 0 .  This  y i e l d  i s  too  low t p  be e ~ o n o m i c a l l y  
\ 

f o r  t he r apeu t i c  u se s .  A t  a  t y p i c a l  p a t i e n t  dose of  3 250 m C i ,  

t h i r t y  hours of cyc lo t ron  time would be r equ i r ed2 ' .  

- 

approach taken i n  t h i s  work was t o  i n v e s t i g a t e  t h e  p o s s i b i l i t y  i 

s p a l l a t i o n  of h igh Z t a r g e t s  wi th  high energy p ro tons22 .  his - 
method was thought t o  be v i a b l e  because a l t hough , , spa l l a t i on  r e a c t i o n  

c r o s s - s e c t i o n s  tend t o  be low, on t h e  o rder  of I0 mb22 , high  y i e l d s  

should be a t t a i n a b l e  due t o  t he  t a r g e t  th ickness  t h a t  can be u s e d . ,  When 
"% - 

t 

working wi th  high energy protons  t h i c k  t a r g e t s  can be used wi thout  

apprec iab le  energy degradat ion r e s u l t i n g  i n k g h e r  y i e l d s  e b n  can be 

obta ined by methods t h a t  must use t h i n  t a r g e t s .  The major drawback t o  

t h i s  approach is  t h e  very l a r g e  number of products  formed i n  s p a l l a t i b n  

. r e ac t i ons  inc lud ing  a l l  t he  o t h e r  Re i so topes  along5-with l a 6 ~ e .  Hence a  

method is  needed t o  s epa ra t e  t he  1 8 6 ~ e  from th&, soup  of  p roduc t s ;  no t  a  

t r i v i a l  p rocess .  There i s  a  r e l a t i v e l y . s i m p l e  s e p a r a t i o n  method 

h* 
a v a i l a b l e  f o r  t he  s e p a r a t i o n  of rhenium from molten go ld .  This  method 

" B. 

u t i l i z e s  t he  v o l a t i l i t y  of rhenium oxides  which a r e  formed a t  high . 

temperatures and a l low rhenium t o  be r e l ea sed  from molten me ta l s .  1 5  

This  method was i n v e s t i g a t e d  and is  d i scussed  l a t e r .  

Au was chosen a s  t h e  main t a r g e t  f o r  t h i s  work because of t he  

L ex i s t ence  of a  s e p a r a t i o n  technique.  P t  was c  osen a s  it was thought 

t h a t  i t  should e x h i b i t  behavior s i m i l a r  to .Au a s - t h e y  a r e  both  noble 

me ta l s .  Ir  was chosen due t o  i t s  proximity t o  Re, and i t  should have a  

h igher  c r o s s - s e c t i o n .  Other l e s s  expensive t a r g e t s ,  such a s  Pb and Hg; 



I 
were not consideted for the fo'llowing reasons. Pb as a target, is well e 

known to have very specific release properties. The only element 

s, released from Pb is Hg. 2 3  The thermal method of separation 

investigated in this work would not be applicable to Ob.  Hg was not 

6 ,  

consideredeas a 'target as it is a liquid with a very high vapour , 

pressure, which may cause separation-problems. It is difficult to 

handle and is known to be Another potential target, Os, was 
. 
not investigated- Although it is likely to have a rarger cross-section 

for production of l B 6 ~ e  than.Ir, it is nqt available as a foil, + making' 
h 

itv difficult to work with, and is very expensive. 

This work involved determining the feasibilkty of producing 1 8 6 ~ e  

from proton spallation reactions of Au, Pt, and Ir, and separating - 
?B 

rhenium from the metal targets. 



CROSS - SECTION OF Re 

* a 

An extensive literature search revealed no published- values - for . 

the cross-section of le6Re droduced from high energy proton reactions on 

4 any of the selected targets. 

As can be seen from Figure 2, 1 8 6 ~ e  is a shielded isotope, that is 

there are no radioactive isotopes which decay to le6Re. This makes 

1 8 6 ~ e  of interest to,the nuclear chemist because it can provide a clean 

test of reaction theories, since it is not produced by the decay of any 

other radioisotopes. In general the overall production yield for 

shielded isotopes is much smaller than 'for non-shielded isotopes, and 

requires direct measuremenr. The difference in production yields for 
I .  # 

shielded and non-shielded isotopes exists due to the sunping up of 

cross-sections that occurs for non-shielde$isotopes. Before the cross- 

section determination was d the cross-section was estimated 

using calculations based on' the Silberberg and Tsao method2 r . The 

Silberberg and Tsao method is discussed in more detail in Appendix A. 

These calculations are summarized in table 3, and indicate that the 

cross-section should be on the order of 1-15 m b .  
-- 





TABLE 3a 

SILT C~LCULATIONS 

Au TARGET 

Cros s - s ec t i on  (mb) a t JEnergy  (MeV) 



TABLE 3b 

SILT CALCULATIONS 

Ir TARGET P t TARGET 

Isotope Isotope Energy ( M ~ v )  



l a 6 R e  is  observed through t h e  d e t e c t i o n  o f  a  137.2  keV gamma r a y  

from t h e  decay of  lE60s1.  U n f o r t u n a t e l y ,  le61r a l s o  decays  t o  lE60s  and 

e x h i b i t s  t h e  same c h a r a c t e r i s t i c  137.2  keV gamma. This l e a d s  'to 
% 

problems i n  d i s t i n g u i s h i n g  t h e  two i s o t o p e s .  The h a l f  l i f e  o f  l a61r  i s  
. 

1 5 . 8  h o u r s ,  a  f a c t o r  o f  - 6 s m a l l e r  t h a n  t h a t  o f  l E 6 R e .  Thss d i f f e r e n c e  

i s  l a r g e  enough t h a t  i f  lE61r and l a 6 R e  were p r e s e n t  i n  e q u a l  i n i t i a l  

a c t i v i t i e s  i t  i s  p o s s i b l e  t o  s e p a r a t e  t h e  two i s o t o p e s ' a s  two components 

of  a  h a l f  l i f e  p l o t .  I f  however t h e r e  i s  a  l a r g e  e x c e s s  b ~ - - - h - ' ~ ~ r  i t  , 

becomes. d i f f i c u l t  i f  n o t  imposs ib le  t o  d i s t i n g u i s h  how much o i  t h e  

a c t i v i t y  i s  due t o  l a 6 ~ e .  

There a r e  many r a d i o i s o t o p e s  which decay wieh more t h a n  one gamma 

r a y .  Th i s  p rov ides  an  i n t e r n a l  check of  r e s u l t s ,  a s  t h e  r a d i o i s o t o p e  can 

be i d e n t i f i e d  by more than  one gamma ene rgy .  l a 6 R e  o n l y  h a s  one gamma 

i n  r easonab le  i n - t e n s i t y ,  i t s  o t h e r  gammas a r e  e i t h e r  of  t o o  low energy 

t o  be d e t e c t e d  o r  of  t o o  low i n t e n s i t y . 2 7  le61r  h a s  numerous o t h e r  gammas 

which a r e  of  s u f f i c i e n t  i n t e n s i t y  and ene  t o  be used  a s  v e r i f i c a t i o n  

of  t h e  1 3 7 . 2  keV gamma. I n  a n a l y s i s  gammas can  be used  t o  

h e l p  de termine  how much of t h e  a c t i v i t y  i s  due t o  I r  and how much i s  
. - 

due t o  l a 6 ~ e .  The 434 .8  keV gamma of  l a61?  i s  > s p e c i a l l y  u s e f u l  a s  

i t  a r i s e s  s o l e l y  from l8"r, making a n a l y s i s  s i m p l e r . 2 7  

a t i o n  r e a c t i o n s  produce many d i f f e r e n t  p r o d u c t s .  The most 
, 
abundant  p r o d u c t s  of  a  s p a l l a c i o n  r e a c t i o n  a r e  t h o s e  w i t h i n  10  - 20 mass 

u n i c s  of  he t a r g e c  on che low mass s i d e .  Abundant p r o d u c t s  t end  t o  be 

towards t h e  n e u t r o n  d e f i c i e n t  s i d e  of  b e t a  s t a b i l i t y .  A s  many of t h e s e  



products will be unstable and will involve the emission of one or more 

gammas in their decay, a gamma spectrum of a target following spallation 

will be very complicated due ta the large numbers of observed peaks. 

This excess of information can make identifying isotopes difficult, but 

it can also be very useful. Cross-sections can be determined for 

products for which spallation cross-sections are known and can be used 

for confirming results. There are at least two published papersZ8~Zg on 

cross-sections of spallation products of gold targets. A third set of 

results would be useful to confirm previous results to clarPfy any 

differences'which may currently be present. 



SEPARATION METHOD 

In order for a r,adioisotope to be of use medically it must be 

available in a pure, sterile, and pyrogen free state3' . The sterility 

and pyrogen free aspects usually arise in the final form of the 

radioisotope, eg. incorporated in a biological molecule. The purity 

takes on two forms, that of the purity of the molecule the radioisotope 

is attached to, and the specific activity of the radioisotope. 

to be usable a specific activity of -4 Ci/rng is required, this 

the amount of carrier that Is allowed and therefore the purity 

radioisotope. 3 1  When faced with the myriad, of products 

of a spallation reaction, arriving at this specific activty of 

radioisotipe is difficult. 
-f 

In order 

defines 

of the 

There are numerous methods used for separating and isolating 

radioactive p r o d ~ ~ t s 3 2 ~ 3 3 .  Four common techniques are; distillation, 

precipitation, solvent extraction, and ion exchange. Distillation 

techniques involve the volatilization of the species to be ~e6arated 

which is collected either by codling or absorption on an appropriate 

substance. This method is highly dependent on the volatility of the 

species to be separated and on the characteristics of the target 

material. Precipitation is a fairly common technique and is often used 

in conjunction with one or more of the other techniques. The techniques 

,are often adapted from classical analytical techniques and often require 

dissolution of the target material and the availability of a selective 



precipitation.reagent or reagents. Solvent extraction offers high 
*. 

selectivity and.high yields can be obtained by successive extractions 
e , , 

and back extractions. Again the target material must be dissolved an 

the technique can be difficult to adapt to remote operation. Remote 

procedures are almost essential with the high levels of 

that are present when radioisotopes are being produced 

purposes. Ion exchange methods are extensively used, and the w'de range / 
of ion exchangers available makes them very selective techniques, 

capable of high yields. The majority of these techniques involve 
* 

w 
dissolution of the target and-separation from a solution. This type of 

separation can be difficult, depending on the ease with which the target 
- 

can be dissolved. Dissolving the target is also a disadvantage if the 

target material is very expensive. The twrgets used in this work, Au, 

Pt, and Ir, are all fairly expensive and difficult to dissolve. Au and 

Pt both require aqua regia for dissolution, whire the recommended 

soIvent for Ir is concentrated HC1 + NaC103 at 125 - 150"~~'. The ideal 

separation technique would allow for easy recovery of the target so it 

could be used rep6atedly. For these reasons the distillation technique 

is clearly the most advantageous. A variation of this technique is 

discussed here for the separation of metallic isotopes, as their oxides 

from target materials. 

