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ABSTRACT 

Evidence i s  presented here which indicates tha t  large fragments (much 

la rger  than alpha part ic les)  a r e  emitted among the competitive products of 

transmutation throughout the  ent i re  range of atomic numbers of the elements. 

Threshold oonaiderations f o r  the observed nuclear reactions show tha t  the 

reactions are observed with small cross sections well below the threshold I. 

f o r  spal la t ion reactions i n  which the maximum number of alpha par t ic les  a r e  

considered a s  being emitted from the excited nucleus. The calculated 

thresholds include the mass difference between the reactant8 and the products 

and the excitation energy which the  product par t ic les  o r  fragments must have 

i n  order t o  pass over the coulombic barr ier .  Preliminary experiments on the 

ranges of r eco i l  fragments from copper i r radiated with 34&Mev protons give 

additional evidence for  t h e  emission of heavy fragments. It i s  suggested 

tha t  the term  fission^^ i s  proper for  such reactions throughout the en t i r e  

range of atomic numbers i n  which the nucleus is  s p l i t  essent ial ly  in to  

pieces of comparable weight. 



FISSION OF MEDI'UM WEIGHT ELEMENTS 
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Roger E.  Batzel and Glenn' T.  Seaborg 
Radiation Laboratory and Department of Chemistry 
Universi ty of California,  Berkeley, Cal i fornia  

I. INTRODUCTION 
, I I (  * 

The f i s s i on  reaction has  been observed with high energy accelera tor  
- 
1 pro j ec t i l e s  f o r  elements as l i g h t  a s  tantalum but has no t  been reported f o r  

medium weight elements. Evidence i s  presented here f o r  occurrence of react ions  

which a r e  probably most properly described by t h e  term "f iss ionN and which 

seem t o  occur with very s m a l l  y ie ld  throughout t h e  e n t i r e  region where t h i s  

type of  reaction i s  only s l i gh t l y  exoergic o r  even endoergic with respect  

t o  mass balance. 

I n  the course of the  deta i led invest igat ion of the spa l la t ion  of copper 

and the  var ia t ion  of t h e  product y i e ld s  with energy of t h e  bmbarding pa r t i c l e ,  

the threshold f o r  formation of radioactive ~1~~ (39-minute ha l f - l i f e )  from 

e lemeha l  copper w a s  s tudied.  The energet ical ly  most economical way i n  which 
4 

~1~~ might be formed by spa l la t ion  react ions  i s  by emission from t h e  bombarded 

copper nucleus of  nucleons i n  groups such a s  alpha pa r t i c l e s  ins tead of s ing le  
- * 38 nucleons. The energeti  c requirement f o r  the  spa l la t ion  react ion C U ~ ~ ( ~ , ~ ~ ~ C I ) C  1 , 

i n  which t h e  m a x i m u m  number of alpha p a r t i c l e s  a r e  emitted, i s  roughly 110 Mev. 

This threshold includes (1) the  mass difference between t he  reactants  and t h e  

products, and (2) t h e  exci ta t ion energy which the  alpha pa r t i c l e s  must have 

i n  order  to pass over t h e  coulombic b a r r i e r .  

The production of c13' was d e f i n i t e l y  observed a t  proton bombardment 

2 energies beginning a t  about 60 t o  70 Mev with a cross section of some cm . 
The c ross  section increases rapidly  ko a value of about cm2 a t  105 Mev 

2 and then inkreases gradually t o  a value of about an a t  34.0 Mev. I n  

o r d e r ' t o  explain the low threshold, it must be assumed tha t  subs tan t ia l ly  



l a rge r  pa r t i c l e s  than alpha pa r t i c l e s  a r e  emitted from the  excited nucleus 

and t he  reaat ions  a r e  therefore of a type which might more properly be termed 

63 f i s s i on .  A s  an example t h e  extreme reaction Cu + p - > ~l~~ + ~l~~ + n, 

which i s  energet ical ly  most economical but  s t i l l  endoergic, has a threshold 

of about 50 Mev. 

This r e s u l t  made it seem worthwhile t o  invest igate  another such react ion 

i n  copper and t o  extend the threshold s tudies  t o  other elements i n  the middle 

port ion of t h e  periodic system i n  order t o  see whether analogous reactions 
, 

might occur a s  a general ru le .  The var ia t ion  with energy of the  y i e ld s  of 

radioactive ~a~~ from copper and radioactive Sc 43244 from bromine were studied. 

The formation of radioactive co6' fmm s i lver ,  radioact ive  ~ a ~ ~ ,  ~ a ~ ~ ,  and 

66 7 2 
~a~~ from t i n ,  and radioactive Ga and G a  f rom barium were a l so  s tudied.  

I n  a l l  cases the  observed thresholds were well below t h e  thresholds calculated 

f o r  t h e  reactions i n  which the maximum number of alpha p a r t i c l e s  a r e  emitted 

from the  nucleus. Additional evidence f o r  f i s s i o n  of the medium weight ele-  

ments was found from some preliminary experiments on the  ranges of r eco i l  

fragments from copper i r rad ia ted  with 340-Mev protons. 

I r r ad i a t i ons  with high energy protons were Carried out i n  the  c i rcu la t ihg  

beam of t he  184-inch frequency modulated cyclotron, and the proton energy was 

adjusted by varying the r ad i a l  distance of the t a rge t  fmm the o r ig in  of the  

beam. Fo i l  t a r g e t s  5 t o  10 mils th ick were usad i n  the  cases of copper, 

s i l ve r ,  and t i n .  The bromine was bombarded i n  the  form of ammonium bromide 

powder wrapped i n  specia l  pur i ty  aluminum f o i l ,  and the barium w a s  bombarded 

i n  the form of barium carbonate wrapped i n  specia l  pur i ty  aluminum f o i l .  

Since t h e  degradation of the  energy of t h e  high energy protons i s  small i n  

t ravers ing the  t a r g e t s  used, a l l  taxgets  can be considered t h i n  targets .  



The special  puri ty  ammonium bromide was synthesized by forming 

hydrogen bromide from very pure phosphorous tribso&.de and mixing the  gas 

with very pure gaseous mania in a cooled p la s t i c  container. The b a r i m  

carbonate was prepared from special  puri ty  barium chloride received from 

D r s .  A.  J. Keyes m.d A. J. King of Syracuse Universi%y. 

Determinations of the  intensi ty  of the  internal., proton beam f o r  the 

s i lve r  bombardments and the t i n  bornbarbents 2n which the yieLds of Ga 66 

and ~a~~ were studied, were made by bombarding aluminum f o i l s  i n  con- 

junction with the regular ta rge t  foils. This monitor f o i l  undergoes a nuc- 

l e a r  reaction A127(p,n3p)~aa fo r  which the cross section has been deter- 

mined as  a function of the energy of the  bombarding proton.2 The cross 

sections for the formation of the  ~a~~ and the  c13* from copper were de- 

termined by comparing the amounts of the isotopes formed with the  amounts 

65 of radioactive formed by the Cta (p,pn)~n64 reaction i n  s given 

bombardnent. The cross section f o r  the reaction ~ u ~ ~ ( ~ , ~ n ) ~ u ~ ~  as a 

function of the energy of the  bombarding proton has previously been deter- 

minedS3 The cross sections for  the formation of the Sc' 43,344 from bromine, 

the ~a~ from t i n ,  and the  ~a~~ and from barium were calculated using 

an estimated value of 1/2 microampere f o r  the beam current. 