A method used for separatinwne metallic speci5s from a metallic 

target is thermochromatography. Thermochromatography is, as the name 

suggests, a chromatographic technique that utilizes condensation 

temperatere as the charac by whieh elements or compounds can be 

2 2 



separated. The element or compound to be separated must be volatilized, 

then released down a column with a negative temperature gradient:, the 
\ 

volatile species will dondense out along the column accdrdiq totheir 
, 

condensation temperatures. It is apparent that this. method will only be 

applicable to elements or compounds which can easily be volatilized. 

h e  main element of interest in this work, rhenium, has a very high 

melting point ( 3 1 8 0 " ~ ) ~ ~ ,  and a boiling point of over 5 5 0 0 " ~ ~ ~  rendering 

it next to impossible to volatilize directly. However previous work has 

shown that rhenium can quite successfully be separated using this 

technique since in the presence of oxygen, even in trace amounts, 

volatile rhenium oxides are formed. The five stable rhenium oxides are" 

listed in Table 4. 



Table 4 

Common Rhenium Oxides 

Re, 0, 
ReO, 
ReO, 
Re, 0, 

Re,  0, 



Of these five , the heptaoxide , Re207 , is the most stable. The 

lower oxides all decompose to the heptaoxide at temperatures above 

=300•‹C 1 5 .  The heptaoxide is also known to be volatile at temperatures 

above =500•‹ C '5 . 
d 

Previous thermochromatographic work3 - 3  showed that 

rhenium could be separated from gold targets in high efficiencies, and 

that the separation was free from impurities of other volatile oxides, 

such as iridium or osmium oxides which condense at much lower 

temperatures. The experimental procedure used was to melt an irradiated 

gold target which had been fused to the end of a quartz tube, then to 

,pass a flow of He or other gas over the melt into the 

thermochromatographic column. The column was then 

analyzed with gamma spectroscopy in order to 

condensed 0ut"z.t what temperatures. As it was apparent that rhenium 

could be released from molten gold it seems likely that a similar 

process could occur with platinum. Both gold and platinum are noble 

metals and would be expected to behave similarly. The major difference - 
- 

is thatlatinum, with a melting point of 1772"cZ4, is somewhat . more . 

i 
difficult to melt . Most laboratory furnaces'reach a maximum 

temperature of 1200•‹C. This method of separation is advantageous as -it 

allows for recovery of the target material, and lends itself to further 

development with'on- or off-line mass spectroscopy, which can provide 

.a 
the necessary isotopic separatiofi. 



. - 
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L. 

One disadvantage of all of the above mkntioned techniques is that 

while they are element selective they are not isotope selective. It is 

very important, in the production of radiopharmaceuticals, to have 
n 

reasonable isotopic purity. If one looks at the possible Re isotopes 
i - 

that may be formed in a Spallation reaction, Table 540 , one can see 

that there is a wide range of half, lives, and decay modes possible. 

Contamination with any of these other isotopes may cause th;! effects of 

the labelled molecule to deviate from what is desired and reduce the 

specific activity of l a 6 ~ e .  One method of separating isotopes is. to ,use 

mass spectroscopy, a widely used technique. The use of an 1SO.L (Isotope 
J A+- 

Separation On-Line) facility is also possible for on-line production and 

separation. ISOL facilities use mass spectroscopy techniques in the 

final mass .separation component. ISOL systems have three major 

components: ion production, ion beam trafisport, and isotope 

collection23 . Ion production encompasses the production and 

ionization of the ions. Ion beam transport encompasses transporting the 
b 

ion beam to a mass spectrometer, and transporting the outgoing mass 

separated ion beams. Finally isotop~ collection encornpasse% collection 

and detection of the separated isotopes. If spallation reactions are 

ever to become a source of radioisotopes for medical purposes, a mass 

spectroscopy type separator, or possibly an ISOL system will probably " 

become a necessity. It is possible that a target system could be 

desfgned that used a molten metal-target, 'the products would volatilize 

out of the molten metal, be collected on a cold finger of appropriate 

temperature, to allow for' chemical separation, and then volatilized into 

an ion source, and finally separated by mass. The resolution for 



separation on ISOL systems is very high, on the order of 10,000 : 1 

separation2 . If successful, these types of techniques could produce 

many different isotopes of the same element simult,aneously. 



i 

TABLE 5 

Re Isotopes, ~ a l '  Lives and 'Decay Modes 

I Isotope Half Life  I Decay Mode 

EC , B+ 
EC 
EC - 

EC, I T  
E C 

B- 
B - 
B - 
B - 
B - 
B - 



Materials and 

k 

Irradiat ioqs 

Thin  f o i l s  of  

Methods 

2 .  

Au, P t ,  and I r  were i r r a d i a t e d  a t  t h e  TRIUMF 

c y c l o t r o n  f a c i l i t y  (Vancouver, B . C . )  w i t h  p r o t o n s  o f  e n e r g i e s  r ang ing  

from 235 t o  500 MeV. S p e c i f i c a t i o n s  of  t h e  t a r g e t s  and t h e  i r r a d i a t i o n s  

a r e  compi led  i n  Table 6 .  

A l l  t a r g e t  m a t e r i a l s  were o b t a i n e d  from ~ohns .6n  Matthey Chemicals 

L t d .  and had t h e  f o l l o w i n g  compos i t ions :  AU-'99.9988, P t - 9 9 . 9 9 8 8 ,  and I r -  

A t a r g e t  h o l d e r  system was d e s i g n e d ,  by t h e  a u t h o r ,  and b u i l t ,  b y  
\ ! 

, .. . t h e  S . F . U .  mechanical  shop ,  t o  a l low f o r , i r r a d i a t i ~ n ,  o f  t h e  t a r g e t s  i n  

a i r  on beam l i n e  4 A . a t  TRIUMF. A p o r t i o n  of t h e  beam p i p e  was removed 

i n  o r d e r  t o  ac.commodate t h e  t a r g e t  wheel ,  F igure  3 .  The t a r g e t  wheel 

was a l i g n e d . w i t h  t h e  c e n t r e  o f  the'beam p i p e ,  and c o u l d  be o p e r a t e d  

r emote ly .  The t a r g e t s  were c u t  i n t o  2 . 5  * 2 . 5  cm s q u a r e s ,  packaged i n t o  

sample h o l d e r s ,  and p l a c e d  i n  t h e  t a r g e t  wheel .  Sample h o l d e r s ,  t a r g e t  

packages ,  and t h e  beam- l ine  c o n f i g u r a t i o n  a r e  i l l u s t r a t e d  i n  F igures  4 ,  ' 

5 ,  and 6 .  



Target~Thickness and Proton Energy 
3 

Pro ton  Energy 
MeV 

500 
. 290 

370 
235 
44 5  
500 
2 9  0  
500 
2  3  5  
3  7  0  
500 

T a r g e t  

Aul 
, Au2 

Au3 
Au4 
Au5 
Au6 
P t l  
P t2  
P t 3  
P t 4  
I r 1 

I 

Thickness  
mg/cm2 

198.648 
198.648 
198.648 
198.648 
198.648 
198.648 
217.044 
217.044 
217.044 
217.044 
102.512 



Figwe 3 , 

TARGET WHEEL 



Figure 4 Sample Holder (Front view) 



Figure 5 Target Package (Side view) 

i = Al foil O.OO7mm 

2 = Al foil 0.007mm 

3 = Al foil 0.007mm 

4 = Metal foil (Au, Pt, Ir) 





Alignment of t he  proton beam and t a r g e t  wheel was checked by s h o r t  
I 

( t h r e e  minute7 i r r a d i a t i o n s  of l u c i t e  t a r g e t s .  The t a r g e t s  were 

inspec ted  v i s u a l l y  t o  ensure  t h e  beam was proper ly  a l i g n e d ,  wi th  t he  

sample ho lde r s .  A darkening o'f t h e  l u c i t e  i n d i c a t e d r t h e  al ignment of 
*e 

t he  protongL. 

A l l  p ro ton  i r r a d i a t i o n s  were a t  beam c u r r e n t s  of e i t h e r  -0 .5  pA o r  

-1 .0  PA,  and f o r  per iods  ranging from 20 minutes t o  one hour .  

Due t o  t he  high r a d i o a c t i v i t y  of t he  t a r g e t s  a f t e r  i r r a d i a t i o n ,  the  

t a r g e t  packages were allowed t o  cool  before  being removed from the  

sample ho lders  and transported t o  S . F . U . ,  where they were analysed 

us ing  gamma ray spectroscopy.  



Beam Integration 

During irradiations the instantaneous beam flux was monitored with 

the in-beam SEM (secondary electron emission monitor) to determine the 

time uniformity of the irradiation. The beam size was < 1 cm in 

diameter, smaller than the target area. The actual total beam current, 

incident on the target, was calculated by measuring 2 4 ~ a  production in 

thin A1 monitor foils. 2 4 ~ a  .is produced by the " ~ l ( ~ ,  3pn)Z4~a 

reaction. The cross-section for this reaction is known, to t6.58, for 

energies from 30 MeV to 30 GeV, and is a commonly used monitor 
-- 

reacrion4 2 .  A1 foil #2, Figure 5, was used as the monitor foil to as 

any 4 ~ a  lost through recoil would be replaced by Na recoiling from 

the front foil. 

The A1 monitor foils from each target package were counted using a 

standard Ge(Li) gamma-ray spectroscopy qetector system. The 1368.53 keV 

gamma of 24Na (th = 15.03 h)' was detected and creas for this gamma peak 

were determined manually on a Nuclear Data ND66 multi-channel analyser. 

The total number of protons for each irradiation was determined 

! 
using Equation 2: 

1 



Where ; 

AEOB = a c t i v i t y  a t  end of bombardment (cps)  

E = d e t e c t o r  e f f i c i e n c y  - 

X = decay cons tan t  f o r  2 4 ~ a  

N( t )  = ~ l .  t a r g e t  th ickness  (atoms/cm2) 

a = c r o s s - s e c t i o v  f o r  2 4 ~ a  " 

The d e r i v a t i o n  of Equation 2 and equat ions  t o  fo l low ii d e t a i l e d  

i n  Appendix B .  The l a r g e s t  e r r o r  proved t o  be t h e  6 . 5 %  e r r o r  on t he  -# 

l i t e r a t u r e  va lues  of a .  Other con t r i bu t i ng  e r r o r s  a r e  t h e  e r r o r s  i n  

measuring peak a r e a s  and t he r fo r e  i n  determining A E O B ,  and i n  the  

d e t e c t o r  e f f i c i e n c y .  A sumfnary of the  c a l c u l a t i o n s  and t h e  r e l a t i v e  

e r r o r s  a r e  p resen ted  i n  Table 7 .  These va lues  agreed wi th  the  

approximate va lues  obta ined wi th  the.in-beAm SEM. 



\ Table 7 

Beam Integration Results 

Target 

Aul 
Au2 
Au3 
Au4 
Au5 
Au6 
Ptl j 
Pt2 1 
Pt3 j 
Pt4 ' 
I r 1 

0 (P)  

1.63E+16 2 8.9 % 
1.22E+16 2 8.9 3 
3.83E+15 2 7.8 3 
3.39E+15 + 8.4 % 

3.71E+15 ? 7.8 % 
4.03E+15 5 8.4 3 
1.41E+16 + 8.9 % 
1.59E+16 2 8.9 % 
3.44E+15 + 8.4 3 
1.19E+16 + 7.6 % 

3.88E+15 + 8.4 % 

. 



Data Acquisition and Malysis 

Gamma spectra of all foils were collected using a standard Ge(Li) 

gamma-ray spectroscopy detection system, including standard nucleonics, 

coupled to a Nuclear Data ND66 multi-channel analy er. The detection 3 
system was calibrated using standard Bh and ' CS sources, whose 

energies include some similar to those of 1 8 6 ~ e .  Total detector 

efficiencies were determined for all .geometries used, by plotting 

d 
logarithmic plots of efficiency versus eqergy for the standard sources 

f 
d 

An example of an efficiency curve is illustrated in Figure 8. The 

spectra were analysed and peaks fit by using either of the spectra 

fitting programs G X L ~ ~  on the IBMPC or GAMANAL~~ on the MTS mainframe. 