After i r radiat ion,  the  ta rge ts  were dissolved and the  elemental 

f ract ions f o r  the various auclidesseparated by the chemical procedures t o  

be discussed i n  d e t a i l  i n  the Xkcper3mental Details section (V below). 

Separation procedures were designed t o  gfve a radiochemical purif icat ion 

8 f ac to r  of about LO from a l l  other a c t i v i t i e s  formed i n  the target .  

Counting of the  a c t i v i t i e s  was done on an end-window, alcohol-quenched, 

2 argon-filled, Geiger counter tube with a mica window of 1.3 =/cm thickness 

used i n  conjunction with a scale of 64, counting c i r cu i t ,  The nuclides 



were characterized by half l i f e  determinations, absorptdon measurements, 

and sign ofapar t icula te  radia t ion emitted. ,, 

A .crude beta-r,ay spectrometer was used i n  t h e  determination of 

t h e  sign of t h e  beta p a r t i c l e s  and was especia l ly  useful  where nuclides 

with s imi la r  hal f  l i f e  but d i f fe r ing  i n  s ign of p a r t i c l e  had t o  be 

resolved. 

Thresholds fo r  t he  various react ions  include t h e  mass dif ference 

between t h e  reactants  and products and the  exci ta t ion energy which the  

nuclear fragments o r  alpha pa r t i c l e s  must have i n  order t o  pass over 

t h e  po ten t id l  ba r r ie r .  Idhere available,  measured mass values f o r  the  

reactants..and.products were used i n  making t h e  mass balance. The masses 

of radioaqtive fragments formed o r  considered as being formed as products 

of t he  nuclear react ion were calculated by adding t h e  mass equivalent of 

t h e  decay energy of t h e  radioact ive  nuclide +,o t he  mass of t h e  s t ab l e  

daughter nuclide, 

The exci ta t ion required f o r  t he  passage over t h e  po t en t i a l  ba r r i e r  

w a s  calculated assuming t h a t  t h e  fragments a r e  spher ical  and tangent a t  t he  

nuclear r a d i i  (taken as 1,48 x 10- l3 A an) . Calculations of t h e  

coulombic energy requirements f o r  react ions  i n  which a number of alpha 

p a r t i c l e s  a r e  emitted were made on t h e  bas i s  t h a t  t he  alpha. p a r t i c l e s  come 

out  consecutively. The coulombic requirement f o r  each alpha p a r t i c l e  was 

calculated on the bas i s  of t he  alpha p a r t i c l e s  being tangent t o  t h e  daugh- 

t e r  nucleus and as an example, f o r  t he  reac t ion  t h e  first 

alpha p a r t i c l e  i s  assumed t o  be tangent t o  c d 9  st the  nuclear radius, t h e  

second tangent t o  9 Mn55 nucleus, &. 

The experiments on t h e  determination of t h e  apparent average ranges 

of t he  r e c o i l  fragments from copper drradiated with 34O-Mev protons were 



done i n  t he  c i rcu la t ing  beam of t h e  184-inch ,cyclotron. Pieces of nylon 

(0.5 x 2.5 cm) were placed on", both s ides  of t h e  copper f o i l  (0.5 x 2.5 cm) 

t o  catch t he  r e c o i l  fragments. After  i r r ad i a t i on ,  the  pieces  of copper and 

nylon were dbssolved, c a r r i e r s  added, and t he  elemental f rac t ions  Were 

separated and m,ea$yred. 

The ranges of t h e  r e c o i l  fragments were calculated on t he  basis  of, 

an i so t rpp ic  d i s t r i bu t i on  and constant range f o r  t h e  reco i l s .  The copper 

f o i l s  were th ick  r e l a t i v e  t o  the  range of t h e  fragment's observed. The 

r a t i o  of t h e  number of atoms of a nuclide appearing i n  t he  nylon catcher 

f o i l s  t o , t b e  number of atoms i q  the,copper were re la ted  t o  t h e  ranges by the  

following (treatment o f a t h e  data. , 

By integrat ion,  t he  expression, 

where R is the  range of t h e  fragments i n  t h e  copper and x i s  t h e  dis tance 

from t h e  surface of t he  coppeg shows t h a t  1/1, of t h e  fragments formed i n  a 

thickness R of  t h e  surface of t he  copper w i l l  appear i n  t h e  catcher f o i l s .  

The re la t ionsh ip  R = ( @ & T ~ ~ ) T ,  &ere R i s  t h e  range of t h e  r e c o i l  frag- 

ment, & i s  the a c t i v i t y  col lected i n  t he  catcher f o i l ,  ATOT i s  t h e  a c t i v i t y  

i n  t he  copper foil plus  t h a t  caught on the nylon, and T i s  t h e  thickness of 

t h e  copper, gives t he  range R of t h e - r e c o i l s  i n  terms of t h e  information 

determined experinentally,  



111. RBULTS 

A, Radioactive Products from Copper 

Radioactive c13'.-- The ca lc .da ted  threshold f o r  t he  spa l la t ion  

react ion ~ ~ ~ ~ ( ~ , ~ n 6 a ) ~ 1 3 ~  i s  about 110 Mev while t he  threshold f o r  t he  

extreme react ion ~u~~ + p > ~l~~ + glZ5 + n i s  about 50 Meo. 

A p l o t  df the  cross  sect ion f o r  formation of ~1~~ from copper i s  

given i n  Fig. 1. The cross section r i s e s  rap id ly  from 70 Mev t o  105 Mev 
2 

and then inbseases gradually t o  a value of 4 x CD a t  346 Mev. Be- 

low 70 Mev the.leve3. of a c t i v i t y  formed was so low t h a t  i den t i f i c a t i on  of 

t h e  c13* was n o t  possible,  but* above '70 Mev the  m c l i d e  was iden t i f i ed  i n  

a l l  cases through chemical separation, measurement of ha l f - l i f e  with a 

Geiger counter, and observation of the  sign of t he  beta p a r t i c l e s  with a 

simple beta-ray spectromet6r. 

With cross sect ions  so low, an immediate question i s  t h a t  of impuri- 
) .  

t i e s  s ince  a small amount of impurity with a high cross sect ion f o r  formation 

of c13' might be a source of t h e  observed ac t iv i ty .  Special pur i ty  copper 

f o i l  was uged and a spectrographic analysis  submitted with t h e  copper shows 

l e s s  than 0,00007 percent i ron,  l e s s  than 0,0001 percent nickel ,  l e s s  than 

0.00005 percent chromium, and l e s s  than 0,0001 percent su l fu r  ( the  su l fu r  

analyzed chemically) . A s  an addi t ional  check, radioact ivat ion methods were 

a l s o  used. t o  check f o r  a l l  possible impurit ies which might account f o r  t h e  

observed yie ld  of The r e s u l t s  of t h e  act ivat ion experiments a r e  

l i s t e d  i n  Table I. 

Except f o r  t he  value l i s t e d  f o r  scandium, the  cross seotions f o r  

formation of t h e  C138 l i s t e d  i n  column two a r e  experimental r e s u l t s  from 

i r r ad i a t i ons  of t he  corresponding elements i n  column one. The cross sect ion 

value f o r  scandium w a s  estimated from t h e  observed cross sect ions  f o r  



&amination of Possible Impurity Contribution t o  Observe c t i v i t y  
L .  

3 ,  from Capper 

I ,,' ' /  . 
Ratio of c ~ P  

, e rqs s  s e c t i o n  f o r  % Impurity, necessary %Impurity t o  ~134 f o d  
formation of (3138 t o  explain observed d5temined i n  bombardment 

Element a t  85 Mev a c t i v i t y  , of element - 

calcium and titanium. 'Colwnn three  S i s t s  the  amounts of t h e  d i f f e r en t  

elemental k p u r i t i e s  which must be present i n  t h e  spec ia l  pu r i t y  copper t o  

produce t h e  number of atoms' of t he  ~ 1 3 ~  observed i n  t he  chlox5ine f r ac t i on  

i so la ted  frbm t h e  i r r ad i a t ed  copper. C o l m  four  l i s t s  t h e  limits s e t  on 

t he  actual:$mounts of t h e  elemental impuri.ties present ili t h e  spec ia l  pu r i t y  
- .  

copper as determined by spectrographic and radioact ivat ion methods. Column 

f i v e  gives t he  r a t i o s  of t he  amounts of thh c13* t o  the  amounts of. C 1  34 
b . \ . . .  

observed i n  t h e  chlorine f r ac t i ons  separated from the  respect ive  elements 

a f t e r  i r r ad i a t i on  with 85 Mev-protons. The r a t i o s  l i s t e d  may be compared 

with t h e  r a t i o  of two observed i n  the chlorine f rac t ion  separated from the  

spec ia l  pur i ty  copper i r r ad i a t ed  v i t h  - L , < 

Potassium as a possib3.e impurity i n  t h e  copper, which be a source 

of t he  observed ~ 1 ~ ~ .  can be eliminatdd on t he  bas i s  of t h  
4 > 

4 0 
I ( ,  

number of atoms of Cl3* formed compared t o  t h e  nmber of atons of' ~ 1 3 4  



formed i n  bombardment of potassium with 8fhMev protons a s  shown i n  Table I, 

as ide  from the  f a c t  t h a t  potassium i s  not l i k e l y  inpur i ty  i n  electro- 
4 , ". 

plated copper. ' Calcium impurity was eliminated a s  a possible source of the 

a c t i v i t y  by considerations shown-in the above table:  amounts of dalcium 

preserh,: dross 'section f o r  formation of ' ~ 1 ~ ~ ,  and r a t i o  of ~1~~ t o  ~ 1 ~ ~ .  
, * .  

Scandium,&nd t i t a n i m  were eliminated a s  poss ible  impurit ies i n  t he  copper 

by cross section considerations and r e s u l t s ' o f  radioactivation analyses 

perfomed'by i r r ad i a t i ng  t he  copper with 30-Mev protons and determining t he  

amaunt of radioact ive  Sc44 fol'med. This separation of sou a l s o  served 

as a check on t he  calcium s ince S& could be formed by a (p,xn) reaction 

on calcium. The radioact ivat ion analysis  f o r  variadium was performed by 

comparing y ie lds  of radioact ive  cr51 formed i n  30-Mev proton bombardments 

of vanadiimi with the  amount of cr5' formed i n  the  copper f o i l  under similar 

38 bombardment conditions. The very small cross sect ion f o r  formation of C 1  

as l i s t e d  i n  Table I makes it unlikely f o r  chromium o r  any of t h e  heavier 

medium weight elements t o  be present i n  mounts  which would contr ibute  t o  

t he  clJ8 observed s ince  t h e i r  cross sect ions  f o r  formation of ~1~~ i n  

bombardments with 85-Mev protons would be lower than t h a t  obtained f o r  

chromium. 

63 Radioactive ~a&.-- The threshold f o r  t h e  reaction Cu (p:p3n9cc)~a 24 

should be about 170 Mev of which LOO Mev i s  due t o  mass dif ference and 70 

Mev t o  t h e  coulombic requirement, For t h e  extreme reaction 

cu63 + p - N E L ~  + ~ 3 9  + n, t h e  calculated threshold i s  about 50 Mev. 

The lJaY was characterized by absorption and ha l f - l i f e  measurements. 

A p l o t  of t h e  cross sect ion f o r  formation of t h e  ~ a a  against  t h e  energy 

of t he  bombarding proton i s  shoran i n  Fig. I. I n  addit ion t o  t h e  f a c t  t h a t  
' >  

no amounts of impurit ies were found i n  t h e  copper which could explain the  
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showed t h a t  'about equal amounts' were formed from t h e  s i l v e r  i t s e l f  and from 
. ,- 

t he  0.001 percent copper i i p u r i t y  i n  bombardme&s a t  180 Mev. The observed 
, - 

cross  b e o t i k  far formation of cob' from- s i l v e r  a t  t h i s  knergy i s  about 

For the  react ion i n  which aximum number of alpha p a r t i c l e s  a r e  
t 

emitted, Ag107(p,$6n~m) CQ~', t h e  calc  hold i s  about 210 Mev 
, - 

t . r  + 

of which about 90 Mev i s  due t o  m a s s  difference,  and f o r  t he  react ion 

A $ O ~  + p -> cobi + S& shold i s  about 60 Mev, 

c ross  gections f o r  formation of f m m  the elements above vanadium would a 

become increasingly smaller i n  t h i s  energy range so such inpurit iel ;  are not . :  

l i ke ly .  Spectrographic agalysis  of the :monium bromide used as targeJ  

mate r ia l  showed Less than 0.001 percent calcium. Scandium, titanium, vanad- 

ium, chromium, manganese, iron,  cobalt,  nickel ,  copper, z inc ,  and gallium a 

were not detectable i n  t h e  spectrographic.analysis. The l i m i t  s e t  on t h e  

amounts of any of these  elements-present $s 0.01 percent. A l fm i t  of l ehs  

than 0.00015. percent i r on  h p u r i t y  was s e t  by colorimetric methods, 

- 3 ,  

C. ' ~ a d i o a c t i o e  Cobl from S i lve r  
i 

The production of t he  nuclide f20b1' from s i l v e r  was studied as a 
* "  ,. 

function' Af' energy, but t he  r e s u l t s  must b e  termed borderl ine due t o  a 
. - I , 1.. . !. 

small amdkt 'of  copper impurity present i n  t h e  s i l ve r .  Since t he  Co 6 1  

i s  formed as a s p d a t i o n  product of copper, it w a s  necessary t o  deter- 
- ,  
. . 

mine the  amomh of copper impurity present i n  t he  s i l ve r  and t h e  radio- 

ac t iva t ion  method was used. ~ e s u i t s  ' of " the  experiments showed 1 x 
I 

percent coppel.', The var ia t ion  with energy of t he  cross sect ion f o r  for- 

mation of t he  co6' opper was determined, and the  contribution of t h e  

cob' formed f roh  t h e  copper impurity was subtracted from the  t o t a l  a c t i v i t y  
. - ,  

of co6' formed during bombardment of the  s i l ve r .  Resolution of t he  a c t i v i t y  



Attempts were made t o  continue t he  cross sect ion work a t  energies lower than 

180 Mev, but t h e  problem of resolving t h e  cobl a c t i v i t y  Eormed f ron  t he  small 

amount of copper impurity and t h a t  formed from the  s i l v e r  alone becomes in- 

creasingly d i f f i c u l t  s ince  the  cross sect ion f o r  formation of co6' from 

s i l v e r  becomes smaller as t he  energy of t he  bombarding proton i g  lowered, 

while t h e  cross sect ion f o r  formation of cob' from t h e  copper impurity i s  

r e l a t i v e l y  constant i n  t h i s  energy range. 