The peaks were analysed using either of the half life fitting!programs 

CLSQ~ on the TRIUMF VAX or  FRANTIC^ on the IBMPC. 

A number of problems were encountered throughout the data 

acquisition and analysis. Initially spectra were collected over 1024 

channels, for an energy range of 0 - 1 MeV. This range was insbfficient 

for the number of peaks in the spectra and made fitting che spectra 

difficult if not impossible. The channel range was subsequently 

increased to 2048 channels. Typical gamma spectra are illustrated in 

Figures 8 and 9. As can easily be seen there are a very large number of 

peaks. In some cases,, there were not enough fitted spectra collected to 

performhalf life analysis. This was the case for the foils from the 

first irradiation for which 1024 channel spectra had been collected that 

could not be fit. These targets dia-have enough data to calculate upper 

limit cross-sections. 
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Figure - Gamna Spectra of Ir target. 



Figure 9 - Gamma spectrum of Ir target,  energy region.110 - 200 keV. 



Although the main goal of t-his,work was to calculate the cross- 

section for l a 6 ~ e ,  in all but one case this was impossible. la61r als6 
. . 

emits gamma radiation of 137.2 keV and although the ratio of the half 

lives of Ia6~e. and lB61r appears to'be sufficient that the individual 
0 

components shbuld be distinguishable, the amount of a Ir produced far 

exseeds the amount of l a 6 ~ e  produced completely obscuring the l B 6 ~ e .  
m ul. 

$ 

Only in one case, that of the Ir target, was 'it possible to fit the two 

components to the experimental data. In all other cases upper-limits on 

the 18%e cross-section were set. - 

The results from the half life fitting programs for other gamma 

peaks  ere used to calculate cross-sections for other spallation 

product's. 



upper'- limit calculations - '  Me thpd 1 

d 

Using a  spectrum c o l l e c t e d  a f t e r  a  s u f f i c i e n t l y  l o n g  t i m e ,  

approximate ly  10 days a f t e r  i r r a d i a t i o n ,  s o  t h a t  t h e  m a j o r i t y  i f  n o t  a l l  

o f  t h e  la61r  had decayed,  upper l i m i t s  on t h e  l e 6 ~ e  c r o s s - s e c t i o n  were 

defermined u s i n g  t h e  fo l lowing  method 

The maximum p o s s i b l e  peak a r e a  t h a t  cou ld  be p r e s e n t ,  b u t  n o t  

o b s e r v a b l e  above background,  was de termined t o  be t h r e e  t imes  t h e  s q u a r e  

r o o t  o f  t h e  background over  t h e  r e g i o n  where t h e  1 3 7 . 2  keV-gamma shou ld  
P 

a p p e a r 4 ' .  This  v a l u e  was c o r r e c t e d  t o  EOB (end of bombardment) and 

upper l i m i t s  c a l c u l a t e d  u s i n g  Equat ion  3 
- 

where ; 6 .  

U . L . 0 1 8 6 ~ ~  = upper l i m i t  c r o s s - s e c t i o n  

A E O B  = a c t i v i t y  c o r r e c t e d  t o  end o f  bombardment ( c p s )  
y, 

N ( t )  = t a r g e t  t h i c k n e s s  (atomdcm2 ) 

@ = t o t a l  number of p ro tons  a s  c a l c u l a t e d  from 2 4 ~ a  p roduc t ion  

E = d e t e c t o r  e f f i c i e n c y  f o r  a p p r o p r i a t e  e n e r g y ' a n d  geometry 

X = decay c o n s t a n t  

b  = b ~ a n c h i n g  r a t i o  f o r  gamma r a d i a t i o n  



Upper-limit calculations - Method 2 

The time a t  which t h e  137.2  keV peak cou ld  no longer  b e  observed 
B 

was determined.  

The number o f  1 8 6 ~ r  and h a l f  l i v e s  t h a t  had e l a p s e d  over  

t h i s  t ime were c a l c u l a t e d .  h 

The maximum p o s s i b l e  amount o f  1 8 6 ~ e  t h a t  could  be p r e s e n t  a t  end 

of  bombardment was c a l c u l a t e d  t o  be t h e  1 8 6  
I r  A,,, d i v i d e d  by 2 t o  t h e  

power X ,  where x  i s  t h e  d i f f e r e n c e  between ' the  'number o f  lE61r  h a l f  

l i v e s  and l E 6 ~ e  h a l f  l i v e s  e l a p s e d .  

Equation 3 was used wi th  t h e  maximum A E o B  f o r  8 6 ~ e  t o  de termine  

.L 

c r o s s - s e c t i o n  upper l i m i t s .  



R e s u l t s  from h a l f  l i f e  f i t t i n g  programs were u s e d  t o  c a l c u l a t e  

e x p e r i m e n t a l  c r o s s - s e c t i o n s .  The r e s u l t s  g i v e n  by t h e  h a l f  l i f e  f i t t i n g  

programs had p r e v i o u s l y  been  c o r r e c t e d  f o r  d e t e c t o r  e f f i c i e n c y  and  

c o r r e c t e d  back  t o  EOB. Equa t ion  4 was used  f o r  c a l c u l a t i n g  t h e  c r o s s -  

A E O B  = a c t i v i t y  a t  E O B ,  e f f i c i e n c y  c o r r e c t e d  ( c p s )  
i 

* N ( t )  = t a r g e t  t h i c k n e s s  (~torns/cm* ) 

@ = t o t a l  number of  p r o t o n s  a s  c a l c u l a t e d  from 2 4 ~ a  p r o d u c t i o n  

b  = b r a n c h i n g  r a t i o  f o r  gamma r a d i a t i o n  

' X = decay c o n s t a n t  i 

I n  o r d e r  t o  i l l u s t r a t e  t h e  a n a l y s i s  p r o c e d u r e ,  one c a s e ,  t h a t  o f  

l e 6 ~ e  and l g 6 I r ,  1 3 7 . 2  keV gamma, I r  t a r g e t ,  h a s  been  d e t a i l e d  i n  

Appendix C 

O the r  r e s u l t s  were o b t a i n e d  i n  a  s i m i l a r  manner.  When p o s s i b l e  

more t h a n  one gamma peak was used  add t h e  c r o s s - s e c t i o n  r e p o r t e d  a s  t h e  

a v e r a g e  + a s s o c i a t e d  e r r o r .  See T a b l e s  1 2  and 1 3  f o r  r e s u l t s .  



SEPARATION PROCEDURE 

The b a s i s  f o r  a  f a s t ,  simple s epa ra t i on  technique was inveSt iga ted  

f o r  t he  Au and P t  t a r g e t  f o i l s .  I t  is vevy important  t h a t  t h e  technique 

- be simple i n  na tu r e  and,  due t o  t he  high l e v e l s  of r a d i o a c t i v i t y ,  

involve minimal hands-on c o n t a c t .  The b a s i s  of t he  technique i s  t h e  " 

r e l e a s e  p f  v o l a t i l e  oxides of rhenium from molten me ta l s .  ~ h e ~ ~ i o a l s  of 

the  experiments were t o  melt  t he  t a r g e t s  and measure t he  r e l e a s e  of pe 

i so topes  from the  molten t a r g e t s .  The main d i f f i c u l t y  encountered was '. 

i n  f if iding methods t o  melt the  t a r g e t  m a t e r i a l s .  

/ 

The procedures used f o r  each t a r g e t  a r e  d i s cus sed ,  r e s u l t s  a r e  

discussed l a t e r .  



Au Target  

0 -. 
A q u a r t z  t u b e  f u r n a c e  was c o n s t r u c t e d  u s i n g  Thermcraft t  h e a t i n g  

e l emen t s  and  a  s p e c i a l l y  d e s i g n e d  q u a r t z  i n s e r t .  The h e a t i n g  e l e m e n t s  

were powered by a  220V power s u p p l y  and r e g u l a t e d  w i t h  a 220V v a r i a c .  

The h e a t i n g  e l emen t s  were r a t e d  t o  1200•‹C, more t h a q  a d e q u a t e  - f o r  
a 

m e l t i n g  t h e  Au t a r g e t  (Au m.p .  1 0 6 3 " ~ ) ~ ~ .  The q u a r t z  i n s e ~ t  was 

d e s i g n e d  w i t h  i n l e t  t u b e s  f o r  a  thermocouple ,  and  g a s ,  o u t l e t  t u b e  f o r  

g a s ,  and d e t a c h a b l e  sample h o l d e r s  o r  " spoons" .  The q u a r t z  i n s e r t  and 

s 
sample "spoons"  a r e  p i c t u r e d  i n  F i g u r e  1 0 .  A ch romel -a lume l  

thermocouple 'was u s e d  f o r  measur ing  t e m p e r a t u r e ,  and a  c a l i b r a t e d  f low 

me te r  was used  f o r  c o n t r o l l i n g  gas  f l ow.  The o u t l e t * t u b e  was a i r  coo led  

and connec ted  t o  a  U - t r a p  coo led  t\o\OOc. The comple te  e x p e r i m e n t a l  s e t  O 

up i s  i l l u s t r a t e d  i n  ~ i ~ u r e  11 

A f t e r  t e s t i n g  t h e  f u r n a c e  and  c a l i b r a t i n g  t h e  v a r i a c ,  two 

e x p e r i m e n t a l  r u n s  were comple ted .  A gamma spec t rum o f  t h e  sample ,  ( % . o f  

one o f  t h e  Au t a r g e t s )  was i n i t i a l l y  c o l l e c t e d .  The sample was p l a c e d  

i n  t h e  sample "spoon" and t h e  f u r n a c e  assembled .  The t e m p e r a t u r ~ e  was 

b r o u g h t  up t o  -1100•‹C and a'llowed t o  e q u i l i b r a t e .  Medical  q u a l i t y  a i r  

w a s  t h e n  pas sed  th rough  t h e  q u a r t z  i n s e r t  a t  a  r a t e  o f  -20ml/min f o r  a  

p e r i o d  o f  20 m i n u t e s .  A t  t h i s  p o i n t  t h e  p o w e r - t o  t h e  f u r n a c e  was t u r n e d  

o f f  and t h e  f u r n a c e  was a l lowed  t o  c o o l  o v e r n i g h t ,  The f o l l o w i n g  day 

t h e  f u r n a c e  was d i sa s sembled  and gamma s p e c t r a  of  a l l  components 

c o l l e c t e d .  The s p e c t r a  were a n a l y s e d  u s i n g  t h e  GAMANAL~ program.  By 



comparing the  a c t i v i t i e s  p r e sen t  i n  t h e  t a r g e t  be fore  and a f t e r  hea t i ng ,  

it was p o s s i b l e  t o  determine which rad io i so topes  were r e l e a s e d  and i n  

what percen tages .  The gamma s p e c t r a  of t he  furnace components ind ica ted  

where t h e  r e l ea sed  a c t i v x y  was deposited. A second run was completed 

us ing  t h e  same procedure wi th  the  except ion of a  s t a t i c  atmosphere 

i n s t ead  of  a i r  f low. Resu l t s  were ca l cu l a t ed  f o r  each case  by 

*determining percen t  r e l ea sed  f o r  t he  v i s i b l e  r ad io i so topes .  As these  

experiments were. completed long a f t e r  t he  t a r g e t  i r r a d i a t i - o n s ,  long - 

l i v e d  r ad io i so topes  such a s  l a 3 ~ e  and l E 5 0 s  were used a s  t h e  primary 
? 

i n d i c a t o r s ,  making t he  assumption t h a t  a l l  isomers o f  a  s p e c i f i c  Z value 

w i l l  behave i d e n t i c a l l y .  



Figure 10 - Quartz insert for tube furnace. 



Figure 11 - Quartz tube furnace set up in fumehood. 



Pt Target - 

A s  the  tube furnace was only  capable of reaq,hing 1200•‹C a 

d i f f e r e n t  method was requ i red  t o  melt  the  P t  t a r g e t ,  (m.p. 1 7 7 2 " ~ ) ' ~  . A 

r e s i s t a n c e  hea ted  tantulum furnace system operated under vacuum, (vacuum 

evapora tor )  , Figure 1 2 ~  , l oca t ed  a t  TRIUMF w a s  used.  Under opt imal  

condi t ions  t h i s  system i s  capable of reaching -2000•‹C. Heating is  

achieved by pass ing  e l e c t r i c a l  c u r r e n t  through a metal  sample ho lder  

clamped between two copper e l e c t r o d e s ,  Figure 1 3 ~ '  . The maximum 

a t t a i n a b l e  temperature i s  very dependent on t he  shape ,  t h i c k n e s s ,  and 

ma te r i a l  used f o r  t he  sample ho lde r .  A v a r i e t y  of Ta sample ho lders  were 

t e s t e d ,  varying th ickness  of t he  f o i l  and shape of t he  sample ho lder  

The con f igu ra t i on  g iv ing  the  h ighes t  temperature was t h a t  of a BN (boron 

n i t r i d e )  c r u c i b l e  wrapped i n  0.5mm Ta f o i l .  This r e s u l t e d  i n  an 

e x t e r n a l  temperature of -1700•‹C f 100•‹C a s  measured by u s ing  a s 

d 
pyrometer. 

d i f f i c u l t y  

temperature 

temperature 

There i s  e r r o r  i n  t he  temperature rheasurement due t o  the  

n us ing a pyrometer, and t he  i n a b i l i t y  t o  determine i f  the  

i n s i d e  the  sample ho lder  i s  the  same a s  t he  e x t e r n a l  

d. 
7 e  I f  the  temperature was allowed t o  e q u i l i b r a t e  i t  would 

expected t h a t  t he  temderature i n s i d e  the  sample ho lder  would be h igher  

than the  ou t s ide  temperature due t o  r a d i a t i v e  coo l ing  s i n c e  s a f e t y  

cons ide ra t i ons  prevented a l lowing s u f f i c i e n t  time f o r  e q u i l i b r a t i o n  t o  

occur .  I t  i s  very pos s ib l e  t h a t  the  i n t e r n a l  temperature of t he  sample 

ho lder  was lower than the  e x t e r n a l  temperature .  The BN c r u c i b l e  was 

necessary ,  a s  i t  was found t h a t  Ta and P t  w i E 1  r e a c t  t o  form a Ta-Pt  



a l l o y ,  t h a t  mel t s  a t  temperatures below the  mel t ing p o i n t  of  P t .  An A 1  

c a t c h e r  f o i l  was pos i t i oned  above t h e  sample ho lder  t o  c a t c h  o r  t r a p  t he  

r e l e a s e d  a c t i v i t y .  

Two i d e n t i c a l  experiments were c a r r i e d  o u t .  A s  i n  t h e  Au work 

i n i t i a l  gamma s p e c t r a  of t he  P t  samples, (smal l  p i ece s  of a P t  t a r g e t ) ,  

were c o l l e c t e d .  TfPe samples were wrapped i n  t h e  sample ho lders  and a  
I 

smal l  ho l e  was made i n  t h e  Ta f o i l  above t he  opening of t h e  c r u c i b l e  t o  

a l low v o l a t i l e  spec i e s  t o  escape .  The sample ho lder  was f i rmly  clamped 

between the  copper e l ec t rodes  and t h e ' e n t i r e  system evacuated t o  a  
'& 

pre s su re  of <50 mtor r .  The temperature was r a i s e d  t o  e i t h e r  an e x t e r n a l  

temperature of >1770•‹C o r  u n t i l  t he  power cab l e s  t o  t h e  copper 

e l e c t r o d e s  bkcame too h o t .  I f  t he  c u r r e n t  was r a i s e d  too h igh  t he  power 

cab les  would begin t o  smoke and break down, c l e a r l y  an unsafe  cond i t i on .  

This  would occur a t  a  temperature of -1700•‹C. The temperature was he ld  

a t  the  maximum value f o r  a s  long a s  was deemed s a f e  (-3-5min) t o  a t tempt  

t o  al low f o r  e q u i l i b r a t i o n  throughout t he  sample h o l d e r .  The 
0 

8 .  
temperature was lowered and t he  system was allowed t o  coo l  thoroughly 

under vacuum, then disassembled and gamma s p e c t r a  of a l l  components were 

c o l l e c t e d .  

Despite the  use of a  high temperature furnace system i t  was 

impossible  t o  &ompletely melt  the  P t  t a r g e t - s a m p l e s  P a r t i a l  mel t ing 

was ev iden t  from the  phys ica l  s t a t e  of the  samples and l e a d  t o  some 

u s e f u l  r e s u l t s .  The r e su l t s .  were c a l c u l a t e d  a s  per  the  A u  work 



Figure 12 - Vacuum evaporator, schematic. 

1 EVAPORA~OR 
2 He/02 SUPPLY 

' 3  DIGITAL FLOWMETER ' 

L AIR RELEASE VALVE 
5 ROUGHING VALVE 
6 MECHANICAL VACUUM PUMP 

.i 7 FORELINE VALVE 
8 DIFFUSION PUMP 
9 HIGH VACUUM VALVE 
10 ELECTRODE (see figure 2 )  
11 BUSHING (see  figure 3 )  ' \ 
12 NOZZLE 



Figure 13 - Copper electrodes of vacuum avqorater. 
1 - Copper electrodes , 
2 - Tantulum sample holder 



Ir Target 

The Ir target was not investigated using this technique for 'two 
, * 

reasons. Ir has a.melting point even higher than that of Pt 

( 2 4 1 0 " ~ ) ~ ~  , making it even more difficult to melt than Pt , and isPknown - 

to react with 02 ,  even in trace amounts, at elevated temperatures to 
L 

form volatile oxides', which would lead to destruction of the+target 
e I 

'r 
.1 

material. 



RESULTS AND DISCUSSION 

R e s u l t s  f o r  t h e  c r o s s - s e c t i o n  f o r  1 8 6 ~ e  from a n  Ir  t a r g e t  and  upper  

l i m i t s v  on  t h e  c r o s s - s e c t i o n s  f o r  1 8 6 ~ e  from AU and P t  t a r g e t s ,  u s i n g  two 

2 I 

methods ,  a r e   resented i n  T a b l e s  8 ,  9 ,  and 1 0 .  Where t h e r e  i s  

d i sag reemen t  be tween t h e  two me thods ,  t h e  upper  l i n f t  s h o u l d  be  t a k e n  a s  
0. 

1 
t t ie  s m a l l e r  o f  t h e  two values*.  , I t  was n o t  possY61"eo de t e rmine  upper  

l i m i t s  u s i n g  method two f o r  a l l  e n e r g i e s .  The method r e l i e s  on knowing 
> - 

t h e  amount of  1r produced .  A s  mentioped p r e v i b u s l q  i t  was n o t  
J 

I . p o s s i b l e  t o  per form &Hlf l i f e  a n a l y s i s  f o r  s o m e ; t a r g e t s ,  l i k e w i s e  i t  was 
4 

b ,  
b 

n o t  p o s s i b l e  t o  de,te~mine'cros~-sections o r  upper  l i m i t s ,  u s i n g  method 
B 

- two,  f o r  t h e s e  t a r g e t s .  
c .  

The c r o s s - s e c t i o n  f o r  l a 6 ~ e  from a n  I r  t a r g e t  i s  t h e  f i r s t  r e p o r t e d  . , 

v a l u e  f o r  t h i s  r e a c t i o n ,  T r ' (p ,x ) ' tE6Re .  T h i s  r e s u l t  i s  g i v e n  
d 

c r e d i b i l i t y  by t h e  agreement  o f  c r o s s - s e c t i o n s  f o r  o t h e r  i s o t o p e s  'from 

*a 

t h e  Au t a r g e t  w i t h  l i t e r a t i r e  v a l u e s ,  which a r e  d i s c u s s e d  l a t e r .  

The e r r o r s  on t h i s  r e s u l t  a r i s e  main ly  from t h e  l i t e r a p r e  v a l u e  o f  Z 
i h e  c r ~ s s - s e c t i o n  f o r  * ~ a  used  i.n de te rminipgr  t h e  p r o t o n  f l u x  ( ? 6 . 5 % ) *  
i 

and i n  d e t e r m i n i n g  t h e  a r e a s  o'f t h e  gamma p e a k s .  ~ ; r o r s  f o r  a l l o c r o s s -  

s e c t i o r f s  were de t e rmined  u s i n g  s t a n d a r d  methods o f  p r o p a g a t i o n  of 
P 

O? 

e r r o r s 4 ' .  I n c l u d e d  i n  t h e  e r r o r  d e t e r m i n a t i o n  were e . s rors  on t h e  t o t a I  



Table 8 

CROSS -SECTIONS FOR * ~e , Ir' T,$2GET 

t 

Table 9 

Energy Cross-section SILT estimate 

4 . 3  ? 0 . 6  

CROSS-SECTION UPPER LIMITS FOR la6Re, Au TARGET 

Table 10 

Energy 
MeV 

2 3 5 
290 
3 7 0 
44 5 
500 

upper -~irnit 
Method 2 

0 (mb> 

Upper-Limit 
Method 1 

ff (mb> 

.0.17 ( 2 ) *  
0.42 
0.56 . 
0.67 
0.68 

SILT estimate 
-- 

MeV 

CROSZ-SECTION UPPER LIMITS FOR l a 6 ~ e ,  Pt TARGET 

Energy 
MeV s 

a (mb> MeV 

Upper-Lil 
Method 

0 (mb> 

. ' + This result is the average of two target irradiatidns. 
1 

SILT estimate 

1 

nit 
1 

Upper-Limit 
Method 2 



number of protons, (including error on ''~a cross-seciion) , errprs on 
I I 

target mass and area, errors on AEOB as determined by the half life 

fitting programs. Other errors such as errors on decay constant, 

counting intervals, and branching rattos were neglected as they were 

negligible compared to the major sources of errors. 

The upper limits set on the cross-section for la6Re from Au and' Pt 
, 

targets are somewhat lower-than expected according to SILT 

estirnate~:~.~~. .In fact according to the SILT estimates one would 

expect Pt to have the largest cross-section. Since Ir is closer to Re, 

in the periodic table, than Au or Pt,' one would expect the cross-section 

b 

for la6Re to be largkst for an Ir target. This appears to be the case 

but does not agree with the SILT redictions. As discussed in Appendix P 
A it is expected that the estimates foP the Pt target would be the lkast 

accurate, so the disagreement between the experimental and calculated 

is no,t unreasonable. 

Since the goal of this work was to determine thk feasibiiity of 

proton spallation as a production method, the results are analysed in 

terms of the abilpty to produce quantities of the isotope large enough 

for patient doses. This was done for the three target materials by - 
estimating the cyclotron time required to produce a single patient dose 

of 250 mCi, based on the maximum possible production rate. For the Au 
p. 