D, ~ a d ~ o a c t i v e '  Products from Tin 

Radioactive ~a%.-- The calculated threshold f o r  t h e  react ion i n  which 

t h e  maximum number of alpha pa r t i c l e s  a r e  emitted i s  about L+25 Mev of wh$@h 

230 Mev is due t o  mass difference.  The extreme react ion 

50 sn118 + p -z N ~ Z  -b t40zr94 + n, which i s  exoergic with respect  t o  mass 

di f ference by about 8 Mev, has a calculated threshold of about 50 Mev. 

The p l o t  of t h e  cross  section f o r  formation of t he  ~ a a  versus energy 

i s  shown i n  Fie;, 2. The cross sect ion values plot ted are good t o  a fac6or 

of two'and possibly b e t t e r  s ince  a l l  t he  i r r ad i a t i ons  vere ca r r ied  out 

under conditions where t h e  beam in t ens i t y  should have been t h e  same. 
- .  

The point  a t  75 Mev represents an upper l i m i t  f o r  t he  yie ld ,  s ince  t h e  

24 a c t i v i t y  in '  t he  sodium f r ac t i on  was too small t o  i den t i fy  pos i t ive ly  as fda . 
The shape of the  exci ta t ion function almost precludes t h e  p o s s i b i l i t y  of 

impurit ies j u s t  above sodium i n  t he  periodic table. The spectroscopic 

analysis  showed t h e  t i n  t o  be 99.999 percent pure with no impuri t ies  detec- 

t ab l e  which could explain t he  observed a c t i v i t i e s .  

Radioactive ~a~~ and ~ a ? ~ . - -  The calculated thresholds far t h e  nu- 

c l ea r  react ions  ,Snllg (p, 7nl0a) dY2 and ~ n ~ ~ ~ ( ~ ,  l3nl0a.) ~a~~ a r e  a b w t  230 

and 280 Mev, respect ivelyt  an& f o r  t h e  extreme react ions  



s&$ + p -, ~a~~ + ~ a 4 5  + 2n and snl1* + p -=. ~a~~ + caL9 + 4n t h e  

thresholds a r e  &bout 70 and 90 Mev, respectively,  The thresholds f o r  for- 

mation of ~ a ~ ~ ' a n d  ~a~~ from some of t h e  o ther  t i n  isotopes .mag be lower by 
I 

several  Mev, but t he  examples calculated give approximate values upon which 
I 

t o  base our reasoning. 

The pur i f ied gallium f r ac t i on  i so la ted  from t h e  bombarded t i n  showed 

66' t h e  charad te r i s t i c  a c t i v i t i e i  of Ga (9.5-hour ha l f - l i fe )  and ~a~~ (14.1- 

hour ha l f - l i f e ) ,  and the  absorption curve of Fig. 3 shows t h e  presence of 

t h e  5 3-Mev positron c h a r a c t e r i s t i c  of ~ a ~ ~ .  The gallium a c t i v i t i e s  were 

i den t i f i ab l e  a t  energies of 150 and 180 Mev with cross sect ions  based on 

e l e q n t a l  t i n  of about cm2 and with t h e  value a t  t h e  higher energy a 

f ac to r  of about two times higher than t h a t  at the  lower energy, haunts of 

gallium a c t i v i t y  formed i n  bombardments of t i n  a t  100 Mev were too small to 

i den t i fy  de f in i t e ly  and no gallium a c t i v i t y  was observed i n  t h e  gallium , 

f r ac t i on  separated from t i n  bombarded with 80-Nev protons. 

The spectrograplxic analysis  presented with t h e  s p e c i d  pur i ty  t i n  

showed l e s s - t han  0.0001 percent arsenic,  and no zinc,  gallium, o r  germanium 

were detectable.  The var ia t ion  of the  yield of ~a~~ with energy of t h e  bom- 

barding p a r t i c l e  ru l e s  out  the  probabi l i ty  of the  observed a c t i v i t y  coming 

from zinc o r  g a l l d m  s ince the  cross sect ion f o r  foxmation of ~a~~ from 

zinc o r  gallium wou3cl r i s e  a s  t he  energy i s  lowered from 180 t o  80 Mev, 

while the  y ie ld  of ~a~~ from the  t i n  f a l l s  off  a s  the energy i s  lowered. 

E. Radioactive Ga66 and ~a~~ f ron Barim 

The calculated threshold fo r  t he  react ion i s  

about 370 Mev ( 2 0 ~ ~ e v  nass difference and 1704fev po ten t ia l  ba r r i e r )  . For 

t h e  extreme react ion + p -c ~a~~ + hb0 + 12n, the calculated 

threshold i s  about 150 Elev. The threshold f o r  formation of ~a~~ by a 



sjlmilar extreme react ion is  some 40 Mev Lower. * .  

The gallium f r ac t i qn  i so la ted  front bar$um i r rad ia ted  wi?h,335-Mev 

protons showed t h e  charac te r i s t jx  ac t lvLt ies  of ~d;' end ~ a , ~ ? .  The cross 

sect ions  f o r  foxmation of these  nuclides a r e  about equal and a r e  around 

10-31 cm2. The specia l  pu r i t y  barium contained no spectroscopically 

detectable  impurit ies with the  exception of a t r a c e  of i r on ,  Only, the  , 

s ing le  i r r ad i a t i on  was perfomed due t o  t he  lack of su f f i c i en t  spec ia l  

pur i ty  barium, but t h e  observed pross sect ion i s  i n  l i n e  with t he  others 

reported and seems t o  ind ica te  t h a t  t he  gallium Ssotopes are probably 

formed by a f i s s i o n  react ion.  i 

F. Evidence from Recoil Fxperiments 

Some recent experiments on t he  range of r e c o i l  fragments f r d m  copper 

bombarded wi%h 340-Nev protons have been done i n  conjunction with t h i s  work. 

Preliminary r e s u l t s  ind ica te  t h a t  l a rge r  fragments than alpha p a r t i c l e s  must 

be emitted' from the  bombarded nucleus i n  order t o  explain t h e  observed 

energies of t h e  r eco i l s .  

Assuming an i so t rop ic  d i s t r i bu t i on  f o r  t he  r e c o i l  fragments from t h e  

i r r ad i a t ed  copper ( a s  discussed i n  t h e  nProceduren sect ion (11) 1, it was 
2 f o k d  t h a t  cI*~ 'nuclei  have an average app&rent range of about 0.3  &m 

i I 

of copper against  t h e  d i rec t ion  from which t h e  incident protons approach t h e  

4 beam. Using t he  formulas f o r  stopping power developed by Knipp and Te l l e r  

f o r  calcula t ing t h e  energy l o s se s  due t o  e lect ronic  and nuclear in teract ions ,  

t he  energy' of t he  r eco i l s  agains t  t h e  beam was found t o  be about 1 Vev 

and with t he  bean, about 13 &lev. 

There i s  a d i s t o r t i on  of t he  recoil. d i s t r ibu t ion ,  due t o  t h e  momentum 

imparted t o  tho nucleus by t he  impinging proton, causing more r e c o i l  nucle i  



t o  appear with t h e  beam and fewert agains t  t h e  beam. Since t h e  ,ranges were 

calculated 'on' t he  ba s i s  of an i so t rop ic  d i s t r ibu t ion  f o r  t he  reco i l s ,  the 

calculated range with t he  beam i s  l a rge r  and t h a t  against  t h e  be& i s  

smaller than the  ac tua l  range. The range d i s t r ibu t ion  was corrected 

assuming 5 Mev a s  t h e  k ine t i c  energy t ha t  the  c & ~  fragment received when 

t h e  excited copper nucleus s p l i t s ,  and a s s W n g  t h a t  t he  excited nucleus 

has had mokentwn t ransferred t& it by the  impinging proton equivalent t o  

1 Mev OF k ine t i c  energy fo r  t he  excited nucleus. The corrected ranges were 

2 about 0.6 m$cm2 of copper against  the  beam and about 2.2 mg/cn of 

copper with the  beam, and a r e  equivalent t o  energies of about 2.0 Mev and 

10 Mev, respectively. These energies correspond t o  5.2 Mev of k i n e t i c  

energ37 imparted t o  t he  ~ 4 9  fragment when t he  excited nucleus breaks 

up and correspond t o  a momentum t r ans f e r  t o  t h e  copper nucleus equivalent 

t o  about 1 Mev of k i n e t i c  energy. 
I 

A reaction which seems t o  explain t h e  observed r e c o i l  energies i s  

~u~~ + p c cr49 + c12 + 3n. The C12  would leave the  excited nucleus 

with a k ine t i c  energy of about 20 Mev which i s  jus$ equivaleht t o  t h e  

height of t he  po ten t ia l  ba r r ie r ,  and would give a r e c o i l  energy t o  the  c d 9  

of about 5 Mev. Exp lana t i~n  of t he  observed r e s u l t s  i n  terms of t he  emission 

of smaller fragments such a s  neutrons, protons, o r  alpha p a r t i c l e s  would 

requ i re  a grea t  deal  of asymmetry i n  both t h e  energy and d i s t r i bu t i on  of t h e  

p a r t i c l e s  i n  t he  process of t h e  break dorm of the  excited nucleus. The 

observed t rans fe r  of momentum t o  t h e  copper nucleus corresponds t o  an 
, 

exci ta t ion of t he  nucleus which would be consis tent  with thc  react ion 
I 

writ ten.  I n  l i n e  with t h e . r e s u l t s  of t h e  previous sections, it seems 

reasonable t o  assume t h a t  a react ion of t h e  ty-pe wri t ten  f o r  t h e  formation 

of c d 9  i s  correct .  
I ,  



N. DISCUSSION 1 . - 

The coulombic energy requirement f o r  t h e  emission of the  charge garti- 
' 

c l e s  i n  , the,  above reaotYions glves r i s e  t o  .a, l a rge  contribution t o  t h e  

calculated threshold, and t h e  possibfkity of t h e  alpha p a r t i c l e s b e i n g  

emitted a t  energies well below t h e  top of t he  cotiLomblc ba r r i e r  sbould be 

considered s ince  in  some cases the  observe4 thresholds exceed the  value& of 

t h e  mass requirements aloae. Calculations of t he  transmission eoef f i c i e n t  5 

f o r  the coulonbic barrier ,show t h a t  the t t a e  required f o r  a sucaession of 

alpha pa r t i c l e s  t o  .be emitted with exci ta t ion energies  ell below t h e  top 

of the  ba r r i e r  i s  too long t o  allow t h i s  type of nuclear react ion t o  compete 

with o ther  react ions  in vhich neutrons and protons !(coming out  over t h e  

ba r r i e r )  a r e  emitted. It i s  possibze, however, t h a t  t h e  coulombic sequire- 

ment i$ lowered smqwhat due t o  the  effective lowering of t h e  po ten t ia l  

b a r r i e r  a$ ,  high exc i ta t ion  energies .b .me only .obwrved thresholds which 

a r e  borderl ine are those .of the  Co6' from s i l ve r , and  Ga66 and ~ a . ~ ~  from 

barium. The other  , threeholds are well below t h e  values which could be 
' 

explainkd by penetrat ion o r  an e f fec t ive  lowering of the  ba r r i e r  a% t h e  

high exci ta t ion energies. - .  

The shapes of t h e  exci ta t ion c w e s  f o r  tho fonoation of and c13* 
. . 

from copper w e  quite s imi la r  i n  t h e  low energy region, This s b l l a r i t y  

could be a t t r i bu t ed  t o  t he  f a c t  t ha t  they a re  formed by react ions  which 

require  .about t he  same amount of exc i ta t ion  energy. The extreme f i s s i o n  

react ions  have about the same threshold and t h e  ~a~~ fragment aorresponds 

t o  a very reasonable compJenentary fragment corresponding t o  ~ 1 ~ ~ .  The 

excitation curves for t h e  fonna t ionof  , ~ a ~ ~  and c13* from copper probably 

represent stuns of several  react ions  contributing t o  t he  total .  observed 

cross section.  Ln.%he low energy range t he  main contribution is probably 
4 



that of the pure fission reaction while as the energy is raised, reactions 

in which smbl~er fragments are given ozf begin t6 contribute to the total 

reaction. At the high energ7 end spallatZon reactions probably begin to 

contribute markedly. The difference in the two curves at the higher energies 

is probably -due to the larger contribution of the &irect formation of ~ l 3  8 

by spallation reactions. * 

I$ is Interesting to note that the emission ,of. nuclear fragments a 

little larger than alpha particles has been observed in high energy nuclear 

8 reactions oh medium weight elements, 'TheRhammer tracks" of Li are very 

wel1"known 5n reactions induced by cosmic radi'ation and have also been 

identified'as o rkaction product of 340-Mev proton and 190-Rev d'euteron . 

bombardments of .some of the medium weight elements . Evidence has also 

been found, for the existence of lithium isotopes as a reaction ~rod.uct of 
8 

50- to 54.0 - M e v  proton and helium 50n bombardments of 'ciri. Eadio- 

7 active Be has also been Sdentif5ed as a p~oduct of 340-Mev proton 
t 

8 
bombardments of some oi' the medium weight.elements, Heatjr fragments 

have also been observed in reactions induced by-cosmic radiations. 
9,1O,J-1 

Apparently when the energy threshold requi~ements are met, large 

fragments are emitted among the competitive products of nuclear reactions 

throughout the entire range of atomic ntvnbers of the elements, This is 

certainly not surprising and the measured yields ~eported here seem to be 

quite reasonable. It seems certain that 'the size of the fragments varies 

continuously from those (neutrons, protons and alpha particles) which 

accompany wha% are conveniently called spallation reactions, through. 