,and Pt targets a best case scenario was assumed by treating the upper 

limits as actual cross-sections. The maximum production rate is 

determined by the saturation activity. Saturation activity is defined 



k. 
as t h e  a c t i v i t y  when t h e  r a t e  of p r o d u c t i o n  e q u a l s  t h e  r a t e  of  d e c a y , ,  

and  i s  dependent  on t h e  c r o s s - s e c t i o n  f o r  p r o d u c t i o n . '  I f  t h e  p r o d u c t s  

. o f  a  n u c l e a r  k e a c t i ~ n  a r e  s t a b l e ,  t h e n  t h e  number o f , p ~ o d u c t  a t o m s '  

p roduced  d u r i n g  a bombardment of t ime t i s  e q u a l  t o ;  

$ " B  

( 4 )  N = N ,  * a s ' f i * t  

. 
N, = T a r g e t  t h i c k n e s s  (atoms/cm2" 

a  = C r o s s - s e c t i o n  (cm2') 3 

I = Pro ton  c u r r e n t  ( p / s  PA) 

t = Bombardment t ime ( s )  

3 

I f  however t h e  p r o d u c t s  a r e  r a d i o a c t i v e ,  t h e n  i t  i s  p o s s i b l e  t h a t  

some of  t h e  p roduc t  n u c l e i  w i l l  decay  d u r i n g  t h e  i r r a d J a t i o n .  I f  t h e  

bombardment of  t h e  t a r g e t  l a s t s  l o n g  enough,  e v e n t u a l l y  t h e  r a t e  of  

p r o d u c t i o n  w i l l  e q u a l  t h e  r a t e  o f  decay  and s a t u r a t i o n  a c t i v i t y  w i l l  be  

r eached  and i s  e q u a l  t o ;  

P A ; =  S a t u r a t i o n  a c t i v i t y  
I, 

I f  t h e  bombardment .does not  I s s t  long  enough t o  r each  s a t u r a t i o n ,  

the a c t i v i t y  a t  t h e  end of bombardment ( E O B )  i s  g i v e n  b y ;  



Using t h e s e  e q u a t i o n s  t h e  s a t u r a t i o n  a c t i v i t i e s  have been 

determined f o r  pro.ducing l a 6 ~ e  from Au, P t ,  and I r .  The s a t u r a t i o n  
\ 

a c t i v i t i e s  and i r r a d i a t i g n  times t h a t  would be  r e q u i r e d  t o  prodilce a  

p a t i e n t  dose of  250 mCi f o r  s p e c i f i c  beam c u r r e n t s  and t a r g e t  

t h i c k n e s s e s  a r e  p r e s e n t e d  i n ' T a b l e  1 1 .  The s a t u r a t i o n  a c t i v i t y  f o r  Au 

i s  such tha t -  i t  i s  imposs ib le  t o  produce 250mCi of  l a 6 ~ e  w i t h  a  t a r g e t  

t h i c k n e s s  of  10 g/:m2 and a  beam c u r r e n t  o f  100 p .  The beam c , ~ r r e n t  t h a t  

can  be used depends on t h e  f a c i l i t y .  TRIUMF can d e l i v e r  a maximum beam 

c u r r e n t  of =I00 P A ,  whi le  some f a c i l i t i e s  such a s  Los  Alamos can d e l i v e r  

up t o  1 n - t ~ ' ~ .  The l i rges t  r easonab le  t a r g e t  t h i c k n e s s  t h a t  can be used 
Y 

i s  =I00 g/cmZ. Given t h e  energy ranges  of p ro tons  i n  Au; P t  a n d - 1 r 5 ' ,  

t h i s  t h i c k n e s s  r e s u l t s  i n  a  30% energy d&gradat<on o f  a 500 MeV pro ton  

beam. Thus wi th  op t ima l  beam c u r r e n t s  and a  t a r g e t  t h i c k n e s s  of  100 

g/cm2 t h e  minimum i r r a d i a t i o n  time r e q u i r e d  a t  TRIUMF would be -90 

hours  f o r  an Au t a r g e t .  



E
st

im
at

es
 o

fl
g

~
c

lo
tr

o
n

 ti
m

e 
re

 
ir

ed
 t

o
 p

ro
d

u
ce

 a
 s

in
g

le
 p

a
ti

en
t 

d
os

e,
 

Yi 
25

0 
m

C
i, 

of
 

R
e 

fr
om

 A
u,

 
P

t,
 

nd
 I

r 
ta

rg
et

s.
 

T
ar

ge
t 

A
u 

P t
 

I r
 

50
0 
Me
V 



It must be emphasized that this is an absolute minimum irradiation time ' 
* *  

. the cross-section us'ed in the calculation for the production of l a 6 ~ e .  

is only an upper limit; the actual cross-section could be a factor of 2, 

10, 100 or even smaller. Also, no allowances have been made for the time 

required for separation and preparation.of the radiopharmaceuticaL. 

This would probably require the irradiation time to be increased by a 

9 time. ' factor of -2, allowing one half life (90 hours) for processin 

Hence A; and Pt targets would probably require ;cry long irradiation 
times to produce a patient dose of 250mCi, or it may be impossibleMto 

ever reach the desired activity, as is the case with a 10 g/cm2 Au 

target. Clearly the irradiation times required for the Au and Pt 

a 

targets are prohibitive. For the Ir target, the cross-'section used for 

the calculation is a measured cross-section rather than an upper limit 

Correcting for processing time would increase the irradiation time by a.  

factor of 2 ,  allowing for one half life for separation and preparation 

of the radiopharmaceutical. The resulting minimum irradiation time is 

then =3  hours. This irradiation time is feasible. However the problems 

that may be encountered in vorking with such a thick target, and the 

ensuing separation problems may reduce the feasibility of this approach. 

A 100 g/cm2 target, if using the same area as in this work (6.25 cmZ) 

~ o u l d  be approximately 5 crn thick and weigh between 600 and 700 g ,  

depending on the target. This mass is significant and may cause some 

difficulties in separation. 



Since Ir forms oxides in the presence of 02, the simple separation 

procedure available for separating Re from Au and Pt is not applicable - 
3 

to IT targets. More important weuld be the levels of radioactivity 

present in the target. Remote handling facilities are required, the 

target may have to be allowed to cool efore handling which would P 
increase further the prbcessing time. Also to be considered is the 

I' availability of a high energy proton accelerator. There are very few of 

these machines in operation and all are in high demand for many areas of 

research. They do not have the accessibility of the low energy. 

cyclotrons. However, this approach does have merits, and future studies 

should focus on developing a separation technique for separating Re from -, 

that can be carried out remotely and allows for recovery of the 
B 

target material. 



Cross-sections of Ir, 0s. Re, and Pt Isotopes 

R e s u l t s  f o r  c r o s s - s e c t i o n s  of  I r ,  O s ,  P t ,  and o t h e r  Re i s o t o p e s  a r e  

compiled i n  Tables  12 and 13  a long  wi th  l i t e r a t u r e  v a l u e s z 8  ' . Two 

s e t s  o f  l i t e r a t u r e  v a l u e s  a r e  a v a i l a b l e  f o r  t h e  s p a l l a t i o n  o f  Au b u t  no 

l i t e r a t u r e  v a l u e s  were found f o r  t h e  s p a l l a t i o n  of  e i t h e r  P t  o r  Ir  

t a r g e t s .  Table 14 d e t a i l s  t h e  gamma e n e r g i e s  and i n t e n s i t i e s  t h a t  were 

used throughout  t h e  c a l c u l a t i ~ n s . ~ ~  Tables  15 and 16  d e t a i l  t h e  c r o s s -  

k 

s e c t i o n s  t h a t  were c a l c u l a t e d  f o r  each gamma energy ,  and t h e  r e p o r t e d  , 

v a l u e  f o r  comparison. The r e s u l t s  p resen ted  i n  t h e  t a b l e s  were a r r i v e d  

a t  by ave rag ing  i n d i v i d u a l  r e s u l t s  found u s i n g  v a r i o u s  gamma peaks and 

h a l f  l i f e  f i t s .  I n  many c a s e s  t h e  h a l f  l i f e  f i t s . w e r e  n o t  i d e a l  due t o  

smal l  d a t a  s e t s .  There fo re  more than one f i t t e d  s e t  of  d a t a  was used f o r  

each gamma peak a n a l y s e d ,  and i f  p o s s i b l e  f i t t e d  d a t a  from bo th  t h e  

C L S Q ~  program and the   FRANTIC^^ program were 

Tables  15 and 16 were averaged f o r  each gamma 

c a s e s  more than one c a l c u l a t i o n  was completed 

r e p o r t e d  va lue  is n o t  n e c e s s a r i l y  t h e  average 

and 1 6 .  The r e p o r t e d  va lue  was averaged over 

used .  The r e s u l t s  i n  

ene rgy .  S ince  i n  many 

f o r  each gamma energy ,  t h e  

o f  t h e  v a l u e s  i n  Tables  15 

a l l  c a l c u l a t e d  v a l u e s .  

I n  de termining the  h a l f  l i f e  f i t s ,  h a l f  l i v e s  were b o t h ,  h e l d  

c o n s t a n t  and a l lowed t o  v a r y ,  and the  b e s t  f i t s  were used i n  t h e  

c a l c u l a t i o n s .  E r r o r s  weye determined f o r  each i n d i v i d u a l  r e s u l t  us ing  

s t a n d a r d  methods of p ropaga t ion  of  e r r o r s 4 ' .  R e l a t i v e  e r r o r s  were 

determined by the  square  r o o t  of the  sum of t h e  squares  of  i n d i v i d u a l  

r e l a t i v e  e r r o r s .  For example; 
I 



Determining cross - sections for isotopes other than ' 6 ~ e  serve; two 

purposes. It provides confirmation of previously published results and, 

in doing so, provides a means of verifying this work. 
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TABLE 13 

\ 
Cross-sections for Ir, Os, Re, and Pt isotopes, Pt and Ir targets 
Type indicates whether cross-section is cummulative (C) or independent (I) 

I  soto ope I T I o i n  mb a t  proton energy (MeV)  I 



Table 14 - List of gamma energies and intensities used for 
cross-section calculatLons. 

Isotope Gamma Energy (keV) Intensity (y/100 transitions) 



Table 1 5  - Cross-mctions as  a function of gamma energy and proton energy. 

T h i s  Report  8 . 0  1 1 . 9  7 . 8  

1 8 ' ~ e  3 6 0 . 7  3 2 . 7  6 8 . 9  6 4 . 2  
3 6 5 . 5  2 8 . 6  6 8 . 8  5 5 . 2  
6 3 9 . 0  6 2 . 5  . 5 7 . 9  3 9 . 4  

T h i s  Report  3 0 . 0  6 7 . 3  5 7 . 9  5 3 . 3  

Au target.  ' , 

> 

Q 
T h i s  Report  5 9 . 6  101 66 4 9 . 2  

1 8 5 ~ s  

8 5 1 . 0  

T h i s  Report  

6 4 6 . 1  
7 1 7 . 5  
8 7 4 . 8  
8 8 0 . 5  

T h i s  Report  

7 8 . 7  

7 8 . 7  

, 1 0 1 . 2  
1 0 6 . 4  

9 7 . 8  
f 2 4 . 4  

107 

1 0 2 . 9  

' 1 0 9 . 4  

1 0 6 . 3  

6 2 . 9  

4 7 . 7  

7 1 . 2  

7 1 . 2  

5 8 . 1  

5 1 . 8  
6 1 . 9  

5 9 . 0  



. - 
Table 16 - Cross-sections as a energy'and proton-energy. 