8 intermediake '.siz;es (for example, Li , =+),and on up to sizes such that the 

nucleus is split essentially into ' sev6ral pieces of comparable weight. 

Apparently a number of ir&slctions in whicb there occurs 'the latter type 

of nuclear splitting have been observed in the present investigation and 



perhap;; t h e  $ e m  Vissionf1 is -as  prclper +-name as any t o  apply ttp, the  . 

process. A s  a result of t h i s  work it seems t h a t  f i s s i o n  react ions  occur . 

i n  a l l  nuclei  if thc necessary excCta;$ion,ene~gy, $s ayai lable ,  

' < '  % 3 1,:  { i  " . ,. I. 

A, 184-inch Cyclotron Bombardments 
- ' J  -: .;, ; , . < " . I  

A l l  t a rge t s  w& barnbirded i n  t he  5kmxml  bem of t h e  184-inch 
. ; , r  , 5 7 ,  '.'! (-;. ? ' . , : 8 1 .  

.. 
cyclotron. PO& were used as t a rge t  ials jn the  cases of t he  copper, 

. .  . , 
' *  . ! i - 8 5 %  

! .  
s i l ve r ,  and t i n ;  f o r  t h e  brokn; bomb n t s  very pure ammonih bromide 

. " .  ' .  ' .  * .  

powder wrapped i n  sp;cial pur i ty  al&num f o i l  was us 
I I ' - I  I * ? b 

barium bombardments, very pure ba&m carbonate wspp I 

'1 I .  

pur i ty  ahminurh f d i l .  was used. " ~ h e s  ts were mounted on t he  end of 
. . \ " -  ". ' " -  - :. 

a movable probe end the  energy of t h e  bombarding proton was seleohed by 
, ,  

. l * l ,  '. 

an accurate adjustm radi&distance from the  or&iq of the  bew 
. . 

t o  t h e  leading edge of t h e  t a rge t .  

The maxbwn energy< of. the  bombarding proton i s  a f w c t i o n  - .  pf . t he  r&dSal 

dis tance from the a r ig in  ofa-lihe beam t o  t h e  1eadSng ,edg,e of t he  Large$, and. 

s ihce  t he ,va r i a t i on  of t h e  energy with radius  i s  known precise ly ,  the  - 

- % 

precisiora with which t he  bombarding energy can be selected depends on the 

measurement of the  dis tance from the  edge.of the  t a rge t  t o  t h e  

o r ig in  of t he  beam., The measurements a r e  probably g o ~ d  t o  within 5 Nev 

a t  energies of 100 Mev. The spread i n  energies of the particlee f o r  kt 

given radial, s e t t i ng  ,varies from a,bou$ 3 percent at 34% Blm Lo 

15 t o  20 percent at energiesiaround 60 to 70 Mev, ThJs tfp1*6kldifjl 



gives the  maximum energy t o  t h e  p a r t i c l e  f o r  a given r a d i a l  s e t t i ng  of t h e  

t a rge t . '  ' 

B . ' Chemical Separation Procedures 

The chemical separation procedures . must .. meet . severe requirements s ince  
. I 

t h e  amount of i n t e r f e r i ng  r ad ioac t i v i t i e s  must - ,  be reduced t o  such a degree 
: + 

t h a t  t he  nuclides of i n t e r e s t  can be accurate ly  measured by t h e i r  char- 

a c t e r i s t i c  radia t ions .  The cross section ormation of  t h e  nucl,ides 
. I  I 

produced i n  t he  t a rge t s  bombarded i n  t h i s  of studies vary from 
, . 

s ' I , I 

2 
about 1 0 - a  cm2 down t o  t he  observed cross sect ions  of about lo-?* cm , 

I 

Since t h e  number of atoms of t he  radionuclides which were studied here 
- r  . 

were extremely small compared t o  t h e  number of atoms of t h e  in te r fe r ing  

radioisotopes, it was necessary t h a t  t h e  chemical sepwat ion procedures 

8 give a radioactive decontamination of a t  l e a s t  10 from a l l  o ther  radio- 

a c t i v i t i e s  formed i n  t he  t a rge t s .  

Sodium from Copper,-* The copper t a r g e t  was dissolved i n  concentrated 

hydrbchloric acid, hydrogen peroxide was added and 5 mg of sodiqm chloride 

was added as ca r r i e r .  Car r ie r s  f o r  the  elements z inc  throtgh potassiwn 

were added, t h e  solut ion adjusted t o  1.5; i n  hydrochloric acid,  and t h e  

copper precipi ta ted as t h e  sulf ide .  The solut ion was boiled t o  dryness 

t o  remove t he  excess acid,  t h e  residue.dissolved, and then t h e  solut ion 

made a lka l ine  with ammonium hydroxide. Hydrogeri su l f i de  was added and t h e  

su l f ides  and hydroxides were precipittatecl, Addit ional-3 mg portions of 

c a r r i e r s  zinc through scandium,,were bdded and precipi ta ted.  This sCa- 

venging process was repeated tmice. Excess hydrochloric acid was added t o  

t h e  a lka l ine  su l f ide  solution,  t h s  ac id i f i ed  solut ion b i l e i l  t o  drpness, 

and t h e  ammonium chloride driven off," Theiresidue was dissolved i n  water, 

t h e  solut ion checked-to make sure it'was neutra l ,  and the  sodium precipdts~ted 



as the  sodiuni z inc  ,-iiranyI ace ta te ,  TI$O 5 m3. portions- of lzinc ur.atty1 acetats., 

were-uded tfo'wash the precip'itate, and t he  preeipitatB was7 then .d i ssb l~ed  i n  

absolu$e ethyl, alcohol sa%u?a%ed with. hydrogen chloride gas, The* r e s d t i n g  - 

< ,  solut ion ,was cooled in an fce baW etnd t h e  s o a i m  chloride separated & . , 

centrifugation.  The sodium. chloride precipiZate was wabherl, with a 5 m3.2 ': ! . 

portion af the  alcoholrhydrogen chlor ide  solution.  The, soaim chlar ide  wasv' 

dissolved i n  water and the  saLutian seu t r a l i a ed  with potaps iw hydro~dde, 

The sadiwnwas again p rec ip i ta ted  as sodim zinc wahyl aceta te ,  and t h e  

p r ec ip i t a t e  was then yashed wj.th additional.  ~ i n c  rzranyl ace ta te  and dis-* 

solved i n  absolute alcohol sa turated vith hydrogen chloride,  hn addi t ional  

port ion of t h e  alcohobhydsogen chloride solut ion vas added t o  trash the 
, - + -  I 

I '  

prec ip i ta te ,  and then the  prec ip i t a t e  was t ransferred t o  a p l a t e  f o r  
< I 3  

counting, 

Chlorine from Gopp6r.'-- The copper .target was d i s s o l ~ &  i n  concentrated 

n i t r i c  acid and 5 ng of &2or;ine as sodZun ch l~r fde ladded  t o  t h e  s6lutt;ion. 

of waterrcontaining..2 t o  3 drops ~ S ~ c o n c e n t r a t e d  n i t r i c  acid,' and srLfficien% 
. . 

s i l ve r ' nL t r a t e  t o  p r ec ip i t a t e  the. 5 mg of chlorine as silver chloride,  'The - 

resrrLtihg solution was heated h o s t  t o  boi l ing t o  coagulate t h e  p rec ip i ta te ,  

The p r ec ip i t a t e  was separated and waghed w i t b , d i h t e  n i t r i c  acid;  Tbe s i l v e r  

chloride.was dissolved i n  ananoajuin hydroxide and c a r r i e r s  f a r ' z i ne ,  eoppw, 

nickel ,  eobalt,  and i r on  added. The fe r r ic  hydroxide p rec ip i t a t e  was re- 

movedlby centsZfigaDion aad a s l i g h t  excess o f  icrdrne added as ;sodim 

iodide.  Tha .~s i lver ' iod ide  p rde ip i ta te  'was remavedi t he  s o X ~ t l o h  made 

O.5N - i n  n i t r i c  acxd, .5 t d  1Q ng of bromine aqded as sodium, bromide, t h e  

bron5dd m d  iodide bxWCz.ed>.with pe r su l f a t  e,, and the, 'lj.Y.~mine and Zodtne 



d i s t i l l e d .  S i lver  n i t r a t e  was added t o  t h e  polution and s i l v e r  chloride 

was precipi ta ted again, The preu ip i ta te  was mShed td th  d i l u t e  n i t r i c  a d d  

and redissolved i n  d i l u t e  ammonium hydroxide. Carr iers  f b r  zinc, copper, 

nickel ,  cobalt,  and i ron  were again added and the  f e r r i c  hydroxide precipi- 

t a t e  removed. The solwtion was acidi f ied with n i t r i c  acid and the  s i l v e r  
t 

chloride reprecipi ta ted.  The s teps  f o r  separation of byohine should not 

be necessary, but were used i n  order t o  provide f o r  the ' even tuq l i ty  of a 

very small wunt of selenium ijnpurity i n  t h e  copper which migh-t form, gorile 

in terfer ing bromine r ad ioac t i v i t i e s  during t h e  bombardrnent of t h e  copper, 

Scandium from Bromine.-- The ammonium broln3.de powder was dissolved i n  

water, 5 mg of scandium c a r r i e r  added, t h e  solution adjusted t o  a pH of 3.0, 

and then t ransferred t o  a separatory funnel (consist iqg of a 40 ml ca l i -  

brated centrifuge cone with a stopcock sealed t o  the  bottom). Ten ml of 

0.~i~~henoyltrif1uoroacetone - i n  benzene was added and t h e  mixture s t i r r e d  

f o r  5.nint1tee.to ex t rac t  t h e  chelate compound which scandium Toms with 

t he  thenoyl t r i f luoroace t~ne  , The organic layer containing t h e  scandium 

was washed 3 times with 10 ml portions of 12 hydrochloric w i d .  Five mg 

each of arsenic,  s e l e n h n ,  and germanium ca r r i e r s  were added. The solut ion 

was made a lka l ine  with ammonium hydroyide and hydrogen sulf,ide tras added t o  

form t h e  polysulfides ~f selenium, arsenic ,  and germanium. The scandium 

prec ip i ta tes  a s  t he  hydroxide from t h i s  a lka l ine  solution.  The preaipi- 

tate was washed-with ammonium su l f ide  and t h e  scandium dissolved i n  68 

hydrochloric acid. I ron and gallium c a r r i e r s  were added and extracted from 

t h e  acid  solut ion with e thy l  aceta te .  Approximately 5 mg of arsenic  

c a r r i e r  was added and arsenic  su l f ide  precipi ta ted.  Another 5 mg of 

arsenic  c a r r i e r  was added and the  arsenic  again prqcipi ta ted as the  sulf$de. 



with 1Cj I& of O.~rtheno~~trifluo~~qr~et~neL~ $he organic l ayer  washed, MtF! !OI I' 

water, and the. scandium extracted fro? t h e  organiq , layer  wi%h,lJ hdr* , . 

ch lor ic  acid. < .  The ao lu t iqn  c,ontaLngng t h e  scandium. ma ,ad just ed *. : t o  0.5a - 

i n  hydroc'l ,~ric~acid, and 0,2 ml of 27g.hydrofh1oric aeid  was added to 

precipi3qte scandiwn fluoride..  T$e p r ec ip i t a t e  was wqshed,with 5 ml of \ -  

0.58 hydrochloric qcid cog tahhg . :2  drops ,a$ 27; shydrof l u o r i c  acid, The , 

scandium f luor ide  pracipi,tqte ws\ dissoTved. i n  su l fy? ic  acid,  t he  hydro- . 

f l u o r i c  gcid d i s t i l l e d ,  and the  . scwdSurn preoipi4atpd as the  hydyoxide 

" - . J - '  , < 

codai t  from silver.-- The s i l v e r  t a rge t  ~ & s  di&dlved i n  n i t r i c . a c id ,  
< ,  

5 mg of cobalt  added, and t h e  s i l v e ~  as s i l v e r  chloride. 

Approxipte ly  > I  I . 5 ,pg of i ~ o n  qa~rier was- added: and tke  so lu t j  07 made 4;lkalqe 
I 

with anrmonim hydroxide, The ferriq.hydrox$de prec ip i ta te  was washed with 

hot  ammonium chlortde-and tLe wash added t o  t h e  qupernatant solution.-  A , , 

Approximately . .  * 5-mg ~ f ~ s t r o n t i u m  casr ier ,was  added and strontium carbonate 

precipi ta ted by adding sodium carbonate. The strontium oarbonate precipi- , . 

t a t i o n  was repeated m d  tbc supernatant s o ~ u t i o n  adjusted t o  0.32 i n  

hydrochloric acid. Five mg port ions of cadmium, palladium, and copper 

c a r r i e r  were added t o  t h e  solut ion and the  su l f ides  p rec ip i ta ted  with 
,) 

t ,  . , 
hydrogen sulfide. The supernatant solut ion was made alkaline with ammonium 

, . 
.+ .- .< -.,, p:> . , a  

hydroxide' &d the  cobalt precipi ta ted a s  cobal t  sulfide.  The p r ec ip i t a t e  
. * 

' :->;- .t 2 . * ,  
was washed with water t o  remove t he  ammoniw' su l f ide  and then dissolved 

I .  
' :Xi ;+.' ; 

n i t r i c  &id. Si lve r  c a r r i k r  was added ' to  t h e  solution and ' s i l ve r  chloride 
:, I ', ' ' ": , , - i- - , % . I .  

p recipi ta ted t o  remove any silv6r'whioh might not  have been removed.   he 
- < 

- -. 
a - 1 1  . ' - . I . -  



solut ion was made a lka l ine  wjth potassium~ hydroxide' and t h e  cobalt  hydroxide 

precipi ta tk '  removed. The - c o b a t  h$?koxj.de was dissolved 5n ace t i c  acid  

and potaitsiruir c a b a l t i n i t r i t e  precipi ta ted by addbg  an equa1,vohme of 

a hot sa turated solut3on'o'f potassium n i t r i t e . "  Thq p y e c i p i t a t e m s  wash4 

and then dissolol6d in: coridehkrated hydrckhldric acid. The solut ion was 

adjusted t o  0.13 i n  hydroch1oI;ic acid; and.3 g of sod im  thiocyanate added. 