Pt and >Ir targets. 
8' '> 

Isotope Gamma energy Cross-section in mb at proton energy (MeV) 
(keV) 

- ~ 

; - 
Pt 235 1 370 1 Jr 500 



' 

> 

, I  

When i n d i v i d u a l  r e s u l t s  h e r e  averaged f o r  t h e  f i n a l  r e p o r t e d  
. . 

r e s u l T ,  e r r o r s  were d e t e r m i ~ e d  e i t h e r  by c a l c u l a t i n g  t h e  s t a n d a r d  
- 

deviaut ion  of  t h e  averaged v a l d s ,  o r  by p r o p a g a t i o n  of  i n d i v i d u a l  

jl 
i 

e r r o r s .  The s t a n d a r d  d e v i a t i o n  was c a l c u l a t e d  o n l y  i f  t h e r e  w e r e - s i x  o r  

more 'va lues  t o  be  averaged.  O v e r a l l  most e r r o r s  were w i t h i n  + l o % ,  t h e  

rnajor'ity o f '  t h i s  a r i 5 i n g  from t h e  e r r o r  on t h e  ' * ~ a  c r o s s - s e c t i o n  and 

the . r emainder  a r i s i n g  from peak a r e a s  and h a l f  l i f e  f i t s .  These e r r o r s  
. c 

.v 

, . G a r e  r e a s o q b l e  and i n d i c a t e  rhe  r e s u l t s  a r e  q u i t e  good c o n s i d e r i n g  t h e  
2' 

i 

, .. l i m i t e d  amount of  d a t a  a v a i l a b l e .  
a% * ,+ 

( 

i d  B y  comparing t h e n e x p e r i m e n t a l l y  de termined c r o s s - s e c t i o n s  w i t h  t h e  
F 

2 , -  

, SI 'LT,es t imates  'in Tab les  3a and 3b i t  i s  p o s s i b l e  t o  s e e  t h a t  t h e  SILT 
2 - .  

i * ' e,stimates c a l c u l a t e  independent  r a t h e r  than  cummulative c r o s s - s e c t i o n  f 
This  i s  i l l u s t r a t e d  by t h e  r e s u l t s  and e s t i m a t e s  f o r  1r and l g O 1 r  and 

r f o r  1 8 ' ~ e  and l a 4 ~ e ,  two p a i r s  of i s o t o p e s  where t h e  l a r g e  d i f f e r e n c e  

between a  cummulative and independent  c r o s s - s e c t i o n  i s  obv ious .  The 

SILT e s t i m a t e s  do n o t  show t h i s  l a r g e  d i f f e r e n c e ,  wh i l e  t h e  exper imen ta l  

r e s u l t s  do .  Th i s  means t h a t  t h e  d i f f e r e n c e  observed between t h e  

e s t i m a t e d  c r o s s - s e c t i o n s  f o r  l B 6 R e  and  t h e  c a l c u l a t e d  u p p e r - l i m i t s  i s  

n o t ' d u e  t o  t h e  e s t i m a t i o n s  de te rmin ing  cummulative r a t h e r  t h a n  
. 

' indepen'dent  c r o s s - s e c t i o n s .  There must be an ' inadequacy  i n  t h e  

e s t i m a t i o n s  f o r  p r o d u c t s  t h a t  a r e  v e r y  c l o s e  t o  t h e  t a r g e t  mass. 



Au Target 

There  is .sorne d i sag reemen t  between t h e  two s e t s , o f  l i t e r a t u r e  

v a l u e s  o f  ~ ~ u f m a n "  and  AsanoZ9 ,  i n  most c a s e s  t h e  p r e s e n t  r e s u l t s  have 

a  b e t t e r  agreement  w i t h  t h e  r e s u l t s  o f  Kaufman. 

I s o t o p e s  f o r  which t h e r e  i s  d i sag reemen t  between t h e  two s e t s  of 

p u b l i s h e d  r e s u l t s  i n c l u d e  l g O  I r ,  1 8 2 0 s ,  18 'Re ,  1 B 8 ~ t .  For l g O 1 r  t h e  

p r e s e n t  work a g r e e s  w i t h  IZaufmanZ8 b u t  n o t  ~ s a n o ' ~ .  1 8 2 0 s  and " l ~ e  

Z 

r e s u l t s  a g r e e  w i t h  b o t h  Kaufman and Asano ' s  work b u t  i n  b o t h  c a s e s  

p r e s e n t  v a l u e s  a r e  c l o s e r  t o  t h o s e  o f  Kaufman. I n  t h e  c a s e  o f  ""t t h e  

p r e s e n t  r e s u l t  a g r e e s  w i t h  b o t h  v a l v e s  and l i e s  a p p r o x i m a t e l y  midway 

between t h e  two. 

h. 

There a r e  a l s o  some' i s o t o p e s  f o r  which o n l y  AsanoZ9 h a s  r e p o r t e d  

c r o s s - s e c t i o n s .   he p r e s e n t  r e s u l t s  i n  most c a s e d  do n o t  a g r e e u  w i t h  . 

t h o s e -  of  Asano. The c l o s e s t  akreement  e x i s t s  f o r  l 8  1r.'; a i t h o u g h  n o t  
0 

0 i 
w i t h i n  r e p o r t e d  e r r o r s  t h e  r e s u l t s  a r e  r e a s o n a b l y  c l o s e .  h e  r e s u l i s  

$or  0 s  , ' 0 ~ 7  18'Re, and Re however a r e  d r a m a t i c a l l y  d i f f e r e n t .  
1 

- - 

With t h e  e x c e p t i o n  of  1 8 3 0 s  t h e  c u r r e n t  r e s d t s  a?& r e p o r t e d ' f 9 r  e i t h e r  
Ca " f '  ' . 

J two o r  t h r e e  ene rgy  v a l u e s  and f o l l o w  c o n s i s t e n t  t r e n d s  o v e r  t h e  
'P 

* P .  - 21 

d i f f e r e n t  e n e r g i e s .  T h i s  coup led  w i t h . t h e  f a c t  o t h e r  r e s u l t s  h a v e  had  - e ( =  

L 
t,- , ' - >  

b e t t e r  agreement  w i t h  Kaufman's work l e n d s  more c r e d i b i l i t y  t o  the&.  ; 
. e ' .  

'* = & . , ' ,  . - 
, ' >  ,,~ ' , '  

g r e s e n t  work o v e r  t h a t  o f  Asavo. : ', + I < ,  
I .  L .  . 

. . . . .  % *, 
I 

k- 
, v 

P r ' 



One d i f f i c u l t y  encoun te red  w h i l e  comparing r e s u l t s  is t h a t  one *does 

n o t  kriow t h e  gamma e n e r g i e s  t h a t  were 'used  i n  t h e  c a l c u l a t i o n s  f o r  t h e  

l i t e r a t u r e  v a l u e s .  For example,  t h e  r e s u l t s  f o r  1 8 2 ~ e  were d e r i v e d  from 

t h r e e  peaks  and were c o n s i s t e n t  f o r  t h e  t h r e e  gamma's and ove r  t h r e e  

e n e r g i e s .  I n  d e t e r m i n i n g  which gammas cou ld  be  used  t o  c a l c u l a t e  c r o s s -  

s e c t i o n s  t h e  main c r i t e r i a  was h a l f  l i f e .  However i f  one peak  gave 

s i g n i f i c a n t l y  d i f f e r e n t  r e s u l t s  t h e  peaks were checked f o r  t h e  

a p p r o p r i a t e  r e l a t i v e  i n t e n s i t i e s .  The e x p e r i m e n t a l  peak a r e a s  s h o u l d  

a g r e e  w i t h  t h e  l i t e r a t u r e  v a l u e s  o f  r e l a t i v e  i n t e n s i t i e s  f o r  t h e  gamma 

e m i s s i o n s .  One c a s e  where t h i s  o c c u r r e d  was f o r  l g O 1 r .  l g O 1 r  e x h i b i t s  " 

, a t  l e a s t  e i g h t  c h a r a c t e r i s t i c  gamma e n e r g i e s  i n  i n t e n s i t i e s  l a r g e  enough 
. I 

t o  be e a s i l y  observe 'd .  I n  many c a s e s ,  f o r . t h e  Au t a r g e t s ,  two o f  t h e s e '  

gammas 'did n o t  e x h i b i t  t h e  c o r r e c t  r e l a t i v e  i n t e n s i t y  w h i l e  t h e  o t h e r  

s i x  d i d .  These two t h a t  d i d  n o t  a g r e e  a l s o ' l e d  t o  c r o s s - s e c c i o n s  t h a t  

d i d  n e t  a g r e e  and werg n o t  i n c l u d e d  i n  t h e  r e p o r t e d  r e s u l t s .  I f  o n l y  

one o r  two gamma e n e r g i e s  had  been  used f o r  t h e  c a l c u l a t i o n s  i t  i s  B 

\ 

p o s s i b l e  t h a t  t h i s  d i f f e r e n c e  would n o t  be n o t i c e d ,  and would r e s u l t  i n  

i n a c c u r a f e  r e s u l r s  . 
J 



Pt and Ir Targets . . 

The r e s u l t s  f o r  t h e  P t  and I r  t a r g e t s  a r e  d i f f i c u l t  t o  d i s c u s s  a s  

t h e r e  a r e  no p u b l i s h e d  v a l u e s  f o r  compar ison .  These r e s u l t s  must s t a n d  

on t h e  b a s i s  t h a t  s i n c e  t h e  Au t a r g e t  r e s u l t s  were comparable  w i t h  

l i t e r a t u r e  v a l u e s  i t  i s  r e a s o n a b l e  t h a t  t h e  P t  and I r  t a r g e t  r ~ s u l t s  a r e  

a l s o  c r e d i b l e .  

' Y 

I n  g e n e r a l  i t  a p p e a r s  t h a t  c r o s s - s e c t i o n s  f o r  p r o d u c t s  from t h e  I r  

e. 
t a r g e t  were g r e a t e r  t h a n  t h o s e  from t h e  P t  t a r g e t ,  w h i l e  t h o s e  o f  t h e  P t  

andwAu t a r g e t s  were comparable .  

T h i s  work h a s  been  i n s t r u m e n t a l  i n  c o n f i r m i n g  t h e  r e s u l t s  of  

Kaufman and i n  do ing  s o  l e n d i n g  c r e d i b i l i t y  t o  t hk  . p r e s e n t  work,  i n  

p a r t i c u l a r  t o  t h e  c r o s s - s e c t i o n s  f o r  l e 6 ~ e .  



SEPARATION RESULTS 

Au T a r g e t  

-r 

The results for the separation of Re, Ir, and 0s form a Au target 

are presented in Table 17. Essentially, quantitative release was 

achieved in both trials for all three elements. 
1 

Analysis, by gamma ray spectroscgpy, of all components of the 

quartz insert was instrumental in mapping the distribution of the 

released activity. Figure 15 shows schematically the general areas 

where the released 2ctivity was observed.  earl? all of the 18.50s 

ac-tivity was found around the cthermocouple inlet tube, while the ' ~e 

and lg21r activity was found at the opposite end of the quartz insert . 

near the inlet and o'utlet gas tubes. It is unclear why the 0s ,activity 

E 

did not follow the behavior of the Re and Ir activity. One would expect 

that all three isotopes would follow the same path and condense out 

condensation temperatures. Negligible activity was- 

observed in either she U-trap or ass wool trap, and all released 

activity could be accounted for. 

A mapping of released activity was not completed for the second 
5 .  . 

trial as the insert could not be completely cleaned of activity between 

trials. Cursory obser7:ations indicated that most .of the activity was 

deposited in the sarne areas as for the first tr'ial. 

7 6 



SEPARATION RESULTS - AU TARGET 

Oven T r i a l  #1 

% '  Released Ac t iv i t y  (cpm) . P 

= 70 d 

Before me&ing 
I ,  

After  mel t ing 



TABLE 17b 

SEPARATION RESULTS - PU TARGET 
Oven Trial #2 

Energy Area 
I I Before melt ing 

% Released 

Af te r  mel t ing 1 .  





Pt Target 

A s  mentioned p r e v i o u s l y ,  d i f f i c u l t i e s  *were e n c o u n t e r e d  i n  
3 

P 

a t t e m p t i n g  t o  me l t  t h e  P t  t a r g e t  f o i l :  The P t  sample was n o t  comple t e ly  
C 

mel t ed  i n  e i t h e r  of  t h e  e x p e r i m e n t a l  t r i a l s .  

I n  t h e  f i r s t  e x p e r i m e n t ,  t h e  f o i l  was v i s i b l y  d i s f i g u r e d  and had 
,' 

o b v i o u s l y  s t a r t e d  t o  m e l t .  A n a l y s i s  o f  t h e  gamma s p e c t r a  c o l l e c t e d  
\ 

b e f q r e  and a f t e r  heaEiAg showed r e l e a s e  e f f i c i e n c i e s  o f  between 50 and 

100 3 f o r  l e 3 ~ e ,  l g 2  I r ,  and i 8 5 ~ s  , s e e  Table  1 8 .  There  was v e r y  l i t t l e  

a c t i v i t y  remain ing  i n  t h e  t a r g e t  f o i l  a f t e r  h e a t i n g .  

The second expe r imen t  was n o t  a s  s u c c e s s f u l .  The maximum - 

t empera tu re  r eached  was lower t h a n  i n  Phe f i r s t  t r i a l ,  and t h e  o n l y  

v i s i b l e  change i n  t h e  t a r g e t  was some d i s f i g u r e m e n t ,  A n a l y s i s  of  gamma 

-2 

s p e c t r a  showed r e l a t i v e l y  l i t t l e  r e l e a s e .  ~ e  was r e l e a s e d  w i t h  a '  10  

- 20 8 e f f i c i e n c y ,  t h e  l o n g  l i v e d  Ir  and 0 s  i s o t o p e s  were n o t  r e l e a s e d  a 

t o  any a p p r e c i a b l e  , e x t e n t .  . 

Aside , f rom t h e  t a r g e t  f o i l s ,  t h e  Ta f o i l  u sed  i n  t h e  sample h o l d e r ,  , .. 

and t h e  A 1  c a t c h e r  f o i l  were a l s o  a n a l y s e d  by gamma s p e c t r o s c o p y .  No 

1 

a c t i v i t y  w a s  obse rved  f o r  e i t h e r  c a s e .  The o n l y  p a r t  o f  t h e  sample 
\ 

b 

h o l d e r  which was n o t  a n a l y s e d  by gamma s p e c t r o s c o p y  was t h e  BN c r u c i b l &  

used  i n  t h e  sample h o l d e r ,  due t o  geometry r e s t r i c t i o n s  o f  t h e  Ge(Li )  
.: 

d e i e c t o r  u s e d .  I t  i s  most l i k e l y  t h a t  t h e  r e l e a s e d  a c t i v i t y  was 

d e p o s i t e d  on t h e  B?; c r u c i b l e  o r  on t h e  w a l l s  o f  t h e  e v a p o r a t o r .  BN i s  a 



- 
thermal i n s u l a t o r  and was probably s l i g h t l y  coo le r  than  t he  r e s t  of the  

c, 

sample h o l d e r ,  which could cause the  r a d i o a c t i v i t y  t o  condense on t he  BN 

c r u c i b l e .  



TABLE 18a SEPARATION RESULTS - P t  TARGET 

E v a p o r a t o r  T r i a l  #1 

8 Released Energy 
L 

A c t i v i t y  (cpm) 

Before mel t ing ' Afte r  mel t ing  



TABLE 1 8 b  SEPARATION RESULTS - P t  TARGET 

' $  
E v a p o r a t o r  T r i a l  #2 A 

Energy 

l a 3 ~ e  tl - 70 d 

8 Released Activity (cpm) 

Before melting After melting 



Separation Discussion 

LJ' 

The s e p a r a t i o n  work has  .provided some promis ing r e s u l t s .  I t  i s  

apparen t  t h a t  t h i s  method cou ld  be  s u c c e s s f u l  f o r  s e p a r a t i n g  Re from t h e  
, 

v a r i o u s  t a l g e t  m h t e r i a l s .  The work on t h e  AU' t a r g e t  shows t h a t  100% 

r e l e a s e  i s  o b t a i n a b l e .  Although t h e  P t  t a r g e t  work w a s  n o t  as a 
e. 

s u c c e s s f u l ,  i t  seems l i k e l y ,  on t h e  b a s i s  o f  t h e  r e s u l t T & ,  ' t h a t  wi th  the  

use o f  a  s u i t a b l e  fu rnace  sys tem,  q u a n t 6 i t a t i v e  r e l e a s e  of  Re, I r ,  and 0 s  

i s o t o p e s  from P t  t a r g e t s  would be  p o s s i b l e .  Th i s  work was l i m i t e d  by 

t h e  l e v e l  of  equipment a v a i l a b l e  f o r  u s e ,  a  s u i t a b l e  f u r n a c e  system 
L 

should  be e a s i l y  o b t a i n a b l e .  The n e x t  l o g i c a l  s t e p  f o r  t h i s  work t o  

fo l low would be t o  i n v e s t i g a t e  t h e  i s o l a t i o n  of  Re u s i n g  such a  - 

I I 

s e p a r a t i o n  p rocedure .  This  should  b e  a  r e l a t i v e l y  s imple  t a s k . ,  The 

b a s i s  of  t h i s  techniql ie  i s  t h a t  v o l a t i l e  oxide3 areeformed which a l low 

the  Re, I r ,  and 0 s  t o  be r e l e a s e d  from t h e  t a r g e t - m a t e r i a l .  The 

d i f f e r e n t  m e t a l l i c  o x i d e s  condense a t  va ry ing  t empera tu res .  The 
+ 

d i f f e r e n c e s  a r e  l a r g e  enough t h a t > i s o b a r i c  s e p a r a t i o n  &an be achieved by 

e i t h e r  a  n e g a t i v e  tempera ture  g r a d i e n t  ( i . e .  a  thermochromatographic 

column),  o r  a  " c o l d  f i n g e r "  a t  a  known tempera ture .  The c o l d  f i n g e r  
5 

ayproach would be u s e f u l  f o r  ~ e '  s e p a r a t i o n  a s  Re ok ides  a r e  t h e - f i r s t  of  

- p - ;  * 

t h e  t h r e e  t o  -condense, a t  d\cemperaturd of  = ~ ? J O " C .  The I r  ox ides  do h o t  , * 

condense 

I s o t o p i c  

l i n e  mas 

t 

6 
@8k% and  t h e  0 s  oxides a t  a  .temF)erar;uie of  < 

P, 

\ '  i d  then  be achieved u s i n g  e i t h e r  an  on 

100" C .  

o r  o f f -  



* \  
I a . ,. ThSs s e p a r a t i a n  techni,&e c e r t a i n l y  y a r  

. - + i nves~ igad t~o i ib .  Aljthough AU and P t  t a r g e t s  m be  u s e f u l  f o r  

B 
B 1' / 

I - prdduc ing  l e 6 ~ e - % h e y  may y e t  have p o t e n t i a l  f o r  p r o d u c t i o n  o f  o t h e r  ' 

.. = i s o t o p e s J 8 u c h  a s  . ' " ~ e .  T h i s  t echn ique  cou ld  be  o f  u s e  i n  t h e  ' 

* u 
9 

9 
i s  

-i- 

' p ~ o d u c t i o n  of ' " ~ e  gnd o t h e r  i s o t o p e s  f o r  medica l  o r  ' o the r  p u r p o s e s .  
>-: 2 ' " i L  

i s  rag advantagkbus  .techplique s i n c e  t h e  t a r g e t  m a t e r i a l  i s  n e i t h e r  
, , 

= des f foyed  nor  &&micafly changed d u r i n g  p r o c e s s i n g  and can  be used  
e - 
4 _r,epea.tedly,.  an  irnporcant'point when expens ive  t a r g e t  m a t e r i a l s  a r e  u sqd .  

<&> 
- s ?7$ - 3  - Y; 4 ., '-7 

/ + 



S&Y AND CONCLUSIONS ' 

1 P 
=. 

1 )  The c r o s s - s e c t i o n  f o r  t h e  p r o d u c t i o n  o f  1 8 6 ~ &  from t h e - p r o t o n  

s p a l l a t i o n  o f  I r  a t  500 MeV was de t e rmined  t o  be  4 . 3  f 0 . 6  mb. - 

2 )  The c r o s s - s e c t i o n s  f o r  t h e  p r o d u c t i o n  o f  1 8 6 ~ ' e  from t h e  p r o t o n  

s p a l l a t i o n  o f  Au and P t  t a r g e t s  a t  e n e r g i e s  from 235  t o  500 MeV 

c o u l d  n o t  be de te rmined 'upper  l i m i t s  were s e t  2 s  i n  T a b l e s  9 

and 1 0 .  

3 )  On t h e  b a s i s  of t h e  c a l c u l a t e d  upper  l i m i t s  i t  was de termined  

t h a t  t h e  p r o t o n  s p a l l a t i o n  o f  Au o r  P t  t a r g e t s  i s L n o t  a  v i a b l e  

p r o d u c t i o n  method f o r  l e 6 R e  

4 )  On t h e  b a s i s  of  t h e  c r o s s - s e c t i o n  f o r  l B 6 ~ e  from a n  I r  t a r g e t  i t  - 
was de t e rmined  t h a t  t h e  p r o t o n  s p a l l a t i o n  o f  an  I r  t a r g e t  has  

p o t e n t i a l  a s  a  p r o d u c t i o n  method f o r  l e 6 ~ e  . -  F u t u r e  s t u d i e s  

s h o u l d  c o n c e n t r a t e  on a e v e l o p i n g  a  s e p a r a t i o n  method f o r  

s e p a r a t i n g  Re from a n  I r  t a r g e t .  

4 )  C r o s s - s e c t i o n s  f o r  o t h e r  Re, I r  and 0 s  i s o t o p e s  were c a l c u l a t e d  
', 

and compared w i t h  p u b l i s h e d  v a l u e s .  



5) I t  was determined that @ thermal separation procedure is a 

viable first step in designing a method for.separating Re, Ir. 

and 0s from Au and Pt targets. This procedure karrants further 
P 

investigation and development. 