The thiocyanate coniplsx ion of 'cobalt ma extradbed i n t o  a one t o  one 

mixture of m y 1  alcohol and d ie thy l  ether. The coljalh was elctracted from 

t h e  alcohol-ether h y e r  ~ 5 t h - 6 3  aqueous ammonitan hyd r~x ide  and the  cobalt  . 

precipi ta ted as the su l f ide ,  ,!The sulf ide  pkecipi ta te  was dissolved i n  

concentratkd h i t r i c  acid,  t h e  s & u t ~ o n  neutral ia@d a t h  pota~si tnn hydroxide 

and then ac id i f i ed  with ace t i c  acid. The cobalt  was precipi ta ted jn  t h e  
. - 

i '  

f i n a l  form a,s potassium coba l t i n i t r i t e .  
, i i  ' 

8 .  

s o d i d  from Tin.-&*The separatiori of t he  sp'dium from the  t i n  i s  almost 
4 

t h e  s h e  a s  t h a t  f o r  t he  s e p a r a t i o n - f r o ~  copper. Different  carriers, 

ruthenium,. palladium, rnolJibdenm, s i l ve r ,  strontium, ' rubidium, lanthanum, 

iron,  al?d calcium were added and theq p rec ip i t a t ed%eve~a l  times t o  pwove 

t h e  i n t e ~ f e r i n g  a c t i v i t i e s .  The subdequent sodium prec ip i ta t ions  were 

carr ied out i n  Ahe manner given i n  -tihe sect ion on llSodium from Copper!' 

Gallium from Tin.-- The t i n  targe-b was dissolved i n  concentrated hydro- 
1 .  

chlor ic  acid  with j u s t  su f f i c i en t  concentrated n i t r i c  acid  added dropwise 

t o  speed t he  dissolving of t he  t i n .  Five mg of gallium c a r r i e r  and "hold- 

backf1 ca r r i e r s  f o r  i ron,  antimony, ruthenium, and molybdenwna were added t o  
' *  2 

t h e  solution, The solut ion was adjusted t o  7 ,  hydrochloric acid grzd 

t h e  gallium extracted with isopropyl ether.  The e ther  l ayer  was washed six 



times with .l0 @ -portions of 7.75s hydrochloyic acid. The, gall$,w %was,  , , . 

extracted f roq  t h e  e ther  l ayer  with waker. The water l ayer  was adjusted ; 
. . . I  I 

t o  1_N in.hp3rochloric acid aqd t h e  a d f i d e s , p r e c i p i t a t e d  with hydrogen 

su l f ide .  Milligram amounts of! molytdenm, antimony, and palladium were 
,,'. I , ? ,  

addedi t o  thk .supernat& solut ion and t he  su l f ides  precipitatt5d. Moly%- 

denum, antimony, and 'palladium qa r r i e r s  ;ere again added and t h e  sulfide. 

precipi ta ted.  Three mg of antimony c a r r i e r  was added t o  the supernatarh 

solution.?and antimony svlfi.de preoipitated.  The anWony  svlfide precipi- 
. " I !  . 

t a t i o ~ ,  was. repeated th ree  >more t i ne s ,  The s ~ p e r n a t ~ w t  solut ion boiled,. , 
. . 

t o  remove t he  hydrogen su l f ide  and then adjusted t o  Q$ i n  sodium hydroyide. 

The f e r r i c  ion which follows the gallium through t he  chemical separations 

p rec ip i ta tes  here as the  hydroxide.. Three rpg of s t ros t iwn was added an6 

t h e  strontium precQitated as t h e  carbonate, Five mg of i r on  c a r r i e r  was 

added and t he  hydroxide precipi ta ted.  The solution was adjusted t o  7475g1 

i n  hydrochl;oric acid  and ,the gaUium extracted with isopropyl etber, The 
. - . %  

ether  l ayer  was washed th ree  times with LO ml portions of 7.758 hrdrochloric 
C 

acid, and . the,  gallium was extracted from the e ther  U y e r  with water. Five 

mg of ruthenium c a r r i e r  and 5 ml .qf concentrated perchloric acid  were added 

and t h e  respiting so~ut ion ,evapora ted  t o  d v e s s .  Five ml. of  concentrated. 

perchlor ic-acid  y s .  again added and t he  solut jon again evaporated to dry- 

ness. The residue was taken up in 1g hydrochloric acid, 2 mg of antimony 

c a r r i e r  added, and the  antimony precipi ta ted as the sulfide.  Two mg of 

antimony, was again added t o  the so;lution and t h e  sul f ide  precipi ta ted.  The 

solut ion was boiled tobremave t he  hydrogen sulf$de arrd adjusted t o  a pH of 

5.5 with ,so.dium.hybox$de .. , t o  precipitate gallium hydroxide. The hydroxide 

p r ec ip i t a t e  was dissolved and adjusted t o  7.75& with hydyochloric ac id -  

The gallium was extracted with isopropyX ekher and the  e ther  l ayer  washed 



twice witk 10 fnl portions of 7.75a hj.drtic~lloric acid. -The gallium was 

extracted fi.k thd'organic l ayer  with water and tlie water l ayer  adjusted 

t o  a p1-I of 5.5 with sodium~hydroxide t o  p r ec ip i t a t e  t he  gallium hydroxide, 

. 1 ;  

Gallium from Barium.-- The procedure used f o r  the  chemical separation 
: = ,  

of gallium from the  i r r ad i a t ed  barium was i a l l y  t he  sape as t h a t  
\ 

described i n  t h e  sect ion YSodium from Tin," . . 

Chromium from Copper.-- The i r rad ih ted  copper o r  t he  n d o n  catcher 

f o i l s  were dissolired In  cohcentrated n i i r i c  acid  and tEe n i t r a t e  converted 

t o  the  chloride By boi l ing with hydrochloric acid. X a r r i e r s  f o r  t he  

elements calcium throagh ginc were added, &he solutiori Adjusted t o  2_N 

i n  hydrdEhlbl'Td. aci'd, and $he copper p rec ip i ta ted  as the  su l f ide  .' The 

supernti-tan%. sdllution was made a lkal ine  with ammonium hydroxide m d  the 

a lkal ine '  su l f ides  precipi ta ted,  The p r ec ip i t a t e  was dissolved i n  con- 

centrated n i t r i c  acid  and manganese dioxide by idding potas- 

siuin:ohlorate. The supernatant solut ion was adjusted t o  about O.l$ $n 

n i t r i c  acid, and cooled i n  an i c e  bath. Eydrogen peroxide was added t o  

form the  blue peroxgdhromic acid  which.was extxacteecl i n t o  die thf l  ether.  

The e ther  l ayer  was washed four  times with 5 ml por'tions o'f water acidi-  

f i e d  with two drops of.con0entrated n i t r i c  aczd, Five n l  of rsater made 

a lka l ine  with sodium hydroxide was added t o  ex t rac t  t he  cfiromium from t h e  

e ther  l ayer .  The e ther  was removed by evaporation and the  chromium oxi- 

dized completely with hydrogen peroxTde i n  t h e  a lka l ine  solut ion,  After '  

boi l ing t o  remove the  excess peroxide, t he  solut ion was made s l i g h t l y  

acid  and the chromiwn precipi ta ted i n  We f i n a l  form as barium chromate, 

, , 

8 ,  
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