APPENDIX A 

SILT calculations2 - / 

k S I L T  c a l c u l a t i o n s  u s e  t h e  emiempir ' ical  e q u a t i o n s  deve loped  by 
.% 

S i l b e r b e r g  and Tsao .  The p r e v i o u s l y  a v a i l a b l e  s emiemper i ca l  

c a l c u l ~ t i o n s  of  Rudstam we're n o t  a p p l i c a b l e  f o r  l i g h t  p r o d u c t  n u c l e i - o r  

f o r  c a s e s  where t h e  d i f f e r e n c e  between t a r g e t  and p r o d u c t  mass ,  AA, i s  

v e r y  s m a l l .  The S i l b e r b e r g  and T s a o ' e q u a t i o n s  a r e  based  on t h o s e  of  
I 

Rudstam b u t  have been  c o r r e c t e d  s o  t h a t  t h e y  a r e  a p p l i c a b l e  i n  t h e  

r e g i o n s  where t h e  e q u a t i o n s  of  Rudstam were n o t .  
. v 

The g e n e r a l i z e d  form o f  t h e  c r o s s - s e c t i o n  e q u a t i o n  f o r  t h e  , 

p r o d u c t i o n  of  a  p r o d u c t  (Z,A), from a t a r g e t ,  (Z,,A,), by p r o t o n s  of 
., 

ene rgy  E i s :  



* 
i * 

uo = a  no rma l i za t io f i  f a c t o r  
Q). 

f ( A )  6 f ( E )  - c o r r e c t i o n  f a c t o r s  &a; c o r r e c t  f o r  p r o d u c t s ~ f r o p  

t h f g e t s  w i t h  Z, > 3@ and v e r y  l a r g e  AA, p r o d u c t 9  t h a t  
w 

r e s u l t  from f i s i i o n ,  f r a g m e n t a t i o n ,  and  e v a p o r a t i o n  
a 

rea,c t i o n s .  > ,  

e  P A A  = t a k e s  i n t o  accoun t  t h e  d e c r e a s e  i n  o w i t h  i n c r e a s e  i n -  A A '  ; - I 2. 

S A ' +  TA' I V )  = t a k e s  i n t o  accoun t  t h e  ' d i s t r i b u t i o n  o f  a f o r  p rodpc t s  

of v a r i o u s  i s o t o p e s  of  a n  e lement  Z and i s  r e l a t e d  t o  

t h e  s t a t i s t i c a l  n a t u r e  o f  e v a p o r a t i o n  r e a c t i o n s  

P 
n = n u c l e a r  s t r u c t u , r e  f a c t o r  

q = nucleon  p a i r i n g  f a c t o r  

( = enhancement f a c t o r  f o r  l i g h t q e v a p o r a t i o n  p r o d u c t s  

V a r i a t i o n s  of  t h i s  e q u a t i o n  a r e  u sed  depending  on t h e  t a r g e t  and 

- 
produ'?t masses ,  on t h e  t y p e  o f  r e a c t i o n  t h a t  b e s t  

d e s c r i b e s  t h e  F i g u r e  A shows t h e  r e g i o n s  o,f t h e  

d i f f e r e n t  p r o c e s s e s ,  akd t a b l e  a d e s c r i b e s  t h e  v a r i o u s  c o n d i t i o n s  under  

which t h e  v a r i o u s  e q u a t i o n s  shou ld  be u s e d .  4 



/ B ,F.u * . > ..=d 
?.. - 

, The reactions occurr$ng in the production of lB6Re from A u ,  Pt, and 

- - 
Ir targets are as follows: 

J 

According to the conditions in table A and the definition of x m a x ;  

Both Ir reactions are peripheral reactions, the Au reaction is a 

spallation reaction, and the Pt reactions particularly l g 4  ~t lie on the 

3 

border between peripheral and spalla$ion reactions. The calculated 
P 

n* * 

.cross-sections for the Pt target are expected to be somewhat less 

,accurate due to the fact the reactions are in the boundary regions of 

' ppallation and peripheral reactions. This is because no equations have 

been developed for reactions of the type (p,ypxn) with y24: due to lack 

~f experimental data, this is the type of reaction occurring with the Pt 

target. The calculations for the Pt target are based on the equations 

for spallation type reactions which will cause errors as the reactions 

are not clearly spallation type. The calcufations for the Au and Ir 



targets should be fairly accurate. 'Silberberg and Tsao have compared 
' 

k, 

calculated and experimental cross'- sections -for-many different ,reactioris 
* 

e 

and energies and m e  come up with the following agreement for b 
. a 

-. - r 

spallation and peripherdl type reactions; 
b .  

J .  t 

Spallation AA 5 50 (0.15 - 6 GeV) uceic'/u;xp - 1 (+I, -Q'. 5) 
8 

+. 
Peripheral Z, 2 29 (E 2 0.15 G ~ V )  u c a I c / o e x p  



%. 

Figure A - Regions of Applicability for various processes. P-Peripheral 

reactions; PU-Peripheral reactions for uranium; SL, SI, SH- Spallation 

of light, intermediate, and heavy taraets ; c -Evaporation; S ,  -combination 

of spallation and evaporation; ??-Fission; FU-Fission of uranium; FL- - 

Fission of light targets with contributions from spallation; FS-Region 

intermediate to fission and spallation; B-Nuclear breakup reactions; BF- 

Combination of nuclear breakup and fission; subregion A-transition area 

between domains SH and B. 2 6 
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' APPENDIX B 

- - .- 

Derivation of Beam Integration and cross-section ~ ~ u a t i o n s l  

The a c t i v i t y  prgsent a f t e r  a  bombardment o f  time t, i s ;  

t d t  

A t  time t a f t e r  bombakdment the  a c t i v i t y  pre'sent i s  equal  t o :  

Therefore : 

d t  % '  
'5.2 

' The a c t u a l  a c t i v i t y  p r e sen t  i s  no t  what i s  observed due t o  branching 

r a t i o s  and the  e f f i c i e n c y  of t he  d e t e c t i o n  system. Observed a c t i v i t y  i s  

r e l a t e d  t o  a c t u a l  a c t i v i t y  with t h e  fol lowing equa t i on :  

Therefore 

dN = Y - 

d t  E b  

1 

and : 

E b  

Solving f o r  q5 and a g ives :  



I f  t h e  c o u n t i n g  r a t e  is c o r r e c t e d  t o  end .of bombardment t ime (EOB) a s  i s  

Ks 
done by t h e  h a l f  l i f e  f i t t i n g  programs used :  

* .  
Y 

e 

and : 

I f  tz o f  t h e  i s o t o p e  i n  q u e s t i o n  ( e g  ' * ~ a * o r  l e 6 ~ e )  is  much l a r g e r  t h a t  ' 

t h e  bombardment t ime t h e  f o l l o w i n g  approximat ion  i s  v a l i d :  

i f  tI >> t, t h e n  ( 1  - e -Ata )  = A t b  

S u b s t i t u t i n g  t h i s  i n t o  t h e  e q u a t i o n s  f o r  + and a g i v e s :  



'The a c t i v i t y  produced by t he  h a l f  l i f e  l i t t i n g  programs has  a l ready  been 

F 

co r r ec t ed  f o r  d e t e c t o r  e f f i c i e n c y :  

Y E ~ B  . 

Which leads  t o :  

Q 

The t o t a l  number of protons  equa l s :  , 

Which leads  t o :  , 



Which a r e  t h e  f i n a l  equat ions  u sed" f9 r  c a l c u l a t i n g  t o t a l  nuhber of 
1 j .'Q 

C _ a A '  V 

oss  - s ec t i ons  throughout .+ 

* 

"J KP -; . B P  \* 

-.. * 
L i s t  of Symbols and t h e i r  meanings : . ' < 

N = number of - p r ~ d u c t  nuc l e i  " 

dN = decay r a t e  ( @ c t i v i t y ) &  ' ' - 

tb = bombardment time 

N, = t a r g e t  th ickness  (atons/cm2) 

6 = - d e t e c t o r  system e f f i c i e n c y  
A. 

b = branching r a t i o  
-a 

8 a = c r o s s - s e c t i o n  
4 

. . 
. x .  Y = observed count ing r a t e  

Y E O B  = observed count ing r a t e  co r r ec t ed  t o  EOB 
a 

$&,, = Act iv i t y  a t  EOB 

. , 4 = proton f l u x  

. -  = . t o t a l  r9'umber of prptons 



APPENDIX C 

k 
' 

Sample Calculation of Cross-sections 

Ir target, 137.2 keV gamma, 1 8 6 ~ e  and lS61r 
w 

1) Data corrected for counting intervals and detector efficiency 

-6 a 

Tl(min) T2(min) T3(min) Area c * c o r r  dpm 

Where ; 
. , ., 

T1 = time form EOB to data.collection.(minutes) 
2 

- 

T2 =,counting interval (minutes) 

T3 = T1 +%w (minutes) 

Area = fitted area found from either GXL or GAMANAL 

E = detector efficiency 

3 

2) Following are the CLSQ output files. 



NP- 5 nc- 2 Hv-0 cNv-o.05 BGD- 0.00 swD- 0.00 
==-- 

HUF LIFE S I M A  El CPH AT END S I W  DECAY FACTOR 
1) IS-BOOH 0.000R 0.7316&+07 0.24451+05 0.5037E+Ol 

Cowp ( 2) 90.6008 0.000H 0.5261E+04 0.3342E+03 0.1326E+01 

T(I) P(I) FCACC(I) V(I) SIGMAF(I) RAT~O(I) 
0.2211&+04 0.1530€+07 0.1456E+07 0.7343€+05 0.7649&+04 9.60 
0.3534E+04 0.6036€+06 0.5555E+06 0.4808E+05 0.3018E+04 15.93 
0.4901E+04 0.2464E+06 0.2060€+06 0.40346+05 0.1232E+04 32.75 
0.8013k+04 ' 0.1418E+05 0.2278E+05 -0.8594€+04 0.1191E+03 -72.16 
0.1054€+05 0.1986E+05 0.4655E+04 Q.l520E+05 0.1409E+03 107.87 

DATA POINTS -ED( 1) ARE GIVEN BELOW. 
BAD T B A D F  
0.8013E+04 0.1418E+05 

NP= 4 NC- 2 W - 0  CHVd.05 EGD- 0.00 SBO- 0.00 

H & U  LIFE SIGMA H CPM AT END S I W  DECAY FACTOR 
C W (  1) 15.8008 0.0008 0.7513E+07 0.2449E+05 0.5037E+01 
cw ( 2) 90.6008 O.OOOE 0.6349~+05 0.5454~+03 0.1326~+01 

T(I) r(I) ECAU3(I) V(I) src;Nw(I) RATIO(I) 
0.2211E+04 0.1530E+07 0.1540E+07 -0.9750E+04 0.7649€+04 -1.27 
0.3534E+O4 O.6036€+06 0.6075E+06 -0.3945E+04 O.3018E+OC -1.31 
0.4901E+04 0.2464Ec06 0.2427E+06 0.3678E+U4 0.1232€+04 2.99 
0.1054E+05 0.1986EM5 0.1992€+05 -0.6821E+02 0.1409&+03 -0.48 

ALL DATA POINTS OK. 

NP- 4 NC- 2 W - 1  CHV4.05 BGD- 0.00 SBGD- 0.00 

ITERATIONS PERFORMED- 3 CONVERGENT 

b 

HALF LIFE SIGHA H CPM AT END SIGMA DECAY FACTOR 
C W ( 1 )  16.005H 0,.07 87Et07 0.3405E405 0.4934E101 
c&,( 2) 90.600H 0.00 35Et05 0.6726E403 0'. 1326Et01 

FIT- 1.921 



3) Calculation of cross-section, based on the 137.2 keV gamma ray. 

Using the following formula and the CLSQ results the following 

cross-sections were calculated. 

4) Reported value of cross-sections 

As the 137 .2  keV gamma is the only one' available for le6Re these two 

results are averaged and the error determined as follows: 

Average = ( 4 . 3 4  + 4 . 2 6 ) / 2  

= 4 . 3 0  mb 

Error = Average ( ( 0 . 4 4 / 4 .  3412 + ( 0 . 4 4 / 4 .  2 6 ) 2  )' 

= + 0.60 mb 



The results for 1 8 6 ~ r  were combined with similar calculatigns done 

. *  - 
for gamma energies of 2 9 6 . 8  keV and 4 3 4 . 8  keV, as there were more 

than six results to average the error was taken to be the standard 

1 

deviation. Following are the results that were averaged and the 

final result: 



b 
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